FUEL COWVPCOSI TI ONS COVPRI SI NG | SOPRENE DERI VATI VES CROSS- REFERENCE TO
RELATED APPLI CATI ONS [ 0001] This application clainms priority to U S
Provi si onal Patent Application No. 61/187,959, filed June 17, 2009, the

di scl osure of which is incorporated herein by reference inits entirety.
BACKGROUND OF THE | NVENTI ON [ 0002] The devel opnent of renewabl e
transportation fuels is one of the key challenges of the twenty-first
century. The current market is dom nated by ethanol derived from yeast
fermentation of sucrose and starch, and to a | esser extent by biodiesel
(fatty acid esters) derived fromtriglycerides. Ethanol has limtations as
aliquid fuel with a |lower energy density relative to hydrocarbons. In
addi tion, ethanol cannot be transported in conventional infrastructure due
toits affinity for water and corrosive nature. Processes for the
conversion of renewabl e carbon sources (biomass, sugars, oils) to

hydr ocarbon fuels offer an attractive alternative to bioethanol. [0003]

| soprene (2-methyl- 1,3-butadiene) is a key industrial chem cal used
primarily for the production of synthetic rubber. Currently isoprene is
derived from petrochem cal sources either directly by cracking of naphtha
and other |ight petroleumfractions, or indirectly through chem cal
synthesis (See, for exanples, H Pomer and A. Nurrenbach, |ndustri al

Synt hesi s of Terpene Conpounds, Pure Appl Chem, 1975, 43, 527-551; H M
Weitz and E. Loser, Isoprene, in Ulmann 's Encycl opedia of Industri al
Chem stry, Seventh Edition, Electronic Release, WIley-VCH Verl ag GVBH,

Wi nheim 2005; and H-M Lybarger, Isoprene in Kirk- O hmer Encycl opedi a of
Chem cal Technol ogy, 4th ed., WIley, New York (1995), 14, 934-952.) The
resulting crude isoprene streans are typically subjected to extensive
purification processes in order to renove nunerous chemcally simlar
impurities, many of which can interfere with subsequent transfornmation of

i soprene to polyners and other chem cals. [0004] In contrast, isoprene
derived from bi ol ogi cal sources contains very few hydrocarbon inpurities
and instead contains a nunber of oxygenated conpounds such as ethanol,
acet al dehyde and acetone. Many of these conmpounds can be easily renoved by
contact with water or passage through alum na or other adsorbents. [0005]

I ndustry relies on petrochem cal feedstocks for isoprene production and
extensive purification trains are needed before isoprene can be converted
to polynmers and ot her chemicals. Cost effective nethods are desirable for
converting biologically produced isoprene to val uabl echem cal products

t aki ng advantage of the high purity and/or the unique inpurity profiles of



bi oi soprene. [0006] All patents, patent applications, docunents, and
articles cited herein are herein incorporated by reference in their
entirety. BRI EF SUMVARY OF THE | NVENTI ON [ 0007] Di scl osed are net hods and
systens for producing fuel constituents fromhighly pure isoprene and fuel
conpositions produced fromhighly pure isoprene. [0008] In one aspect, the
i nvention provides a nethod for producing a fuel constituent froma

bi oi soprene conposition conprising chemcally transform ng a substanti al
portion of the isoprene in the bioisoprene conposition to non-isoprene
conmpounds. I n one enbodi nent, the bioisoprene conposition is chemcally
transforned by subjecting the bioisoprene conposition to heat or catalytic
conditions suitable for isoprene dinerization to produce an isoprene diner
and then catal ytically hydrogenating the isoprene dinmer to forma saturated
C O fuel constituent. In another enbodi nent, the bioi soprene conposition is
chemcally transfornmed by (i) partially hydrogenating the bioi soprene
conposition to produce an isoanylene, (ii) dinerizing the isoanylene with a
nmono- ol efin selected fromthe group consisting of isoanylene, propylene and
i sobutene to forma dimate and (iii) conpletely hydrogenating the dimate to
produce a fuel constituent. In sonme enbodi nents, at |east about 95% of

i soprene in the bioisoprene conposition is converted to non-isoprene
conpounds during the chem cal transformation. In some enbodi nents, the

bi oi soprene conposition is heated to about 150 OC to about 250 OC to
produce an unsaturated cyclic isoprene diner and the unsaturated cyclic

i soprene dinmer is hydrogenated catalytically to produce a saturated cyclic
i soprene diner fuel constituent. In sonme enbodi ments, the nethod conprises:
(1) contacting the bioisoprene conposition with a catalyst for catal yzing
cycl o-dinerization of isoprene to produce an unsaturated cyclic isoprene

di mer and the unsaturated cyclic isoprene dinmer is hydrogenated
catalytically to produce a saturated cyclic isoprene diner fuel

constituent. In sone enbodi nents, the catal yst for catal yzing

cycl odi neri zation of isoprene conprising a catalyst selected fromthe group
consisting of a nickel catalyst, iron catalysts and chrom um catal ysts. In
sone enbodi nents, the step of partially hydrogenating the bioi soprene
conposition conprises contacting the bioisoprene conposition with hydrogen
gas and a catalyst for catalyzing partial hydrogenation of isoprene. In
sonme enbodi ments, the catalyst for catalyzing partial hydrogenation of

i soprene conprises a



pal | adium catal yst. In sone enbodi nents, the step of dinerizing the

i soanyl ene with a nonool efin conprises contacting the isoanylene with the
nono-ol efin in the presence of a catalyst for catalyzing dinerization of
nmono-ol efin. In sone enbodi nents, the catalyst for catalyzing dinerization
of nmono-olefin conprises an acid catalyst. In sone enbodi nents, the nethod
further conprises purifying the isoprene fromthe bioi soprene conposition
prior to chemcally transform ng the bioi soprene conposition to a fuel
constituent. [0009] In one aspect, the invention provides a systemfor
produci ng a fuel constituent froma bioi soprene conposition, wherein a
substantial portion of the isoprene in the bioisoprene conposition is
chem cally converted to non-isoprene conpounds, the system conprising a

bi oi soprene conposition and (a) (i) one or nore chem cals capabl e of

di meri zing isoprene in the bioisoprene conposition or a source of heat
capabl e of dinerizing isoprene in the bioisoprene conposition; and (ii) a
cat al yst capabl e of hydrogenating the isoprene diner to forma saturated
Cl O fuel constituent; or (b) (i) a chem cal capable of partially

hydr ogenating i soprene in the bioisoprene conposition to produce an

i soanyl ene, (ii) a chem cal capable of dinerizing the isoanylene with
nono-ol efins selected fromthe group consisting of isoanylene, propylene
and isobutene to forma dimate and (iii) a chem cal capable of conmpletely
hydrogenating the dinmate to produce a fuel constituent. [0010] In sone
enbodi nents of the system the bioi soprene conposition conprising greater
t han about 2 ng of isoprene and conprising greater than or about 99.94%

i soprene by weight conpared to the total weight of all C5 hydrocarbons in
the conposition. In some enbodi ments of the system the one or nore

chem cal s capabl e of dinerizing isoprene conprises catalyst for catalyzing
cyclo-dinerization of isoprene conprising a catalyst selected fromthe
group consisting of ruthenium catal ysts, nickel catalysts, iron catalysts
and chrom um catal ysts. I n sone enbodi nents of the system the catal yst for
hydr ogenating the unsaturated i soprene diners conprises a catal yst sel ected
fromthe group consisting of palladiumcatal ysts, nickel catalysts,

rut heni um catal ysts and rhodi um catal ysts. In sone enbodi nents of the
system the chem cal capable of partially hydrogenating i soprene conprises
a palladiumcatalyst. In sone enbodi nents of the system the chem ca
capabl e of dinerizing the isoanylene with nonool efins conprises an acid
catal yst. [0011] In one aspect, the invention provides a fuel conposition
conprising a fuel constituent produced by the nethods described herein. In
sone enbodi nents, the fuel conposition is



substantially free of isoprene. In sone enbodi nents, the fuel conposition
has 513C value which is greater than -22% or within the range of -32% to
-24%0.[0012] In sonme aspects, the invention provides a system for producing
a fuel constituent fromisoprene conprising: (a) a commercially beneficial
anount of highly pure isoprene; and (b) a fuel constituent produced from at
| east a portion of the highly pure isoprene; wherein at |east a portion of
the comercially beneficial anmount of highly pure isoprene undergoes a
chem cal transformation. [0013] In sonme enbodi nents of the system the
commercially beneficial anobunt of highly pure isoprene conprises greater
than about 2 ng of isoprene and conprising greater than or about 99.94%

i soprene by weight conpared to the total weight of all C5 hydrocarbons in

t he conposition. In sone enbodi nents, the commercially beneficial amount of
hi ghly pure isoprene conprises greater than about 2 ng of isoprene and
conprising one or nore conpounds selected fromthe group consisting of

et hanol, acetone, C5 prenyl alcohols, and isoprenoid conmpounds with 10 or
nore carbon atons. In some enbodi ments, the commrercially beneficial anmount
of highly pure isoprene conprises greater than about 2 ng of isoprene and
conpri sing one or nore second conpounds selected fromthe group consisting
of ethanol, acetone, nethanol, acetal dehyde, nethacrolein, nethyl vinyl

ket one, 2-nmethyl-2-vinyloxirane, cis- and trans-3-nmethyl- 1, 3-pentadiene, a
C5 prenyl al cohol, 2-heptanone, 6-nethyl-5-hepten-2-one,

2,4,5-trimethyl pyridine, 2,3,5-trinethyl pyrazine, citronellal,

nmet hanet hiol, nmethyl acetate, 1- propanol, diacetyl, 2-butanone,

2-nmet hyl - 3-buten-2-o0l, ethyl acetate, 2-nmethyl-I-propanol, 3-

met hyl - 1- but anal , 3-net hyl - 2- but anone, 1-butanol, 2-pentanone, 3-nethyl -
1-butanol, ethyl isobutyrate, 3-nethyl-2-butenal, butyl acetate,
3-net hyl butyl acetate, 3-nethyl-3-buten-I-yl acetate, 3-nethyl-2-buten-I|-yl
acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate, |inonene, geraniol

(trans-3, 7-di met hyl -2, 6-octadi en-1-0l), citronell ol

(3, 7-dinethyl -6-octen-1-0ol), (E)-3,7-dinmethyl- 1,3,6-octatriene,
(2)-3,7-dinmethyl -1,3,6-octatriene, and 2, 3-cycl ohept enol pyri di ne; wherein

t he ambunt of the second conpound relative to the amount of the isoprene is
greater than or about 0.01 % (ww. In sone enbodinents, the comrercially
beneficial amount of highly pure isoprene conprises greater than about 2 ny
of isoprene and conprising | ess than or about 0.5 ng/L per conpound for any
compound in the conposition that inhibits the polynerization of isoprene.
In sone preferred enbodi nents, the commercially beneficial amount of highly
pure isoprene is produced by a biological process.



[0014] In sone enbodi nents of the system the fuel constituent conprises
one or nore conpounds selected fromthe group consisting of cyclic isoprene
dinmers and triners, linear isoprene oligoners, aromatic and alicyclic

i soprene derivatives, and oxygenated isoprenederivatives. In sone

enbodi nents, the oxygenated isoprene derivatives are conpounds sel ected
fromthe group consisting of alcohols, ketones, esters and ethers derived
fromisoprene. [0015] In sonme enbodi nents, the fuel constituent conprises
cyclic isoprene dinmers and the chemi cal transformation conprises a

di meri zation reaction of isoprene. In sone enbodi nents, the dinerization
reaction is carried out by heating the comercially beneficial anpbunt of

hi ghly pure isoprene. In sonme enbodi nents, the dinerization reaction of

i soprene produces a product conprising unsaturated isoprene diners and the
chem cal transformation further conprises a hydrogenation reaction of the
unsaturated i soprene diners. In sone enbodi nents, the system further
conprises a catalyst for catalyzing the hydrogenation reaction of the
unsaturated i soprene diners. In sone enbodi nents, the catalyst for

catal yzing the hydrogenation reaction of the unsaturated isoprene diners
conprising a catal yst selected fromthe group consisting of palladi um
catal ysts, nickel catalysts, ruthenium catal ysts and rhodi um catal ysts.
[0016] In sonme enbodi nents, the dinerization reaction is carried out by
contacting the comercially beneficial anmount of highly pure isoprene with
a catalyst for catalyzing cyclodinerization of isoprene. In sone

enbodi ments, the catal yst for catal yzing cyclo-dinerization of isoprene
conprising a catal yst selected fromthe group consisting of ruthenium
catal ysts, nickel catalysts, iron catalysts and chrom um catal ysts. In sone
enbodi nents, the catalyst for catal yzing cyclo-dinerization of isoprene is
a nickel catalyst and the fuel constituent conprising one or nore

ei ght-nmenbered ring dinmers of isoprene. [0017] In sonme enbodi nents, the
fuel constituent conprises linear and/or cyclic trinmers of isoprene and the
chem cal transformation conprises catalytic trinerization of isoprene.
[0018] In one aspect, the invention provides a nmethod for producing a fuel
constituent fromisoprene conprising: (a) obtaining a commercially
beneficial amount of highly pure isoprene; and (b) chemcally transform ng
at least a portion of the commercially beneficial anmount of highly pure

i soprene to a fuel constituent. In some enbodi ments, the commercially
beneficial amount of highly pure isoprene conprises bioisoprene. [0019] In
sone enbodi nents, the commercially beneficial anount of highly pure

i soprene is obtained by the steps conprising: (i) culturing cells
conprising a heterol ogous nucleic acid



encodi ng an i soprene synthase pol ypeptide under suitable culture conditions
for the production of isoprene, wherein the cells (1) produce greater than
about 400 nnol e/ gwcm hr of isoprene, (2) convert nore than about 0.002
nol ar percent of the carbon that the cells consune froma cell culture
mediuminto i soprene, or (3) have an average volunetric productivity of

i soprene greater than about 0.1 ng/Lbroth/hr of isoprene, and (ii)
produci ng i soprene. In sone enbodi nents, thecells further conprise a

het er ol ogous nucl ei c acid encodi ng an i soprene synthase pol ypeptide or an
MA pat hway pol ypeptide. [0020] In sone enbodi nents of the nethods

descri bed herein, chemcally transform ng at |east a portion of the
comercially beneficial anount of highly pure isoprene to a fuel
constituent conprises: (i) heating the comrercially beneficial anmunt of

hi ghly pure isoprene to about 150 OC to about 250 0C, (ii) converting at

| east a portion of the comercially beneficial anpunt of highly pure

i soprene to unsaturated cyclic isoprene diners; (iii) hydrogenating the
unsaturated cyclic isoprene diners to produce saturated cyclic isoprene

di mers; and (iv) producing the fuel constituent. In sonme enbodi ments, at

| east about 20% to about 100% of isoprene in the conmmercially beneficial
anount of highly pure isoprene is converted to unsaturated cyclic isoprene
di mers. [0021] In sone enbodi nents of the nmethod, chem cally transform ng
at least a portion of the comrercially beneficial anmobunt of highly pure

i soprene to a fuel constituent conprises: (i) contacting the commercially
beneficial anmount of highly pure isoprene with a catalyst for catal yzing
cyclo-dinerization of isoprene, (ii) converting at |east a portion of the
commercially beneficial anobunt of highly pure isoprene to cyclic isoprene
dinmers; and (iii) producing the fuel constituent. [0022] In sone

enbodi ments of the nethod, chemcally transform ng at | east a portion of
the commercially beneficial anount of highly pure isoprene to a fuel
constituent conprises: (i) contacting the commercially beneficial anount of
hi ghly pure isoprene with a catalyst for catal yzi ng cycl o-di neri zati on of

i soprene, (ii) converting at |east a portion of the comrercially beneficial
anount of highly pure isoprene to unsaturated cyclic isoprene dinmers; (iii)
hydr ogenati ng the unsaturated cyclic isoprene dinmers to produce saturated
cyclic isoprene diners; and (iv) producing the fuel constituent. In sone
enbodi ments of the nethod, the catalyst for catalyzing cyclo-dinerization
of isoprene conprising a catalyst selected fromthe group consisting of a
ni ckel catalyst, iron catalysts and chrom um cat al ysts.



[0023] In sone enbodi ments of the nethod, chemcally transform ng at | east
a portion of the commercially beneficial anmount of highly pure isoprene to
a fuel constituent conprises: (i) contacting the highly pure isoprene
conposition with a catal yst system (ii) converting at |east a portion of
the starting i soprene conposition to unsaturated isoprene diners and/or
trimers; and (iii) hydrogenating the unsaturated dinmers and/or trinmers to
produce saturated C O and/or C15 hydrocarbons.[0024] In sone enbodi nents,
the nethod for producing a fuel constituent fromisoprene conprises: (a)
obtaining a commercially beneficial amount of any of the highly pure

i soprene starting conposition described herein; (b) converting at |east a
portion of the starting isoprene conposition to oxygenated isoprene
derivatives; and optionally (c) hydrogenati ng any unsaturated oxygenated

i soprene derivatives to produce saturated oxygenates. In sonme enbodi nents,
t he oxygenated isoprene derivatives are conpounds selected fromthe group
consi sting of alcohols, ketones, esters and ethers derived fromi soprene.
[0025] In sone enbodi nents, any of the methods descri bed herein further
conprises purifying the commercially beneficial anount of highly pure

i soprene prior to chemcally transformng at | east a portion of the
comercially beneficial anount of highly pure isoprene to a fuel
constituent. [0026] In one aspect, provided is a continuous process for
producing a fuel constituent fromisoprene conprising: (a) continuously
produci ng a comrerci ally beneficial anount of highly pure isoprene; and (b)
continuously transform ng chemcally at |east a portion of the comrercially
beneficial amount of highly pure isoprene to a fuel constituent. In sone
enbodi nents, the commercially beneficial anmount of highly pure isoprene
conprising a gas phase conprising isoprene. In sone enbodi nents, the nethod
further conprises passing the gas phase conprising i soprene to a reactor
for chemcally transformng at |east a portion of the comercially
beneficial ampbunt of highly pure isoprene to a fuel constituent. In a
preferred enbodi nent, the commercially beneficial amount of highly pure

i soprene conprises bioisoprene. [0027] Al so provided is a fuel conposition
conprising a fuel constituent produced by any of the methods descri bed
herein. In sone enbodi nents, the fuel constituent conprises |ess than or
about 0.5 ng/L a product froma C5 hydrocarbon other than isoprene after
under goi ng the steps according to the nethods described herein. In sone
enbodi nents, the fuel constituent



conprises one or nore product fromone or nore conpound selected fromthe
group consisting of ethanol, acetone, nethanol, acetal dehyde, nethacrolein,
met hyl vinyl ketone, 2-nethyl-2- vinyloxirane, cis- and
rar-3-nethyl -1, 3-pentadi ene, a C5 prenyl al cohol, 2-heptanone, 6-

met hyl - 5- hept en-2-one, 2,4,5-trinmethyl pyridine, 2,3,5-trinethylpyrazine,
citronellal, nethanethiol, nethyl acetate, 1-propanol, diacetyl,

2- but anone, 2-nethyl-3-buten-2-o0l, ethyl acetate, 2-nethyl- 1-propanol,
3-nmet hyl - 1-butanal, 3-nethyl-2-butanone, 1-butanol, 2-pentanone, 3-nethyl-
1- butanol, ethyl isobutyrate, 3-nethyl-2-butenal, butyl acetate,
3-net hyl butyl acetate, 3-nethyl-3-buten-|l-yl acetate, 3-nethyl-2-buten-I-yl
acetate, 3-hexen-l-ol, 3-hexen-I-ylacetate, |inonene, geraniol
(trans-3,7-di nethyl -2, 6-octadien-1-0ol), citronellol (3,7-dinethyl-6-
octen-1-0l), (E)-3,7-dinethyl-1,3,6-octatriene,
(2)-3,7-dinethyl -1, 3,6-octatriene and 2, 3- cycl ohept enol pyridi ne after
under goi ng the steps according to the nethods described herein. [0028] In
sonme enbodi nents, the fuel conposition conprises a fuel conposition having
513C value which is greater than -22%. In sone enbodi nents, the fue
conposition has 513C value which is within the range of -22% to -10% or
-34% to -24%. |In sone enbodi nents, the fuel conposition has fM val ue
which is greater than 0.9. Also provided is a blend of any of the fuel
conpositions described herein with a petrol eum based fuel in the anmount of
fromabout 1%to about 95% by wei ght or volune, based on the total weight
or volume of the total fuel conposition. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0029] Figure 1 is the nucleotide sequence of a kudzu isoprene synthase
gene codon-optim zed for expression in E. coli (SEQID NO 1). The atg start
codon is initalics, the stop codon is in bold and the added Pstl site is
underlined. [0030] Figure 2 is a map of pTrcKudzu. [0031] Figures 3A-C are
t he nucl eoti de sequence of pTrcKudzu (SEQ ID NO 2). The RBS is underlined,
t he kudzu isoprene synthase start codon is in bold capitol letters and the
stop codon is in bold, capital letters. The vector backbone is pTrcH s2B.
[0032] Figure 4 is a map of pETNH sKudzu. [0033] Figures 5A-C are the

nucl eoti de sequence of pETNH sKudzu (SEQ ID NGO 3). [0034] Figure 6 is a map
of pCL-Ilac-Kudzu. [0035] Figures 7A-C are the nucl eoti de sequence of
pCL-| ac- Kudzu (SEQ ID NGO 4). [0036] Figure 8A is a graph show ng the
production of isoprene in E. coli BL21 cells with no



vector. [0037] Figure 8B is a graph showi ng the production of isoprene in
E. coli BL21 cells with pCL-lac-Kudzu [0038] Figure 8C is a graph show ng
the production of isoprene in E. coli BL21 cells with pTrcKudzu. [0039]
Figure 8D is a graph show ng the production of isoprene in E. coli BL21
cells with pETN-H sKudzu. [0040] Figure 9A is a graph show ng OD over tine
of fernmentation of E. coli BL21/pTrcKudzu in a 14 liter fed batch
fermentation.[0041] Figure 9B is a graph show ng i soprene production over
time of fernmentation of E. coli BL21/pTrcKudzu in a 14 liter fed batch
fermentation. [0042] Figure 10A is a graph showi ng the production of

i soprene in Panteoa citrea. Control cells w thout reconbi nant kudzu

i soprene synthase. Gey di anonds represent isoprene synthesis, black
squares represent ODOOO- [0043] Figure 10B is a graph showi ng the
production of isoprene in Panteoa citrea expressing pCL-lac Kudzu. G ey

di anonds represent isoprene synthesis, black squares represent OD OO
[0044] Figure 10C is a graph showi ng the production of isoprene in Panteoa
citrea expressing pTrcKudzu. Grey dianonds represent isoprene synthesis,

bl ack squares represent OD OO [0045] Figure 11 is a graph show ng the
production of isoprene in Bacillus subtilis expressing reconbi nant isoprene
synt hase. BG3594conK is a B. subtilis strain without plasmd (native

i soprene production). CF443 is B. subtilis strain BG3594conK wi th pBSKudzu
(reconbi nant isoprene production). IS on the y-axis indicates isoprene.

[ 0046] Figures 12A-C are the nucl eoti de sequence of pBS Kudzu #2 (SEQ I D
NO 5). [0047] Figure 13 is the nucleotide sequence of kudzu isoprene

synt hase codon-optim zed for expression in Yarrowia (SEQ ID NGO 6). [0048]
Figure 14 is a map of pTrex3g conprising a kudzu isoprene synthase gene
codonoptim zed for expression in Yarrow a. [0049] Figures 15A-C are the
nucl eoti de sequence of vector pSPZI (MAP29Spb) (SEQ ID NGO 7). [0050] Figure
16 is the nucl eoti de sequence of the synthetic kudzu (Pueraria nontan)

i soprene gene codon-optim zed for expression in Yarrowa (SEQ ID NO 8).



[ 0051] Figure 17 is the nucl eotide sequence of the synthetic hybrid poplar
(Popul us al bax Popul us tremul) isoprene synthase gene (SEQ ID NO 9). The
ATG start codon is in bold and the stop codon is underlined. [0052] Figure
18A (Figures 18Al and 18A2) shows a schematic outlining construction of
vectors pYLA 1, pYLlI and pYL2 (SEQ ID NO 75, 73, 72, 71, 70, 69). [0053]
Figure 18B shows a schematic outlining construction of the vector
PYLA(POPlI) (SEQ ID NO 68, 69). [0054] Figure 18C shows a schematic
outlining construction of the vector pYLA(KZI) [0055] Figure 18D shows a
schematic outlining construction of the vector pYLI(KZl) (SEQ ID NO 66, 67)
[ 0056] Figure 18E shows a schematic outlining construction of the vector
pYLI (MAP29) [ 0057] Figure 18F shows a schematic outlining construction of

t he vector pYLA(MAP29) [0058] Figure 19A shows the MVA and DXP netabolic
pat hways for isoprene (based on F. Bouvier et ah, Progress in Lipid Res.
44: 357-429, 2005). The follow ng description includes alternative nanes
for each polypeptide in the pathways and a reference that discloses an
assay for nmeasuring the activity of the indicated pol ypeptide (each of
these references are each hereby incorporated by reference in their
entireties, particularly with respect to assays for polypeptide activity
for polypeptides in the MA and DXP pat hways). Meval onate Pat hway: AACT,
Acetyl - CoA acetyltransferase, MraE, EC 2.3.1.9. Assay: J . Bacterid., 184:
2 116-2122, 2002; HMGS; Hydroxynet hyl gl utaryl - CoA synt hase, MaS, EC
2.3.3.10. Assay: J . Bacterid., 184: 4065-4070, 2002; HMGER;

3- Hydr oxy- 3-net hyl glutaryl -Co A reductase, MrakE, EC 1.1.1.34. Assay: J .
Bacterid., 184: 2 116-2122, 2002; MHK; Meval onate kinase, ERGL2, EC
2.7.1.36. Assay: Curr Cenet 19:9-14, 1991. PMK; Phosphoneval onate ki nase,
ERG, EC 2.7.4.2, Assay: Ml Cell Biol, 11:620-631, 1991; DPNMDC;

D phosphoneval onat e decar boxyl ase, WD, EC 4.1.1.33. Assay:. Biochemstry,
33:13355- 13362, 1994; 1D ; I|sopentenyl-di phosphate deltaisonerase, DI, EC
5.3.3.2. Assay: J . Biol. Chem 264:19169-19175, 1989. DXP Pat hway: DXS;

| - Deoxyxyl ul ose-5 -phosphate synthase, dxs, EC 2.2.1.7. Assay:. PNAS,
94:12857-62, 1997; DXR; 1-Deoxy-D xylul ose 5-phosphate reduct oi sonerase,
dxr, EC 2.2.1.7. Assay: Eur. J . Biochem 269:4446-4457, 2002; MCT,

4- Di phosphocytidyl - 2C-nethyl -D-erythritol synthase, IspD, EC 2.7.7.60.
Assay: PNAS, 97: 6451-6456, 2000; CWK; 4-D phosphocyti dyl - 2- Cret hyl -
D-erythritol kinase, IspE, EC 2.7.1.148. Assay: PNAS, 97:1062-1067, 2000;
MCS; 2CMet hyl -



D-erythritol 2,4-cycl odi phosphate synthase, IspF, EC 4.6.1.12. Assay: PNAS,
96: 1 1758- 11763, 1999; HDS; |- Hydroxy-2-nethyl-2-(E)-butenyl 4-diphosphate
synt hase, ispG EC 1.17.4.3. Assay: J . Og. Chem, 70:9168 -9174, 2005;
HDR; |- Hydroxy-2-nethyl -2-(E)-butenyl 4-di phosphate reductase, IspH EC
1.17.1.2. Assay: JACS, 126:12847-12855, 2004. [0059] Figure 19B illustrates
the classical and nodified MVA pat hways. 1, acetyl-CoA acetyltransferase
(AACT); 2, HMG CoA synthase (HMGS); 3, HMG CoA reductase (HMGR); 4,

meval onate ki nase (MVK); 5, phosphoneval onate ki nase (PMWK); 6,

di phosphoneval onat e decar boxyl ase (MVD or DPMDC); 7, isopentenyl

di phosphate i sonerase (IDl); 8, phosphoneval onate decarboxyl ase (PMDC); 9,

i sopent enyl phosphate kinase (IPK). The classical MA pat hway proceeds from
reaction 1 through reaction 7 via reactions 5 and 6, while a nodified WA
pat hway goes through reactions 8 and 9. P and PP in the structural formula
are phosphate and pyrophosphate, respectively. This figure was taken from
Koga and Morii, M crobiology and Mol. Biol ogy Reviews, 71:97-120, 2007,
which is incorporated by reference inits entirety, particular with respect
to nucl eic acids and pol ypepti des of the nodified MA pathway. The nodified
MWA pathway is present, for exanple, in sone archaeal organisns, such as
Met hanosar ci na nazei. [0060] Figure 20 (Figures 20A and 20B) shows graphs
representing results of the GC-Ms anal ysis of isoprene production by
reconbinant Y. lipofytica strains without (left) or wwth (right) a kudzu

i soprene synthase gene. The arrows indicate the elution tine of the

aut hentic isoprene standard. [0061] Figure 2 1 is a map of pTrcKudzu yl DI
DXS Kan. [0062] Figures 22A-D are the nucl eoti de sequence of pTrcKudzu yl DI
DXS Kan (SEQ ID NO 10). [0063] Figure 23A is a graph show ng production of

i soprene from glucose in BL21/pTrcKudzukan. Tine 0 is the time of induction
with I PTG (400 nmol). The x-axis is time after induction; the y-axis is 0D
Qo and the y2-axis is total productivity of isoprene (ng/L headspace or
specific productivity (ng/L headspace/ OD). Di anonds represent OD Qo,
circles represent total isoprene productivity (ng/L) and squares represent
specific productivity of isoprene (ng/L/ QD). [0064] Figure 23B is a graph
showi ng production of isoprene fromglucose in BL21/pTrcKudzu yl D kan.
Time O is the time of induction with I PTG (400 mmol ). The x-axis is



time after induction; the y-axis is OD oo and the y2-axis is total
productivity of isoprene (ng/L headspace or specific productivity (ng/L
headspace/ OD). Di anpbnds represent OD oo, circles represent total isoprene
productivity (ng/L) and squares represent specific productivity of isoprene
(mg/ L/ OD). [0065] Figure 23Cis a graph show ng production of isoprene from
gl ucose in BL21/pTrcKudzu DXS kan. Tinme O is the tinme of induction with

| PTG (400 mmol ). The x-axis is tinme after induction; the y-axis is OD oo
and the y2-axis is total productivity of isoprene (ng/L headspace or
specific productivity (ng/L headspace/ OD). Di anonds represent OD oo,
circles represent total isoprene productivity (ng/L) and squares represent
specific productivity of isoprene (ng/L/ QD). [0066] Figure 23D is a graph
show ng production of isoprene fromglucose in BL21/pTrcKudzu yl DI DXS kan.
Time O is the time of induction with PTG (400 mmmol ). The xaxis is tinme
after induction; the y-axis is OD oo and the y2-axis is total productivity
of isoprene (ng/L headspace or specific productivity (ng/L headspace/ QD).

D anonds represent OD oo, circles represent total isoprene productivity
(mg/ L) and squares represent specific productivity of isoprene (ng/L/ QD).
[0067] Figure 23E is a graph show ng production of isoprene fromglucose in
BL21/ pCL PtrcKudzu. Tine 0 is the time of induction with I PTG (400 mmol ).
The x-axis is time after induction; the y-axis is OD oo and the y2-axis is
total productivity of isoprene (ng/L headspace or specific productivity
(nmg/ L headspace/ QD). Di anonds represent OD Qo, circles represent total

i soprene productivity (ng/L) and squares represent specific productivity of
i soprene (ng/L/OD). [0068] Figure 23F is a graph show ng production of

i soprene fromglucose in BL21/pCL PtrcKudzu yIDI. Tinme O is the time of

i nduction with I PTG (400 nmol ). The x-axis is tinme after induction; the
y-axis is OD6oo and the y2-axis is total productivity of isoprene (ng/L
headspace or specific productivity (ng/L headspace/ OD). Di anpbnds represent
OD600, circles represent total isoprene productivity (nmg/L) and squares
represent specific productivity of isoprene (ng/L/OD). [0069] Figure 23Gis
a graph show ng production of isoprene fromglucose in BL21/pCL PtrcKudzu
DXS. Tine O is the tinme of induction with I PTG (400 mmol ). The x-axis is
time after induction; the y-axis is OD OGo and the y2-axis is total
productivity of isoprene (ng/L headspace or specific productivity (ng/L
headspace/ OD). Di anpbnds represent OD6oo, circles represent total isoprene
productivity (ng/L) and squares represent specific productivity of isoprene
(nmg/ L/ CD).



[0070] Figure 23H is a graph show ng production of isoprene from glucose in
BL21/ pTr cKudzul DI DXSkan. The arrow i ndicates the tine of induction with

| PTG (400 mmol ). The x-axis is time after induction; the y-axis is OD Ooand
the y2-axis is total productivity of isoprene (ng/L headspace or specific
productivity (ng/L headspace/ OD). Bl ack di anonds represent 0OD600O, bl ack
triangles represent isoprene productivity (ng/L) and white squares
represent specific productivity of isoprene (ng/L/QOD). [0071] Figure 24 is
a map of pTrcKKDyl kl S kan. [0072] Figures 25A-D are a nucl eoti de sequence
of pTrcKKDyl kl S kan (SEQ I D NO 11). [0073] Figure 26 is a map of pCL

Pt rcUpper Pat hway. [0074] Figures 27A-27D is a nucl eoti de sequence of pCL

Pt rcUpper Pat hway (SEQ ID NO 12). [0075] Figure 28 shows a map of the
cassette containing the | ower MVA pat hway and yeast idi for integration
into the B. subtilis chronosone at the nprE | ocus. nprE upstream downstream
indicates 1 kb each of sequence fromthe nprE |locus for integration. aprE
pronoter (al kaline serine protease pronoter) indicates the pronoter (-35,
-10, + 1 transcription start site, RBS) of the aprE gene. MVKI i ndicates

t he yeast neval onate kinase gene. RBS-PWK indicates the

yeast phosphoneval onat e ki nase gene with a Bacillus RBS upstream of the
start site. RBS-MPD indicates the yeast di phosphoneval onate decarboxyl ase
gene with a Bacillus RBS upstreamof the start site. RBS-1D indicates the
yeast idi gene with a Bacillus RBS upstream of the start site. Term nator
indicates the term nator al kaline serine protease transcription term nator
from B. anyliquefaciens. SpecR indicates the spectinonycin resistance

mar ker. "nprE upstreamrepeat for anp.” indicates a direct repeat of the
upstreamregion used for anplification. [0076] Figures 29A-D are a

nucl eoti de sequence of cassette containing the | ower MVA pat hway and yeast
idi for integration into the B. subtilis chronpbsone at the nprE | ocus (SEQ
ID NO 13). [0077] Figure 30 is a map of p9796-poplar. [0078] Figures 3IA-B
are a nucl eoti de sequence of p9796-poplar (SEQ ID NO 14). [0079] Figure 32
is a map of pTrcPoplar. [0080] Figures 33A-C are a nucl eoti de sequence of
pTrcPoplar (SEQ ID NO 15). [0081] Figure 34 is a map of pTrcKudzu yl D

Kan. [0082] Figures 35A-C are a nucl eotide sequence of pTrcKudzu yl DI Kan
(SEQ I D NGO 16).



[0083] Figure 36 is a map of pTrcKudzuDXS Kan. [0084] Figures 37A-C are a
nucl eoti de sequence of pTrcKudzuDXS Kan (SEQ ID NG 17). [0085] Figure 38 is
a map of pCL PtrcKudzu. [0086] Figures 39A-C are a nucl eoti de sequence of
pCL PtrcKudzu (SEQ ID NO 18). [0087] Figure 40 is a map of pCL PtrcKudzu
A3. [0088] Figures 4 1A-C are a nucl eotide sequence of pCL PtrcKudzu A3
(SEQ ID NO 19). [0089] Figure 42 is a map of pCL PtrcKudzu ylI DI . [0090]
Figures 43A-C are a nucl eotide sequence of pCL PtrcKudzu yID (SEQ ID

NGO 20). [0091] Figure 44 is a map of pCL PtrcKudzu DXS. [0092] Figures
45A-D are a nucl eoti de sequence of pCL PtrcKudzu DXS (SEQ I D NO 21). [0093]
Fi gures 46A-E show graphs representing i soprene production from bi omass

f eedst ocks. Panel A shows isoprene production fromcorn stover, Panel B
shows i soprene production from bagasse, Panel C shows isoprene production
from sof twood pul p, Panel D shows isoprene production from glucose, and
Panel E shows isoprene production fromcells with no additional feedstock.
Grey squares represent OD o neasurenents of the cultures at the indicated
ti mes post-inocul ation and bl ack triangl es represent isoprene production at
the indicated tinmes postinocul ati on. [ 0094] Figure 47A shows a graph
representing isoprene production by BL21 (I DE3) pTrcKudzu yl DI DXS (kan) in
a culture with no glucose added. Squares represent OD oo, and triangles
represent isoprene produced (ng/m). [0095] Figure 47B shows a graph
representing isoprene production from 1% gl ucose feedstock invert sugar by
BL21 (I DE3) pTrcKudzu yl DI DXS (kan). Squares represent OD Qo, and
triangl es represent isoprene produced (ng/m). [0096] Figure 47C shows a
graph representing i soprene production from 1% invert sugar feedstock by
BL21 (I DE3) pTrcKudzu yl DI DXS (kan). Squares represent OD6oo, and
triangles represent isoprene produced (ng/m). [0097] Figure 47D shows a
graph representing i soprene production from 1% AFEX corn stover feedstock
by BL21 (I DE3) pTrcKudzu yl D DXS (kan). Squares represent OD Oo, and
triangl es represent isoprene produced (ng/m). [0098] Figures 48A-C show
graphs denonstrating the effect of yeast extract of isoprene production.
Panel A shows the tine course of optical density within fernentors fed with
varyi ng amounts of yeast extract. Panel B shows the tine course of isoprene
titer within fermentors fed



wi th varying anpbunts of yeast extract. The titer is defined as the anount
of isoprene produced per liter of fernentation broth. Panel C shows the

ef fect of yeast extract on isoprene production in E. coli grown in
fed-batch culture. [0099] Figures 49A-C show graphs denonstrating isoprene
production froma 500 L bioreactor with E. coli cells containing the
pTrcKudzu + yI DI + DXS plasm d. Panel A shows the tine course of optical
density within the 500-L bioreactor fed with glucose and yeast extract.
Panel B shows the tine course of isoprene titer within the 500-L bioreactor
fed with glucose and yeast extract. The titer is defined as the anmount of

i soprene produced per liter of fernentation broth. Panel C shows the tine
course of total isoprene produced fromthe 500-L bioreactor fed with

gl ucose and yeast extract. [0100] Figure 50 is a nmap of pJMipper pat hway?2.
[0101] Figures 51 A-C are the nucl eotide sequence of pJMipperpat hway2 (SEQ
I D NO 22). [0102] Figure 52 is a map of pBS Kudzu #2. [0103] Figure 53A is
a graph showi ng growth during fermentation tine of Bacillus expressing
reconmbi nant kudzu i soprene synthase in 14 liter fed batch fernmentation.

Bl ack di anonds represent a control strain (BG3594conK) w t hout reconbi nant
i soprene synthase (native isoprene production) and grey triangles represent
CF443, Bacillus strain BG594conK with pBSKudzu (reconbi nant isoprene
production).[0104] Figure 53B is a graph show ng isoprene production during
fermentation tinme of Bacillus expressing reconbi nant kudzu i soprene
synthase in 14 liter fed batch fernentation. Black di anonds represent a
control strain (BG3594conK) without reconbi nant isoprene synthase (native
i soprene production) and grey triangles represent CF443, Bacillus strain
BG3594conK wi t h pBSKudzu (reconbi nant isoprene production). [0105] Figure
54 is a tinme course of optical density within the 15-L bioreactor fed with
gl ucose. [0106] Figure 55 is a time course of isoprene titer within the
15-L bioreactor fed with glucose. The titer is defined as the amount of

i soprene produced per liter of fernmentation broth. [0107] Figure 56 is a
time course of total isoprene produced fromthe 15-L bioreactor fed with
gl ucose. [0108] Figure 57 is a time course of optical density within the
15-L bioreactor fed with glycerol.



[0109] Figure 58 is a tine course of isoprene titer wwthin the 15-L

bi oreactor fed with glycerol. The titer is defined as the anount of

i soprene produced per liter of fernentation broth. [0110] Figure 59 is a
time course of total isoprene produced fromthe 15-L bioreactor fed with

gl ycerol. [0111] Figures 60A-60C are the tine courses of optical density,
mevalonic acid titer, and specific productivity within the 150-L bi oreactor
fed with glucose. [0112] Figures 61A-61C are the time courses of optica
density, nmevalonic acid titer, and specific productivity within the 15-L

bi oreactor fed with glucose. [0113] Figures 62A-62C are the tinme courses of
optical density, nevalonic acid titer, and specific productivity within the
15-L bioreactor fed with glucose. [0114] Figure 63A-63C are the tine
courses of optical density, isoprene titer, and specific productivity
within the 15-L bioreactor fed with glucose. [0115] Figures 64A-64C are the
time courses of optical density, isoprene titer, and specific productivity
within the 15-L bioreactor fed with glucose. [0116] Figures 65A-65C are the
time courses of optical density, isoprene titer, and specific productivity
within the 15-L bioreactor fed with glucose. [0117] Figures 66A-66C are the
time courses of optical density, isoprene titer, and specific productivity
within the 15-L bioreactor fed with glucose. [0118] Figure 67A-67C are the
time courses of optical density, isoprene titer, and specific productivity
within the 15-L bioreactor fed with glucose.[0119] Figure 68 is a graph of
the cal cul ated adi abatic flame tenperatures for Series A as a function of
fuel concentration for various oxygen |levels. The figure legend lists the
curves in the order in which they appear in the graph. For exanple, the
first entry in the figure legend (isoprene in air at 40 0C) corresponds to
t he highest curve in the graph. [0120] Figure 69 is a graph of the
cal cul ated adi abatic flame tenperatures for Series B as a function of fuel
concentration for various oxygen levels with 4% water. The figure |egend
lists the curves in the order in which they appear in the graph. [0121]
Figure 70 is a graph of the cal cul ated adi abatic flanme tenperatures for
Series C as a function of fuel concentration for various oxygen levels with
5% CCh. The figure legend lists the curves in the order in which they
appear in the graph. [0122] Figure 7 1 is a graph of the calcul ated

adi abatic flanme tenperatures for Series D as a



function of fuel concentration for various oxygen |levels with 10% CCh. The
figure legend lists the curves in the order in which they appear in the
graph. [0123] Figure 72 is a graph of the cal cul ated adi abatic flane
tenperatures for Series E as a function of fuel concentration for various
oxygen levels with 15% CCh. The figure legend |ists the curves in the order
in which they appear in the graph. [0124] Figure 73 is a graph of the

cal cul ated adi abatic flanme tenperatures for Series F as a function of fuel
concentration for various oxygen levels with 20% CCh. The figure | egend
lists the curves in the order in which they appear in the graph. [0125]
Figure 74 is a graph of the cal cul ated adi abatic flanme tenperatures for
Series G as a function of fuel concentration for various oxygen levels with
30% CCh. The figure legend lists the curves in the order in which they
appear in the graph. [0126] Figure 75A is a table of the conversion of the
CAFT Model results fromweight percent to volune percent for series A
[0127] Figure 75B is a graph of the flammbility results fromthe CAFT
nodel for Series Ain Figure 68 plotted as volunme percent. [0128] Figure
76A is a table of the conversion of the CAFT Mddel results from wei ght
percent to volunme percent for series B. [0129] Figure 76B is a graph of the
flammability results fromthe CAFT nodel for Series Bin Figure 69 plotted
as volume percent. [0130] Figure 77 is a figure depicting the flammbility
test vessel. [0131] Figure 78A is a graph of the flammbility Curve for
Test Series 1. 0% Steam O psig, and 400C. [0132] Figure 78B is a table
sumari zi ng the expl osi on and non-expl osi on data points for Test Series 1.
[0133] Figure 78C is a graph of the flammbility curve for Test Series 1
conpared with the CAFT Model. [0134] Figure 79A is a graph of the
flammability curve for Test Series 2: 4% Steam O psig, and 400C. [0135]
Figure 79B is a table sunmari zi ng the expl osi on and non-expl osi on data
points for Test Series 2. [0136] Figure 79Cis a graph of the flammbility
curve for Test Series 2 conpared with the



CAFT Model . [0137] Figures 80A-B are a table of the detail ed experinental
conditions and results for Test Series 1. [0138] Figure 8 1 is a table of
the detail ed experinental conditions and results for Test Series 2. [0139]
Figure 82 is a graph of the calculated adiabatic flame tenperature plotted
as a function of fuel concentration for various nitrogen/oxygen ratios at 3
at nospheres of pressure. [0140] Figure 83 is a graph of the cal cul ated

adi abatic flame tenperature plotted as a function of fuel concentration for
vari ous nitrogen/ oxygen ratios at 1 atnosphere of pressure. [0141] Figure
84 is a graph of the flamuability envel ope constructed using data from
Figure 82 and foll ow ng the nethodol ogy described in Exanple 13. The
experinmental data points (circles) are fromtests described herein that
were conducted at 1 atnosphere initial system pressure. [0142] Figure 85 is
a graph of the flammbility envel ope constructed using data from Fi gure 83
and foll ow ng the nethodol ogy described in Exanple 13. The experi nent al
data points (circles) are fromtests described herein that were conducted
at 1 atnosphere initial systempressure. [0143] Figure 86A is a GO M5
chromat ogram of fernentation off-gas. [0144] Figure 86B is an expansi on of
Fig 86A to show mnor volatiles present in fernmentation off-gas. [0145]
Figure 87A is a GC/ M5 chromat ogram of trace volatiles present in off-gas
followi ng cryo-trapping at -78C. [0146] Figure 87B is a GC/ M5 chromat ogram
of trace volatiles present in off-gas follow ng cryo-trapping at
-196C. [ 0147] Figure 87C is an expansion of Figure 87B. [0148] Figure 87D is
an expansi on of Figure 87C. [0149] Figures 88A-B are GO M5 chromat ogram
conmparing C5 hydrocarbons from petrol eumderived i soprene (Figure 88A) and
bi ol ogi cal |y produced isoprene (Figure 88B). The standard contains three C5
hydr ocarbon inpurities eluting around the nmain isoprene peak (Figure 88A).
In contrast, biologically produced isoprene contains anounts of ethanol and
acetone (run tinme of 3.41 mnutes) (Figure 88A).



[0150] Figure 89 is a graph of the analysis of fernmentation off-gas of an
E. coli BL21 (DE3) pTrclS strain expressing a Kudzu isoprene synthase and
fed glucose with 3 g/L yeast extract. [0151] Figure 90 shows the structures
of several inpurities that are structurally simlar to i soprene and may

al so act as polynerization catal yst poisons. [0152] Figure 9 1 is a map of
pTrcH s2AUpper Pat hway (al so called pTrcUpper WA). [0153] Fi gures 92A-92C
are the nucl eotide sequence of pTrcH s2AUpper Pat hway (al so call ed
pTrcUpper WA) (SEQ I D NG 23). [0154] Figure 93 is a tinme course of optical
density within the 15-L bioreactor fed with glucose. [0155] Figure 94 is a
time course of isoprene titer within the 15-L bioreactor fed with gl ucose.
The titer is defined as the amount of isoprene produced per liter of
fermentation broth. [0156] Figure 95 is a tinme course of total isoprene
produced fromthe 15-L bioreactor fed with glucose. [0157] Figure 96 is a
time course of optical density within the 15-L bioreactor fed with invert
sugar. [0158] Figure 97 is a time course of isoprene titer within the 15-L
bi oreactor fed with invert sugar. The titer is defined as the anount of

i soprene produced per liter of fernmentation broth. [0159] Figure 98 is a
time course of total isoprene produced fromthe 15-L bioreactor fed with
invert sugar. [0160] Figure 99 is a tine course of optical density within
the 15-L bioreactor fed with glucose. [0161] Figure 100 is a tine course of
isoprene titer wwthin the 15-L bioreactor fed with glucose. The titer is
defined as the anmobunt of isoprene produced per liter of fernentation broth.
[0162] Figure 101 is a tinme course of isoprene specific activity fromthe
15-L bioreactor fed with glucose. [0163] Figure 102 is a nmap of

pCLPt r cUpper Pat hwayHGS2. [ 0164] Fi gures 103A-103C are the nucl eoti de
sequence of pCLPtrcUpper Pat hwayHGS2 (SEQ I D NO 24). [0165] Figure 104 is a
time course of optical density within the 15-L bioreactor fed with gl ucose.
[0166] Figure 105 is a tinme course of isoprene titer within the 15-L

bi oreactor fed wth



gl ucose. The titer is defined as the anobunt of isoprene produced per liter
of fernmentation broth. [0167] Figure 106 is a tinme course of total isoprene
produced fromthe 15-L bioreactor fed with glucose. [0168] Figure 107 is a
map of plasm d MCM330 (FRT-cm FRT-gil .2-KKDy at attTn7). [0169] Figures
108A-108C are the nucl eotide sequence of plasmd MCMB30 (SEQ I D NO 25).
[0170] Figure 109 is a map of pET24D- Kudzu. [0171] Figures 110A-B are the
nucl eoti de sequence of pET24D Kudzu (SEQ I D NO 26). [0172] Figure 111Ais a
time course of optical density within the 15-L bioreactor fed with gl ucose.
[0173] Figure 11IBis a time course of isoprene titer wwthin the 15-L

bi oreactor fed with glucose. The titer is defined as the anobunt of isoprene
produced per liter of fernentation broth. [0174] Figure 111Cis a tine
course of specific productivity of isoprene in the 15-L bioreactor fed with
gl ucose. [0175] Figure 112A is a map of the M nmzei archaeal Lower Pathway
operon. [0176] Figures 112B-C are the nucl eoti de sequence of the M mazei
archaeal | ower Pathway operon (SEQ ID NG 27). [0177] Figure 113A is a map
of MCMB82 - pTrcKudzuMvK(mazei). [0178] Figures 113B-C are the nucl eotide
sequence of MCM382 - pTrcKudzuMvK(mazei) (SEQ ID NO 28). [0179] Figure 114A
is a mp of MCMB76 - MVK from M mazei archaeal Lower in pET200D. [0180]
Figures 114B-C are the nucl eoti de sequence of MCM376 - MVK from M nazei
archaeal Lower in pET200D (SEQ ID NO 29). [0181] Figures 115A-1 15D
denonstrate that over-expression of MVK and isoprene synthase results in

i ncreased i soprene production. Accunul ated i soprene and CO from MCM401 and
MCMB43 during growh on glucose in 100 nL bioreactors with 100 and 200 mM

| PTG i nduction of isoprene production was neasured over a 22 hour tine
course. Figure 115A is agraph of the accunul ated isoprene (% from MCVB43.
Figure 115B is a graph of the accunul ated i soprene (% from MCMAO1l. Figure
115C is a graph of the accurmulated CO (% from MCMB43. Figure 115D is a
graph of the accurmulated CO2 (%9 from MCMAO1.



[0182] Figure 116 is a tinme course of optical density wthin the 15-L

bi oreactor fed with glucose. [0183] Figure 117 is a time course of isoprene
titer within the 15-L bioreactor fed with glucose. The titer is defined as
t he amount of isoprene produced per liter of fernmentation broth. [0184]
Figure 118 is a tinme course of total isoprene produced fromthe 15-L

bi oreactor fed with glucose. [0185] Figure 119 is a graph of the total
carbon di oxi de evolution rate (TCER), or netabolic activity profile, within
the 15-L bioreactor fed with glucose. [0186] Figure 120 is a graph of the
cell viability during isoprene production within the 15-L bioreactor fed
with glucose. TVO D is the total viable counts (colony formng units) in
1nL of broth per optical density unit (0OD550) . [0187] Figure 121 is a tine
course of optical density within the 15-L bioreactor fed with gl ucose.
[0188] Figure 122 is a tinme course of isoprene titer within the 15-L

bi oreactor fed with glucose. The titer is defined as the anount of isoprene
produced per liter of fernentation broth. [0189] Figure 123 is a tine
course of total isoprene produced fromthe 15-L bioreactor fed with

gl ucose. [0190] Figure 124 is a tine course of volumetric productivity
within the 15-L bioreactor fed with glucose. The volunetric productivity is
defined as the anount of isoprene produced per liter of broth per hour.
[0191] Figure 125 is a tinme course of instantaneous yield within the 15-L
bi oreactor fed wth glucose. The instantaneous yield is defined as the
anount of isoprene (gran) produced per anount of glucose (granm) fed to the
bi oreactor (ww during the tinme interval between the data points. [0192]
Figure 126 is a graph of the total carbon di oxide evolution rate (TCER), or
nmetabolic activity profile, within the 15-L bioreactor fed with gl ucose.
[0193] Figure 127 is cell viability during isoprene production within the
15-L bioreactor fed with glucose. TV OD is the total viable counts (col ony
forming units) in 1nL of broth per optical density unit (0OD550) .[0194]
Figure 128 is a tine course of optical density within the 15-L bioreactor
fed wth glucose.



[0195] Figure 129 is a tinme course of isoprene titer within the 15-L

bi oreactor fed with glucose. The titer is defined as the anobunt of isoprene
produced per liter of fernentation broth. [0196] Figure 130 is a tine
course of total isoprene produced fromthe 15-L bioreactor fed with

gl ucose. [0197] Figure 131 is a graph of total carbon dioxide evol ution
rate (TCER), or netabolic activity profile, within the 15-L bioreactor fed
wi th glucose. [0198] Figure 132 is a graph showi ng that a transient
decrease in the airflow to the bioreactor caused a spike in the
concentration of isoprene in the off-gas that did not cause a dramatic
decrease in netabolic activity (TCER). TCER, or netabolic activity, is the
total carbon dioxide evolution rate. [0199] Figure 133 is a graph of the
cell viability during isoprene production within the 15-L bioreactor fed
with glucose. TVOOD is the total viable counts (colony formng units) in
1m. of broth per optical density unit (OD550) . [0200] Figure 134 is atine
course of optical density within the 15-L bioreactor fed with gl ucose.
Dotted vertical lines denote the tine interval when isoprene was introduced
into the bioreactor at a rate of 1 g/L/hr. [0201] Figure 135 is total
carbon di oxi de evolution rate (TCER), or netabolic activity profile, within
the 15-L bioreactor fed with glucose. Dotted vertical |ines denote the tine
i nterval when isoprene was introduced into the bioreactor at a rate of 1
g/L/hr. [0202] Figure 136 is cell viability during isoprene production
within the 15-L bioreactor fed with glucose. TVCOD is the total viable
counts (colony formng units) in 1nL of broth per optical density unit
(OD550) . Dotted vertical lines denote the tine interval when isoprene was
introduced into the bioreactor at a rate of 1 g/L/hr. [0203] Figures 137A-B
are the sequence o Popul us al ba pET24a: isoprene synthase gene highlighted
in bold letters (SEQ ID NG 30). [0204] Figures 137C-D are the sequence o
Popul us ni gra pET24a: isoprene synthase gene highlighted in bold letters
(SEQ I D NG 31). [0205] Figures 137E-F are the sequence o Popul us
tremul oi des pET24a (SEQ I D NO 32). [0206] Figure 137G is the amno acid
sequence o Popul us tremul oi des i soprene synthase gene (SEQ | D NG 33).[0207]
Figures 137H 1 are the sequence of Populus trichocarpa pET24a: isoprene
synt hase



gene highlighted in bold letters (SEQ ID NO 34). [0208] Figures 137J-K are
t he sequence of Populus tremula x Popul us al ba pET24a: isoprene synthase
gene highlighted in bold letters (SEQ ID NO 35). [0209] Figure 137L is a
map of MCWMB3 whi ch contains the kudzu I spS codi ng sequence in a pCR2.1
backbone. [0210] Figures 137M N are the sequence of MCMB3 (SEQ I D NG 36).
[0211] Figure 1370 is a map of pET24D Kudzu. [0212] Figures 137P-Q are the
sequence of pET24D- Kudzu (SEQ ID NGO 37). [0213] Figure 138 is isoprene
synt hase expression data for various poplar species as neasured in the
whol e cell head space assay. Y-axis is ng/L/OD of isoprene produced by 0.2
mL of a culture induced with IPTG [0214] Figure 139 is relative activity
of Popl ar isoprene synthase enzynes as neasured by DVAPP assay. Popl ar
enzynmes have significantly higher activity than the isoprene synthase from
Kudzu. Poplar [albax trenmula] only had traces (< 1% of activity and is not
shown in the plot. [0215] Figure 140 is a map of pDONR221: 19430 - hybrid
HGS. [0216] Figure 141 is the nucl eotide sequence of pDONR221 : 19430 -
hybrid HGS, the sequence of Kudzu isoprene synthase codon-optim zed for
yeast (SEQ ID NGO 38). [0217] Figure 142A is a map of pDW4. [0218] Figures
142B-C are the conpl ete nucl eoti de sequence of pDWM4 (SEQ I D NO 39). [0219]
Figure 143 shows induced I NVSc-| strains harboring pDW4 or pYES- DEST52.
Figure 143A. A 4-12%bis tris gel (Novex, Invitrogen) of |ysates generated
fromINVSc-1 strains induced with gal actose and stained with SinplyBlue
SafeStain (lnvitrogen). Figure 143B. Western bl ot analysis of the sane
strains using the WesternBreeze kit (lInvitrogen). Lanes are as follows: 1,
| N\VSc-1 + pYES-DEST52; 2, INVSc-1 + pDW4 (isolate 1); 3, INvVSc-1 + pDW4
(isolate 2). MN(in kDa) is indicated (using the SeeBlue Plus2 nol ecul ar
wei ght standard). [0220] Figure 144 (Figures 144A and 144B) shows i nduced

| N\VSc-1 strains harboring pDWM4 or pYES- DEST52. Figure 144A. OD Qo of

gal act ose-induced strains prior to lysis. The y-axis is OD Oo- Figure 144B.
DVAPP assay of isoprene synthase headspace in control and isoprene

synt hase- harboring strains. Specific activity was cal cul ated as ng HG L/ OD.
Sanpl es



are as follows: Control, INVSc-lI + pYES-DEST52; HGS-1, INVSc-1 + pDW4
(isolate 1); HGS-2, INVSc-1 + pDW4 (isolate 2).[0221] Figure 145A is a map
of codon optim zed i soprene synthase fluo-opt2v2. [0222] Figure 145B is the
nucl eoti de sequence of codon optim zed i soprene synthase fluoopt2v2 (SEQ ID
NG 40). [0223] Figure 146A is a map of pBBRI MCS5. [0224] Figures 146B-C are
t he nucl eoti de sequence of pBBRIMCS5 (SEQ I D NO 41). [0225] Figure 147A is
a map of pBBRSHGSOpt 2 2. [0226] Figures 147B-C are the nucl eoti de seqguence
of pBBRSHGSOpt2 2 (SEQ ID NO 42). [0227] Figure 148 is a graph of CER
versus fernentation tinme for strain MCMA01, uni nduced, induced with |IPTG (4
x 50 nmmol) or IPTG (2 x 100 mmol ). [0228] Figure 149 shows concentration of
gl ucose in sugar cane solutions, pH adjusted or not, as a function of the
nunber of autoclaving cycles (one cycle = 30 mn). [0229] Figure 150 shows
grow h curves (0OD600 as a function of tinme) of Pseudononas putida FI and
Pseudononasf | uorescens ATCC 13525 on gl ucose, sugar cane, and inverted
sugar cane. [0230] Figure 151 shows growth curves (0OD600 as a function of
time) of E. coli BL21(DE3), MG1655, ATCO 1303 and B REL 606 on gl ucose,
sugar cane, and inverted sugar cane. [0231] Figure 152 is a map of plasmd
pET24 P. al ba HGS. [0232] Figure 153A-B are the nucl eoti de sequence of

pl asm d pET24 P. alba HGS (SEQ ID NO 43). [0233] Figure 154 is a schematic
di agram showi ng restriction sites used for endonucl ease digestion to
construct plasm d EW.230 and conpati bl e cohesi ve ends between BspH and
Ncol sites. [0234] Figure 155 is a map of plasm d EW.230. [0235] Figures
156A-B are the nucl eoti de sequence of plasmd EW.230 (SEQ I D NG 44). [0236]
Figure 157 is a schematic diagram showing restriction sites used for
endonucl ease digestion to construct plasm d EW.244 and conpati bl e cohesive
ends between Nsil and Pstl sites. [0237] Figure 158 is a map of plasmd
EW.244. [0238] Figures 159A-B are the nucl eoti de sequence of plasm d EW.244
(SEQ ID NG 45). [0239] Figure 160A is a map of the M nmzei archaeal Lower
Pat hway oper on.



[ 0240] Figures 160B-C are the nucl eoti de sequence of the M mazei archaeal
Lower Pat hway operon (SEQ I D NO 46). [0241] Figure 161A is a map of
MCMB76- WK from M mazei archaeal Lower in pET200D.[0242] Figures 161B-C
are the nucl eotide sequence of MCM376- WK from M mazei archaeal Lower in
pPpET200D (SEQ I D NO 47). [0243] Figure 162 is a map of plasm d pBBRCVPA |
.5-pgl. [0244] Figures 163A-B are the nucl eoti de sequence of plasmd
pBBRCMPG | .5-pgl (SEQ ID NO 48). [0245] Figures 164A-F are graphs of

i soprene production by E. coli strain expressing M mazei neval onate

ki nase, P. al ba isoprene synthase, and pgl (RHM 11608-2), and grown in
fed-batch culture at the 15-L scale. Figure 164A shows the tinme course of
optical density within the 15-L bioreactor fed with glucose. Figure 164B
shows the tine course of isoprene titer within the 15-L bioreactor fed with
gl ucose. The titer is defined as the anmobunt of isoprene produced per liter
of fernmentation broth. Method for calculating isoprene: cunul ative isoprene
produced in 59 hrs, g/Fernentor volune at 59 hrs, L [=] g/L broth. Figure
164C al so shows the tine course of isoprene titer within the 15-L

bi oreactor fed wth glucose. Method for cal cul ating isoprene:

/ (1 nst ant aneous i soprene production rate, g/L/hr)dt fromt = 0 to 59 hours
[=] o/L broth. Figure 164D shows the tinme course of total isoprene produced
fromthe 15-L bioreactor fed with glucose. Figure 164E shows volunetric
productivity within the 15-L bioreactor fed with glucose. Figure 164F shows
carbon di oxide evolution rate (CER), or netabolic activity profile, within
the 15-L bioreactor fed with glucose. [0246] Figures 165A-B are graphs
showi ng anal ysis of off-gas fromfernentation in 15L bioreactors. Sanple A
is strain RM 11608-2 sanpled at 64.8 hours. Sanple B is strain EW.256 was
E. coli BL21 (DE3), pCL upper, cnR-gil.2-yKKDyl, pTrcAl ba-mMWK sanpl ed at
34.5 hours. Hydrogen is detected above the baseline (0.95 x 10 8 torr) for
both sanples. [0247] Figure 166A shows an exenpl ary Bi oi soprene(tm
recovery unit. [0248] Figure 166B shows an exenpl ary Bi oi soprene(tmn

desor ption/ condensati on setup. [0249] Figure 167 shows a GC/ FID

chromat ogram of a Bi oi soprene(tm product. The naterial was determ ned to
be 99. 7% pure. [0250] Figure 168A-C show the GC/ FI D chromat ograns of a

Bi oi soprene(tn) sanple before (A) and after treatnment wwth alumna (B) or
silica (C). The isoprene peak is not shown in these



chromat ograns. [0251] Figure 169 shows a diagram of a process and

associ ated apparatus for purifying isoprene froma fernentati on off-gas.

[ 0252] Figure 170 shows GO/ FI D chronat ogram of partially hydrogenated

Bi oi soprene(tn) nmononer. Conpound 1 (RT = 12.30 mn) = 3-nethyl-I|-butene,
conpound 2 (RT = 12.70 m n)= 2-nmet hyl butane, conpound 3 (RT = 13.23 mn) =
2-net hyl -1 -butene, conmpound 4 (RT = 13.53 mn) = isoprene, conpound 5 (RT =
14.01 mn) = 2-nethyl-2-butene). [0253] Figure 171 shows the GO M5 Tota

| on Chromat ogram for products derved fromthe Anberlyst-15 acid
resin-catal yzed dinerization of 2-nethyl-2-butene. [0254] Figure 172 shows
the GO M5 Total 1on Chramatogram for products derived from Anberlyst 15
acid resin-catal yzed oligonerization of Biolsoprene(tm nononer. [0255]
Figure 173 shows a process flow diagramfor the conversion of a C5 stream
into a C10/d 5 product streamusing a dinerization reactor. The C5 stream
conpri ses Biol soprene(tn) nononer and/or C5 derivatives of Biol soprene(tm
nononer. DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0256] The invention
provides, inter alia, compositions and nethods for producing a fuel
constituent fromisoprene. Provided herein are fuel constituents or
additives, for exanple, cyclic isoprene diners and triners, |inear isoprene
ol igoners, aromatic and alicyclic isoprene derivatives, and oxygenated

i soprene derivatives. The fuel constituent can be produced by chem cal
transformations of a starting material conprising a comrercially beneficial
anount of highly pure isoprene. In one aspect, the comercially benefici al
anount of highly pure isoprene conprises bioisoprene. In another aspect, a
commercially beneficial anpunt of highly pure isoprene can be bioi soprene.

I n anot her aspect, a commercially beneficial anount of highly pure isoprene
can be highly pure isoprene conpositions produced by culturing cells
expressing a heterol ogous isoprene synthase enzynme. In other aspects,

hi ghly pure isoprene undergoes oligonerization to formunsaturated isoprene
ol i gonmers such as cyclic dinmers or trimers and |inear oligoners. The
unsaturated ol igonmers may be hydrogenated to produce saturated hydrocarbon
fuel constituent. In sone enbodi nent, reaction of highly pure isoprene with
al cohols in the presence of an acid catal yst produces fuel oxygenates. In
anot her aspect, the highly pure isoprene is partially hydrogenated to
produce isoanyl enes. In sonme enbodi nents, an isoanyl ene product derived
fromthe highly pure isoprene undergoes dinerization to form



i sodecenes. In sone enbodi nents, isoanylene products derived fromthe

hi ghly pure isoprene react with alcohols in the presence of an acid

catal yst to produce fuel oxygenates. [0257] Bioi soprene derived from
renewabl e carbon can be converted to a variety of hydrocarbon fuels by
chem cal catalysis. Provided herein are nethods for recovering isoprene
fromfernentati on and subsequent conversion to hydrocarbon fuels by

chemi cal catalysis to conmpounds of higher nol ecul ar wei ght. These met hods
i nclude, but are not limted to,recovering and purifying isoprene from
fermentation off-gas and subsequent gas or |iquid phase catalysis to
provi de conpounds with fuel value. Both continuous and batch nbde processes
are contenplated within the scope of the invention. [0258] As further
detail ed herein, a bioisoprene conposition is distinguished froma

petroi soprene conposition in that a bioi soprene conposition is
substantially free of any contam nati ng unsaturated C5 hydrocarbons that
are usually present in petro-isoprene conpositions, such as, but not
limted to, 1,3-cyclopentadiene, rar-I, 3-pentadi ene, cis-1,3- pentadiene,
1, 4- pent adi ene, 1-pentyne, 2-pentyne, 3-nethyl-I-butyne, pent-4-ene-I|-yne,
transpent- 3-ene-l-yne, and c zs-pent-3-ene-|l-yne. |If any contam nati ng
unsaturated C5 hydrocarbons are present in the bioisoprene starting

mat eri al described herein, they are present in |lower levels than that in
petro-i soprene conpositions. Accordingly, any fuel products derived from
bi oi soprene conpositions described herein is essentially free of, or
contains at |lower levels than that in fuel products derived from

petro-i soprene, any contam nating unsaturated C5 hydrocarbons or products
derived from such contam nating unsaturated C5 hydrocarbons. In addition,
the sulfur levels in a bioisoprene conposition are |ower than the sul fur

| evel s in petroisoprene conpositions. Fuels products derived from

bi oi soprene conpositions contain | ower |evels of sulfur than that in fuel
products derived from petro-isoprene. [0259] Bioisoprene is distinguished
frompetro-isoprene in that bioisoprene is produced with other

bi o- byproducts (conpounds derived fromthe biological sources and/or
associ ated the biol ogical processes that are obtained together with

bi oi soprene) that are not present or present in much |ower levels in
petro-isoprene conpositions, such as al cohols, al dehydes, ketone and the
| i ke. The bio-byproducts may include, but are not limted to, ethanol,
acetone, nethanol, acetal dehyde, nethacrol ein, nethyl vinyl ketone,

2-met hyl - 2-vi nyl oxi rane, cis- and trans-3- nethyl-1, 3-pentadi ene, a C5
prenyl al cohol (such as 3-nethyl-3-buten-1-o0ol or 3-nethyl-2-butenl- ol),
2- hept anone, 6-net hyl - 5- hept en-2-one, 2, 4,5-trinethyl pyridine,

2, 3,5-trinethyl pyrazi ne,



citronellal, nethanethiol, nethyl acetate, 1-propanol, diacetyl,

2- but anone, 2-nethyl-3-buten-2- ol, ethyl acetate, 2-nethyl- 1-propanol,
3-net hyl -1 -butanal, 3-nmethyl -2-butanone, 1-butanol, 2- pentanone, 3-nethyl -
1- butanol, ethyl isobutyrate, 3-methyl-2-butenal, butyl acetate, 3-

met hyl butyl acetate, 3-nethyl-3-buten-1-yl acetate, 3-nethyl-2-buten-I-yl
acetate, 3-hexen-l-ol, 3-hexen-|l-yl acetate, |inonene, geraniol
(trans-3,7-dimethyl -2, 6-octadien-I-0ol), citronellol (3,7- dinethyl-6-octen-
l-ol), (E)-3 ,7-dinethyl- 1,3,6-octatriene, (2)-3 ,7-dinethyl-
1,3,6-octatriene, 2,3-cycloheptenol pyridine, or a linear isoprene polyner
(such as a linear isoprene dinmer or a linear isoprene trinmer derived from
the pol ynerization of nmultiple isoprene units). Fuel productsderived from
bi oi soprene contain one or nore of the bio-byproducts or conmpounds derived
fromany of the bio-byproducts. In addition, fuel products derived from

bi oi soprene may contain conpounds forned fromthese bio-byproducts during
subsequent cheni cal conversion. Exanples of such conpounds include those
derived fromDiels- Al der cycloaddition of dienophiles to isoprene or fuel
derivatives thereof, the oxidation of isoprene or fuel derivatives. [0260]
Furt her, bioisoprene is distinguished from petro-isoprene by carbon
finger-printing. In one aspect, bioisoprene has a higher radioactive
carbon- 14 (14C) content or higher 14C/ 12C ratio than petro-isoprene.

Bi oi soprene is produced fromrenewabl e carbon sources, thus the 14C content
or the 14C/ 12C ratio in bioisoprene is the sane as that in the present

at nosphere. Petroisoprene, on the other hand, is derived fromfossil fuels
deposited thousands to mllions of years ago, thus the 14C content or the
14C/ 12C ratio is dimnished due to radi oactive decay. As discussed in
greater detail herein, the fuel products derived from bi oi soprene has

hi gher 14C content or 14C/ 12C ratio than fuel products derived from
petro-isoprene. In one enbodi nent, a fuel product derived from bi oi soprene
descri bed herein has a 14C content or 14C/ 12C ratio simlar to that in the
at nosphere. I n another aspect, bioisoprene can be analytically

di stingui shed from petro-isoprene by the stable carbon isotope ration (13C
12C), which can be reported as "delta val ues" represented by the synbol
d13C. For exanples, for isoprene derived fromextractive distillation of C
streans frompetroleumrefineries, 513C is about -22% to about -24%. This
range is typical for light, unsaturated hydrocarbons derived from

petrol eum and products derived from petrol eum based i soprene typically
contain isoprenic units wth the sanme 613C. Bi oi soprene produced by
fermentation of corn-derived glucose (513C -10.73%) with m nimal anmounts
of other carbon-containing nutrients (e.g., yeast extract) produces

i soprene which can be polymnerized into polyisoprene with 613C -14.66% to
-14.85%0. Products produced from such



bi oi soprene are expected to have d13C values that are | ess negative than

t hose derived from petrol eum based i soprene. [0261] Conpounds nade by these
met hods i nclude cyclic isoprene dinmers and triners, |inear oligoners,
aromatic and alicyclic derivatives. D isoanyl enes are nade by nethods
conprising partial hydrogenation of bioisoprene conpositons. These chem cal
derivatives of isoprene are useful as liquid transportation fuels

(I soFuel s(tm) and as fuel additives. [0262] Al so provided herein are

met hods for the production of oxygenated derivatives of isoprene including
al cohol s, ketones, esters and ethers. Methods for the synthesis of
oxygenat ed derivatives of isoprene can also be perforned in liquid or gas
phase, using honobgeneous and het er ogeneous catal ysts. Conpounds of this
chem cal class are also useful as |iquidtransportation fuels, and can be
used in fuel blends as fuel oxygenates for em ssions reduction and as fuel
nodi fiers, for exanple as cetane boosters for diesel. [0263] Wile isoprene
can be obtained by fractionating petroleum the purification of this
material is expensive and time-consum ng. Petrol eum cracking of the C5
stream of hydrocarbons produces only about 15% i soprene. |soprene is also
natural |y produced by a variety of mcrobial, plant, and aninmal species. In
particular, two pat hways have been identified for the biosynthesis of

i soprene: the neval onate (M/A) pat hway and the non-neval onat e (DXP)

pat hway. Genetically engineered cell cultures in bioreactors have produced
i soprene nore efficiently, in larger quantities, in higher purities and/or
with unique inpurity profiles, e.g. as described in U S. provisional patent
application Nos. 61/013,386 and 61/013,574, filed on Decenber 13, 2007, WO
2009/ 076676, U.S. provisional patent application Nos. 61/134, 094,

61/ 134,947, 61/134,01 1 and 61/134,103, filed on July 2, 2008, WO

2010/ 003007, U.S. provisional patent application No. 61/097,163, filed on
Sept ember 15, 2008, WD 2010/ 031079, U.S. provisional patent application No.
61/ 097, 186, filed on Septenber 15, 2008, WD 2010/031062, U.S. provisiona
patent application No. 61/097,189, filed on Septenber 15, 2008, WO

2010/ 031077, U.S. provisional patent application No. 61/097,200, filed on
Sept ember 15, 2008, WD 2010/ 031068, U.S. provisional patent application No.
61/ 097, 204, filed on Septenber 15, 2008, WD 2010/031076, U.S. provisiona
patent application No.61/141,652, filed on Decenber 30, 2008,

PCT/ US09/ 069862, U.S. patent application No. 12/335,071, filed Decenber 15,
2008 (US 2009/0203102 Al) and U. S. patent application No. 12/429,143, filed
April 23, 2009 (US 2010/0003716 Al), which are incorporated by reference in
their entireties.



Definitions [0264] Unl ess defined otherw se herein, all technical and
scientific terns used herein have the sane neani ng as conmmonly under st ood
by one of ordinary skill in the art to which this invention pertains.

Al t hough any nethods and materials simlar or equivalent to those described
herein find use in the practice of the present invention, the preferred

nmet hods and naterials are described herein. Accordingly, the terns defined
i mredi ately below are nore fully described by reference to the
Specification as a whole. Al docunents cited are, in relevant part,

i ncorporated herein by reference. However, the citation of any docunent is
not to be construed as an adm ssion that it is prior art with respect to
the present invention. [0265] As used herein, the singular terns "a," "an,"
and "the" include the plural reference unless the context clearly indicates

otherwi se.[0266] It is intended that every maxi mum nunerical limtation

gi ven throughout this specification includes every |ower nunerical
limtation, as if such lower nunerical limtations were expressly witten
herein. Every mninmumnunerical limtation given throughout this
specification will include every higher nunmerical limtation, as if such

hi gher nunerical limtations were expressly witten herein. Every nunerical
range given throughout this specification will include every narrower

nunerical range that falls within such broader nunerical range, as if such
narrower nunerical ranges were all expressly witten herein. [0267] The
term"isoprene"” refers to 2-nmethyl- 1, 3-butadiene (CAS# 78-79-5 ), which is
the direct and final volatile C5 hydrocarbon product fromthe elimnation
of pyrophosphate from 3, 3-di net hyl al | yl pyrophosphate (DVAPP), and does not
i nvolve the linking or polynerization of [an] |IPP nolecule(s) to [a] DVAPP
nol ecul e(s). The term "isoprene”" is not generally intended to be limted to
its method of production unless indicated otherwi se herein. [0268] As used
herein, "biologically produced isoprene” or "bioisoprene” is isoprene
produced by any bi ol ogi cal neans, such as produced by genetically

engi neered cell cultures, natural mcrobials, plants or animals. [0269] A
"bi oi soprene conposition” refers to a conposition that can be produced by
any bi ol ogi cal neans, such as systens (e.g., cells) that are engineered to
produce isoprene. It contains isoprene and other conpounds that are
co-produced (including inpurities) and/or isolated together with isoprene.
A bi oi soprene conposition usually contains fewer hydrocarbon inpurities

t han i soprene produced from petrochem cal sources and often requires

m ni mal



treatnment in order to be of polynerization grade. As detailed herein,

bi oi soprene conposition also has a different inpurity profile froma
petrochem cally produced isoprene conposition. [0270] As used herein, "at

| east a portion of the isoprene starting conposition” can refer to at | east
about 1% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65%
70% 75% 80% 85% 90% 91% 92% 93% 94% 95% 96% 97% 98% 99%
99.5% 99.6% 99.7% 99.8% 99.9% or 100% of the isoprene starting

conposi tion undergoi ng chem cal transformation. [0271] As used herein,

| soFuel s(tm refers to fuels including liquid transportation fuels that are
derived fromisoprene. BiolsoFuels(tm refers to fuels including liquid
transportation fuels that are derived from bi oi soprene. [0272] The term

"ol igonerization"” as used herein refers to a chem cal process for comnbining
two or nore nonomer units. "Aigonerization"” of isoprene produces a
derivative of isoprenederived fromtwo or nore nol ecul es of isoprene, such
as |linear diners of isoprene, cyclic diners of isoprene, linear triners of
i soprene, cyclic trinmers of isoprene and the like. [0273] "Conplete

hydr ogenati on", "Conpletely hydrogenate"” or "Fully hydrogenate" is defined
as the addition of hydrogen (H2), typically in the presence of a

hydr ogenati on catal yst, to all unsaturated functional groups, such as

car bon-car bon doubl e bonds, within a precursor conmpound to give fully
saturated product compounds. For exanple, conplete hydrogenation of

i soprene forns isopentane whereby 2 noles OH is consuned per nol e of

i soprene. [0274] "Partial hydrogenation"” or "Partially hydrogenate" is
defined as the addition of hydrogen (H ), typically in the presence of a
hydr ogenati on catal yst, to at |east one, but not all unsaturated functional
groups, such as carbon-carbon double bonds, within a precursor conpound.
The product(s) of partial hydrogenation can be further conpletely
hydrogenated to give fully saturated product conpounds. Parti al

hydr ogenati on of a diene forns one or nore nono-ol efins. For exanple,
partial hydrogenation of isoprene can give 3 isoneric isopentenes
(2-net hyl but -1 -ene, 2-nethyl but-2-ene and 3-net hyl but-1-ene) whereby 1 nole
of H2 is conmsuned per nole of isoprene. [0275] "Selective hydrogenation” or
"Sel ectively hydrogenate" is defined as the addition of hydrogen (H2),
typically in the presence of a hydrogenation catalyst, to at |east one, but
not all unsaturated functional groups, such as carbon-carbon doubl e bonds,
Wi thin a precursor conmpound whereby certain unsaturated functional groups
are preferentially hydrogenated over



ot her unsaturated groups under the chosen conditions. For exanple,

sel ective hydrogenation of isoprene may form preferentially
2-met hyl - 2- but ene, 2-nethyl-1-butene, 3-nethyl- 1-butene or a m xture
thereof. [0276] As used herein, the term "pol ypeptides" includes

pol ypepti des, proteins, peptides, fragnents of pol ypeptides, and fusion
pol ypeptides. [0277] As used herein, an "isol ated pol ypeptide" is not part
of a library of polypeptides, such as a library of 2, 5, 10, 20, 50 or nore
di fferent pol ypeptides and is separated from at | east one conponent with
which it occurs in nature. An isol ated pol ypepti de can be obtained, for
exanpl e, by expression of a reconbinant nucleic acid encoding the

pol ypeptide. [0278] By "heterol ogous pol ypeptide" is neant a pol ypeptide
whose am no acid sequence is not identical to that of another pol ypeptide

natural ly expressed in the same host cell. In particular, a heterol ogous
pol ypeptide is not identical to a wld-type pol ypeptide that is found in
the sane host cell in nature.[0279] "Codon degeneracy" refers to divergence

in the genetic code permitting variation of the nucl eotide sequence w thout
affecting the am no acid sequence of an encoded pol ypeptide. The skilled
artisan is well aware of the "codon-bias" exhibited by a specific host cel

i n usage of nucleotide codons to specify a given am no acid. Therefore,
when synt hesizing a nucleic acid for inproved expression in a host cell, it
is desirable in sone enbodi nents to design the nucleic acid such that its
frequency of codon usage approaches the frequency of preferred codon usage
of the host cell. [0280] As used herein, a "nucleic acid" refers to two or
nor e deoxyri bonucl eoti des and/ or ribonucl eotides coval ently joined together
in either single or double-stranded form [0281] By "reconbi nant nucleic
acid" is meant a nucleic acid of interest that is free of one or nore
nucleic acids (e.g., genes) which, in the genone occurring in nature of the
organi sm from which the nucleic acid of interest is derived, flank the
nucleic acid of interest. The termtherefore includes, for exanple, a
reconbi nant DNA which is incorporated into a vector, into an autononously
replicating plasmd or virus, or into the genom c DNA of a prokaryote or
eukaryote, or which exists as a separate nolecule (e.g., a cDNA, a genonic
DNA fragment, or a cDNA fragnment produced by PCR or restriction

endonucl ease di gestion) independent of other sequences. [0282] By

"het erol ogous nucleic acid" is nmeant a nucleic acid whose nucleic acid
sequence is



not identical to that of another nucleic acid naturally found in the sane
host cell. In particular, a heterologous nucleic acid is not identical to a
wi | d-type nucleic acid that is found in the sane host cell in nature.

[ 0283] As used herein, a "vector"” neans a construct that is capable of
delivering, and desirably expressing one or nore nucleic acids of interest
in a host cell. Exanples of vectors include, but are not limted to,

pl asm ds, viral vectors, DNA or RNA expression vectors, cosm ds, and phage
vectors. [0284] As used herein, an "expression control sequence" neans a
nucl ei ¢ acid sequence that directs transcription of a nucleic acid of
interest. An expression control sequence can be a pronoter, such as a
constitutive or an inducible pronoter, or an enhancer. An "inducible
pronoter” is a pronoter that is active under environnmental or devel opnental
regul ation. The expression control sequence is operably linked to the

nucl eic acid segnment to be transcribed. [0285] The term "sel ective marker"
or "selectable marker" refers to a nucleic acid capable of expression in a
host cell that allows for ease of selection of those host cells containing
an introduced nucleic acid or vector. Exanples of selectable markers

i nclude, but are not limted to,antibiotic resistance nucleic acids (e.g.,
kanamycin, anpicillin, carbenicillin, gentamcin, hygronycin, phleonycin,
bl eonyci n, neonycin, or chloranphenicol) and/or nucleic acids that confer a
met abol i ¢ advantage, such as a nutritional advantage on the host cell.
Exenplary nutritional selective markers include those nmarkers known in the
art as andS, argB, and pyr4. Conpositions and Systens [0286] | soprene
derived from petrochem cal sources usually is an inpure C5 hydrocarbon
fraction which requires extensive purification before the material is
suitable for polynerization or other chem cal transformations. Several
inpurities are particularly problematic given their structural simlarity
to isoprene and the fact that they can act as pol ynerization catal yst

poi sons. Such conpounds include, but are not limted to,

1, 3-cycl opent adi ene, cis- and trans- 1, 3- pentadiene, 1, 4-pentadiene,

1- pentyne, 2-pentyne, 3-nethyl-I|-butyne, pent-4-ene-l-yne, transpent-
3-ene-1-yne, and c zs-pent-3-ene-1-yne. As detailed below, biologically
produced i soprene can be substantially free of any contam nating
unsaturated C5 hydrocarbons w t hout undergoi ng extensive purification. Sone
bi ol ogi cal | y produced i soprene conpositions contain ethanol, acetone, and
C5 prenyl al cohols. These conponents are nore readily renmoved fromthe

i soprene streamthan the isoneric C5 hydrocarbon fractions that are present
in isoprene conpositions



derived from petrochem cal sources. Further, these inpurities can be
managed i n the bioprocess, for exanple by genetic nodification of the
produci ng strain, carbon feedstock, alternative fernentation conditions,
recovery process nodifications and additional or alternative purification
met hods. [0287] In one aspect, the invention features conpositions and
systens for producing a fuel constituent fromisoprene conprising: (a) a
comerci ally beneficial anount of highly pure isoprene starting
conposition; and (b) a fuel constituent produced fromat |east a portion of
the highly pure isoprene starting material; where at |east a portion of the
commercially beneficial anmount of highly pure isoprene starting conposition
undergoes a chemical transformation. A highly pure isoprene starting
material is subjected to chem cal reactions to produce a commercially
beneficial amount of product that is useful for making fuels. In one
aspect, a commercially beneficial anpbunt of highly pure isoprene conprises
bi oi soprene. I n one aspect, a comercially beneficial anpunt of highly pure
i soprene can be bioi soprene. Exenplary starting i soprene conpositions [0288]
In sone enbodi nents, the commercially beneficial anount of highly pure

i soprene starting conposition conprises greater than or about 2, 5, 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 ng of isoprene. In sone enbodi nents, the starting i soprene conposition
conprises greater than or about 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100 g of isoprene. In sone enbodinents, the starting isoprene conposition
conprises greater than or about 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200,
500, 1000 kg of isoprene. In some enbodi nents, the amount of isoprene in
the starting conposition is between about 2 to about 5,000 ng, such as

bet ween about 2 to about 100 ng, about 100 to about 500 ngy, about 500 to
about 1,000 ny, about 1,000 to about 2,000 ny, or about 2,000 to about
5,000 nmg. In sonme enbodinents, the anount of isoprene in the starting
conposition is between about 20 to about 5,000 ng, about 100 to about 5, 000
ng, about 200 to about 2,000 ng, about 200 to about 1,000 ngy, about 300 to
about 1,000 ngy, or about 400 to about 1,000 ng. In some enbodi nents, the
anount of isoprene in the starting conposition is between about 2 to about
5,000 g, such as between about 2 to about 100 g, about 100 to about 500 g,
about 500 to about 1,000 g, about 1,000 to about 2,000 g, or about 2,000 to
about 5,000 g. In sonme enbodi ments, the anount of isoprene in the starting
conposition is between about 2 to about 5,000 kg, about 10 to about 2,000
kg, about 20 to about 1,000 kg, about 20 to about 500 kg, about 30 to about
200 kg, or



about 40 to about 100 kg. In some enbodi ments, greater than or about 20,

25, 30, 40, 50, 60, 70, 80, 90, or 95% (ww of the volatile organic
fraction of the starting conposition is isoprene. [0289] In sone

enbodi ments, the highly pure isoprene starting conposition conprises
greater than or about 98.0, 98.5, 99.0, 99.5, or 100% i soprene by wei ght
conpared to the total weight of all C5 hydrocarbons in the starting
conposition. In sonme enbodi nents, the highly pure isoprene starting
conposition conprises greater than or about 99.90, 99.92, 99.94, 99. 96,
99.98, or 100% i soprene by weight conpared to the total weight of all C5
hydr ocarbons in the starting conposition. In sone enbodi nents, the starting
conposition has a relative detector response of greater than or about 98.0,
98.5, 99.0, 99.5, or 100%for isoprene conpared to the detector response
for all C5 hydrocarbons in the starting conposition. In some enbodi nents,
the starting conposition has a relative detector response of greater than
or about 99.90, 99.91, 99.92, 99.93, 99.94, 99.95, 99.96, 99.97, 99.98,
99.99, or 100% for isoprene conpared to the detector response for all C5
hydr ocarbons in the starting conposition. In sonme enbodi nents, the starting
i soprene conposition conprises between about 98.0 to about 98.5, about 98.5
to about 99.0,about 99.0 to about 99.5, about 99.5 to about 99.8, about
99.8 to 100% i soprene by weight conpared to the total weight of all C5

hydr ocarbons in the starting conposition. In sonme enbodi nents, the starting
i soprene conposition conprises between about 99.90 to about 99.92, about
99.92 to about 99.94, about 99.94 to about 99.96, about 99.96 to about

99. 98, about 99.98 to 100% i soprene by wei ght conpared to the total weight
of all C5 hydrocarbons in the starting conposition. [0290] In sone

enbodi nents, the highly pure isoprene starting conposition conprises |ess
than or about 2.0, 1.5, 1.0, 0.5, 0.2, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02,
0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001% C5 hydrocarbons

ot her than isoprene (such 1, 3-cycl opentadi ene, czs-I, 3-pentadi ene,

gns- |, 3-pent adi ene, 1, 4-pent adi ene, 1-pentyne, 2-pentyne, 1l-pentene, 2-

nmet hyl - 1- but ene, 3-nethyl -I-butyne, pent-4-ene-I-yne,

ra"s-pent-3-ene-l-yne, or c zs-pent-3- ene-1-yne) by weight conpared to the
total weight of all C5 hydrocarbons in the starting conposition. In sone
enbodi nents, the starting conposition has a relative detector response of

| ess than or about 2.0, 1.5, 1.0, 0.5, 0.2, 0.12, 0.10, 0.08, 0.06, 0.04,
0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001%for C5

hydr ocar bons ot her than isoprene conpared to the detector response for al
C5 hydrocarbons in the starting conposition. In sonme enbodi nents, the
starting conposition has a relative detector response of |ess than or about
2.0, 1.5, 1.0, 0.5,



0.2, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005,

0. 0001, 0.00005, or 0.00001%for 1, 3-cycl opentadi ene, czs-I, 3-pentadi ene,
gns-1, 3-pent adi ene, 1, 4-pentadi ene, 1l-pentyne, 2- pentyne, 1-pentene,
2-met hyl - | -butene, 3-nethyl-I-butyne, pent-4-ene-|l-yne, ra -pent-3-ene-
1-yne, or c zs-pent-3-ene-l-yne conpared to the detector response for al
C5 hydrocarbons in the starting conposition. In sonme enbodi nents, the

hi ghly pure isoprene starting composition conprises between about 0.02 to
about 0.04% about 0.04 to about 0.06% about 0.06 to 0.08% about 0.08 to
0.10% or about 0.10 to about 0.12% C5 hydrocarbons ot her than isoprene
(such 1, 3-cycl opent adi ene, czs-1, 3-pentadi ene, trans- 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2- pentyne, 1l-pentene, 2-nethyl-I-butene,
3-nmet hyl -1 -butyne, pent-4-ene-l-yne, ra -pent-3-ene- 1-yne, or c
zs-pent-3-ene-l-yne) by weight conpared to the total weight of all C5

hydr ocarbons in the starting conposition. [0291] In sone enbodi nents, the
hi ghly pure isoprene starting conposition conprises |less than or about 50,
40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L of a conpound
that inhibits the polynerization of isoprene for any conpound in the
starting conposition that inhibits the polynerization of isoprene. In sone
enbodi ments, the starting i soprene conposition conprises between about
0.005 to about 50, such as about 0.01 to about 10, aboutO.01 to about 5,
about 0.01 to about 1, about 0.01 to about 0.5, or about 0.01 to about
0.005 ng/L of a conpound that inhibits the polynerization of isoprene for
any conpound in the starting conmposition that inhibits the polynerization
of isoprene. In sonme enbodi nents, the starting isoprene conposition
conprises |ess than or about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05,
0.01, or 0.005 ng/L of a hydrocarbon other than isoprene (such

1, 3-cycl opent adi ene, czs-1, 3-pentadi ene, ra - 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I-butene, 3-

met hyl - 1- but yne, pent-4-ene-|-yne, rar-pent-3-ene-Il-yne, or
czs-pent-3-ene-1-yne). In sone enbodi nents, the starting isoprene
conposition conprises between about 0.005 to about 50, such as about 0.01
to about 10, about 0.01 to about 5, about 0.01 to about 1, about 0.01 to
about 0.5, or about 0.01 to about 0.005 ng/L of a hydrocarbon other than

i soprene. In sone enbodi nents, the starting isoprene conposition conprises
| ess than or about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005
mg/ L of a protein or fatty acid (such as a protein or fatty acid that is
naturally associated with natural rubber). [0292] In sone enbodi nents, the
hi ghly pure isoprene starting conposition conprises |ess than or about 10,
5, 1, 0.8, 0.5, 0.1, 0.05, 0.01, or 0.005 ppm of al pha acetyl enes,

pi peryl enes,



acetonitrile, or 1,3-cyclopentadi ene. In sone enbodi nents, the starting

i soprene conposition conprises |ess than or about 5, 1, 0.5, 0.1, 0.05,
0.01, or 0.005 ppmof sulfur or allenes. In sonme enbodi nents, the starting
i soprene conposition conprises |ess than or about 30, 20, 15, 10, 5, 1,
0.5, 0.1, 0.05, 0.01, or 0.005 ppmof all acetylenes (such as 1-pentyne,
2-pentyne, 3-nethyl-1butyne, pent-4-ene-|l-yne, trans-pent-3-ene-|-yne, and
czs-pent-3-ene-1-yne). In sone enbodi ments, the starting isoprene
conposition conprises |less than or about 2000, 1000, 500, 200, 100, 50, 40,
30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ppmof isoprene diners,
such as cyclic isoprene diners {e.g., cyclic O O conpounds derived fromthe
di meri zation of two isoprene units). [0293] In sone enbodi nents, the highly
pure isoprene starting conposition includes ethanol, acetone, nethanol,
acet al dehyde, nethacrol ein, nmethyl vinyl ketone, 2-nethyl-2-vinyloxirane,
cis- and zr<nms-3-nethyl -1, 3-pentadiene, a C5 prenyl alcohol (such as

3-met hyl -3-buten-1-0ol or 3- nmethyl-2-buten-1-0l), or any two or nore of the
foregoing. In particular enbodinents, the starting isoprene conposition
conprises greater than or about 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20,
30, 40, 60, 80, 100, or 120 ng/L of ethanol, acetone, nethanol,
acet al dehyde, nethacrol ein, nmethyl vinyl ketone, 2-nethyl-2-vinyloxirane,
cis- and trans-3-nmothyl -1, 3- pentadiene, a C5 prenyl al cohol (such as
3-nmet hyl -3-buten-1-ol or 3-nethyl-2-buten-1-o0l), or any two or nore of the
foregoing. In sonme enbodi nents, the isoprene conposition conprisesbetween
about 0.005 to about 120, such as about 0.01 to about 80, about 0.01 to
about 60, about 0.01 to about 40, about 0.01 to about 30, about 0.01 to
about 20, about 0.01 to about 10, about 0.1 to about 80, about 0.1 to about
60, about 0.1 to about 40, about 5 to about 80, about 5 to about 60, or
about 5 to about 40 ng/L of ethanol, acetone, nethanol, acetal dehyde,

nmet hacrol ein, nethyl vinyl ketone, 2-nethyl-2-vinyloxirane, cis- and
ra"s-3-nethyl -1, 3-pentadi ene, a C5 prenyl alcohol, or any two or nore of
the foregoing. [0294] In sone enbodi nents, the highly pure isoprene
starting conmposition includes one or nore of the followi ng conponents:

2- hept anone, 6-net hyl -5-hepten-2-one, 2,4,5- trinethyl pyridine,
2,3,5-trinmethyl pyrazine, citronellal, acetal dehyde, nethanethiol, nethyl
acetate, 1-propanol, diacetyl, 2-butanone, 2-nethyl-3-buten-2-o0l, ethyl
acetate, 2-methyl-Ipropanol, 3-nethyl-I-butanal, 3-mnethyl-2-butanone,

1- but anol, 2-pentanone, 3-nethyl- 1- butanol, ethyl isobutyrate,

3-net hyl - 2-butenal, butyl acetate, 3-nethyl butyl acetate, 3-nethyl-3-
buten-1-yl acetate, 3-nethyl-2-buten-|-yl acetate, 3-hexen-I|-ol,
3-hexen-1 -yl acetate, |inonene,



geraniol (trans-3,7-dinmethyl-2,6-octadien-1-0l), citronellol

(3, 7-dinethyl -6-octen-1-0ol), (E)-3,7- dinethyl-1,3,6-octatriene,
(2)-3,7-dinmethyl -1, 3,6-octatriene, 2,3-cycloheptenol pyridine, or a |linear

i soprene pol ymer (such as a linear isoprene diner or a |linear isoprene
trinmer derived fromthe polynerization of nmultiple isoprene units). In
various enbodi nents, the anount of one of these conponents relative to
anount of isoprene in units of percentage by weight (i.e., weight of the
conponent divided by the weight of isoprene tinmes 100) is greater than or
about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, or 110% (ww). In sonme enbodi nents, the relative detector response for
t he second conpound conpared to the detector response for isoprene is
greater than or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, or 110% In various enbodi ments, the anmount of one of
t hese conponents relative to anmount of isoprene in units of percentage by
wei ght (i.e., weight of the conponent divided by the weight of isoprene
times 100) is between about 0.01 to about 105 % (w w), such as about 0.01
to about 90, about 0.01 to about 80, about 0.01 to about 50, about 0.01 to
about 20, about 0.01 to about 10, about 0.02 to about 50, about 0.05 to
about 50, about 0.1 to about 50, or 0.1 to about 20% (ww). [0295] In sone
enbodi ments, at least a portion of the highly pure isoprene starting
conposition is in a gas phase. In sone enbodi nents, at |east a portion of
the highly pure isoprene starting conposition is in a liquid phase (such as
a condensate). In some enbodi nents, at |east a portion of the highly pure

i soprene starting conposition is in a solid phase. In sone enbodi nents, at

| east a portion of the highly pure isoprene starting conposition is
absorbed to asolid support, such as a support that includes silica and/or
activated carbon. In sone enbodi nents, the starting i soprene conposition is
m xed with one or nore solvents. In some enbodi ments, the starting isoprene
conposition is mxed with one or nore gases. [0296] In other enbodi nents,
the comercially beneficial anount of highly pure isoprene starting
conposition is produced by a biological process. In sone preferred

enbodi ments, the highly pure isoprene starting conposition is a bioisoprene
conposition produced by culturing cells that produce greater than about 400
nmol e of isoprene/gramof cells for the wet weight of the cells/hour
(nmol e/ gwem hr) of isoprene. In one enbodi nent, the bioi soprene conposition
is produced by culturing cells that convert nore than about 0.002% of the
carbon in a cell culture nediuminto isoprene. In other enbodi nents, the
cells have a heterol ogous nucleic acid that (i) encodes an isoprene

synt hase pol ypeptide, e.g. a naturally-occurring polypeptide froma pl ant



such as Pueraria, and (ii) is operably linked to a pronoter, e.g. a T7
pronmoter. Qther isoprene synthase pol ypeptides, for exanple, from poplar
and variants of naturally-occurring as well as parent isoprene synthase,
can be used to produce bioi soprene. Exanples of isoprene synthase and its
variants that can be used are described in U S. Appl. No. 12/429, 143, which
is incorporated herein in its entirety. [0297] In sone enbodi nents, the
cells are cultured in a culture nediumthat includes a carbon source, such
as, but not limted to, a carbohydrate, glycerol, glycerine,

di hydr oxyacet one, onecarbon source, oil, animal fat, animal oil, fatty
acid, lipid, phospholipid, glycerolipid, nonoglyceride, diglyceride,
triglyceride, renewabl e carbon source, polypeptide {e.g., a mcrobial or

pl ant protein or peptide), yeast extract, conmponent from a yeast extract,
or any conbination of two or nore of the foregoing. In sonme enbodi nents,
the cells are cultured under |imted glucose conditions. In sone

enbodi ment, the cells further conprise a heterol ogous nucleic acid encodi ng
an | D polypeptide. In sone enbodi nents, the cells further conprise a

het er ol ogous nucl ei ¢ acid encodi ng an MDV pat hway pol ypeptide. In sone
enbodi nent, the starting isoprene conposition is an isoprene conposition as
descried or is produced by culturing any of the cells described in U S
provi si onal patent application Nos. 61/134,094, filed on July 2, 2008, WO
2010/ 003007, and U.S. patent application No. 12/335,071, fil ed Decenber 15,
2008 (US 2009/0203102 Al), which are incorporated by reference in their
entireties. [0298] In sone enbodi nents, the highly pure isoprene starting
conposition conprises a gas phase (off-gas) produced by cells in culture

t hat produces isoprene. In sonme enbodi nents, the gas phase has a
nonf | anmabl e concentration of isoprene. In sone enbodi nents, the gas phase
conprises | ess than about 9.5 % (vol unme) oxygen. In sone enbodi nents, the
gas phaseconprises greater than or about 9.5 % (vol unme) oxygen, and the
concentration of isoprene in the gas phase is |less than the | ower
flammability limt or greater than the upper fiammbility limt. In sone
enbodi ments, the portion of the gas phase other than isoprene conprises

bet ween about 0% to about 100% (vol une) oxygen, such as between about 10%
to about 100% (vol une) oxygen. In some enbodi nents, the portion of the gas
phase ot her than isoprene conprises between about 0% to about 99% (vol une)
nitrogen. In sone enbodi nents, the portion of the gas phase other than

i soprene conprises between about 1%to about 50% (volunme) CO . [0299] In
sone enbodi nents, the highly pure isoprene starting conposition includes
one or nore of the follow ng: an al cohol, an al dehyde, a ketone, or an
ester (such as any of the al cohol s,



al dehydes, ketones or esters described herein). In some enbodi nents, the

i soprene conposition includes (i) an alcohol and an al dehyde, (ii) an

al cohol and a ketone, (iii) an al dehyde and a ketone, or (iv) an al cohol,
an al dehyde, and a ketone. In sone enbodi nents, any of the isoprene
conpositions further includes an ester. [0300] In sone enbodi nents, the

hi ghly pure isoprene starting conposition derived froma biol ogi cal source
(such as a cell culture) contains one or nore of the follow ng: nethanol
acet al dehyde, ethanol, nethanethiol, 1-butanol, 3-nethyl-I|-propanol,
acetone, acetic acid, 2- butanone, 2-nethyl- 1-butanol, or indole. In sone
enbodi nents, the starting isoprene conposition contains lppmor nore of one
or nore of the follow ng: nethanol, acetal dehyde, ethanol, nethanethiol,

1- butanol, 3-nethyl-I|-propanol, acetone, acetic acid, 2-butanone, 2-

met hyl - 1-butanol, or indole. In sone enbodi nents, the concentration of
nore of one or nore of the follow ng: nethanol, acetal dehyde, ethanol,

nmet hanet hi ol , 1-butanol, 3-nethyl-I-propanol, acetone, acetic acid,

2- but anone, 2-nethyl- 1-butanol, or indole, is between about 1 to about
10,000 ppmin a starting isoprene conposition (such as off-gas before it is
purified). In sone enbodi nents, the starting isoprene conposition (such as
of f-gas after it has undergone one or nore purification steps) includes one
or nore of the follow ng: nethanol, acetal dehyde, ethanol, nethanethi ol

1- butanol, 3-nethyl-I|-propanol, acetone, acetic acid, 2-butanone, 2-nethyl-
1- butanol, or indole, at a concentration between about 1 to about 100 ppm
such as about 1 to about 10 ppm about 10 to about 20 ppm about 20 to
about 30 ppm about 30 to about 40 ppm about 40 to about 50 ppm about 50
to about 60 ppm about 60 to about 70 ppm about 70 to about 80 ppm about
80 to about 90 ppm or about 90 to about 100 ppm In some enbodi nents, the
starting isoprene conmposition contains |less than 1 ppm of nethanethiol (a
pot ent catal yst poison and a source of sulfur in the final fuel product)
Vol atil e organi c conpounds fromcell cultures (such as volatile organic
conpounds in the headspace of cell cultures) can be anal yzedusi ng standard
met hods such as those described herein or other standard methods such as
proton transfer reaction-mass spectronetry (see, for exanple, Bunge et ah,
Appl i ed and Environnmental M crobiology, 74(7):2 179-2 186, 2008 which is
hereby incorporated by reference in its entirety, particular with respect
to the analysis of volatile organic conmpounds). [0301] The invention al so
contenpl ates the use of highly pure isoprene starting conposition that is
derived froma biological source (such as a cell culture) the co-produces

i soprene and hydrogen. In sone enbodi nents, the starting bioisoprene
conpositions conprise isoprene and



hydrogen in ratios ranging fromat |east one nolar percent of isoprene for
every three nol ar percent of hydrogen to at |east one nol ar percent of

i soprene for every four nolar percent of hydrogen. In some enbodi nents, the
starting bioisoprene conpositions conprise isoprene and hydrogen in nol ar
ratios of about 1 to 9, 2to 8 3to7, 4to6, 5to5 61to 4, 7to 3 8
to 2, or 9 to 1. In sone enbodi nents, the conposition further conprises
from1l to 11 nolar percent isoprene and from4 to 44 nol ar percent
hydrogen. I n sone enbodi nents, the conposition further conprises oxygen,
carbon di oxide, or nitrogen. In sone enbodi nents, the conposition further
conprises fromO to 2 1 nolar percent oxygen, from 18 to 44 nol ar percent
carbon di oxide, and fromO to 78 nolar percent nitrogen. In sone

enbodi ments, the conposition further conprises 1.0 x 10 4 nol ar percent or
| ess of non-nethane volatile inpurities. In sone enbodi nents, the
non- net hane vol atile inpurities conprise one or nore of the foll ow ng: 2-
hept anone, 6-net hyl - 5- hept en-2-one, 2,4,5-trinmethyl pyridine,
2,3,5-trinethyl pyrazine, citronellal, acetal dehyde, nethanethiol, nethyl
acetate, 1-propanol, diacetyl, 2-butanone, 2- nethyl-3-buten-2-o0l, ethyl
acetate, 2-nethyl- 1-propanol, 3-nethyl- 1-butanal, 3-nethyl-2- butanone,
1- but anol, 2-pentanone, 3-nethyl-I|-butanol, ethyl isobutyrate,

3-net hyl - 2-butenal, butyl acetate, 3-nethyl butyl acetate,

3-net hyl -3-buten-1-yl acetate, 3-nethyl-2-buten-1-yl acetate, 3-hexen-I-ol,
3-hexen-1 -yl acetate, |inonene, geraniol (trans-3,7-dinethyl-2,6-octadienl-
ol), citronellol (3,7-dimethyl-6-octen-1-ol),
(E)-3,7-dinmethyl-1,3,6-octatriene, (2)-3,7- dimethyl-I,3,6-octatriene,

2, 3-cycl ohept enol pyridine, or a linear isoprene polynmer (such as a |inear

i soprene dinmer or a linear isoprene trimer derived fromthe polynerization
of nmultiple isoprene units). In sone enbodi nents, the non-nethane volatile
inmpurities conprise one or nore of the followi ng: the isoprene conposition
i ncl udes one or nore of the follow ng: an al cohol, an al dehyde, or a ketone
(such as any of the al cohols, aldehydes, or ketones described herein). In
sonme enbodi ments, the isoprene conposition includes (i) an al cohol and an
al dehyde, (ii) an al cohol and a ketone, (iii) an aldehyde and a ketone, or
(iv) an alcohol, an al dehyde, and a ketone. In sone enbodi nents, the
non- nmet hane vol atile inpurities conprise one or nore of thefoll ow ng:

nmet hanol , acet al dehyde, ethanol, nethanethiol, 1-butanol, 3-nethyl-

1- propanol , acetone, acetic acid, 2-butanone, 2-nethyl- 1-butanol, or

i ndol e. [0302] Techni ques for producing isoprene in cultures of cells that
produce isoprene are described in U S. provisional patent application Nos.
61/ 013, 386 and 61/013,574, filed on Decenber 13, 2007, WD 2009/076676, U.S.
provi si onal patent application Nos. 61/134, 094,



61/ 134,947, 61/134,01 1 and 61/134,103, filed on July 2, 2008, WD

2010/ 003007, U.S. provisional patent application No. 61/097, 163, filed on
Sept enber 15, 2008, WD 2010/ 031079, U.S. provisional patent application No.
61/ 097, 186, filed on Septenber 15, 2008, WD 2010/031062, U.S. provisiona
patent application No. 61/097,189, filed on Septenber 15, 2008, WO

2010/ 031077, U.S. provisional patent application No. 61/097,200, filed on
Sept enber 15, 2008, WD 2010/ 031068, U.S. provisional patent application No.
61/ 097, 204, filed on Septenber 15, 2008, WD 2010/031076, U.S. provisiona
pat ent application No.61/141,652, filed on Decenber 30, 2008,

PCT/ US09/ 069862, U.S. patent application No. 12/335,071, filed Decenber 15,
2008 (US 2009/0203102 Al) and U. S. patent application No. 12/429,143, filed
April 23, 2009 (US 2010/0003716 Al), the teachings of which are

i ncorporated herein by reference for the purpose of teaching techniques for
produci ng and recovering i soprene by such a process. In any case, U S
provi si onal patent application Nos. 61/013,386 and 61/013,574, filed on
Decenber 13, 2007, WD 2009/076676, U.S. provisional patent application Nos.
61/ 134,094, 61/134,947, 61/134,01 1 and 61/134,103, filed on July 2, 2008,
WO 2010/ 003007, U.S. provisional patent application No. 61/097,163, filed
on Septenber 15, 2008, WD 2010/031079, U.S. provisional patent application
No. 61/097,186, filed on Septenber 15, 2008, WO 2010/031062, U.S.
provi si onal patent application No. 61/097,189, filed on Septenber 15, 2008,
WO 2010/ 031077, U.S. provisional patent application No. 61/097,200, filed
on Septenber 15, 2008, WD 2010/031068, U.S. provisional patent application
No. 61/097,204, filed on Septenber 15, 2008, WO 2010/031076, U.S.
provi si onal patent application No.61/141,652, filed on Decenber 30, 2008,
PCT/ US09/ 069862, U.S. patent application No. 12/335,071, filed Decenber 15,
2008 (US 2009/ 0203102 Al) and U. S. patent application No. 12/429,143, filed
April 23, 2009 (US 2010/0003716 Al) teach compositions and nethods for the
production of increased anounts of isoprene in cell cultures. U S. patent
application No. 12/335,071, filed Decenber 15, 2008 and US 2009/ 0203102 Al
further teaches conpositions and nethods for coproduction of isoprene and
hydrogen fromcultured cells. In particular, these conpositions and net hods
conpositions and nethods increase the rate of isoprene production and
increase the total anmount of isoprene that is produced. For exanple, cel
culture systens that generate 4.8 x104nnol e/ gweni hr of i soprene have been
produced (Table 1). The efficiency of these systens is denonstrated by the
conversion of about 2.2% of the carbon that the cells consune froma cel
culture nediuminto i soprene. As shown in the Exanples and Tabl e 2,
approximately 3 g of



i soprene per liter of broth was generated. |If desired, even greater anounts
of isoprene can be obtained using other conditions, such as those descri bed
herein. In sone enbodi ments, a renewabl e carbon source is used for the
production of isoprene. In sone enbodi nents, the production of isoprene is
decoupled fromthe gromh of the cells. In sone enbodi nents, the
concentrations of isoprene and any oxidants are wthin the nonflammabl e
ranges to reduce or elimnate the risk that a fire nay occur during
production or recovery of isoprene. The conpositions and nmethods are
desirabl e because they allow high isoprene yield per cell, high carbon
yield, high isoprene purity, high productivity, |ow energy usage, |ow
production cost and investnment, and m ninal side reactions. This efficient,
| arge scal e, biosynthetic process for isoprene production provides an

i soprene source for synthetic isoprene-based products such as rubber and
provides a desirable, |owcost alternative to using natural rubber. [0303]
As di scussed further bel ow, the amount of isoprene produced by cells can be
greatly increased by introducing a heterol ogous nucl eic acid encodi ng an

i soprene synthase pol ypeptide (e.g., a plant isoprene synthase pol ypepti de)
into the cells. Isoprene synthase pol ypeptides convert dinethyl allyl

di phosphate (DVAPP) into isoprene. As shown in the Exanples, a heterol ogous
Puerari a Montana (kudzu) isoprene synthase pol ypeptide was expressed in a
variety of host cells, such as Escherichia coli, Panteoa citrea, Bacillus
subtilis, Yarrow a |lipolytica, and Trichoderma reesei. Al of these cells
produced nore isoprene than the corresponding cells wthout the

het er ol ogous i soprene synthase pol ypeptide. As illustrated in Tables 1 and
2, large amounts of isoprene are produced using the nethods descri bed
herein. For exanple, B. subtilis cells with a heterol ogous isoprene

synt hase nucl ei ¢ acid produced approxinmately 10-fold nore isoprene in a 14
liter fernmentor than the corresponding control B. subtilis cells wthout

t he heterol ogous nucleic acid (Table 2). The production of 300 ng of

i soprene per liter of broth (ng/L, wherein the volunme of broth includes
both the volume of the cell medium and the volune of the cells) by E. col
and 30 ng/L by B. subtilis in fernmentors indicates that significant anounts
of isoprene can be generated (Table 2). If desired, isoprene can be
produced on an even larger scale or other conditions described herein can
be used to further increase the anobunt of isoprene. The vectors listed in
Tables 1 and 2 and the experinental conditions are described in further
detail below and in the Exanpl es section. Table 1: Exenplary yields of

i soprene froma shake flask using the cell cultures and net hods descri bed
herein. The assay for neasuring isoprene production is described in



Example I, part Il. For this assay, a sanple was renoved at one or nore
time points fromthe shake flask and cultured for 30 m nutes. The anount of
i soprene produced in this sanple was then neasured. The headspace
concentration and specific rate of isoprene production are listed in Table
1 and described further herein.”Normalized to 1nL of 1 OD oo, cultured for
1 hour in a seal ed headspace vial with a liquid to headspace volune ratio
of 1:19. Table 2 : Exenplary yields of isoprene in a fernentor using the
cell cultures and nethods described herein. The assay for measuring

i soprene production is described in Exanple I, part Il. For this assay, a
sanple of the off-gas of the fernentor was taken and anal yzed for the
anount of isoprene. The peak headspace concentration (which is the highest
headspace concentration during the fermentation), titer (which is the

cunul ative, total anmount of isoprene produced per liter of broth), and peak
specific rate of isoprene production (which is the highest specific rate
during the fernentation) are listed in Table 2 and described further
herein.**Nornal i zed to an off-gas flowrate of 1 vvm( 1 volunme off-gas per
1 Lbroth per mnute). [0304] Additionally, isoprene production by cells
that contain a heterol ogous isoprene synthase nucleic acid can be enhanced
by increasing the amount of a |-deoxy-D xylul ose-5- phosphate synt hase
(DXS) pol ypeptide and/ or an isopentenyl di phosphate isonerase (1D)

pol ypepti de expressed by the cells. For exanple, a DXS nucleic acid and/or
an I D nucleic acid can be introduced into the cells. The DXS nucleic acid
may be a heterol ogous nucleic acid or a duplicate copy of an endogenous
nucleic acid. Simlarly, the ID nucleic acid may be a heterol ogous nucl eic
acid or a duplicate copy of an endogenous nucleic acid. In sone

enbodi nents, the anount of DXS and/or |IDI pol ypeptide is increased by

repl aci ng the endogenous DXS and/or IDI pronoters or regul atory regions
with other pronoters and/or regulatory regions that result in greater
transcription of the DXS and/or 1D nucleic acids. |Insonme enbodi nents, the
cells contain both a heterol ogous nucleic acid encodi ng an isoprene

synt hase pol ypeptide (e.g., a plant isoprene synthase nucleic acid) and a
duplicate copy of an endogenous nucleic acid encoding an isoprene synthase
pol ypeptide. [0305] The encoded DXS and | DI pol ypeptides are part of the
DXP pat hway for the biosynthesis of isoprene (Figure 19A). DXS pol ypepti des
convert pyruvate and Dgl yceral dehyde- 3 -phosphate into

| - deoxy- D- xyl ul ose-5- phosphate. While not intending to be bound by any
particular theory, it is believed that increasing the amount of DXS

pol ypepti de increases the flow of carbon through the DXP pat hway, | eading
to greater isoprene production. 1D polypeptides catalyze the

i nt erconversion of isopentenyl diphosphate (1PP) and di net hyl



al lyl di phosphate (DVAPP). Wile not intending to be bound by any
particular theory, it is believed that increasing the anount of I|Dl

pol ypeptide in cells increases the anount (and conversion rate) of |PP that
is converted into DVAPP, which in turn is converted into isoprene. [0306]
For exanple, fernmentation of E. coli cells wth a kudzu isoprene synthase,
S. cerevisia ID, and E. coli DXS nucleic acids was used to produce

i soprene. The | evels of isoprene varied from50 to 300 ng/L over a tine
period of 15 hours (Exanple 7, part VII). [0307] In sonme enbodinents, the
presence of heterol ogous or extra endogenous isoprene synthase, 1D, and
DXS nucl eic acids causes cells to grow nore reproduci bly or remain viable
for longer conpared to the corresponding cell with only one or two of these
het er ol ogous or extra endogenous nucleic acids. For exanple, cells
cont ai ni ng heterol ogous i soprene synthase, IDI, and DXS nucleic acids grew
better than cells with only heterol ogous |soprene synt hase and DXS nucl ei c
acids or with only a heterol ogous isoprene synthase nucleic acid. Al so,

het er ol ogous i soprene synthase, 1D, and DXS nucleic acids were
successfully operably linked to a strong pronoter on a high copy plasmd
that was maintained by E. coli cells, suggesting that |arge anounts of

t hese pol ypepti des could be expressed in the cells w thout causing an
excessive anount of toxicity to the cells. Wiile not intending to be bound
to a particular theory, it is believed that the presence of heterol ogous or
extra endogenous isoprene synthase and I Dl nucleic acids may reduce the
anount of one or nore potentially toxic internediates that woul d ot herw se
accurrul ate if only a heterol ogous or extra endogenous DXS nucleic acid was
present in the cells. [0308] In sone enbodi nents, the production of

i soprene by cells that contain a heterol ogous isoprene synthase nucleic
acid is augnmented by increasing the amount of a MVA pol ypepti de expressed
by the cells (Figures 19A and 19B). Exenplary MA pat hways pol ypepti des

i nclude any of the follow ng pol ypeptides: acetyl-CoA acetyltransferase
(AA- CoA t hi ol ase) pol ypepti des, 3-hydroxy-3-nethyl gl utaryl - CoA synt hase
(HMG CoA synt hase) pol ypeptides, 3- hydroxy-3-mnethyl gl utaryl - CoA reduct ase
(HMG- CoA reduct ase) pol ypepti des, neval onate ki nase (MK) pol ypepti des,
phosphoneval onat e ki nase (PMK) pol ypepti des, di phosphoneval onate

decar boxyl ase (MD) pol ypepti des, phosphoneval onate decarboxyl ase (PMDC)
pol ypepti des, isopentenyl phosphate kinase (1PK) pol ypeptides, |D

pol ypepti des, and pol ypeptides (e.g., fusion pol ypeptides) having an
activity of two or nore MVA pat hway pol ypepti des. For exanple, one or nore
MA pat hway nucl ei ¢ acids can be introduced into the



cells. In sonme enbodi ments, the cells contain the upper MVA pat hway, which
i ncl udes AA- CoA thiolase, HMG CoA synthase, and HMG CoA reductase nucleic
acids. In sone enbodinents, the cells contain the | ower MA pat hway, which
i ncludes WK, PMK, MD, and IDI nucleic acids. In some enbodi ments, the
cells contain an entire MVA pathway that includes AA-CoA thiolase, HMG CoA
synt hase, HM> CoA reductase, MVK, PMK, MVD, and ID nucleic acids. In sone
enbodi ments, the cells contain an entire MVA pat hway that includes AA-CoA

t hi ol ase, HMG CoA synt hase, HMG CoA reductase, MK, PMDC, |PK, and |IDl
nucl ei ¢ acids. The MVA pat hway nucl eic acids may be heterol ogous nucleic
aci ds or duplicate copies of endogenous nucleic acids. In sonme enbodi nents,
t he amount of one or nore MVA pat hway pol ypeptides is increased by

repl aci ng the endogenous pronoters or regulatory regions for the MWA

pat hway nucleic acids with other pronoters and/or regulatory regions that
result in greater transcription of the MVA pathway nucleic acids. In sone
enbodi ments, the cells contain both a heterol ogous nucl eic acid encodi ng an
i soprene synt hase pol ypeptide (e.g. , a plant isoprene synthase nucleic
acid) and a duplicate copy of an endogenous nucl eic acid encodi ng an

i soprene synt hase pol ypeptide. [0309] For exanple, E. coli cells containing
a nucl eic acid encodi ng a kudzu i soprene synthase pol ypepti de and nucl ei c
aci ds encodi ng Saccharonyces cerevisiae WK, PMWK, MWD, and |ID pol ypeptides
generated isoprene at a rate of 6.67 x 10~4 nol/Lbroth/ OD6oo/ hr (see
Exanple 8). Additionally, a 14 liter fernentation of E. coli cells with
nucl ei ¢ aci ds encodi ng Enterococcus faecalis AA-CoA thiolase, HMG CoA

synt hase, and HMG CoA reduct ase pol ypepti des produced 22 grans of neval onic
acid (an internedi ate of the MVA pathway). A shake flask of these cells
produced 2-4 grans of nevalonic acid per liter. These results indicate that
het er ol ogous MVA pat hways nucl eic acids are active in E. coli. E. col

cells that contain nucleic acids for both the upper MVA pathway and the

| ower MVA pat hway as well as a kudzu isoprene synthase (strain MCM 127)
produced significantly nore isoprene (874 ng/L) conpared to E.coli cells
with nucleic acids for only the | ower MVA pat hway and the kudzu isoprene
synt hase (strain MCM 131) {see Table 3 and Exanple 8, part VIII). [0310] In
sone enbodi nents, at |east a portion of the cells maintain the heterol ogous
i soprene synthase, DXS, ID, and/or MVA pathway nucleic acid for at |east
about 5, 10, 20, 50, 75, 100, 200, 300, or nore cell divisions in a
continuous culture (such as a continuous culture without dilution). In some
enbodi nents of any of the aspects described herein, the nucleic acid



conprising the heterol ogous or duplicate copy of an endogenous isoprene
synt hase, DXS, I DI, and/or MA pathway nucleic acid al so conprises a

sel ective marker, such as a kananycin, anpicillin, carbenicillin,

gentam cin, hygronycin, phleomycin, bleonmycin, neonycin, or chloranpheni col
antibiotic resistance nucleic acid. [0311] As indicated in Exanple 7, part
VI, the anmount of isoprene produced can be further increased by adding
yeast extract to the cell culture nmedium In this exanple, the anmount of

i soprene produced was linearly proportional to the anmount of yeast extract
in the cell nmediumfor the concentrations tested (Figure 48C).
Additionally, approximately 0.1 1 grans of isoprene per liter of broth was
produced froma cell mediumw th yeast extract and glucose (Exanple 7, part
VI11). Both of these experinents used E. coli cells with kudzu isoprene
synthase, S. cerevisia ID, and E. coli DXS nucleic acids to produce

i soprene. Increasing the anmount of yeast extract in the presence of glucose
resulted in nore isoprene being produced than increasing the anount of
glucose in the presence of yeast extract. Al so, increasing the amount of
yeast extract allowed the cells to produce a high |evel of isoprene for a

| onger length of time and i nproved the health of the cells. [0312] |soprene
production was al so denonstrated using three types of hydrol yzed bi omass
(bagasse, corn stover, and soft wood pul p) as the carbon source (Figures
46A-C). E. coli cells with kudzu isoprene synthase, S. cerevisia ID, and
E. coli DXS nucleic acids produced as much isoprene fromthese hydrol yzed
bi omass carbon sources as fromthe equival ent anobunt of glucose {e.g., 1%
glucose, wv). If desired, any other bionmass carbon source can be used in

t he conpositions and net hods descri bed herein. Biomass carbon sources are
desirabl e because they are cheaper than many conventional cell nediuns,
thereby facilitating the econonmi cal production of isoprene. [0313]
Additionally, invert sugar was shown to function as a carbon source for the
generation of isoprene (Figures 47C and 96-98). For exanple, 2.4 g/L of

i soprene was produced fromcells expressi ng WA pat hway pol ypepti des and a
Kudzu i soprene synthase (Exanple 8, part XV). dycerol was as al so used as
a carbon source for the generation of 2.2 ng/L of isoprene frontells
expressing a Kudzu isoprene synthase (Exanple 8, part XlV). Expressing a
DXS nucleic acid, an ID nucleic acid, and/or one or nore MA pat hway

nucl eic acids (such as nucleic acids encoding the entire MA pathway) in
addition to an isoprene synthase nucleic acid nmay increase the production
of i1soprene fromglycerol.



[0314] In sone enbodinents, an oil is included in the cell nmedium For
exanple, B. subtilis cells containing a kudzu isoprene synthase nucleic
aci d produced isoprene when cultured in a cell nediumcontaining an oil and
a source of glucose (Exanple 4, part I1l1). As another exanple, E. coli fadR
atoC nmutant cells containing the upper and | ower MA pat hway pl us kudzu

i soprene synt hase produced isoprene when cultured in a cell nmedium
containing palmoil and a source of glucose (Exanple 27, part 11). In sone
enbodi nents, nore than one oil (such as 2, 3, 4, 5, or nore oils) is
included in the cell nmedium Wile not intending to be bound to any
particular theory, it is believed that (i) the oil may increase the anount
of carbon in the cells that is available for conversion to isoprene, (ii)
the oil may increase the anount of acetyl-CoA in the cells, thereby

i ncreasing the carbon flow through the MVA pat hway, and/or (ii) the oil may
provide extra nutrients to the cells, which is desirable since nmuch of the
carbon in the cells is converted to isoprene rather than other products. In
some enbodi nents, cells that are cultured in a cell nedium containing oi
naturally use the MVA pathway to produce isoprene or are genetically

nodi fied to contain nucleic acids for the entire MVA pathway. In sone
enbodi ments, the oil is partially or conpletely hydrolyzed before being
added to the cell culture nediumto facilitate the use of the oil by the
host cells. [0315] One of the major hurdles to comrercial production of
smal | nol ecul es such as isoprene in cells (e.g., bacteria) is the
decoupl i ng of production of the nolecule fromgrowh of the cells. In sone
enbodi ments for the commercially viable production of isoprene, a
significant anount of the carbon fromthe feedstock is converted to

i soprene, rather than to the growth and nmai ntenance of the cells ("carbon
efficiency”). In various enbodi ments, the cells convert greater than or
about 0.0015, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0,
3.5, 4.0, 5.0, 6.0, 7.0, or 8.0%of the carbon in the cell culture nedi um
into isoprene. In particular enbodinments, a significant portion of the
carbon fromthe feedstock that is converted to downstream products is
converted to isoprene. As described further in Exanple 11, E. coli cells
expressi ng MA pat hway and kudzu i soprene synthase nucleic acids exhibited
decoupling of the production of isoprene or the internedi ate nmeval onic acid
fromgrowth, resulting in high carbon efficiency. In particular, nevalonic
acid was fornmed fromcells expressing the upper MA pathway from

Ent erococcusfaecalis .lsoprene was fornmed fromcells expressing the upper
MA pat hway from Ent erococcus faecalis, the | ower MVA pat hway from
Saccharonyces cerevisiae, and the isoprene synthase



from Pueraria nontana (Kudzu). This decoupling of isoprene or neval onic
acid production fromgrowmh was denonstrated in four different strains of

E. coli: BL21(LDE3), BL21(LDE3) Tuner, FMb, and M3L655. The first two E
coli strains are B strains, and the latter two are Kl 2 strains. Decoupling
of production fromgrowh was al so denonstrated in a variant of MGL655 with
ack and pta genes deleted. This variant al so denonstrated | ess production
of acetate. Exenplary Pol ypeptides and Nucleic Acids [0316] Various

i soprene synthase, DXS, |1D, MA pathway, hydrogenase, hydrogenase

mat uration or transcription factor polypeptides and nucl eic acids can be
used in the conpositions and net hods described herein. [0317] In sone
enbodi ments, the fusion polypeptide includes part or all of a first

pol ypeptide {e.g., an isoprene synthase, DXS, 1D, MWA pathway,

hydr ogenase, hydrogenase maturation or transcription factor pol ypeptide or
catalytically active fragnent thereof) and may optionally include part or
all of a second polypeptide {e.g., a peptide that facilitates purification
or detection of the fusion polypeptide, such as a His-tag). In sone

enbodi nents, the fusion polypeptide has an activity of two or nore WA

pat hway pol ypepti des (such as AA- CoA thiolase and HM3CoA reduct ase

pol ypeptides). In sone enbodi nents, the polypeptide is a

nat ural | y-occurring pol ypeptide (such as the pol ypepti de encoded by an

Ent er ococcus faecalis nvaE nucleic acid) that has an activity of two or
nore MVA pat hway pol ypeptides. [0318] In various enbodi nents, a pol ypeptide
has at |east or about 50, 100, 150, 175, 200, 250, 300, 350, 400, or nore
am no acids. In some enbodi nents, the polypeptide fragnent contains at

| east or about 25, 50, 75, 100, 150, 200, 300, or nore contiguous am no

acids froma full-length polypeptide and has at |east or about 5% 10%
20% 30% 40% 50% 60% 70% 80% 90% 95% or 100% of an activity of a
corresponding full-length polypeptide. In particular enbodinents, the

pol ypeptide includes a segnment of or the entire am no acid sequence of any
natural | y-occurring i soprene synthase, DXS, ID, MA pathway, hydrogenase,
hydr ogenase maturati on or transcription factor pol ypeptide. In sone

enbodi ments, the pol ypeptide has one or nore nutations conpared to the
sequence of a wild-type {i.e., a sequence occurring in nature) isoprene
synt hase, DXS, I DI, MA pat hway, hydrogenase, hydrogenase maturation or
transcription factor polypeptide.[0319] In some enbodi nents, the

pol ypeptide is an isolated pol ypeptide. In some enbodi nents, the

pol ypeptide is a heterol ogous pol ypepti de.



[0320] In sone enbodi nents, the nucleic acid is a reconbi nant nucl ei c acid.
In sone enbodi nents, an isoprene synthase, DXS, |D, MA pat hway,

hydr ogenase, hydrogenase maturation or transcription factor nucleic acid is
operably linked to another nucleic acid encoding all or a portion of

anot her pol ypeptide such that the reconbi nant nucleic acid encodes a fusion
pol ypeptide that includes an isoprene synthase, DXS, |D, MA pat hway,

hydr ogenase, hydrogenase maturation or transcription factor pol ypeptide and
all or part of another polypeptide (e.g., a peptide that facilitates
purification or detection of the fusion polypeptide, such as a Histag). In
sone enbodi nents, part or all of a reconbinant nucleic acid is chemcally
synthesized. It is to be understood that nutations, including single

nucl eoti de nutations, can occur within a nucleic acid as defined herein.
[0321] In sone enbodi nents, the nucleic acid is a heterol ogous nucleic
acid. In particular enbodi nents, the nucleic acid includes a segnent of or
the entire nucleic acid sequence of any naturally-occurring isoprene

synt hase, DXS, ID, MA pathway, hydrogenase, hydrogenase naturation or
transcription factor nucleic acid. In some enbodi nents, the nucleic acid

i ncl udes at | east or about 50, 100, 150, 200, 300, 400, 500, 600, 700, 800,
or nore contiguous nucleotides froma naturally-occurring isoprene synthase
nucleic acid DXS, ID, MA pathway, hydrogenase, hydrogenase maturation or
transcription factor nucleic acid. In some enbodi nents, the nucleic acid
has one or nore nutations conpared to the sequence of a wld-type (i.e., a
sequence occurring in nature) isoprene synthase, DXS, |ID, MA pat hway,

hydr ogenase, hydrogenase maturation or transcription factor nucleic acid.

I n sone enbodi nents, the nucleic acid has one or nore nutations (e.g. , a
silent mutation) that increase the transcription or translation of isoprene
synt hase, DXS, |ID, MA pathway, hydrogenase, or transcription factor
nucleic acid. In sonme enbodinents, the nucleic acid is a degenerate vari ant
of any nucleic acid encoding an isoprene synthase, DXS, ID, MA pat hway,
hydr ogenase, hydrogenase maturation or transcription factor polypeptide.

[ 0322] The accessi on nunbers of exenplary isoprene synthase, DXS, |DI

and/ or MVA pat hway pol ypeptides and nucleic acids are listed in Appendix 1
(the accession nunbers of Appendix 1 and their correspondi ng sequences are
herein incorporated by reference in their entireties, particularly with
respect to the am no acid and nucl ei c acid sequences of isoprene synthase,
DXS, 1D, and/or MA pat hway pol ypeptides and nucl eic acids). The Kegg

dat abase



al so contains the amno acid and nucl ei c acid sequences of nunerous

exenpl ary i soprenesynt hase, DXS, |IDI, and/or MA pat hway pol ypepti des and
nucleic acids (see, for exanple, the world- wi de web at

"genone. j p/ kegg/ pat hway/ map/ map00100. ht M " and t he sequences therein, which
are each hereby incorporated by reference in their entireties, particularly
wWth respect to the amno acid and nucl eic acid sequences of isoprene

synt hase, DXS, |ID, and/or MA pathway pol ypeptides and nucleic acids). In
sonme enbodi nents, one or nore of the isoprene synthase, DXS, IDI, and/or
MA pat hway pol ypepti des and/or nucl eic acids have a sequence identical to
a sequence publicly available on Decenber 12, 2007 or Septenber 14, 2008
such as any of the sequences that correspond to any of the accession
nunbers in Appendix 1 or any of the sequences present in the Kegg dat abase.
Addi tional exenplary isoprene synthase, DXS, IDI, and/or MWA pat hway

pol ypepti des and nucleic acids are described further bel ow. Exenplary

| soprene Synt hase Pol ypepti des and Nucl eic Acids [0323] As noted above,

i soprene synt hase pol ypepti des convert dinethyl allyl diphosphate (DVAPP)
into isoprene. Exenplary isoprene synthase pol ypeptides include

pol ypepti des, fragnments of pol ypeptides, peptides, and fusions pol ypeptides
that have at |east one activity of an isoprene synthase pol ypeptide.

St andard net hods can be used to determ ne whether a pol ypeptide has

i soprene synthase pol ypeptide activity by neasuring the ability of the

pol ypeptide to convert DMAPP into isoprene in vitro, in a cell extract, or
in vivo. In an exenplary assay, cell extracts are prepared by growing a
strain (e.g., the E. co/z'/pTrcKudzu strain described herein) in the shake
flask nethod as described in Exanple 1. After induction is conplete,
approximately 10 nL of cells are pelleted by centrifugation at 7000 x g for
10 minutes and re-suspended in 5 mM of PEB w thout glycerol. The cells are
| ysed using a French Pressure cell using standard procedures. Alternatively
the cells are treated with |Iysozyne (Ready -Lyse |ysozyne solution

Epi Centre) after a freeze/thaw at -80 O0C. [0324] |soprene synthase

pol ypeptide activity in the cell extract can be neasured, for exanple, as
described in Silver et ah, J . Biol. Chem 270:13010-13016, 1995 and
references therein, which are each hereby incorporated by reference in
their entireties, particularly wth respect to assays for isoprene synthase
pol ypeptide activity. DVAPP (Sigma) is evaporated to dryness under a stream
of nitrogen and re-hydrated to a concentration of 100 mMin 100 nM

pot assi um phosphate buffer pH 8.2 and stored at -20 0OC. To performthe
assay, a solution of 5 nL of IMMC 2, 1nM (250 ng/ M) DVAPP, 65 niL of

Pl ant Extract Buffer (PEB) (50 nmM Tris-HO, pH



8.0, 20 MM Myd 2, 5% gl ycerol, and 2 MM DIT) is added to 25 nL of cel
extract in a 20 ml Headspace vial with a netal screw cap and tefl on coated
silicon septum (Agil ent Technol ogi es)and cultured at 37 OC for 15 m nutes
wi th shaking. The reaction is quenched by adding 200 nL of 250 niM EDTA and
quantified by GO M5 as described in Exanple 1, part I1. [0325] Exenplary

i soprene synthase nucleic acids include nucleic acids that encode a

pol ypepti de, fragnment of a pol ypeptide, peptide, or fusion polypeptide that
has at | east one activity of an isoprene synthase pol ypeptide. Exenplary

i soprene synthase pol ypepti des and nucl ei ¢ acids include
natural | y-occurring pol ypeptides and nucleic acids fromany of the source
organi sns descri bed herein as well as nutant pol ypeptides and nucl ei c acids
derived fromany of the source organi sns described herein. [0326] In sone
enbodi nents, the isoprene synthase pol ypeptide or nucleic acid is fromthe
fam |y Fabaceae, such as the Faboi deae subfamly. In sonme enbodi nents, the
i soprene synt hase pol ypeptide or nucleic acid is a polypeptide or nucleic
acid from Pueraria nontana (kudzu) (Sharkey et al., Plant Physiol ogy 137:
700- 712, 2005), Pueraria |obata, poplar (such as Popul us al ba, Popul us

ni gra, Populus trichocarpa, or Populus alba x tremula (CAC35696) M Il er et
ah, Planta 213: 483-487, 2001) aspen (such as Popul us tremul oi des) Silver
et al, JBC 270(22): 13010-1316, 1995), or English QGak (Quercus robur)
(Zimrer et al, WD 98/02550), which are each hereby incorporated by
reference in their entireties, particularly with respect to isoprene

synt hase nucl ei ¢ acids and the expression of isoprene synthase

pol ypepti des. Suitable isoprene synthases include, but are not limted to,
those identified by Genbank Accession Nos. AY341431, AY316691, AY279379,
AJ457070, and AY182241, which are each hereby incorporated by reference in
their entireties, particularly with respect to sequences of isoprene

synt hase nucl ei ¢ acids and pol ypeptides. In sonme enbodi nents, the isoprene
synt hase pol ypeptide or nucleic acid is not a naturally-occurring

pol ypeptide or nucleic acid from Quercus robur {i.e., the isoprene synthase
pol ypeptide or nucleic acid is an isoprene synthase pol ypeptide or nucleic
acid other than a naturally-occurring polypeptide or nucleic acid from
Quercus robur). In sonme enbodi nents, the isoprene synthase nucleic acid or
pol ypeptide is a naturally-occurring polypeptide or nucleic acid from

popl ar. In some enbodi nents, the isoprene synthase nucleic acid or

pol ypeptide is not a naturally-occurring pol ypeptide or nucleic acid from
popl ar. Exenpl ary DXS Pol ypeptides and Nucl ei ¢ Aci ds



[ 0327] As noted above, |-deoxy-D xylul ose-5 -phosphate synthase (DXS)

pol ypepti des convert pyruvate and D gl yceral dehyde-3 -phosphate into

| - deoxy- D- xyl ul ose- 5- phosphat e. Exenpl ary DXS pol ypepti des i ncl ude

pol ypeptides, fragnents of pol ypeptides, peptides, andfusions pol ypeptides
that have at |east one activity of a DXS pol ypepti de. Standard nethods
(such as those described herein) can be used to determ ne whether a

pol ypepti de has DXS pol ypeptide activity by neasuring the ability of the
pol ypeptide to convert pyruvate and Dgl yceral dehyde- 3 -phosphate into

1- deoxy- D- xyl ul ose-5 -phosphate in vitro, in a cell extract, or in vivo.
Exenpl ary DXS nucl eic acids include nucleic acids that encode a

pol ypeptide, fragnment of a pol ypeptide, peptide, or fusion polypeptide that
has at | east one activity of a DXS pol ypepti de. Exenplary DXS pol ypepti des
and nucl eic acids include naturally-occurring pol ypeptides and nucleic
acids fromany of the source organisns described herein as well as nutant
pol ypepti des and nucl ei c acids derived fromany of the source organi sns
descri bed herein. Exenplary |ID Pol ypeptides and Nucl eic Acids [0328]

| sopent enyl di phosphate isonerase pol ypepti des (isopentenyl-di phosphate

del tai sonerase or I D) catal yses the interconversion of isopentenyl

di phosphate (1 PP) and dinethyl allyl diphosphate (DVAPP) {e.g., converting
| PP i nto DMAPP and/ or converting DVAPP into | PP). Exenplary |D

pol ypepti des i nclude pol ypeptides, fragnents of pol ypeptides, peptides, and
fusions pol ypeptides that have at | east one activity of an ID pol ypepti de.
St andard net hods (such as those descri bed herein) can be used to determ ne
whet her a pol ypeptide has I D polypeptide activity by measuring the ability
of the polypeptide to interconvert |IPP and DVAPP in vitro, in a cel

extract, or in vivo. Exenplary ID nucleic acids include nucleic acids that
encode a pol ypeptide, fragnment of a pol ypeptide, peptide, or fusion

pol ypeptide that has at | east one activity of an ID polypeptide. Exenplary
| DI pol ypeptides and nucl eic acids include naturally-occurring pol ypeptides
and nucleic acids fromany of the source organi sns described herein as well
as nutant pol ypeptides and nucleic acids derived fromany of the source
organi sms descri bed herein. Exenplary MVA Pat hway Pol ypeptides and Nucl eic
Aci ds [0329] Exenplary MVA pat hway pol ypeptides include acetyl - CoA

acetyl transferase (AACoA thiol ase) polypeptides,

3- hydr oxy- 3- net hyl gl ut aryl - CoA synt hase (HMG CoA synt hase) pol ypepti des,

3- hydr oxy- 3- net hyl gl ut aryl - CoA reduct ase (HMZ CoA reduct ase) pol ypepti des,
meval onat e ki nase (MK) pol ypepti des, phosphoneval onate ki nase (PM)

pol ypepti des,



di phosphoneval onat e decar boxyl ase (M/D) pol ypepti des, phosphoneval onate
decar boxyl ase (PMDC) pol ypepti des, isopentenyl phosphate kinase (I PK)

pol ypeptides, |DI polypeptides, and pol ypeptides {e.g., fusion

pol ypepti des) having an activity of two or nore MVA pat hway pol ypepti des.
In particular, MA pathway pol ypeptides include pol ypeptides, fragnents

of pol ypepti des, peptides, and fusions pol ypeptides that have at | east one
activity of an MVA pat hway pol ypepti de. Exenplary MA pat hway nucl ei ¢ aci ds
i ncl ude nucleic acids that encode a pol ypeptide, fragnent of a pol ypepti de,
peptide, or fusion polypeptide that has at |east one activity of an WA
pat hway pol ypepti de. Exenplary MA pat hway pol ypepti des and nucl ei ¢ aci ds

i ncl ude naturally-occurring polypeptides and nucleic acids fromany of the
source organi sns descri bed herein as well as nutant pol ypeptides and

nucl eic acids derived fromany of the source organisns described herein.
[0330] In particular, acetyl-CoA acetyltransferase pol ypepti des (AA- CoA

t hi ol ase or AACT) convert two nol ecul es of acetyl-CoA into acetoacetyl - CoA
St andard net hods (such as those descri bed herein) can be used to determ ne
whet her a pol ypepti de has AA-CoA thiol ase pol ypeptide activity by neasuring
the ability of the polypeptide to convert two nol ecul es of acetyl-CoA into
acetoacetyl-CoA in vitro, in a cell extract, or in vivo. [0331]

3- hydr oxy- 3- net hyl gl ut aryl - CoA synt hase (HMG CoA synt hase or HMSS)

pol ypepti des convert acetoacetyl-CoA into 3-hydroxy-3-nethyl gl utaryl - CoA.
St andard net hods (such as those described herein) can be used to determ ne
whet her a pol ypepti de has HMG CoA synt hase pol ypeptide activity by
measuring the ability of the pol ypeptide to convert acetoacetyl- CoA into
3- hydroxy-3-nethylglutaryl-CoA in vitro, in a cell extract, or in vivo.

[ 0332] 3-hydroxy-3-nethyl gl utaryl - CoA reductase (HMG CoA reductase or HMGR)
pol ypepti des convert 3-hydroxy-3-nethyl glutaryl-CoA into neval onate.

St andard net hods (such as those descri bed herein) can be used to determ ne
whet her a pol ypepti de has HMG CoA reduct ase pol ypeptide activity by
nmeasuring the ability of the pol ypeptide to convert 3-hydroxy-

3-nmethyl glutaryl-CoA into nevalonate in vitro, in a cell extract, or in
vivo. [0333] Meval onate ki nase (MK) pol ypepti des phosphoryl ates neval onat e
to form neval onat e- 5- phosphate. Standard net hods (such as those descri bed
herein) can be used to determ ne whet her a pol ypepti de has MVK pol ypepti de
activity by neasuring the ability of the pol ypeptide to convert neval onate
i nto meval onat e- 5- phosphate in vitro, in a cell extract, or in vivo.



[ 0334] Phosphoneval onat e ki nase (PMK) pol ypepti des phosphoryl ates

neval onat e-5- phosphate to form neval onat e- 5- di phosphat e. St andard net hods
(such as those described herein) can be used to determ ne whether a

pol ypepti de has PMK pol ypeptide activity by neasuring the ability of the
pol ypeptide to convert neval onate-5-phosphate into neval onat e-5-di phosphate
invitro, in a cell extract, or in vivo.[0335] D phosphoneval onate

decar boxyl ase (MVD or DPMDC) pol ypeptides convert neval onate-5 -di phosphate
into isopentenyl diphosphate (I PP). Standard nethods (such as those

descri bed herein) can be used to determ ne whether a pol ypeptide has WD
pol ypeptide activity by neasuring the ability of the pol ypeptide to convert
nmeval onat e- 5- di phosphate into IPP in vitro, in a cell extract, or in vivo.

[ 0336] Phosphoneval onat e decar boxyl ase (PMDC) pol ypepti des convert

meval onat e- 5- phosphate into isopentenyl phosphate (I1P). Standard nethods
(such as those descri bed herein) can be used to determ ne whether a

pol ypepti de has PMDC pol ypeptide activity by nmeasuring the ability of the
pol ypeptide to convert neval onate-5 -phosphate into IPin vitro, in a cel
extract, or in vivo. [0337] I|Isopentenyl phosphate kinase (IPK) pol ypeptides
phosphoryl ate i sopentyl phosphate (IP) to formisopentenyl diphosphate
(I'PP). Standard net hods (such as those described herein) can be used to
determ ne whet her a pol ypeptide has | PK pol ypeptide activity by measuring
the ability of the pol ypeptide to convert IPinto IPPin vitro, in a cel
extract, or in vivo. [0338] Exenplary |ID polypeptides and nucleic acids
are described above. Exenplary Hydrogenase Pol ypepti des and Nucl ei ¢ Aci ds

[ 0339] Hydrogenase pol ypeptides catal yze the reaction: 2H+ + 2e~ - H2. In
vitro that reaction is reversible, but certain hydrogenases may work in
only one direction in vivo, either oxidizing Hor reducing H+. Hydrogenase
pol ypepti des can be oxygen-sensitive, contain conplex netal cofactors as
part of their catalytic center and sonetines consist of multiple subunits,
wi t h hydrogenase gene expression sonetines involving additional accessory
pol ypepti des, such as 'maturation' factors or transcription regul atory
factors (i.e., activators or repressors). Hydrogenases are classified into
at | east three broad groups based upon the type of metal cofactor in their
catalytic center: (1) nickel-iron ("N Fe") hydrogenases have a nickel/iron
cofactor; (2) iron-iron hydrogenases ("FeFe") have an iron/iron cofactor;
and (3) iron/sulfur-free ("Fe") hydrogenases, which |ack the 4Fe4S clusters
found in groups (1) and (2), have an iron



cofactor and a net henyl -tetrahydronet hanopterin electron carrier. See,

e.g., Chung-Jung Chou et al., "Hydrogenesis in hyperthernophilic
m croorgani sns: inplications for biofuels,” Metabol. Eng. 10:394-404
(2008), and Gnl Vardar-Schara et al., "Metabolically engineered bacteria

for producing hydrogen via fernentation,”™ Mcrobial Biotechnol. 1(2):
107-125 (2008), both of which are incorporated herein by reference in their
entireties, particularly with respect tothe various types and cl asses of
hydr ogenases. Al though many organi sns contain nultiple hydrogenases, few
contain genes for both Ni Fe and FeFe hydrogenases. [0340] The catal ytic
center of N Fe hydrogenases consists of a nickel atomand an iron atom
each with two carbon nonoxide (CO and two cyanide (CN ) ligands. The N Fe
hydr ogenases all conprise at |east a second subunit containing multiple
iron-sulfur (Fe-S) centers for the transfer of electrons to and fromthe
catalytic center. The N Fe hydrogenases can be subdivided into four main
classes: (1) respiratory enzynes, which are part of nmulti-enzyne systens

t hat couple the oxidation of H2 to reduction of term nal electron acceptors
such as SO4 2 or NO3 under anaerobic conditions, or to Oin aerobic

m croorgani sns; (2) H sensors, which activate expression of the

nmet abolically active N Fe hydrogenases; (3) cytoplasm c hydrogenases,
containing multiple subunits able to utilize NADP+, which are readily
reversible in vitro, but in vivo may only oxidize H2; and (4)
menbr ane- bound, energy-conserving nmulti-enzyne conpl exes also found in
bacteria and Archaea. Chung-Jung Chou et al., "Hydrogenesis in
hypert her nophilic m croorgani sns: inplications for biofuels,” Mtabol Eng.
10: 394-404 (2008). [0341] The catalytic center of FeFe hydrogenases
contains a catalytic "H cluster" which coordinates a bi nucl ear (FeFe) site
bridged to a [4Fe-4S] center by a single protein (cysteine) ligand. The two
iron atons of the binuclear center each have two carbon nonoxi de (CO and
two cyanide (CN ) ligands, and are also bridged by two sul fur atons which
are part of a small organic nol ecule. Mst FeFe hydrogenases are nononeric
enzymes of about 50 kil odaltons (kDa), and appear to function in vivo
primarily to di spose of excess reducing equival ents by reducing protons to
hydr ogen gas. Chung-Jung Chou et al., "Hydrogenesis in hyperthernophilic

m croorgani sns: inplications for biofuels,” Metabol. Eng. 10:394-404
(2008). [0342] The catalytic center of Fe hydrogenases was originally

t hought to have an active site based on an organic cofactor with no netal s
i nvol ved, but was |ater shown to contain a



nononucl ear Fe atom Despite the phyl ogenetic differences between the three
types of hydrogenase, in addition to at |l east one iron atom all three
groups of hydrogenases al so contain at |east one carbon nonoxi de (CO
ligand to the iron atomin their active sites, which facilitates the

catal ytic oxidation of H2 and the reduction of protons. Chung-Jung Chou et
al ., "Hydrogenesis in hyperthernophilic mcroorganisns: inplications for

bi of uel s," Metabol. Eng. 10:394-404 (2008). [0343] Exenplary hydrogenase
pol ypeptides include, but are not limted to, the E. coli hydrogenase- 1
(Hyd-1) polypeptides, E. coli hydrogenase-2 (Hyd-2) polypeptides, E

col i hydr ogenase-3 (Hyd-3) pol ypeptides, E. coli hydrogenase-4 (Hyd-4)

pol ypeptides, E. coli formate hydrogen |yase (FHL) conpl ex, which produces
hydrogen gas from formate and CO under anaerobic conditions at acidic pH
(see, e.g., Akihito Yoshida et al., "Efficient induction of formate

hydr ogen | yase of aerobically grown Escherichia coli in a three-step

bi ohydr ogen production process,"” Appl. Mcrobiol. Biotechnol. 74:754-760
(2007), which is incorporated herein by reference inits entirety,
particularly with respect to the induction of expression of formate
hydrogen |yase in E. coli), Ralstonia eutropha H 6 hydrogenase (R

eut ropha HoxH) Rhodococcus opacus MRI| hydrogenase (R opacus HoxH)

pol ypepti des, Synechosystis sp. PCC 6803 hydrogenase (Syn. PCC 6803 HoxH)
pol ypepti des, Desul fovibrio gigas hydrogenase (D. gigas) polypeptides, and
Desul fovi bri o desul furicans ATCC 7757 hydrogenase (D. desul furicans)

pol ypepti des (see, e.g., Gonl Vardar-Schara et al., "Metabolically

engi neered bacteria for producing hydrogen via fernentation,”™ M crobial

Bi otechnol . 1(2): 107-125 (2008), which is incorporated herein by reference
inits entirety, particularly with respect to the various types and cl asses
of hydrogenases) and pol ypeptides (e.g., fusion pol ypeptides) having an
activity of two or nore hydrogenase pol ypeptides. In particular,

hydr ogenase pol ypepti des include pol ypeptides, fragnents of pol ypeptides,
pepti des, and fusion polypeptides that have at |east one activity of a

hydr ogenase pol ypepti de. Exenpl ary hydrogenase nucl ei ¢ aci ds incl ude
nucl ei ¢ acids that encode a pol ypeptide, fragnent of a pol ypeptide,
peptide, or fusion polypeptide that has at | east one activity of a

hydr ogenase pol ypeptide, or at |east one activity necessary for expression,
processing, or maturation of a hydrogenase pol ypeptide. Exenpl ary

hydr ogenase pol ypepti des and nucl eic acids include naturally-occurring

pol ypeptides and nucleic acids fromany of the source organi snms descri bed
herein as well as nutant pol ypeptides and nucl eic acids derived from any of
t he source organi snms descri bed herein.



[0344] E. coli Hyd-3, which is part of the anaerobic formate hydrogen |yase
(FHL) conplex, is encoded by the hyc operon (conprising the hycA, hycB,
hycC, hycD, hyck, hycF, hycG hycH, and hycl genes). E. coli Hyd-4 is
encoded by the hyf operon (conprising the hyfA hyfB, hyfC hyfD, hyfE,
hyfF, hyfG hyfli, hyfl, hyfJ, and hyfR genes). E. coli FHL is encoded by
six genes fromthe hyc operon (hycB, hycC, hycD, hycE, hycF and hycG and

t hef dhF gene (encodi ng formate dehydrogenase H (Fdh-H)). Expression of the
FHL conpl ex can further involve expression of pyruvate formate |yase (pfl),
FhI' A, a transcription factor that activates transcription offdhF and the
hyc operon, or deletion/inactivation of HycA a transcription factor
encoded by the hycA gene that negatively regulates transcription of FHL.
Co- production of isoprene and hydrogen can be inproved by expression or

i nactivation/del etion of additional proteins involved in the regulation of
gene expression for hydrogenases and ot her enzynes, such as, for exanple,

i ron-sul fur conplex transcriptional regulator (iscR) (KalimAkhtar et al.,
"Del etion of iscR stinulates reconbinant C ostridial Fe/Fe hydrogenase
activity and H - accunulation in Escherichia coli EL21(DE3) " Appl.

M crobiol. Biotechnol. 78:853-862 (2008), which is incorporated herein by
reference in its entirety, particularly with reference to stinulation of
Clostridial Fel/ Fe hydrogenase activity and hydrogen accumul ation in E. col
by deleting the iscR gene). [0345] Exenpl ary ferredoxin-dependent

hydr ogenase pol ypeptides include, but are not limted to, Costridium

acet obut ul i cum hydr ogenase A (HydA) (see, e.g., P.W King et al.,
"Functional studies of [FeFe] hydrogenase maturation in an Escherichia col
bi osynthetic system" J Bacteriol. 188(6): 163- 172 (2006), which is

i ncorporated herein by reference inits entirety, particularly wth respect
to production of hydrogen by HydA and three HydA-associ ated maturation
enzynmes (HydE, HydG and HydF), which may be expressed alone or in
conjunction with one or nore of: (1) Bacillus subtilis NADPH ferredoxin

oxi doreduct ase (NFOR) (see, e.g., Viet et al., (2008)), which is

i ncorporated herein by reference in its entirety, particularly with respect
to production of hydrogen by NFOR see al so PCT Publication No.

WO 2007/ 089901, which is incorporated herein by reference inits entirety,

particularly with respect to optim zation ofii. coli strains for production
of hydrogen), Costridiumkluyveri NADH ferredoxin oxi doreduct ase
(Rnf CDGEAB) (Henning Seedorf et al., "The genone of Costridiumkluyveri, a

strict anaerobe with unique netabolic features,” Proc. Nat'l Acad. Sci.
U S A 105(6):2128-2133 (2008), which is incorporated herein by reference
inits entirety, particular with reference to



NADH f erredoxi n oxi doreductase, and with reference to conponents of the
anaer obi ¢ et hanol acetate fernentation pathway), or C ostridi um pasteurani um
ferredoxi n oxi doreductase (Fdx); (2) glyceral dehyde-6-phosphate ferredoxin
oxi dor eductase ("GAPOR'); or (3) pyruvate ferredoxin oxi doreductase
("POR"), and polypeptides (e.g., fusion polypeptides) having an activity of
two or nore hydrogenase pol ypeptides or of one or nore hydrogenase

pol ypeptides and an activity of one or nore ferredoxin-dependent

oxi doreductases. In particular, ferredoxi ndependent hydrogenase

pol ypepti des i nclude pol ypeptides, fragnents of pol ypeptides, peptides, and
fusion pol ypeptides that have at |east one activity of a

f err edoxi n- dependent hydrogenase pol ypeptide. [0346] Exenpl ary

NADPH- dependent hydr ogenase pol ypeptides include, but are not limted to

t her nophi i ¢ hydrogenase pol ypeptides such as Pyrococcus furiosus

hydr ogenase (see, e.g., J . Wodward et al., "Enzymatic production of

bi ohydrogen,” Nature 405(6790): 1014-1015(2000)), and pol ypeptides (e.g.,
fusi on pol ypeptides) having an activity of two or nore NADPHdependent

hydr ogenase pol ypeptides. In particul ar, NADPH dependent hydrogenase

pol ypepti des include pol ypeptides, fragnents of polypeptides, peptides, and
fusi on pol ypeptides that have at |east one activity of a NADPH dependent
hydr ogenase pol ypeptide. [0347] Exenpl ary oxygen-tol erant or
oxygen-insensitive hydrogenases include, but are not limted to, Rubrivivax
gel ati nosus hydrogenase (see, e.g., P.C. Maness et al., "Characterization
of the oxygen tol erance of a hydrogenase |inked to a carbon nonoxi de

oxi dation pathway in Rubrivivax gel atinosus,” Appl. Environ. M crobiol.
68(6):2633-2636 (2002), which is incorporated herein by reference inits
entirety, particularly with respect to R gel ati nosus hydrogenase), and
Ral st oni a eutropha hydrogenase pol ypeptides (see, e.g., T. Burgdorf et al.,
"[ Ni Fe] - hydrogenases of Ral stoni a eutropha H16: nodul ar enzynes for
oxygen-tol erant biol ogi cal hydrogen oxidation,” J M. Mcrobiol.

Bi ot echnol . 10(2-4): 18 1-196 (2005), which is incorporated herein by
reference in its entirety, particularly with respect to R eutropha

hydr ogenase pol ypeptides). Alternatively, heterol ogous nucleic acids
encodi ng hydrogenase pol ypepti des can be nutageni zed and screened for

02-tol erance or Ch-insensitivity using standard net hods and assays (see,
e.g., L.E. Nagy et al., "Application of gene-shuffling for the rapid
generation of novel [FeFe]-hydrogenase libraries,” Biotechnol. Letts.
29(3)421-430 (2007), which is incorporated herein by reference,
particularly with respect to nutagenesis and screening for oxygen tolerant
hydr ogenase pol ypepti des).



[ 0348] Standard nethods (such as those described herein) can be used to

det erm ne whet her a pol ypepti de has hydrogenase activity by neasuring the
ability of the polypeptide to produce hydrogen gas in vitro, in a cel
extract, or in vivo. Exenplary Polypeptides and Nucleic Acids for Cenes

Rel ated to Production of Fernmentation Side Products [0349] In addition to
expressi ng or over-expressing heterologous or native hydrogenases in E.
coli, co-production of isoprene and hydrogen can be inproved by

i nactivation of anaerobic biosynthetic pathways, thereby bl ocking the
carbon flow to a variety of netabolites (i.e., fernentation side products)
produced under oxygen-limted or anaerobic conditions, including, but not
limted to, |lactate, acetate, pyruvate, ethanol, succinate, and glycerol.
Exenpl ary pol ypeptides involved in the production of fernentation side
products include fornmate dehydrogenase N, al pha subunit (fdnG, formate
dehydrogenase O |arge subunit (fdoG, nitrate reductase (narG, formate
transporter A (focA), formate transporter B (focB), pyruvate oxi dase(poxE),
pyruvat e dehydrogenase El conponent ackA/ pta (aceE), al cohol dehydrogenase
(adhE), fumarate reductase nenbrane protein (frdC), and |l actate
dehydrogenase (i dhA). See, e.g., Toshinori Maeda et al., "Enhanced hydrogen
production from glucose by netabolically engi neered Escherichia coli,"
Appl . Mcrobiol. Biotechnol. 77(4):879-890 (2007), which is incorporated by
reference inits entirety, particularly with respect to production of E.
coli strains with nodified glucose netabolism Exenplary pol ypeptides
involved in the regulation or expression of genes involved in the
production of fernmentation side products that nmay al so be inactivated to

i nprove co-production of isoprene and hydrogen include, but are not limted
to, repressor of formate hydrogen |yase (hycA), funarate reductase
regulator (fnr), acetyl-coenzyne A synthetase (acs), and formate

dehydr ogenase regul atory protein (hycA), which regul ates expression of the
transcriptional regulator fhlA (formate hydrogen |yase transcriptional
activator). Exenplary Pol ypeptides and Nucleic Acids for CGenes Related to
Hydr ogen Re-uptake [0350] Exenpl ary pol ypepti des invol ved i n hydrogen
re-uptake that may al so be inactivated to inprove co-production of isoprene
and hydrogen include, but are not |limted to, E. coli hydrogenase-1 (Hyd-1)
(hya operon) and i . coli hydrogenase-2 (Hyd-2) (hyb operon). E. coli Hyd-1
is encoded by the hya operon (conprising the hyaA, hyaB, hyaC, hyaD, hyaE,
and hyaF genes). E. coli Hyd-2 is encoded by the hyb operon (conprising the
hybA, hybB, hybC, hybD



hybE, hybF, hybG and hybO genes). Exenplary Methods for Isolating Nucleic
Aci ds [0351] Isoprene synthase, DXS, |IDI, MA pathway, hydrogenase,

hydr ogenase maturati on and/or transcription factor nucleic acids can be

i sol ated using standard met hods. Met hods of obtaining desired nucl eic acids
froma source organismof interest (such as a bacterial genonme) are comon
and well known in the art of nolecul ar biology (see, for exanple, WO

2004/ 033646 and references cited therein, which are each hereby
incorporated by reference in their entireties, particularly with respect to
the isolation of nucleic acids of interest). For exanple, if the sequence
of the nucleic acid is known (such as any of the known nucl eic acids

descri bed herein), suitable genomc |libraries may be created by restriction
endonucl ease di gestion and nay be screened with probes conplenentary to the
desired nucleic acid sequence. Once the sequence is isolated, the DNA may
be anplified using standard priner directed anplification nethods such as
pol ymerase chain reaction (PCR) (U S. Patent No. 4,683,202, which is
incorporated by reference inits entirety, particularly with respect to PCR
met hods) to obtain anmounts of DNA suitable for transformation using
appropriate vectors. [0352] Alternatively, isoprene synthase, DXS, 1D, MWA
pat hway, hydrogenase, hydrogenase maturation and/or transcription factor
nucl ei ¢ acids (such as any isoprene synthase, DXS, ID, MA pat hway,

hydr ogenase, hydrogenase maturati on and/or transcription factor nucleic
acids with a known nucleic acid sequence) can be chem cally synthesized
usi ng standard met hods. [0353] Additional isoprene synthase, DXS, 1D, WA
pat hway, hydrogenase, hydrogenase maturation and/or transcription factor

pol ypepti des and nucl eic acids which nmay be suitable for use in the

conposi tions and net hods descri bed herein can be identified using standard
nmet hods. For exanple, cosmd libraries of the chronosomal DNA of organi sns
known to produce isoprene naturally can be constructed in organi sns such as
E. coli, and then screened for isoprene production. In particular, cosmd
libraries may be created where | arge segnents of genom c DNA (35-45 kb) are
packaged into vectors and used to transform appropriate hosts. Cosmd
vectors are unique in being able to accombdate | arge quantities of DNA
Generally cosm d vectors have at | east one copy of the cos DNA sequence

whi ch is needed for packagi ng and subsequent circularization of the

het er ol ogous DNA. In addition to the cos sequence, these vectors al so
contain an origin of replication such as Col EI and drug resistance markers
such as a nucleic acid resistant to anpicillin or neonycin. Methods of
using cosmd vectors for the



transformati on of suitable bacterial hosts are well described in Sanbrook
et ah, Mol ecular Cdoning: A Laboratory Manual, 2nd ed., Cold Spring Harbor,
1989, which is hereby incorporated by reference in its entirety,
particularly with respect to transformati on nethods. [0354] Typically to

cl one cosm ds, heterologous DNA is isolated using the appropriate
restriction endonucl eases and |igated adjacent to the cos region of the
cosm d vector using the appropriate |igases. Cosmid vectors containing the
| i neari zed heterol ogous DNA are then reacted with a DNA packagi ng vehicle
such as bacteriophage. During the packagi ng process, the cos sites are

cl eaved and the heterol ogous DNA is packaged into the head portion of the
bacterial viral particle. These particles are then used to transfect
suitable host cells such as E. coli. Once injected into the cell, the

het er ol ogous DNA circul ari zes under the influence of the cos sticky ends.
In this manner, |arge segnents of heterol ogous DNA can be introduced and
expressed in host cells. [0355] Additional nethods for obtaining isoprene
synt hase, DXS, ID, MA pathway, hydrogenase, hydrogenase maturation and/ or
transcription factor nucleic acids include screening a netagenomc |ibrary
by assay (such as the headspace assay descri bed herein) or by PCR

usi ngprinmers directed agai nst nucl eoti des encoding for a | ength of
conserved am no acids (for exanple, at |east 3 conserved am no acids).
Conserved am no acids can be identified by aligning am no acid sequences of
known i soprene synt hase, DXS, ID, MA pathway, hydrogenase, hydrogenase
mat urati on and/ or transcription factor polypeptides. Conserved am no acids
for isoprene synthase pol ypeptides can be identified based on aligned
sequences of known isoprene synthase pol ypeptides. An organismfound to
produce isoprene naturally can be subjected to standard protein
purification nmethods (which are well known in the art) and the resulting
purified pol ypepti de can be sequenced using standard net hods. O her nethods
are found in the literature (see, for exanple, Julsing et ah, Applied.

M crobiol. Biotechnol. 75: 1377-84, 2007; Wthers et al., Appl Environ

M crobiol. 73(19):6277-83, 2007, which are each hereby incorporated by
reference in their entireties, particularly with respect to identification
of nucleic acids involved in the synthesis of isoprene). [0356]

Addi tional ly, standard sequence alignnment and/or structure prediction
prograns can be used to identify additional DXS, ID, MA pathway,

hydr ogenase, hydrogenase maturati on and/or transcription factor

pol ypeptides and nucleic acids based on the simlarity of their primry
and/ or predicted pol ypeptide secondary structure with that of known DXS,

| DI, MVA pat hway,



hydr ogenase, hydrogenase maturati on and/or transcription factor

pol ypepti des and nucleic acids. Standard databases such as the

SW ssprot-trenbl database (world-w de web at "expasy.org", Swiss Institute
of Bioinformatics Swiss-Prot group CMJ - 1 rue Mchel Servet CH 121 1
Geneva 4, Switzerland) can also be used to identify isoprene synthase, DXS,
| DI, MVA pat hway, hydrogenase, hydrogenase maturation and/or transcription
regul atory pol ypeptides and nucl ei c acids. The secondary and/or tertiary
structure of an isoprene synthase, DXS, 1D, MA pathway, hydrogenase,

hydr ogenase maturati on and/or transcription factor pol ypeptide can be
predi cted using the default settings of standard structure prediction
prograns, such as PredictProtein (630 Wst, 168 Street, BB217, New York,

N. Y. 10032, USA). Alternatively, the actual secondary and/or tertiary
structure of an isoprene synthase, DXS, 1D, MWA pathway, hydrogenase,

hydr ogenase nmaturation and/or transcription factor polypeptide can be
determ ned using standard net hods. Additional isoprene synthase, DXS, |DI
MWA pat hway, hydrogenase, hydrogenase maturati on and/or transcription
factor nucleic acids can also be identified by hybridization to probes
generated from known i soprene synthase, DXS, |ID, MA pathway, hydrogenase,
hydr ogenase maturati on and/or transcription factor nucleic acids. Exenplary
Pronmoters and Vectors[0357] Any of the isoprene synthase, DXS, 1D, WA
pat hway, hydrogenase, hydrogenase maturation and/or transcription factor
nucl ei ¢ aci ds descri bed herein can be included in one or nore vectors.
Accordi ngly, also described herein are vectors with one nore nucleic acids
encodi ng any of the isoprene synthase, DXS, 1D, MWA pathway, hydrogenase,
hydr ogenase maturation and/or transcription factor pol ypeptides that are
described herein. In sone enbodi nents, the vector contains a nucleic acid
under the control of an expression control sequence. [0358] In sone

enbodi nents, the vector contains a selective marker or sel ectabl e marker.
Mar kers useful in vector systens for transformation of Trichodernma are
known in the art {see, e.g., Finkelstein, Chapter 6 in Biotechnol ogy of

Fi | ament ous Fungi, Finkelstein et ah, Eds. Butterworth-Hei nemann, Boston,
MA, Chap. 6., 1992; and Kinghorn et ah, Applied Ml ecul ar CGenetics of

Fi | ament ous Fungi, Bl acki e Academ ¢ and Professional, Chapman and Hall
London, 1992, which are each hereby incorporated by reference in their
entireties, particularly with respect to selective markers). In sone
enbodi nents, the selective marker is the anmdS nucleic acid, which encodes
the enzyne acetam dase, allowi ng transforned cells to grow on



acetam de as a nitrogen source. The use of an A nidulans andS nucleic acid
as a selective marker is described in Kelley et al., EMBOJ . 4:475 - 479,
1985 and Penttila et al, CGene 61:155-164, 1987 (which are each hereby
incorporated by reference in their entireties, particularly with respect to
selective markers). In sone enbodi nents, an isoprene synthase, DXS, |D

MWA pat hway, hydrogenase, hydrogenase maturation, or transcription

regul atory nucleic acid integrates into a chronosone of the cells wthout a
sel ective marker. [0359] Suitable vectors are those which are conpatible
with the host cell enployed. Suitable vectors can be derived, for exanple,
froma bacterium a virus (such as bacteriophage T7 or a M 13 derived
phage), a cosmd, a yeast, or a plant. Protocols for obtaining and using
such vectors are known to those in the art {see, for exanple, Sanbrook et
ah, Mol ecular Coning: A Laboratory Manual, 2nd ed., Cold Spring Harbor,
1989, which is hereby incorporated by reference in its entirety,
particularly with respect to the use of vectors). [0360] Pronoters are well
known in the art. Any pronoter that functions in the host cell can be used
for expression of an isoprene synthase, DXS, 1D, MA pathway, hydrogenase,
hydr ogenase naturation and/or transcription factor nucleic acid in the host
cell. Initiation control regions or pronoters, which are useful to drive
expression of isoprene synthase, DXS, 1D, MA pathway, hydrogenase,

hydr ogenase maturation and/or transcription factor nucleic acids in various
host cells are nunerous and famliar to those skilled in the art {see, for
exanpl e, W02004/ 033646 and references cited therein, which are each hereby
incorporated by reference in their entireties, particularly with respect to
vectors for the expression of nucleic acids of interest). Virtually any
pronoter capable of driving these nucleic acids can be used including, but
not limted to, CyCl, H S3, GALI, GALIO ADH , PCK, PHO5, GAPDH, ADCI

TRPI, URA3, LEU2, ENO, and TPl (useful for expression in Saccharonyces);
AOXI (useful for expression in Pichia); and lac, trp, IPL, IPR T7, tac,
and trc (useful for expression in E. coll). [0361] In sone enbodi nents, a
gl ucose i sonmerase pronoter is used (see, for exanple, U S. Patent No.
7,132,527 and references cited therein, which are each hereby incorporated
by reference in their entireties, particularly with respect pronoters and
pl asm d systens for expressing polypeptides of interest). Reported glucose
i sonerase pronoter nutants can be used to vary the | evel of expression of

t he pol ypepti de encoded by a nucleic acid operably linked to the glucose

i somerase pronmoter (U. S. Patent No. 7,132,527). In various enbodi nents, the
gl ucose i sonerase pronoter is contained in a |low, nedium or high copy
plasmd (U S. Patent



No. 7,132,527). [0362] In various enbodi nents, an isoprene synthase, DXS,

| DI, MVA pat hway, hydrogenase, hydrogenase maturation and/or transcription
factor nucleic acid is contained in a |l ow copy plasmd (e.g., a plasmd
that is maintained at about 1 to about 4 copies per cell), nedium copy
plasmd (e.g., a plasmd that is maintained at about 10 to about 15 copies
per cell), or high copy plasmd (e.g., a plasmd that is naintai ned at
about 50 or nore copies per cell). In sone enbodi nents, the heterol ogous or
extra endogenous isoprene synthase, DXS, |DI, MA pathway, hydrogenase,
hydr ogenase maturati on and/or transcription factor nucleic acid is operably
linked to a T7 pronbter. In sone enbodi nents, the heterol ogous or extra
endogenous i soprene synthase, DXS, |ID, MA pathway, hydrogenase,

hydr ogenase maturati on and/or transcription factor nucleic acid operably
linked to a T7 pronoter is contained in a nediumor high copy plasmd. In
sone enbodi nents, the heterol ogous or extra endogenous i soprene synthase,
DXS, I DI, MA pat hway, hydrogenase, hydrogenase naturation and/or
transcription factor nucleic acid is operably linked to a Trc pronoter. In
sone enbodi nents, the heterol ogous or extra endogenous isoprene synthase,
DXS, 1D, MA pathway, hydrogenase, hydrogenase maturati on and/ or
transcription factor nucleic acid operably linked to a Trc pronoter is
contained in a nmediumor high copy plasmd. In some enbodi nents, the

het er ol ogous or extra endogenous isoprene synthase, DXS, 1D, MWA pathway,
hydr ogenase, hydrogenase maturation and/or transcription factor nucleic
acid is operably linked to a Lac pronoter. In some enbodi nents, the

het er ol ogous or extra endogenous i soprene synthase, DXS, |ID, MApat hway,
hydr ogenase, hydrogenase maturati on and/or transcription factor nucleic
acid operably linked to a Lac pronoter is contained in a |low copy plasmd.
In some enbodi ments, the heterol ogous or extra endogenous i soprene

synt hase, DXS, |ID, MA pathway, hydrogenase, hydrogenase nmaturation and/ or
transcription factor nucleic acid is operably linked to an endogenous
pronoter, such as an endogenous Escherichia, Panteoa, Bacillus, Yarrow a,
Streptonyces, or Trichoderma pronoter or an endogenous al kaline serine
prot ease, isoprene synthase, DXS, |DI, MA pathway, hydrogenase,

hydr ogenase maturation and/or transcription factor pronoter. In sone
enbodi nents, the heterol ogous or extra endogenous isoprene synthase, DXS,

| DI, MVA pat hway, hydrogenase, hydrogenase maturation and/or transcription
factor nucleic acid operably linked to an endogenous pronoter i s contained
in a high copy plasmd. In sone enbodi nents, the vector is a replicating
pl asm d that does not integrate into a chronbsone



in the cells. In sone enbodi nents, part or all of the vector integrates
into a chronosone in the cells. [0363] In sone enbodi nents, the vector is
any vector which when introduced into a fungal host cell is integrated into
the host cell genone and is replicated. Reference is nmade to the Fungal
Genetics Stock Center Catal ogue of Strains (FGSC, the world-w de web at
"fgsc.net" and the references cited therein, which are each hereby
incorporated by reference in their entireties, particularly with respect to
vectors) for a list of vectors. Additional exanples of suitable expression
and/ or integration vectors are provided in Sanbrook et ah, Mol ecul ar

Cl oning: A Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989, Current
Protocols in Ml ecular Biology (F. M Ausubel et al. (eds) 1987, Suppl enent
30, section 7.7.18); van den Hondel et al. in Bennett and Lasure (Eds.)
More Gene Mani pul ations in Fungi, Academ c Press pp. 396-428, 1991; and

U S. Patent No. 5,874,276, which are each hereby incorporated by reference
intheir entireties, particularly with respect to vectors. Particularly
useful vectors include pFB6, pBR322, PUCL18, pUCd OO and pENTR/D. [0364] In
sone enbodi nents, an isoprene synthase, DXS, ID, MA pathway, hydrogenase,
hydr ogenase nmaturation and/ or transcription factor nucleic acid is operably
linked to a suitable pronoter that shows transcriptional activity in a

fungal host cell. The pronoter may be derived fromone or nore nucleic
aci ds encodi ng a pol ypeptide that is either endogenous or heterol ogous to
the host cell. In sone enbodinents, the pronoter is useful in a Trichodernma

host. Suitable non-limting exanples of pronoters include cbhl, cbhl, egll,
egl 2, pepA, hfb\, hfbl, xyn\, and any. In sone enbodi nents, the pronoter is
one that is native to the host cell. For exanple, in sone enbodi nents when
T. reesei is the host, the pronoter is a native T. reesei pronoter. |nsone
enbodi ments, the pronoter is T. reesei cbhl, which is an inducible pronoter
and has been deposited in GenBank under Accession No. D86235, which is
incorporated by reference inits entirety, particularly with respect to
pronoters. In sone enbodi nents, the pronoter is one that is heterol ogous to
the fungal host cell. O her exanples of useful pronoters include pronoters
fromthe genes of A awanori and niger glucoanyl ase (glaA) (Nunberg et ah,
Mol. Cell Biol. 4:2306-2315, 1984 and Boel et al., EMBOJ . 3:1581-1585,
1984, which are each hereby incorporated by reference in their entireties,
particularly with respect to pronoters); Aspergillus niger al pha anyl ases,
Aspergillus oryzae TAKA anylase, T. reesei xlnl, and the T. reesei

cel | obi ohydrol ase 1 (EP 137280, which is incorporated by reference in its
entirety, particularly



Wi th respect to pronoters). [0365] In sone enbodi nents, the expression
vector also includes a term nation sequence. Term nation control regions
may al so be derived fromvarious genes native to the host cell. In sone
enbodi ments, the term nation sequence and the pronoter sequence are derived
fromthe sanme source. In another enbodi nent, the term nation sequence is
endogenous to the host cell. A particularly suitable term nator sequence is
cbhl derived froma Trichodernma strain (such as T. reesei). OQher useful
fungal term nators include the term nator froman A niger or A awanor

gl ucoanyl ase nucleic acid (Nunberg et ah, Mdl. Cell Biol. 4:2306-2315, 1984
and Boel et al., EMBQJ. 3:1581-1585, 1984; which are each hereby
incorporated by reference in their entireties, particularly with respect to
fungal termnators). Optionally, a termnation site nmay be included. For
effective expression of the pol ypeptides, DNA encoding the polypeptide are
| i nked operably through initiation codons to sel ected expression control
regi ons such that expression results in the formati on of the appropriate
messenger RNA. [0366] In sone enbodi nents, the pronoter, coding, region,
and termnator all originate fromthe isoprene synthase, DXS, ID, WA

pat hway, hydrogenase, hydrogenase maturation and/or transcription factor
nucleic acid to be expressed. In sone enbodi nents, the coding region for an
i soprene synthase, DXS, |1D, MA pathway, hydrogenase, hydrogenase

mat uration and/ or transcription factor nucleic acid is inserted into a
gener al - pur pose expression vector such that it is under the transcriptional
control of the expression construct pronoter and term nator sequences. In
sone enbodi nents, genes or part thereof are inserted downstream of the
strong cbhl pronoter. [0367] An isoprene synthase, DXS, ID, MA pathway,
hydr ogenase, hydrogenase maturation and/or transcription factor nucleic
acid can be incorporated into a vector, such as an expression vector, using
standard techni ques (Sanbrook et al, Ml ecular Coning: A LaboratoryMnual,
Col d Spring Harbor, 1982, which is hereby incorporated by reference inits
entirety, particularly with respect to the screening of appropriate DNA
sequences and the construction of vectors). Methods used to ligate the DNA
construct conprising a nucleic acid of interest (such as an isoprene

synt hase, DXS, ID, MA pathway, hydrogenase, hydrogenase maturation and/ or
transcription factor nucleic acid), a pronoter, a term nator, and ot her
sequences and to insert theminto a suitable vector are well known in the
art. For exanple, restriction enzynes can be used to cl eave the isoprene
synt hase, DXS, ID, MA pathway, hydrogenase, hydrogenase



mat urati on and/ or transcription factor nucleic acid and the vector. Then,
the conpati ble ends of the cleaved isoprene synthase, DXS, 1D, MWA

pat hway, hydrogenase, hydrogenase maturation and/or transcription factor
nucl eic acid and the cl eaved vector can be ligated. Linking is generally
acconplished by ligation at convenient restriction sites. If such sites do
not exist, the synthetic oligonucleotide Iinkers are used in accordance

wi th conventional practice (see, Sanbrook et ah, Ml ecular Coning: A
Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989, and Bennett and
Lasure, Modre Gene Mni pul ations in Fungi, Academ c Press, San Diego, pp
70-76, 1991, which are each hereby incorporated by reference in their
entireties, particularly with respect to oligonucleotide |linkers).
Additionally, vectors can be constructed using known reconbi nation

techni ques (e.g., Invitrogen Life Technol ogi es, Gateway Technol ogy). [0368]
In sone enbodinents, it nmay be desirable to over-express isoprene synthase,
DXS, I DI, MA pat hway, hydrogenase, hydrogenase naturation and/or
transcription factor nucleic acids at |evels far higher than currently
found in naturally-occurring cells. This result may be acconplished by the
sel ective cloning of the nucleic acids encoding those pol ypeptides into
mul ti copy plasm ds or placing those nucleic acids under a strong inducible
or constitutive pronoter. Methods for over-expressing desired pol ypeptides
are common and well known in the art of nol ecul ar biol ogy and exanpl es may
be found in Sanbrook et ah, Ml ecular doning: A Laboratory Manual, 2nd
ed., Cold Spring Harbor, 1989, which is hereby incorporated by reference in
its entirety, particularly with respect to cloning techniques. [0369] In
sone enbodi nents, it may be desirable to under-express (e.g., mnutate,

i nactivate, or delete) isoprene synthase, DXS, |ID, MA pat hway,

hydr ogenase, hydrogenase maturation, or transcription factor

pol ypepti de-encodi ng nucleic acids at |evels far below that those currently
found in naturally-occurring cells. This result may be acconplished by the
mut ati on or inactivation of transcriptional regulatory proteins required
for expression of isoprene synthase, DXS, |ID, MA pathway, hydrogenase,
hydr ogenase maturation and/or transcription factor nucleic acids, by

del etion of the isoprene synthase, DXS, ID, MWA pathway,

hydr ogenase, hydr ogenase nmaturation and/or transcription factor nucleic
acids, or by placing those nucleic acids under the control of a strong
repressi ble pronoter. Methods for nutating, inactivating, or deleting
desired pol ypeptides are common and well known in the art of nol ecul ar

bi ol ogy and exanples may be found in Sanbrook et al, Ml ecular Coning: A
Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989, which is hereby
incorporated by reference inits entirety, particularly



wi th respect to cloning and nutagenesis techniques. [0370] The foll ow ng
resources include descriptions of additional general nethodol ogy useful in
accordance with the conpositions and nmet hods descri bed herein: Kreigler,
Gene Transfer and Expression; A Laboratory Mnual, 1990 and Ausubel et ah,
Eds. Current Protocols in Ml ecular Biology, 1994, which are each hereby

i ncorporated by reference in their entireties, particularly wth respect to
nol ecul ar bi ol ogy and cl oni ng techni ques. Exenplary Source Organisns [0371]
| soprene synthase, DXS, IDI, MA pathway, hydrogenase, hydrogenase

mat urati on and/ or transcription factor nucleic acids (and their encoded

pol ypepti des) can be obtained fromany organismthat naturally contains

i soprene synthase, DXS, 1D, MWA pathway, hydrogenase, hydrogenase

mat urati on and/or transcription factor nucleic acids. As noted above,
isoprene is formed naturally by a variety of organisns, such as bacteri a,
yeast, plants, and aninmals. Organi sns contain the MA pat hway, DXP pat hway,
or both the MVA and DXP pat hways for producing isoprene (Figures 19A and
19B). Thus, DXS nucleic acids can be obtained, e.g., fromany organi smthat
contains the DXP pathway or contains both the WA and DXP pat hways. 1D and
i soprene synthase nucleic acids can be obtained, e.g., fromany organism

t hat contains the MVA pat hway, DXP pat hway, or both the MVA and DXP

pat hways. MA pat hway nucl ei ¢ acids can be obtained, e.g., from any

organi smthat contains the MVA pathway or contains both the MVA and DXP

pat hways. Hydrogenase nucl eic acids can be obtained, e.g., from any
organi smt hat oxidi zes hydrogen or reduces hydrogen ions. Fernentation side
product genes can be obtained or identified, e.g., fromany organi smthat
under goes oxygen-limted or anaerobic respiration, such as glycolysis.
[0372] In sone enbodi nents, the nucleic acid sequence of the isoprene

synt hase, DXS, |ID, MA pathway, hydrogenase, hydrogenase naturation and/ or
transcription factor nucleic is identical to the sequence of a nucleic acid
that is produced by any of the follow ng organisns in nature. In sone
enbodi nents, the am no acid sequence of the isoprene synthase, DXS, |D

MWA pat hway, hydrogenase, hydrogenase maturati on and/or transcription
factor polypeptide isidentical to the sequence of a pol ypeptide that is
produced by any of the follow ng organisns in nature. In some enbodi nents,
the i soprene synthase, DXS, 1D, MA pathway, hydrogenase, hydrogenase

mat uration and/ or transcription factor nucleic acid or polypeptide is a

nmut ant nucl eic acid or pol ypeptide derived fromany of the organisns

descri bed herein. As used herein,



"derived from' refers to the source of the nucleic acid or polypeptide into
whi ch one or nore nutations is introduced. For exanple, a pol ypeptide that
is "derived froma plant pol ypeptide" refers to polypeptide of interest
that results fromintroducing one or nore nutations into the sequence of a
wild-type (i.e., a sequence occurring in nature) plant pol ypeptide. [0373]
In sone enbodi nents, the source organismis a fungus, exanples of which are
speci es of Aspergillus such as A oryzae and A niger, species of
Saccharonyces such as S. cerevisiae, species of Schizosaccharonyces such as
S. ponmbe, and species of Trichoderma such as T. reesei. In sone

enbodi nents, the source organismis a filanmentous fungal cell. The term
"filamentous fungi" refers to all filanmentous forns of the subdivision
Eunycotina (see, Al exopoulos, C. J . (1962), Introductory Mcol ogy, WI ey,
New York). These fungi are characterized by a vegetative nyceliumwth a
cell wall conposed of chitin, cellulose, and other conpl ex polysacchari des.
The filanmentous fungi are norphol ogically, physiologically, and genetically
di stinct fromyeasts. Vegetative growh by filanmentous fungi is by hypha

el ongati on and carbon catabolismis obligatory aerobic. The fil anmentous
fungal parent cell may be a cell of a species of, but not limted to,
Trichoderma, (e.g., Trichoderma reesei, the asexual norph of Hypocrea
jecorina, previously classified as T. |ongi brachiatum Trichodernma viride,
Tri choderma koningii, Trichoderma harzianum (Sheir-Neirs et ah, Appl.

M crobi ol . Biotechnol 20: 46-53, 1984; ATCC No. 56765 and ATCC No. 26921)
Penicilliumsp., Hum cola sp. (e.g., H insolens, H |anuginose, ox H
grisea); Chrysosporiumsp. (e.g., C Iucknomense), G i ocl adi um sp.
Aspergillus sp. (e.g., A oryzae, A niger, A sojae, A japonicus, A

ni dul ans, ox A. awanori) (Ward et al, Appl. Mcrobiol. Biotechnol. 39:
7380743, 1993 and Goedegebuur et al, Genet 41: 89-98, 2002), Fusarium sp.,
(e.g., F. roseum F. gramnumF. cerealis, F. oxysporuim ox F. venenatun),
Neur ospora sp., (e.g., N crassa), Hypocrea sp., Micor sp., (e.g., M

m ehei ), Rhizopus sp. and Enericella sp. (see also, Innis et al., Sci. 228:
21-26, 1985). The term "Trichodernma"” ox "Trichoderma sp . ox "Trichoderm
spp." refer to any fungal genus previously or currently classified as
Trichoderma. [0374] In some enbodi nents, the fungus is A nidulans, A
awanori, A oryzae, A aculeatus, A niger, A japonicus, T. reesei, T.
viride, F. oxysporum ox F. solani. Aspergillus strains are disclosed in
Ward et al., Appl. Mcrobiol. Biotechnol. 39:738-743, 1993 and Goedegebuur
et al.,Curr Gene 41:89-98, 2002, which are each hereby incorporated by
reference in their entireties, particularly with respect to fungi. In
particul ar enbodi nents, the fungus is a strain of



Trichoderma, such as a strain of T. reesei. Strains of T. reesei are known
and non-limting exanples include ATCC No. 13631, ATCC No. 26921, ATCC No.
56764, ATCC No. 56765, ATCC No. 56767', and NRRL 15709, which are each
hereby incorporated by reference in their entireties, particularly with
respect to strains of T. reesei. In sone enbodi nents, the host strain is a
derivative of RL-P37. RL-P37 is disclosed in Sheir-Neiss et ah, Appl.

M crobi ol . Bi otechnol ogy 20: 46-53, 1984, which is hereby incorporated by
reference in its entirety, particularly with respect to strains of T.
reesei. [0375] In sone enbodi nents, the source organismis a yeast, such as
Saccharonyces sp., Schi zosaccharomyces sp., Pichia sp., or Candida sp. In
sonme enbodi nents, the Saccharonyces sp. i s Saccharomyces cerevisiae. [0376]
In sone enbodi nents, the source organismis a bacterium such as strains of

Bacillus such as B. lichenforms or B. subtilis, strains of Pantoea such as
P. citrea, strains of Pseudonobnas such as P. alcaligenes, P. putida, or
P.fluorescens, strains of Streptonyces such as S. lividans or S.

rubi gi nosus, strains of Corynebacteriumsp. such as Corynebacterium
gl utam cum strains of Rhodopseudononas sp. such as Rhodopseudonobnas

palustris, or strains of Escherichia such as E. coli. [0377] As used
herein, "the genus Bacillus '" includes all species within the genus
Bacillus, as known to those of skill in the art, including but not limted
to B. subtilis, B. licheniforms, B. lentus, B. brevis, B.

st ear ot her nophi I us, B. al kal ophilus, B. anyloliquefaciens, B. clausii, B.

hal odurans, B. negaterium B. coagulans, B. circulans, B. lautus, and B.
thuringiensis. It is recognized that the genus Bacillus continues to
undergo taxonom cal reorgani zation. Thus, it is intended that the genus

i ncl ude species that have been reclassified, including but not limted to
such organi sns as B. stearothernophilus, which is now naned " CGeobacill us
st ear ot her nophi l us.” The production of resistant endospores in the presence
of oxygen is considered the defining feature of the genus Bacill us,

al though this characteristic also applies to the recently naned

Al'icycl obaci |l lus, Anphibacillus, Aneurinibacillus, Anoxybacill us,

Brevi bacillus, Filobacillus, Gacilibacillus, Halobacillus, Paenibacillus,
Sal i baci | | us, Thernobacillus, Ureibacillus, and Virgibacillus. [0378] In
sone enbodi nents, the source organismis a gram positive bacterium
Non-limting exanples include strains of Streptonyces {e.g., S. lividans,
S. coelicolor, ox S. griseus) and



Bacillus. In sonme enbodi nents, the source organismis a gramnegative
bacterium such as E. coli., Rhodopseudononas sp. such as Rhodopseudonobnas
pal ustris, or Pseudonobnas sp., such as P. alcaligenes, P. putida, or
P.fluorescens. [0379] In sone enbodinments, the source organismis a plant,
such as a plant fromthe fam |y Fabaceae, such as the Faboi deae subfamly.
I n sone enbodi nents, the source organismis kudzu, poplar (such as Popul us
al bax tremul a CAC35696), aspen (such as Popul us tremnul oi des), or Quercus
robur. [0380] In sone enbodi nents, the source organismis an al gae, such as
a green al gae, red al gae, gl aucophytes, chl orarachni ophytes, eugl enids,
chrom sta, or dinoflagellates. [0381] In sone enbodi nents, the source
organismis a cyanobacteria, such as cyanobacteria classified into any of
the foll ow ng groups based on norphol ogy: Chroococcal es, Pl eurocapsales,
Oscill atorial es, Nostocales, or Stigonematales . [0382] In sone

enbodi nents, the source organismis an anaerobi c organi sm Anaerobic

organi sns can include, but are not limted to, obligate anaerobes,
facultatitive anaerobes, and aerotol erant anaerobes. Such organi sns can be
any of the organisns |isted above, bacteria, yeast, etc. In one enbodi nent,
t he obligate anaerobes can be any one or conbination selected fromthe
group consisting of Clostridiumljungdahlii, C ostridium autoethanogenum
Eur obacterium |i mosum C ostridi um carboxydi vorans, Peptostreptococcus
productus, and Butyribacterium nethylotrophicum It is to be understood
that any conbi nation of any of the source organi sns descri bed herein can be
used for other enbodinments of the invention. Exenplary Host Cells [0383] A
variety of host cells can be used to express isoprene synthase, DXS, |D
MWA pat hway, hydrogenase, hydrogenase maturati on and/or transcription
factor pol ypeptides and to co-produce isoprene and hydrogen in the nethods
descri bed herein. Exenplary host cells include cells fromany of the
organisnms listed in the prior section under the headi ng "Exenplary Source
Organisns. " The host cell may be a cell that naturally produces isoprene
or a cell that does not naturally produce isoprene. In sone enbodi nents,
the host cell naturally produces isoprene using the DXP pat hway, and an

i soprene synthase, DXS, and/or ID nucleic acid is added to enhance
production of isoprene using this pathway. In sonme enbodi nents, the host
cell naturally produces isoprene using the WA pat hway, and an isoprene
synt hase and/or one or nore MA pat hway nucl eic acids are added to enhance
production of isoprene using this



pat hway. I n sone enbodi nents, the host cell naturally produces isoprene
usi ng the DXP pat hway and one or nore MA pathway nucleic acids are added
to produce isoprene using partor all of the MVA pathway as well as the DXP
pat hway. I n sone enbodi nents, the host cell naturally produces isoprene
usi ng both the DXP and MVA pat hways and one or nore isoprene synthase, DXS,
I DI, or MVA pathway nucleic acids are added to enhance production of

i soprene by one or both of these pathways. [0384] In sonme enbodi nents, the
host cell naturally produces isoprene using both the DXP and MVA pat hways,
and one or nore isoprene synthase, DXS, 1D, or MWA pathway nucleic acids
are added to enhance production of isoprene by one or both of these

pat hways, one or nore hydrogenase nucleic acids are added to enhance

hydr ogen production and one or nore fermentation side product-producing
genes are inactivated or deleted to limt production of fernentation side
products. In sone enbodi nents, the host cell naturally co-produces isoprene
and hydrogen using both the DXP and MVA pat hways and one or nore isoprene
synt hase, DXS, 1D, or MA pathway nucleic acids are added to enhance
production of isoprene by one or both of these pathways, one or nore

hydr ogenase nucl ei ¢ acids are added to enhance hydrogen production, one or
nore fermentation side product-produci ng genes are inactivated or del eted
to limt production of fernentation side products, and one or nore hydrogen
reupt ake genes are inactivated or deleted to increase hydrogen production.
I n sone enbodi nents, the host cell naturally co-produces isoprene and

hydr ogen usi ng both the DXP and MVA pat hways and a hydrogenase, and one or
nore i soprene synthase, DXS, ID, or MVA pathway nucleic acids are added to
enhance production of isoprene by one or both of these pathways, one or
nor e hydrogenase nucl eic acids are added to enhance hydrogen producti on,
one or nore hydrogenase maturation nucleic acids are added to enhance

hydr ogen production, one or nore fernmentation side product-produci ng genes
are inactivated or deleted to limt production of fernmentation side
products, and one or nore hydrogen reuptake genes are inactivated or

del eted to i ncrease hydrogen production. In some enbodi nents, the host cel
natural |y co-produces isoprene and hydrogen using both the DXP and MWA

pat hways and one or nore isoprene synthase, DXS, IDI, or MA pat hway
nucl ei ¢ acids are added to enhance production of isoprene by one or both of
t hese pat hways, one or nore hydrogenase nucl eic acids are added to enhance
hydr ogen producti on, one or nore hydrogenase maturation nucleic acids are
added to enhance hydrogen production, one or nore transcription factor

nucl eic acids are added or inactivated or deleted to



enhance hydrogenase production, one or nore fernentation side
product - produci ng genes are inactivated or deleted to limt production of
fermentation side products, and one or nore hydrogen reuptake genes are

i nactivated or deleted to increase hydrogen production. Exenpl ary
Transformati on Met hods [0385] |soprene synthase, DXS, 1D, MWA pathway,
hydr ogenase, hydrogenase maturation and/or transcription factor nucleic
acids or vectors containing themcan be inserted into a host cell {e.g., a
plant cell, a fungal cell, a yeast cell, or a bacterial cell described
herei n) using standard techni ques for expression of the encoded isoprene
synt hase, DXS, I DI, MA pat hway, hydrogenase, hydrogenase maturati on and/ or
transcription factor polypeptide. Introduction of a DNA construct or vector
into a host cell can be perforned using techni ques such as transformtion,
el ectroporation, nuclear mcroinjection, transduction, transfection {e.g.,
| i pof ecti on nedi ated or DEAE-Dextrin nediated transfection or transfection
usi ng a reconbi nant phage virus), incubation with cal cium phosphate DNA
precipitate, high velocity bonbardment wi th DNA-coated mcroprojectiles,
and protoplast fusion. General transformation techniques are known in the
art {see, e.g., Current Protocols in Mlecular Biology (F. M Ausubel et
al. (eds) Chapter 9, 1987; Sanbrook et ah, Ml ecular Coning: A Laboratory
Manual , 2nd ed., Cold Spring Harbor, 1989; and Canpbell et al, Curr. Cenet.
16: 53-56, 1989, which are each hereby incorporated by reference in their
entireties, particularly with respect to transfornmation nethods). The
expressi on of heterol ogous pol ypeptide in Trichoderma is described in U S
Patent No. 6,022,725; U S. Patent No. 6,268,328, U S. Patent No. 7,262, 041,
WO 2005/ 001036; Harkki et al, Enzyme M crob. Technol. 13:227-233, 1991;

Har kki et al, Bio Technol 7:596-603, 1989; EP 244, 234; EP 215,594; and
Neval ai nen et al, The Ml ecul ar Biology of Trichoderma and its Application
to the Expression of Both Honol ogous and Het erol ogous Genes,"” in Ml ecul ar
I ndustrial Mycol ogy, Eds. Leong and Berka, Marcel Dekker Inc., NY pp. 129 -
148, 1992, which are each hereby incorporated by reference in their
entireties, particularly with respect to transfornmati on and expression

nmet hods). Reference is also made to Cao et al, {Sci. 9:991-1001, 2000; EP
238023; and Yelton et al, Proceedings. Natl. Acad. Sci. USA 81:1470-1474,
1984 (which are each hereby incorporated by reference in their entireties,
particularly with respect to transformati on nmethods) for transformation of
Aspergillus strains. The introduced nucleic acids nay be integrated into
chronosonmal DNA or nmi ntained as extrachronosomal replicating sequences.



[ 0386] Any nethod known in the art nay be used to select transformants. In
one non-limting exanple, stable transformants including an andS marker are
di stingui shed fromunstable transfornmants by their faster growth rate and
the formation of circular colonies with a snooth, rather than ragged
outline on solid culture nedium containing acetam de. Additionally, in some
cases a further test of stability is conducted by growi ng the transfornmants
on a solid nonselective nmedium (e.g., a nmediumthat |acks acetam de),
harvesting spores fromthis culture nmedium and determ ning the percentage
of these spores which subsequently germ nate and grow on sel ective nedi um
contai ning acetam de. [0387] In sone enbodi nents, fungal cells are
transforned by a process involving protoplast formati on and transformation
of the protoplasts foll owed by regeneration of the cell wall in a known
manner. I n one specific enbodi ment, the preparation of Trichoderma sp. for
transformation involves the preparation of protoplasts fromfungal nycelia
(see, Canpbell et al, Curr. Cenet. 16:53-56, 1989, which is incorporated by
reference in its entirety, particularly with respect to transformation

met hods). I n sonme enbodi nents, the nmycelia are obtained from germ nated
vegetative spores. The nycelia are treated wth an enzyne that digests the
cell wall resulting in protoplasts. The protoplasts are then protected by
the presence of an osnotic stabilizer in the suspendi ng medium These
stabilizers include sorbitol, mannitol, potassiumchloride, nagnesium
sulfate, and the like. Usually the concentration of these stabilizers
varies between 0.8 Mand 1.2 M It is desirable to use about a 1.2 M
solution of sorbitol in the suspension nedium [0388] Uptake of DNA into
the host Trichoderma sp. strain is dependent upon the cal ciumion
concentration. Cenerally, between about 10 mM Cad and 50 mM Cad is used
in an uptake solution. In addition to the calciumion in the uptake

sol ution, other conpounds generally included are a buffering system such as
TE buffer (10 MnTris, pH 7.4; 1nM EDTA) or 10 mM MOPS, pH 6.0 buffer

(nor phol i nepropanesul foni ¢ acid) and pol yet hyl ene glycol (PEG. Wil e not
intending to be bound to any particular theory, it is believed that the

pol yet hyl ene gl ycol acts to fuse the cell nenbranes, thus permtting the
contents of the mediumto be delivered into the cytoplasmof the
Trichoderma sp. strain and the plasmd DNA to be transferred to the

nucl eus. This fusion frequently |l eaves nultiple copies of the plasm d DNA
integrated into the host chronobsonme. [0389] Usually a suspension contai ning
the Trichoderma sp. protoplasts or cells that have been



subjected to a perneability treatnment at a density of 105 to 107/ nL (such
as 2 x 106/ nlL) are used in the transformati on. A volune of 100 nL of these
protoplasts or cells in an appropriate solution (e.g., 1.2 Msorbitol and
50 MM CaC ) are mixed with the desired DNA. Cenerally, a high
concentration of PEGis added to the uptake solution. FromO0.1 to 1 volune
of 25% PEG 4000 can be added to the protoplast suspension. In sone

enbodi ments, about 0.25 volunes are added to the protopl ast suspension.
Addi tives such as dinethyl sulfoxide, heparin, spermdine, potassium
chloride, and the like may al so be added to the uptake solution and aid
intransformation. Simlar procedures are available for other fungal host
cells (see, e.g., US. Patent Nos. 6,022,725 and 6, 268, 328, which are each
hereby incorporated by reference in their entireties, particularly with
respect to transformation nmethods). [0390] Cenerally, the mxture is then
cultured at approximately 00C for a period of between 10 to 30 m nutes.
Additional PEGis then added to the m xture to further enhance the uptake
of the desired nucleic acid sequence. The 25% PEG 4000 is generally added
in volumes of 5 to 15 tinmes the volune of the transformati on m xture;
however, greater and | esser volunes nay be suitable. The 25% PEG 4000 is
desirably about 10 tines the volunme of the transformation m xture. After
the PEG is added, the transformation m xture is then cultured either at
roomtenperature or on ice before the addition of a sorbitol and CaC
solution. The protoplast suspension is then further added to nolten
aliquots of a growth nedium Wen the growth nediumincludes a growh
selection (e.g., acetam de or an antibiotic) it permts the growth of
transformants only. [0391] The transformation of bacterial cells may be
performed according to conventional nethods, e.g., as described in Sanbrook
et ah, Mol ecular doning: A Laboratory Manual, Cold Spring Harbor, 1982,
which is hereby incorporated by reference in its entirety, particularly

Wi th respect to transformation nethods. Exenplary Cell Culture Media [0392]
Al so described herein is a cell or a population of cells in culture that
co- produce isoprene and hydrogen. By "cells in culture” is nmeant two or
nmore cells in a solution (e.g., a cell growh nmediun) that allows the cells
to undergo one or nore cell divisions. "Cells in culture” do not include
plant cells that are part of a living, multicellular plant containing cells
that have differentiated into plant tissues. In various enbodi nents, the
cell culture includes at |east or about 10, 20, 50, 100, 200, 500, 1,000,
5,000, 10,000 or nore cells.



[0393] By "cells in oxygen-limted culture” is neant two or nore cells in a
solution (e.g., a cell growth nediunm) that allows the cell to under go one
or nore cell divisions, wherein the solution contains a |limting anmount of
oxygen. The term "oxygen-limted culture” means that the culture is either
anoxi c or contains |less than the required anount of oxygen to support
respiration via the biological transfer of reducing equivalents to oxygen,
and al so enconpasses anaerobic cultures. Under oxygen-limted culture
conditions, some electrons derived from carbon metaboli smcannot be
accept ed because oxygen concentrations are too |low, causing cells to swtch
to hydrogen production if they conprise the appropriate netabolic pathways
for doingso. Oxygen-limted culture conditions occur when the oxygen
transfer rate ("OITR') is less than the oxygen uptake rate ("OUR') indicated
by di ssol ved oxygen concentrations of close to zero in culture nmedium

[ 0394] Any carbon source can be used to cultivate the host cells. The term
"carbon source" refers to one or nore carbon-containing conpounds capabl e
of being metabolized by a host cell or organism For exanple, the cel
medi um used to cultivate the host cells may include any carbon source
suitable for maintaining the viability or growing the host cells. [0395] In
sonme enbodi ments, the carbon source is a carbohydrate (such as
nmonosacchari de, di saccharide, oligosaccharide, or polysaccharides), invert
sugar (e.g., enzymatically treated sucrose syrup), glycerol, glycerine
(e.g., a glycerine byproduct of abiodi esel or soap-naking process),

di hydr oxyacet one, one-carbon source, oil (e.g., a plant or vegetable oi
such as corn, palm or soybean oil), animal fat, animal oil, fatty acid
(e.g., a saturated fatty acid, unsaturated fatty acid, or pol yunsaturated
fatty acid), lipid, phospholipid, glycerolipid, nonoglyceride, diglyceride,
triglyceride, polypeptide (e.g., a mcrobial or plant protein or peptide),
renewabl e carbon source (e.g., a bionmass carbon source such as a hydrol yzed
bi omass carbon source), yeast extract, conponent froma yeast extract,

pol ynmer, acid, alcohol, aldehyde, ketone, am no acid, succinate, |actate,
acetate, ethanol, or any conbination of two or nore of the foregoing. In
sonme enbodi ments, the carbon source is a product of photosynthesis,
including, but not limted to, glucose. [0396] Exenplary nonosacchari des

i ncl ude gl ucose and fructose; exenplary oligosaccharides include |actose
and sucrose, and exenpl ary pol ysaccharides include starch and cel |l ul ose.
Exenpl ary carbohydrates include C6 sugars (e.g., fructose, nannose,

gal act ose, or glucose) and C5 sugars (e.g., xylose or arabinose). In sone
enbodi nents, the cell mediumincludes a



carbohydrate as well as a carbon source other than a carbohydrate (e.g.,

gl ycerol, glycerine, dihydroxyacetone, one-carbon source, oil, animl fat,
animal oil, fatty acid, lipid, phospholipid, glycerolipid, nonoglyceride,
di gl yceride, triglyceride, renewabl e carbon source, or a conponent from a
yeast extract). In sone enbodi nents, the cell nediumincludes a
carbohydrate as well as a polypeptide (e.g., a mcrobial or plant protein
or peptide). In sonme enbodi nents, the microbial polypeptide is a

pol ypeptide fromyeast or bacteria. In sonme enbodi nents, the plant

pol ypeptide is a polypeptide fromsoy, corn, canola, jatropha, palm
peanut, sunflower, coconut, nustard, rapeseed, cottonseed, pal mkernel,
olive, safflower, sesame, or linseed. [0397] In sonme enbodi nents, the
concentration of the carbohydrate is at |east or about 5 grans per liter of
broth (g/L, wherein the volune of broth includes both the volune of the

cel | medi um and the volune of the cells), such as at |east or about 10, 15,
20, 30, 40, 50, 60, 80, 100, 150, 200, 300, 400, or more g/L. In sone
enbodi nents, the concentration of the carbohydrate is between about 50 and
about 400 g/L, such as between about 100 and about 360 g/L, between about
120 and about 360 g/L, or between about 200 and about 300 g/L. In sone
enbodi ments, this concentration of carbohydrate includes the total anount
of carbohydrate that is added before and/or during the culturing of the
host cells. [0398] In sonme enbodi nents, the cells are cultured under
limted glucose conditions. By "limted glucose conditions" is neant that

t he amount of glucose that is added is | ess than or about 105% (such as
about 100% of the amount of glucose that is consuned by the cells. In
particul ar enbodi nents, the anount of glucose that is added to the culture
medium i s approximately the sane as the anmount of glucose that is consuned
by the cells during a specific period of tinme. In some enbodi nents, the
rate of cell growth is controlled by limting the anobunt of added gl ucose
such that the cells grow at the rate that can be supported by the anount of
glucose in the cell nedium In sone enbodi nents, glucose does not

accurul ate during the tinme the cells are cultured. In various enbodi nents,
the cells are cultured under |imted glucose conditions for greater than or
about 1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, or 70 hours. In
various enbodi nents, the cells are cultured under |imted gl ucose
conditions for greater than or about 5, 10, 15, 20, 25, 30, 35, 40, 50, 60,
70, 80, 90, 95, or 100% of the total length of tine the cells are cultured.
While not intending to be bound by any particular theory, it is believed
that limted glucose conditions nay all ow nore favorable regulation of the
cells. [0399] In sone enbodinments, the cells are cultured in the presence
of an excess of glucose. In



particul ar enbodi nents, the anount of glucose that is added is greater than
about 105% (such as about or greater than 110, 120, 150, 175, 200, 250,

300, 400, or 500% or nore of the anmount of glucose that is consuned by the
cells during a specific period of tine. In sone enbodi nents, glucose
accunul ates during the tine the cells are cultured. [0400] Exenplary |ipids
are any substance containing one or nore fatty acids that are C4 and above
fatty acids that are saturated, unsaturated, or branched. [0401] Exenplary
oils are lipids that are liquid at roomtenperature. In sone enbodi nents,
the lipid contains one or nore C4 or above fatty acids (e.g., contains one
or nore saturated, unsaturated, or branched fatty acid with four or nore

carbons). In sonme enbodi nents, the oil is obtained fromsoy, corn, canol a,
j atropha, palm peanut, sunflower, coconut, nustard, rapeseed, cottonseed,
pal m kernel, olive, safflower, sesane, |inseed, ol eagi neous m crobi al

cells, Chinese tallow, or any conbination of two or nore of the
foregoi ng. [ 0402] Exenplary fatty acids include conpounds of the fornula
RCOCH, where "R' is a hydrocarbon. Exenplary unsaturated fatty acids

i ncl ude conmpounds where "R' includes at |east one carbon-carbon double
bond. Exenplary unsaturated fatty acids include, but are not limted to,

ol eic acid, vaccenic acid, linoleic acid, palmtoleic acid, and arachidonic
acid. Exenplary polyunsaturated fatty acids include conpounds where "R’
includes a plurality of carbon-carbon doubl e bonds. Exenplary saturated
fatty acids include conpounds where "R' is a saturated aliphatic group. In
sonme enbodi nents, the carbon source includes one or nore Cl2-C22 fatty
acids, such as a Cl2 saturated fatty acid, a C H saturated fatty acid, a C
saturated fatty acid, a Cl8 saturated fatty acid, a C20 saturated fatty
acid, or a C22 saturated fatty acid. In an exenplary enbodi nent, the fatty
acid is palmtic acid. In sone enbodi ments, the carbon source is a salt of
a fatty acid (e.g., an unsaturated fatty acid), a derivative of a fatty
acid (e.g., an unsaturated fatty acid), or a salt of a derivative of fatty
acid (e.g., an unsaturated fatty acid). Suitable salts include, but are not

limted to, lithiumsalts, potassiumsalts, sodiumsalts, and the like. D -
and triglycerols are fatty acid esters of glycerol. [0403] In sone
enbodi nents, the concentration of the lipid, oil, fat, fatty acid,

nonogl yceride, diglyceride, or triglyceride is at |east or about 1 gram per
liter of broth (g/L, wherein the volune of broth includes both the vol une
of the cell nediumand the volunme of the cells), such as at |east or about
5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 300, 400, or nmore g/L. In
sone enbodi nents, the concentration of the lipid, oil, fat, fatty acid,
nonogl yceri de, diglyceride, or



triglyceride is between about 10 and about 400 g/L, such as between about
25 and about 300 g/L, between about 60 and about 180 g/L, or between about
75 and about 150 g/L. In sone enbodi nents, the concentration includes the
total anmount of the lipid, oil, fat, fatty acid, nonoglyceride,

di glyceride, or triglyceride that is added before and/or during the
culturing of the host cells. In sone enbodi nents, the carbon source

i ncludes both (i) alipid, oil, fat, fatty acid, nonoglyceride,

di gl yceride, or triglyceride and (ii) a carbohydrate, such as glucose. In
sone enbodi nents, the ratio of the lipid, oil, fat, fatty acid,

nonogl yceride, diglyceride, or triglyceride to the carbohydrate is about
1:1 on a carbon basis (i.e., one carbon in the lipid, oil, fat, fatty acid,
nmonogl yceride, diglyceride, or triglyceride per carbohydrate carbon). In
particul ar enbodi nents, the anount of the lipid, oil, fat, fatty acid,

nonogl yceri de, diglyceride, or triglyceride is between about 60 and 180
g/L, and the anount of the carbohydrate is between about 120 and 360 g/L.

[ 0404] Exenpl ary mcrobial pol ypeptide carbon sources include one or nore
pol ypeptides from yeast or bacteria. Exenplary plant pol ypeptide carbon
sources include one or norepol ypeptides fromsoy, corn, canola, jatropha,
pal m peanut, sunflower, coconut, nustard, rapeseed, cottonseed, palm
kernel, olive, safflower, sesame, or |linseed. [0405] Exenplary renewabl e
carbon sources include cheese whey perneate, cornsteep |liquor, sugar beet
nol asses, barley malt, and conponents from any of the foregoing. Exenplary
renewabl e carbon sources al so include glucose, hexose, pentose and xyl ose
present in biomass, such as corn, sw tchgrass, sugar cane, cell waste of
fermentation processes, and protein by product fromthe mlling of soy,
corn, or wheat. In sone enbodi nents, the biomass carbon source is a

| i gnocel I ul osic, hemcellulosic, or cellulosic material such as, but are
not limted to, a grass, wheat, wheat straw, bagasse, sugar cane bagasse,
soft wood pul p, corn, corn cob or husk, corn kernel, fiber fromcorn
kernels, corn stover, switch grass, rice hull product, or a by-product from
wet or dry mlling of grains (e.g., corn, sorghum rye, triticate, barley,
wheat, and/or distillers grains). Exenplary cellulosic materials include
wood, paper and pul p waste, herbaceous plants, and fruit pulp. In sone
enbodi nents, the carbon source includes any plant part, such as stens,
grains, roots, or tubers. In some enbodinents, all or part of any of the
followi ng plants are used as a carbon source: corn, wheat, rye, sorghum
triticate, rice, mllet, barley, cassava, |egunes, such as beans and peas,
pot at oes, sweet potatoes, bananas, sugarcane, and/or tapioca. In sone
enbodi ments, the carbon source is a biomass hydrol ysate, such as a bi omass
hydrol ysate that includes both xylose and glucose or that includes both
sucrose and



gl ucose. [0406] In sone enbodi nents, the renewabl e carbon source (such as
bi omass) is pretreated before it is added to the cell culture nmedium In
sonme enbodi ments, the pretreatnment includes enzymatic pretreatnent,
chemical pretreatnent, or a conbination of both enzymatic and chemi ca
pretreatnent (see, for exanple, Farzaneh et ah, Bioresource Technol ogy 96
(18): 2014-2018, 2005; U.S. Patent No. 6,176,176; U S. Patent No.

6, 106, 888; which are each hereby incorporated by reference in their
entireties, particularly with respect to the pretreatnment of renewable
carbon sources). In sone enbodi nents, the renewabl e carbon source is
partially or conpletely hydrolyzed before it is added to the cell culture
medi um [0407] In sone enbodi nents, the renewabl e carbon source (such as
corn stover) undergoes amoni a fi ber expansi on (AFEX) pretreatnment before
it is added to the cell culture nedium (see, for exanple, Farzaneh et al

Bi or esource Technol ogy 96 (18): 2014-2018, 2005). During AFEX pretreatnent,
a renewabl e carbon source is treated with Iiquid anhydrous anmoni a at

noder ate tenperatures (such as about 60 to about 100 0C) and hi gh pressure
(such as about 250 to about 300 psi) for about 5 m nutes. Then, the
pressure is rapidly released. In this process, the conbi nedchem cal and
physi cal effects of lignin solubilization, hem cellul ose hydrolysis,

cellul ose decrystallization, and increased surface area enabl es near

conpl ete enzymatic conversion of cellulose and hem cellul ose to fernentable
sugars. AFEX pretreatnent has the advantage that nearly all of the ammonia
can be recovered and reused, while the remaining serves as nitrogen source
for m crobes in downstream processes. Al so, a wash streamis not required
for AFEX pretreatnent. Thus, dry matter recovery follow ng the AFEX
treatnent is essentially 100% AFEX is basically a dry to dry process. The
treated renewabl e carbon source is stable for |ong periods and can be fed
at very high solid loadings in enzymatic hydrolysis or fermentation
processes. Cellul ose and hem cellul ose are well preserved in the AFEX
process, with little or no degradation. There is no need for neutralization
prior to the enzymatic hydrolysis of a renewabl e carbon source that has
under gone AFEX pretreatnent. Enzymatic hydrolysis of AFEX-treated carbon
sources produces clean sugar streans for subsequent fernentation use.

[ 0408] In sone enbodi nents, the concentration of the carbon source (e.g., a
renewabl e carbon source) is equivalent to at |east or about 0.1, 0.5, 1,
1.5 2, 3, 4, 5, 10, 15, 20, 30, 40, or 50%glucose (wvVv). The equival ent
anount of glucose can be determ ned by using standard HPLC net hods with

gl ucose as a reference to neasure the anount of glucose generated fromthe



carbon source. In sone enbodi nents, the concentration of the carbon source
(e.g., a renewabl e carbon source) is equivalent to between about 0.1 and
about 20% gl ucose, such as between about 0.1 and about 10% gl ucose, between
about 0.5 and about 10% gl ucose, between about 1 and about 10% gl ucose,

bet ween about 1 and about 5% gl ucose, or between about 1 and about 2%

gl ucose. [0409] In sone enbodi nents, the carbon source includes yeast
extract or one or nore conponents of yeast extract. In some enbodi nents,
the concentration of yeast extract is at |east 1 gram of yeast extract per
liter of broth (g/L, wherein the volune of broth includes both the vol une
of the cell nediumand the volune of the cells), such at |east or about 5,
10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 300, or nore g/L. In sone
enbodi ments, the concentration of yeast extract is between about 1 and
about 300 g/L, such as between about 1 and about 200 g/L, between about 5
and about 200 g/L, between about 5 and about 100 g/L, or between about 5
and about 60 g/L. In sone enbodi nents, the concentration includes the total
amount of yeast extract that is added before and/or during the culturing of
the host cells. In sone enbodi nents, the carbon source includes both yeast
extract (or one or nore conponents thereof) and another carbon source, such
as glucose. In sone enbodinments, the ratio of yeast extract to the other
carbon source is about 1:5, about 1:10, or about 1:20 (w w).[0410]
Additionally the carbon source may al so be one-carbon substrates such as
carbon di oxi de, or nethanol. dycerol production from single carbon sources
(e.g., nethanol, fornal dehyde, or formate) has been reported in

nmet hyl ot rophi c yeasts (Yamada et al., Agric. Biol. Chem, 53(2) 541-543,
1989, which is hereby incorporated by reference inits entirety,
particularly with respect to carbon sources) and in bacteria (Hunter et.
al, Biochem stry, 24, 4148-4155, 1985, which is hereby incorporated by
reference in its entirety, particularly with respect to carbon sources).
These organi sns can assim |l ate single carbon conpounds, ranging in

oxi dation state from nethane to formate, and produce glycerol. The pat hway
of carbon assinilation can be through ribul ose nonophosphate, through
serine, or through xyl ul osenonophosphate (CGottschal k, Bacterial Metabolism
Second Edition, Springer-Verlag: New York, 1986, which is hereby
incorporated by reference in its entirety, particularly with respect to
carbon sources). The ribul ose nonophosphat e pat hway i nvol ves the
condensation of formate with ribul ose-5 -phosphate to forma six carbon
sugar that becones fructose and eventually the three carbon product

gl ycer al dehyde- 3 -phosphate. Likew se, the serine pathway assim |l ates the



one-carbon conpound into the glycol ytic pathway via

net hyl enet etrahydrofol ate. [0411] In addition to one and two carbon
substrates, nethylotrophic organisns are al so known to utilize a nunber of
ot her carbon cont ai ni ng conpounds such as net hyl am ne, glucosanm ne and a
variety of amno acids for netabolic activity. For exanple, nethylotrophic
yeast are known to utilize the carbon fromnethylamne to formtrehal ose or
glycerol (Bellion et al., Mcrob. Gowh O Conpd., [Int. Synp.], 7th ed.,
415-32. Editors: Murrell et al, Publisher: Intercept, Andover, UK, 1993,
which is hereby incorporated by reference in its entirety, particularly

Wi th respect to carbon sources). Simlarly, various species of Candida

nmet abol i ze al anine or oleic acid (Suiter et al., Arch. Mcrobiol. 153(5),
485-9, 1990, which is hereby incorporated by reference in its entirety,
particularly with respect to carbon sources). [0412] In sone enbodi nents,
cells are cultured in a standard nedi um cont ai ni ng physi ol ogi cal salts and
nutrients (see, e.g., Pourquie, J . et al., Biochem stry and Genetics of
Cel | ul ose Degradation, eds. Aubert et al., Academ c Press, pp. 71-86, 1988
and Ilnmen et al., Appl. Environ. Mcrobiol. 63:1298-1306, 1997, which are
each hereby incorporated by reference in their entireties, particularly
with respect to cell nedias). Exenplary growh nedia are conmon
comercially prepared nmedia such as Luria Bertani (LB) broth, Sabouraud
Dextrose (SD) broth, or Yeast medium (YM broth. Qher defined or synthetic
grom h nedia nmay al so be used, and the appropriate nmediumfor growth of
particul ar host cells are known by soneone skilled in the art of

m crobi ol ogy or fernmentation science.[0413] In addition to an appropriate
carbon source, the cell nmediumdesirably contains suitable mnerals, salts,
cofactors, buffers, and other conponents known to those skilled in the art
suitable for the gromh of the cultures or the enhancenent of i soprene
production (see, for exanple, WO 2004/033646 and references cited therein
and WO 96/ 35796 and references cited therein, which are each hereby

i ncorporated by reference in their entireties, particularly wth respect
cell nmedias and cell culture conditions). In sone enbodi nents where an

i soprene synthase, DXS, 1D, and/or MA pathway nucleic acid is under the
control of an inducible pronoter, the inducing agent (e.g., a sugar, netal
salt or antimcrobial), is desirably added to the nedium at a concentration
effective to induce expression of an isoprene synthase, DXS, |IDI, and/or
MWA pat hway pol ypeptide. In sone enbodi nents, cell nediumhas an antibiotic
(such as kanamycin) that corresponds to the antibiotic resistance nucleic
acid (such as a kananycin resistance nucleic acid) on a vector that has one
or nore DXS, 1D, or MVA pat hway nucl eic



acids. Exenplary Cell Culture Conditions [0414] Materials and nethods
suitable for the maintenance and gromh of bacterial cultures are well
known in the art. Exenplary techniques may be found in Manual of Methodsfor
General Bacteriology CGerhardt et ah, eds), Anerican Society for

M crobi ol ogy, Washington, D.C (1994) or Brock in Biotechnol ogy: A Textbook
of Industrial M crobiology, Second Edition (1989) Sinauer Associates, Inc.,
Sunder |l and, MA, which are each hereby incorporated by reference in their
entireties, particularly with respect to cell culture techniques. In sone
enbodi nents, the cells are cultured in a culture nmedi um under conditions
permtting the expression of one or nore isoprene synthase, DXS, |IDI, or
MVA pat hway pol ypepti des encoded by a nucleic acid inserted into the host
cells. [0415] Standard cell culture conditions can be used to culture the
cells (see, for exanple, WO 2004/ 033646 and references cited therein, which
are each hereby incorporated by reference in their entireties, particularly
with respect to cell culture and fernmentation conditions). Cells are grown
and mai ntai ned at an appropriate tenperature, gas mxture, and pH (such as
at about 200C to about 37C, at about 6% to about 84% CO, and at a

pHbet ween about 5 to about 9). In sone enbodinents, cells are grown at 35C
in an appropriate cell nmedium In sone enbodinments, e.g., cultures are
cultured at approximtely 280C in appropriate nmediumin shake cultures or
fermentors until the desired anount of isoprene and hydrogen co-production
is achieved. In sone enbodi nents, the pH ranges for fernentation are

bet ween about pH 5.0 to about pH 9.0(such as about pH 6.0 to about pH 8.0
or about 6.5 to about 7.0). Reactions nmay be performed under aerobic,
anoxi ¢, or anaerobic conditions based on the requirenents of the host

cells. In sone enbodi nents, the cells are cultured under oxygen-limted
conditions. In sonme enbodinments, the cells are cultured in the presence of
oxygen under conditions where 0.5 noles of oxygen are taken up per nole of

i soprene produced. In sone enbodi ments, the cells are cultured under
anaerobic conditions. Exenplary culture conditions for a given filanentous
fungus are known in the art and nay be found in the scientific literature
and/or fromthe source of the fungi such as the Anerican Type Culture

Col l ection and Fungal Genetics Stock Center. [0416] In various enbodi nents,
the cells are grown using any known node of fernentation, such as batch
fed-batch, or continuous processes. In sone enbodi nents, a batch nethod of
fermentation is used. O assical batch fernentation is a closed system where
t he conposition of



the nedia is set at the beginning of the fernmentation and is not subject to
artificial alterations during the fernentation. Thus, at the begi nning of
the fermentation the cell nmediumis inoculated with the desired host cells
and fermentation is permitted to occur adding nothing to the system

Typi cal ly, however, "batch" fernmentation is batch with respect to the

addi tion of carbon source and attenpts are often nmade at controlling
factors such as pH and oxygen concentration. In batch systens, the

nmet abol ite and bi omass conpositions of the system change constantly until
the tine the fernmentation is stopped. Wthin batch cultures, cells noderate
through a static |ag phase to a high gromh | og phase and finally to a
stationary phase where growh rate is dimnished or halted. In sone

enbodi ments, cells in | og phase are responsible for the bul k of the

i soprene production. In sonme enbodiments, cells in stationary phase produce
i soprene. [0417] In sone enbodi nents, a variation on the standard batch
systemis used, such as the Fed- Batch system Fed-Batch fernmentation
processes conprise a typical batch systemw th the exception that the
carbon source is added in increnments as the fernentati on progresses. Fed-
Batch systens are useful when catabolite repression is apt to inhibit the
met aboli sm of the cells and where it is desirable to have limted anmounts
of carbon source in the cell medium Fed-batch fernmentations may be
performed with the carbon source (e.g. , glucose) in alimted or excess
anount. Measurenent of the actual carbon source concentration in Fed-Batch
systens is difficult and is therefore estimated on the basis of the changes
of neasurabl e factors such as pH, dissolved oxygen, and the parti al
pressure of waste gases such as CO. Batch and Fed-Batch fernentations are
common and well known in the art and exanples may be found in Brock,

Bi ot echnol ogy: A Textbookof Industrial M crobiology, Second Edition (1989)
Si nauer Associ ates, Inc., which is hereby incorporated by reference inits
entirety, particularly with respect to cell culture and fernentation
conditions. [0418] In sone enbodi nents, continuous fernentation nethods are
used. Continuous fernentation is an open system where a defi ned
fermentation nmediumis added continuously to a bioreactor and an equal
amount of conditioned nediumis renoved sinultaneously for processing.

Conti nuous fernmentation generally maintains the cultures at a constant high
density where cells are primarily in | og phase growth. [0419] Conti nuous
fernmentation allows for the nodul ati on of one factor or any nunber of
factors that affect cell growth or isoprene production. For exanple, one
nmethod maintains a limting nutrient such as the carbon source or nitrogen
| evel at a fixed rate and allows all other



paranmeters to noderate. In other systens, a nunber of factors affecting
grom h can be altered continuously while the cell concentration (e.g., the
concentration neasured by nedia turbidity) is kept constant. Continuous
systens strive to maintain steady state growth conditions. Thus, the cel

| oss due to nedia being drawn off is balanced against the cell growth rate
in the fernentation. Methods of nodulating nutrients and growth factors for
continuous fernentation processes as well as techniques for nmaximzing the
rate of product formation are well known in the art of industrial

m crobi ol ogy and a variety of methods are detail ed by Brock, Biotechnol ogy:
A Text book of Industrial M crobiology, Second Edition (1989) Sinauer

Associ ates, Inc., which is hereby incorporated by reference inits
entirety, particularly with respect to cell culture and fernentation
conditions. [0420] In sone enbodinents, cells are imobilized on a
substrate as whole cell catalysts and subjected to fernentation conditions
for isoprene production. [0421] In sone enbodi nents, bottles of liquid
culture are placed in shakers in order to introduce oxygen to the liquid
and maintain the uniformty of the culture. In sone enbodi nents, an

i ncubator is used to control the tenperature, humdity, shake speed, and/or
ot her conditions in which a culture is grown. The sinplest incubators are

i nsul ated boxes with an adjustable heater, typically going up to ~65 0OC.
More el aborate incubators can also include the ability to | ower the
tenperature (via refrigeration), or the ability to control humdity or CO

| evel s. Most incubators include a timer; some can al so be programred to
cycle through different tenperatures, humdity levels, etc. Incubators can
vary in size fromtabletop to units the size of small roons. [0422] |f
desired, a portion or all of the cell nediumcan be changed to replenish
nutrients and/or avoid the build up of potentially harnful netabolic
byproducts and dead cells. In the case of suspension cultures, cells can be
separated fromthe nedia by centrifuging or filtering thesuspension culture
and then resuspending the cells in fresh nedia. In the case of adherent
cultures, the nedia can be renoved directly by aspiration and replaced. In
sone enbodi nents, the cell nmediumallows at |east a portion of the cells to
divide for at |east or about 5, 10, 20, 40, 50, 60, 65, or nore cel
divisions in a continuous culture (such as a continuous culture w thout
dilution). [0423] In sone enbodi nents, a constitutive or |eaky pronoter
(such as a Trc pronoter) is used and a conpound (such as IPTG is not added
to i nduce expression of the isoprene synthase, DXS, ID, or MA pat hway
nucl eic acid(s) operably linked to the pronpbter. In sone



enbodi nents, a conpound (such as IPTG is added to induce expression of the
i soprene synthase, DXS, ID, or MA pathway nucleic acid(s) operably |inked
to the pronoter. Exenplary Methodsfor Decoupling |Isoprene Productionfrom
Cell Gowmh [0424] Desirably, carbon fromthe feedstock is converted to

i soprene rather than to the grow h and mai ntenance of the cells. In sone
enbodi nents, the cells are grown to a low to nmedi um OD oo, then production
of isoprene is started or increased. This strategy permts a |large portion
of the carbon to be converted to isoprene. [0425] In some enbodi nents,
cells reach an optical density such that they no | onger divide or divide
extrenely slowy, but continue to nake isoprene for several hours (such as
about 2, 4, 6, 8, 10, 15, 20, 25, 30, or nore hours). For exanple, Figs.
60A-67C illustrate that cells may continue to produce a substantial anount
of mevalonic acid or isoprene after the cells reach an optical density such
that they no |l onger divide or divide extrenely slowy. In sone cases, the
optical density at 550 nm decreases over tine (such as a decrease in the
optical density after the cells are no longer in an exponential growth
phase due to cell lysis), and the cells continue to produce a substanti al
anount of nevalonic acid or isoprene. In sone enbodi nents, the optical
density at 550 nmof the cells increases by |less than or about 50% (such as
by |l ess than or about 40, 30, 20, 10, 5, or 0% over a certain tinme period
(such as greater than or about 5, 10, 15, 20, 25, 30, 40, 50 or 60 hours),
and the cells produce isoprene at greater than or about 1, 10, 25, 50, 100,
150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,250, 1,500,

1, 750, 2,000, 2,500, 3,000, 4,000, 5,000, or nore nnole of isoprene/gram of
cells for the wet weight of the cells/hour (nnole/gwcnhr) during this time
period. In sone enbodi nents, the anount of isoprene is between about 2 to
about 5,000 nnol e/ gwcm hr, such as between about 2 to about 100
nmol e/ gweni hr, about 100 to about 500 nnol e/ gwcm hr, about 150 to about 500
nnol e/ gwem / hr, about 500 to about 1,000 nnol e/ gwcn hr, about 1,000 to
about 2,000 nnol e/gwcm hr, or about2,000 to about 5,000 nnole/g wem hr. 1In
sonme enbodi nents, the anount of isoprene is between about 20 to about 5, 000
nmol e/ g wem hr, about 100 to about 5,000 nnole/g weni hr, about 200 to about
2,000 nnole/g weni hr, about 200 to about 1,000 nnole/g weni hr, about 300 to
about 1,000 nnole/g wenf hr, or about 400 to about 1,000 nnole/g wcm hr.
[0426] In sonme enbodi nents, the optical density at 550 nmof the cells

i ncreases by |l ess than or about 50% (such as by | ess than or about 40, 30,
20, 10, 5, or 0% over a certain time period (such as greater than or about
5, 10, 15, 20, 25, 30, 40, 50 or 60 hours), and the cells produce a



cunul ative titer (total anpunt) of isoprene at greater than or about 1, 10,
25, 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000,

1, 250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, 10,000, 50,000,
100, 000, or nore ng of isoprene/L of broth (ng/L broth, wherein the vol une
of broth includes the volunme of the cells and the cell nedium during this
time period. In sone enbodi nents, the anmount of isoprene is between about 2
to about 5,000 ng/L broth , such as between about 2 to about 100 ng/Lb
roth, about 100 to about 500 ny/Lbroth, about 500 to about 1,000 ng/Lbroth,
about 1,000 to about 2,000 ng/Lb roth, or about 2,000 to about 5, 000

ng/ Lbroth- I n sonme enbodi nents, the anmpbunt of isoprene is between about 20
to about 5,000 ng/Lb roth, about 100 to about 5,000 ng/L broth, about 200
to about 2,000 ng/L broth, about 200 to about 1,000 ny/Lbroth, about 300 to
about 1,000 ny/Lbroth, or about 400 to about 1,000 ng/Lbroth- [0427] In
sone enbodi nents, the optical density at 550 nmof the cells increases by

| ess than or about 50% (such as by |ess than or about 40, 30, 20, 10, 5, or
0% over a certain tine period (such as greater than or about 5, 10, 15,
20, 25, 30, 40, 50 or 60 hours), and the cells convert greater than or
about 0.0015, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0,
3.5, 4.0, 5.0, 6.0, 7.0, or 8.0%of the carbon in the cell culture nmedi um
into isoprene during this tinme period. In sone enbodi nents, the percent
conversion of carbon into isoprene is between such as about 0.002 to about
4.0% about 0.002 to about 3.0% about 0.002 to about 2.0% about 0.002 to
about 1.6% about 0.002 to about 0.005% about 0.005 to about 0.01% about
0.01 to about 0.05% about 0.05 to about 0.15% O0.15 to about 0.2% about
0.2 to about 0.3% about 0.3 to about 0.5% about 0.5 to about 0.8% about
0.8 to about 1.0% or about 1.0 to about 1.6% In sonme enbodi nments, the
percent conversion of carbon into isoprene is between about 0.002 to about
0.4% 0.002 to about 0.16% 0.04 to about 0.16% about 0.005 to about 0.3%
about 0.01 to about 0.3% or about 0.05 to about 0.3% [0428] In sone
enbodi ments, isoprene is only produced in stationary phase. In sone

enbodi ments, isoprene is produced in both the growh phase and stationary
phase. In variousenbodi nents, the amount of isoprene produced (such as the
total anmount of isoprene produced or the anount of isoprene produced per
liter of broth per hour per OD OO during stationary phase is greater than
or about 2, 3, 4, 5, 10, 20, 30, 40, 50, or nore tinmes the anount of

i soprene produced during the growmh phase for the sane length of tine. In
various enbodi nents, greater than or about 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 95, 99%or nore of the total amount of



i soprene that is produced (such as the production of isoprene during a
fermentation for a certain anmount of tinme, such as 20 hours) is produced
while the cells are in stationary phase. In various enbodi nents, greater

t han or about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 99%or nore of the
total anmount of isoprene that is produced (such as the production of

i soprene during a fernentation for a certain anount of time, such as 20
hours) is produced while the cells divide slowy or not at all such that
the optical density at 550 nmof the cells increases by |ess than or about
50% (such as by | ess than or about 40, 30, 20, 10, 5, or 0% . In sone
enbodi nents, isoprene is only produced in the growth phase. [0429] In sone
enbodi ments, one or nore MA pathway, 1D, DXP, or isoprene synthase

nucl eic acids are placed under the control of a pronoter or factor that is
nore active in stationary phase than in the growh phase. For exanple, one
or nore MVA pathway, |IDI, DXP, or isoprene synthase nucleic acids may be

pl aced under control of a stationary phase signma factor, such as RpoS. In
sone enbodi nents, one or nore MA pathway, IDI, DXP, or isoprene synthase
nucl eic acids are placed under control of a pronoter inducible in
stationary phase, such as a pronoter inducible by a response regul ator
active in stationary phase. Production of Isoprene within Safe Operating
Ranges [0430] The production of isoprene within safe operating |evels
according to its fiammbility characteristics sinplifies the design and
construction of commercial facilities, vastly inproves the ability to
operate safely, and limts the potential for fires to occur. In particular,
the optimal ranges for the production of isoprene are within the safe zone,
i.e., the nonflanmmabl e range of isoprene concentrations. In one such
aspect, described herein is a nethod for the production of isoprene within
t he nonfl anmabl e range of isoprene concentrations (outside the fiammbility
envel ope of isoprene). [0431] Thus, conputer nodeling and experi nment al
testing were used to determine the fiammbility imts of isoprene (such as
i soprene in the presence OGO ,N, CO, or any conbination of two or nore of
the foregoing gases) in order to ensure process safety. The fianmability
envel ope i s characterized by the lower fiammbility limt (LFL), theupper
flammability limt (UFL), the limting oxygen concentration (LOC), and the
limting tenperature. For a systemto be flamable, a m ni mum anount of
fuel (such as isoprene) nust be in the presence of a m ni num anmount of

oxi dant, typically oxygen. The LFL is the m ni num anount of isoprene that
must be present to sustain burning, while the UFL is the maxi num



anount of isoprene that can be present. Above this limt, the mxture is
fuel rich and the fraction of oxygen is too |ow to have a flamuabl e

m xture. The LOC indicates the m ninmum fraction of oxygen that nust al so be
present to have a flammable m xture. The limting tenperature is based on
the flash point of isoprene and is that |owest tenperature at which
conbustion of isoprene can propagate. These limts are specific to the
concentration of isoprene, type and concentration of oxidant, inerts
present in the system tenperature, and pressure of the system
Conmpositions that fall within the limts of the flammbility envel ope
propagat e conbustion and require additional safety precautions in both the
desi gn and operation of process equi pnent. [0432] The foll ow ng conditions
were tested using conputer simulation and mat hemati cal anal ysis and
experinmental testing. If desired, other conditions (such as other
tenperature, pressure, and permanent gas conpositions) may be tested using
t he met hods described herein to determne the LFL, UFL, and LCC
concentrations. (1) Conputer sinulation and mat hematical analysis TestSuite
1: isoprene: O W% - 14 wt% O2: 6 Wwt%- 2 1 W% N2: 79 W% - 94 wt %
TestSuite 2: isoprene: O % - 14 % O2: 6 W% - 2 1 W% N2: 79 wt% - 94
wt % Saturated with H2O TestSuite 3: isoprene: OM% - 14 W% 2: 6 wt%- 2 1
WwoN2: 79 W% - 94 wt% CO2: 5 wt% - 30 wt% (2) Experinental testing for
final determnation of flammability limts TestSuite 1: isoprene: 0 w % -
14 wt% Q2: 6 WM%- 2 1 W%



N2: 79 wt% - 94 wt % TestSuite 2: isoprene: O wt%- 14 wt% Q2: 6 wt%- 2 1
W% N2: 79 W% - 94 wt % Saturated with H20 [0433] Sinul ati on software was
used to give an estinate of the flammbility characteristics of the system
for several different testing conditions. CO2 showed no significant affect
on the systemis flammbility Iimts. Test suites 1 and 2 were confirnmed by
experinental testing. The nodeling results were in-line with the
experinmental test results. Only slight variations were found with the
addition of water. [0434] The LOC was determ ned to be 9.5 vol % for an

i soprene, 2, N2, and CO2 m xture at 400C and 1 atnosphere. The addition of
up to 30% C2 did not significantly affect the flammability characteristics
of an isoprene, @2, and N2 m xture. Only slight variations in flanmability
characteristics were shown between a dry and water saturated isoprene, Q2
and N2 system The limting tenperature is about -54 O0C. Tenperatures bel ow
about -54 0C are too |low to propagate conbustion of isoprene. [0435] In
sonme enbodi nents, the LFL of isoprene ranges fromabout 1.5 vol.%to about
2.0 vol % and the UFL of isoprene ranges fromabout 2.0 vol.%to about 12.0
vol . % depending on the amobunt of oxygen in the system In sone

enbodi nents, the LOC is about 9.5 vol % oxygen. In sone enbodi nents, the LFL
of isoprene is between about 1.5 vol.%to about 2.0 vol % the UFL of

i soprene i s between about 2.0 vol.%to about 12.0 vol.% and the LOCis
about 9.5 vol %oxygen when the tenperature is between about 25 0C to about
55 0C (such as about 40 0C) and the pressure is between about 1 atnosphere
and 3 at nospheres. [0436] In some enbodi nents, isoprene is produced in the
presence of |ess than about 9.5 vol % oxygen (that is, below the LOC
required to have a flammble m xture of isoprene). In sonme enbodi nents in
whi ch isoprene is produced in the presence of greater than or about 9.5

vol % oxygen, the isoprene concentration is below the LFL (such as bel ow
about 1.5 vol.% . For exanple, the anobunt of isoprene can be kept bel ow the
LFL by diluting the isoprene conposition wiwth an inert gas (e.g., by
continuously or periodically adding an inert gas such as nitrogen to keep
the i soprene conposition below the LFL). In sonme enbodi nents in which



i soprene is produced in the presence of greater than or about 9.5 vol %
oxygen, the isoprene concentration is above the UFL (such as above about 12
vol . % . For exanple, the anobunt of isoprene can be kept above the UFL by
using a system (such as any of the cell culture systens descri bed herein)

t hat produces isoprene at a concentration above the UFL. If desired, a
relatively low |l evel of oxygen can be used so that the UFL is al so
relatively low. In this case, a |ower isoprene concentration is needed to
remai n above the UFL. [0437] In sone enbodinments in which isoprene is
produced in the presence of greater than or about 9.5 vol % oxygen, the

i soprene concentration is within the flanmability envel ope (such as between
the LFL and the UFL). In sonme enbodi ments when the isoprene concentration
may fall within the flammability envel ope, one or nore steps are perforned
to reduce the probability of a fire or explosion. For exanple, one or nore
sources of ignition (such as any materials that may generate a spark) can
be avoided. In sonme enbodi nents, one or nore steps are performed to reduce
t he amount of time that the concentration of isoprene remains within the
flammability envel ope. In sone enbodi nents, a sensor is used to detect when
the concentration of isoprene is close to or within the flanmability

envel ope. If desired, the concentration of isoprene can be neasured at one
or nore tinme points during the culturing of cells, and the cell culture
conditions and/or the anount of inert gas can be adjusted using standard
nmet hods if the concentration of isoprene is close to or wthin the
flammability envel ope. In particul ar enbodi nents, the cell culture
conditions (such as fernentation conditions) are adjusted to either
decrease the concentration of isoprene below the LFL or increase the
concentration of isoprene above the UFL. In sone enbodi nents, the anount of
i soprene is kept below the LFL by diluting the isoprene conposition with an
inert gas (such as by continuously or periodically adding an inert gas to
keep the isoprene conposition below the LFL).[0438] In some enbodi nents,

t he anobunt of flanmable volatiles other than isoprene (such as one or nore
sugars) is at |east about 2, 5, 10, 50, 75, or 100-fold less than the
anount of isoprene produced. In sone enbodi nents, the portion of the gas
phase ot her than isoprene gas conprises between about 0% to about 100%

(vol une) oxygen, such as between about 0%to about 10% about 10%to about
20% about 20%to about 30% about 30%to about 40% about 40%to about
50% about 50% to about 60% about 60%to about 70% about 70%to about
80% about 90% to about 90% or about 90%to about 100% (vol une) oxygen. In
sone enbodi nents, the portion of the gas phase other than isoprene gas
conpri ses between about 0% to about 99%



(volume) nitrogen, such as between about 0% to about 10% about 10%to
about 20% about 20%to about 30% about 30%to about 40% about 40%to
about 50% about 50%to about 60% about 60%to about 70% about 70%to
about 80% about 90%to about 90% or about 90%to about 99% (vol une)
nitrogen. [0439] In some enbodi nents, the portion of the gas phase ot her

t han i soprene gas conpri ses between about 1% to about 50% (vol une) CO ,
such as between about 1% to about 10% about 10%to about 20% about 20%to
about 30% about 30%to about 40% or about 40%to about 50% (vol une) CQO2.

[ 0440] In sonme enbodi nents, an isoprene conposition also contains ethanol.
For exanple, ethanol nay be used for extractive distillation of isoprene,
resulting in conmpositions (such as internedi ate product streans) that

i ncl ude both ethanol and isoprene. Desirably, the anount of ethanol is
outside the flammability envel ope for ethanol. The LOC of ethanol is about
8.7 vol% and the LFL for ethanol is about 3.3 vol % at standard conditions,
such as about 1 atnosphere and about 60 F (NFPA 69 Standard on Expl osion
Preventi on Systens, 2008 edition, which is hereby incorporated by reference
inits entirety, particularly with respect to LOC, LFL, and UFL values). In
sone enbodi nents, conpositions that include isoprene and et hanol are
produced in the presence of less than the LOC required to have a flamuabl e
m xture of ethanol (such as |ess than about 8.7%vol % . In some enbodi nents
i n which conpositions that include isoprene and ethanol are produced in the
presence of greater than or about the LOC required to have a fl anmabl e

m xture of ethanol, the ethanol concentration is below the LFL (such as

| ess than about 3.3 vol.%. [0441] In various enbodi nents, the anount of

oxi dant (such as oxygen) is below the LOC of any fuel in the system (such
as isoprene or ethanol). In various enbodi nents, the anount of oxi dant
(such as oxygen) is |less than about 60, 40, 30, 20, 10, or 5% of the LOC of
i soprene or ethanol. In various enbodi nents, the anount of oxidant (such as
oxygen) is less than the LOCof isoprene or ethanol by at least 2, 4, 5, or
nore absol ute percentage points (vol %. In particular enbodi nents, the
anount of oxygen is at |east 2 absolute percentage points (vol % |ess than
the LOC of isoprene or ethanol (such as an oxygen concentration of |ess
than 7.5 vol % when the LOC of isoprene is 9.5 vol%. In various

enbodi nents, the anount of fuel (such as isoprene or ethanol) is |ess than
or about 25, 20, 15, 10, or 5%of the LFL for that fuel. H gh Efficiency
Production and Recovery of |Isoprene, a Volatile Hydrocarbon, by

Fer ment ati on



[ 0442] Met hods are provided herein of producing isoprene conprising a)
culturing cells under suitable conditions for production of isoprene; and
b) producing isoprene, wherein the liquid phase concentration of isoprene
is less than about 200 ng/L. In sone enbodinments, the |iquid phase
concentration of isoprene in the culture is | ess than about any of 175
ng/L, 150 ng/L, 125 ng/L, 100 ng/L, 75 ng/L, 50 ng/L, 25 mg/L, 20 ng/L, 15
ng/L, 10 ng/L, 5 ng/L, or 2.5 ng/L. In some enbodi nents, the liquid phase
concentration of isoprene in culture is between about any of 0.1 ng/L to
200 ng/L, 1 ng/L to 200 nmy/L, 1 ng/L to 150 ny/L, 1 ng/L to 100 ng/L, 1
ng/L to 50 ng/L, 1 ng/L to 25 ng/L, 1 ng/L to 20 ng/L, or 10 ng/L to 20
ng/ L. In sone enbodi nents, the isoprene produced is any concentration or
amount di sclosed in the section entitled "Exenplary Production of

| soprene.” In sone enbodi ments, the liquid phase concentration is bel ow the
solubility limt of isoprene. [0443] In sone enbodi nents of the nethods,
the cells produce greater than about 400 nnol e/ gwecni hour of isoprene. In
sone enbodi nents, the anount of isoprene is between about any of 400

nnol e/ g wem hour to 1 nol e/ gwen hour, 400 nnole/g wenl hour to 1

nmol e/ gwent hour, 400 nnol e/ gwenf hour to 40 mol e/ gwem hour, 400 nnol e/ g
wenl hour to 4 mol e/ gwernt hour, 1 mmol e/ gwem hour to 1.5 muol e/ gwent hour,
1.5 mol e/ gwenf hour to 3 mml e/ g weni hour, 3 mmol e/ gwend hour to 5

mol e/ gwen hour, 5 mol e/ gwenf hour to 25 mmol e/ gwent hour, 25

nmol e/ gwent hour to 100 mmol e/ gwenml hour, 100 mmol e/ gwenm hour to 500

nmol e/ gweni hour, or 500 nmol e/ gweni hour to 1000 mmol e/ gwent hour. I n sone
enbodi ments, the anmount of isoprene is about any of 1 mmle/gwcm hour, 1.5
mol e/ gweni hour, 2 mol e/ gwent hour, 3 mmol e/ gwem hour, 4 nmol e/ gwenl hour,
or 5 mmol e/ gwcnl hour. [0444] The | ow value for Henry's coefficient (in M
atm 1 units) nmeans that isoprene can be recovered fromfernentation broth
by gas stripping at |ow sparging rates, for exanple 0.01 vvmto 2 vvm In
sone enbodi nents, the gas sparging rate is between about any of 0.1 vvmto
1 vwvm 0.01 vwmto 0.5 vwvm 0.2 wmto 1 vvm or 0.5 vvmto 1 vvm I|n sone
enbodi ments, the gas sparging rate is about any of 0.1 vvm 0.25 vvm 0.5
vvm 0.75 vvm 1 vvm 1.25 vvm 1.5vvm 1.75 vvm or 2 vvm |n sone

enbodi nents, the |ow sparging rates are maintained for the entire course of
the fernmentation run, during growth phase, or during stationary phase. In
sonme enbodi ments, the | ow sparging rates are naintained for between about
any of 1 hour to 5 hours, 5 hours to 10 hours, 10 hours to 20 hours, 20
hours to 30 hours, 30 hours to 40 hours, 40 hours to 50 hours, or 50 hours
to 60 hours. The | ower desirable gas sparge |imt is defined by the point



at which the aqueous phase beconmes saturated with isoprene and a |iquid
organi ¢ phase forns. This can only occur bel ow the boiling point of

i soprene (34.1 0C at 1 atn), above which a liquid isoprene phase will never
form At tenperatures below the boiling point of isoprene, the formation of
a liquid phase is determi ned by the aqueous solubility of isoprene, which
is approximately 650 ng/L at 25 0C. Wiile it is highly desirable to avoid
the formation of a liquid isoprene phase, it is not absolutely required
provided that the cells can tolerate the presence of liquid isoprene

W thout toxic effects. [0445] In sone enbodi nents, the oxygen, CO, and

i soprene are any of the anobunts or concentrations discussed in the section
entitled "Production of |Isoprene with Safe Operating Ranges." In sone
enbodi nents, all the oxygen is consuned by the cells while maintaining
fully aerobic nmetabolism In sonme enbodi nents, an excess of oxygen is used
in order to satisfy the oxygen demands of the cells. Desirable ranges of
oxygen in the off-gas are less than 20% or less than 15%or |ess than 10%
(v/v). Levels of oxygen belowthe limting oxygen concentration required
for conbustion of isoprene (9.5%v/v at 1 atm) are particularly desirable.
In sonme enbodi nents, oxygen-enriched air is utilized wth the purpose of
allowing mnimal gas sweep rates while satisfying the cellular oxygen
demand. In sone enbodi ments, the portion of the gas phase of the gas sweep
conprises between about 0.1%to about 10% about 10%to about 20% or about
20% t o about 30% (vol une) oxygen. In sone enbodi nents, isoprene
fermentations are perfornmed under high pressure in order mnimze the
amount of excess oxygen required to maintain the required dissolved oxygen
l evels in the liquid phase. [0446] In sone enbodi nents, the reduction of
the gas sweep rate through the fernentor is advantageous for an integrated
i soprene production process in that such conditions enrich the off-gas

i soprene |l evels up to about 30,000 ng/L (about 1% v/v) w thout adversely
affecting the physiology of the cells. [0447] In some enbodi nents, reduced
gas-sparge rates do not significantly adversely affect the physiol ogy of
the cells. In some enbodi ments, the carbon di oxide evolution rate of cells
in culture with reduced gas-sparge rates is between about any of 1 x 10 18
mrol / L/ hour to about 1 nol/L/hour, 1 mmol/L/hour to 1 nol/L/hour, 25
mol / L/ hour to 750 mmol / L/ hour, 25mmol/L/hour to 75 mmol /L/ hour, 250
mrol / L/ hour to 750 nmol /L/ hour, or 450 mol /L/ hour to 550 mmol/L/hour. In
sonme enbodi nents, the carbon dioxide evolution rate is about any of 50
mrol / L/ hour, 100 mmol / L/ hour, 150 mmol / L/ hour, 200 mol /L/hour, 250
mol / L/ hour, 300



mol / L/ hour, 350 mmol / L/ hour, 400 mmol / L/ hour, 450 mol/L/hour, or 500
nmmol / L/ hour. In sone enbodinents, cell viability with reduced gas-sparge
rates is reduced by | ess than about any of 1.75-fold, 1.5-fold, 1.25-fold,
1-fold, 0.75-fold, 0.5-fold, or 0.25-fold. In sonme enbodi nents, cel
viability with reduced gas-sparge rates is reduced by about 2-fold. In sone
enbodi nents, cell viability with reduced gas-sparge rates of a cel
expressing a MA pat hway and/ or DXP pat hway RNA and/or protein from one or
nore of a heterol ogous and/or duplicate copy of a MVA pat hway and/ or DXP
pat hway nucleic acid is conpared to a control cell |acking one or nore of a
het er ol ogous and/or duplicate copy of a MVA pat hway and/ or DXP pat hway
nucleic acid with reduced gas-sparge rates. In sonme enbodi nents, cel
viability with reduced gas-sparge rates of a cell expressing a MVA pat hway
and/ or DXP pat hway RNA and/or protein fromone or nore of a heterol ogous
and/ or duplicate copy of a MVA pat hway and/ or DXP pat hway nucl eic acid
under the control of an inducible pronoter, wherein the pronotor is

i nduced, is conpared to a control cell containing one or nore of a

het er ol ogous and/ or duplicate copy of a MVA pat hway and/or DXP pat hway
nucl ei ¢ acid under the control of an inducible pronoter, wherein the
pronotor is not induced (uninduced) with reduced gas-sparge rates. In sone
enbodi nents, the inducible pronoter is a beta-gal act osi dase pronotor.

[0448] In sone enbodi nents, the fernentation of a genetically nodified host
organi smthat converts at |east 5% of the total carbon consuned by the
organisminto a volatile, unsaturated hydrocarbon. In sone enbodi nents, the
production of an unsaturated hydrocarbon at such a rate as to be present in
the fernmentation off-gas at a | evel of at |east about any of 100 ng/L, 500
ng/ L, 1000 ng/L, 2, 500 ng/L, 5,000 ng/L, 7,500 nmg/L, or 10,000 ny/L.

[ 0449] In sone enbodi nents, the unsaturated hydrocarbon is recovered from
the off-gas streamin a manner that is suited to high-rates of production,
whi ch correspond to concentrations in the off-gas of at |east about any of
100 ng/L, 500 ngy/L, 1000 ng/L, 2,500 ng/L, 5,000 ng/L, 7,500 ny/L, or
10,000 ng/L. In sone enbodi nents, the continuous extraction and recovery of
an unsaturated hydrocarbon fromthe fernmentation off-gas in particul ar at

| ow gas sweep rates such that the resulting off-gas is enriched in the

vol atil e conponent of interest. In sonme enbodi nents, recovery of the

vol ati |l e hydrocarbon by nethods that depend on el evated concentrations of
the volatile. For exanple, efficient capture of isoprene in fernentation

of f-gas through the use of conpression/condensation or extractive
distillation technol ogies. Also contenplated is the use ofactivated carbon
cartridges in addition to silica gel adsorbants, desorption and
concentration of



i soprene from carbon cartridges, and/or construction and fernentation of
host organi sns such as E. coli strains that can convert about 5% or nore of
t he gl ucose substrate to isoprene and result in off-gas concentrations of
greater than about 15,000 ng/L isoprene. Recovery nethods include any of

t he net hods descri bed herein. [0450] Al so provided herein are nethods of
produci ng a conpound, wherein the conpound has one or nore characteristics
selected fromthe group consisting of (a) a Henry's |aw coefficient of |ess
t han about 250 Matmand (b) a solubility in water of |ess than about 100
g/L. In sone enbodi nents, the nethod conprises: a) culturing cells under

sui tabl e conditions for production of the conpound, wherein gas is added
(such as the addition of gas to a system such as a fernentation systen) at
a gas sparging rate between about 0.01 vvmto about 2 vvm and b) producing
t he conpound. [0451] In sone enbodi nents, the anmount of the conpound that
partitions into the cell mass is not included in the liquid phase
solubility values. In sonme enbodi nents, the liquid phase concentration is
bel ow the solubility limt of conpound. [0452] In sone enbodi nents, the
conpounds can be continuously recovered fromfernentation broth by gas
stripping at noderate to | ow gas sparging rates, in particular those
conmpounds with Henry's | aw coefficients of about any of |ess than 250
Matm 200 Matm 150 Matm 100 Matm 75 Matm 50 Matm 25 Matm 10
Matm 5 Matm or 1 Matm Exanples include al dehydes such as acet al dehyde
(15 Matm, ketones such as acetone (30 Matm or 2- butanone (20 Matn),
or al cohol s including nmethanol (220 Matn), ethanol (200 Matm, 1- butanol
(120 Matnm) or C5 al cohols including 3-nethyl-3-buten-I1-o0l, and

3-nmet hyl -2-buten-1-0ol (50- 100 Matm. Esters of alcohols generally have

| ower Henry's constants than the respective al cohols, for exanple ethyl
acetate (6-9 Matm or the acetyl esters of C5 alcohols (<5

M at ) . Conpounds with Henry's | aw coefficients of less than 1 Matm are
particul arly desirable. Exanples include hemterpenes, nonoterpenes, or
sesqui terpenes, in addition to other hydrocarbons such as C to C5

hydr ocarbons (e.g., nethane, ethane, ethylene, or propylene). In sone
enbodi nents, the hydrocarbons such as C to C5 hydrocarbons are saturated,
unsaturated, or branched. [0453] In general, there is a correlation between
Henry's |l aw coefficient and water solubility in that conpounds with very

| ow coefficients are sparingly soluble in water (substantially water



i nsoluble). Although volatiles with infinite solubilities in water (e.g.
acetone or ethanol) can berenoved by gas stripping, desirable solubility
limts are | ess than about any of 100 g/L, 75 g/L, 50 g/L, 25 g/L, 10 g/L,
5 g/L, or Ig/L. [0454] In sone enbodi nents of any of the nethods of
produci ng any of the conpounds descri bed above, the gas sparging rate is
bet ween about any of 0.1 vwmto 1 vwvm 0.2 vwvmto 1 vvm or 0.5 vvmto 1
vvm | n sone enbodi nents, the gas sparging rate is about any of 0.1 vvm
0.25 vwvm 0.5 vwm O0.75 vwvm 1 vvm 1.25 vwm 1.5 vwm 1.75 vvm or 2 vvm
In sonme enbodi nents, the | ow sparging rates are nmaintained for the entire
course of the fernentation run, during growh phase, or during stationary
phase. In sone enbodi ments, the |ow sparging rates are naintained for

bet ween about any of 1 hour to 5 hours, 5 hours to 10 hours, 10 hours to 20
hours, 20 hours to 30 hours, 30 hours to 40 hours, 40 hours to 50 hours, or
50 hours to 60 hours. [0455] Any of the systens described herein can be
used in the nethods of producing a conmpound descri bed above. Standard

met hods woul d be used to purify such as those described in the section
entitled "Exenplary Purification Methods." Separation can be perforned
postrecovery for exanple, by distillation or selective adsorption

t echni ques. Exenpl ary Production of Bi ol soprene [0456] In sone enbodi nents,
the cells are cultured in a culture nediumunder conditions permtting the
production of isoprene by the cells. [0457] By "peak absol ute productivity"
is meant the maxi mum absol ute anount of isoprene in the off-gas during the
culturing of cells for a particular period of time {e.g., the culturing of
cells during a particular fernmentation run). By "peak absolute productivity
time point" is neant the time point during a fernentation run when the
absol ute anount of isoprene in the off-gas is at a maxi nrum during the
culturing of cells for a particular period of time {e.g., the culturing of
cells during a particular fernentation run). In sone enbodi nents, the

i soprene anmount is neasured at the peak absolute productivity time point.
In sone enbodi nents, the peak absol ute productivity for the cells is about
any of the isoprene anounts disclosed herein. [0458] By "peak specific
productivity" is meant the maxi num anount of isoprene produced per cel
during the culturing of cells for a particular period of tine {e.g., the
culturing of cells during a particular fernentation run). By "peak specific
productivity time point” is nmeant the tine point during the culturing of
cells for a particular period of tinme {e.g., the culturing of cells during
a particular fernmentation run) when the anount of isoprene produced per
cell is at a



maxi mum The peak specific productivity is determned by dividing the total
productivity by the amount of cells, as determ ned by optical density at
600nm (OD OO - In sonme enbodi ments, theisoprene anount is nmeasured at the
peak specific productivity tinme point. In sone enbodi nents, the peak
specific productivity for the cells is about any of the isoprene anounts
per cell disclosed herein. [0459] By "peak volunetric productivity"” is
meant the maxi mum anmount of isoprene produced per volune of broth
(including the volume of the cells and the cell nediun) during the
culturing of cells for a particular period of tine (e.g., the culturing of
cells during a particular fernentation run). By "peak specific volunetric
productivity time point” is nmeant the tine point during the culturing of
cells for a particular period of tinme (e.g., the culturing of cells during
a particular fernmentation run) when the anount of isoprene produced per
volunme of broth is at a maxi mum The peak specific volunetric productivity
is determned by dividing the total productivity by the volune of broth and
anount of tine. In sone enbodinents, the isoprene anmobunt is neasured at the
peak specific volunetric productivity tinme point. In some enbodi nents, the
peak specific volunetric productivity for the cells is about any of the

i soprene amounts per volune per tine disclosed herein. [0460] By "peak
concentration” is neant the maxi num anount of isoprene produced during the
culturing of cells for a particular period of tine (e.g., the culturing of
cells during a particular fernentation run). By "peak concentration tine
point” is meant the tinme point during the culturing of cells for a
particular period of time (e.g., the culturing of cells during a particular
fermentati on run) when the anount of isoprene produced per cell is at a
maxi mum I n sone enbodi nents, the isoprene anount is neasured at the peak
concentration tinme point. In some enbodi nents, the peak concentration for
the cells is about any of the isoprene amobunts disclosed herein. [0461] By
"average volunetric productivity” is neant the average anount of isoprene
produced per volunme of broth (including the volunme of the cells and the
cell mediun) during the culturing of cells for a particular period of tine
(e.g., the culturing of cells during a particular fernentation run). The
average volunetric productivity is determ ned by dividing the total
productivity by the volunme of broth and anmobunt of tine. In sone

enbodi ments, the average specific volunetric productivity for the cells is
about any of the isoprene anounts per volume per tinme disclosed herein.



[0462] By "cunul ative total productivity" is neant the cunul ative, total
anount of isoprene produced during the culturing of cells for a particular
period of time (e.g., the culturing of cells during a particular
fermentation run). In sone enbodi nents, the cunul ative, total anount

of i soprene is nmeasured. In sone enbodi nents, the cunulative tota
productivity for the cells is about any of the isoprene anounts disclosed
herein. [0463] As used herein, "relative detector response” refers to the
rati o between the detector response (such as the GO Ms area) for one
conpound (such as isoprene) to the detector response (such as the GO M5
area) of one or nore conpounds (such as all C5 hydrocarbons). The detector
response nay be neasured as described herein, such as the GO M5 anal ysi s
performed with an Agilent 6890 GO/ M5 systemfitted with an Agil ent HP-5NM5
GC/ M5 colum (30 mx 250 mm 0.25 mmfilmthickness). If desired, the
relative detector response can be converted to a wei ght percentage using
the response factors for each of the conpounds. This response factor is a
measure of how much signal is generated for a given anount of a particul ar
conpound (that is, how sensitive the detector is to a particular conpound).
This response factor can be used as a correction factor to convert the

rel ati ve detector response to a wei ght percentage when the detector has
different sensitivities to the conmpounds being conpared. Alternatively, the
wei ght percentage can be approxi mated by assum ng that the response factors
are the sane for the conpounds being conpared. Thus, the wei ght percentage
can be assunmed to be approximtely the sane as the relative detector
response. [0464] In sonme enbodi nents, the cells in culture produce isoprene
at greater than or about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500,
600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000,
5, 000, 10,000, 12,500, 20,000, 30,000, 40,000, 50,000, 75,000, 100, 000,
125, 000, 150, 000, 188,000, or nmore nnole of isoprene/gramof cells for the
wet weight of the cells/hour (nnole/gwenihr). In sonme enbodi nents, the
anount of isoprene is between about 2 to about 200, 000 nnol e/ gwent hr, such
as between about 2 to about 100 nnole/g wenf hr, about 100 to about 500
nmol e/ gwent hr, about 150 to about 500 nnole/gwem /hr, about 500 to about

1, 000 nnol e/ gweni hr, about 1,000 to about 2,000 nnol e/ gwcnl hr, or about
2,000 to about 5,000 nnole/gwen hr, about 5,000 to about 10,000
nnmol e/ gweni hr, about 10,000 to about 50, 000 nnol e/ gwecni hr, about 50,000 to
about 100, 000 nnol e/ gweni hr, about 100, 000 to about 150, 000 nnol e/ gweni hr,
or about 150,000 to about 200, 000 nnole/gwcn hr. In sone enbodi nents, the
anount of isoprene is between about 20 to about 5,000 nnol e/ gwenm hr, about
100 to about 5,000



nnol e/ gwenl hr, about 200 to about 2,000 nnol e/ gwcm hr, about 200 to about
1,000 nnole/g wem hr, about 300 to about 1,000 nnol e/ gwenm hr, or about 400
to about 1,000 nnole/g wenf hr, about 1,000 to about 5,000 nnol e/ gweni hr,
about 2,000 to about 20,000 nnol e/ gwcm hr, about 5,000 to about 50, 000
nnol e/ gwenl hr, about 10,000 to about 100, 000 nnol e/ gwcm hr, about 20,000 to
about 150, 000 nnol e/ gwcnl hr, or about 20,000 to about 200, 000

nnol e/ gwend hr. [ 0465] The anpbunt of isoprene in units of nnole/g wenm hr can
be neasured as disclosed in U S. Patent No. 5,849,970, which is hereby
incorporated by reference inits entirety, particularly with respect to the
measur enment of isoprene production. For exanple, two nL of headspace (e.g.
headspace froma culture such as 2 nL of culture cultured in sealed vials
at 32 0C with shaking at 200 rpm for approximately 3 hours) are anal yzed
for isoprene using a standard gas chromat ography system such as a system
operated isothermally (85 0C) with an n-octane/porasil C colum (Alltech
Associ ates, Inc., Deerfield, 111.) and coupled to a RGD2 nercuric oxide
reducti on gas detector (Trace Analytical, Menlo Park, CA) (see, for
exanpl e, G eenberg et al, Atnos. Environ. 21A : 2689-2692, 1993; Silver et
al, Plant Physiol. 97:1588-1591, 1991, which are each hereby incorporated
by reference in their entireties, particularly with respect to the

measur enent of isoprene production). The gas chronmat ography area units are
converted to nnol isoprene via a standard isoprene concentration
calibration curve. In sone enbodi nents, the value for the grans of cells
for the wet weight of the cells is calculated by obtaining the A Co val ue
for a sanple of the cell culture, and then converting the A OCo value to
granms of cells based on a calibration curve of wet weights for cel
cultures with a known A G value. In sone enbodi nents, the grans of the
cells is estimated by assuming that one liter of broth (including cell
medi um and cells) with an A G value of 1 has a wet cell weight of 1 gram
The value is also divided by the nunber of hours the culture has been

i ncubating for, such as three hours. [0466] In sone enbodi nents, the cells
in culture produce isoprene at greater than or about 1, 10, 25, 50, 100,
150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,250, 1,500,

1, 750, 2,000, 2,500, 3,000, 4,000, 5,000, 10,000, 100,000, or nore ng of

i soprene/ gram of cells for the wet weight of the cells/hr (ng/g wenih). In
sonme enbodi nents, the anount of isoprene is between about 2 to about 5, 000
ng/ g wenl h, such as between about 2 to about 100 ng/g wcm h, about 100 to
about 500 ng/g wecm h, about 500 to about 1,000 ng/g wcni h, about 1,000 to
about 2,000 ng/g weni h, or about 2,000 to about 5,000 ng/g wenih. In sone
enbodi ments, the anmount of isoprene is between about 20 to about 5,000 ng/g
wenl h, about 100 to about 5,000 ng/g weni h, about 200 to



about 2,000 ng/g wem h, about 200 to about 1,000 ng/g wcni h, about 300 to
about 1,000 ng/g weni h, or about 400 to about 1,000 ng/g wem h. The anount
of isoprene in ng/g werm h can be cal culated by nultiplying the value for

i soprene production in the units of nnole/g wem hr di scussed above by 68.1
(as described in Equation 5 below). [0467] In some enbodi ments, the cells
in culture produce a cunul ative titer (total anount) of isoprene at greater
t han or about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500, 600, 700,
800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000,
10, 000, 50, 000, 100,000, ornore ng of isoprene/L of broth (ng/Lbroth,
wherein the volunme of broth includes the volunme of the cells and the cel
medium . In sonme enbodi nents, the anount of isoprene is between about 2 to
about 5,000 ngy/Lb roth, such as between about 2 to about 100 ng/ Lbr ot h,
about 100 to about 500 ny/Lbroth, about 500 to about 1,000 ng/Lb roth,
about 1,000 to about 2,000 ng/Lbroth, or about 2,000 to about 5,000 ny/Lb
roth- In sone enbodi nents, the anmount of isoprene is between about 20 to
about 5,000 ng/L broth, about 100 to about 5,000 ng/L broth, about 200 to
about 2,000 ny/Lbroth, about 200 to about 1,000 ng/Lbroth, about 300 to
about 1,000 ng/Lb roth, or about 400 to about 1,000 ng/Lbroth- [0468] The
specific productivity of isoprene in ng of isoprene/L of headspace from
shake flask or simlar cultures can be neasured by taking a 1 nl sanple
fromthe cell culture at an OD oo value of approximately 1.0, putting it in
a 20 nL vial, incubating for 30 mnutes, and then neasuring the anount of

i soprene in the headspace (as described, for exanple, in Exanple |, part
I1). If the OD OO value is not 1.0, then the measurenment can be nornmalized
to an OD oo value of 1.0 by dividing by the OD oo val ue. The val ue of ng

i soprene/ L headspace can be converted to ng/Lbroth/hr/0D6oo of culture
broth by nmultiplying by a factor of 38. The value in units of

ng/ Lbrot h/ hr/ 0D 600 can be nultiplied by the nunber of hours and the OD6o0
value to obtain the cunulative titer in units of ng of isoprene/L of broth.
[0469] In sone enbodinents, the cells in culture have an average vol unetric
productivity of isoprene at greater than or about 0.1, 1.0, 10, 25, 50,
100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 1100, 1200,
1300, 1,400, 1,500, 1,600, 1,700, 1,800, 1,900, 2,000, 2,100, 2,200, 2,300,
2,400, 2,500, 2,600, 2,700, 2,800, 2,900, 3,000, 3,100, 3,200, 3,300,
3,400, 3,500, or nore ng of isoprene/L of broth/hr (ng/L broth/hr, wherein
t he volune of broth includes the volunme of the cells and the cell nediun).
In sonme enbodi nents, the average volunetric productivity of isoprene is

bet ween about 0.1 to about 3,500 ng/L broth/hr, such as between about



0.1 to about 100 ng/L broth/hr, about 100 to about 500 ng/L broth/hr, about
500 to about 1,000 ng/L broth/hr, about 1,000 to about 1,500 ng/L broth/hr,
about 1,500 to about 2,000 ng/L broth/hr, about 2,000 to about 2,500 ng/L
brot h/ hr, about 2,500 to about 3,000 ng/L broth/hr, or about 3,000 to about
3,500 ng/L broth/hr. In some enbodi ments, the average volunetric
productivity of isoprene is between about 10 to about 3,500 ng/L broth/hr,
about 100 to about 3,500 ng/L broth/hr, about 200 to about 1,000 ny/L
brot h/ hr, about 200 to about 1,500 ng/L broth/hr, about 1,000 to about
3,000 nmg/L broth/hr, or about 1,500 to about 3,000 ng/L broth/hr. [0470] In
sone enbodi nents, the cells in culture have a peak volunetric productivity
of isoprene at greater than or about 0.5, 1.0, 10, 25, 50, 100, 150, 200,
250, 300, 400, 500, 600,700, 800, 900, 1,000, 1100, 1200, 1300, 1,400,

1, 500, 1,600, 1,700, 1,800, 1,900, 2,000, 2,100, 2,200, 2,300, 2,400,
2,500, 2,600, 2,700, 2,800, 2,900, 3,000, 3,100, 3,200, 3,300, 3,400,
3,500, 3,750, 4,000, 4,250, 4,500, 4,750, 5,000, 5,250, 5,500, 5,750,

6, 000, 6, 250, 6,500, 6,750, 7,000, 7,250, 7,500, 7,750, 8,000, 8,250,

8, 500, 8, 750, 9,000, 9,250, 9,500, 9,750, 10,000, 12,500, 15,000, or nore
nmg of isoprene/L of broth/hr (ng/L broth/hr, wherein the volune of broth

i ncl udes the volunme of the cells and the cell mediun). In sone enbodi nents,
t he peak volunetric productivity of isoprene is between about 0.5 to about
15,000 ng/L broth/hr, such as between about 0.5 to about 10 ng/L broth/hr,
about 1.0 to about 100 ngy/L broth/hr, about 100 to about 500 ng/Lbroth/hr,
about 500 to about 1,000 ng/L broth/hr, about 1,000 to about 1,500

ng/ Lbrot h/ hr, about 1,500 to about 2,000 ng/L broth/hr, about 2,000 to
about 2,500 ng/L broth/hr, about 2,500 to about 3,000 ny/Lbroth/hr, about
3,000 to about 3,500 ng/L broth/hr, about 3,500 to about 5,000

ng/ Lbrot h/ hr, about 5,000 to about 7,500 ng/Lbroth/hr, about 7,500 to about
10,000 ng/L broth/hr, about 10,000 to about 12,500 ng/Lbroth/h, or about
12,500 to about 15,000 ng/Lbroth/hr. In sone enbodi nents, the peak

vol unetric productivity of isoprene is between about 10 to about 15, 000

ng/ Lbrot h/ hr, about 100 to about 2,500 ng/L broth/hr, about 1,000 to about
5,000 ng/ Lbroth/ hr, about 2,500 to about 7,500 ng/L broth/hr, about 5,000
to about 10,000 ng/L broth/hr, about 7,500 to about 12,500 ng/L broth/hr,
or about 10,000 to about 15,000 ng/L broth/hr. [0471] The i nstantaneous

i soprene production rate in ng/L broth/hr in a fernmentor can be neasured by
taking a sanple of the fernentor off-gas, analyzing it for the anmount of
isoprene (in units such as ng of isoprene per Lgas) as described, for
exanple, in Exanple |, part Il and nultiplying this value by the rate at
whi ch of f-gas is passed though each liter of broth (e.g., at 1 vvm (vol une
of air/volume of broth/mnute) this is 60 Lgas per hour). Thus, an off-gas
| evel of 1



ng/ Lgas corresponds to an instantaneous production rate of 60 ng/Lbroth/hr
at air flowof 1 vwm If desired, the value in the units ng/L broth/hr can
be divided by the OD OO value to obtain the specific rate in units of

nmg/ Lbrot h/ hr/ OD. The average val ue of ny isoprene/L gas can be converted to
the total product productivity (granms of isoprene per liter of fernmentation
broth, ng/Lbroth) by multiplying this average off-gas isoprene
concentration by the total anmount of off-gas sparged per liter of
fermentation broth during the fernentation. Thus, an average off-gas

i soprene concentration of 0.5 ng/Lbroth/hr over 10 hours at 1 vvm
corresponds to a total product concentration of 300 ng isoprene/Lbroth-
[0472] In sonme enbodi ments, the cells in culture convert greater than or
about 0.0015, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4,
2.6, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0, 14.0, 15.0,
16.0, 17.0,18.0, 19.0, 20.0, 21.0, 22.0, 23.0, 23.2, 23.4, 23.6, 23.8,

24.0, 25.0, 30.0, 31.0, 32.0, 33.0, 35.0, 37.5, 40.0, 45.0, 47.5, 50.0,
55.0, 60.0, 65.0, 70.0, 75.0, 80.0, 85.0, or 90.0 nolar % of the carbon in
the cell culture nediuminto isoprene. In sone enbodi nents, the percent
conversion of carbon into isoprene is between about 0.002 to about 90.0

nmol ar % such as about 0.002 to about 0.005% about 0.005 to about 0.01%
about 0.01 to about 0.05% about 0.05 to about 0.15% O0.15 to about 0.2%
about 0.2 to about 0.3% about 0.3 to about 0.5% about 0.5 to about 0.8%
about 0.8 to about 1.0% about 1.0 to about 1.6% about 1.6 to about 3.0%
about 3.0 to about 5.0% about 5.0 to about 8.0% about 8.0 to about 10.0%
about 10.0 to about 15.0% about 15.0 to about 20.0% about 20.0 to about
25.0% about 25.0%to 30.0% about 30.0%to 35.0% about 35.0%to 40.0%
about 45.0%to 50.0% about 50.0%to 55.0% about 55.0%to 60.0% about

60. 0% to 65.0% about 65.0%to 70.0% about 75.0%to 80.0% about 80.0%to
85.0% or about 85.0%to 90.0% In sonme enbodi nents, the percent conversion
of carbon into isoprene is between about 0.002 to about 0.4 nolar % 0.002
to about 0.16 nolar % 0.04 to about 0.16 nolar % about 0.005 to about 0.3
nmol ar % about 0.01 to about 0.3 nolar % about 0.05 to about 0.3 nolar %
about 0.1 to 0.3 nolar % about 0.3 to about 1.0 nolar % about 1.0 to
about 5.0 nolar % about 2 to about 5.0 nolar % about 5.0 to about 10.0
nol ar % about 7 to about 10.0 nolar % about 10.0 to about 20.0 nolar %
about 12 to about 20.0 nolar % about 16 to about 20.0 nolar % about 18 to
about 20.0 nolar % about 18 to 23.2 nolar % about 18 to 23.6 nolar %
about 18 to about 23.8 nolar % about 18 to about 24.0 nolar % about 18 to
about 25.0 nolar % about 20 to about 30.0 nolar % about 30 to about 40.0
nol ar % about 30



to about 50.0 nolar % about 30 to about 60.0 nmolar % about 30 to about
70.0 nolar % about 30 to about 80.0 nolar % or about 30 to about 90.0
nolar % [0473] The percent conversion of carbon into isoprene (also
referred to as "% carbon yield') can be neasured by dividing the noles
carbon in the isoprene produced by the noles carbon in the carbon source
(such as the noles of carbon in batched and fed gl ucose and yeast extract).
This nunber is nmultiplied by 100%to give a percentage value (as indicated
in Equation 1). Equation 1 %Carbon Yield = (noles carbon in isoprene
produced)/ (nol es carbon in carbon source) 100 [0474] For this calculation,
yeast extract can be assunmed to contain 50% w w carbon. As an exanple, for
the 500 liter described in Exanple 7, part VIII, the percent conversion of
carbon into isoprene can be cal culated as shown in Equation 2. Equation 2 %
Carbon Yield = (39.1 g isoprene |1/68.1nol/g 5 C/ nol)/[(181221 g gl ucose
1/180 nol/g 6 C/mol) + (17780 g yeast extract 0.5 1/12 nol/g)] 100 = 0.042%
[0475] For the two 500 liter fernmentations described herein (Exanple 7,
parts VIl and VII1), the percent conversion of carbon into isoprene was

bet ween 0.04-0.06% A 0.1 1-0.16% carbon yield has been achi eved using 14
liter systens as described herein. Exanple 11, part V describes the 1.53%
conversion of carbon to isoprene using the nethods described herein. [0476]
One skilled in the art can readily convert the rates of isoprene production
or anount of isoprene produced into any other units. Exenplary equations
are listed below for interconverting between units. Units for Rate of

| soprene production (total and specific) Equation 3 1 g isoprene/L broth/hr
= 14.7 mmol isoprene/L broth/hr (total volunetric rate) Equation 4 1 nnol

i soprene /gwcm hr = 1 nnol isoprene /Lbroth/hr/0OD6oo (This conversion
assunes that one liter of broth with an OD OO value of 1 has a wet cel

wei ght of 1 gram) Equation 5 1 nnol isoprene/g wenihr = 68.1 ng isoprenel/g
wenl hr (given the nol ecul ar wei ght of isoprene) Equation 6 1 nnol

i soprene/L gas O/hr = 90 nnol isoprene/L broth/hr (at an Oflow rate of 90
L/ hr per L of



culture broth) Equation 7 1 ng isoprene/lLg as isoprene in off-gas = 60 ny

i soprene/Lb roth/hr at a flow rate of 60 Lgas per Lbroth ( 1 vvm Units for
Titer (total and specific)Equation 8 1 nnol isoprene/ng cell protein = 150
nnmol i soprene/ Lbroth/ OD oo (This conversion assunmes that one liter of broth
with an OD OO value of 1 has a total cell protein of approximtely 150 np)
(specific productivity) Equation 9 1 g isoprene/Lbroth = 14.7 mol

i soprene/ Lbroth (total titer) [0477] If desired, Equation 10 can be used to
convert any of the units that include the wet weight of the cells into the
correspondi ng units that include the dry weight of the cells. Equation 10
Dry weight of cells = (wet weight of cells)/3.3 [0478] |If desired, Equation
11 can be used to convert between units of ppmand ng/L. In particular,
"ppm' neans parts per mllion defined in ternms of ng/g (W w).
Concentrations of gases can al so be expressed on a volunetric basis using
"ppmv" (parts per mllion by volune), defined in ternms of uL/L (vol/vol).
Conversion of ng/L to ppm(e.g., ng of analyte per g of gas) can be
performed by determining the nass per L of off-gas (i.e., the density of
the gas). For exanple, a liter of air at standard tenperature and pressure
(STP; 101.3 kPa ( 1 bar) and 273. 15K). has a density of approxinmately 1.29
g/L. Thus, a concentration of 1 ppm (ng/g) equals 1.29 ng/L at STP
(equation 11). The conversion of ppm(ng/g) to ng/L is a function of both
pressure, tenperature, and overall conposition of the off-gas. Equation 11
1 ppm(ng/g) equals 1.29 ng/L at standard tenperature and pressure (STP;
101.3 kPa ( 1 bar) and 273. 15K). [0479] Conversion of ng/L to ppnv (e.g. ,
nmL of analyte per L of gas) can be perfornmed using the Universal Gas Law
(equation 12). For exanple, an off-gas concentration of 1000 ng/Lgas
corresponds to 14.7 mol /L gas . The universal gas constant is 0.082057
L.atm K nol 1, so using equation 12, the volunme occupied by 14.7 mmvol of HG
at STP is equal to 0.329 nL. Therefore,



the concentration of 1000 ng/L HG is equal to 329 ppnv or 0.0329% (v/v) at
STP. Equation 12 [0480] PV = nRT, where "P" is pressure, "V' is volune, "n"
is noles of gas, "R' is the Universal gas constant, and "T" is tenperature
in Kelvin. [0481] The anount of inpurities in isoprene conpositions are
typically neasured herein on a weight per volunme (wWv) basis in units such
as ng/L. If desired, neasurenents in units of ng/L can be converted to
units of ng/nB using equation 13. Equation 13 1 ng/L = 1 ng/nB [0482] In
sonme enbodi nents descri bed herein, a cell conprising a heterol ogous nucleic
acid encodi ng an isoprene synthase pol ypepti de produces an anmount of

i soprene that is at |east or about 2-fold, 3-fold, 5-fold, 10-fold,

25-fold, 50-fold, 100-fold, 150-fold, 200-fold, 400-fold, or greater than

t he amount of isoprene produced froma correspondi ng cell grown under
essentially the sane conditions w thout the heterol ogous nucleic acid
encodi ng the isoprene synthase pol ypeptide. [0483] In sone enbodi nents
descri bed herein, a cell conprising a heterol ogous nucleic acid encodi ng an
i soprene synt hase pol ypepti de and one or nore heterol ogous nucl eic acids
encoding a DXS, 1D, and/or MA pat hway pol ypeptide produces an anount of

i soprene that is at |east or about 2-fold, 3-fold, 5-fold, 10-fold,

25-fold, 50-fold, 100-fold, 150-fold, 200-fold, 400-fold, or greater than

t he amount of isoprene produced froma correspondi ng cell grown under
essentially the sane conditions w thout the heterol ogous nucleic acids.
[0484] In sone enbodi nents, the isoprene conposition conprises greater than
or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100% i soprene by wei ght
conpared to the total weight of all C5 hydrocarbons in the conposition. In
sonme enbodi ments, the conposition has a relative detector response of
greater than or about 99.90, 99.91, 99.92, 99.93, 99.94, 99.95, 99. 96,
99.97, 99.98, 99.99, or 100% for isoprene conpared to the detector response
for all C5 hydrocarbons in the conposition. In sone enbodi ments, the

i soprene conposition conprises between about 99.90 to about 99.92, about
99.92 to about 99.94, about 99.94 to about 99.96, about 99.96 to about

99. 98, about 99.98 to 100% i soprene by wei ght conpared to the total weight
of all C5 hydrocarbons in the conposition. [0485] In some enbodi nents, the
i soprene conposition conprises |ess than or about 0.12,



0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005,
or 0.00001% C5hydrocarbons ot her than isoprene (such as

1, 3-cycl opent adi ene, cis-1, 3-pentadi ene, trans-1, 3- pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I-butene,
3-net hyl -1 butyne, pent-4-ene-l-yne, trans-pent-3-ene-|l-yne, or

ci s-pent-3-ene-1-yne) by weight conpared to the total weight of all C5
hydr ocarbons in the conposition. In sonme enbodi nents, the conposition has
arel ative detector response of less than or about 0.12, 0.10, 0.08, O0.O06,
0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001% for C5
hydr ocar bons ot her than i soprene conpared to the detector response for al
C5 hydrocarbons in the conposition. In sonme enbodi nents, the conposition
has a rel ative detector response of |ess than or about 0.12, 0.10, 0.08,
0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001%
for 1,3- cyclopentadiene, cis-l, 3-pentadiene, trans- 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I-butene,
3-nmet hyl -1 -butyne, pent-4-ene-|-yne, trans-pent-3-ene-|-yne, or

ci s-pent-3-ene-1-yne conpared to the detector response for all C5

hydr ocarbons in the conposition. In sonme enbodi nents, the isoprene
conposition conprises between about 0.02 to about 0.04% about 0.04 to
about 0.06% about 0.06 to 0.08% about 0.08 to 0.10% or about 0.10 to
about 0.12% C5 hydrocarbons ot her than isoprene (such as

1, 3-cycl opent adi ene, cis-1,3- pentadi ene, trans- 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I|butene,
3-nmet hyl -1 -butyne, pent-4-ene-|-yne, trans-pent-3-ene-|-yne, or

ci s-pent-3-ene-1-yne) by weight conpared to the total weight of all C5
hydr ocarbons in the conposition. [0486] In sone enbodi nents, the isoprene
conposition conprises |less than or about 50, 40, 30, 20, 10, 5, 1, 0.5,
0.1, 0.05, 0.01, or 0.005 ng/L of a conpound that inhibits the

pol yneri zation of isoprene for any conpound in the conposition that
inhibits the polynerization of isoprene. In sone enbodi nents, the isoprene
conposition conprises between about 0.005 to about 50, such as about 0.01
to about 10, about 0.01 to about 5, about 0.01 to about 1, about 0.01 to
about 0.5, or about 0.01 to about 0.005 ng/L of a conpound that inhibits
the pol yneri zation of isoprene for any conpound in the conposition that
inhibits the polynerization of isoprene. In some enbodi nents, the isoprene
conposition conprises |less than or about 50, 40, 30, 20, 10, 5, 1, 0.5,
0.1, 0.05, 0.01, or 0.005 ng/L of a hydrocarbon other than isoprene (such
as 1, 3- cycl opent adi ene, cis-I, 3-pentadi ene, trans- 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I-butene,
3-nmet hyl -1 -butyne, pent-4-ene-|-yne, trans-pent-3-ene-|-yne, or

ci s-pent-3-ene-1-yne). In sone enbodi nents, the isoprene conposition
conpri ses between



about 0.005 to about 50, such as about 0.01 to about 10, about 0.01 to
about 5, about 0.01 to about 1, about 0.01 to about 0.5, or about 0.01 to
about 0.005 ng/L of a hydrocarbon other than isoprene. In sonme enbodi nents,
t he i soprene conposition conprises |less than or about 50, 40,30, 20, 10, 5,
1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L of a protein or fatty acid (such as
a protein or fatty acid that is naturally associated with natural rubber).
[0487] In sonme enbodi nents, the isoprene conposition conprises |ess than or
about 10, 5, 1, 0.8, 0.5, 0.1, 0.05, 0.01, or 0.005 ppm of al pha

acetyl enes, piperylenes, acetonitrile, or 1,3- cyclopentadiene. In sone
enbodi nents, the isoprene conposition conprises |less than or about 5, 1,
0.5, 0.1, 0.05, 0.01, or 0.005 ppmof sulfur or allenes. In sone

enbodi ments, the isoprene conposition conprises |ess than or about 30, 20,
15, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ppmof all acetylenes (such as
1- pentyne, 2-pentyne, 3-nethyl-I|-butyne, pent-4-ene-|l-yne, trans-pnt-
3-ene-1-yne, and czs-pent-3-ene-l-yne). In sone enbodi nents, the isoprene
conposition conprises |less than or about 2000, 1000, 500, 200, 100, 50, 40,
30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ppmof isoprene diners,
such as cyclic isoprene dimers (e.g., cyclic C O conpounds derived from
the dinerization of two isoprene units). [0488] In sonme enbodi nents, the

i soprene conposition includes ethanol, acetone, a C5 prenyl al cohol (such
as 3-nethyl-3-buten-1-ol or 3-nethyl-2-buten-l-0l), or any two or nore of
the foregoing. In particular enbodi nents, the isoprene conposition
conprises greater than or about 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20,
30, 40, 60, 80, 100, or 120 ng/L of ethanol, acetone, a C5 prenyl al cohol
(such as 3-nethyl-3-buten-1-ol or 3-nethyl-2-buten-l-0l), or any two or
nore of the foregoing. In sone enbodi nents, the isoprene conposition

conpri ses between about 0.005 to about 120, such as about 0.01 to about 80,
about 0.01 to about 60, about 0.01 to about 40, about 0.01 to about 30,
about 0.01 to about 20, about 0.01 to about 10, about 0.1 to about 80,
about 0.1 to about 60, about 0.1 to about 40, about 5 to about 80, about 5
to about 60, or about 5 to about 40 ng/L of ethanol, acetone, a C5 prenyl
al cohol, or any two or nore of the foregoing. [0489] In sone enbodi nents,

t he i soprene conposition includes one or nore of the follow ng conponents:
2- hept anone, 6-nethyl-5-hepten-2-one, 2,4,5-trinethyl pyridine, 2,3, 5-
trimethyl pyrazine, citronellal, acetal dehyde, nethanethiol, nmethyl acetate,
1- propanol , diacetyl, 2-butanone, 2-nethyl-3-buten-2-0l, ethyl acetate,
2-met hyl - 1-propanol, 3-nmethyl-I|-butanal, 3- nethyl-2-butanone, 1-butanol,
2- pentanone, 3-nethyl-I-butanol, ethyl isobutyrate, 3-nethyl-2- butenal,
butyl acetate, 3-methylbutyl acetate, 3-nethyl-3-buten-l-yl acetate,

3- et hyl - 2- but en- 1yl



acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate, |inonene, geraniol
(trans-3, 7-di nethyl -2, 6- octadien-1-ol), citronell ol

(3,7-di nethyl -6-octen-1-ol), (E)-3,7-dinmethyl-1,3,6-octatriene, (Z2)-
3,7-dinmethyl-1,3,6-octatriene, 2,3-cycloheptenol pyridine, or a |linear

i soprene polynmer (such as a linear isoprene diner or a |linear isoprene
trimer derived fromthe polynerization of nmultiple isoprene units). In

vari ous enbodi ments, the anount of one of these conponents relative
toanobunt of isoprene in units of percentage by weight (i.e., weight of the
conponent divided by the weight of isoprene tinmes 100) is greater than or
about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, or 110% (ww . In sonme enbodi nents, the relative detector response for
t he second conpound conpared to the detector response for isoprene is
greater than or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, or 110% In various enbodi nents, the anount of one of
t hese conponents relative to anount of isoprene in units of percentage by
wei ght (i.e., weight of the conponent divided by the weight of isoprene
times 100) is between about 0.01 to about 105 % (w w), such as about 0.01
to about 90, about 0.01 to about 80, about 0.01 to about 50, about 0.01 to
about 20, about 0.01 to about 10, about 0.02 to about 50, about 0.05 to
about 50, about 0.1 to about 50, or 0.1 to about 20% (ww). [0490] In sone
enbodi nents, the isoprene conposition includes one or nore of the
follow ng: an al cohol, an al dehyde, or a ketone (such as any of the

al cohol s, al dehydes, or ketones described herein). In sone enbodi nents, the
i soprene conposition includes (i) an al cohol and an al dehyde, (ii) an

al cohol and a ketone, (iii) an al dehyde and a ketone, or (iv) an al cohol,
an al dehyde, and a ketone. [0491] In sone enbodi nents, the isoprene
conposition contains one or nore of the follow ng: methanol, acetal dehyde,
et hanol , met hanet hiol, 1-butanol, 3-nethyl- 1-propanol, acetone, acetic
acid, 2-butanone, 2-nethyl- 1-butanol, or indole. In sone enbodinents, the
i soprene conposition contains lppmor nore of one or nore of the follow ng:
nmet hanol , acet al dehyde, ethanol, nethanethiol, 1-butanol, 3-nethyl-

1- propanol , acetone, acetic acid, 2-butanone, 2- nethyl- 1-butanol, or
indole. In sone enbodi nents, the concentration of nore of one or nore of
the foll ow ng: nethanol, acetal dehyde, ethanol, nethanethiol, 1-butanol,
3-nmet hyl - 1-propanol, acetone, acetic acid, 2-butanone, 2-nethyl-
1-butanol, or indole, is between about 1 to about 10,000 ppmin an isoprene
conposition (such as off-gas before it is purified). In sone enbodi nents,
the i soprene conposition (such as off-gas after it has undergone one or
nore purification steps) includes one or nore of the follow ng: nethanol,
acet al dehyde, et hanol



met hanet hi ol , 1-butanol, 3-nethyl- 1-propanol, acetone, acetic acid,

2- but anone, 2-nethyl- 1- butanol, or indole, at a concentration between
about 1 to about 100 ppm such as about 1 to about 10 ppm about 10 to
about 20 ppm about 20 to about 30 ppm about 30 to about 40 ppm about 40
to about 50 ppm about 50 to about 60 ppm about 60 to about 70 ppm about
70 to about 80 ppm about 80 to about 90 ppm or about 90 to about 100 ppm
Vol ati |l e organi ¢ conpounds fromcell cultures (such as volatile organic
conpounds in the headspace of cell cultures) can be anal yzed using standard
met hods such as those described herein or otherstandard net hods such as
proton transfer reaction-nmass spectronetry (see, for exanple, Bunge et ah,
Applied and Environnental M crobiology, 74(7):2 179-2 186, 2008 which is
hereby incorporated by reference in its entirety, particular with respect
to the analysis of volatile organic conmpounds). [0492] In sonme enbodi nents,
the conposition conprises greater than about 2 ng of isoprene, such as
greater than or about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300,
400, 500, 600, 700, 800, 900, or 1000 ng of isoprene. In sone enbodi nents,
t he conposition conprises greater than or about 2, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100 g of isoprene. In sone enbodi nents, the anpunt of

i soprene in the conposition is between about 2 to about 5,000 ng, such as
bet ween about 2 to about 100 ny, about 100 to about 500 ng, about 500 to
about 1,000 ny, about 1,000 to about 2,000 ngy, or about 2,000 to about
5,000 ng. In sone enbodi nents, the anount of isoprene in the conposition is
bet ween about 20 to about 5,000 ng, about 100 to about 5,000 ng, about 200
to about 2,000 ny, about 200 to about 1,000 ng, about 300 to about 1,000
ng, or about 400 to about 1,000 ng. In some enbodi nents, greater than or
about 20, 25, 30, 40, 50, 60, 70, 80, 90, or 95% by wei ght of the volatile
organic fraction of the conposition is isoprene. [0493] In sone

enbodi ments, the conposition includes ethanol. In sonme enbodi nents, the
conposition includes between about 75 to about 90% by wei ght of ethanol,
such as between about 75 to about 80% about 80 to about 85% or about 85
to about 90% by wei ght of ethanol. In sonme enbodi nents in which the
conposition includes ethanol, the conposition also includes between about 4
to about 15% by wei ght of isoprene, such as between about 4 to about 8%
about 8 to about 12% or about 12 to about 15% by wei ght of isoprene.
[0494] In sonme enbodi nents descri bed herein, a cell conprising one or nore
het er ol ogous nucl ei ¢ aci ds encodi ng an i soprene synthase pol ypepti de, DXS
pol ypeptide, ID pol ypeptide,



and/ or MVA pat hway pol ypepti de produces an anmount of an isoprenoid conpound
(such as a conpound with 10 or nore carbon atons that is formed fromthe
reaction of one or nore I PP nolecules with one or nore DVAPP nol ecul es)
that is greater than or about 2-fold, 3-fold, 5- fold, 10-fold, 25-fold,
50-fold, 100-fold, 150-fold, 200-fold, 400-fold, or greater than the anount
of the isoprenoid conpound produced froma correspondi ng cell grown under
essentially the same conditions wi thout the one or nore heterol ogous

nucl eic acids. In sone enbodi nents described herein, a cell conprising one
or nore heterol ogous nucleic acids encoding an isoprene synt hase

pol ypepti de, DXS pol ypeptide, ID polypeptide, and/or MA pat hway

pol ypepti de produces an anount of a C5 prenyl al cohol (such as

3-nmet hyl -3-buten-1-0ol or 3-nethyl-2-butenl-ol) that is greater than or
about 2-fold, 3-fold, 5-fold, 10-fold, 25-fold, 50-fold, 100-fold, 150-
fold, 200-fold, 400-fold, or greater than the anobunt of the C5 prenyl

al cohol produced froma corresponding cell grown under essentially the sane
conditions without the one or nore heterol ogous nucleic acids. Exenplary
Co- Product i on of Bi ol soprene and Hydrogen [0495] In sonme enbodi nents, any of
t he i soprene-producing cells described herein that conprise one or nore

het er ol ogous nucl ei ¢ aci ds encodi ng an i soprene synthase pol ypepti de, a DXS
pol ypeptide, an ID polypeptide, and/or an MVA pat hway pol ypepti de operably
linked to a pronoter further conprise a heterol ogous nucleic acid al so
operably linked to a pronoter encoding one or nore hydrogenase pol ypepti des
or one or nore pol ypeptides involved in the regulation or expression of
hydr ogenase pol ypepti des {e.g., hydrogenase maturation proteins or
transcription factors). In sone enbodi nents, any of the isoprene-producing
cells described herein that conprise one or nore heterol ogous nucl eic acids
encodi ng an i soprene synthase pol ypeptide, a DXS pol ypeptide, an ID

pol ypepti de, an WA pat hway pol ypepti de, one or nore hydrogenase

pol ypepti des or one or nore pol ypeptides involved in the regulation or
expressi on of hydrogenase pol ypeptides operably linked to a pronoter
further conprise a nutation or deletion inactivating one or nore

pol ypeptides involved in the production of fernentation side products, one
or nore pol ypeptides involved in the regul ati on or expression of genes for
the production of fernentation side products, or one or nore pol ypeptides

i nvol ved in hydrogen reuptake. Such cells can co-produce isoprene and
hydrogen. [0496] In some enbodi ments of any of the aspects descri bed
herein, the cells are bacterial cells, such as grampositive bacterial
cells {e.g., Bacillus cells such as Bacillus subtilis cells or



Streptonyces cells such as Streptonyces |ividans, Streptomyces coelicolor,
or Streptonyces griseus cells). In sone enbodi nents of any of the aspects
described herein, the cells are gramegati ve bacterial cells {e.qg.
Escherichia cells such as Escherichia coli cells, Rhodopseudononas sp. such
as Rhodopseudononas palustris cells, Pseudononas sp. such as
Pseudononasf | uorescens cells or Pseudononas putida cells, or Pantoea cells
such as Pantoea citrea cells). In sone enbodi nents of any of the aspects
described herein, the cells are fungal, cells such as filanmentous fungal
cells {e.g., Trichoderma cells such as Trichoderma reesei cells or
Aspergillus cells such as Aspergillus oryzae and Aspergillus niger) or
yeast cells {e.g., Yarrowia cells such as Yarrowi a |lipolytica cells or
Sacchraonyces cells such as Saccaromyces cerevisiae).[0497] In sone

enbodi mrents of any of the aspects described herein, the isoprene synthase
pol ypeptide is a pol ypeptide froma plant such as Pueraria {e.g., Pueraria
nont ana or Pueraria | obata) or Populus {e.g., Populus trenul oi des, Popul us
al ba, Populus nigra, Populus trichocarpa, or the hybrid, Populus al ba x
Populus trenula). [0498] In some enbodi ments of any of the aspects

descri bed herein, the cells further conprise a heterol ogous nucleic acid
encodi ng an I Dl polypeptide. In sone enbodi nents of any of the aspects
described herein, the cells further conprise an insertion of a copy of an
endogenous nucl ei ¢ acid encoding an I D polypeptide. In sone enbodi nents of
any of the aspects described herein, the cells further conprise a

het er ol ogous nucl eic acid encoding a DXS pol ypeptide. In sone enbodi nents
of any of the aspects described herein, the cells further conprise an
insertion of a copy of an endogenous nucleic acid encoding a DXS

pol ypeptide. In sone enbodi nents of any of the aspects described herein,
the cells further conprise one or nore nucleic acids encoding an |Dl

pol ypepti de and a DXS pol ypeptide. In sone enbodi nents of any of the
aspects descri bed herein, one nucleic acid encodes the isoprene synthase
pol ypeptide, ID polypeptide, and DXS pol ypeptide. In sonme enbodi nents of
any of the aspects described herein, one vector encodes the isoprene

synt hase pol ypeptide, 1D polypeptide, and DXS pol ypeptide. In sone

enbodi nents, the vector conprises a selective marker or a sel ectable

mar ker, such as an antibiotic resistance nucleic acid. [0499] In sone
enbodi ments of any of the aspects described herein, the cells further
conprise a heterol ogous nucl eic acid encodi ng an WA pat hway pol ypepti de
(such as an WA pat hway pol ypeptide from Saccharonyces cerevisia or

Ent erococcusfaecalis). In sone enbodi nents of



any of the aspects described herein, the cells further conprise an
insertion of a copy of an endogenous nucl eic acid encodi ng an MVA pat hway
pol ypeptide (such as an MVA pat hway pol ypepti de from Saccharomnyces
cerevisia ox Enterococcusfaecalis). In sone enbodi nents of any of the
aspects described herein, the cells conprise an isoprene synthase, DXS, and
MWA pat hway nucleic acid. In sonme enbodi nents of any of the aspects

descri bed herein, the cells conprise an isoprene synthase nucleic acid, a
DXS nucleic acid, an ID nucleic acid, and a MVA pat hway nucl ei c aci d.

[ 0500] In sone enbodi nents, the isoprene-producing cells described herein
further conprise a heterol ogous nucl eic acid encodi ng a hydrogenase

pol ypeptide operably linked to a pronoter. In sonme enbodi nents, the

hydr ogenase pol ypepti de conprises E. coli hydrogenase- 1 (Hyd-1), E. col
hydr ogenase-2 (Hyd-2), E. coli hydrogenase-3 (Hyd-3), E. coli hydrogenase-4
(Hyd-4), E. coli formate hydrogen |yase (FHL) conpl ex, which produces
hydrogen gas from formate andCO under anaerobi c conditions at acidic pH,
Rhodococcus opacus MRI| hydrogenase (R opacus HoxH), Synechosystis sp. PCC
6803 hydrogenase (Syn. PCC 6803 HoxH), Desul fovibrio gigas hydrogenase (D
gigas), and Desul fovi brio desul furicans ATCC 7757 hydrogenase (D.

desul furicans). In sone enbodi nents, the isoprene-producing cells
furtherconprising a heterol ogous nucleic acid encodi ng a hydrogenase

pol ypepti de operably linked to a pronoter further conprise E. col

hydr ogenase-3 (Hyd-3), E. coli pyruvate formate |yase (pfl), and E. col
format e hydrogen | yase (FHL) conplex. [0501] In sone enbodi nents, the

hydr ogenase pol ypepti de encodes a ferredoxi n-dependent hydrogenase

pol ypeptide. In sone enbodi nents, the ferredoxin-dependent hydrogenase

pol ypeptide conprises C ostridium acetobutulicum hydrogenase A (HydA),

whi ch can be expressed in conjunction with one or nore of: (1) Bacillus
subtilis NADPH ferredoxi n oxi doreductase (NFOR) or C ostridiumKkluyveri
NADH f erredoxi n oxi doreduct ase (Rnf CDGEAB), C ostri di um pasteurani um
ferredoxi n oxi doreductase (Fdx); (2) glyceral dehyde-6-phosphate ferredoxin
oxi dor educt ase (GAPOR); or (3) pyruvate ferredoxi n oxidoreductase (POR). In
sonme enbodi nents, the ferredoxin-dependent hydrogenase pol ypeptide

Cl ostridi um acet obutul i cum hydrogenase A (HydA) is expressed with three
HydAassoci at ed nmaturation enzynes (HydgE, HydG and HydF), and further in
conjunction with one or nore of: (1) Bacillus subtilis NADPH ferredoxin

oxi doreductase (NFOR) or C ostridiumkluyveri NADH ferredoxin

oxi dor educt ase (Rnf CDGEAB), C ostri di um pasteurani um



ferredoxi n oxi doreductase (Fdx); (2) glyceral dehyde-6-phosphate ferredoxin
oxi doreduct ase (GAPOR); or (3) pyruvate ferredoxin oxidoreductase (POR)

[ 0502] In sone enbodi nents, the hydrogenase pol ypepti de encodes an

NADPH- dependent hydr ogenase pol ypeptide. In sone enbodi nents, the

NADPH- dependent hydr ogenase pol ypeptide conprises Pyrococcus furiosus

hydr ogenase. |In sone enbodi nents, the hydrogenase pol ypepti de encodes an
oxygen-tol erant hydrogenase. In sone enbodi nents, the oxygen-tol erant

hydr ogenase conpri ses Rubrivivax gel ati nosus hydrogenase, and Ral stoni a
eut ropha hydrogenase. [0503] In sone enbodi nents, the isoprene-producing
cells described herein further conprise a nutation or deletion inactivating
a gene involved in regulation of hydrogenase activity, such as iron-sulfur
conpl ex transcriptional regulator (iscR) (KalimAkhtar et al, "Deletion of
i SCR stinul ates reconbi nant C ostridial Fe/Fe hydrogenase activity and
A-accumul ation in Escherichia coli BL21(DE3)," Appl. Mcrobiol. Biotechnol.
78:853-862 (2008), which is incorporated herein by reference inits
entirety, particularly with reference to stimulation ofCostridial FelFe
hydr ogenase activity and hydrogen accurulation in E. coli by deleting the
i scR gene). [0504] In sone enbodi nents, the isoprene-producing cells
descri bed herein further conprise a nutation or deletion inactivating a
gene encodi ng one or nore cellular polypeptides involved in production of
fermentation side products, such as |actate, acetate, pyruvate, ethanol,
succi nate, and glycerol. In sone enbodi nents, the inactivated pol ypeptides
i nvolved in production of fernentation side products conprise one or nore
pol ypepti des encodi ng formte dehydrogenase N, al pha subunit (fdnQ,
format e dehydrogenase O, | arge subunit (fdoG, nitrate reductase (narQ,
formate transporter A (focA), formate transporter B (focB), pyruvate

oxi dase (poxB), pyruvate dehydrogenase El conmponent ackA/pta (aceE),

al cohol dehydrogenase (adhE), fumarate reductase nenbrane protein (frdQ),
or | actate dehydrogenase (UhA). [0505] In some enbodi ments, the

i soprene-producing cells described herein further conprise a nutation or
del etion inactivating a gene encodi ng one or nore cellular pol ypeptides
involved in the regul ation or expression of genes involved in production of
fermentation side products. In sonme enbodi nents, the inactivated

pol ypeptides involved in the regul ation or expression of genes involved in
production of fermentation side products conprise repressor of fornate
hydr ogen | yase (hycA), fumarate reductase regulator (fnr), acetyl-coenzyne
A synt het ase (acs),



and formate dehydrogenase regul atory protein (hycA). [0506] In sone

enbodi nents, the isoprene-producing cells described herein further conprise
a nmutation or deletion inactivating a gene encoding one or nore cellular

pol ypeptides involved in hydrogen re-uptake. In sonme enbodi ments, the

i nacti vated pol ypeptides involved in hydrogen re-uptake conprise E. col

hydr ogenase- 1 (Hyd-1) (hya operon) and E. coli hydrogenase-2 (Hyd- 2) (hyb
operon). [0507] In sone enbodi nents of any of the aspects described herein,
t he heterol ogous isoprene synthase, DXS pol ypeptide, |ID pol ypeptide, WA
pat hway, hydrogenase, hydrogenase maturation or transcription factor

pol ypeptide or nucleic acid is operably linked to a T7 pronoter, such as a
T7 pronoter contained in a mediumor high copy plasmd. In sone enbodi nents
of any of the aspects described herein, the heterol ogous isoprene synthase,
DXS pol ypeptide, 1D polypeptide, MA pat hway, hydrogenase, hydrogenase
maturation or transcription factor nucleic acid is operably linked to a Trc
pronoter, such as a Trc pronoter contained in a mediumor high copy
plasm d. In sone enbodi nents of any of the aspects described herein, the
het er ol ogous i soprene synt hase, DXS pol ypeptide, |ID pol ypeptide, WA

pat hway, hydrogenase, hydrogenase maturation or transcription factor
nucleic acid is operablylinked to a Lac pronoter, such as a Lac pronoter
contained in a |low copy plasmd. In sonme enbodi nents of any of the aspects
descri bed herein, the heterol ogous isoprene synthase, DXS pol ypeptide, |ID
pol ypepti de, MVA pat hway, hydrogenase, hydrogenase maturati on or
transcription factor nucleic acid is operably linked to an endogenous
pronoter, such as an endogenous al kal i ne serine protease pronoter. In sone
enbodi nents, the heterol ogous isoprene synthase, DXS pol ypeptide, |ID

pol ypepti de, MVA pat hway, hydrogenase, hydrogenase maturation or
transcription factor nucleic acid integrates into a chronosone of the cells
wi thout a selective marker or without a selectable marker. [0508] In sone
enbodi nents, one or nore MA pathway, 1D, DXS, isoprene synthase,

hydr ogenase, hydrogenase maturation or transcription factor nucleic acids
are placed under the control of a pronoter or factor that is nore active in
stationary phase than in the growth phase. For exanple, one or nore WA

pat hway, 1D, DXS, isoprene synthase, hydrogenase, hydrogenase maturation
or transcription factor nucleic acids may be placed under control of a
stationary phase sigma factor, such as RpoS. In sone enbodi nents, one or
nore MVA pat hway, |DI, DXS, isoprene synthase, hydrogenase, hydrogenase

mat uration or transcription factor



nucl eic acids are placed under control of a pronoter inducible in
stationary phase, such as a pronoter inducible by a response regul ator
active in stationary phase. [0509] In some enbodi nents of any of the
aspects described herein, at least a portion of the cells nmaintain the

het er ol ogous i soprene synthase, DXS pol ypeptide, |ID pol ypeptide, WA

pat hway, hydrogenase, hydrogenase maturation or transcription factor
nucleic acid for at |east or about 5, 10, 20, 40, 50, 60, 65, or nore cel
divisions in a continuous culture (such as a continuous culture w thout
dilution). In sone enbodi nents of any of the aspects described herein, the
nucl ei ¢ acid conprising the isoprene synthase, DXS pol ypeptide, ID

pol ypepti de, MVA pat hway, hydrogenase, hydrogenase naturation or
transcription factor nucleic acid also conprises a selective nmarker or a
sel ectabl e marker, such as an antibiotic resistance nucleic acid. [0510] In
sone enbodi nents of any of the aspects described herein, cells that

co- produce i soprene and hydrogen are cultured in any of the culture nedia
descri bed herein, under oxygenlimted conditions to facilitate the

co- production of isoprene and hydrogen by the cells. In sone enbodi nents,
the cells are grown in oxygen-limted culture. In sone enbodi nents, the
cells are grown in the presence of 0.5 noles of oxygen per nole of

i soprene. In some enbodi ments, the cells are grown anaerobically, in the
absence of oxygen. [0511] In sonme enbodi ments, any of the cells described
herein are grown in oxygen-limted culture and co-produce isoprene and
hydrogen. I n sone enbodi nents, the cells in oxygenlimted culture produce

i soprene at a rate greater than about 400 nnole/g wem hr, and produce
hydrogen at a rate greater than about 125 nnole/g wcni hr. In sone

enbodi nents, the cells in oxygen-limted culture produce isoprene at a rate
bet ween about 400 nnole/g wemi hr to about 2.0 I G nnole/g wem hr and
hydrogen at a rate between about 125 nnole/g wem hr to about 1.25 x 104
nnol e/ g wermd hr. I n sonme enbodi nents, the cells in oxygen-limted culture
produce isoprene at a rate between about 400 nnole/g weni hr and about 2.0 c
105 nnmol e/ g wem hr, between about 500 nnol e/g weni hr and about 1.5 x 105
nmol e/ g wem hr, between about 750 nnol e/ g weni hr and about 1 x 105nnol e/ g
wcm hr, between about 1000 nnole/g wem hr and about 1 x 105nnol e/ g weni hr,
bet ween about 2500 nnole/g wem hr and about 1 x 105nnol e/ g wenl hr, between
about 5000 nnole/g wemi hr and about 1 x 105nnol e/ g wenf hr, between about
7500 nnol e/ g wenf hr and about 1 x 105nnol e/g wem hr, and between about 1 x
104 nnol e/g wem hr and about 1 x 105nnole/g wecm hr. In some enbodi nents,
the cells in oxygen-limted culture produce greater than about 400, 500,
600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000,
5,000, or nore



nnmol e/ g weni hr i soprene. I n sone enbodi nents, the cells in oxygen-limted
cul ture produce hydrogen at a rate between about 125 nnole/g wenm hr to
about 1.25 x 104 nnol e/ g wenf hr, between about 250 nnole/g weml hr to about
1.25 x 104 nnole/g wem hr, between about 500 nnole/g wend hr to about 1.25 x
104 nnmol e/g wem hr, between about 750 nnole/g weni hr to about 1.25 x 104
nmol e/ g wem hr, between about 1000 nnole/g weni hr to about 1.25 x 104
nnol e/ g werm hr, between about 1250 nnole/g wem hr to about 1.25 ¢ 104
nmol e/ g wem hr, between about 2500 nnole/g wem hr to about 1.25 x 104
nnol e/ g wem hr, between about 5000 nnmole/g wem hr to about 1.25 x 104
nmol e/ g wem hr, between about 7500 nnole/g weni hr to about 1.25 x 104
nnmol e/ g werm hr, and between about 1.00 x 104 nnole/g weni hr to about 1.25 x
104 nmole/g wem hr. In sonme enbodi nents, the cells in oxygen-limted

cul ture produce greater than about 125, 250, 500, 750, 1000, 1,250, 1,500,
1, 750, 2,000, 2,500, 3,000, 4,000, 5,000, 7,500, 10,000, or nmore nnole/g
wenl hr hydrogen. [0512] In some enbodi nents, any of the cells described
herein are grown in oxygen-limted culture and co-produce isoprene and
hydrogen. In some enbodi nents, the cells in oxygenlimted culture have an
average volunetric productivity of isoprene greater than about 0.1

ng/ Lbrot h/ hr and an average vol unetric productivity of hydrogen greater

t han about 0.005 ny/Lbroth/hr. In some enbodi nents, the cells in
oxygen-limted culture have a peak volunetric productivity of isoprene
greater than about 1000 ng/Lbroth/hr and a peak volunetric productivity of
hydrogen greater than about 5 ng/Lbroth/hr. In sonme enbodi nents, the cells
in oxygen-limted culture have a peak volunetric productivity of isoprene
greater than about 3000 ng/Lbroth/hr anda peak volunmetric productivity of
hydr ogen greater than about 5 ng/Lbroth/hr. In some enbodi nents, the cells
in oxygen-limted culture have a peak volunetric productivity of isoprene
greater than about 5000 ng/Lbroth/hr and a peak volunetric productivity of
hydrogen greater than about 5 ng/Lbroth/hr. In sone enbodinents, the cells
in oxygen-limted culture have an average volunetric productivity of

i soprene between about 0.1 ny/Lbroth/hr and about 5000 ng/Lbroth/hr, and an
average volunetric productivity of hydrogen between about 0.005

ng/ Lbrot h/ hr and about 5 ng/Lbroth/hr. In sone enbodi nents, the cells in
oxygen-limted culture have an average volunetric productivity of isoprene
bet ween about 1 ny/Lbroth/hr and about 5000 ng/Lbroth/hr, between about 5
ng/ Lbrot h/ hr and about 5000 ng/Lbroth/hr, between about 10 ng/Lbroth/hr and
about 5000 ng/Lbroth/hr, between about 25 ng/Lbroth/hr and about 5000

ng/ Lbr ot h/ hr, between about 50 ng/Lbroth/hr and about 5000 ng/Lbroth/hr,

bet ween about 100



ng/ Lbrot h/ hr and about 5000 ng/Lbroth/hr, between about 250 ng/Lbroth/ hr
and about 5000 ng/ Lbroth/ hr, between about 500 ny/Lbroth/hr and about 5000
ng/ Lbrot h/ hr, between about 1000 ny/Lbroth/hr and about 5000 ng/Lbroth/hr,
and between about 2500 ny/Lbroth/hr and about 5000 ng/Lbroth/hr, and an
average volunetric productivity of hydrogen between about 0.01 ng/Lbroth/hr
and about 5 ng/Lbroth/hr, between about 0.025 ng/Lbroth/hr and about 5

ng/ Lbrot h/ hr, between about 0.05 ny/Lbroth/hr and about 5 ng/Lbroth/hr,

bet ween about 0.1 ny/Lbroth/hr and about 5 ng/Lbroth/hr, between about 0.25
ng/ Lbrot h/ hr and about 5 ng/Lbroth/ hr, between about 0.5 ng/Lbroth/hr and
about 5 ny/Lbroth/hr, between about 1 ng/Lbroth/hr and about 5

ng/ Lbrot h/ hr, and between about 2.5 ng/Lbroth/hr and about 5 ng/Lbroth/hr.
[0513] In sone enbodi nents, any of the cells described herein are grown in
oxygen-limted culture and co-produce isoprene and hydrogen. In sone
enbodi nents, the cells in oxygenlimted culture convert nore than about

0. 002 nol ar percent of the carbon that the cells consune froma cel
culture nediuminto i soprene, and produce hydrogen equivalent to nore than
about 0.024 nol ar percent of the carbon that the cells consune froma cel
culture nedium In sone enbodi nents, the cells in oxygen-limted culture
convert nore than about 0.002 nolar percent of the carbon that the cells
consune froma cell culture mediuminto isoprene, and produce hydrogen
equi valent to nore than about 400 nol ar percent of the carbon that the
cells consuner froma cell culture nedium [0514] In sonme enbodi nents, any
of the cells described herein that co-produce isoprene and hydrogen are
grown in oxygen-limted culture. In some enbodi nents, the cells in
oxygenlimted cul ture co-produce isoprene and hydrogen in a ratio ranging
fromat | east one nolar percent of isoprene for every three nolar percent
of hydrogen to at | east one nolar percent ofisoprene for every four nolar
percent of hydrogen. In some enbodi ments, the cells in oxygenlimted
culture produce an off-gas containing from1l to 11 nol ar percent isoprene
and from 3 to 33 nolar percent hydrogen. In sone enbodi nents, the cells
produce from1l to 11 nolar percent isoprene and from4 to 44 nol ar percent
hydrogen. In some enbodi ments, the cells in oxygenlimted culture also
produce an of f-gas contai ni ng oxygen, carbon dioxide, or nitrogen. In sone
enbodi nents, the cells in oxygen limted culture produce an off-gas
containing fromO to 2 1 nolar percent oxygen, from 18 to 44 nol ar percent
carbon dioxide, and fromO to 78 nol ar percent nitrogen. [0515] In another
aspect, provided herein are cells in oxygen-limted culture that co-produce



i soprene and hydrogen, conprising a heterol ogous nucleic acid encoding an

i soprene synt hase pol ypeptide, wherein the cells: (i) produce isoprene at a
rate greater than about 400 nnole/g weni hr and produce hydrogen at a rate
greater than about 125 nnole/g wermi hr; (ii) have an average vol unetric
productivity of isoprene greater than about 0.1 ng/Lbroth/hr and an average
vol unmetric productivity of hydrogen greater than about 0.005 ng/Lbroth/hr;
or (iii) convert nore than about 0.002 nolar percent of the carbon that the
cells consune froma cell culture nediuminto isoprene, and produce

hydr ogen equival ent to nore than about 0.024 nolar percent of the carbon
that the cells consune froma cell culture nmedium [0516] In sone

enbodi ments, the cells in oxygen-limted culture conprise a heterol ogous
nucl ei ¢ acid encodi ng an i soprene synthase pol ypepti de, wherein the

het er ol ogous nucleic acid is operably linked to a pronoter, and wherein the
cells produce greater than about 400 nnole/g weni hr of isoprene and greater
t han about 125 nnol e/ g wenf hr of hydrogen. In sonme enbodi nents, the cells
in oxygen-limted culture conprise a heterol ogous nucl eic acid encodi ng an
i soprene synt hase pol ypepti de, wherein the heterol ogous nucleic acid is
operably linked to a pronoter, and wherein the cells have an average

vol unetric productivity of isoprene greater than about 0.1 ny/Lbroth/hr and
an average volunetric productivity of hydrogen greater than about 0.005

ng/ Lbroth/hr. In some enbodi nents, the cells in oxygen-limted culture
conpri se a heterol ogous nucleic acid encodi ng an i soprene synt hase

pol ypepti de, wherein the heterol ogous nucleic acid is operably linked to a
pronoter, and wherein the cells convert nore than about 0.002 nol ar percent
of the carbon that the cells consune froma cell culture nediuminto

i soprene, and nore than about 0.024 nol ar percent of the carbon that the
cells consune froma cell culture nediuminto hydrogen. In sone

enbodi ments, the isoprene synthase polypeptide is a plant isoprene synthase
pol ypeptide.[0517] In some enbodi ments, the cells in oxygen-limted culture
conprising a heterol ogous nucl eic acid encodi ng an i soprene synt hase

pol ypepti de produce isoprene at a rate between about 400 nnole/g wenm hr and
about 2.0 x 105 nnole/g wem hr, between about 500 nnol e/ g wenf hr and about
1.5 x 105 nnole/g wen hr, between about 750 nnole/g weni hr and about 1 x
105 nnol e/g wenm hr, between about 1000 nnole/g weni hr and about 1 x
105nnol e/ g went hr, between about 2500 nnol e/g wenf hr and about 1 X
105nnol e/ g wen hr, between about 5000 nnole/g wem hr and about 1 x
105nnol e/ g wenf hr, between about 7500 nnol e/g wenf hr and about 1 x 105
nmol e/ g weml hr, and between about 1 x 104 nnole/g weni hr and about 1 x
105nnol e/ g weni hr, and



produce hydrogen at a rate between about 125 nnole/g weni hr to about 1.25 Xx
104 nnol e/g wem hr, between about 250 nnole/g weni hr to about 1.25 x 104
nnol e/ g werm hr, between about 500 nnole/g weni hr to about 1.25 x 104
nmol e/ g wem hr, between about 750 nnmole/g wenfhr to about 1.25 x | O4

nnol e/ g wem hr, between about 1000 nnole/g wem hr to about 1.25 x 104
nmol e/ g wem hr, between about 1250 nnole/g weni hr to about 1.25 x 104
nnol e/ g werm hr, between about 2500 nnmole/g wem hr to about 1.25 x 104
nmol e/ g wem hr, between about 5000 nnole/g wem hr to about 1.25 x 104

nnol e/ g wem hr, between about 7500 nnmole/g wem hr to about 1.25 x 104
nmol e/ g wem hr, and between about 1.00 x 104 nnole/g wenihr to about 1.25 X
104 nmole/g wem hr. [0518] In sonme enbodi ments, provided herein are nethods
of co-produci ng i soprene and hydrogen, the nethods conprising: (a)
culturing cells under conditions suitable for the coproduction of isoprene
and hydrogen; and (b) co-producing isoprene and hydrogen, wherein the cells
produce greater than about 400 nnole/g wecm hour of isoprene, and wherein
the cells produce greater than about 125 nnole/g wecm hr of hydrogen. [0519]
I n sone enbodi nents, the cells in oxygen-limted culture conprising a

het er ol ogous nucl ei ¢ acid encodi ng an i soprene synthase pol ypepti de produce
i soprene at a rate between about 400 nnole/g weni hr and about 2. O x 105
nmol e/ g wem hr, between about 500 nnol e/g weni hr and about 1.5 x 105
nnol e/ g wen hr, between about 750 nnole/g weni hr and about 1 x 105 nnole/g
went hr, between about 1000 nnole/g wem hr and about 1 x 105nnvl e/ g weni hr,
bet ween about 2500 nnol e/ g weni hr and about 1 x 105nnole/g wem hr, between
about 5000 nnole/g wemi hr and about 1 x 105nnol e/ g wenif hr, between about
7500 nnole/g wenl hr and about 1 x 105 nnole/g wenl hr, and between about 1 X
104 nnole/g weml hr and about 1 x 105nnole/g wem hr, and produce hydrogen at
a rate between about 125 nnmole/g wem hr to about 1.25 x 104 nnole/g wem hr,
bet ween about 250 nnmole/g weni hr to about 1.25 x 104 nnol e/ g weni hr,

bet ween about 500 nmole/g weni hr to about 1.25 x 104 nnole/g weni hr,

bet ween about 750 nnole/g wenmihr to about 1.25 x | O4 nnole/g weni hr,

bet ween about 1000 nnole/g weni hr to about 1.25 x 104 nnole/g

wend hr, bet ween about 1250 nnole/g werm hr to about 1.25 x 104 nnole/g

wenl hr, between about 2500 nnole/g weni hr to about 1.25 x 104 nnole/g

went hr, between about 5000 nnole/g wem hr to about 1.25 1 O4 nnolel/g

wenl hr, between about 7500 nnole/g wenihr to about 1.25 ¢ 104 nnole/g

wenl hr, and between about 1.00 ¢ 104 nnole/g weni hr to about 1.25 ¢ 104
nnmol e/ g wenf hr. [0520] In sone enbodi nents, provided herein are nethods of
co- produci ng i soprene and hydrogen, the nmethods conprising: (a) culturing
cells under conditions suitable for the coproduction



of isoprene and hydrogen; and (b) co-producing i soprene and hydrogen,
wherein the cells have an average volunetric productivity of isoprene
greater than about 0.1 ny/Lbroth/hr and an average vol unetric productivity
of hydrogen greater than about 0.005 ng/Lbroth/hr. [0521] In sone

enbodi nents, provided herein are nmethods of co-producing isoprene and

hydr ogen, the nmethods conprising: (a) culturing cells under conditions
suitable for the coproduction of isoprene and hydrogen; and (b)

co- produci ng i soprene and hydrogen, wherein the cells convert nore than
about 0.002 nol ar percent of the carbon that the cells consune froma cel
culture nmediuminto isoprene, and produce hydrogen equivalent to nore than
about 0.024 nol ar percent of the carbon that the cells consune froma cel
culture nmedium [0522] In sonme enbodi nents, provided herein are

conposi tions conprising isoprene and hydrogen in a ratio ranging from at

| east one nol ar percent of isoprene for every three nolar percent of
hydrogen to at | east one nolar percent of isoprene for every four nolar
percent of hydrogen, and 0.1 nolar percent or less of volatile inpurities.
I n sone enbodi nents, the conpositions further conprise from1 to 11 nol ar
percent isoprene and from4 to 44 nol ar percent hydrogen. In sone

enbodi ments, the conpositions further conprise oxygen, carbon dioxide, or
nitrogen. In sonme enbodi ments, the conpositions further conprise fromO to
2 1 nol ar percent oxygen, from 18 to 44 nol ar percent carbon di oxide, and
fromO to 78 nolar percent nitrogen. In sone enbodi nents, the conposition
further conprises 1.0 ¢ 10 4 nol ar percent or |ess of non-nethane volatile
inmpurities. In some enbodi ments, the non-nethane volatile inmpurities
conprise one or nore of the follow ng: 2-heptanone, 6-nethyl-5-hepten-2-
one, 2,4,5-trinethylpyridine, 2,3,5-trinethyl pyrazine, citronellal,
acet al dehyde, net hanethiol, nmethyl acetate, 1-propanol, diacetyl,

2- but anone, 2-nethyl -3-buten-2-0l, ethyl acetate, 2-nethyl- 1-propanol,
3-nmet hyl - 1-butanal, 3-nethyl-2-butanone, 1-butanol, 2-pentanone,
3-net hyl -1 butanol, ethyl isobutyrate, 3-nethyl-2-butenal, butyl acetate,
3-nmet hyl butyl acetate, 3-nethyl-3- buten-1-yl acetate,

3-nethyl -2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinmethyl-2,6-octadien-1-0ol), citronellol

(3, 7-dinethyl -6-octen-1-0ol), (E)-3,7- dinethyl-1,3,6-octatriene,
(2)-3,7-dinmethyl -1, 3,6-octatriene, 2,3-cycloheptenol pyridine, or alinear

i soprene polynmer (such as a linear isoprene diner or a |linear isoprene
trimer derived fromthe polynerization of nultiple isoprene units). In sone
enbodi nents, the non-nethane volatile inpurities conprise one or nore of
the followi ng: the isoprene conposition includes one or nore of the
foll owi ng: an al cohol, an al dehyde, or a ketone (such as any of the

al cohol s,



al dehydes, or ketones described herein). In sonme enbodi ments, the isoprene
conposition includes (i) an al cohol and an al dehyde, (ii) an al cohol and a
ketone, (iii) an aldehyde and a ketone, or (iv) an al cohol, an al dehyde,
and a ketone. In sone enbodi nents, the non-nethane volatile inpurities
conprise one or nore of the foll ow ng: nethanol, acetal dehyde, ethanol,

nmet hanet hi ol , 1-butanol, 3-nethyl-I|-propanol, acetone, acetic acid,

2- but anone, 2-nethyl-1butanol, or indole. [0523] Also provided herein are
met hods of co-producing isoprene and hydrogen, the nethods conprising: a)
culturing cells under conditions suitable for the co-production of isoprene
and hydrogen; and b) co-producing isoprene and hydrogen, wherein the peak
concentration of the isoprene produced by the cells in oxygen-limted
culture is greater than about 10 ng/Lbroth and the hydrogen evolution rate
of the cells is greater than about 0.0025 mmol/Lbroth/hour. In sone

enbodi nents of any of these nethods, the hydrogen evolution rate is between
about any of 0.0025 mmol /Lbroth/hr and about 10 mol / Lbroth/ hr, between
about 0.0025 nmmol / Lbrot h/ hr and about 5 mmol /Lbroth/hr, between about

0. 0025 mmol / Lbrot h/ hr and about 2.5 mmol/Lbroth/ hr, between about 0.0025
nmol / Lbr ot h/ hr and about nmol / Lbrot h/ hr, between about 0.0025

nmol / Lbrot h/ hr and about 0.5 mol / Lbroth/ hr, between about 0.0025

nmmol / Lbr ot h/ hr and about 0.25 nmol /Lbroth/ hr, between about 0.0025

mol / Lbrot h/ hr and about 0.025 mmol / Lbrot h/ hr, between about 0.025

nmol / Lbrot h/ hr and about 0.5 mmol /Lbroth/ hr, between about 0.025

nmol / Lbr ot h/ hr and about nmol / Lbrot h/ hr, between about 0.025

mmol / Lbrot h/ hr and about 2.5 mol /Lbroth/hr, between about 0.025

mol / Lbr ot h/ hr and about mol / Lbr ot h/ hr, between about 0.025

nmol / Lbrot h/ hr and about 10 mmol / Lbrot h/ hr, between about 0.25

nmol / Lbrot h/ hr and 1 mmol / Lbr ot h/ hr, between about 0.25 muol /Lbroth/ hr and
2.5 mmol / Lbrot h/ hr, between about 0.25 mmol/Lbroth/hr and 2.5

mol / Lbrot h/ hr, and between about 0.25 mmol /Lbroth/hr and 10

mmol / Lbrot h/ hr. [0524] Provided herein are al so nethods of co-producing

i soprene and hydrogen conprising a) culturing cells under conditions
suitable for the co-production of isoprene and hydrogen; and b)

co- produci ng i soprene and hydrogen, wherein the |liquid phase concentration
of isoprene is |less than about 200 ngy/L, the cells produce greater than
about 400 nnol e/ gwcm hour of isoprene, and the hydrogen evol ution rate of
the cells is greater than about 0.0025 mmol/L/hour. In soneenbodi ments, the
| i quid phase concentration of isoprene in the culture is |l ess than about
any of 175 ngy/L, 150 ng/L, 125 ng/L, 100 ngy/L, 75 ng/L, 50 ngy/L, 25 ny/L,
20 mg/L, 15 ng/L, 10

O NPFPOOOOR



mg/L, 5 mg/L, or 2.5 ng/L. In sone enbodi nents, the liquid phase
concentration of isoprene in culture is between about any of 0.1 ng/L to
200 nmg/L, 1 ng/L to 200 nmy/L, 1 ng/L to 150 ng/L, 1 ng/L to 100 ng/L, 1
mg/L to 50 ng/L, 1 ng/L to 25 ng/L, 1 ng/L to 20 ng/L, or 10 ng/L to 20
ng/L. In sone enbodi nents of any of these nethods, the hydrogen evol ution
rate i s between about any of 0.0025 mmol /Lbroth/hr and about 10

mol / Lbrot h/ hr, between about 0.0025 mol / Lbroth/ hr and about 5
mol / Lbrot h/ hr, between about 0.0025 mmol /Lbroth/ hr and about 2.5
mol / Lbrot h/ hr, between about 0.0025 mol /Lbroth/ hr and about 1
mol / Lbrot h/ hr, between about 0.0025 mol /Lbroth/ hr and about 0.5
mol / Lbrot h/ hr, between about 0.0025 mol / Lbrot h/ hr and about 0. 25
mol / Lbrot h/ hr, between about 0.0025 mml /Lbrot h/ hr and about 0.025

. 025 mmol / Lbrot h/ hr and about 0.5

. 025 mol / Lbrot h/ hr and about 1

. 025 mmol / Lbrot h/ hr and about 2.5

. 025 mmol / Lbrot h/ hr and about 5

mol / Lbrot h/ hr, between about 0.025 mmol /Lbrot h/ hr and about 10

mol / Lbrot h/ hr, between about 0.25 mmol /Lbroth/hr and 1 mol /Lbroth/ hr,

bet ween about 0.25 mmol /Lbroth/hr and 2.5 mrol / Lbr ot h/ hr, between about
0.25 mol / Lbroth/hr and 2.5 mol / Lbrot h/ hr, and between about 0. 25

mol / Lbrot h/ hr and 10 mmol / Lbr ot h/ hr. [0525] I n one aspect, provided herein
are cells in oxygen-limted culture that co-produce isoprene and hydrogen.
In some enbodi mnents, the oxygen-limted culture is anaerobic. In sone
enbodi ments, the cells in oxygen-limted culture produce greater than about
400 nnol e/ gwem hr of isoprene and greater than about 125 nnol e/ gwecm hr of
hydr ogen. In sone enbodi nents, the cells have a heterol ogous nucleic acid
that (i) encodes an isoprene synthase pol ypeptide and (ii) is operably
linked to a promoter. In sonme enbodi ments, the cells are cultured in a

cul ture nediumthat includes a carbon source, such as, but not limted to,
a carbohydrate, glycerol, glycerine, dihydroxyacetone, one-carbon source,
oil, animal fat, animal oil, fatty acid, |ipid, phospholipid, glycerolipid,
nonogl yceri de, diglyceride, triglyceride, renewabl e carbon source,

pol ypeptide (e.g., a mcrobial or plant protein or peptide), yeast extract,
conponent from a yeast extract, or any conbination of two or nore of the
foregoing. In some enbodi ments, the cells are cultured under |imted

gl ucose conditions. [0526] In sone enbodi nents, provided herein are cells
in oxygen-limted culture that convert nore than about 0.002% of the carbon
inacell culture mediuminto isoprene and produce

mol / Lbrot h/ hr, between about
mol / Lbrot h/ hr, bet ween about
mol / Lbrot h/ hr, between about
mol / Lbr ot h/ hr, bet ween about
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hydr ogen equi val ent to nore than about 0.024 nol ar percent of the carbon in
a cell culturenedium In sone enbodi nents, the oxygen-limted culture is
anaerobic. In sone enbodi nents, the cells have a heterol ogous nucleic acid
that (i) encodes an isoprene synthase polypeptide and (ii) is operably
linked to a promoter. In sonme enbodi ments, the cells are cultured in a
culture nmediumthat includes a carbon source, such as, but not limted to,
a carbohydrate, glycerol, glycerine, dihydroxyacetone, one-carbon source,
oil, animal fat, animal oil, fatty acid, |ipid, phospholipid, glycerolipid,
nmonogl yceride, diglyceride, triglyceride, renewabl e carbon source,

pol ypeptide (e.g., a mcrobial or plant protein or peptide), yeast extract,
conponent from a yeast extract, or any conbination of two or nore of the
foregoing. In some enbodi ments, the cells are cultured under limted

gl ucose conditions. [0527] In sone enbodi nents, provided herein are cells
in oxygen-limted culture that conprise a heterol ogous nucleic acid
encodi ng an i soprene synthase pol ypeptide. In sonme enbodi nents, the
oxygen-limted culture is anaerobic. In some enbodi ments, the cells have a
het er ol ogous nucleic acid that (i) encodes an isoprene synthase pol ypeptide
and (ii) is operably linked to a pronoter. In sone enbodi nents, the cells
are cultured in a culture nmediumthat includes a carbon source, such as,

but not limted to, a carbohydrate, glycerol, glycerine, dihydroxyacetone,
one-carbon source, oil, animal fat, animal oil, fatty acid, lipid,
phosphol i pid, glycerolipid, nonoglyceride, diglyceride, triglyceride,
renewabl e carbon source, polypeptide (e.g., a mcrobial or plant protein or
peptide), yeast extract, conponent froma yeast extract, or any conbi nation
of two or nore of the foregoing. In sonme enbodi nents, the cells are
cultured under limted glucose conditions. [0528] In one aspect, provided
herein are net hods of co-producing isoprene with another conpound, such as
met hods of using any of the cells described herein to co-produce isoprene
and hydrogen. In sone enbodi nents, the nethod involves culturing cells
under oxygen-limted conditions sufficient to produce greater than about
400 nnol e/ gwem hr of isoprene and greater than about 125 nnol e/ gwem hr of
hydrogen. I n sone enbodi nents, the oxygen-limted culture is anaerobic. In
sonme enbodi nents, the nethod al so includes recovering the isoprene and

hydr ogen produced by the cells. In sonme enbodi nents, the nethod further

i ncl udes purifying the isoprene and the hydrogen produced by the cells. In
sonme enbodi nents, the nmethod includes polynerizing the isoprene. In sone
enbodi nents, the cells have a heterol ogous nucleic acid that (i) encodes an
i soprene synt hase pol ypeptide and (ii) is operably linked to a pronoter. In
sone



enbodi nents, the cells are cultured in a culture nmediumthat includes a
carbon source, such as, but not limted to, a carbohydrate, glycerol,

gl ycerine, dihydroxyacetone, one-carbon source, oil, aninmal fat, animal
oil, fatty acid, lipid, phospholipid, glycerolipid, nonoglyceride,

di gl yceride,triglyceride, renewabl e carbon source, polypeptide (e.g., a

m crobial or plant protein or peptide), yeast extract, conponent from a
yeast extract, or any conbination of two or nore of the foregoing. In sone
enbodi ments, the cells are cultured under limted glucose conditions. In
vari ous enbodi ments, the anmount of isoprene produced (such as the total
anount of isoprene produced or the anount of isoprene produced per liter of
broth per hour per OD OO during stationary phase is greater than or about
2 or nore tinmes the amount of isoprene produced during the growth phase for
the sane length of tinme. [0529] In sone enbodi nents, the nethod includes
culturing cells under oxygen-limted conditions sufficient to convert nore
t han about 0.002% of the carbon (rmol/nol) in a cell culture mediuminto

i soprene and to produce hydrogen equivalent to nore than about 0.024 nol ar
percent of the carbon in a cell culture nedium In sone enbodi nents, the
oxygen-limted culture is anaerobic. In sone enbodi nents, the nethod al so

i ncl udes recovering isoprene and hydrogen produced by the cells. In sone
enbodi nents, the nmethod further includes purifying isoprene and hydrogen
produced by the cells. In sonme enbodi nents, the nethod incl udes

polyneri zing the isoprene. In sone enbodi nents, the cells have a

het er ol ogous nucleic acid that (i) encodes an isoprene synthase pol ypepti de
and (ii) is operably linked to a pronoter. In sone enbodinents, the cells
are cultured in a culture nmediumthat includes a carbon source, such as,
but not limted to, a carbohydrate, glycerol, glycerine, dihydroxyacetone,
one-carbon source, oil, aninmal fat, animal oil, fatty acid, |ipid,
phosphol i pid, glycerolipid, nonoglyceride, diglyceride, triglyceride,
renewabl e carbon source, pol ypeptide (e.g., a mcrobial or plant protein or
peptide), yeast extract, conmponent froma yeast extract, or any conbination
of two or nore of the foregoing. [0530] In sone enbodi nents of any of the
aspects descri bed herein, the mcrobial polypeptide carbon source includes
one or nore pol ypeptides fromyeast or bacteria. In sone enbodi nents of any
of the aspects described herein, the plant pol ypeptide carbon source

i ncl udes one or nore pol ypeptides fromsoy, corn, canola, jatropha, palm
peanut, sunflower, coconut, nustard, rapeseed, cottonseed, pal mkernel,
olive, safflower, sesame, or linseed. [0531] In sone enbodi nents, isoprene
and hydrogen are only co-produced in stationary



phase. In sone enbodi nents, isoprene and hydrogen are co-produced in both
the grow h phase and stationary phase. In various enbodi nents, the anpunt
of isoprene produced (such as the total amount of isoprene produced or the
anount of isoprene produced per liter of broth per hour per OD OO during
stationary phase is greater than or about 2, 3, 4, 5, 10, 20, 30, 40, 50,
or nore tinmes the anount of isoprene produced during the growh phase for
the sane length of tine. Invarious enbodi nents, the anmount of hydrogen
produced (such as the total anpbunt of hydrogen produced or the anmount of
hydr ogen produced per liter of broth per hour per OD OO during stationary
phase is greater than or about 2, 3, 4, 5, 10, 20, 30, 40, 50, or nore

ti mes the amount of hydrogen produced during the growth phase for the sane
|l ength of tinme. [0532] In sonme enbodi nents, the conpositions provided
herei n conpri se hydrogen and greater than or about 99.90, 99.92, 99.94,
99.96, 99.98, or 100% i soprene by wei ght conpared to the total weight of
all C5 hydrocarbons in the conposition. In sone enbodi nents, the
conposition conprises |less than or about 0.12, 0.10, 0.08, 0.06, O0.04,
0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001% C5

hydr ocar bons ot her than isoprene (such as 1, 3- cycl opentadi ene,
cis-1,3-pentadiene, trans- 1, 3-pentadi ene, 1, 4-pentadi ene, 1-pentyne,
2-pentyne, 1l-pentene, 2-nethyl-I-butene, 3-nethyl-I-butyne,

pent - 4-ene-1-yne, trans-pent-3-ene-l-yne, or cis-pent-3-ene-|-yne) by

wei ght conpared to the total weight of all C5 hydrocarbons in the
conposition. In sonme enbodi nents, the conposition has |ess than or about
0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001,

0. 00005, or 0.00001%for 1,3- cyclopentadiene, cis-Il, 3-pentadi ene, trans-
1, 3-pent adi ene, 1, 4-pentadi ene, 1l-pentyne, 2-pentyne, 1-pentene,
2-met hyl - | - but ene, 3-nethyl -1-butyne, pent-4-ene-I|-yne,
trans-pent-3-ene-|-yne, or cis-pent-3-ene-1-yne by weight conpared to the
total weight of all C5 hydrocarbons in the conposition. In particular
enbodi nents, the conposition has greater than about 2 ng of isoprene and
has greater than or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100%

i soprene by weight conpared to the total weight of all C5 hydrocarbons in
the conposition. In sone enbodi nents, the conposition has | ess than or
about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ny/L of a
conpound that inhibits the polynerization of isoprene for any conpound in
the conposition that inhibits the polynerization of isoprene. In particular
enbodi nents, the conposition also conprises greater than about 2 ng of

i soprene and greater than about 0.48 ng of hydrogen. [0533] In sone

enbodi ments, the volatile organic fraction of the gas phase has | ess than
or



about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L of a
conpound that inhibits the polynerization of isoprene for any conpound in
the volatile organic fraction of the gas phase that inhibits the

pol yneri zation of isoprene. In particular enbodinents, the volatile organic
fraction of the gas phase al so has greater than about 2 ng of isoprene and
greater than about 0.48 ng of hydrogen. [0534] In sone enbodi nents, the
systens include any of the cells and/or conpositions described herein. In
sonme enbodi nents, the systemincludes a reactor that chanber conprisescells
in oxygen-limted culture that produce greater than about 400, 500, 600,
700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000,
5,000, or nore nnol e/ gwcm hr isoprene and greater than about 125, 250, 500,
750, 1000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, 7,500,
10, 000, or nore nnol e/ gwcm hr hydrogen. In sone enbodi nents, the systemis
not a closed system In sone enbodi nents, at |east a portion of the

i soprene is renoved fromthe system In sone enbodi nents, the system

i ncl udes a gas phase conprising isoprene and hydrogen. In various

enbodi nents, the gas phase conprises any of the conpositions described
herein. [0535] In one aspect, featured herein is a product produced by any
of the conpositions or nethods described herein. Cell Viability at High

| soprene Titer [0536] |soprene is a hydrophobic nol ecul e secreted by many
pl ants, animals, and m crobes. Bacteria, such as Bacillus, produce isoprene
at fairly lowlevels. Wiile there is sone evidence that plants secrete

i soprene to help with thernmoprotection, it has been hypot hesi zed t hat

i soprene nmay act antagonistically to cyanobacteria or fungi, or as an
antimcrobial agent. See, e.g., Ladygina et al., Process Biochem stry
41:1001- 1014 (2006), which is incorporated by reference in its entirety,
particularly with respect to isoprene acting antagonistically. Since the
very | ow production | evels happening in nature are sufficient to be
anti-mcrobial, it was of great concern that the titers and productivity

| evel s of isoprene necessary for commercialization of isoprene would kil

t he host mcrobe. [0537] W have found nethods for producing titers and
productivity levels of isoprene for conmercialization of isoprene while

mai ntaining cell viability and/or netabolic activity as indicated by carbon
di oxi de evolution rate or total carbon dioxide evolution rate. [0538]

Provi ded herein are nethods of producing isoprene conprising: a) culturing
cell s under



sui tabl e conditions for production of isoprene; and b) producing isoprene,
wherein cells produce greater than about 400 nnol e/ gwcni hour of isoprene,
and the carbon dioxide evolution rate of the cells is greater than about 1
x 10 18 mmol /L/ hour. In sone enbodi nents, the isoprene produced is any
concentration or amount disclosed in the section entitled "Exenpl ary
Production of Isoprene.” In sone enbodi nents, the anpunt of isoprene is
bet ween about any of 400 nnol e/ gwcm hour to 1 nol e/ gwem hour, 400

nmol e/ gwenf hour to 1 mrol e/ gwem hour, 400 nnol e/ gweni hour to 40

mol e/ gwenl hour, 400 nnol e/ gwent hour to 4 mol e/ gwem hour, 1

nmol e/ gwenf hour to 1.5 mmol e/ gwenml hour, 1.5 mmol e/ gwenm hour to 3

nmol e/ gweni hour, 3mol e/ gwem hour to 5 mmol e/ gwent hour, 5 mol e/ gwem hour
to 25 mmol e/ gwem hour, 25 mmol e/ gwem hour to 100 mmol e/ gwent hour, 100

mol e/ gwenl hour to 500 mmol e/ gwem hour, or 500 mmol e/ gwem hour to 1000
nmol e/ gwenf hour. I n sone enbodi nents, the anount of isoprene is about any
of 1 nmmol e/ gweni hour, 1.5 mol e/ gwecm hour, 2 nmmol e/ gwem hour, 3

nmol e/ gwent hour, 4 mmol e/ gwcm hour, or 5 mmol e/ gwcm hour. In sone

enbodi nents, the carbon dioxide evolution rate is between about any of 1 Xx
10 18 mmol / L/ hour to about 1 nol/L/hour, 1 mmol/L/hour to 1 nol/L/hour, 25
mrol / L/ hour to 750 nmol / L/ hour, 25 nmol/L/hour to 75 mol/L/hour, 250
mol / L/ hour to 750 mmol / L/ hour, or 450 nmmol/L/hour to 550 nmol /L/hour. In
sonme enbodi nents, the carbon dioxide evolution rate is about any of 50
mol / L/ hour, 100 mmol / L/ hour, 150 rmmol / L/ hour, 200 nmol /L/hour, 250
mrol / L/ hour, 300 nmol / L/ hour, 350 mmol / L/ hour, 400 mol /L/hour, 450
mmol / L/ hour, or 500 nmol / L/ hour. [0539] Provided herein are al so nethods of
produci ng i soprene conprising: a) culturing cells under suitable conditions
for production of isoprene; and b) producing isoprene, wherein cells
produce greater than about 400 nnol e/ gwcni hour of isoprene, and cel
viability is reduced by |ess than about two-fold. In some enbodi ments, the
i soprene produced is any concentration or anmount disclosed in the section
entitled "Exenplary Production of |Isoprene.” In sone enbodi nents, the
anount of isoprene is between about any of 400 nnol e/ gweni hour to 1

nmol e/ gwcm hour, 400 nnol e/ gwenf hour to 1 mmol e/ gwent hour, 400

nnol e/ gwenl hour to 40 nmol e/ gweni hour, 400 nnol e/ gwcn hour to 4

nmol e/ gwentf hour, 1 mmol e/ gwcm hour to 1.5 nmol e/ gwent hour, 1.5

nmol e/ gweni hour to 3 mol e/ gwent hour, 3 mol e/ gwem hour to 5

mol e/ gwent hour, 5 mmol e/ gwem hour to 25 mmol e/ gwem hour, 25

mol e/ gwenl hour to 100 mmol e/ gwen hour, 100 nmol e/ gweni hour to 500

nmol e/ gwent hour, or 500 nmol e/ gwenf hour to 1000 nmol e/ gwent hour. I n sone
enbodi ments, the anmount of isoprene is about any of 1



mol e/ gwenl hour, 1.5 mol e/ gwent hour, 2 mol e/ gwem hour, 3 nmol e/ gwen! hour,
4 mmol e/ gwentf hour, or 5 mmol e/ gwcm hour. In sonme enbodi nents, cel
viability is reduced by | ess than about any of 1.75-fold, 1.5-fold,
1.25-fold, 1-fold, 0.75-fold, 0.5-fold, or 0.25-fold. In some enbodi nents,
cell viability is reduced by about 2-fold. [0540] Further provided herein
are net hods of producing isoprene conprising: a) culturing cells under
suitabl e conditions for production of isoprene; and b) producing isoprene,
wherein the cunul ative total productivity of the isoprene produced by the
cells in culture is greater than about 0.2 ng/Lbroth/hour and the carbon
di oxi de evolution rate of the cells is greater than about 1 x 10 18
nmol / L/ hour. I n sone enbodi nents, the cunul ative total productivity of

i soprene is any concentration or ampunt disclosed in the section entitled
"Exenpl ary Production of Isoprene.” Insone enbodi ments, the cunul ative
total productivity of the isoprene is between about any of 0.2

ng/ Lbrot h/ hour to 5 g/Lbroth/hour, 0.2 ng/Lbroth/hour to 1 g/Lbroth/hour, 1
g/ Lbroth/ hour to 2.5 g/Lbroth/hour, 2.5 g/Lbroth/hour to 5 g/Lbroth/hour.
In sone enbodi ments, the carbon dioxide evolution rate is between about any
of 1 x 10 18 mol /L/ hour to about 1 nol/L/hour, 1 mml/L/hour to 1

mol / L/ hour, 25 mmol/L/hour to 750 mmol / L/ hour, 25 mmol/L/hour to 75
mol / L/ hour, 250 mmol / L/ hour to 750 mol / L/ hour, or 450 mmol /L/ hour to 550
mol / L/ hour. I n sonme enbodi nents, the carbon di oxide evolution rate is
about any of 50 mmol/L/hour, 100 mmol / L/ hour, 150 mmol /L/hour, 200
mrol / L/ hour, 250 nmol / L/ hour, 300 mmol / L/ hour, 350 mol/L/hour, 400
mol / L/ hour, 450 mmol / L/ hour, or 500 nmol /L/ hour. [0541] Provided herein
are nmet hods of producing isoprene conprising: a) culturing cells under
suitabl e conditions for production of isoprene; and b) producing isoprene,
wherein the curnul ative total productivity of the isoprene produced by the
cells in culture is greater than about 0.2 ny/Lbroth/hour and cel
viability is reduced by |ess than about two-fold. In sone enbodi nents, the
cunul ative total productivity of isoprene is any concentration or anpunt
disclosed in the section entitled "Exenplary Production of |Isoprene.” In
sone enbodi nents, the cunul ative total productivity of the isoprene is

bet ween about any of 0.2 ng/Lbroth/hour to 5 g/Lbroth/hour, 0.2

nmg/ Lbrot h/ hour to 1 g/Lbroth/hour, 1 g/Lbroth/hour to 2.5 g/Lbroth/hour,
2.5 g/ Lbroth/hour to 5 g/Lbroth/hour. In sonme enbodi nents, cell viability
is reduced by | ess than about any of 1.75-fold, 1.5-fold, 1.25-fold,
1-fold, 0.75-fold, 0.5-fold, or 0.25-fold. [0542] Methods of producing

i soprene are al so provided herein conprising: a) culturing cells under
suitabl e conditions for production of isoprene; and b) producing isoprene,
wherein the



peak concentration of the isoprene produced by the cells in culture is
greater than about 10 ng/Lbroth and the carbon di oxi de evolution rate of
the cells is greater than about 1 x 10 18 muol/L/ hour. In some enbodi nents,
t he peak concentration of isoprene is any concentration or amount discl osed
in the section entitled "Exenplary Production of Isoprene.” In sone

enbodi nents, the peak concentration of isoprene is between about any of 10
ng/ Lbroth to 500 ng/Lbroth, 500 ng/Lbrothto 1 ng/Lbroth, 1 ng/Lbroth to 5
nmg/ Lbroth, 5 nmg/Lbroth to 50 ny/Lbroth, 5 ng/Lbroth to 100 ng/Lbroth, 5

ng/ Lbroth to 250 ng/Lbroth, 250 ng/Lbroth to 500 ng/Lbroth, 500 ng/Lbroth
to 1 ng/Lbroth, 1 ng/Lbrothto 50 ng/Lbroth, 1 ng/Lbrothto 100 ng/Lbroth, 1
ng/ Lbrot ht o 200 ng/ Lbroth, 10 ng/Lbrothto 200 ng/Lbroth, 5 ng/Lbroth to 100
nmg/ Lbroth, or 5 ny/Lbrothto 200 ng/Lbroth In sone enbodi ments, the peak
concentration is any of about 10 ng/Lbroth, 100 ng/Lbroth, 1 ng/Lbroth, 5
ng/ Lbroth, 1 ng/Lbroth, 30 ng/ Lbroth, 100 ng/Lbroth, or 200 ng/Lbroth. In
sonme enbodi ments, the carbon dioxide evolution rate i s between about any of
1 x 10 18 mmol / L/ hourto about 1 nol/L/hour, 1 mol/L/hour to 1 nol/L/hour,
25 mol / L/ hour to 750 mmol / L/ hour, 25 mmol /L/hour to 75 nmol /L/hour, 250
mol / L/ hour to 750 mmol / L/ hour, or 450 mmol /L/ hour to 550 mmol /L/hour. In
sonme enbodi ments, the carbon dioxide evolution rate is about any of 50
mol / L/ hour, 100 mmol / L/ hour, 150 mol/L/hour, 200 nmol/L/hour, 250
mol / L/ hour, 300 mmol / L/ hour, 350 mmol / L/ hour, 400 mol /L/hour, 450
nmol / L/ hour, or 500 mmol / L/ hour. [0543] In addition, nethods of producing

i soprene are al so provided herein conprising: a) culturing cells under
suitabl e conditions for production of isoprene; and b) producing isoprene,
wherein the peak concentration of the isoprene produced by the cells in
culture is greater than about 10 ng/Lbroth and cell viability is reduced by
| ess than about two-fold. In sone enbodi nents, the peak concentration of

i soprene is any concentration or ampunt disclosed in the section entitled
"Exenpl ary Production of Isoprene.” In sone enbodi nents, the peak
concentration of isoprene is between about any of 10 ng/Lb roth to 500

ng/ Lb roth, 500 ng/Lb roth to 1 ng/Lbroth, 1 ng/Lb ro th to 5 ng/L broth, 5
nmg/ L broth to 50 ng/L broth, 5 ng/L broth to 100 ng/L broth, 5 ng/Lb roth
to 250 ng/Lbroth, 250 ng/L broth to 500 ng/L broth, 500 ng/L broth to 1
nmg/L broth, 1 ng/L broth to 50 ng/Lb roth, 1 ng/Lbroth to 100 ng/L broth, 1
ng/L broth to 200 ng/L broth, 10 ng/L broth to 200 ny/Lbroth, 5 ng/Lbroth
to 100 ng/L broth, or 5 ng/L broth to 200 ng/L broth In some enbodi nents,

t he peak concentration is any of about 10 ng/L broth, 100 ng/L broth, 1
nmg/L broth, 5 ng/L broth, 1 ng/L broth, 30 ng/ Lbroth, 100 ng/Lbroth, or
200 ng/Lb roth- In sonme enbodi nents, cell viability is reduced by



| ess than about any of 1.75-fold, 1.5-fold, 1.25-fold, 1-fold, O0.75-fold,
0.5-fold, or 0.25-fold. In sone enbodinents, cell viability is reduced by
about 2-fold. [0544] Cells in culture are al so provided herein conprising a
nucl ei ¢ acid encodi ng an i soprene synthase pol ypeptide, wherein the cells
produce greater than about 400 nnole/g wcm hour of isoprene and carbon

di oxi de evolution rate of the cells is greater than about 1 x 10 18
nmol / L/ hour. I n sone enbodi nents, the isoprene produced is any
concentration or amount disclosed in the section entitled "Exenpl ary
Production of Isoprene.” In sone enbodi nents, the anmpbunt of isoprene is

bet ween about any of 400 nnole/g wem hour to 1 nole/g wem hour, 400 nnol e/ g
wenl hour to 1 mmol e/ g weni hour, 400 nnol e/ g weni hour to 40 nmol e/ g

wenl hour, 400 nnole/g wenihour to 4 mmol e/ g wenmi hour, 1 mmol e/ g wem hour to
1.5 mole/g wem hour, 1.5 nmmole/g wem hour to 3 mmol e/g wem hour, 3 nmole/g
wenl hour to 5 mmol e/ g wenf hour, 5 mmol e/ g wenf hour to 25 nmol e/ g wem hour,
25 mmol e/ g wenf hour to 100 nmol e/ g wenf hour, 100 nmol e/ g wenf hour to 500
mol e/ g wem hour, or 500 mmol e/ g WO hour to 1000 mmol e/ g wenml hour. I n sone
enbodi nents, the anmount of isoprene is about any of 1mmole/g wem hour, 1.5
nmol e/ g wem hour, 2 mmol e/ g wenif hour, 3 mmol e/ g wenl hour, 4 nmol e/ g

wenil hour, or 5 nmole/g wermd hour. In sonme enbodi nents, the carbon dioxide
evolution rate is between about any of 1 x 10~18 nmol /L/ hour to about 1

mol / L/ hour, 1 nmmol/L/hour to 1 nol/L/hour, 25 mol/L/hour to 750
mol / L/ hour, 25 mmol/L/hour to 75 mol/L/hour, 250 mmol/L/hour to 750
mrol / L/ hour, or 450 mmol /L/ hour to 550 mmol /L/ hour. In some enbodi nents,

t he carbon dioxi de evolution rate is about any of 50 rmmol/L/hour, 100
mrol / L/ hour, 150 mmol / L/ hour, 200 mmol / L/ hour, 250 mol/L/hour, 300
mmol / L/ hour, 350 mmol / L/ hour, 400 mol/L/hour, 450 nmol/L/hour, or 500
nmol / L/ hour. [0545] Provided herein are also cells in culture conprising a
nucl ei ¢ acid encodi ng an i soprene synthase pol ypeptide, wherein cunul ative
total productivity of the isoprene produced by the cells in culture is
greater than about 0.2 ng/L broth/hour and carbon di oxi de evolution rate of
the cells is greater than about 1 x 10 18 muol/L/ hour. In some enbodi nents,
the cunul ative total productivity of isoprene is any concentration or
amount di sclosed in the section entitled "Exenplary Production of

| soprene.” In sone enbodi nents, the cunul ative total productivity of the

i soprene i s between about any of 0.2 ng/L broth/hour to 5 g/Lbroth/hour,
0.2 nmg/L broth/hour to 1 g/Lbroth/hour, 1 g/Lbroth/hour to 2.5

g/ Lbroth/ hour, 2.5 g/Lbroth/hour to 5 g/Lbroth/hour. In sonme enbodi nents,
the carbon dioxide evolution rate is between about any of 1 x 10 18
nmmol / L/ hour



to about 1 nol/L/hour, 1 mmol/L/hour to 1 nol/L/hour, 25 nmmol/L/hour to 750
mol / L/ hour, 25 mrol/L/hour to 75 mol/L/hour, 250 mmol/L/hour to 750
mrol / L/ hour, or 450 mmol /L/ hour to 550 mmol /L/ hour. In some enbodi nents,

t he carbon dioxide evolution rate is about any of 50 mol/L/hour, 100
mol / L/ hour, 150 mmol / L/ hour, 200 rmol / L/ hour, 250 nmol/L/hour, 300
mol / L/ hour, 350 mmol / L/ hour, 400 mol / L/ hour, 450 nmol/L/hour, or 500
nmol / L/ hour. [0546] In addition, provided herein are cells in culture
conprising a nucleic acid encodi ng an i soprene synthase pol ypepti de,
wherei n peak concentration of the isoprene produced by the cells in culture
is greater than about 10 ng/Lbroth and carbon dioxide evolution rate of the
cells is greater than about 1 x 10 18 nmol /L/ hour. In sone enbodi nents, the
peak concentration of isoprene is any concentration or anmount disclosed in
the section entitled "Exenplary Production of Isoprene.” In sone

enbodi nents, the peak concentration of isoprene is between about any of 10
ng/ Lbroth t o 500 ng/L bro th, 500 ng/L broth to 1 ng/L bro th, 1 ng/L bro
th to 5 ng/L broth, 5 ng/L broth to 5 0 ng/Lbroth, 5 ng/Lb ro tht o 100
nmg/L bro th, 5 ng/L broth t o 250 ng/L bro th, 250 ng/L bro th t o 500
mg/L bro th, 500 ng/Lbroth t o 1 ng/Lbroth, 1 ng/L brotht o5 0 ng/L
broth, 1 ng/L broth t o 100 ng/L broth, 1 ng/L broth t o 200 ng/Lbroth, 10
ng/ Lbroth t o 200 ng/L br oth, 5 ng/L broth t o 100 ng/L br oth, or 5
ng/L bro th t o 200ng/Lbroth In sonme enbodi nents, the peak concentration is
any of about 10 ng/Lb roth, 100 ng/Lbroth, 1 ng/Woth, 5 ng/L broth, 1 ng/L
broth, 30 ng/ Lbroth, 100 ng/L broth, or 200 ng/L broth. In sone

enbodi nents, the carbon dioxide evolution rate is between about any of 1 Xx
10 18 mmol / L/ hour to about 1 nol/L/hour, 1 mmol/L/hour to 1 nol/L/hour, 25
mol / L/ hour to 750 mmol / L/ hour, 25 nmol /L/hour to 75 nmol / L/ hour, 250
mrol / L/ hour to 750 nmol /L/ hour, or 450 mol /L/hour to 550 mmol/L/hour. In
sonme enbodi nents, the carbon dioxide evolution rate is about any of 50
mol / L/ hour, 100 mmol / L/ hour, 150 rmmol / L/ hour, 200 nmol /L/hour, 250
mol / L/ hour, 300 mmol / L/ hour, 350 mol /L/hour, 400 nmol /L/hour, 450
mmol / L/ hour, or 500 nmol / L/ hour. [0547] In some enbodi ments of any of the
nmet hods and cells described herein, carbon dioxide evolution rate and/or
cell viability of a cell expressing a MVA pat hway and/or DXP pat hway RNA
and/or protein fromone or nore of a heterol ogous and/or duplicate copy of
a MVA pat hway and/ or DXP pathway nucleic acid is conpared to a control cel

| acki ng one or nore of a heterol ogous and/or duplicate copy of a MA

pat hway and/ or DXP pat hway nucleic acid. In some enbodi nents, carbon

di oxi de evolution rate and/or cell viability of a cell expressing a



MWA pat hway and/or DXP pat hway RNA and/or protein fromone or nore of a
het er ol ogous and/or duplicate copy of a MVA pat hway and/ or DXP pat hway
nucl eic acid under the control of an inducible pronoter, wherein the
pronotor is induced, is conpared to a control cell containing one or nore
of a heterol ogous and/or duplicate copy of a MVA pat hway and/ or DXP pat hway
nucl ei ¢ acid under the control of an inducible pronoter, wherein the
pronotor is not induced (uninduced). In sone enbodi nents, the inducible
pronoter is a beta-gal actosi dase pronoter. [0548] In some enbodi nents, the
met hods of producing isoprene conprise: a) culturing cells under suitable
conditions for production of isoprene; and b) producing isoprene, wherein
cells produce greater than about 400 nnol e/ g weni hour of isoprene, and the
carbon di oxi de evolution rate of the cells is greater than about 1 x 10 18
mol / L/ hour. Further provided herein are nmethods of producing isoprene
conprising: a) culturing cells under suitable conditions for production of
i soprene; and b) producing isoprene, wherein the cunul ative total
productivity of the isoprene produced by the cells in culture is greater
than about 0.2 ng/L broth/hour and the carbon di oxi de evolution rate of the
cells is greater than about 1 x 10 18 mmol /L/ hour. Methods of producing

i soprene are al so provided herein conprising: a) culturing cells under

sui tabl e conditions for production of isoprene; and b) producing isoprene,
wherein the peak concentration of the isoprene produced by the cells in
culture is greater than about 10 ng/Lb roth and the carbon di oxi de
evolution rate of the cells is greater than about 1 x 10 18 nmol/L/hour. In
sone enbodi nents of any of these nethods, the carbon dioxide evolution rate
i s between about any of 1 x 10~18 mol/L/hour to about 1 nol/L/hour, 1
mol / L/ hour to 1 nol/L/hour, 25 mmol/L/hour to 750 mmol / L/ hour, 25
mrol / L/ hour to 75 mol /L/ hour, 250 nmol/L/hour to 750 nmol /L/hour, or 450
mol / L/ hour to 550 mmol / L/ hour. In sone enbodi nents, the carbon dioxide
evolution rate is about 50 mmol /L/ hour or about 500 nmol /L/hour. [0549]
Further provided herein are cells in culture conprising a nucleic acid
encodi ng an i soprene synthase pol ypeptide, wherein the cells produce
greater than about 400 nnol e/ gwcm hour of isoprene and carbon di oxi de
evolution rate of the cells is greater than about 1 x 10 18 mmol / L/ hour.
Provi ded herein are also cells in culture conprising a nucleic acid
encodi ng an i soprene synthase pol ypeptide, wherein cunul ative total
productivity of the isoprene produced by the cells in culture is greater

t han about 0.2 nyg/Lbroth/hour and carbon di oxi de evolution rate of the
cells is greater than about 1 x 10 18 nmmol /L/ hour. In addition, provided
herein are cells in culture conprising a nucleic acid encoding an isoprene
synt hase



pol ypepti de, wherein peak concentration of the isoprene produced by the
cells in culture is greater than about 10 ng/Lbroth and carbon di oxi de
evolution rate of the cells is greater than about 1 x 10 18 nmol/L/hour. In
sone enbodi ments of any of these cells in culture, the carbon dioxide
evolution rate is between about any of 1 x 10 18 nmol /L/ hour to about 1

mol / L/ hour, 1 mrol/L/hour to 1 nol/L/hour, 25 mmol/L/hour to 750
mrol / L/ hour, 25 mol/L/hour to 75 mmol /L/ hour, 250 mmol/L/hour to 750
mmol / L/ hour, or 450 mol /L/hour to 550 nmmol/L/hour. In sonme enbodi nments,

t he carbon di oxide evolution rate is about 50 mmol / L/ hour or about 500
nmol / L/ hour. [0550] Provided herein are al so nethods of producing isoprene
conprising a) culturing cells under suitable conditions for production of

i soprene; and b) producing isoprene, wherein the |iquid phase concentration
of isoprene is |less than about 200 ng/L and the cells produce greater than
about 400 nnol e/ gwenf hour of isoprene. In sone enbodinents, the liquid
phase concentration of isoprene in the culture is |less than about any of
175 nmg/L, 150 ng/L, 125 ny/L, 100 ng/L, 75 ng/L, 50 nmg/L, 25 ng/L, 20 ny/L,
15 ng/L, 10 ng/L, 5 ng/L, or 2.5 ng/L. In sone enbodinents, the liquid
phase concentration of isoprene in culture is between about any of 0.1 ng/L
to 200 ng/L, 1 ng/L to 200 ng/L, 1 nmg/L to 150 ny/L, 1 ng/L to 100 ng/L, 1
mg/L to 50 ng/L, 1 ng/L to 25 ng/L, 1 ng/L to 20 ng/L, or 10 ng/L to 20
ng/ L. [0551] Al so provided herein are nmethods of producing a conpound,
wherei n the conpound has one or nore characteristics selected fromthe
group consisting of (a) a Henry's | aw coefficient of |ess than about 250
Matmand (b) a solubility in water of |ess than about 100 g/L.In sone
enbodi nents, the nethod conprises: a) culturing cells under suitable
conditions for production of the conpound, wherein gas is added (such as
the addition of gas to a systemsuch as a fernentation system at a gas
sparging rate between about 0.01 vvmto about 2 vvm and b) producing the
conpound. In sone enbodi nents, the Henry's | aw coefficient of the conpound
is |l ess than about any of 200 Matm 150 Matm 100 Matm 75 Matm 50
Matm 25 Matm 10 Matm 5 Matm or 1 Matm |In sone enbodi nents, the
solubility in water of the conmpound is |ess than about any of 75 g/L, 50
/L, 25 g/L, 10 g/L, 5 g/L, or Ig/L. In some enbodi nents, the conpound is
sel ected froma group consisting of isoprene, an al dehyde (e.g.,
acet al dehyde), a ketone (e.g., acetone or 2-butanone), an al cohol (e.g.,
nmet hanol, ethanol, 1-butanol, or C5 al cohols such as 3-nethyl-3-buten-I-ol
or 3-nethyl-2-buten-1-0l), an ester of an alcohol (e.g., ethyl acetate or
acetyl esters of C5 alcohols), a hemterpene, a nonoterpene, a
sesqui t erpene, and



C to C5 hydrocarbons (e.g., nethane, ethane, ethylene, or propylene). In
sone enbodi nents, the C to C5 hydrocarbons are saturated, unsaturated, or
branched. In particular enbodi nents, the conpound is isoprene. In sone
enbodi ments of the nethods of producing any of the conpounds descri bed
above, the gas sparging rate is between about any of 0.1 vvmto 1 vvm 0.2
vvmto 1 vvm or 0.5 vwvmto 1 vvm [0552] In one aspect, cells in culture
are used to produce isoprene. In sonme enbodi ments, the cells in culture
produce greater than about 400 nnole of isoprene/gramof cells for the wet
wei ght of the cells/hour (nnole/gwecnm hr) of isoprene. In sone enbodi nents,
the cells have a heterol ogous nucleic acid that (i) encodes an isoprene
synt hase pol ypeptide and (ii) is operably linked to a pronoter. In sone
enbodi nents, the cells are cultured in a culture nmediumthat includes a
carbon source, such as, but not limted to, a carbohydrate, glycerol,

gl ycerine, dihydroxyacetone, one-carbon source, oil, animl fat, ani mal

oil, fatty acid, lipid, phospholipid, glycerolipid, nonoglyceride,

di gl yceride, triglyceride, renewabl e carbon source, polypeptide (e.g., a

m crobial or plant protein or peptide), yeast extract, conponent froma
yeast extract, or any conbination of two or nore of the foregoing. In sone
enbodi ments, the cells are cultured under limted glucose conditions.

[0553] In sone enbodi nents, the cells in culture convert nore than about
0.002% of the carbon in a cell culture nmediuminto isoprene. In sone

enbodi nents, the cells have a heterol ogous nucleic acid that (i) encodes an
i soprene synt hase pol ypeptide and (ii) is operably linked to a pronoter. In
some enbodi nents, the cells are cultured in a culture nmediumthat includes
a carbon source, such as, but not limted to, a carbohydrate, glycerol,

gl ycerine, di hydroxyacetone, one-carbon source, oil, animl fat, ani mal

oil, fatty acid, lipid, phospholipid,glycerolipid, nonoglyceride,

di gl yceride, triglyceride, renewabl e carbon source, polypeptide (e.g., a

m crobial or plant protein or peptide), yeast extract, conponent froma
yeast extract, or any conbination of two or nore of the foregoing. In sone
enbodi ments, the cells are cultured under limted glucose conditions.

[ 0554] In sone enbodi nents, the cells in culture conprise a heterol ogous
nucl eic acid encodi ng an i soprene synthase pol ypeptide. In sone

enbodi nents, the cells have a heterol ogous nucleic acid that (i) encodes an
i soprene synthase pol ypeptide and (ii) is operably linked to a pronoter. In
some enbodi nents, the cells are cultured in a culture nmediumthat includes
a carbon source, such as, but not limted to, a carbohydrate, glycerol,

gl ycerine, dihydroxyacetone,



one-carbon source, oil, animal fat, animal oil, fatty acid, lipid,
phosphol i pid, glycerolipid, nonoglyceride, diglyceride, triglyceride,
renewabl e carbon source, polypeptide (e.g., a mcrobial or plant protein or
peptide), yeast extract, conponent froma yeast extract, or any conbi nation
of two or nore of the foregoing. In sone enbodi nents, the cells are
cultured under limted glucose conditions. [0555] In one aspect, described
herein are net hods of producing isoprene, such as methods of using any of
the cells described herein to produce isoprene. In sonme enbodi nents, the
met hod i nvol ves culturing cells under conditions sufficient to produce
greater than about 400 nnol e/gwcnm hr of isoprene. In sone enbodi nents, the
nmet hod al so i ncludes recovering isoprene produced by the cells. In sone
enbodi ments, the nethod includes purifying i soprene produced by the cells.
In sonme enbodi ments, the method includes polynerizing the isoprene. In sone
enbodi nents, the cells have a heterol ogous nucleic acid that (i) encodes an
i soprene synt hase pol ypeptide and (ii) is operably linked to a pronoter. In
some enbodi nents, the cells are cultured in a culture nmediumthat includes
a carbon source, such as, but not limted to, a carbohydrate, glycerol,

gl ycerine, di hydroxyacetone, one-carbon source, oil, animl fat, ani mal

oil, fatty acid, lipid, phospholipid, glycerolipid, nonoglyceride,

di gl yceride, triglyceride, renewabl e carbon source, polypeptide (e.g., a

m crobial or plant protein or peptide), yeast extract, conponent froma
yeast extract, or any conbination of two or nore of the foregoing. In sone
enbodi ments, the cells are cultured under limted glucose conditions. In
vari ous enbodi nents, the anount of isoprene produced (such as the total
anount of isoprene produced or the anount of isoprene produced per liter of
broth per hour per OD OO during stationary phase is greater than or about
2 or nore tinmes the amount of isoprene produced during the growth phase for
the sane length of tine. In sone enbodi nents, the gas phase conpri ses
greater than or about 9.5 % (volunme) oxygen, and the concentration of

i soprene in the gas phase is less than thelower flamuability limt or
greater than the upper flammbility imt. In particular enbodinents, (i)
the concentration of isoprene in the gas phase is |less than the | ower
flammability Iimt or greater than the upper flammbility limt, and (ii)
the cells produce greater than about 400 nnol e/ gwcnf hr of isoprene. [0556]
In some enbodi ments, the method includes culturing cells under conditions
sufficient to convert nore than about 0.002% of the carbon (nol/nmol) in a
cell culture nmediuminto isoprene. In sone enbodi nents, the nethod al so

i ncl udes recovering isoprene produced by the



cells. In sone enbodi nents, the nethod includes purifying isoprene produced
by the cells. In sone enbodi nents, the nethod includes polynerizing the

i soprene. In sonme enbodi nents, the cells have a heterol ogous nucleic acid
that (i) encodes an isoprene synthase polypeptide and (ii) is operably
linked to a promoter. In sonme enbodi ments, the cells are cultured in a
culture nmediumthat includes a carbon source, such as, but not limted to,
a carbohydrate, glycerol, glycerine, dihydroxyacetone, one-carbon source,
oil, animal fat, animal oil, fatty acid, |ipid, phospholipid, glycerolipid,
nmonogl yceride, diglyceride, triglyceride, renewabl e carbon source,

pol ypeptide (e.g., a mcrobial or plant protein or peptide), yeast extract,
conponent from a yeast extract, or any conbination of two or nore of the
foregoing. In some enbodi ments, the cells are cultured under limted

gl ucose conditions. [0557] In sone enbodi nents, isoprene is only produced
in stationary phase. In sone enbodi nents, isoprene is produced in both the
growt h phase and stationary phase. |In various enbodi nents, the anmount of

i soprene produced (such as the total anount of isoprene produced or the
anount of isoprene produced per liter of broth per hour per OD OO during
stationary phase is greater than or about 2, 3, 4, 5, 10, 20, 30, 40, 50,
or nore tines the anount of isoprene produced during the growth phase for
the sane length of tinme. [0558] In one aspect, described herein are
conpositions and systens that conprise isoprene. In sone enbodi nents, the
conposition conprises greater than or about 2, 5, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 ny of

i soprene. In sonme enbodi ments, the conposition conprises greater than or
about 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 g of isoprene(w w) of
the volatile organic fraction of the conposition is isoprene. [0559] In
sonme enbodi ments, the conposition conprises greater than or about 99. 90,
99.92, 99.94, 99.96, 99.98, or 100% i soprene by weight conpared to the
total weight of all C5 hydrocarbons in the conposition. In sone

enbodi nents, the conposition conprises |less than or about 0.12, 0.10, 0.08,
0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0O.00005, or 0.00001%
C5 hydrocarbons other than isoprene (such as 1, 3-cycl opent adi ene,

cis-1, 3-pent adi ene, trans- 1, 3-pentadi ene, 1, 4-pentadi ene, 1-pentyne,

2- pentyne, 1-pentene, 2-nethyl-I|butene, 3-nethyl-I-butyne,

pent - 4-ene-| -yne, trans-pent-3-ene-l-yne, or cis-pent-3-ene-|-yne) by

wei ght conpared to the total weight of all C5 hydrocarbons in the
conposition. In sonme enbodi nents, the conposition has |ess than or about
0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001,

0. 00005, or 0.00001% for 1, 3-cycl opentadiene, cis- 1,3 -pentadiene,



trans- 1,3 -pentadiene, 1,4-pentadiene, 1-pentyne, 2-pentyne, 1-pentene,
2-met hyl -1 -butene, 3- nethyl-1-butyne, pent-4-ene-I|-yne,
trans-pent-3-ene-|-yne, or cis-pent-3-ene-l-yne by weight conpared to the
total weight of all C5 hydrocarbons in the conposition. In particular
enbodi nents, the conposition has greater than about 2 ng of isoprene and
has greater than or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100%

i soprene by weight conpared to the total weight of all C5 hydrocarbons in

t he conposition. [0560] In some enbodi ments, the conposition has |ess than
or about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L of a
conpound that inhibits the polynerization of isoprene for any conpound in
the conposition that inhibits the polynerization of isoprene. In particular
enbodi nents, the conposition also has greater than about 2 ng of isoprene.
[0561] In sone enbodi nents, the conposition has one or nore conpounds

sel ected fromthe group consisting of ethanol, acetone, C5 prenyl alcohols,
and i soprenoid conpounds with 10 or nore carbon atons. |In sonme enbodi nents,
t he conposition has greater than or about 0.005, 0.01, 0.05, 0.1, 0.5, 1,
5, 10, 20, 30, 40, 60, 80, 100, or 120 ng/L of ethanol, acetone, a C5
prenyl al cohol (such as 3-nethyl-3-buten-1-0ol or 3-nethyl-2-buten-I-o0l), or
any two or nore of the foregoing. In particular enbodi nents, the
conposition has greater than about 2 ng of isoprene and has one or nore
conpounds sel ected fromthe group consisting of ethanol, acetone, C5 prenyl
al cohol s, and isoprenoid conpounds with 10 or nore carbon atons. [0562] In
sonme enbodi ments, the conposition includes isoprene and one or nore second
conpounds sel ected fromthe group consisting of 2-heptanone,

6- met hyl - 5- hept en- 2-one, 2,4,5- trinmethylpyridine, 2,3,5-trinethyl pyrazine,
citronellal, acetal dehyde, nethanethiol, nethyl acetate, 1-propanol,

di acetyl, 2-butanone, 2-nethyl-3-buten-2-0l, ethyl acetate,

2-met hyl - | propanol, 3-nethyl-1|-butanal, 3-nethyl-2-butanone, 1-butanol,

2- pentanone, 3-nethyl- 1- butanol, ethyl isobutyrate, 3-nethyl-2-butenal,
butyl acetate, 3-nethyl butyl acetate, 3-nethyl-3- buten-1-yl acetate,

3-nmet hyl -2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinethyl-2,6-octadien-1-0ol), citronellol

(3, 7-di met hyl -6-octen-1-0ol), (E)-3,7- dinmethyl-1,3,6-octatriene,
(2)-3,7-dinmethyl -1, 3,6-octatriene, and 2, 3-cycl oheptenol pyridine. In

vari ous enbodi mnents, the anount of one of these second conponents relative
to the anobunt ofisoprene in units of percentage by weight (i.e., weight of
t he conponent divided by the weight of isoprene tines 100) is at greater

t han or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, or 110% (wWw).



[0563] In sone enbodi nments, the conposition conprises (i) a gas phase that
conprises isoprene and (ii) cells in culture that produce greater than
about 400 nnol e/ gwcm hr of isoprene. In sonme enbodi nents, the conposition
conprises a closed system and the gas phase conprises greater than or
about 5. 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 ng/L of isoprene when
normalized to 1nL of 1 OD oo cultured for 1 hour. In sone enbodi nents, the
conposition conprises an open system and the gas phase conprises greater

t han or about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 ng/L of isoprene
when sparged at a rate of 1 vvm In sone enbodi nents, the volatile organic
fraction of the gas phase conprises greater than or about 99.90, 99.92,
99.94, 99.96, 99.98, or 100% i soprene by wei ght conpared to the total

wei ght of all C5 hydrocarbons in the volatile organic fraction. In some
enbodi nents, the volatile organic fraction of the gas phase conprises |ess
t han or about 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001,

0. 0005, 0.0001, 0.00005, or 0.00001% C5 hydrocarbons other than isoprene
(such as 1, 3- cycl opentadi ene, cis-Il, 3-pentadi ene, trans- 1, 3-pentadi ene,
1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I-butene,
3-net hyl -1 -butyne, pent-4-ene-|l-yne, trans-pent-3-ene-|l-yne, or

ci s-pent-3-ene-1-yne) by weight conpared to the total weight of all C5
hydrocarbons in the volatile organic fraction. In some enbodi nents, the

vol atile organic fraction of the gas phase has | ess than or about 0.12,
0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005,
or 0.00001% for 1, 3-cycl opent adi ene, cis-I, 3-pentadiene,
trans-1, 3- pent adi ene, 1, 4-pentadi ene, 1l-pentyne, 2-pentyne, 1-pentene,
2-met hyl -1 -butene, 3-nethyl-I-butyne, pent-4-ene-|-yne, transpent-
3-ene-1-yne, or cis-pent-3-ene-l-yne by wei ght conpared to the total weight
of all C5 hydrocarbons in the volatile organic fraction. In particul ar
enbodi nents, the volatile organic fraction of the gas phase has greater
than about 2 ng of isoprene and has greater than or about 99.90, 99.92,
99.94, 99.96, 99.98, or 100% i soprene by wei ght conpared to the total

wei ght of all C5 hydrocarbons in the volatile organic fraction. [0564] In
sone enbodi nents, the volatile organic fraction of the gas phase has | ess

t han or about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L
of a conpound that inhibits the polynerization of isoprene for any conpound
in the volatile organic fraction of the gas phase that inhibits the

pol yneri zation of isoprene. In particular enbodinents, the volatile organic
fraction of the gas phase al so has greater than about 2 ng of

i soprene. [0565] In sonme enbodi nents, the volatile organic fraction of the
gas phase has one or nore conpounds selected fromthe group consisting of
et hanol , acetone, C5 prenyl al cohols, and



i soprenoid conpounds with 10 or nore carbon atonms. In sone enbodi nents, the
vol atile organic fraction of the gas phase has greater than or about 0.005,
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 60, 80, 100, or 120 ng/L of

et hanol, acetone, a C5 prenyl al cohol (such as 3-nethyl-3-buten-I-ol or
3-nmet hyl -2-buten-1-0l), or any two or nore of the foregoing. In particular
enbodi nents, the volatile organic fraction of the gas phase has greater

t han about 2 ng of isoprene and has one or nore conpounds selected fromthe
group consi sting of ethanol, acetone, C5 prenyl alcohols, and isoprenoid
conpounds with 10 or nore carbon atons. [0566] In sone enbodi nents, the

vol atile organic fraction of the gas phase has includes isoprene and one or
nore second conpounds sel ected fromthe group consisting of 2-heptanone,

6- met hyl - 5- hept en- 2-one, 2,4,5-trinethyl pyridine, 2,3,5-trinethyl pyrazine,
citronellal, acetal dehyde, nethanethiol, nethyl acetate, 1-propanol,

di acetyl, 2-butanone, 2-nethyl-3-buten- 2-ol, ethyl acetate, 2-nethyl-

1- propanol, 3-nethyl- 1-butanal, 3-nethyl-2-butanone, 1-butanol, 2-

pent anone, 3-nethyl- 1-butanol, ethyl isobutyrate, 3-nethyl-2-butenal,

butyl acetate, 3- nethylbutyl acetate, 3-nethyl-3-buten-1-yl acetate,

3-net hyl -2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-|-yl acetate,

| i nronene, geraniol (trans-3,7-dinmethyl-2,6-octadien-1-0ol), citronellol

(3,7- dinethyl-6-octen-l-0ol), (E)-3,7-dinmethyl-1,3,6-octatriene,
(2)-3,7-dinethyl-1,3,6-octatriene, and 2, 3-cycl oheptenol pyridine. In
various enbodi nents, the anount of one of these second conponents relative
to anount of isoprene in units of percentage by weight (i.e., weight of the
conponent divided by the weight of isoprene tines 100) is at greater than
or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, or 110% (ww) in the volatile organic fraction of the gas phase.
[0567] In sonme enbodi nents of any of the conpositions described herein, at

| east a portion of the isoprene is in a gas phase. In sone enbodi nents, at

| east a portion of the isoprene is in a liquid phase (such as a
condensate). In sone enbodi nents, at |east a portion of the isoprene is in
a solid phase. In sonme enbodi nents, at |east a portion of the isoprene is
adsorbed to a solid support, such as a support that includes silica and/or
activated carbon. In sone enbodi nents, the conposition includes ethanol. In
sone enbodi nents, the conposition includes between about 75 to about 90% by
wei ght of ethanol, such as between about 75 to about 80% about 80 to about
85% or about 85 to about 90% by wei ght of ethanol. In sonme enbodi nents,

t he conposition includes between about 4 to about 15% by wei ght of

i soprene, such as between about 4 to about



8% about 8 to about 12% or about 12 to about 15% by wei ght of

i soprene. [0568] In sone enbodi nents, the systens include any of the cells
and/ or conpositions described herein. In sone enbodi nents, the system

i ncludes a reactor that chanber conprises cells in culture that produce
greater than about 400, 500, 600, 700, 800, 900, 1,000, 1,250, 1,500,

1, 750, 2,000, 2,500, 3,000, 4,000, 5,000, or nore nnole/g weni hr isoprene.
In sonme enbodi nents, the systemis not a closed system In sone

enbodi nents, at least a portion of the isoprene is renoved fromthe system
I n sone enbodi nents, the systemincludes a gas phase conprising isoprene.

I n various enbodi nents, the gas phase conprises any of the conpositions
descri bed herein. [0569] In sone enbodi nents of any of the conpositions,
systens, and nethods described herein, a nonflanmabl e concentrati on of

i soprene in the gas phase is produced. In sone enbodi nents, the gas phase
conprises | ess than about 9.5 % (vol une) oxygen. In sone enbodi nents, the
gas phase conprises greater than or about 9.5 % (vol une) oxygen, and the
concentration of isoprene in the gas phase is |less than the | ower
fiammability limt or greater than the upper fiammbility limt. In sone
enbodi nents, the portion of the gas phase other than isoprene conprises

bet ween about 0% to about 100% (vol une) oxygen, such as between about 10%
to about 100% (vol une) oxygen. In sonme enbodi nents, the portion of the gas
phase ot her than isoprene conprises between about 0% to about 99% (vol une)
nitrogen. In sone enbodi nents, the portion of the gas phase other than

i soprene conprises between about 1%to about 50% (volunme) CO2. [0570] In
sonme enbodi nents of any of the aspects described herein, the cells in
culture produce isoprene at greater than or about 400, 500, 600, 700, 800,
900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, or nore
nnol e/ g werm hr i soprene. In sonme enbodi nrents of any of the aspects
described herein, the cells in culture convert greater than or about 0.002,
0. 005, 0.01, 0.02, 0.05, 0.1, 0.12, 0.14, 0.16, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6% or nore of the carbon in the cel
culture nediuminto i soprene. In some enbodi nents of any of the aspects
described herein, the cells in culture produce isoprene at greater than or
about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900,
1, 000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, 10,000,

100, 000, or nore ng of isoprene/gramof cells for the wet weight of the
cells /hr (ng/g wenih). In sone enbodi nents of any of the aspects descri bed
herein, the cells in culture produce a cunmulative titer (total anount) of

i soprene at greater than or



about 1, 10, 25, 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900,
1, 000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, 10,000,

50, 000, 100, 000, or nmore ng of isoprene/L of broth (ng/Lbroth, wherein the
vol unme of broth includes the volune of the cells and the cellnediunm. O her
exenplary rates of isoprene production and total anounts of isoprene
production are disclosed herein. [0571] In sone enbodi nents of any of the
aspects described herein, the cells further conprise a heterol ogous nucleic
acid encoding an I D polypeptide. In sone enbodi nents of any of the aspects
described herein, the cells further conprise an insertion of a copy of an
endogenous nucl eic acid encoding an | Dl pol ypeptide. In sone enbodi nents of
any of the aspects described herein, the cells further conprise a

het er ol ogous nucl eic acid encoding a DXS pol ypeptide. In sone enbodi nents
of any of the aspects described herein, the cells further conprise an
insertion of a copy of an endogenous nucl eic acid encodi ng a DXS

pol ypeptide. In sone enbodi nents of any of the aspects described herein,
the cells further conprise one or nore nucleic acids encoding an |Dl

pol ypepti de and a DXS pol ypeptide. In sone enbodi nents of any of the
aspects described herein, one nucleic acid encodes the isoprene synthase
pol ypeptide, 1D polypeptide, and DXS pol ypeptide. In sonme enbodi nents of
any of the aspects described herein, one vector encodes the isoprene

synt hase pol ypeptide, 1D polypeptide, and DXS pol ypeptide. In sone

enbodi nents, the vector conprises a selective marker, such as an antibiotic
resi stance nucleic acid. [0572] In some enbodi nents of any of the aspects
descri bed herein, the heterol ogous isoprene synthase nucleic acid is
operably linked to a T7 pronoter, such as a T7 pronoter contained in a
medi um or high copy plasm d. In sone enbodi nents of any of the aspects
descri bed herein, the heterol ogous isoprene synthase nucleic acid is
operably linked to a Trc pronoter, such as a Trc pronoter contained in a
medi um or high copy plasmd. In sone enbodi nrents of any of the aspects
descri bed herein, the heterol ogous isoprene synthase nucleic acid is
operably linked to a Lac pronoter, such as a Lac pronoter contained in a

| ow copy plasmd. In sone enbodi nents of any of the aspects descri bed
herein, the heterol ogous isoprene synthase nucleic acid is operably |inked
to an endogenous pronpter, such as an endogenous al kal i ne seri ne protease
pronoter. In some enbodi ments, the heterol ogous i soprene synthase nucleic
acid integrates into a chronosonme of the cells without a selective nmarker.
[0573] In sone enbodi nents, one or nore MVA pathway, IDI, DXP, or isoprene
synt hase



nucl eic acids are placed under the control of a pronoter or factor that is
nore active in stationary phase than in the growh phase. For exanple, one
or nore MVA pathway, IDI, DXP, or isoprene synthase nucleic acids may be
pl aced under control of a stationary phase sigma factor, such as RpoS. In
sone enbodi ments, one or nore MVA pathway, [DI, DXP, or isoprene

synt hasenucl ei ¢ acids are placed under control of a pronpoter inducible in
stationary phase, such as a pronoter inducible by a response regul ator
active in stationary phase. [0574] In some enbodi ments of any of the
aspects described herein, at least a portion of the cells maintain the

het er ol ogous i soprene synthase nucleic acid for at |east or about 5, 10,
20, 40, 50, 60, 65, or nore cell divisions in a continuous culture (such as
a continuous culture without dilution). In sonme enbodi mrents of any of the
aspects described herein, the nucleic acid conprising the isoprene
synthase, 1D, or DXS nucleic acid also conprises a selective marker, such
as an antibiotic resistance nucleic acid. [0575] In sone enbodi ments of any
of the aspects described herein, the cells further conprise a heterol ogous
nucl eic acid encodi ng an MA pat hway pol ypepti de (such as an MVA pat hway
pol ypepti de from Saccharonyces cerevisia or Enterococcusfaecalis). In sone
enbodi ments of any of the aspects described herein, the cells further
conprise an insertion of a copy of an endogenous nucl eic acid encodi ng an
MWA pat hway pol ypeptide (such as an MVA pat hway pol ypepti de from

Sacchar onyces cerevi sia ox Enterococcusfaecalis). In sone enbodi nents of
any of the aspects described herein, the cells conprise an isoprene

synt hase, DXS, and MVA pat hway nucleic acid. In sone enbodi nents of any of
t he aspects described herein, the cells conprise an isoprene synthase

nucl eic acid, a DXS nucleic acid, an ID nucleic acid, and a MVA pat hway
nucleic (in addition to the ID nucleic acid). [0576] In sone enbodi nents
of any of the aspects described herein, the isoprene synthase pol ypeptide
is a polypeptide froma plant such as Pueraria {e.g., Pueraria nontana or
Pueraria | obata) or Populus {e.g., Populus tremnul oi des, Popul us al ba,
Popul us nigra, Populus trichocarpa, or the hybrid, Populus alba x Popul us
tremula). [0577] In sonme enbodi nents of any of the aspects described
herein, the cells are bacterial cells, such as grampositive bacterial
cells {e.g., Bacillus cells such as Bacillus subtilis cells or Streptonyces
cells such as Streptonyces |ividans, Streptomyces coelicolor, or
Streptonyces griseus cells). In sonme enbodi nents of any of the aspects
descri bed herein, the cells are gramegative bacterial cells {e.qg.
Escherichia cells such as Escherichia coli cells,



Rhodopseudononas sp. such as Rhodopseudononas palustris cells, Pseudononas
sp. such as Pseudononasfl uorescens cells or Pseudononas putida cells, or
Pant oea cells such as Pantoea citrea cells). In sone enbodi nents of any of
t he aspects described herein, the cells are fungal, cells such as
filanmentous fungal cells {e.g., Trichoderma cells such as Trichoderna
reesei cells or Aspergillus cells such as Aspergillus oryzae and
Aspergillus niger) or yeast cells {e.g.,Yarrowia cells such as Yarrow a

| i polytica cells or Sacchraomyces cells such as Saccaronyces cerevisiae).
[0578] In sonme enbodi nents of any of the aspects described herein, the

m cr obi al pol ypepti de carbon source includes one or nore pol ypeptides from
yeast or bacteria. In sone enbodiments of any of the aspects described
herein, the plant pol ypeptide carbon source includes one or nore

pol ypeptides from soy, corn, canola, jatropha, palm peanut, sunflower,
coconut, nustard, rapeseed, cottonseed, palmkernel, olive, safflower,
sesame, or linseed. Production ofisoprene in anaerobic mcroorgani sns using
synthesis gas as an energy source [0579] In sonme enbodi enents, the

bi oi soprene conposition is produced in anaerobic m croorgani sns using
synthesis gas as an energy source as described in US Provisional Patent
Application Nos. 61/289, 347 and 61/ 289, 355, filed on Decenber 22, 2009, the
di scl osures of which are incorporated herein by reference in their
entireties. [0580] Production of isoprene from syngas by anaerobic

organi sns nmay provi de a nunber of advantages over production ofisoprene
from sugars by aerobic organisns. First, the nmaxi mumtheoretical nass yield
of isoprene can be greater for the aerobic organisnms, as discussed further
bel ow. Second, the anaerobic organi sns do not have excess reducing power in
the formof NAD(P)H that nust be turned over via cell growh, fornmation of
byproducts (such as glycerol, lactic acid, or ethanol) or oxidation using
nmol ecul ar oxygen. Wthout this NAD(P)H turnover requirenment, anaerobic
organi sms can have hi gher energy yield, |ower oxygen dermand, |ower heat of
fermentation, and lower utility costs to run the process. Third, due to the
| ack of oxygen in the system anaerobic organi sms can have greater isoprene
concentration in the offgas, |lower probability of creating a flammable

I soprene-oxygen m xture, easier recovery, and higher isoprene quality.
Fourth, the anaerobic organisns can be nore easily grown by using existing
infrastructure, such as existing plants designed for production of

bi oet hanol . [0581] Anaerobi c organi sns useful for isoprene production can

i nclude obligate anaerobes, facultatitive anaerobes, and aerotol erant

anaer obes. The obl i gate anaerobes can be any one or



conbi nation selected fromthe group consisting of Cdostridiumljungdahlii,
Cl ostridi um aut oet hanogenum Eurobacterium|inmosum C ostridium

car boxydi vorans, Peptostreptococcus productus, and Butyribacterium

met hyl ot rophi cum Syngas useful as energy source for production ofisoprene
can be derived froma feedstock by a variety of processes, includingnethane
reform ng, coal |iquefaction, co-firing, fernentative reactions, enzynmatic
reactions, and bi onmass gasification. Exenplary Purification Methods [0582]
In sonme enbodi nents, any of the methods described herein further include
recovering the co-produced conpounds. In sone enbodi nents, any of the

nmet hods described herein further include recovering the isoprene. In sone
enbodi ments, any of the methods described herein further include recovering
t he hydrogen by cryogeni c nenbrane, adsorption matri x-based separation

met hods. [0583] The isoprene and hydrogen produced using the conpositions
and net hods descri bed herein can be recovered using standard techni ques
such as gas stripping, nenbrane enhanced separation, fractionation,

adsor ption/ desorption, pervaporation, thermal or vacuum desorption of

i soprene froma solid phase, or extraction of isoprene immobilized or
absorbed to a solid phase with a solvent (see, for exanple, U S. Patent

Nos. 4,703,007, 4,570,029, and 4, 740,222 ("Recovery and Purification of
Hydrogen from Refinery and Petrochem cal Of-gas Streans”) which are each
hereby incorporated by reference in their entireties, particularly with
respect to isoprene recovery and purification nethods ('007 and ' 029
patents) and with respect to hydrogen recovery and purification nethods
('222 patent)). In particul ar enbodi nents, extractive distillation with an
al cohol (such as ethanol, nethanol, propanol, or a conbination thereof) is
used to recover the isoprene. In sone enbodi nents, the recovery of isoprene
i nvolves the isolation of isoprene in a liquid form (such as a neat
solution of isoprene or a solution of isoprene in a solvent). Gas stripping
i nvol ves the renoval of isoprene vapor fromthe fernentation off-gas stream
in a continuous manner. Such renoval can be achieved in several different
ways including, but not limted to, adsorption to a solid phase, partition
into a liquid phase, or direct condensation (such as condensation due to
exposure to a condensation coil or do to an increase in pressure). In sone
enbodi nents, nenbrane enrichnent of a dilute isoprene vapor stream above

t he dew point of the vapor resulting in the condensation of liquid

i soprene. In sonme enbodi ments, the isoprene is conpressed and condensed.



[ 0584] The recovery of isoprene may involve one step or multiple steps. In
sone enbodi nents, the renoval of isoprene vapor fromthe fernentation

of f-gas and the conversion of isoprene to a |liquid phase are perforned

si mul t aneously. For exanple, isoprene can be directly condensed fromthe
off-gas streamto forma liquid. In some enbodi nents, the renoval of

i soprene vapor fromthe fernentation off-gas and the conversion of isoprene
to a liquid phase areperformed sequentially. For exanple, isoprene nay be
adsorbed to a solid phase and then extracted fromthe solid phase with a
sol vent. [0585] The recovery of hydrogen may involve one step or nultiple
steps. In sone enbodi nents, the renoval of hydrogen gas fromthe
fermentation off-gas and the conversion of hydrogen to a |liquid phase are
perfornmed sinmultaneously. In sone enbodi nents, the renoval of hydrogen gas
fromthe fernmentati on off-gas and the conversion of hydrogen to a liquid
phase are perforned sequentially. For exanple, hydrogen may be adsorbed to
a solid phase and then desorbed fromthe solid phase by a pressure sw ng.
In sonme enbodi nents, recovered hydrogen gas is concentrated and conpressed.
[ 0586] In sone enbodi nents, any of the methods descri bed herein further

i nclude purifying the isoprene. For exanple, the isoprene produced using

t he conpositions and net hods described herein can be purified using
standard techniques. Purification refers to a process through which

i soprene is separated fromone or nore conponents that are present when the
i soprene is produced. In sone enbodi nents, the isoprene is obtained as a
substantially pure liquid. Exanples of purification nethods include (i)
distillation froma solution in a liquid extractant and (ii)

chromat ography. As used herein, "purified isoprene" neans isoprene that has
been separated fromone or nore conponents that are present when the

i soprene is produced. In sone enbodi nents, the isoprene is at |east about
20% by weight, free fromother conponents that are present when the

i soprene is produced. In various enbodi nents, the isoprene is at |east or
about 25% 30% 40% 50% 60% 70% 75% 80% 90% 95% or 99% by weight,
pure. Purity can be assayed by any appropriate nethod, e.g., by colum

chr omat ogr aphy, HPLC anal ysis, or GCMS anal ysis. [0587] In sone

enbodi nents, any of the nethods described herein further include purifying
t he hydrogen. For exanple, the hydrogen produced using the conpositions and
nmet hods descri bed herein can be purified using standard techniques.
Purification refers to a process through which hydrogen is separated from
one or nore conponents that are present when the



hydrogen is produced. In sone enbodi nents, the hydrogen is obtained as a
substantially pure gas. In sone enbodi nents, the hydrogen is obtained as a
substantially pure liquid. Exanples of purification nethods include (i)
cryogeni ¢ condensation and (ii) solid matri x adsorption. As used herein,
"purified hydrogen"” means hydrogen that has been separated fromone or nore
conponents that are present when the hydrogen is produced. In sone

enbodi ments, the hydrogen is at |east about 20% by weight, free from ot her
conponents that are present when the hydrogen is produced. |In various
enbodi nents, the hydrogen is at |east or about 25% 30% 40% 50% 60% 70%
75% 80% 90% 95% or 99% by weight, pure. Purity can be assayed by any
appropriate nethod, e.g., by columm chromat ography or GC-Ms anal ysi s.

[0588] In sone enbodi nents, at |east a portion of the gas phase remaining
after one or nore recovery steps for the renoval of isoprene is recycled by
i ntroducing the gas phase into a cell culture system (such as a fernentor)
for the production of isoprene. [0589] Methods and apparatus for the
purification of a bioisoprene conposition fromfernmentor off-gas is
described in US Provisional Patent Application No. 61/88,142, filed
Decenber 18, 2009, which is incorporated herein by reference in its
entirety. [0590] A bioi soprene conposition froma fernmentor off-gas may
contain bioisoprene with volatile inmpurities and bi o-byproduct inpurities.
In sonme enbodi ments, a bioi soprene conposition froma fernmentor off-gas is
purified using a nethod conprising: (a) contacting the fernentor off-gas
with a solvent in a first colum to form an isoprene-rich solution
conprising the solvent, a major portion of the isoprene and a ngjor portion
of the bio-byproduct inpurity; and a vapor conprising a nmajor portion of
the volatile inpurity; (b) transferring the isoprenerich solution fromthe
first colum to a second colum; and (c) stripping isoprene fromthe

i soprene-rich solution in the second colum to form an isoprene-|ean
solution conprising a major portion of the bio-byproduct inpurity; and a
purified i sopene conposition. [0591] Figure 169 illustrates an exenplary
met hod of purifying isoprene and an exenpl ary apparatus. Fernmentor off-gas
conprising i soprene may be generated fromrenewabl e resources (e.g., carbon
sources) by any nethod in the art for exanple, as described in U S
provi si onal patent application Nos. 61/187,944, the content of which is
hereby incorporated by reference, particularly with respect to the nethods
of generating fernmentor off-gas conprising isoprene. The fernentor off-gas
generated fromone or nore individual fernmentors 12 (e.g., 1, 2, 3, 4, 5,

6, 7, 8, or nore fernmentors connected in series and/or in parallel) my be
directed to a first colum



14. As described below, the fernentor off-gas nmay be directed through an
isolation unit 16 and/or conpressed by a conpression neans, such as
conpression system 18. Additionally, the tenperature of the fernentor

of f-gas may optionally be reduced at any point, for exanple, to forma
condensate or partial condensate prior to contact with the solvent (which
may aid in solubiliztion of one or nore off-gas conponents, such as

i soprene). The fernentor off-gas may be contacted (e.g., absorbed) at
colum 14 with a solvent (e.g., any solvent described herein, such as a
non- pol ar hi gh boiling-point solvent). The volatile inpurities having | ess
propensityfor absorption in the solvent (particularly with non-polar high
boi | i ng- poi nt sol vents) are separated fromthe renai ning sol vent/fernentor
of f-gas m xture, resulting in a vapor conprising a ngjor portion of the
volatile inpurity (e.g., exiting at port 20), and an isoprene-rich solution
having a najor portion of the isoprene and a najor portion of the

bi o- byproduct inpurity (e.g., at port 22). The solvent nay optionally be
heated by any suitable neans (e.g., by steam prior to, simultaneously,
and/ or after contact with the fernmentor off-gas, which may aid in
separation of the volatile inpurity fromthe remaining solution. Steam may
be directed through the colum (at any suitable |ocation, such as near
entry of the off-gas and/or the opposite end of the volatile inmpurity exit
as shown in Figure 169) to provide a sweeping vapor phase which may aid in
the renoval of the volatile inpurity. [0592] The isoprene-rich solution
having a nmajor portion of the isoprene and a major portion of the

bi o- byproduct inpurity (e.g., at port 22) may be directed to a second
colum 24. The second colum may be isolated fromthe first colum 14 (as
shown in Figure 169) or may be part of a single columm conprising both the
first and second columms (e.g. , a tandem colum wherein the solvent enters
the first colum at or near one end, and exits the second columm at or near
an opposite end). The isoprene may be stripped fromthe isoprene-rich
solution in the second colum to generate a purified i sopene conposition
(e.g., at port 26) and an isoprene-lean solution conprising a najor portion
of the bio-byproduct inmpurity (e.g., at port 28). The isoprene-rich
solution may be heated by any suitable neans (e.g., by steam, which may
aid in stripping of the isoprene fromthe remaining solution. Steam may be
directed through the columm (at any suitable | ocation, such as the opposite
end of the entry point of the isoprene-rich solution and/or the near the
end of the isoprene-lean solution exit as shown in Figure 169). [0593] As
descri bed herein, the colums may be conventional and of any suitable size.
Exenpl ary types of colums are conmercially avail able from manufacturers

i ncl udi ng Koch



Modul ar Process Systens (Paranus, NJ), Fluor Corporation (lrving, TX),

Kuhni USA (Mount Holly, NC). In general, columms are designed to maxim ze
vapor/liquid contact in order to achieve the desired efficiency. This is
achieved by filling the colum with either a packing material, or trays
spaced at regular intervals along the colum. Suitable packing materials

i ncl ude both random and structured types based on netal, glass, polyner and
ceramic materials. Exenplary random packi ng types include Raschig rings,
Pall rings, A-PAK rings, Saddle rings, Pro-Pak, Heli-Pak, Ceram c saddles
and FLEXI RINGS R Structured packings include wre nmesh and perforated
netal plate type materials. Manfacturers specializing in colum packings

i ncl ude ACS Separations &\ass-Transfer Products (Houston, TX), Johnson
Bros. Metal Formi ng Co.(Berkeley, IL) and Koch ditsch, Inc. Knight Dv.
(East Canton, OH). The efficiency of a gas stripping colum is expressed in
ternms of the theoretical plate height and the total nunber of plates in the
colum. In general, the greater the nunber of theoretical plates present,
the greater the efficiency of the colum. Laboratory scale colums can be
purchased from Ace d ass (Vineland, NJ), Sigma-Aldrich (St. Louis, M) and
Chengl ass (Vineland, NJ). Suitable types of glass colum include Vigreux,
Snyder, Henple and Perforated-plate type colums. Colums can include
packi ng materal s, or contain features designed to maxim ze vapor/liquid
contact. A laboratory scale gas scrubber unit (part # CG 1830-10) is
avai |l abl e from Chengl ass and consi sts of a packed gl ass col um, sol vent
reservoir and solvent recirculation punp. [0594] The purified isoprene
conposition fromthe second colum 24 (e.g., exiting at port 26) may be
further purified by any suitable neans (e.g. , by using a reflux condenser
34 and/or an adsorption system 36, such as a silica adsorption system). The
reflux reduces the solvent conposition in the isoprene product. The

i soprene-|lean solution my be recycled back to the first colum for reuse
(e.g., as shown in Figure 169 at port 30). The isoprene-|lean solution may
be purified by any suitable neans (e.g., by liquid-liquid extraction and/or
an adsorption system 32, such as a silica adsorption systen) prior to
recycling to the first colum 14 to reduce to anount of bio-byproduct.
Additionally, the tenperature of the isoprene-lean solution may be reduced
by any suitable neans prior to recycling to the first colum 14 (e.g.,
prior to, simultaneously, and/or after optionally purifying the isoprene
solution). Figure 169 shows an exanple of reducing the tenperature of the

i soprene-lean solution at port 40 prior to purification of the

i soprene-lean solution (in this case, using coolant for tenperature
reduction). [0595] The vapor conprising a najor portion of the volatile
impurity (e.g., the vapor exiting at



port 20 in Figure 169) may conprise a mnor portion of isoprene (e.qg.,
residual isoprene not remaining in the isoprene-rich solution). The
residual isoprene nay be recollected for use fromthe vapor conprising a
maj or portion of the volatile inpurity by any suitable nmeans (e.g., an
adsorption system 38, such as an activated carbon adsorption system and in
sone cases, as shown in Figure 169, may be conbined with the purified

i soprene conposition (e.g., prior to, during, or after additional
purification, such as an adsorption systemsimlar to system36). Figure
169 al so shows an optional capture device 42 (e.g., a thermal oxidizer
and/ or CO capture systen) capable of reducing the anount of undesirable
conponents rel eased into the atnosphere (e.g. , CO) fromthe
vapor . Exenpl ary chem cal transformations ofisoprene [0596] Although current
i ndustrial use of isoprene is predomnantly in the production of synthetic
rubber, isoprene is a reactive conjugated di ene and undergoes a varieties
of chem cal transformations to form oxygenates and hi gher nol ecul ar wei ght
hydr ocar bons. For exanple, Palladium O conplexes (Pd(acac) 2-Pli 3P and
Pd(QAc) -Ph P) catalyze dinerization and tel onerization ofisoprene in

al cohol solvents to give linear isoprene diners (e.g. 2,7-dinethyl-

1,3, 7-octatriene) and net hoxydi net hyl oct adi enes (Zakharkin, L. | . and
Babich, S. A Russ. Chem Bull. (1976), pp 1967-1968.) Adans, J .M and
Clapp, T. V. (Cay and Cay Mnerals (1986), 34(3), 287-294) reported
reactions ofisoprene over divalent and trivalent transition netal -exchanged
nontnorillonites (e.g. Cr3+-nontnorillonite) to give isoprene diners and
adducts with nethanol. The linear dinerization ofisoprene catalyzed by

Ni (O - am nophosphinite systens resulted in regioselective tail-to-tai

| i near diners, acconpanied by a conpetitive cyclodinerization reaction
(Denis, Philippe; Croizy, Jean Francois; Mrtreux, Andre; Petit, Francis,
Journal of Ml ecular Catalysis (1991), 68(2), 159-75. Denis, Philippe;
Jean, Andre; Croizy, Jean Francois; Mrtreux, Andre; Petit, Francis,
Journal of the American Chem cal Society (1990), 112(3), 1292-4.) New
chiral am nophosphinite ligands, e.g., (+"MeCH 2CHVECH( NH2) CH2OPPh2 was

i nvestigated as honbgeneous catal ysts in the |linear dinerization

ofi soprene, |leading to a conversion rate above 50% (Masotti, Henriette;
Peiffer, Glbert; Siv, Chhan; Courbis, Pierre; Sergent, Mchelle; Phan Tan
Luu, Roger, Bulletin des Societes Chim ques Beiges (1991), 100(1), 63-77.)
[ 0597] Thermal dimerization ofisoprene at 110-250 in presence of

di nitrocresol as polynerization inhibitor gives high yields of diners and
little polynmer (U S. Patent No.



4,973,787.) N -catalyzed dinerization ofisoprene yields a

di met hyl -1, 5-cycl ooct adi ene m xture consi sting of 80%

|, 5-di met hyl -1, 5-cycl ooct adi ene and 20% 1|, 6-di net hyl -1, 5-cycl ooct adi ene
(Doppel t, Pascal; Baum Thonmas H.; Ricard, Louis, Inorganic Chem stry
(1996), 35(5), 1286- 91.) lIsoprene is converted to di nethyl cycl ooct adi enes
with a catalytic ant. of Cp*Ru(h4- isoprene)d and AgOIf (ltoh, Kenji;
Masuda, Katsuyuki; Fukahori, Takahi ko; Nakano, Katsumasa; Aoki, Katsuyuki ;
Nagashi ma, Hi deo, Organonetallics (1994), 13(3), 1020-9.) JP59065026A
(1984) reported preparation of |,6-dinmethyl-I,5-cyclooctadi ene by cyclic
di nmeri zation of isoprene in the presence of catalysts conprising Fe

car boxyl ates or b-di ket one conpounds, organo-Al or My conpounds, and

2,2 -di pyridyl derivatives having el ectrondonati ng groups.

D net hyl cycl ooct adi ene was prepared by cycl odi nerization ofisoprene over
3-conponent catal ysts containing Ni carboxylates or b-ketones,

or ganoal um num or or ganonagnesi um conpounds and substituted

tri phenyl phosphite (JP58055434A, 1983.) 1,5- Dinethyl-I,5-cycl ooct adi ene
was prepared by cycl odi neri zation of isoprene at 100-300 in an inert
organi c solvent in the presence of a honogeneous catal yst containing Fe(3)
salt, organoal um num conpound and an activator (SU615056A1, 1978), in the
presence of a honbgeneous catal yst containing N acetyl acetonate, a
triaryl phosphite and perhydroal unophenol ene (SU493455A1, 1975), in the
presence of a catalyst containing a mxture of a Ni carboxylate or
carboxyl ate or chel ate conpounds of Ni and |-hydroxy-3- carbonyl conpounds,
trial kyl al um num di al kyl magnesi um or active organo- M conpounds obt ai ned
from conjugated dienes and My, triaryl phosphites and tertiary am nes
(JP48064049A, 1973), or in the presence of a catal yst conposed of N

napht henate, Et A, and tri-o-cresyl phosphate (Suga, K.; Watanabe, S.;
Fujita, T.; Shimada, T., IsraelJournal of Chem stry (1972), 10(1), 15-18.)
U S. Patent No. 3,954,665 disclosed dinerization of isoprene in the
presence of reaction products of [(h3-C6HS)NiBr] 2 or [MNO 2X]2 (M = Fe,
Co; X=d, |, Br) with Fe, Co, or N carbonyls. European Patent No. 241
1(1981) disclosed cyclodinerization of isoprene over a

Fe(NO) 2d - bi s(!, 5-cycl ooct adi ene) ni ckel catalyst at from-5 to +20 to give

1-methyl - and 2- nethyl-4-isopropenyl-I-cycl ohexene and 1, 4- and

2, 4-di met hyl - 4-vinyl -1-cycl ohexene. U. S. Patent No. 4,189, 403 di scl osed
preparation of |,5-dinmethyl-1,5-cyclooctadi ene and 1, 4-

di met hyl - 4-vinyl -1-cycl ohexene by contacting isoprene with a m xed catal yst

of a tris(substituted hydrocarbyl) phosphite, arsenite, or antinonite and a
Goup VIII nmetal (O conpound (e.g. N acetylacetonate). Jackstell, R
Gotevendt, A ; Mchalik, D.; El Firdoussi,



L.; Beller, M J. Oganonetallic Chem (2007) 692(21), 4737-4744 cites the
use of pall adi unf carbene catal ysts for isoprene dinerization. Bowen, L.
Charernsuk, M; Wass, D.F. Chem Commun. (2007) 2835-2837 describes the use
of a chrom um N, Nbi s( di aryl phosphi no) am ne catal yst for the production of
| inear and cyclic trimers of isoprene. [0598] Isoprene was reportedly
dinerized in the presence of a N catalyst to yield cis-2-

i sopropenyl - 1- net hyl vi nyl cycl obutane (Billups, W E.; Coss, J . H; Smth,
C. V., Journal of the Anerican Chem cal Society (1973), 95(10), 3438-9.)
The ol igonerization of isoprene [78-79-5] catal yzed by nickel naphthenate
and i soprenemagnesiumin the presence of various phosphites as el ectron
donors gave cyclic diners containing dinmethyl cycl ooctadi ene [ 39881-79-3];
in particular |,l,l-tris(hydroxynmethyl)propane phosphite [39865-19-5] gave
trimethyl cycl ododecatri ene [ 39881-80-6] selectively (Suga, Kyoichi;

Wat anabe, Shoji; Fujita, Tsutoru; Shimada, Takashi, Journal of Applied
Chem stry & Biotechnol ogy (1973), 23(2), 131- 8.) W2006/ 05101 1 di scl oses
preparation of trinethylcycl ododecatriene, useful in perfunesand
fragrances, by the trinerization of isoprene in the presence of a catal yst
system conprising Ni and/or Ti, one or nore organonetallic conpound, and a
G oup VA conpound, and that the reaction is conducted in a hydroxyl
group-cont ai ni ng sol vent. Ligabue, R A.; Dupont, J.; de Souza, R F.
Alegre, RS J. Mol. Cat. A: Chem (2001), 169(1-2), 11-17, describes the
sel ective dinerization of isoprene to six-nmenbered diners using an iron
nitrosyl catalyst in an ionic liquid. Huchette, D.; N cole, J.; Petit, F.
Tetrahedron Letters (1979), (12), 1035-8, describes the el ectrochem cal
generation of an iron nitrosyl catalyst and subsequent use for the

di meri zation of isoprene to cycl ohexene diners. Zakharkin, L. L; Zhigareva,
G G ; Pryanishnikov, A P. Zhurnal OCbshchei Khimi (1987), 57(1 1),
2551-6, describes the cyclooligonerization of isoprene on conpl ex nickel
and iron catalysts. [0599] The highly pure isoprene starting conpositions
descri bed herein are chemcally transfornmed using each catal yst systens and
reaction conditions disclosed in the references cited. ther catal ysts and
reaction conditions known in the art such as catalysts and reaction
conditions applied to chem cal transformations of 1, 3-butadi ene can be
adapted to the isoprene starting conpositions by one skilled in the art.
Dinerization and Trinerization [0600] In some enbodi ments, a commercially
beneficial anmpbunt of highly pure isoprene starting material undergoes
catalytic chem cal transformation to give diners and triners.



Cat al yst systens are identified using nethods known in the art. Preferred
catal ysts include those known to convert isoprene to diners and triners

wi th high efficiency. Exanples include those based upon Pall adium N ckel,
Cobalt, Iron and Chromium [0601] In sone enbodi nents, a commercially
beneficial anmpbunt of highly pure isoprene starting material undergoes
thermal or catalytic dinerization. The isoprene starting conposition is
converted to a m xture of dimers that includes unsaturated 6 and 8- nenbered
rings by heating the starting conposition under pressure. In sone

enbodi nents, the starting isoprene conposition is heated to over or about
100, 125, 150, 175, 200, 225 or 250 OC under pressure. In sone enbodi nents,
the starting i soprene conposition is heated in the presence of an
antioxidant (e.g. 2,6-di-tert-butyl-4-nethyl phenol) to prevent

radi cal - nedi at ed pol ynerization. In sone enbodi nents, the reaction is

accel erated by one or nore catal ysts selected fromcatal ysts known in the
art for catalyzing cyclic dinerization of isoprene, e.g., iron nitrosyl
hal i de catal ysts described in US patents 4,144,278, 4,181,707, 5,545,789
and European patent EP0397266A2. The use of iron nitrosyl catalysts in
ionic liquids is described by Ligabue et al.(2001) J M. Catalysis A

Chem cal, 169 (2), 11-17. Exanples of catalysts include but are not limted
to Fe(NO d and C3+-nontnorillonite. In another exanple, an isoprene
starting conposition is converted to A Ocyclic diners (e.g. a mxture of
di met hyl - cycl ooct adi enes) using a ruthenium catalyst (lItoh, Kenji; Masuda,
Kat suyuki ; Fukahori, Takahi ko; Nakano, Katsunasa; Aoki, Katsuyuki;
Nagashi ma, Hi deo, Organonetallics (1994), 13(3), 1020-9.) [0602] In a
specific enbodinment, a isoprene starting conposition in aliquid state is
heated to over 100 OC under pressure and in the presence of an anti oxi dant
to produce a mxture of diners that includes 6 and 8-nenbered rings, for
exanpl es, linonene (|-nethyl-4-(prop-I-en-2- yl)cycl ohex- 1-ene),
1-nethyl -5 -(prop- 1-en-2-yl)cycl ohex- 1-ene, 1, 4-dinethyl-4-

vi nyl cycl ohexene, 2, 4-di net hyl - 4-vi nyl cycl ohexene,

| , 5-di met hyl cycl oocta-1|, 5-di ene, 1,6- dinethylcycloocta-I|,5-diene,

2,6-di nethyl -1, 3-cycl ooct adi ene, 2, 6-di nethyl -1, 4-cycl ooct adi ene,
3,7-dinmethyl -1 ,5-cycl ooctadi ene, 3,7-dinethyl-l ,3-cyclooctadiene,
3,6-dinethyl-I ,3- cyclooctadi ene and other 8-nenbered ring isoprene diners
as described in Oganonetallics (1994), 13(3), 1020-9. Al stereoisonmers of
t hese conpounds are contenpl ated. Conversion of isoprene to dinmers is best
performed in the absence of oxygen so as to avoid the production of
undesirabl e reaction products. [0603] In sone enbodi nents, a commercially
beneficial anount of highly pure isoprene



starting material undergoes photo-dinerization to give 4-nmenbered ring
dinmers. The isoprene starting conposition is converted by light irradiation
to a mxture conprising one or nore of 1,2-di(prop- 1l-en-2-yl)cycl obutane,
1, 3-di (prop- 1-en-2-yl)cyclobutane, 1-nmethyl- 1-vinyl-3 - (prop-
1-en-2-yl)cycl obutane, 1-nethyl- 1-vinyl-2-(prop- 1l-en-2-yl)cycl obutane,
1,3-dinethyl- 1,3- divinylcyclobutane, |, 2-dinethyl-I,2-divinylcycl obutane
and stereoi sonmers thereof. In sone enbodi nents, the highly pure isoprene
starting material is dinerized in the presence of a catalyst (e.g. a nickel
catal yst) or a photosensitizer (e.g. benzophenone) to yield 4-nenbered ring
dinmers, e.g. cis-2-isopropenyl-I|-nethylvinylcyclobutane, in addition to 6-
and 8-nmenbered rings [ See: Hammond, J.S. ;Turro, NJ. ; Liu, RS H (1963)
"Mechani snms of Photochem cal Reactions in Solution. XVI. Photosensitized

D nerization of Conjugated Dienes. J. Og. Chem, 28, 3297-3303.] [0604] In
sone enbodi nents, a commercially beneficial anmount of highly pure isoprene
starting material is converted to a cyclic trimer in the presence of a
catal yst system In sonme enbodi ments, the cyclic trinmer is

trimet hyl cycl ododecatriene. In sone enbodi nents, the catalyst system
conprises a nickel catalyst. In sone enbodi nents, the catal yst system
conprises a titanium conpound. In sone enbodi nents, the catal yst system
conprises a nickelcatalyst and a titanium conpound. In sonme enbodi nents,
the catal yst system conprises one or nore organonetal lic conpound and a

G oup VA conmpound. In sone enbodi nents, the catalytic transformation is
conducted in a hydroxyl group-containing solvent. In a particular

enbodi ment, a starting isoprene conposition is converted to
trimethyl cycl ododecatriene in the presence of a catal yst system conpri sing
Ni and/or Ti, one or nore organonetallic conpound, and a G oup VA conpound,
and that the reaction is conducted in a hydroxyl group-containing solvent.

[ 0605] In sonme enbodi nents, a commercially beneficial anount of highly pure
i soprene starting material undergoes thermal or catalytic conversion to
hydr ocarbons in the C7 to Cl4 range by treatnent with a C to C5

unsat urated hydrocarbon. The C2 to C5 hydrocarbon can be an al kene, a di ene
or an al kyne. For exanple, in sone enbodi nents, isoprene is contacted with
et hyl ene and an appropriate catal yst to produce C7 conmpounds. |n another
enbodi nent, isoprene is contacted wth 1, 3-butadiene to formcyclic C9

hydr ocar bons. Hydrogenation of these C7 to Cl4 hydrocarbons results in
conpositions suitable for use as jet fuels and other aviation fuels. In yet
anot her enbodi nent, unsaturated C7 to Cl4 hydrocarbons derived from



i soprene and one or nore unsaturated hydrocarbons undergo dehydrogenati on
to formaronmatic derivatives suitable for use as jet fuels and ot her

avi ation fuels, or as blendstocks for such fuels. [0606] In sone

enbodi nents, a comercially beneficial anmount of highly pure isoprene
starting material is converted to a mxture of linear diners and triners
using a catalyst systemin al cohol solvents. This reaction al so produces
al koxy derivatives when perforned in nmethanol or ethanol. In sone

enbodi ments, the catal yst systemis a palladi umbased catal yst system
e.g., a palladiumacetylacetonate - triphenyl phosphi ne systemor a

pal | adi um acetate - tri phenyl phosphine system In sone enbodi nents, the

al cohol sol vent is nethanol, ethanol or isopropyl alcohol. The nature of

t he products depends on the catalyst and the sol vent used. For exanple,
when a pal | adi um based catal yst system e.g., Pd(acac)2-Pli3P or Pd(OAc)
-Ph P, is used in isopropyl alcohol solvent, linear dinmers of isoprene is
formed, e.g. 2,7-dinethyl- 1,3,7- octatriene and

2, 7-dinmethyl -2,4,6-octatriene. Wien this reaction is perfornmed in nethanol,
met hoxydi net hyl oct adi enes (e.g., |-nethoxy-2,7-dinethyl-2,7-octadi ene and
3-nmet hoxy-2,7- dinethyl-1,7-octadiene) are fornmed in addition to |inear

i soprene dinmers such as dinmethyloctatrienes. Sone reactions produce |inear
trimers of isoprene, such as a-farnesene (3,7,1 1-trinmethyl- 1,3,6,1

O0- dodecat etraene), b-farnesene (7,1 |-dinmethyl-3 -nethylene- 1,6, 10-
dodecatriene) and other positional isoners (e.g. fromtail to tail and head
to head addition of isoprene units). In another exanple, isoprene is
converted to linear and cyclic C15 trinmers usinga chrom um

7V, 7V- bi s(di aryl phosphi no) am necat al yst (Bowen, L.; Charernsuk, M,; Wass,
D.F. Chem Commun. (2007) 2835-2837.) Conversion to Oxygenates [0607] In
sonme enbodi ments, a commercially beneficial anount of highly pure isoprene
starting material is converted to fuel oxygenates by reaction wth ethanol
and other alcohols in the presence of an acid catalyst. In one enbodi nent,
the acid catalyst is sulfuric acid. In another enbodinent, the acid
catalyst is a solid phase sulfuric acid (e.g., Dowex Marathon(r)). O her
catal ysts include both |iquid and solid-phase fiuorosul fonic acids, for
exanpl e, trifluoromethanesul fonic acid and Nafion-H (DuPont). Zeolite
catal ysts can al so been used, for exanple beta-zeolite, under conditions
simlar to those described by Hensel et al. [Hensen, K. ; Mahaim C ;

Hol derich, WF., Applied Catalysis A General (1997) 140(2), 3 11-329.] for
t he met hoxyl ation of |inonene and rel ated nonot erpenes. |In sone

enbodi nents, a highly pure isoprene starting material is converted to

al cohol s and esters by a hydroxyl ation/esterification



process or other known reaction of alkenes in the art, for exanple

peroxi dation to epoxides with peracids such as peracetic acid and

3-chl oroperbenzoic acid; and hydration to give alcohols and diols with i)
wat er and acid catalysts and ii) hydroboration nethods. Such reactions are
described in, for exanple, Mchael B. Smth and Jerry March, Advanced
Organic Chem stry: Reactions, Mechanisnms, and Structure, Sixth Edition
John Wley & Sons, 2007. Figures 3 and 4 show exanpl es of al cohols and
oxygenates that can be produced fromthe starting i soprene conpositions.
Partial Hydrogenation [0608] In sone enbodi nents, a commercially benefici al
anmount of highly pure isoprene starting material is partially hydrogenated
to a nmono-olefin (e.g. 2-nmethyl but-1-ene, 3-nethyl but- 1-ene and

2-nmet hyl but-2-ene). In sone enbodi nents, the nono-ol efin undergoes

di merization or reaction with other olefins using traditional hydrocarbon
cationic catalysis, such as that used to covert isobutylene to isooctane.
See, for exanple, H M Lybarger. Isoprene in Kirk-Q hnmer Encycl opedi a of
Chem cal Technol ogy, 4th ed., Wley, New York (1995), 14, 934- 952. In sone
preferred enbodi nents, the highly pure isoprene starting material is a

bi oi soprene conposition. [0609] In sone enbodi nents, a commercially
beneficial anmpbunt of highly pure isoprene starting naterial undergoes
partial hydrogenation to form nono-olefins (e.g. 2-nethylbut-I-ene,
3-nmethyl -but-1-ene and 2-net hyl but-2-ene). In sone preferred enbodi nents,
the highly pureisoprene starting material is a bioisoprene conposition. In
sonme enbodi ments, partial hydrogenation of the isoprene starting nmateri al
produces high yields of nono-olefins with m nimal conversion to isopentane
and | ow residual isoprene levels. In sone enbodi nents, a m xture of

nono-ol efin and i sopentane i s produced, with | ow | evel s of residual

i soprene. In some enbodi ments, the partial hydrogenation is selective

hydr ogenati on where a particul ar nono-ol efin such as 2-nethyl but - 2-ene,
2-met hyl but-1-ene, or 3-nmethylbut-l-ene is preferentially produced.

Pref erred hydrogenation catal ysts give high catalytic activity, maintain
catalytic activity over tinme, and are highly selective for the conversion
of isoprene to nonool efins. [0610] Suitable catalysts for parti al

hydr ogenati on of the isoprene starting conmposition may contain a

pl ati num group netal such as platinum palladium rhodium or ruthenium or
a transition netal such as nickel, cobalt, copper, iron, nolybdenum or a
nobl e nmetal such as silver or gold in elenental form or a salt or conplex
wi th organic and inorganic |ligands. Alloys of



these netal s can al so be used in sone circumatances. These netals and their
derivatives can be pure or mxed with other active and inert materials.
Catal ysts may be adsorbed to a support material (such as activated carbon,
alumna, or silica) in order to maxim ze the effective surface area. The
physi cal norphol ogy of hydrogenation catalysts is known to have a

consi derabl e influence on their performance. Preferred hydrogenation

catal ysts include heterogeneous palladium catal ysts such as pal | adi um on
carbon (Pd/C), palladiumon alumna (PdZAl O ), or palladiumon silica
(Pd/SiO 2) in grades ranging fromO0.1%Pd to 20% Pd (ww) relative to the
support material. An exanple of a suitable selective hydrogenation catal yst
is LD 2773, a sulfur tolerant pronoted Pd on al um na (Axens,

Ruei | - Mal mai son Cedex, France). Partial hydrogenation catalysts that allow
t he conversion of isoprene into isoanylenes with mniml conversion to

i sopentane include the Lindlar catalyst (Pd/BaSC>4 treated wi th quinoline),
Pd/C treated with the triphenyl derivative of a group 15 elenent (N, P,
As), Pd/Ctreated with a sul furcontaining conmpound, nolybdenum sul fide, and
Pd/ Fe all oys. One preferred catal yst conprises palladi um adsorbed to
egg-shell alumna (d-Al203) . Catalysts used in the refining industry for
the renoval of diolefins and al kynes from pyro |ysis gasoline are
particularly preferred, for exanple Ni/A 203 and Pd/ Al 203 based cat al ysts.
Anot her suitable class of catalyst for the conversion of isoprene to

i soanyl enes are those used in industry for the hydrotreating of pyrolysis
gasoline. See for exanple US Patent Nos. 7,014, 750 and 6, 9949, 686, and
references cited therein. In general, the catalysts used in pyrolysis gas
hydrotreanent allow for selective conversion of acetlyenes and diol efins
(e.g. isoprene and piperylenes) into nonool efins.[0611] The hydrogen source
can be hydrogen gas or a hydrogen source including, but not limted to,
hydrogen gas (H ), form c acid, hydrazine, or isopropanol. The hydrogen
source can be either chemcally or biologically derived. In sone

enbodi nents the hydrogen used for hydrogenation is co-produced with

i soprene during fernmentation. The hydrogenation can be perforned at

hydr ogen pressures ranging fromO0.5 atmto 200 atm or higher. The
tenperature can range fromO OC to 200 O0C. [0612] Products from parti al
hydr ogenati on of a bi oi soprene conposition are expected to contain certain
inmpurities originally present in the starting isoprene conposition and/or
hydr ogenat ed derivatives of the inputities such as acetone, ethanol, anyl
al cohol, ethyl acetate, isoanyl acetate, nethyl ethyl ketone and ot her
saturated polar inpurities. [0613] In sone enbodi nents, the isoprene
starting conposition undergoes parti al



hydr ogenati on or sel ective hydrogenation in the presence of a palladium
catal yst. For exanple, palladiumcatalysts, such as Pd/ CaCC3, Pd/BaSO4,
Pd/ C, Pd bl ack, Pd/Si O3, Pd/ Al 203, or Pd/SiO, were shown to convert

i soprene to nmono-olefins with a selectivity of greater than 95% over fully
reduced C5 al kanes. Use of these palladiumcatal ysts gave a m xture of
nono-ol efin products, with 5%d/ CaCO3 having the greatest selectivity for
3-nmet hyl but-1-ene and 5% Pd/ Si Q2 having the greatest selectivity for
2-met hyl but-2-ene. (See GC. Bond and A.F. Rawe. J . MI. Catalysis A
Chem cal 109 (1996) 261-271.) Bond and Rawl e have al so shown t hat

pal | adi um gol d and pal | adi um sil ver catal ysts (e.g., Pd-Au/Si Q2 and
Pd- Ag/ Si @) have high selectivity for reducing isoprene to nono-ol efins
over fully reduced C5 al kanes. In sone enbodi nents, silica-supported

pol yam doam ne ( PAMAM dendri ner-pal | adi um conpl exes have been used to

sel ectively catalyze the reduction of cyclic and acyclic dienes to a

m xture of nono-olefin isonmers. Selectivity for the various nono-ol efin

i soners was dependent on the precise PAMAM | igand used in the catal yst.
(See P.P. Zweni and H. Al per. Adv. Synth. Catal. 348 (2006) 725-731.) In
sone enbodi nents, reduction of isoprene to nono-ol efins can be carried out
using a Goup VIB netal on an inorganic support (e.g., a nmetal zeolite) as
a catalyst. For exanple, a Mo/Al 203 catal yst was used to selectively reduce
1, 3-butadi ene to the respective nono-olefins. (See US 6,235,954 Bl.) In
sone enbodi nent, isoprene can be reduced to nonoolefins using a Goup VIII
nmetal catalyst pronoted by a netal fromGoup IB, VIB, VIIB, or zinc to
reduce poi soning of the catalyst. (See US 6,949,686 B2). In sone

enbodi nents, isoprene can be reduced to nono-olefins using a nonolithic
cat al yst bed, which may be in a honeyconb configuration. Catalyst support
materials for the nonolithic catal yst bed may include nmetals such as

ni ckel, platinum palladium rhodium ruthenium silver, iron,
copper,cobalt, chromum iridium tin, and alloys or m xtures thereof. (See
US 7,014,750 B2). In sone enbodi nents, isoprene can be reduced to
nono- ol efins using an eggshell PdzZd-Al O catalyst, particularly if the
reaction is free of water. The eggshell PdzZd-Al O catalyst is selective for
nono-ol efins over fully reduced al kanes and 2-net hyl but-2-ene is the

t hernodynam cal ly favorable isonmer. (See J.-R Chang and CG-H Cheng. |Ind.
Eng. Chem Res. 36 (1997) 4094- 4099.) [0614] Light olefins (C3-C6) can be
readily dinerized using acid catalysts to give higher olefins (C6-Cl2) al so
known as dimate. For exanple, the conversion of isobutylene (2-

nmet hyl propene) to isooctene is well described in the art using a variety of
acid catal ysts



i ncluding sul furic, phosphoric and other mneral acids, sulfonic acids,
fiuorosul fonic acids, zeolites and acidic clays. [0615] In sone

enbodi ments, the isoprene starting conposition undergoes parti al

hydr ogenati on or selective hydrogenation to forma nono-olefin, and the
nmono- ol efi n undergoes dinmerization or reaction with other ol efins using
tradi tional hydrocarbon cationic catalysis, such as that used to covert

i sobutyl ene to isooctane, e.g. sulfuric, phosphoric and other m neral
acids, sulfonic acids, fiuorosulfonic acids, zeolites and acidic clays.
See, for exanple, H M Lybarger. Isoprene in Kirk-Q hmer Encycl opedi a of
Chem cal Technol ogy, 4th ed., Wley, New York (1995), 14, 934-952. In sone
preferred enbodi nents, the highly pure isoprene starting material is a

bi oi soprene conposition. Acid catalyst in both liquid and solid fornms can
be used. Acid resins are preferred and include Anberlyst 15, 35, XE586,
XNl d O (Rohm and Haas) and sim |l ar acidic ion-exchange resins. Acidic

nol ecul ar sieves are al so preferred catal ysts including a nmedi umpore acid
nol ecul ar sieve such as ZSM5, ferrierite, ZSM 22 and ZSM 23. [0616] In
sone enbodi ments, the isoprene starting conposition undergoes parti al

hydr ogenati on or sel ective hydrogenation to formisoanyl enes. In sone
enbodi ments, the isoanylenes are dinerized to give C O di mates such as

i sodecenes. In sone enbodi nents, the isoanylenes are dinerized with an

ol efin such as propyl ene, butane or isobutene to give C38-Cl0 dimates. In
sone enbodi nents, the nono-ol efin undergoes dinerization using a resin
catal yst (e.g., Anberlyst, Anberlyst 35, Anmberlyst 15, Anberlyst XN A G
Anber | yst XE586 ) to produce diisoanylenes. Use of such resin catal ysts has
been shown to mi nimze cracking and further oligonerization reactions, and
under optinmal conditions the resin catalysts provide selectivity for diners
of greater than 92% with trimer formation of |less than 8% See, for
exanple, M Marchionna et al. Catalysis Today 65 (2001) 397-403. In sone
enbodi nents, the nono-ol efin undergoes dinerization using a catalytic

mat eri al contai ning an aci di c nesoporousnol ecul ar sieve, such as a

mesopor ous sieve enbedded in a zeolite structure, ZSM5, ferrierite,

ZSM 22, or ZSM23. In a particular enbodinent, the catalytic material is
thermally stable at high tenperatures (e.g., at |least 900 0C). In another
particul ar enbodi nent, the nono-olefin is substantially free of

mul ti-unsat urated hydrocarbons, such as isoprene. Use of a catalytic

mat eri al containing an aci di c nmesoporous nol ecul ar sieve for dinerization
can lead to selectivity for diners in excess of 80% See, for exanple, US
2007/ 0191662 Al. In sone enbodi nents, the nono-ol efi n under goes

di meri zation using a solid acidic catalyst (e.g., a solid phosphoric



acid catalyst, acidic ion exchange resins). Selectivity for dinmers using a
solid phosphoric acid catalyst can be at |east 75% at |east 85% or at

| east 90% See, for exanple, US 2009/0099400 Al and US 6,660,898 Bl. [0617]
Efficient dinerization can sonetines require the presence of a polar
conponent (s) such as water and oxygenated conmpound in the feed stream
Exanpl es i ncl ude al cohols such as nethanol, ethanol and t-butanol, ethers
such as nethyl t-butyl ether (MIBE) and nethyl t-anyl ether (TAME) or an
ester such as C to C5 acetates. In sone enbodi nents, isoanylenes can be
converted to ethers such as TAME by treatnent with al cohols in the presence
of an acid catalyst. [0618] In sone enbodi nents, the O O diners of
nono- ol efins produced by any of the nmethods described herein can be reduced
to fully saturated C O al kyl ates (e.g., by hydrogenation). In a particular
enbodi nent, isoprene or a nono-olefin can be reduced to an al kyl ate using a
catal yst containing an acid conponent, such as sulfuric acid, a

fluorosul fonic acid, a perhal oal kyl sulfonic acid, an ionic liquid, or a

m xture of Bronsted acids and Lewis acids, mxed with a polyner conponent,
such as a polyacrylate. (See US 2010/0094072 Al). [0619] In sone

enbodi nents, a commercially beneficial anount of highly pure isoprene
starting material undergoes oligonerization in the presence of an acid
catal ysts to produce diners, triners, higher oligoners, aromatic products,
and/ or polymeric products. Kinetic control of the reaction can favor
certain products, for exanple |lower oligoners, although gumformation and
coki ng are known issues |leading to catal yst deactivation. Exenplary

unsat urated isoprene derivatives [0620] In sonme enbodi nents, the
conpositions and systens for producing a fuel constituent fromisoprene
further conprise an unsaturated hydrocarbon or oxygenate internediate for
chemi cal transformation of an isoprene starting conposition to a fuel
constituent. In some enbodi nent, the unsaturated hydrocarbon internediate
conprise one or nore unsaturated diners of isoprene selected fromthe group
consisting of |,2-di(prop-Il-en-2-yl)cycl obutane, 1,3-di(prop-

1-en-2-yl)cycl obutane, 1-nmethyl- 1-vinyl-3-(prop- 1l-en-2-yl)cycl obutane,
1-nmethyl - 1- vinyl-2-(prop- 1l-en-2-yl)cyclobutane, 1,3-dinethyl- 1,3

-di vi nyl cycl obut ane, 1,2-dinethyl- 1,2- divinylcyclobutane,
1-met hyl - 4- (prop- 1l-en-2-yl)cycl ohex- 1-ene), 1-nethyl-5-(prop- 1-en-2-

yl ) cycl ohex- | -ene, |, 4-dinmethyl-4-vinyl cycl ohexene,

2, 4-di et hyl - 4-vi nyl cycl ohexene, 1,5- dinethylcycloocta-1 ,5-diene,

di met hyl cycl oocta- 1,5-diene, 1,4-dinethyl-4-vinyl- 1- cycl ohexene,

di met hyl - 4-vi nyl -1 -cycl ohexene, 2,7-dinethyl-1,3,7-octatriene,

di et hyl -

1, 6-
2, 4-
2, 7-



2,4,6-octatriene, 2,6-dinmethyl-I,3-cycl ooct adi ene,
2,6-dimethyl -1, 4-cycl ooctadiene, 3,7- dinethyl-1,5-cycl ooct adi ene,

3, 7-dinmethyl -1, 3-cycl ooct adi ene and 3, 6-di nethyl -1, 3- cycl ooctadi ene. In
sone enbodi nents, the unsaturated hydrocarbon internedi ate conprises one or
nore unsaturated trinmers such as a-farnesene, b-farnesene,
trimethyl cycl ododecatrienes (e.qg.

l,5,9-trinmethyl-(lii,5ii,9ii)-cycl ododecatriene and positional and
geonetric isonmers thereof) and trinethyl dodecatetraenes and the like. In
sone enbodi nents, the unsaturated oxygenate intermnmedi ate conprise one or
nore unsaturated nethyl ethers such as |-nethoxy-2, 7-di net hyl -

2, 7-oct adi ene and 3-net hoxy-2, 7-di methyl -1, 7-octadi ene and the like. In
sonme enbodi nents, the unsaturated oxygenate intermnmedi ate conprise one or
nore unsaturated ethyl ethers such as ethyl 3-nethyl-3-butenyl ether, ethyl
|, 1 -di nethyl -2-propenyl ether, ethyl 1,2-dinethyl-2- propenyl ether, ethyl
2-met hyl - 3-butenyl ether and the like. In sonme enbodi nents, the unsaturated
oxygenate internedi ate conprise one or nore unsaturated al cohols such as 3-
met hyl - 3-buten-1-ol, 2-nethyl-3-buten-2-0l, 3-nethyl-3-buten-2-ol,

2-nmet hyl -3-buten-1-ol and the like. In sonme enbodi nents, the unsaturated
oxygenate intermnmedi ate conprise one or nore unsaturated esters such as
3-nmet hyl -3-buten-1-yl acetate, 2-nethyl-3-buten-2-yl acetate, 3-

met hyl - 3-buten-2-yl acetate, 2-nethyl-3-buten-l-yl acetate and esters of
other C -G aliphatic carboxylic acids. In sonme enbodi nent, the unsaturated
hydr ocar bon i ntermedi ate conpri se one or nore isoanyl enes, e.g.
2-met hyl but-1-ene, 3-nethyl-but-1-ene and 2-net hyl but-2-ene. In sone

enbodi nents, the unsaturated hydrocarbon internediate conprise on or nore
di i soanyl enes derived fromdinerization of isoanylenes.Schene | . Exenplary
unsaturated 6 - and 8-nenbered ring internediates |-nethyl-4-(prop-1-en-

| -met hyl -5-(prop-1-en- i 4 -dinmethyl-4- 2,4-dinethyl-4- 2-yl)cycl onex-I-ene
2-yl)cycl ohex-I-ene vviinnvyllrcvydcl nohhpexpennpe

vvi i nnvyll rcvyr cll nohhpegxpenn, e 2, 6-di nethyl-1,3- 2,6-dinethyl-1, 4-

3, 7-dinmethyl-1,3- 3,7-dinmethyl-1,5- cycl ooctadi ene cycl ooct adi ene

cycl ooct adi ene cycl ooct adi ene 1, 5-di net hyl cycl oocta- 1, 5-

1, 6-di net hyl cycl oocta- 3,6-dinethyl- 1,3- diene 1,5-di ene cycl ooct adi ene
Schene Il. Exenplary unsaturated 4-nenbered ring internedi ates 1-nethyl-3
-(prop- 1-en-2- 1,3 -dinethyl- 1,3- yl)- 1-vinylcycl obutane

di vi nyl cycl obut ane |, 2-di net hyl -1, 2-



1- net hyl - 2- (prop- 1-en-2- divinylcycl obutane 1,3 -di(prop- 1l-en-2- yl)-

1-vi nyl cycl obut ane yl)cycl obut aneSchene |11. Exenplary unsaturated isoprene
tel oner and oxygenate internedi ates 2, 7-di net hyl octa- 2, 7-di net hyl oct a-
3,7,1 1-trinethyl dodeca- 1,3,7-triene 2,4,6-triene 1,3,7,1 1-tetraene 3,7,1
| -trinmethyl dodeca-1, 3,6, 10-tetraene 7,1 |-di nethyl -3-net hyl enedodeca- 1,6,1
O-triene 8-nethoxy-2, 7-di net hyl octa-1, 6-di ene

3- et hoxy- 2, 7-di net hyl octa-1, 7-di ene Schenme |1V. Exenpl ary unsaturated et hyl
et her internedi ates Ethyl 3-nmethyl-3-butenyl ether Ethyl

|, | -dinmethyl-2-propenyl ether Ethyl 1,2-dinethyl-2-propenyl ether Ethyl

2- et hyl - 3-but enyl ether Schenme V. Exenpl ary unsaturated al cohol

i nt ernedi ates 3-net hyl - 3-buten-1-o0l 2-nethyl-3-buten-2-ol

3-net hyl - 3-but en-2-0l 2-nethyl -3-buten-1-o0l Schene VI. Exenpl ary unsat urat ed
ester internedi ates 3-nethyl-3-buten-1-yl acetate 2-nethyl -3-buten-2-yl
acetate 3-nethyl-3-buten-2-yl acetate 2-nethyl-3-buten-1-yl acetate

Exenpl ary hydrogenati on of unsaturated internedi ates [0621] The unsaturated
i soprene derivatives are subject hydrogenation in the presence of a

hydr ogenati on catal yst to produce saturated conpounds. The saturated
conpounds are characterized and their values as fuels are assessed. In sone
enbodi ments, the hydrogen source for hydrogenation is hydrogen gas. |In sone
enbodi nents, the hydrogen gas is co-produced with the bioi soprene as
described in U S. provisional patent application No.61/141,652, filed on
Decenber 30, 2008 and US 2009/ 0203102 Al. In sone enbodi nents, the

hydr ogenati on catal yst is a pall adium based catal yst such as Pd/C (e.g. 5%
(wt.) Pd/C). In sone enbodi nents, the hydrogenation catalyst is a Raney

Ni ckel catalyst. In sone enbodi nents, the hydrogenation catalyst is a
honogenous cat al yst such as rut henium or rhodi um based honbgenous

hydr ogenati on catal ysts. In some enbodi nents, unsaturated isoprene dinmers
and trimers are hydrogenated to produce saturated C O and C15 hydrocarbons
suitable for making fuels. In sone enbodi nents, unsaturated cyclic diners
are hydrogenated to produce saturated cyclic O O hydrocarbons such as

1, 2- bi s(i sopropyl)cycl obutane, |, 2-bis(isopropyl)cyclobutane, |-nethyl-4-

i sopropyl cycl ohexane, 1-nethyl-3-isopropyl cycl ohexane, 1-ethyl-

1, 4-di met hyl cycl ohexane, 1- ethyl -1, 3-di nethyl cycl ohexane,

1, 5-di net hyl cycl ooct ane and 1, 4-di net hyl cycl ooctane. I n sonme enbodi nents,
unsaturated cyclic trinmers are hydrogenated to produce saturated cyclic Cl15



hydr ocar bons such as 1,5, 9-trinethyl cycl ododecane and
1,5,10-trinmet hyl cycl ododecane (see Schene VII). In sone enbodi nents,
unsaturated |linear dinmers are hydrogenated to produce saturated aliphatic
Cl O hydrocarbons such as 2, 6-di net hyl octane, 2, 7-di net hyl octane and 3, 6-

di met hyl octane. In some enbodi nents, unsaturated linear triners are

hydr ogenat ed to produce saturated aliphatic CLl5 hydrocarbons such as

2,6, 10-trinmet hyl dodecane, 2,7,10- trimethyl dodecane and
3,7,10-trinet hyl dodecane (see Schene VIII1). In some enbodi nents, the
product of the dinerization of isoanylenes (dianylenes or O dinmates) are
fully hydrogenatedto isoparaffins (e.g. 2,3, 4, 4-tetranet hyl hexane,
2,2,3,4-tetranmet hyl hexane, 2,3, 3, 4- tetranethyl hexane and

3,3,5-trimethyl heptane) (see Schene Villa). In sonme enbodi nents, a
commercially beneficial anount of highly pure isoprene starting conposition
i s hydrogenated to produce a product conprising 2-nethyl butane. In sone
enbodi ments, the unsaturated isoprene hydroxyl ates are hydrogenated to
produce saturated hydroxyl ates such as C5 al cohols and diols (e.gqg.

3-nmet hyl -butan-1-ol, 2-nethyl-butan-I|-o0l and 2-nethyl - butan-2-ol,

3-net hyl -butan-1, 3- diol and 2-nethyl-butan-2,3-diol), C10 al cohols and
diols (e.g. 3,7-dinmethyloctan-1-ol, 2,7- dinethyloctan-1-ol,

2, 7-di met hyl oct an- 2-ol and 2, 7-di net hyl octan-2, 7-diol) and cyclic C10

al cohol s (e.g. 2-(4-nethylcycl ohexyl)propan-2-ol,

2- (4- et hyl cycl ohexyl ) propan-1-ol, 2-(1,4- dimethylcycl ohexyl)ethanol and
4-et hyl -1, 4-di met hyl cycl ohexanol ) (see Schene | X). In sonme enbodi nents, the
unsat urated i soprene oxygenates are hydrogenated to produce saturated

et hers such as |, 3-di et hoxy- 3- net hyl but ane, | -ethoxy- 3-net hyl but ane,

| - met hoxy- 2, 7-di net hyl oct ane and 3- net hoxy- 2, 7-di net hyl oct ane (see Schene
X). It is understood that when an al kene noiety is hydrogenated, one or
nore stereo isonmers are produced. The relative ratios between the stereo

i somers depend on the reaction conditions and the catal ysts used. Wen
appl i cabl e, each and every stereo isoner is intended for the saturated
hydr ocar bons and oxygenat es descri bed herein. Schemre VII. Exanples of cyclic
hydr ocar bons derived fromisoprene t-(isopropyl)cycl obutanes from 2+2

phot odi neri zati on Cycl ohexanes fromthermal or catalytic cyclodinerization
1,5-dinethyl- and 1, 6-di net hyl cycl ooctanane fromthermal or catalytic
cyclodi meri zation 1,5,9- and 1,5, 10-tri nethyl cycl ododecane fromcyclic
trimerization of isopreneSchene VIII. Exanples of aliphatic hydrocarbons
derived fromisoprene 2-nethyl butane 2,6,1 O-trinethyl dodecane (Farnesane)



2, 6-di net hyl octane 2,7,1 O-trinethyl dodecane 2, 7-di net hyl octane 3,7,1
O-trinmet hyl dodecane 3, 6-di net hyl oct ane Schene Villa. Exanples of isodecanes
derived fromisoanyl enes 2,3 , 4, 4-tetranet hyl hexane 2, 2, 3

, 4-tetranet hyl hexane 2,3 , 3, 4-tetranet hyl hexane

3,3,5-trimethyl heptaneSchene | X. Exanples of IsoFuel (tnm) al cohols derived
fromisoprene C5 alcohols and diols O O al cohols and diols Cyclic O

al cohol sSchene X. Exanpl es of |soFuel (tm oxygenates derived fromi soprene
3- et hyl t et rahydr of uran 3-net hyl - 2- but anone | sopentyl acetate Reaction
products of isoprene and ethanol (see attached presentation fromS. Reyer)
Al koxy-derivatives produced by Pd-catal yzed tel onerization of isoprene in
nmet hanol sol vent. (see Zakharkin (1976)) [0622] In sone enbodi nent, the
fuel constituent produced by chem cal transformation of a commercially
beneficial anmpbunt of highly pure isoprene starting conposition conprises
saturated isoprene derivatives. In sone enbodi nents, the fuel constituent
conprises saturated C O and C15 hydrocarbons derived fromisoprene. In sone
enbodi ments, the fuel constituent conprises one or nore saturated cyclic

Cl O hydrocarbons selected fromthe group consisting of

1, 2-bi s(i sopropyl)cycl obutane, 1, 2-bis(isopropyl)cyclobutane,

1- net hyl - 4-i sopr opyl cycl ohexane, 1-nethyl-3-isopropyl cycl ohexane, 1-ethyl -
1, 4-di met hyl cycl ohexane, 1-ethyl-1 ,3- dinmethyl cycl ohexane,

1, 5-di net hyl cycl ooct ane and 1, 4-di net hyl cycl ooctane. In sone enbodi nents,
the fuel constituent conprises one or nore saturated cyclic Cl15

hydr ocar bons sel ected fromthe group consi sting of
1,5,9-trinethyl cycl ododecane and 1,5, 10- trinethyl cycl ododecane. In sone
enbodi nents, the fuel constituent conprises one or nore saturated aliphatic
Cl O hydrocarbons sel ected fromthe group consisting of 2,6-dinethyloctane,
2, 7-di met hyl oct ane and 3, 6-di net hyl octane. In sonme enbodi nents, the fuel
consti tuent



conprises one or nore saturated aliphatic Cl5 hydrocarbons sel ected from
the group consistingof 2,6,1 O-trinethyl dodecane, 2,7,10-tri nmet hyl dodecane
and 3,7,10-trinethyl dodecane. In sonme enbodi nents, the fuel constituent
conprises 2-nethyl butane. In some enbodi nents, the fuel constituent
conprises one or nore isoparaffins selected fromthe group consisting of
2,3,4,4- tetranet hyl hexane, 2,2, 3, 4-tetranet hyl hexane,
2,3,3,4-tetramet hyl hexane and 3, 3,5- trinethyl heptane. In sone enbodi nents,
the fuel constituent conprises one or nore saturated hydroxyl ates sel ected
fromthe group consisting of 3-nethyl-butan-1-ol, 2-nethyl-butan-I-ol and
2- et hyl - butan-2-ol, 3-nethyl-butan-1,3-diol, 2-nethyl-butan-2,3-diol,

3, 7-di methyl octanl - ol, 2,7-dinethyloctan-I-ol, 2,7-dinethyloctan-2-ol,

2, 7-di net hyl octan-2, 7-diol, 2-(4- nethyl cycl ohexyl) propan-2-ol,

2- (4- nmet hyl cycl ohexyl ) propan-|1 -ol, 2-(1 ,4- dinethylcycl ohexyl)ethanol and
4-et hyl -1, 4-di net hyl cycl ohexanol. I n sonme enbodi nents, the fuel constituent
conprises one or nore saturated ethers selected fromthe group consisting
of |, 3-di et hoxy- 3-net hyl but ane, |-ethoxy-3-nethyl but ane,

| - met hoxy- 2, 7-di net hyl oct ane and 3- net hoxy-2, 7-di met hyl octane. In some
enbodi nents, the fuel constituent conprises one or nore oxygenates of

i soprene selected fromthe group consisting of 3-nethyltetrahydrofuran,
3-nmet hyl - 2-butanone and i sopentyl acetate. [0623] In sone enbodi nents, the
conpositions and systens for producing a fuel constituent fromisoprene
further conprise catalysts for catal yzing the chem cal transformation of an
i soprene starting conposition to a fuel constituent or an internediate for
maki ng a fuel constituent. In sone enbodi nents, the conpositions and
systens for producing a fuel constituent fromisoprene further conprise
catal ysts for catal yzing hydrogenation of an unsaturated internediate to
produce a saturated fuel constituent. In sonme enbodinments, the catalyst is
any catal yst described or a conbination of one or nore of the catalyst
descri bed herein. Method and/or Processesfor Producing Fuels [0624] The

i nvention provi des nethods and/ or processes for producing a fuel
constituent fromisoprene conprising: (a) obtaining a conmercially
beneficial amount of highly pure isoprene; and (b) chem cally transform ng
at least a portion of the comrercially beneficial anobunt of highly pure

i soprene to a fuel constituent. In one enbodinent, a highly pure isoprene
conposition is transforned to a fuel conponent in a continuous chem cal
process. In another enbodinment, a highly pure isoprene is further purified
before chem cal transformation to a fuel



conposition. In yet another enbodinent, a highly pure isoprene is
chemcally transfornmed to an internedi ate conposition; the internediate
conposi tion undergoes further chem caltransformations to produce a fuel or
a fuel component. In a further enbodinent, the fuel conponent produced is
m xed wth a petroleumdistillate and other optional additives to nmake a
fuel. In sone preferred enbodi nents, the highly pure isoprene is a

bi oi soprene conposition. [0625] In some enbodi ments, the method for
produci ng a fuel constituent fromisoprene conprises obtaining a
commercially beneficial anount of highly pure isoprene conposition. In sone
enbodi nents, the highly pure isoprene conposition useful in the invention
conprises greater than or about 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 nmg of isoprene. In
sone enbodi nents, the highly pure isoprene conposition conprises greater
than or about 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 g of isoprene.
In some enbodi ments, the starting i soprene conposition conprises greater
than or about 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 kg of

i soprene. [0626] In sonme enbodi nents, the nethod for producing a fuel
constituent fromisoprene conprises obtaining a comercially benefici al
anount of highly pure isoprene conmposition. In sone enbodi nents, the highly
pure isoprene starting conposition conprises greater than or about 98.0,
98.5, 99.0, 99.5, or 100% i soprene by wei ght conpared to the total weight
of all C5 hydrocarbons in the starting conposition. In sone enbodi nents,
the highly pure isoprene conmposition useful in the invention conprises
greater than or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100% i soprene
by wei ght conpared to the total weight of all C5 hydrocarbons in the
conposition. In sone enbodi nents, the highly pure isoprene conposition
conprises |less than or about 2.0, 1.5, 1.0, 0.5, 0.2, 0.12, 0.10, 0.08,
0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001%
C5 hydrocarbons other than isoprene (such 1, 3-cycl opent adi ene,

czs-1, 3-pent adi ene, zr<ns-1|, 3-pentadi ene, 1, 4-pentadi ene, 1-pentyne,
2-pentyne, 1l-pentene, 2- nethyl-1-butene, 3-nethyl-I|-butyne,

pent - 4-ene-l-yne, ra"s-pent-3-ene-l-yne, or cz' s-pent-3- ene-1l-yne) by
wei ght conpared to the total weight of all C5 hydrocarbons in the
conposition. In sone enbodi nents, the highly pure isoprene conposition has
| ess than or about 2.0, 1.5, 1.0, 0.5, 0.2, 0.12, 0.10, 0.08, 0.06, 0.04,
0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0O.00005, or 0.00001% for

1, 3-cycl opent adi ene, czs- 1, 3-pentadi ene, zr<ms-I, 3-pentadi ene,

1, 4- pent adi ene, 1- pentyne, 2-pentyne, 1l-pentene, 2-nethyl-I-butene,
3-nmet hyl -1 -butyne, pent-4-ene-|l-yne, transpent-



3-ene-1-yne, or cz' s-pent-3-ene-l-yne by weight conpared to the total

wei ght of all C5 hydrocarbons in the conposition. In particular

enbodi ments, the highly pure isoprene conposition has greater than about 2
nmg of isoprene and has greater than or about 98.0, 98.5, 99.0, 99.5, 99. 90,
99.92, 99.94, 99.96, 99.98, or 100% i soprene by wei ght conpared to the
total weight of all C5 hydrocarbons in the conposition.[0627] In sone
enbodi ments, the nmethod for producing a fuel constituent from i soprene
conprises obtaining a comercially beneficial anpunt of highly pure

i soprene conposition. In sone enbodi nents, the highly pure isoprene
conposition useful in the invention has |ess than or about 50, 40, 30, 20,
10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L of a conpound that inhibits

t he pol ynerization of isoprene for any conpound in the conposition that
inhibits the polynerization of isoprene. In particular enbodi ments, the
conposition also has greater than about 2 ng of isoprene. [0628] In sone
enbodi ments, the nmethod for producing a fuel constituent from i soprene
conprises obtaining a comercially beneficial anpunt of highly pure

i soprene conposition. In sone enbodi nents, the highly pure isoprene
conposition useful in the invention has one or nore conpounds selected from
the group consisting of ethanol, acetone, C5 prenyl alcohols, and

i soprenoid conpounds with 10 or nore carbon atonms. In sone enbodi nents, the
hi ghly pure isoprene conposition has greater than or about 0.005, 0.01,
0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 60, 80, 100, or 120 ng/L of ethanol,
acetone, a C5 prenyl alcohol (such as 3-nethyl-3-buten-I-ol or

3-nmet hyl -2-buten-1-0l), or any two or nore of the foregoing. In particular
enbodi nents, the highly pure isoprene conposition has greater than about 2
ng of isoprene and has one or nore conpounds selected fromthe group

consi sting of ethanol, acetone, C5 prenyl alcohols, and isoprenoid
conpounds with 10 or nore carbon atons. [0629] In sonme enbodi nents, the

met hod for producing a fuel constituent fromisoprene conprises obtaining a
commercially beneficial anmount of highly pure isoprene conposition. In sone
enbodi ments, the highly pure isoprene conposition useful in the invention

i ncl udes i soprene and one or nore second conpounds selected fromthe group
consi sting of 2-heptanone, 6-nethyl-5-hepten-2-one,

2,4,5-trimethyl pyridine, 2,3,5-trinethylpyrazine, citronellal,

acet al dehyde, net hanethiol, nmethyl acetate, 1-propanol, diacetyl,

2- but anone, 2-nethyl-3-buten- 2-ol, ethyl acetate, 2-nethyl- 1-propanol,
3-nmet hyl - 1-butanal, 3-nethyl-2-butanone, 1-butanol, 2-



pent anone, 3-nethyl- 1-butanol, ethyl isobutyrate, 3-nethyl-2-butenal,

butyl acetate, 3- nethyl butyl acetate, 3-nethyl-3-buten-1-yl acetate,

3-nmet hyl -2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinethyl-2,6-octadien-1-0ol), citronellol

(3,7- dinmethyl-6-octen-l-0ol), (E)-3,7-dinmethyl-1,3,6-octatriene,
(2)-3,7-dinethyl -1, 3,6-octatriene, and 2, 3-cycl ohept enol pyridine. In

vari ous enbodi mnents, the anount of one of these second conponents relative
to the anobunt of isoprene in units of percentage by weight (i.e., weight of
t he conponent divided by the weight of isoprene tines 100) is at greater

t han or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, or 110% (ww). In soneenbodi nents, the anmount of methanet hi ol
relative to the anmount of isoprene in units of percentage by weight is at

| ess than 0.01% (ww). [0630] In sone enbodi nents, the nethod for producing
a fuel constituent fromisoprene conprises obtaining a comrercially
beneficial anmount of highly pure isoprene conposition. In sone enbodi nents,
t he met hod conprises obtaining a commercially beneficial amount of highly
pure isoprene conposition froma biological process conprising: (a)
culturing cells conprising a heterol ogous nucleic acid encodi ng an i soprene
synt hase pol ypeptide under suitable culture conditions for the production
of isoprene, wherein the cells (i) produce greater than about 400
nnol e/ gwenl hr of isoprene, (ii) convert nore than about 0.002 nol ar percent
of the carbon that the cells consune froma cell culture nmediuminto

i soprene, or (iii) have an average volunetric productivity of isoprene
greater than about 0.1 ng/Lbroth/hr of isoprene, and (b) producing

i soprene. In sone enbodi nents, the cells have a heterol ogous nucleic acid
that (i) encodes an isoprene synthase polypeptide, e.g. a
natural |l y-occurring pol ypeptide froma plant such as Pueraria, and (ii) is
operably linked to a pronoter, e.g. a T7 pronoter. In sone enbodi nents, the
cells are cultured in a culture nediumthat includes a carbon source, such
as, but not limted to, a carbohydrate, glycerol, glycerine,

di hydr oxyacet one, one-carbon source, oil, aninmal fat, animal oil, fatty
acid, lipid, phospholipid, glycerolipid, nonoglyceride, diglyceride,
triglyceride, renewabl e carbon source, polypeptide {e.g., a mcrobial or

pl ant protein or peptide), yeast extract, conponent froma yeast extract,
or any conbination of two or nore of the foregoing. In some enbodi nents,
the cells are cultured under limted glucose conditions. In sone

enbodi ment, the cells further conprise a heterol ogous nucleic acid encodi ng
an | DI polypeptide. In sone enbodi nents, the cells further conprise a

het er ol ogous nucl ei c acid encodi ng an MDV pat hway pol ypeptide. In sone
enbodi ment, the nethod conprises producing isoprene using the



met hods described in U S. provisional patent application Nos. 61/134, 094,
filed on July 2, 2008, WD 2010/003007, and U.S. patent application No.

12/ 335,071, filed Decenmber 15, 2008 (US 2009/0203102 Al'), which are
incorporated by reference in their entireties. [0631] In some enbodi nent,

t he nethod conprises obtaining a gas phase (off-gas) produced by cells in
culture that produces isoprene. In sone enbodi nents, the cells in culturing
produce greater than about 400 nnol e/ gweni hr of isoprene. In sone

enbodi nents, the gas phase conprises greater than or about 5, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100 ng/L of isoprene when sparged at a rate of 1
vvm |In sone enbodi nents, the volatile organic fraction of the gas phase
conprises greater than or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100%
i soprene by weight conpared to the total weight of all C5 hydrocarbons in
the volatile organic fraction. In soneenbodi nents, the volatile organic
fraction of the gas phase conprises |less than or about 2.0, 1.5, 1.0, 0.5,
0.2, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001, 0.0005,

0. 0001, 0.00005, or 0.00001% C5 hydrocarbons ot her than isoprene (such

1, 3-cycl opent adi ene, czs-1, 3-pentadi ene, ra - 1, 3-pentadi ene,

1, 4- pent adi ene, 1-pentyne, 2-pentyne, 1-pentene, 2-nethyl-I|-butene, 3-

nmet hyl - 1- but yne, pent-4-ene-l-yne, r ar-pent-3-ene-|-yne, or
czs-pent-3-ene-1-yne) by weight conpared to the total weight of all C5

hydr ocarbons in the volatile organic fraction. In some enbodi nents, the

vol atile organic fraction of the gas phase has | ess than or about 2.0, 1.5,
1.0, 0.5, 0.2, 0.12, 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.001,

0. 0005, 0.0001, 0.00005, or 0.00001% for 1, 3-cycl opentadi ene, czs-

1, 3-pent adi ene, trans- 1, 3-pentadi ene, 1, 4-pentadi ene, 1- pentyne,
2-pentyne, 1-pentene, 2-nethyl-I-butene, 3-nethyl-I-butyne,

pent - 4-ene-|-yne, transpent- 3-ene-l-yne, or cz' s-pent-3-ene-l-yne by

wei ght conpared to the total weight of all C5 hydrocarbons in the volatile
organic fraction. In particular enbodi nents, the volatile organic fraction
of the gas phase has greater than about 2 ng of isoprene and has greater
than or about 99.90, 99.92, 99.94, 99.96, 99.98, or 100% i soprene by wei ght
conpared to the total weight of all C5 hydrocarbons in the volatile organic
fraction. [0632] In sone enbodi nent, the nethod conprises obtaining a gas
phase (off-gas) produced by cells in culture that produces isoprene. In
sonme enbodi nents, the volatile organic fraction of the gas phase has | ess

t han or about 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, or 0.005 ng/L
of a compound that inhibits the polynerization of isoprene for any conpound
in the volatile organic fraction of the gas phase that inhibits the

pol ynmeri zati on of isoprene. In particular



enbodi nents, the volatile organic fraction of the gas phase al so has
greater than about 2 ng of isoprene. In sone enbodi nents, the volatile
organic fraction of the gas phase has one or nore conpounds sel ected from
t he group consisting of ethanol, acetone, C5 prenyl alcohols, and

i soprenoid conpounds with 10 or nore carbon atonms. In sone enbodi nents, the
vol atile organic fraction of the gas phase has greater than or about 0.005,
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 60, 80, 100, or 120 ng/L of

et hanol, acetone, a C5 prenyl al cohol (such as 3-nethyl-3-buten-I-ol or
3-nmet hyl -2-buten-1-0l), or any two or nore of the foregoing. In particular
enbodi nents, the volatile organic fraction of the gas phase has greater

t han about 2 ng of isoprene and has one or nore conpounds selected fromthe
group consi sting of ethanol, acetone, C5 prenyl alcohols, and isoprenoid
conpounds with 10 or nore carbon atons. In sone enbodi nents, the volatile
organic fraction of the gas phase has includes isoprene and one or nore
second conpounds sel ected fromthe group consisting of 2-heptanone,

6- met hyl - 5- hept en- 2-one, 2,4,5-trinethyl pyridine, 2,3,5-trinethyl pyrazine,
citronellal, acetal dehyde, nethanethiol, nethyl acetate,

1- propanol , di acetyl, 2-butanone, 2-nethyl-3-buten-2-0l, ethyl acetate,
2-met hyl -| - propanol, 3-nethyl- 1- butanal, 3-nethyl-2-butanone, 1-butanol,
2- pent anone, 3-nethyl- 1-butanol, ethyl isobutyrate, 3- nethyl-2-butenal,
butyl acetate, 3-nethylbutyl acetate, 3-nethyl-3-buten-|l-yl acetate,
3-nethyl - 2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinmethyl- 2,6-octadien-l1-0l), citronellol

(3, 7-di nethyl -6-octen-1-o0ol), (E)-3,7-dinethyl-1,3,6-octatriene,
(2)-3,7-dinmethyl-1,3,6-octatriene, and 2, 3-cycl oheptenol pyridine. In
various enbodi nents, the anount of one of these second conponents relative
to anount of isoprene in units of percentage by weight (i.e., weight of the
conponent divided by the weight of isoprene tinmes 100) is at greater than
or about 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, or 110% (ww) in the volatile organic fraction of the gas phase.
In some enbodi ments, the method further includes recovering the isoprene
fromthe gas phase. For exanple, the isoprene in the gas phase conprising

i soprene can be recovered using standard techni ques, such as gas stripping,
menbr ane enhanced separation, fractionation, adsorption/desorption,
pervaporation, thermal or vacuum desorption of isoprene froma solid phase,
or extraction of isoprene inmmbilized or absorbed to a solid phase with a
solvent (see, for exanple, U S. Patent Nos. 4,703,007 and 4, 570,029, which
are each hereby incorporated by reference in their entireties, particularly
with respect to isoprene recovery and purification nmethods). In sone
particul ar enbodi ments, extractive distillation with an al cohol (such as

et hanol , net hanol, propanol, or a



conbi nation thereof) is used to recover the isoprene. In sone enbodi nents,
the recovery of isoprene involves the isolation of isoprene inaliquid
form (such as a neat solution of isoprene or a solution of isoprene in a
solvent). Gas stripping involves the renoval of isoprene vapor fromthe
fermentation off-gas streamin a continuous manner. Such renoval can be
achieved in several different ways including, but not limted to,
adsorption to a solid phase, partition into a liquid phase, or direct
condensati on (such as condensation due to exposure to a condensati on coi

or do to an increase in pressure). In sonme enbodi nents, nenbrane enrichnent
of a dilute isoprene vapor stream above the dew point of the vapor
resulting in the condensation of liquid isoprene. In sonme enbodi nents, the
recovered isoprene is conpressed and condensed. [0633] The recovery of

i soprene may involve one step or nmultiple steps. In sone enbodi nents, the
renmoval of isoprene vapor froma fernentation off-gas and the conversion of
isoprene to a liquid phase are performed sinmultaneously. For exanple,

i soprene can be directly condensed fromthe off-gas streamto forma
liquid. In sone enbodi nents, the renoval of isoprene vapor fromthe
fermentation off-gas and the conversion of isoprene to a |liquid phase
areperformed sequentially. For exanple, isoprene nay be adsorbed to a solid
phase and then extracted fromthe solid phase with a solvent. [0634] In
sonme enbodi nents, a nethod is provided for producing a cyclic diner of

i soprene conprising heating neat bioisoprene. The cyclic dinmers of isoprene
produced nay be 6- nmenbered ring dinmers (e.g. a [2+4] el ectrocyclization
product such as |inonene) or 8-nenbered ring diners or a m xture thereof.
Exanpl es of 6-nenbered ring diners include but not limted to

| - met hyl - 4- (prop-1-en-2-yl)cycl ohex-1 -ene,

| - met hyl - 5- (prop-I-en-2-yl)cycl ohex-1-ene, 1, 4-

di met hyl - 4-vi nyl cycl ohexene, 2, 4-di nmet hyl -4-vinyl cycl ohexene and the |ike.
Exanpl es of 8- nmenbered ring dinmers include but not limted to

| , 5-di net hyl cycl oocta-1,5-di ene, 1,6- dinethylcycloocta-I,5-diene and the
like. In one enbodi ment, neat biologically produced isoprene is dinerized
by heating to a tenperature of about 100 OC to about 300 OC, preferably
about 150 O0C to about 250 OC. The pressure is nmaintained at about 2 to 3
atm I n another enbodi nent, a catalyst suitable for catal yzing dinerization
of conjugated di enes may be used. The proportions of various dinmers in the
product m xture nmay be controlled by the catal yst and ot her reactions
conditions. For exanple, a nickel catalyst can pronote formation of
8-nmenbered ring diners. [0635] In sone enbodi nents, a nethod is provided
for producing a cyclic dinmer of isoprene



conpri sing photo-dinerization of bioisoprene. The cyclic dinmer of isoprene
produced nmay be one or nore 4-nmenbered ring dinmer or a mxture thereof.
Exanpl es of Exanples of 4- nenbered ring dimers include but not limted to
|, 2-di (prop-1-en-2-yl)cycl obutane, |, 3-di(prop- 1l-en-2-yl)cycl obutane,
1-nmethyl - 1-vinyl-3 -(prop-1-en-2-yl)cyclobutane, 1-nethyl- 1-vinyl-2-
(prop-1-en-2-yl)cycl obutane, |, 3-dinethyl-I, 3-divinylcycl obut ane,

|, 2-di methyl -1, 2- divinylcycl obutane and the like. In one enbodi nent, neat
bi ol ogi cal |y produced isoprene is dinerized by irradiating with UV |ight,
preferably in presence of a photosensitizer such as benzophenone. [0636]

| soprene diners can be hydrogenated to form saturated Cl10 hydrocarbons that
can serve as fuels or blended into fuels. In one enbodi nent, the
unsaturated isoprene diners are subjected to catalytic hydrogenation to
produce partially hydrogenated and/or fully hydrogenated products. Exanpl es
of fully hydrogenated products include but not limted to |-nethyl-4-

i sopropyl cycl ohexane and | - net hyl - 5-i1 sopropyl cycl ohexane,

| , 4- di met hyl - 4- et hyl cycl ohexane, 2, 4-di net hyl - 4- et hyl cycl ohexane,

1, 2-dii sopropyl cycl obut ane and 1, 3-dii sopropyl cycl obut ane, 1-nethyl -
1-vinyl-3-(prop- 1-en-2-yl)cycl obutane, 1-nethyl-

1-et hyl - 2- (prop-2-yl)cycl obut ane, 1, 3-di met hyl - 1, 3-et hyl cycl obut ane,

1, 2-di et hyl - 1, 2-di et hyl cycl obutane, 1,5- dinethylcycl ooct ane,

17-di met hyl cycl ooctane and the Iike. [0637] In sone enbodi nents, the nethod
for producing a fuel constituent fromisoprene conprises: (a) obtaining a
comercially beneficial anpunt of any of the highly pure isoprene starting
conposition described herein; (b) chemically transformng at |east a
portion of the highly pure isoprene starting conposition to a fuel
constituent conprising: (i) heating the highly pure isoprene conposition to
over or about 100 OC under pressure; (ii) converting at |east a portion of
the starting isoprene conposition to unsaturated cyclic isoprene diners;
and (iii) hydrogenating the unsaturated cyclic isoprene diners to produce
saturated cyclic isoprene diners. In sone enbodi nents, the starting

i soprene conposition is heated to over or about 100, 125, 150, 175, 200,
225 or 250 OC under pressure. In sone enbodi nents, the starting isoprene
conposition is heated in the presence of an antioxidant (e.g.
2,6-di-tert-butyl -4-net hyl phenol) to prevent radical -nediated

pol ynmeri zation. In one enbodi nent, the thermal dinerization of isoprene is
performed in presence of dinitrocresol as polynerization inhibitor.

Sui tabl e anti oxi dants may be used as polynerization inhibitors. In sone
enbodi nents, at least a portion of the starting isoprene conposition to a
m xture of unsaturated dinmers that includes 6 and 8-



menbered rings, for exanples, |inonene

(I -methyl -4-(prop-I-en-2-yl)cycl ohex-1-ene), 1-

met hyl - 5- (prop-1| -en-2-yl)cycl ohex-1-ene, |, 4-dinmethyl -4-vinyl cycl ohexene,
2, 4-di met hyl - 4- vi nyl cycl ohexene, |, 5-di nethyl cycl oocta-1, 5-di ene,

| , 6-di met hyl cycl oocta-1|, 5-di ene, 2,6- dinethyl-I,3-cyclooctadi ene,
2,6-dimethyl -1, 4-cycl ooctadi ene, 3,7-dinethyl-I,5-cyclooctadi ene,

3, 7-dimethyl -1, 3-cycl ooct adi ene and 3, 6-di met hyl -1, 3-cycl ooct adi ene. In
sone enbodi nents, greater than or about 20, 30, 40, 50, 60, 70, 75, 80, 85,
90, 95, 98, 99 or 100% of isoprene in starting isoprene conposition is
converted to unsaturated cyclic isoprene dinmers. In sonme enbodi nents,

hydr ogenati on of the unsaturated cyclic isoprene diners is catalyzed by a
hydr ogenati on catal yst such as a pall adi um based catal yst (e.g. Pd/C, e.g.
5% (w.) Pd/C) In sone enbodinents, the saturated cyclic isoprene diners
conprise one or nore Cl O hydrocarbons selected fromthe group consisting of
| - met hyl - 4-i sopr opyl cycl ohexane, 1-nethyl- 3-isopropyl cycl ohexane,

1, 5-di met hyl cycl ooct ane and 1, 4-di net hyl cycl ooctane. In sonme preferred
enbodi nents, the starting isoprene conposition is a bioisoprene
conposition. [0638] In sone enbodi nents, the nmethod for producing a fuel
constituent fromisoprene conprises: (a) obtaining a cormercially
beneficial amount of any of the highly pure isoprene starting conposition
described herein; (b) chemcally transform ng at |east a portion of the

hi ghly pure isoprene starting conposition to a fuel constituent conpri sing:
(i) contacting thehighly pure isoprene conposition with a catal yst system
(ii) converting at least a portion of the starting isoprene conposition to
unsaturated isoprene diners and/or triners; and (iii) hydrogenating the
unsaturated dinmers and/or trinmers to produce saturated C O and/or C15

hydr ocarbons. In sonme enbodi nents, greater than or about 20, 30, 40, 50,
60, 70, 75, 80, 85, 90, 95, 98, 99 or 100% of isoprene in starting isoprene
conposition is converted to unsaturated dinmers and/or trinmers of isoprene.
In sone enbodi nents, the starting isoprene conposition is contacted with
appropriate catalyst systems known in the art to yield one or nore of
unsaturated cyclic isoprene diners selected fromthe group consisting of

|, 2-di (prop-1-en-2-yl)cycl obutane, 1, 3-di(prop- 1l-en-2-yl)cycl obutane,
1-methyl- 1-vinyl-3 -(prop- 1-en-2-yl)cycl obutane, 1-nethyl-
1-vinyl-2-(prop- 1l-en-2-yl)cyclobutane, 1,3-dinethyl- 1,3

-di vi nyl cycl obut ane, 1,2-dinethyl- 1,2- divinylcyclobutane,
1-net hyl - 4- (prop- 1-en-2-yl)cycl ohex- 1-ene), 1-nethyl-5-(prop- 1-en-2-

yl )cycl ohex-1-ene, |, 4-dinethyl-4-vinyl cycl ohexene,

2, 4-di met hyl - 4-vi nyl cycl ohexene, 1,5- dinethylcycloocta-1 ,5-diene,

1, 6-di met hyl cycl oocta- 1, 5-diene, 1,4-dinethyl-4-vinyl- 1- cycl ohexene,

2, 4-di met hyl - 4-vinyl -1-cycl ohexene, 2,7-dinethyl-I,3,7-octatriene,

2, 7-di met hyl -



2,4,6-octatriene, 2,6-dinmethyl-I,3-cycl ooct adi ene,
2,6-dimethyl -1, 4-cycl ooctadiene, 3,7- dinethyl-1,5-cycl ooct adi ene,

3, 7-dinmethyl -1, 3-cycl ooct adi ene and 3, 6-di nethyl -1, 3- cycl ooctadi ene. In
sonme enbodi nents, the starting i soprene conposition is contacted with
appropriate catalyst systens known in the art to yield one or nore of
unsaturated cyclic isoprene triners such as trinethyl cycl ododecatri enes and
trimet hyl dodecat etraenes and the like. In sonme enbodi nents, the starting

i soprene conposition is contacted with appropriate catal yst systens known
inthe art to yield one or nore of unsaturated |linear diners and/or triners

of isoprene such as dinethyloctatrienes (e.g. 2,7-dinethyl-1,3,7-octatriene
and 2,7-dinethyl-2,4,6- octatriene) and trinethyl dodecatetraenes (e.qg.
2,6,10-trinmethyl-1,5,9,1 |-dodecatetraene, afarnesene and b-farnesene) and

the like. In sone preferred enbodi nents, the starting isoprene conposition
is a bioisoprene conposition. [0639] In sonme enbodi nents, the nethod for
produci ng a fuel constituent fromisoprene conprises contacting the highly
pure isoprene conposition with a catal yst systemto convert at |east a
portion of the starting isoprene conposition to unsaturated isoprene diners
and/or trinmers. In sone enbodi nents, the catal yst systemconprise a Ni, Fe
or Co catalyst and the isoprene in the starting conposition is converted an
8-nmenbered ring isoprene dinmer conprising dinmethylcycl ooctadi enes such as
|, 5-di met hyl cycl oocta-1, 5-di ene and 1, 6-di net hyl cycl oocta- 1,5-diene. In
sone enbodi nents, the catal yst system conprises a nickel conpound.

Ni cat al yzed di nmeri zati on of isoprene yields a dinethyl- 1,5-cyclooctadiene
m xture consi sting ofabout 90 to 10, 80 to 20, 70 to 30, 60 to 40, 50 to
50, 40 to 60, 30 to 70, 20 to 80 and 10 to 90 ratio of

|, 5-di nethyl -1, 5-cycl ooctadiene to |, 6-dinethyl-I|,5-cyclooctadi ene. In one
enbodi ment, the catal yst system conprises a 3-conponent catal yst containing
Ni carboxyl ates or b-ketones, organoal um num or organomagnesi um conpounds
and substituted triphenyl phosphite. For exanple, a degassed solution of a
hi ghly pure isoprene starting conposition in anhydrous toluene is m xed
with Ni(acac)2, Et A, and tris(3,4- bis(dinmethylam no)phenyl)phosphite
under nitrogen atnosphere and the mxture is heated at 95 0C to give

di met hyl cycl ooct adi ene. I n another enbodi nent, the catal yst system

conpri ses Fe carboxyl ates or b-di ket one conpounds, organo-Al or M
conpounds, and 2,2'-dipyridyl derivatives having el ectron-donating groups.
For exanple, a starting isoprene conposition is heated with a m xture of Fe
acetyl acetonate, 4,4'-dinethyl-2,2"-dipyridyl, and Et Al in toluene to gave
|, 6-di nmethyl -1,5-cycl ooctadi ene in good yields. In sone preferred

enbodi nents, the



starting isoprene conposition is a bioisoprene conposition. [0640] In sone
enbodi nents, the nethod for producing a fuel constituent fromisoprene
conprises contacting the highly pure isoprene conposition with a catal yst
systemto convert at |east a portion of the starting isoprene conposition
to unsaturated i soprene diners and/or triners. In sone enbodi nents, the
catal yst systemconprises a Ru, Fe, Ni or Pd catalyst or a conbination

t hereof and the isoprene in the starting conposition is converted to a

m xture conprising 6-nmenbered ring isoprene dinmers. In one enbodi nent, the
catal yst systemis a Fe(NO) 2d -bi s(1, 5-cycl ooct adi ene) ni ckel catal yst
system and the isoprene in the starting conposition is cyclodinerized at

| ow tenperatures (e.g. from-5to +20 0C) to give 1-nethyland

2- met hyl - 4-i sopropenyl -1 -cycl ohexene and 1, 4- and

2, 4-di net hyl - 4-vinyl -1 -cycl ohexene. I n anot her enbodi nent, contacting with
a mxed catalyst of a tris(substituted hydrocarbyl) phosphite, arsenite, or
antinmonite and a Goup VIIlI netal (O conpound (e.g. N acetyl acetonate)
converts the isoprene in the starting conposition to

| , 4-di met hyl - 4-vi nyl -1 cycl ohexene and |, 5-di nethyl -1, 5-cycl ooctadi ene. In
anot her enbodi nent, contacting an isoprene starting conposition with a

rut heni um catal yst (e.g. see Itoh, Kenji; Masuda, Katsuyuki; Fukahori,
Takahi ko; Nakano, Katsumasa; Aoki, Katsuyuki; Nagashim, Hi deo,
Organonetal lics (1994), 13(3), 1020-9) converts isoprene to O cyclic
dinmers (e.g. a mxture of dinethyl-cyclooctadi enes). The rutheni um catal yst
can be synthesized in tw steps from Rud 3 and pent anet hyl cycl opent adi ene
(CsMesH). The process may be performed in batch node and the catal yst
recovered and recycled. In sone preferred enbodi nents, the startingi soprene
conposition is a bioisoprene conposition. One enbodi nent of the nethod is
illustrated in Schenme Xl. [0641] In sone enbodi nents, the nethod for
produci ng a fuel constituent fromisoprene conprises contacting the highly
pure isoprene conposition with a catal yst systemto convert at |east a
portion of the starting isoprene conposition to unsaturated isoprene diners
and/or triners. In sone enbodi nents, the catal yst systemconprises a N

Ti, Al, or Mj catalyst or a m xture thereof and the isoprene in the
starting conposition is converted to a m xture conprising cyclic isoprene
trimers such as trinethyl cycl ododecatrienes. In one enbodi nent, the

catal yst systemfor the trinerization of isoprene conprising Ni and/or Ti,
one or nore organonetal lic conmpound, and a G- oup VA conpound. The reaction
may be conducted in a hydroxyl group-containing solvent. In another

enbodi nent, oligonerization of isoprene



catal yzed by ni ckel naphthenate and isoprenemagnesiumin the presence of
vari ous phosphites as el ectron donors give cyclic diners containing

di met hyl cycl ooct adi ene, in particular 1,1,1- tris(hydroxymnethyl)propane
phosphite gives trinmethyl cycl ododecatri ene sel ectively. Schene Xl |soprene
6- menbered 8-nmenbered ring diners ring dinmers [0642] In sone enbodi nents,
the nmethod for producing a fuel constituent fromisoprene conprises
contacting the highly pure isoprene conposition with a catalyst systemto
convert at least a portion of the starting i soprene conposition to
unsaturated isoprene diners and/or triners. In sone enbodi nents, the

catal yst systemconprises a NN, Pd or Cr catalyst or a m xture thereof and
the isoprene in the starting conposition is converted teloners or |inear
dimers and/or trinmers. In one enbodi nent, a catalyst system conprising
Pd(O conpl exes (e.g. Pd(acac) 2-Pli 3P and Pd(OAc) -Ph P) catal yzes

di nmeri zation and tel onerization of isoprene togive |linear isoprene diners
(e.g. 2,7-dinmethyl-1,3,7-octatriene). In one variation, the reaction is
perfornmed in nmethanol as a solvent and nethyl ethers such as

met hoxydi net hyl oct adi enes (e.g. |-nmethoxy-2,7-dinethyl-2,7-octadi ene and
3-nmet hoxy-2, 7-di net hyl -1, 7-oct adi ene) are produced. |In another enbodi nent,
the catal yst system conprises divalent and trivalent transition

nmet al - exchanged nontnorillonites (e.g. CG3+-nontnorillonite). In another
enbodi nent, the catal yst system conprises a N (0)-am nophosphinite catal yst
and the isoprene in the starting conposition is converted to regi osel ective
tail-to-tail linear diners. In sonme variations, the linear dinmer formation
i s acconpani ed by a conpetitive cyclodinerization reaction. In another
enbodi nent, the catal yst system conprises a chrom um N, Nbi s(

di aryl phosphi no) am ne catal yst (e.g. see Bowen, L.; Charernsuk, M; Wass,
D.F. Chem Conmun. (2007) 2835-2837) and the isoprene is converted to

|l i near and cyclic C15 trinmers. In one variation, the chromumcatalyst is
made in situ fromCd (THF)3 and a PNP phosphine ligand. [0643] In sone
enbodi nents, the nethod for producing a fuel constituent from a bioi soprene
conposition conprises chemcally transform ng a substantial portion of the
i soprene in the bioisoprene conposition by (i) contacting the bioi soprene
conposition with a catalyst for catalyzing trinmerization of isoprene to
produce an unsaturated isoprene trinmer and (ii)



hydrogenating the isoprene triner to produce a fuel constituent. In sone
enbodi nents, at | east about 95% of isoprene in the bioisoprene conposition
is converted to non-isoprene conpounds during the chem cal transformtion.
[0644] In sone enbodi nents, the nmethod for producing a fuel constituent
fromisoprene conprises: (a) obtaining a comercially beneficial anmount of
any of the highly pure isoprene starting conposition described herein; (b)
converting at |east a portion of the starting isoprene conposition to
unsat urated i soprene derivatives; and (c) hydrogenating the unsaturated

i soprene derivatives to produce saturated conmpounds. In sone enbodi nents,
hydr ogenati on of unsaturated isoprene derivatives to saturated conpounds is
performed in batch node. In sonme enbodi nents, hydrogenation of unsaturated
i soprene derivatives to saturated conpounds is perforned in continuous
node. One enbodi nent of the nethod is illustrated in Scheme Xi|.Schenme Xl |
Metal catal yst | soprene H2, catal yst [0645] In sonme enbodi nents, the nethod
for producing a fuel constituent fromisoprene conprises: (a) obtaining a
comrerci ally beneficial anount of any of the highly pure isoprene starting
conposition described herein; (b) converting at |least a portion of the
starting isoprene conposition to oxygenated isoprene derivatives; and
optionally (c) hydrogenating any unsaturated oxygenated isoprene
derivatives to produce saturated oxygenates. In sonme enbodi nents, the

i soprene starting conposition is contacted with a catalyst in the presence
of al cohols (e.g. nethanol or ethanol or m xtures thereof) to form
oxygenat ed i soprene derivatives conprise one or nore unsaturated or
saturated ethers (e.g. nethyl ethers or ethyl ethers or m xtures thereof).
In sonme enbodi nents, the catalyst is an acid catal yst such as sulfuric
acid, solid phase sulfuric acid (e.g., Dowex Marathon(r)), liquid and

sol i d- phase fluorosulfonic acids (e.g. trifluoronethanesul fonic acid and
Nafi on-H (DuPont)). Zeolite catal ysts can al so been used, for exanple

bet a-zeolite, under conditions simlar to those described by Hensel et al.
[ Hensen, K. ; Mahaim C ; Holderich, W.F., Applied Catalysis A Ceneral
(1997) 140(2), 3 11- 329.] for the methoxylation of |inmonene and rel ated
nonot er penes. In sone enbodi nents, the isoprene starting conpositions or

t he unsaturated isoprene diners or triners undergo oxidation/hydrogenation
to formthe hydroxyl ated i soprene derivatives conprise one or nore



al cohol s such as C5, A O and C15 al cohols and diols. In some enbodi nents,
the i soprene starting conposition undergoes hydroxyl ation/esterif cation
to formal cohols and esters. For exanple, bioisoprene or an unsaturated

i nt ernedi at e under goes peroxidation to epoxides with peracids such as
peracetic and 3-chl oroperbenzoi c acid; and hydration to give al cohols and
diols with i) water and acid catalysts and ii) hydroborati on nmethods. Such
reactions are described in, for exanple, Mchael B. Snmith and Jerry March
Advanced Organic Chem stry: Reactions, Mechani sns, and Structure, Sixth
Edition, John Wley & Sons, 2007. In sone preferred enbodi nents, the
starting isoprene conposition is a bioisoprene conposition. [0646] In sone
enbodi ments, the nmethod for producing a fuel constituent from i soprene
conprises: (a) obtaining a commercially beneficial amount of any of the

hi ghly pure isoprene starting conposition described herein; (b) partially
hydr ogenating the starting i soprene conposition to nono-olefins (e.g.
2-met hyl but-1-ene, 3-nmethyl-but-1-ene and 2-net hyl but-2- ene); and (c)
produci ng the fuel constituent fromthe nono-ol efins. In one enbodi nent,

t he nono-ol efin undergoes dinerization. |In another enbodinent, the

nono-ol efin is reacted wwth other olefins using traditional hydrocarbon
cationic catalysis, such as that used to covert isobutylene to isooctane.
The product of dinerization or reaction with other olefins are then

under goes hydrogenation to give saturated fuel constituents. In sone
preferred enbodi nents, the highly pure isoprene is a bioisoprene
conposition. In some enbodi nent, the starting isoprene conposition
partially hydrogenated using a palladiumcatal yst, such as Pd/ CaCC>3,

Pd/ BaSO 4, Pd/C, Pd black, Pd/SiO 3, Pd/Al 203, or Pd/SiO 2. In sone
enbodi nent, the starting isoprene conposition partially hydrogenated using
a silica-supported pol yam doam ne (PAMAM dendri ner-pal | adi um conpl ex. In
sonme enbodi nent, the starting isoprene conposition partially hydrogenated
using a palladiumgold and pal | adiumsilver catalysts {e.g., Pd-Au/Si O and
Pd- Ag/ Si O 2) have high selectivity for reducing i soprene to nono-ol efins
over fully reduced C5 al kanes. I n sone enbodi nent, the starting isoprene
conposition partially hydrogenated using a G oup VIB netal on an inorganic
support {e.g. , a netal zeolite) as a catalyst, e.g. a Mo/ Al 203 cat al yst.
In sone enbodi nent, the starting isoprene conposition partially

hydr ogenat ed using a nonolithic catal yst bed, which may be in a honeyconb
configuration. Catalyst support materials for the nonolithic catal yst bed
may include netals such as nickel, platinum palladium rhodium ruthenium
silver, iron, copper, cobalt, chromum iridium tin, and alloys or

m xtures thereof. In sonme enbodi nent, the starting isoprene



conposition partially hydrogenated using an eggshell Pd/d-Al 203 cat al yst,
particularly if the reaction is free of water. In sone enbodi nent, the
starting isoprene conposition partially hydrogenated using a Goup VIII
nmetal catal yst pronoted by a netal fromGoup 1B, VIB, VIIB, or zinc to
reduce poi soning of the catalyst. Methods for converting isoprene into

i soanyl enes (nono-ol efins) can be perforned in continuous or batch nobde
usi ng bot h honpbgeneous or heterogeneous catal ysts. One enbodi nent of the
method is illustrated in Schene Xi11.[0647] In sone enbodi nents,

i soanyl enes produce from partial hydrogenatin of isoprene undergos
trimerization in |iquid phase over ion exchange resins and zeolites. See,
GranG anol lers, Ind. Eng. Chem Res., 49 (8), pp 3561-3570 (2001). Schene
XI'll Oxygenates |Isoprene Acid Catal yst Diisoanyl enes |soanylenes [0648] In
sone enbodi nents, the method for producing a fuel constituent fromisoprene
conprises: (a) obtaining a comercially beneficial anobunt of any of the

hi ghly pure isoprene starting conposition described herein; (b) partially
hydr ogenating the starting i soprene conposition to a nono-olefin (e.qg.
2-met hyl but-1-ene, 3-nethyl-but-1-ene and 2-net hyl but-2- ene); (c)
contacting the nono-olefin with a catalyst for dinerization of nono-ol efins
to forma dinmate with anot her nono-olefin; and (d) hydrogenating the
product of dimerization (dimate) to produce saturated hydrocarbon fuel
constituents. In sone preferred enbodi nents, the highly pure isoprene is a
bi oi soprene conposition. In sone enbodonents, the other nono-olefin is an
i soanyl ene derived fromthe highly pure isoprene starting conposition. In
sonme enbodonents, the other nono-olefin is an olefin from another source
such as propyl ene, butane or isobutene. In sone enbodi enents, the catal yst
for dinmerization is a resin catalyst (e.g., Anberlyst, Anberlyst 35,
Anber | yst 15, Anberlyst XN A O, Anberlyst XE586). In sonme enbodi enents, the
catalyst for dinerization is a catalytic material containing an acidic
mesopor ous nol ecul ar sieve, such as a nesoporous sieve enbedded in a
zeolite structure, ZSM5, ferrierite, ZSM 22, or ZSM 23. |In sone

enbodi enments, the catalyst for dinmerization is the catalytic material is
thermally stable at high tenperatures (e.g., at |least 900 0C). In sone
enbodi enments, the catalyst for dinerization is a catalytic materia

contai ning an aci di ¢ nmesoporous nol ecul ar sieve. In sone



enbodi enments, the catalyst for dinmerization is a solid acidic catalyst
(e.g., a solid phosphoricacid catal yst, acidic ion exchange resins). One
enbodi nent of the nethod is illustrated in Scheme XIV. Schene XV e
2,2,3,4-tetranmet hyl hexane 2, 3,3 , 4-tetranet hyl hexane 3, 3, 5-tri net hyl hept ane
[0649] In sone enbodi nents, the nmethod for producing a fuel constituent
fromisoprene conprises: (a) obtaining a commercially beneficial anmount of
any of the highly pure isoprene starting conposition described herein; (b)
partially hydrogenating the starting i soprene conposition to an isoanyl ene
(e.g. 2-nethyl but-I-ene, 3-nethyl-but-I|-ene and 2-nethyl but-2- ene); (c)
contacting the isoanylene with an al cohol and a catalyst to form an
oxygenate; and (c) producing producing the fuel constituent fromthe

i soanmyl ene oxygenate. In sone preferred enbodi nents, the highly pure

i soprene is a bioisoprene conposition. In sone enbodi enents, the isoanyl ene
is contacted with ethanol and the fuel oxygenate forned is an ether such as
TAME. [0650] In sonme enbodi ments, any of the nethods described herein
further include purifying the starting isoprene conposition before the
chem cal transformation. For exanple, the isoprene produced using the
conposi tions and nethods of the invention can be purified using standard
techni ques. Purification refers to a process through which isoprene is
separated fromone or nore conponents that are present when the isoprene is
produced. In sonme enbodi ments, the isoprene is obtained as a substantially
pure liquid. Exanples of purification nethods include (i) distillation from
a solution in aliquid extractant and (ii) chronmatography. As used herein,
"purified isoprene” means isoprene that has been separated from one or nore
conponents that are present when the isoprene is produced. |In sone

enbodi nents, the isoprene is at |east about 20% by weight, free from ot her
conponents that are present when the isoprene is produced. |In various
enbodi ments, the isoprene is at |east or about 25% 30% 40% 50% 60%

70% 75% 80% 90% 95% or 99% by weight, pure. Purity can be assayed by
any appropriate nethod,e.g., by colum chromatography, HPLC anal ysis, or
GC- M5 anal ysis. In sonme enbodi nents, bioisoprene is recovered from
fermentation off-gas by initial adsorption to activated carbon, followed by
desorption and condensation to give a liquid isoprene conposition for

chem cal transformation to a fuel constituent. Continuous Processfor

Pr oduci ng Fuel s



[ 0651] The invention al so provides a continuous process for producing a
fuel constituent fromisoprene conprising: (a) continuously producing a
comerci ally beneficial anbunt of highly pure isoprene; and (b)
continuously transform ng chemcally at |east a portion of the comrercially
beneficial amount of highly pure isoprene to a fuel constituent. In a

conti nuous process according to the invention, a streamof highly pure

i soprene is produced continuously, for exanple, by a biological process
(e.g. culturing cells producing isoprene) and is passed to a reactor for
chem cal transformation. In sone enbodinents, the isoprene froma
fermentation off-gas is separated fromwater and ot her pernmanent gases
(e.g., O,Nand CO) using extractive distillation, condensation,
adsorption or nmenbranes in a continuous purification unit, where the oxygen
|l evel is lowered to ppmrange and other inpurities of concern are renoved;
the i soprene vapor is catalytically converted to dinmers (OO and triners
(C15) using a heterogeneous catal yst; the desired product is separated and
the unreacted isoprene is returned to the reactor for further conversion.

I n sone enbodi nents, the catalytic dinmerization is nonitored by measuring
the Il evels of desirable O O hydrocarbons in the gas phase. [0652] In sone
enbodi ments, a stream of biologically produced isoprene is passed through a
chem cal reactor (e.g., a reaction tube) maintained at a tenperature of
about 100 OC to about 300 OC, where the biologically produced isoprene
under goes dinerization reactions. In one variation, the isoprene diners are
separated fromthe product streamand at |east a portion of the unreacted

i soprene is recycled back into the chem cal reactor. In one enbodi ment, the
unsaturated i soprene diners produced is contacted with a hydrogenation
catal yst and a hydrogen source in a second chem cal reactor producing
partially hydrogenated and/or fully hydrogenated products. The process can
further conprise a step of recovering i soprene fromthe off-gas of a

bi o-reactor producing isoprene. [0653] In sonme enbodi nents, a stream of

bi oi soprene contai ni ng co-produced hydrogen is first separated fromthe
hydr ogen gas, the bioi soprene streamis passed through a chem cal reactor
(e.g., areaction tube) maintained at a tenperature of about 100 OC to
about 300 O0C, where the biologically produced isoprene undergoes

di neri zation reactions. In one variation, theisoprene diners are separated
fromthe product streamand at |east a portion of the unreacted isoprene is
recycl ed back into the chem cal reactor. In one enbodi nent, the unsaturated
i soprene dinmers produced is contacted with a hydrogenation catalyst and a
hydr ogen source in a second chem cal reactor producing partially

hydr ogenat ed and/ or fully hydrogenated products.



In one variation, the hydrogen streamisolated fromthe isoprene-hydrogen
co-production is used in the hydrogenati on step. The process can further
conprise a step of recovering isoprene fromthe off-gas of a bio-reactor
produci ng i soprene. The process can further conprise a step of purifying

t he hydrogen streamisolated fromthe isoprene-hydrogen co-production using
purification nethods known in the art such as cryogeni c condensati on and
solid matri x adsorption. Renoval of Dienes and Pol ynmersfrom Fuel Products

[ 0654] Fuel conpositions often contain unsaturated conpounds (ol efins,

di ol efins and pol yol efins) that can form guns, resins, polyners and ot her
undesirabl e byproducts over tine (for exanple, see Pereira and Pasa (2006)
Fuel , 85, 1860-1865 and references therein). In general, as the degree of
unsaturation increases of a given conpound, the nore |ikely that conpound
is to formsuch byproducts. Isoprene is a 1,3-diene that readily forns
undesirabl e polyneric byproducts when present in fuel conpositions. Wile
there exist fuel additives (anti oxidants, radical quenchers etc.) that can
reduce the extent of byproduct formation, such byproducts can still form
over time. Aefins can also contribute to the formation of ground-|evel
ozone when rel eased into the atnosphere upon evaporation fromfuels, or as
the result of inconplete combustion of olefin-containing fuels. [0655]
Accordingly, fuel conpositions derived wholly or in part fromisoprene
should contain little to no free isoprene. A range of nethods can be used
to either renove isoprene fromfuel conpositions such as purification by
distillation, reaction with alcohols to formethers, or hydrogenation to
convert isoprene to saturated derivatives. Alternately, isoprene can be
treated with a dienophile such as malic anhydride producing inert adducts
that do not contribute to the formation of undesirable byproducts. [0656]
Provi ded are fuel conpositions conprising isoprene derivatives that are
substantially free of isoprene. In sonme enbodi enents, the fuel conposition
contains less than 0.01% 0.1% 1% 2% 3% 4% 5% 10% or 15% i soprene.

Al so provided are nethods for chemcally transform ng a bi oi soprene
conposition to fuel conpositions conprising isoprene derivatives that are
substantially free of isoprene. In sonme enbodi nents, a substantial portion
of theisoprene fromthe bioisoprene conposition is converted to fuel
constituents. In sone enbodi nents, a substantial portion of the isoprene
from the bioisoprene conposition is converted to internedi ates that can be
further converted to produce fuel constituents. In sone



enbodi nents, a substantial portion of the isoprene fromthe bioisoprene
conposition is converted to conpounds other than isoprene. A "substanti al
portion" is 99.99% 99.9% 99% 98% 97% 96% 95% 90% 85% or 80% [0657]
In sonme instances, isoprene and ot her conjugated dienes can form polyneric
products with gum|ike consistencies that can reduce the yields of desired
products and/or deactivate catal ysts. (See, e.g., RC C Pereira and V.MD.
Pasa. Fuel 85 (2006) 1860-1865.) In sonme enbodi nents, methods are provided
for determ ning the anobunt of conjugated diene present in a product

m xture. D.F. Andrade et al. describe various nethods for determ ning the
anount of conjugated diene present {Fuel (2010), doi: 10.

106/ j . fuel /2010. 01.003), including the follow ng: 1) UOP-326 nethod (raleic
anhydri de nmethod), a sem -quantitative nethod in which the anbunt of maleic
anhydri de consuned via D els-Alder reaction with the diene is neasured; 2)
pol arogr aphy; 3) gas chromat ography, in which the diene may be reacted with
a derivatization agent, such as 4-nethyl-1,2,4-triazoline-3,5-dione (MAD)
or 4-phenyl-1,2,4-triazoline-3,5- dione (PTAD); 4) HPLC, 5) supercritical
fluid chromat ography; 6) NVR, 7) UV and near |IR spectroscopy; and 8) other
spectroscopi ¢ net hods, which may include first derivatizing the diene with
p- ni trobenezenedi azoni um fl uoroborate. [0658] Method are provided herein
for mnimzing gumformation and/or reducing the anount of gumthat has
been produced. In sone enbodi nents, an anti-oxidant is used to mnimze
gunformation. In other enbodi nents, polyneric by-products are recycled back
to the process stream In sone enbodi nents, depol ynerization of polyneric
by-products is carried out via olefin netathesis. Oefin nmetathesis can be
carried out using a nolybdenum or tungsten catalyst, such as

2, 6-dii sopropyl phenyli m do neophyli dene nol ybdenum

bi s(2-tertbutyl phenoxide). (See US 5, 446,102.) [0659] In some enbodi nents,
any of the nethods described herein further include characterizing the
products of these reactions and assessing the potential fuel value. For
exanpl e, the products are characterized by standard nethods known in the
art, e.g. GOM, NWMR UV-Vis and IR spectroscopies, boiling tenperature,
density and ot her physical properties. The products can be further
characterized by dual carbon-isotopic fingerprinting (see, US Patent Nunber
7,169,588). The potential fuel value of the products are assessed by
paranmeters neasuring fuel properties such as the energy density, heating
val ue, water solubility, octane/cetane nunber, density, viscosity, surface
tensi on, enthal py of vaporization, vapor



diffusivity, flash point, autoignition point, flammbility limts, cloud
point and chemi cal stability. [0660] As with comrercial petrol eum fuels,

Bi ol soFuel (tm products can be tested for their acidity, density, trace

m neral content, benzene, total aromatics content, water content, and
corrosivity. To assure that mnor inpurities in BiolsoFuel (tn) products are
not adversely affecting their material properties, sanples can also be
tested for their corrosivity and conpatibility with fuel systens by
standard ASTM tests such as Karl Fischer for water and copper strip for
corrosivity. Fuel Conpositions [0661] The invention provides a fuel
conposition conprising a fuel constituent produced by any of the nethods
and processes described herein. In sonme enbodi nents, the fuel constituent
conprises one or nore of the hydrocarbons selected fromthe group
consisting of saturated C O and C15 hydrocarbons derived fromi soprene and
oxygenat ed derivatives of isoprene. The hydrocarbon Bi ol soFuel (tn) products
are expected to be conpletely conpatible with petrol eum gasoline and

di esel. Bl ends of BiolsoFuel(tn) with commercial petroleumfuels are
expected to have nore desirable properties, as they do not contain acids,
sul fur, aromatics, or other undesirable inpurities. [0662] In sone
preferred enbodi nents, the fuel constituent conprises derivatives of

bi oi soprene. It is anticipated that there will be a significant demand for
fuel s derived from bi oi soprene which is made fromrenewabl e,

non- pet rochem cal based resources. It is believed that industrial custoners
and consumers would prefer to purchase fuel conmponents derived from such
environmental ly friendly sources to those that are nade with isoprene
derived froma petrochem cal process. It is further believed that custoners
would be willing to pay premiumprices for such environnentally friendly
products that are nade with renewabl e resources. Fuel conponents derived
from bi oi soprene conpositions described herein offer the benefit of being
verifiable as to be derived from non-petrochem cal based resources. [0663]
In sone enbodi nents, the fuel constituent conprises one or nore of the
saturated cyclic O O hydrocarbons such as |, 2-bis(isopropyl)cycl obut ane,

| , 2- bi s(i sopropyl)cycl obutane, 1-nethyl-4-isopropyl cycl ohexane,

1- net hyl - 3-i sopr opyl cycl ohexane, 1-ethyl -1, Adi net hyl cycl ohexane,

| - et hyl -17-di net hyl cycl ohexane, 1, 5-di net hyl cycl ooctane and 1, 4-



di met hyl cycl ooctane. In sone enbodi nents, the fuel constituent conprises
one or nore of thesaturated cyclic Cl5 hydrocarbons such as
1,5,9-trinethyl cycl ododecane and 1,5, 10- trinethyl cycl ododecane. In sone
enbodi ments, the fuel constituent conprises one or nore of the saturated
ali phatic C O hydrocarbons such as 2, 6-di net hyl octane, 2, 7-di net hyl oct ane
and 3, 6-di net hyl octane. I n sone enbodi nents, the fuel constituent conprises
one or nore of the saturated aliphatic CL5 hydrocarbons such as
2,6,10-trimet hyl dodecane, 2,7,10- trinethyl dodecane and
3,7,10-trinmet hyl dodecane. I n sone enbodi nents, the fuel constituent

conpri ses 2-nethyl butane. In sone enbodi nents, the fuel constituent
conprises one or nore of the hydrocarbons selected fromthe group

consi sting of |,2-bis(isopropyl)cyclobutane, 1, 2-

bi s(i sopropyl)cycl obutane, 1-nethyl-4-isopropyl cycl ohexane,

1- met hyl - 3-i sopropyl cycl ohexane, 1l-ethyl- 1,4-dinethylcycl ohexane,

| -ethyl -1, 3-di met hyl cycl ohexane, 1, 5-di net hyl cycl ooct ane,

1, 4-di met hyl cycl ooctane, 1,5, 9-trinmethyl cycl ododecane,
1,5,10-trimet hyl cycl ododecane, 2,6- dinethyl octane, 2,7-dinethyl octane,

3, 6-di net hyl oct ane, 2,6, 10-tri net hyl dodecane, 2,7,10- trinethyl dodecane,
3,7,10-trinet hyl dodecane and 2-net hyl butane. [0664] In some enbodi nents,
the fuel constituent conprises one or nore of the saturated hydroxyl ates
such as C5 al cohols and diols (e.g. 3-nethyl-butan-I-ol,

2- et hyl -butan-1-ol and 2-net hyl - butan-2-ol, 3-nethyl-butan-I, 3-diol and
2-met hyl - butan-2, 3-diol), C 10 alcohols and diols (e.qg.

3, 7-di net hyl octan-1-ol, 2,7-dinethyloctan-1-ol, 2,7-dinethyloctan-2-ol and
2,7- dinethyloctan-2,7-diol) and cyclic C 10 al cohols (e.qg.

2- (4- et hyl cycl ohexyl ) propan-2-ol, 2-(4- nethyl cycl ohexyl)propan-1-ol,

2- (1, 4-di nmet hyl cycl ohexyl ) et hanol and 4-ethyl -1, 4- di net hyl cycl ohexanol).
In sone enbodi nents, the fuel constituent conprises one or nore of the
saturated ethers such as |, 3-di et hoxy- 3-net hyl but ane,

| - et hoxy- 3- net hyl but ane, 1-nethoxy- 2, 7-di net hyl oct ane and

3- met hoxy- 2, 7-di net hyl octane. In sonme enbodi nents, the fuel constituent
conprises one or nore of the isoprene derived oxygenates selected fromthe
group consisting of 3-nethyl-butan-1-ol, 2-nethyl-butan-I-ol,

2- et hyl - butan-2-ol, 3-nethyl-butan- 1, 3-diol, 2-nethyl-butan-2, 3-diol,

3, 7-di nmethyl octan-1-ol, 2,7-dinethyloctan-1-ol, 2,7- dinethyloctan-2-ol,
2, 7-di net hyl oct an- 2, 7-di ol , 2-(4-nmethyl cycl ohexyl ) propan-2-ol, 2-(4-

met hyl cycl ohexyl ) propan- 1-ol, 2-(1 ,4-dinmethylcycl ohexyl)ethanol, 4-ethyl-
1, 4- dinet hyl cycl ohexanol , |, 3-di et hoxy- 3-net hyl but ane,

| - et hoxy- 3- net hyl but ane, |-nethoxy-2,7- dinethyl octane and

3- et hoxy- 2, 7-di met hyl octane. [0665] In sonme enbodi nents, the fuel
constituent conprises less than or about 0.5 ng/L a



product froma C5 hydrocarbon other than isoprene after undergoing the
steps according to any of the nethods and processes described herein. In
one enbodi nent, he fuel constituent is substantially free of a product from
a C5 hydrocarbon other than isoprene after undergoing thesteps according to
any of the nethods and processes described herein. In sonme enbodi ments, the
fuel constituent conprises |less than or about 0.2, 0.12, 0.10, 0.08, 0.06,
0.04, 0.02, 0.01, 0.005, 0.001, 0.0005, 0.0001, 0.00005, or 0.00001% C5
hydr ocar bons ot her than isoprene (such 1, 3-cycl opent adi ene,

czs-1, 3-pentadi ene, trans- 1, 3-pentadi ene, 1, 4-pentadiene, 1-pentyne, 2-
pentyne, 1l-pentene, 2-nethyl-I-butene, 3-nethyl-I|-butyne, pent-4-ene-I-yne,
ra -pent-3-ene- 1l-yne, or cz ' s-pent-3-ene-l-yne) by weight conpared to
the total weight of all C5 hydrocarbons in the starting conposition. In
sone enbodi ments, the fuel constituent conprises C5 hydrocarbons other than
i soprene (such 1, 3-cycl opent adi ene, trans- 1, 3-pentadiene, cis- 1, 3-
pent adi ene, 1, 4-pent adi ene, 1-pentyne, 2-pentyne, 1-pentene,
2-met hyl - | - but ene, 3-nethyl -1 butyne, pent-4-ene-I-yne,
trans-pent-3-ene-|-yne, or czs-pent-3-ene-l-yne) at a concentration of |ess
than 100, 10, 1, 0.1 or 0.01 ppm [0666] It is understood that conponents
ot her than isoprene in the bioisoprene conpositions described herein will
be converted to different products after undergoi ng vari ous processes
described herein. The sensitivities of netal -based catal ysts used in the
nmet hods/ processes to the conponents other than isoprene are different
depending on the nature and | evel s of these conponents. For the thernmal

di meri zation process, a far wi der range of conpounds will be tolerated. In
sone cases, a conponent other than isoprene will react with isoprene to
produce adducts, for exanple the Diels-Al der reactions of nethacrolein and
met hyl vinyl ketone with isoprene to give 6-nenbered products. The

unsat urated adducts can be further hydrogenated to saturated derivatives
which are present in the fuel constituents and conpositions, e.g. 1,4-

di nmet hyl -1 - (hydr oxynet hyl ) cycl ohexane and

| - (1 -hydroxyet hyl)-4-met hyl cycl ohexane (see Schene XV). Schene XV. Exanpl es
of trace inpurities derived from Bi oi soprene(tm i) Hydrogenated

Di el s- Al der adducts 1, 4-di net hyl - 1-(hydroxynet hyl)cycl ohexane

1- (1- hydroxyet hyl)-4-net hyl cycl ohexane ii) Al kanes 2-net hyl but ane
3-nmet hyl pentane iii) Al cohols 2-propanol 2-nethyl- 1-propanol 2-butanol
3-net hyl - 1- but anol



iv) Esters ethyl acetate 3-nethyl-1-butyl acetate [0667] In sone

enbodi nents, the fuel constituent conprises a product froma conpound
selected fromthe group consisting of ethanol, acetone, C5 prenyl alcohols,
and isoprenoid conmpounds with 10 or nore carbon atons after undergoing the
steps according to any of the nethods and processes described herein. In
sone enbodi nents, the fuel constituent conprises one or nore products from
one or nore conpounds selected fromthe group consisting of ethanol,
acetone, nethanol, acetal dehyde, nethacrol ein, nethyl vinyl ketone,
2-met hyl -2- vinyl oxirane, cis- and r<ms-3-nethyl-I, 3-pentadiene, a C5
prenyl al cohol (such as 3-nethyl-3-buten-1-ol or 3-nethyl-2-buten-I-o0l),

2- hept anone, 6-net hyl - 5- hept en-2-one, 2,4,5- trimnethyl pyridine,
2,3,5-trinethyl pyrazine, citronellal, nethanethiol, nethyl acetate,

1- propanol , diacetyl, 2-butanone, 2-nethyl-3-buten-2-0l, ethyl acetate,
2-nmet hyl - 1-propanol, 3-nethyl- 1- butanal, 3-nethyl-2-butanone, 1-butanol,
2- pent anone, 3-nethyl- 1-butanol, ethyl isobutyrate, 3- nethyl-2-butenal,
butyl acetate, 3-nethylbutyl acetate, 3-nethyl-3-buten-l-yl acetate,
3-nmethyl - 2-buten-I-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinethyl- 2,6-octadien-l-ol), citronell ol

(3, 7-di nethyl -6-octen-1-0ol), (E)-3,7-dinmethyl-I,3,6-octatriene,
(2)-3,7-dinmethyl-1,3,6-octatriene, and 2, 3-cycl ohept enol pyri dine after
under goi ng the steps according to any of the nethods and processes

descri bed herein. In sone enbodi nents, the fuel constituent conprises one
or nore conpounds selected fromthe group consisting of 1, 4-

di et hyl -1 - (hydr oxynet hyl ) cycl ohexane,

| - (I - hydr oxyet hyl ) - 4- net hyl cycl ohexane, 2- nethyl butane, 3-nethyl pentane,
2-propanol, 2-nethyl- 1-propanol, 2-butanol, 3-nethyl- 1- butanol, ethyl
acetate and 3-nethyl- 1-butyl acetate. In sonme enbodi nents, the fuel
constituent conprises one or nore conpounds selected fromthe group
consisting of 1,4-dinmethyl-I- (hydroxynethyl)cycl ohexane,

| - (I -hydroxyet hyl) -4-net hyl cycl ohexane, 2-nethyl butane, 3- nethyl pentane,
2- propanol, 2-nethyl- 1-propanol, 2-butanol, 3-nethyl- 1-butanol, ethyl
acetate and 3-nethyl- 1-butyl acetate at |evels greater than or about 10
ppm 1 ppm 100 ppb, 10 ppb or 1 ppb. [0668] In sone enbodi nents, the fuel
constituent conprises one or nore conpounds selected fromthe group

consi sting of ethanol, acetone, nethanol, acetal dehyde, nethacrol ein,

met hyl vinyl ketone, 2-nethyl-2-vinyloxirane, cis- and
gns-3-net hyl -1, 3-pent adi ene, a C5 prenyl al cohol (such as

3-net hyl - 3-buten-1-ol or 3-nethyl-2-buten-1-o0l), 2-heptanone, 6-nethyl-5-



hept en- 2-one, 2,4,5-trinethyl pyridine, 2,3,5-trimethyl pyrazine,

citronellal, nethanethiol, nethyl acetate, 1-propanol, diacetyl,

2- but anone, 2-nethyl-3-buten-2-o0l, ethyl acetate, 2-nmethyl- 1- propanol,
3-nmet hyl -1 -butanal , 3-net hyl - 2- but anone, 1-butanol, 2-pentanone, 3-nethyl -
1- butanol, ethyl isobutyrate, 3-nethyl-2-butenal, butyl acetate,
3-net hyl butyl acetate, 3-nethyl-3- buten-1-yl acetate,

3-nmet hyl -2-buten-1-yl acetate, 3-hexen-l-ol, 3-hexen-l-yl acetate,

| i ronene, geraniol (trans-3,7-dinmethyl-2,6-octadien-1-0ol), citronellol

(3, 7-di met hyl -6-octen-1-0ol), (E)-3,7- dinmethyl-1,3,6-octatriene,
(2)-3,7-dinethyl -1, 3,6-octatriene, and 2, 3-cycl ohept enol pyridine at |evels
greater than or about 10 ppm 1 ppm 100 ppb, 10 ppb or 1

ppb. Carbonfingerprinting [0669] BiolsoFuels derived from bi oi soprene can be
di stingui shed fromfuels derived form petrochem cal carbon on the basis of
dual carbon-isotopic fingerprinting. Additionally, the specific source of

bi osourced carbon (e.g. glucose vs. glycerol) can be determ ned by dual
carbon-isotopic fingerprinting (see, US Patent Nunber 7,169,588, which is
herein incorporated by reference). [0670] This nethod usefully

di stingui shes chem cally-identical materials, and apportions carbon in
products by source (and possibly year) of growth of the biospheric (plant)
conponent. The isotopes, 14C and 13C, bring conplenentary information to
this problem The radiocarbon dating isotope (14C), with its nuclear half
life of 5730 years, clearly allows one to apportion specinen carbon between
fossil ("dead") and biospheric ("alive") feedstocks [Currie, L. A "Source
Apportionnment of Atnospheric Particles,” Characterization of Environnental
Particles, J . Buffle and H P. van Leeuwen, Eds., 1 of Vol. | of the |IUPAC
Envi ronnmental Anal ytical Chemstry Series (Lews Publishers, Inc) (1992) 3
74] . The basic assunption in radiocarbon dating is that the constancy of
14C concentration in the atnosphere | eads to the constancy of 14C in living
organi sms. When dealing with an isolated sanple, the age of a sanple can be
deduced approximately by the relationship t = (-5730/0. 693)I n(A Ao)
(Equation 14) where t = age, 5730 years is the half-life of radi ocarbon,
and A and Ao are the specific 14C activity of the sanple and of the nodem
standard, respectively [Hsieh, Y., Soil Sci. Soc. AmJ., 56, 460, (1992)].
However, because of atnospheric nuclear testing since 1950 and the burning
of fossil fuel since 1850, 14C has acquired a second, geochem cal tine
characteristic. Its concentration in atnospheric CO - and hence in the

i ving bi osphere - approximately doubled at the peak of nuclear testing, in
the md-1960s. It has since been gradually returning to the steady-state



cosnogeni ¢ (atnospheric) baseline isotope rate (14C/ 12C) of ca. 1.2x10 12
, Wth an approximate rel axation "half-life" of 7-10 years. (This latter
hal f-1ife nmust not be taken literally; rather, one nust use the detailed

at nospheri c nucl ear input/decay function to trace the variation of

at nospheric and bi ospheric 14C since the onset of the nuclear age.) It is
this latter biospheric 14C tine characteristic that holds out the prom se
of annual dating of recent biospheric carbon. 14C can be neasured by

accel erator nmass spectronetry (AVMS), with results given in units of
"fraction of nodem carbon" (fjy[). fvi is defined by National Institute of
St andards and Technol ogy (N ST) Standard Reference Materials (SRVs) 4990B
and 4990C, known as oxalic acids standards HOxI and HOxl I, respectively.
The fundanental definition relates to 0.95 tinmesthe 14C 12C isotope ratio
HOxl (referenced to AD 1950). This is roughly equival ent to decaycorrected
pre-Industrial Revolution wood. For the current |iving biosphere (plant
material), fM~ 1.1. [0671] The stable carbon isotope ratio (13C/ 120

provi des a conpl enentary route to source discrimnation and apportionnent.
The 13C/ 12Cratio in a given biosourced material is a consequence of the
13C/ 12Cratio in atnospheric carbon dioxide at the tinme the carbon dioxide
is fixed and al so reflects the precise netabolic pathway. Regi onal
variations also occur. Petroleum C plants (the broadleaf), C4 plants (the
grasses), and marine carbonates all show significant differences in 13C/ 12C
and the correspondi ng d13C values. Furthernore, lipid matter of C and 4

pl ants analyze differently than materials derived fromthe carbohydrate
conponents of the same plants as a consequence of the netabolic pathway.
Wthin the precision of neasurenent, 13C shows |arge variations due to
isotopic fractionation effects, the nost significant of which for the
instant invention is the photosynthetic nechanism The mgjor cause of
differences in the carbon isotope ratio in plants is closely associ ated
with differences in the pathway of photosynthetic carbon netabolismin the
pl ants, particularly the reaction occurring during the primry
carboxylation, i . e., the initial fixation of atnospheric CO. Two |arge
cl asses of vegetation are those that incorporate the "C3" (or

Cal vi n- Benson) photosynthetic cycle and those that incorporate the "C4" (or
Hat ch- Sl ack) photosynthetic cycle. C3 plants, such as hardwods and
conifers, are domnant in the tenperate climte zones. In C3 plants, the
primary CO fixation or carboxylation reaction involves the enzyne ri bul ose-
1, 5-di phosphat e carboxyl ase and the first stable product is a 3-carbon
conpound. C4 plants, on the other hand, include such plants as tropical
grasses, corn and sugar cane. In C4 plants, an additional



car boxyl ati on reaction involving anot her enzyne, phosphoenol - pyruvate
carboxyl ase, is the primary carboxyl ation reaction. The first stable carbon
conmpound is a 4-carbon acid which is subsequently decarboxyl ated. The CO
thus released is refixed by the C3 cycle. [0672] Both C4 and C3 plants
exhibit a range of 13C/ 12C isotopic ratios, but typical values are ca. -10
to -14 per ml (4) and -21 to -26 per ml| (C3) [Wber et al, J . Agric.
Food Chem , 45, 2942 (1997)]. Coal and petroleumfall generally in this

| atter range. The 13Cneasurenent scale was originally defined by a zero set
by pee dee belemite (PDB) |inestone, where values are given in parts per

t housand deviations fromthis material. The "d13C', values are in parts per
t housand (per ml), abbreviated %, and are cal cul ated as foll ows (Equation
15):1 3 _ I Wwtyt 1 W- cfaj (Equation 15) Since the PDB reference
material (RM has been exhausted, a series of alternative RVs have been
devel oped in cooperation with the | AEA, USGS, N ST, and other sel ected
international isotope |aboratories. Notations for the per m | deviations
fromPDB is d13C. Measurenents are made on CO by high precision stable
rati o mass spectronetry (I RVS) on nol ecul ar ions of masses 44, 45 and 46.
[0673] For isoprene derived fromextractive distillation of C streans from
petroleumrefineries, 613C is about -22% to about -24%. This range is
typical for light, unsaturated hydrocarbons derived from petrol eum and
products derived from petrol eum based i soprene typically contain isoprenic
units with the sanme 613C. Bi oi soprene produced by fernentation of
corn-derived glucose (513C -10. 73%0) with mnimal anmounts of other
carbon-containing nutrients (e.g., yeast extract) produces isoprene which
can be polynerized into polyisoprene with 513C -14.66% to -14. 85%.
Products produced from such bi oi soprene are expected to have d13C val ues
that are | ess negative than those derived from petrol eum based i soprene.
For isoprene derived fromthe reaction of isobutylene with formal dehyde,
d13C val ues can be about - 34.4% because fornmal dehyde is often derived
fromfeedstocks wth much nore negative dl13C val ues. [0674] The fuels and
fuel constituents of this invention which are made with isoprene fromthe
cell cultures that utilize bio-renewabl e carbon sources can be identified
as such by virtue of their di13C value and other fuel characteristics. In
sone enbodi nents, the fuel constituent derived from bi oi soprene has di13C
val ues of greater (less negative) than -22%. |In sonme enbodi nents, the fuel
constituent derived from bi oi soprene has d13C val ues of greater than -20,
-18, -16, -14, -



12, or -10 %. In sonme enbodi ments, the fuel constituent derived from

bi oi soprene has a d13C value which is within the range of -22 to -10, -21
to -12, or -20 to -14 %. In sone enbodi nents, the fuel constituent derived
from bi oi soprene has a d13C value which is within the range of -34 to -24,
-34 to -25, -33to -25, -32to -24, -32to -25, -31to -25, -30 to -29,
-30.0 to -29.5, -29.5to0 - 28.5, or -29.0 to -28.5 %. [0675] In sone
enbodi ments, the fuel constituent derived from bi oi soprene conprises

radi oactive carbon-14. In sone enbodi nents, the 14C/ 12C ratio is greater
than or about 1.0 x 10 12 , 1.05 x 10 12, 1.1 x 10 12, 1.15 x 10 12,0r 1.2
x 10 12 . In sone enbodinents, the fuel constituent derived from

bi oi soprene has an fyi value of greater than or about 0.9, 0.95, 1.0, 1.05
or 1.1. Insone enbodi nents, the fuel constituent derived from bi oi soprene
has an M val ue of greater than or about 0.9, 0.95, 1.0, 1.05 or 1.1 and
613C val ues of greater (less negative) than -22%. |In sonme enbodi nents, the
fuel constituent derived from bi oi soprene has an fM val ue of greater than
or about 0.9, 0.95, 1.0, 1.05 or 1.1 and a 513C value which is within the
range of -22 to -10, -21 to - 12, or -20 to -14 %. In sonme enbodi nents,
the fuel constituent derived from bi oi soprene has an fMval ue of greater
than or about 0.9, 0.95, 1.0, 1.05 or 1.1 and a 513C value which is within
the range of -34 to -24, -34 to -25, -33to -25, -32 to -24, -32 to -25,
-31to -25, -30to -29, -30.0to - 29.5, -29.5to -28.5, or -29.0 to -28.5
%0. [0676] The bioi soprene derivatives and the associ ated Bi ol soFuel s,

i nternedi ates, and m xtures may be conpletely distinguished fromtheir
petrochem cal derived counterparts on the basis of 14C ( f vi) and dual
carbon-isotopic fingerprinting, indicating new conpositions of matter.
[0677] In sone enbodi nents, the fuel constituent of the invention has an

energy density higher than that of ethanol. In sone enbodi nents, the fuel
constituent boosts the cetane nunber of a fuel, e.g., a petrol eum based
fuel. In sone enbodi nents, the fuel constituent reduces em ssion of

petrol eum based fuels. In sone enbodi nents, the fuel conposition has an
octane nunber in the range between about 80 to about 120. In sone

enbodi nents, the fuel conposition has a cetane nunber in the range between
about 30 to about 130. [0678] In sone enbodi nents, a fuel conposition of
the invention conprises one or nore dinethylcycl ooctane conpounds. |In sone
enbodi ments, a fuel conposition of the invention conprises one or nore C O
hydr ocar bons such as substitued cycl ohexanes. In sone enbodi nents, a fuel
conposition of the invention conprises one or nore isoprene derived
oxygenat es described herein. In sone enbodi nents, any of the fuel

conposi tions described



herein further conprises a petrol eum based fuel in the anount of from about
1% to about 95% by wei ght or volune, based on the total weight or vol unme of
the total fuel conposition. [0679] The invention further provides nethods
for making a fuel conposition conprising obtaining a petroleumdistillate
and adding a fuel constituent of the invention. [0680] The invention can be
further understood by reference to the foll ow ng exanples, which are

provi ded by way of illustration and are not neant to be limting. EXAMPLES
Exanpl e 1: Production of isoprene in E. coli expressing reconbi nant kudzu
i soprene synthase I . Construction of vectors for expression of the kudzu

i soprene synthase in E. coli[0681] The protein sequence for the kudzu
(Pueraria nontana) isoprene synthase gene (lIspS) was obtai ned from GenBank
(AA@B4170). A kudzu isoprene synthase gene, optimzed for E. coli codon
usage, was purchased from DNA2.0 (SEQ ID NO 1). The isoprene synthase gene
was renoved fromthe supplied plasmd by restriction endonucl ease di gestion
with BsplLJ1Il /Pstl, gel-purified, and ligated into pTrcH s2B (I nvitrogen)
t hat had been digested with Ncoll Pstl. The construct was designed such that
the stop codon in the isoprene synthase gene 5 to the Pstl site. As a
result, when the construct was expressed the H s-Tag is not attached to the
i soprene synthase protein. The resulting plasmd, pTrcKudzu, was verified
by sequencing (Figures 2 and 3; SEQ ID NO 2). [0682] The isoprene synthase
gene was al so cloned into pETI b (Novagen). In this case, the isoprene

synt hase gene was inserted into pETlI b such that the reconbi nant isoprene
synt hase protein contained the NNterminal H s tag. The isoprene synthase
gene was anplified from pTrcKudzu by PCR using the priner set

PET- H s- Kudzu- 2F: 5'- CGIGAGATCATATGTGTGCGACCTCTTCTCAATTTAC (SEQ | D NG 49)
and pET-Hi s- Kudzu-R 5'- CGGTCGACGGATCCCTGCAGITAGACATACATCAGCTG (SEQ I D

NO 50). These prinmers added an Ndel site at the 5 -end and a BanH site at
the 3" end of the gene respectively. The plasm d pTrcKudzu, descri bed
above, was used as tenplate DNA, Hercul ase pol ynerase (Stratagene) was used
according to manufacture's directions, and priners were added at a
concentration of 10 pMdls. The PCR was carried out in a total volume of 25
m . The PCR product was digested with Ndell BanAl and cloned into pETlI b
digested with the same enzynmes. The ligation m x was transforned into E.
coli ToplO (Invitrogen) and the correct clone selected by sequencing. The
resulting plasmd, in which the kudzu i soprene synthase gene was



expressed fromthe T7 pronoter, was designated pETNH sKudzu (Fi gures 4 and
5; SEQ ID NGO 51). [0683] The kudzu isoprene synthase gene was al so cl oned
into the | ow copy nunber plasmd pCL1920. Priners were used to anplify the
kudzu i soprene synthase gene from pTrcKudzu descri bed above. The forward
primer added a Hind Il site and an E. coli consensus RBS to the 5 end. The
Pstl cloning site was already present in pTrcKudzu just 3' of the stop
codon so the reverse prinmer was constructed such that the final PCR product
includes the Pstl site. The sequences of the primers were:

H ndl Il -rbs-Kudzu F: 5' - CATATGAAAGCTTGTATCGATTAAATAAGGAGGAATAAACC (SEQ I D
NO 51) and BanH - Kudzu R [0684] 5'- CGGICGACGGATCCCTGCAGITAGACATACATCAGCTG
(SEQ I D NO 50). The PCR product was anplified using Hercul ase pol ynerase
with primers at a concentration of 10 pnol and with 1 ng of tenplate DNA
(pTrcKudzu). The anplification protocol included 30 cycles of (95 C for 1
mnute, 60 Cfor 1 mnute, 72 C for 2 mnutes). The product was digested
with Hind Il and Pstl and ligated into pCL1920 which had al so been di gested
with 7/mdlll and Pstl. The ligation mx was transforned into E. coli Top
10. Several transformants were checked by sequencing. The resulting plasmd
was designated pCL-lac-Kudzu (Figures 6 and 7; SEQ ID NO 4). 11

Det erm nati on of isoprene production [0685] For the shake flask cul tures,
one m of a culture was transferred fromshake flasks to 20 mMl CTC
headspace vials (Agilent vial cat# 5188 2753; cap cat# 5188 2759). The cap
was screwed on tightly and the vials incubated at the equival ent
tenperature with shaking at 250 rpm After 30 minutes the vials were
renoved fromthe incubator and anal yzed as descri bed bel ow (see Table 1 for
sone experinmental values fromthis assay). [0686] In cases where isoprene
production in fernmentors was determ ned, sanples were taken fromthe

of f-gas of the fernmentor and anal yzed directly as descri bed bel ow (see
Table 2 for sone experinmental values fromthis assay). [0687] The anal ysis
was performed using an Agilent 6890 GO/ M5 systeminterfaced wth a CTC

Anal ytics (Switzerl and) Conbi PAL aut osanpl er operating in headspace node.
An Agilent HP-5M5 GC/MS colum (30 mx 0.25 mm 0.25 mm fil mthickness) was
used for separation of analytes. The sanpler was set up to inject 500 nL of
headspace gas. The GO M5 nethod utilized



heliumas the carrier gas at a flowof 1 m/mn. The injection port was
held at 250 Cwth a split ratio of 50:1. The oven tenperature was held at
37 Cfor the 2 minute duration of the analysis. The Agilent 5793N nass

sel ective detector was run in single ion nonitoring (SIM node on mz 67.
The detector was switched off from1.4 to 1.7 mnutes to allow the elution
of permanent gases. Under these conditions isoprene (2-nethyl-

1, 3- but adi ene) was observed to elute at 1.78 mnutes. A calibration table
was used to quantify the absol ute anount of isoprene and was found to be
linear from1l ng/L to 70,000 ng/L. The limt of detection was estimated to
be 50 to 100 ng/L using this nethod. Ill. Production of isoprene in shake
flasks containing E. coli cells expressing reconbi nhant isoprene

synt hase[ 0688] The vectors descri bed above were introduced to E. coli
strain BL21 (Novagen) to produce strains BL21/ptrcKudzu, BL21/pCL-I|ac-Kudzu
and BL21/ pETHi sKudzu. The strains were spread for isolation onto LA (Luria
agar) + carbenicillin (50 ng/ M) and incubated overnight at 37 C. Single
colonies were inoculated into 250 ml baffled shake flasks containing 20 m
Luria Bertani broth (LB) and carbenicillin (100 ng/m ). Cultures were grown
overnight at 20 C with shaking at 200 rpm The OD oo of the overnight
cultures were nmeasured and the cultures were diluted into a 250 ml baffl ed
shake flask containing 30 m MagicMedia (Invitrogen) + carbenicillin (100
ng/m) to an OD oo ~ 0.05. The culture was incubated at 30 C with shaking
at 200 rpm When the OD600 ~ 0.5 - 0.8, 400 nM | PTG was added and the cells
were incubated for a further 6 hours at 30 C with shaking at 200 rpm At O,
2, 4 and 6 hours after induction with IPTG 1m aliquots of the cultures
were collected, the OD G0 was determ ned and the anount of isoprene
produced was neasured as described above. Results are shown in Figure 8.

| V. Production of |Isoprene fromBL21/ptrcKudzu in 14 liter fernmentation

[ 0689] Large scal e production of isoprene fromE. coli containing the
reconmbi nant kudzu i soprene synthase gene was determ ned froma fed-batch
culture. The recipe for the fernentation nedia (TM2) per liter of
fermentation nmediumwas as follows: K2HPO4 13.6 g, KH2PO4 13.6 g, MgSO 7H O
2 g, citric acid nonohydrate 2 g, ferric anmoniumcitrate 0.3 g, (NH4)2SO4
3.2 g, yeast extract 5 g, 1000X Modified Trace Metal Solution 1 m. Al of
t he conponents were added together and dissolved in di H2O The pH was
adjusted to 6.8 with potassium hydroxide (KOH) and g.s. to volune. The
final product was filter sterilized with 0.22 mfilter (only, do not



autocl ave). The recipe for 1000X Modified Trace Metal Sol ution was as
follows: Gtric Acids H20 40 g, MnSO 4 H20 30 g, Nad 10 g, FeSO 4 7H20 1
g, Cod2 6H20 1 g, ZnSO 7H20 1 g, CQuSO 4 5H20 100 ng, H3BO3 100 ng, NaMbO 4
2H20 100 ngy. Each conponent was dissolved one at a tine in diH2O, pHto 3.0
with HO/NaOH, then gq.s. to volunme and filter sterilized with a 0.22 m
filter. [0690] This experinent was carried out in 14 L bioreactor to
nonitor isoprene formation fromglucose at the desired fernmentation, pH 6.7
and tenperature 34 C. An inoculumof E. coli strain BL21/ptrcKudzu taken
froma frozen vial was prepared in soytone-yeast extract-glucose nedi um
After the inoculumgrew to OD550 = 0.6, two 600 ml flasks were centrifuged
and the contents resuspended in 70 ml supernatant to transfer the cel

pellet (70 mM of OD 3.1 material)to the bioreactor. At various tines after

i nocul ation, sanples were renoved and the anmount of isoprene produced was
determ ned as described above. Results are shown in Figure 9. Exanple 2:
Production of isoprene in E. coli expressing reconbi nant poplar isoprene
synt hase [0691] The protein sequence for the poplar {Populus al ba x Popul us
tremul a) isoprene synthase (Schnitzler, J-P, et al. (2005) Planta
222:777-786) was obtained from GenBank (CAC35696). A gene, codon optim zed
for E. coli, was purchased from DNA2. 0 (p9796-popl ar, Figures 30 and 31,
SEQ ID NO 14). The isoprene synthase gene was renoved fromthe supplied
plasm d by restriction endonucl ease digestion with BsplLJ | Il IPstl,

gel -purified, and ligated into pTrcH s2B that had been digested with

Ncol /Pstl. The construct is cloned such that the stop codon in the insert
is before the Pstl site, which results in a construct in which the Hi s-Tag
is not attached to the isoprene synthase protein. The resulting plasmd
pTrcPopl ar (Figures 32 and 33; SEQ ID NO 15), was verified by sequencing.
Exanpl e 2B: Denonstration of isoprene synthase activity from severa

popul us isoprene synthases [0692] The followi ng i soprene synthases were
exam ned; Popul us al ba (Accessi on nunber BAD98243; Figures 137A and B; SEQ
I D NO 30), Populus nigra (Accession nunber CAL69918; Figures 137C and D
SEQ I D NO 31), Populus tremul oi des (Accession nunber AAQL6588; Figure 137
E, F, and G SEQ ID NGs: 32-33), Populus trichocarpa (Accession nunber
ACD70404; Figures 137H and |; SEQ ID NO 34), Populus al ba x Populus tremula
(Accessi on nunber CAJ29303; Figures 137J and K; SEQ ID NG 35), and MCM

12- Kudzu. [0693] pET24Kudzu (also referred to as MCM 12) was constructed
as follows: the kudzu



i soprene synt hase gene was subcloned into the pET24d vector (Novagen) from
the pCR2.1 vector (lnvitrogen). The kudzu |spS gene was anplified from
pTrcKudzu tenpl ate DNA using primers MCMB0 5' - GATCATGCAT TCGCCCTTAG
GAGGTAAAAAAACATGTGTGCGACCTCTTC TCAATTTACT (SEQ I D NGO 52); and MCVb3

5' - CGGTCGACGGATCCCTGCAG TTAGACATAC ATCAGCTG (SEQ I D NGO 50). PCR reactions
were carried out using Tag DNA Pol ynerase (lnvitrogen), and the resulting
PCR product was cloned into pCR2.1-TOPO TA cl oning vector (Ilnvitrogen), and
transforned into E. coli ToplO chemi cally conpetent cells (Invitrogen).

Transformants were plated on L-agar containing carbenicillin (50 ng/m) and
i ncubat ed overnight at 37C. Five ml Luria Broth cultures containing
carbenicillin 50 nmg/mM were inoculated with single transformants and

grownoverni ght at 37C. Five colonies were screened for the correct insert
by sequencing of plasm d DNA isolated from1m of liquid culture (Luria
Broth) and purified using the Q Aprep Spin Mni-prep Kit (Q agen). The
resulting plasm d, designated MCVMB3, contains the kudzu |IspS coding
sequence in apCR2.1 backbone (Figure 137L). The sequence of MCMB3 (SEQ I D
NG 36) is shown in Figures 137M and N. [0694] The kudzu codi ng sequence was
renmoved by restriction endonucl ease digestion with Pcil and Bam | (Roche)
and gel purified using the Q Aquick Gel Extraction kit (Q agen). The pET24d
vector DNA was digested with Ncol and BanmH (Roche), treated with shrinp

al kal i ne phosphat ase (Roche), and purified using the Q Aprep Spin Mni-prep
Kit (Qagen). The kudzu IspS fragnent was |igated to the Ncol/BanH

di gest ed pET24d using the Rapid DNA Ligation Kit (Roche) at a 5:1 fragnent
to vector ratio in a total volune of 20 mM . A portion of the ligation

m xture (5 mM) was transfornmed into E. coli Top 10 chem cally conpetent
cells and plated on L agar containing kananycin (50 ng/m ). The correct
transformant was confirnmed by sequencing and transfornmed into chemically
conpet ent BL21( | DE3) pLysS cells (Novagen). A single colony was sel ected
after overnight gromh at 37C on L agar containing kananycin (50 nmg/m ). A
map of the resulting plasm d designated as pET24D Kudzu is shown in Figure
1370. The sequence of pET24D- Kudzu (SEQ ID NGO 37) is shown in Figures 137P
and Q [0695] Escherichia coli optimzed i soprene synthase genes cl oned
into the pET24a expression vector (Novagen) were purchased from DNA2.0
(Menl o Park, CA) for Populus tremnul oi des, Popul us al ba, Populus nigra and
Popul us trichocarpa. CGenes were synthesized with the chloroplast transit
pepti de sequence renoved, resulting in expression of nmature proteins.



[ 0696] The construct for the Kudzu isoprene synthase was used as control in
this exanple. The plasmds were transfornmed into the E. coli expression
host BL21(DE3)plysS and transformants were grown in 0.6 m TM3 nmedi um The
recipe for TMB nmediumis as follows: K2HPO4 (13.6 g/1) KH2PO4 (13.6 g/1),
MySO 4 7H20 (2 g/L) Citric Acid Mnohydrate (2 g/L) Ferric Amonium Citrate
(0.3 g/L) (NH4)2SO4 (3.2 g/L) yeast extract (0.2 g/L) 1 m of 1000x Trace
El ements solution, pH adjusted to 6.8 with anmoni um hydroxide qs to vol une
with sterile DI HO and filter sterilized with a 0.22 mcron filter. The
recipe for 1000X Trace El enents solution is as follows: G tric Acids H20
(40 g/L), M1SO 4 H20 (30 g/L), NaCl (10 g/L), FeSO4 7 HRO ( 1 g/L), Cod 2
6 O ( 1 g/L), ZnSO 4 7 H2O ( 1 g/L), CQuSO 4 5 H20 (100 ng/L), H3BG3 (100
ng/ L), NawMbO 4 2 H20 (100 ng/L). Each conmponent was di ssolved one at a tine
in DI H2O, pH adjusted to 3.0 with HO/NaOH ¢gs to volune and filter
sterilized with a 0.22 mcron filter.[0697] The cultures were induced with
400 nM | PTG and growt h was continued to OD oo of about 5. Aliquots of
culture were transferred to a deep well glass plate and wells were seal ed
wi th alum num pl ate sealer. The plate was incubated at 25C for 30 m nutes
wi th shaking at 450 rpm The reactions were heat inactivated by raising the
tenperature to 700C for 5 m nutes. Wiole cell head space was neasured by
the GCMS net hod as described in Exanple 1, Part 1. [0698] Km val ues were
obtained fromcultures grown in simlar manner but cells were harvested and
| ysed by a freeze/thaw | ysozyne protocol. A volune of 400 nmL of culture was
transferred into a new 96-well plate (Perkin El nmer, Catal og No. 6008290)
and cells were harvested by centrifugation in a Beckman Coulter Allegra 6R
centrifuge at 2500 x g. The pellet was resuspended in 200 nL of hypotonic
buffer (5 MM MWMWCL , 5 MM Tris HJd, 5 nMDIT pH 8.0) and the plate was
frozen at -80C for a mnimumtinme of 60 mnutes. Cell |ysate was prepared
by thawi ng the plate and adding 32 nL of isoprene synthase DVAPP assay
buffer (57 MM Tris HO, 19 nM My 2, 74 ng/nL DNase | (Sigma Catal og No.
DN-25), 2.63xI 05 LVnL of ReadyLyse |ysozyne solution (Epicentre Catal og
No. R 802M, and 5 ng/nL of nol ecul ar biol ogy grade BSA. The plate was

i ncubated with shaking at 25C for 30 m nutes and then placed on ice. DVAPP
and |l ysate were added at desired concentration in a seal ed deep well gl ass
bl ock for the whole cell head space assay descri bed above. The reactions
were allowed to proceed for 1 hour and then term nated by the heat step
descri bed above and head space activity was neasured al so as descri bed.



[0699] In an alternate approach, the activity of the enzynes was neasured
fromcells cultured in 25 nL volune and induced simlarly as descri bed
above. Cells were harvested by centrifugation and the pellets were |ysed by
French pressing in buffer consisting of 50% glycerol mxed |:Iwith 20 nv
Tris/HO pH 7.4, 20 MM Mgd 2, 200 MM KA, 1nM DTT. A lysate volunme of 25 nL
was assayed for isoprene synthase activity in 2 nL screw cap vials
containing 75 nL of assay buffer (66.6 mM Tris/HCO pH 8, 6.66 nM DVAPP, 43
mv] Mgd 2) . The reaction was incubated for 15 m nutes at 300C and was
guenched by the addition of 100 nL of 250 mM EDTA through the septum of the
vial. |Isoprene was neasured by GO/ MS as described in Exanple 1, Part |1
[0700] Al nethods for the determ nation of activity showed that the poplar
enzynme derived fromthe pure bred poplars were several -fold higher than the
Populus [alba x tremula]. Figures 138 and 139 showed these results for the
whol e cell head space assay and the DVAPP assay, respectively, and
surprisingly indicate that enzymes fromP. nigra, P. trenul oides, P.
trichocarpa, and P. alba all had significantly higher activity than hybrid
[P. albax P.trenula].[0701] The DVAPP assay was performed as follows: a

vol ume of 400 nL of culture was transferred into a new 96-well plate
(Perkin Elmer, Catalog No. 6008290) and cells were harvested by
centrifugation in a Beckman Coulter Allegra 6R centrifuge at 2500 x g. The
pell et was resuspended in 200 nL of hypotonic buffer (5 MM MCL2, 5 "M Tris
HO, 5 MM DIT pH 8.0) and the plate was frozen at -800C for a mninumtine
of 60 mnutes. Cell lysate was prepared by thawi ng the plate and addi ng 32
nmL of isoprene synthase DVAPP assay buffer (57 mMTris HO, 19 mM Mgd 2, 74
ng/ mL DNase | (Sigma Catal og No. DN-25), 2.63xIO05 LVnL of ReadyLyse

| ysozyne sol ution (Epicentre Catalog No. R 802M, and 5 ng/nL of nol ecul ar
bi ol ogy grade BSA. The plate was incubated with shaking at 25C for 30

m nutes and then placed on ice. For isoprene production an 80 nL aliquot of
| ysate was transferred to a 96-deep well glass plate (Zi nsser Catal og No.
3600600) and 20 nL of a 10 nM DVAPP solution in 100 mM KHPO4, pH 8.2
(Cayman Chem cal Catal og No. 63180) was added. The plate was sealed with an
al um num pl ate seal (Beckman Coultor Catal og No. 538619) and incubated with
shaking at 30C for 60 m nutes. The enzymatic reactions were term nated by
heating the glass block (70C for 5 mnutes). The cell head space of each
wel | was quantitatively analyzed as described in Exanple 1, Part 11. [0702]
Not ably, P. alba, P.trenuloides, P. trichocarpa had higher activity than
the isoprene



synt hase from Kudzu. The enzyme from P. al ba was expressed with the
greatest activity of all enzynes tested. The higher activities observed
with the cell lysate conpared to the whole cell head space assay was likely
due to limtations in DVAPP, the substrate for these enzynes, delivered by
t he endogenous deoxyxyl ul ose 5-phosphate (DXP) pathway of the cell. [0703]
Km ki neti c paraneter was neasured to be about 2 to 3 mMfor all enzynes for
whi ch the val ue was determ ned. Exanple 3: Production of isoprene in

Pant eoa citrea expressing reconbi nant kudzu i soprene synthase [0704] The
pTrcKudzu and pCL-lac Kudzu pl asm ds described in Exanple 1 were

el ectroporated into P. citrea (U S. Pat. No. 7,241,587). Transformants were
sel ected on LA containing carbenicillin (200 ng/m ) or spectinonycin (50
nmg/ M) respectively. Production of isoprene fromshake flasks and

determ nation of the anmount of isoprene produced was perforned as descri bed
in Exanple 1 for E. coli strains expressing reconbi nant kudzu isoprene

synt hase. Results are shown in Figure 10. Exanpl e 4: Production of isoprene
in Bacillus subtilis expressing reconbi nant kudzu i soprene synthase |
Construction of a B. subtilis replicating plasmd for the expression of
kudzu i soprene synthase [0705] The kudzu i soprene synthase gene was
expressed in Bacillus subtilis aprEnprE PxylconK strain (BG594conK) using
a replicating plasmd (pBS19 with a chl oranpheni col resistance cassette)
under control of the aprE pronoter. The isoprene synthase gene, the aprE
pronoter and the transcription termnator were anplified separately and
fused using PCR The construct was then cloned into pBS19 and transforned
into B. subtilis. a) Amplification of the aprE pronoter [0706] The aprE
pronoter was anplified fromchromosomal DNA from Bacillus subtilis using
the following priners: CF 797 (+) Start aprE pronoter Mel 5'-
GACATCAATTGCTCCATTTTCTTCTGCTATC (SEQ I D NGO 53) CF 07-43 (-) Fuse aprE
pronoter to Kudzu ispS 5 - ATTGAGAAGAGGTCGCACACACTCTTTACCCTCTCCTTTTA ( SEQ

| D NO 54) b) Amplification of the isoprene synthase gene



[0707] The kudzu isoprene synthase gene was anplified fromplasmd
pTrcKudzu (SEQ I D NO 2). The gene had been codon optim zed for E. coli and
synt hesi zed by DNA 2.0. The followi ng prinmers were used: CF 07-42 (+) Fuse
the aprE pronoter to kudzu isoprene synthase gene (GIG start codon) 5'-
TAAAAGGAGAGGGTAAAGAGT GTGTGCGACCTCTTCTCAAT (SEQ I D NO 55) CF 07-45 (-) Fuse
the 3' end of kudzu isoprene synthase gene to the termnator 5'-
CCAAGGCCCGTTTTTTTTAGACATACATCAGCTGGTTAATC (SEQ ID NGO 56) c¢) Amplification
of the transcription termnator [0708] The term nator fromthe al kaline
serine protease of Bacillus anyliquefaciens was anplified froma previously
sequenced plasm d pJHPne382 using the followng prinmers: CF 07-44 (+) Fuse
the 3" end of kudzu isoprene synthase to the term nator5'-
GATTAACCAGCTGATGTATGTCTAAAAAAAACCGCECCTTGG (SEQ 1D NGO 57) CF 07-46 (-) End
of B. anyliquefaciens termnator (BanH ) 5'-
GACATGACGCGATCCGATTACGAATGCCGICTC (SEQ I D NO 58) [0709] The kudzu fragnment
was fused to the term nator fragment using PCRwith the follow ng primers:
CF 07-42 (+) Fuse the aprE pronoter to kudzu isoprene synthase gene (GIG
start codon) 5'- TAAAAGGAGAGGGTAAAGAGIGTGTIGCGACCTCTTCTCAAT (SEQ | D NO 55)
CF 07-46 (-) End of B. anyliquefaciens termnator (BanH ) 5'-
GACATGACGCGATCCGATTACGAATGCCGICTC (SEQ I D NO 58) [0710] The kudzu-term nator
fragnent was fused to the pronoter fragnent using PCRwith the foll ow ng
prinmers: CF 797 (+) Start aprE pronoter Mel 5'-
GACATCAATTGCTCCATTTTCTTCTGCTATC (SEQ I D NO. 53) CF 07-46 (-) End of B.

anyl i quefaciens termnator (BanH ) 5'- GACATGACGGATCCGATTACGAATGCCGICTC
(SEQ I D NO 58) [0711] The fusion PCR fragnent was purified using a Q agen
kit and digested with the restriction enzynes Mel and BanH . This digested
DNA fragnment was gel purified using a Qagen kit and ligated to a vector
known as pBS19, which had been digested with EcoRI and BanH and gel
purified. [0712] The ligation mx was transfornmed into E. coli Top 10 cells
and col oni es were sel ected



on LA+50 carbenicillin plates. A total of six colonies were chosen and
grown overnight in LB+50 carbenicillin and then plasm ds were isol at ed
using a Q agen kit. The plasm ds were digested with EcoRl and BanH to
check for inserts and three of the correct plasmds were sent in for
sequencing with the following primers: CF 149 (+) EcoRl start of aprE
pronoter 5'- GACATGAATTCCTCCATTTTCTTCTGC (SEQ I D NGO 59) CF 847 (+) Sequence
in pXX 049 (end o aprE pronoter) 5 - AGGAGAGGGTAAAGAGTIGAG (SEQ I D NG 60) CF
07-45 (-) Fuse the 3" end of kudzu isoprene synthase to the term nator 5'-
CCAAGGCCGGTTTTTTTTAGACATACATCAGCTGGTTAATC (SEQ I D NO 56) CF 07-48 (+)
Sequencing prinmer for kudzu isoprene synthase 5 - CTTTTCCATCACCCACCTGAAG
(SEQ ID NO 61) CF 07-49 (+) Sequencing in kudzu isoprene synthase 5'-
GGCGAAATGGTCCAACAACAAAATTATC (SEQ I D NG 62) [0713] The plasm d designated
pBS Kudzu #2 (Figures 52 and 12; SEQ I D NO 5) was correct by sequenci ng and
was transformed into BG 3594 conK, a Bacillus subtilis host strain.

Sel ecti on was done on LA + 5 chl oranpheni col plates. A transformant was
chosen and struck to single colonies on LA + 5 chl oranpheni col, then grown

in LB+5 chl oranpheni col until it reached an OD Co of 1.5. It was stored
frozen in a vial at -80 Cin the presence of glycerol. The resulting strain
was designated CF 443. 11. Production of isoprene in shake flasks

containing B. subtilis cells expressing reconbi nant isoprene synthase
[0714] Overnight cultures were inoculated with a single colony of CF 443
froma LA + Chl oranphenicol (Cm 25 ng/m ). Cultures were grown in LB + Cm
at 37 Cwith shaking at 200 rpm These overnight cultures ( 1 nm) were used
to inoculate 250 ml baffl ed shake flasks containing 25 mMl Gants Il nedia
and chl oranpheni col at a final concentration of 25 ng/m. Gants Il Mdia
reci pe was 10 g soytone, 3 ml IMK2HPO, 75 g glucose, 3.6 g urea, 100 mi
10X MOPS, g.s. to 1 L with H2O, pH 7.2; 10X MOPS reci pe was 83.72 g MOPS,
7.17 g tricine, 12 g KOH pellets, 10 m 0.276M K2SO4 sol ution, 10 m 0.528M
My 2 solution, 29.22 g Nad, 100 ml 1OOX mcronutrients, g.s. to 1 L with
H2O, and I OOX m cronutrients recipe was 1.47 g Cad 2*2H20, 0.4 g FeSO
4*7H20, 0.1 g MiSO4*H20, 0.1 g ZnSO 4*H2O, 0.05 g Cud 2*2H20Q,



0.1 g Cod 2*6H20, 0.1 g Na2MbO4*2H20, g.s. to 1 L with H2O Shake fl asks
were incubated at 37 C and sanples were taken at 18, 24, and 44 hours. At
18 hours the headspaces of CF443 and the control strain were sanpled. This
represented 18 hours of accumul ati on of isoprene. Theanount of isoprene was
determ ned by gas chromat ography as described in Exanple 1. Production of

i soprene was enhanced significantly by expressing reconbi nant isoprene
synthase (Figure 11). 1I1l. Production of isoprene by CF443 in 14 L
fermentation [0715] Large scal e production of isoprene fromB. subtilis
cont ai ning the reconbi nant kudzu i soprene synthase gene on a replication
plasm d was determ ned froma fed-batch culture. Bacillus strain CF 443,
expressing a kudzu i soprene synthase gene, or control stain which does not
express a kudzu isoprene synthase gene were cultivated by conventi onal
fed-batch fernmentation in a nutrient nmediumcontaining soy neal (Cargill),
sodi um and pot assi um phosphat e, nmagnesi um sul fate and a solution of citric
acid, ferric chloride and manganese chloride. Prior to fernentation the
media is macerated for 90 m nutes using a mxture of enzynes including

cel lul ases, hem cellul ases and pecti nases (see, W®05/04134). 14-L batch
fermentations are fed wth 60% w/w glucose (Cargill DE99 dextrose, ADM
Ver sadex greens or Danisco invert sugar) and 99% w/wt oil (Western Famly
soy oil, where the 99% wt/wt is the concentration of oil before it was
added to the cell culture nedium. Feed was started when glucose in the
batch was non-detectable. The feed rate was ranped over several hours and
was adjusted to add oil on an equal carbon basis. The pH was controll ed at
6.8 - 7.4 using 28% w v anmoni um hydroxi de. In case of foam ng, antifoam
agent was added to the nedia. The fernentation tenperature was controlled
at 37C and the fernentation culture was agitated at 750 rpm Vari ous ot her
paramnmeters such as pH, DO% airflow, and pressure were nonitored throughout
the entire process. The DO% is maintai ned above 20. Sanples were taken over
the tinme course of 36 hours and anal yzed for cell growh (0OD550) and

i soprene production. Results of these experinents are presented in Figures
53A and 53B. |IV. Integration of the kudzu isoprene synthase (ispS) in B.
subtilis. [0716] The kudzu isoprene synthase gene was cloned in an
integrating plasmd (pJH A cnpPv) under the control of the aprE pronoter.
Under the conditions tested, no isoprene was detected. Exanple 5:
Production of isoprene in Trichoderna



| . Construction of vectors for expression of the kudzu isoprene synthase
in Trichoderma reesei [0717] The Yarrowi a |ipolytica codon-optim zed kudzu

| S gene was synthesized by DNA 2.0 (SEQ ID NGO 6) (Figure 13). This plasmd
served as the tenplate for the followng PCR anplification reaction: 1 m
plasm d tenplate (20 ng/ul), 1 m Primer EL-945 (10 mM 5' -
GCTTATGGATCCTCTAGACTATTACACGTACATCAATTGG (SEQ ID NOCS), 1 m Priner EL-965
(10 mMV) 5' - CACCATGTGTGCAACCTCCTCCCAGITTAC (SEQ ID NGO 64), 1 ml dNTP (10mMV,
5mM 10x PfuUtra Il Fusion HS DNA Polynerase Buffer, 1 m PfuUtra ||
Fusion HS DNA Pol ynerase, 40 ml water in a total reaction volunme of 50 m
The forward prinmer contained an additional 4 nucleotides at the 5 -end that
did not correspond to the Y. lipolytica codon-optim zed kudzu i soprene

synt hase gene, but was required for cloning into the pENTR/ DTOPO vect or.
The reverse priner contained an additional 2 1 nucleotides at the 5 -end
that did not correspond to the Y. lipolytica codon-optim zed kudzu i soprene
synt hase gene, but were inserted for cloning into other vector backbones.
Usi ng the MJ Research PTC-200 Thernocycler, the PCR reaction was perforned
as follows: 95 Cfor 2 mnutes (first cycle only), 95 C for 30 seconds, 55
C for 30 seconds, 72 C for 30 seconds (repeat for 27 cycles), 72 Cfor 1

m nute after the last cycle. The PCR product was anal yzed on a 1.2% E- gel
to confirmsuccessful anplification of the Y. |lipolytica codon-optim zed
kudzu i soprene synthase gene. [0718] The PCR product was then cloned using
the TOPO pENTR/ D-TOPO C oning Kit foll ow ng manufacturer's protocol: 1 n
PCR reaction, 1 m Salt solution, 1 mM TOPO pENTR/ DTOPO vector and 3 m
water in a total reaction volume of 6 ml . The reaction was incubated at
roomtenperature for 5 mnutes. One mcroliter of TOPO reacti on was
transfornmed into TOPl O chem cally conpetent E. coli cells. The
transformants were selected on LA + 50 ng/m kanamycin plates. Several

col oni es were picked and each was inoculated into a 5 ml tube containing LB
+ 50 ng/m kanamycin and the cultures grown overnight at 37 C with shaking
at 200 rpm Plasm ds were isolated fromthe overnight culture tubes using
Q Aprep Spin Mniprep Kit, follow ng manufacturer's protocol. Several

pl asm ds were sequenced to verify that the DNA sequence was correct. [0719]
A single pENTR/D-TOPO plasm d, encoding a Y. lipolytica codon-optim zed
kudzu i soprene synt hase gene, was used for Gateway Cloning into a

cust om made pTrex3g vector.



Construction of pTrex3g is described in WO 2005/001036 A2. The reaction was
performed foll owi ng manufacturer's protocol for the Gateway LR Cl onase |
Enzyme Mx Kit (Invitrogen): 1 m Y. lipolytica codon-optim zed kudzu

i soprene synthase gene pENTR/ D- TOPO donor vector, 1 ml pTrex3g destination
vector, 6 m TE buffer, pH 8.0 in a total reaction volunme of 8 m .
Thereaction was i ncubated at roomtenperature for 1 hour and then 1 ni
prot ei nase K sol ution was added and the incubation continued at 37 C for 10
m nutes. Then 1 m of reaction was transfornmed into TOPI O chemi cally
competent E. coli cells. The transformants were selected on LA + 50 ng/m
carbenicillin plates. Several colonies were picked and each was i nocul ated
into a5 n tube containing LB + 50 mg/m carbenicillin and the cultures
were grown overnight at 37 Cwith shaking at 200 rpm Pl asm ds were
isolated fromthe overnight culture tubes using Q Aprep Spin Mniprep Kit
(Qagen, Inc.), follow ng manufacturer's protocol. Several plasmds were
sequenced to verify that the DNA sequence was correct. [0720] Biolistic
transformation of Y. |ipolytica codon-optim zed kudzu i soprene synt hase
pTrex3g plasmd (Figure 14) into a quad delete Trichoderma reesei strain
was performed using the Biolistic PDS-1000/HE Particle Delivery System (see
WO 2005/ 001036 A2). Isolation of stable transformants and shake fl ask

eval uati on was perforned using protocol listed in Exanple 11 of patent
publication WO 2005/ 001036 A2. |I. Production of isoprene in reconbinant
strains of T. reesei [0721] One m of 15 and 36 hour old cul tures of

i soprene synthase transformants descri bed above were transferred to head
space vials. The vials were seal ed and incubated for 5 hours at 30 C. Head
space gas was neasured and isoprene was identified by the nethod descri bed
in Exanple 1. Two of the transformants showed traces of isoprene. The
anount of isoprene could be increased by a 14 hour incubation. The two
positive sanpl es showed i soprene at |evels of about 0.5 ng/L for the 14
hour incubation. The untransfornmed control showed no detectable |evels of

i soprene. This experinment shows that T. reesei is capable of producing

i soprene from endogenous precursor when supplied with an exogenous isoprene
synt hase. Exanple 6: Production of isoprene in Yarrowia | . Construction of
vectors for expression of the kudzu isoprene synthase in Yarrow a

i polytica. [0722] The starting point for the construction of vectors for

t he expression of the kudzu isoprene synthase gene in Yarrowi a |ipolytica
was the vector pSPZI (MAP29Spb). The conpl ete



sequence of this vector (SEQID NO 7) is shown in Figure 15. [0723] The
follow ng fragnents were anplified by PCR using chronosonal DNA of a Y.

| i polytica strain G CC 120285 as the tenplate: a pronotorless formof the
URA3 gene, a fragment of 18S ri bosonmal RNA gene, a transcription term nator
of the Y. lipolytica XPR2 geneand two DNA fragnments containing the
pronoters of XPR2 and | CLI genes. The following PCR priners were used: |CLI
3 5' - GGTGAATTCAGICTACTGGGGATTCCCAAATCTATATATACTGCAGGTGAC (SEQ I D NG 65)

| CLI 5 5" - GCAGGTGGGAAACTATGCACTCC (SEQ ID NO 66) XPR 3 5' -

CCTGAATTCTGT TGGATTGGAGGATTGGATAGTIGGG (SEQ I D NG 67) XPR 5 5' -
GGTGTCGACGTACGGTCGAGCTTATTGACC (SEQ I D NO 68) XPRT3 5' -
GGTGGECCCGCATTTTGCCACCTACAAGCCAG (SEQ ID NO 69) XPRT 5 5' -
GGTGAATTCTAGAGGATCCCAACGCTGITGCCTACAACGG (SEQ ID NO 70) Y18S3 5' -
GGTGCEECCGCTGICTGGACCTGGTGAGI TTCCCCG (SEQ 1D NGO 71) Y18S 5 5' -
GGTGGGCCCATTAAATCAGTTATCGTTTATTTGATAG (SEQ I D NO 72) YURA3 5' -
GGTGACCAGCAAGTCCATGGEGTGGTTTGATCATGG (SEQ | D NO 73) YURA 50 5' -
GGTGCGECCGCCTTTCGAGTACGACTCCAACTATG (SEQ ID NO 74) YURA 5 1 5' -
GCGGCCGCAGACTAAATTTATTTCAGICTCC (SEQ I D NGO 75) [0724] For PCR anplification
the PfuU trall polynerase (Stratagene), supplier-provided buffer and dNTPs,
2.5 MM prinmers and the indicated tenplate DNA were used as per the

manuf acturer's instructions. The anplification was done using the follow ng
cycle: 95 Cfor 1




mn; 34x (95 C for 30 sec; 55 Cfor 30 sec; 72 Cfor 3 mn) and 10 mn at
72 Cfollowed by a 4 C incubation. [0725] Synthetic DNA nol ecul es encodi ng
t he kudzu i soprene synthase gene, codonoptimnm zed for expression in
Yarrow a, was obtained fromDNA 2.0 (Figure 16; SEQ ID NG 8). Full detai

of the construction schene of the plasmds pYLA(KZlI) and pYLI (KZl) carrying
the synthetic kudzu i soprene synthase gene under control of XPR2 and |ICL
pronoters respectively is presented in Figure 18. Control plasmds in which
a mating factor gene (MAP29) is inserted in place of an isoprene synthase
gene were also constructed (Figure 18E and 18F). [0726] A simlar cloning
procedure can be used to express a poplar (Populus al ba x Popul us tremnul d)

i soprene synthase gene. The sequence of the poplar isoprene is described in
MIller B. et al. (2001) Planta | , 483-487 and shown in Figure 17 (SEQ ID
NG 9). A construction schene for the generation the plasm ds pYLA(POPlI) and
pYLI (POPl) carrying synthetic poplar isoprene synthase gene under control

of XPR2 and I CLI pronpters respectively is presented in Figure 18A and B.
1. Production of isoprene by reconbinant strains of Y. lipolytica. [0727]
Vectors pYLA(KZI), pYLI(KZl), pYLA(MAP29) and pYLI(MAP29) were digested
with acll and used to transformthe strain Y. lipolytica CLIB 122 by a
standard |ithium acet at e/ pol yet hyl ene gl ycol procedure to uridine
prototrophy. Briefly, the yeast cells grown in YEPD (1% yeast extract, 2%
pept one, 2% gl ucose) overnight, were collected by centrifugation (4000 rpm
10 mn), washed once with sterile water and suspended in 0.1 MIlithium
acetate, pH 6.0. Two hundred m aliquots of the cell suspension were m xed
with linearized plasm d DNA solution (10-20 ng), incubated for 10 m nutes
at roomtenperature and m xed with 1nm of 50% PEG 4000 in the same buffer.
The suspensions were further incubated for 1 hour at roomtenperature
followed by a 2 mnutes heat shock at 42 C. Cells were then plated on SC
his leu plates (0.67% yeast nitrogen base, 2% glucose, 100 ng/L each of

| euci ne and histidine). Transformants appeared after 3-4 days of incubation
at 30 C.[0728] Three isolates fromthe pYLA(KZlI) transformation, three

i solates fromthe pYLI(KZl) transformation, two isolates fromthe

PYLA( MAP29) transformation and two isolates fromthe pYLI ( MAP29)
transformati on were grown for 24 hours in YEP7 nmedium (1% yeast extract, 2%
peptone, pH 7.0) at 30 Cwith shaking. Cells from10 m of culture were
col l ected by centrifugation, resuspended in 3 m of fresh YEP7 and pl aced
into 15 m screw cap vials. The



vials were incubated overnight at roomtenperature with gentle (60 rpm
shaki ng. |soprene content in the headspace of these vials was anal yzed by
gas chromat ography usi ng nassspectronetric detector as described in Exanple
1. Al transformants obtained with pYLA(KZlI) and pYLI(KZl) produced readily
det ect abl e anpbunts of isoprene (0.5 ng/L to 1 ng/L, Figure 20). No isoprene
was detected in the headspace of the control strains carrying phytase gene
i nstead of an isoprene synthase gene. Exanple 7: Production of isoprene in
E. coli expressing kudzu isoprene synthase and idi, or dxs, or idi and dxs
| . Construction of vectors encodi ng kudzu i soprene synthase and idi, or
dxs, or idi and dxs for the production of isoprene in E. coli 1)
Construction of pTrcKudzuKan [0729] The bla gene of pTrcKudzu (described in
Exanpl e 1) was replaced with the gene conferring kananycin resistance. To
remove the bla gene, pTrcKudzu was digested with BspH, treated with Shrinp
Al kal i ne Phosphatase (SAP), heat killed at 65 C, then end-filled with

Kl enow fragnent and dNTPs. The 5 kbp large fragnment was purified from an
agarose gel and ligated to the kanr gene which had been PCR anplified from
pCR-Blunt-11-TOPO using prinmers MCM22 5' - GATCAAGCTTAACCGGAATTGCCAGCTG ( SEQ
I D NO 76) and MCMR3 5' - GATCCGATCGTCAGAAGAACTCGTCAAGAAGEC (SEQ I D NO 77),

digested with Hndl | and Pvu\, and end-filled. A transformant carrying a
pl asm d conferring kananycin resistance (pTrcKudzuKan) was sel ected on LA
cont ai ni ng kananycin 50 ng/m . ii) Construction of pTrcKudzu ylD Kan

[0730] pTrcKudzuKan was digested with Pstl, treated with SAP, heat killed
and gel purified. It was ligated to a PCR product encoding idi fromsS.
cerevisiae wth a synthetic RBS. The primers for PCR were Nsil-YID 1 F 5'-
CATCAATGCATCGCCCTTAGGAGGTAAAAAAAAATGAC (SEQ ID NO78) and Pstl- YID 1 R
5' - CCTTCTGCAGGACGCGITGITATAGC (SEQ I D NO 79); and the tenpl atewas S.
cerevisiae genom ¢ DNA. The PCR product was digested with Nsil and Pstl and
gel purified prior to ligation. The ligation mxture was transfornmed into
chem cally conpetent TOPI O cells and selected on LA containing 50 ng/m
kananycin. Several transformants were isolated and sequenced and the
resulting plasmd was called pTrcKudzu-y |IDl (kan) (Figures 34 and 35; SEQ

I D NO 16).



iii) Construction of pTrcKudzu DXS Kan [0731] Plasm d pTrcKudzuKan was
digested with Pstl, treated with SAP, heat killed and gel purified. It was
ligated to a PCR product encoding dxs fromE. coli with a synthetic RBS.
The primers for PCR were MCML3 5' -
GATCATGCATTCGCCCTTAGGAGGTAAAAAAACATGAGTTTTGATATTGCCAAATAC CCG (SEQ I D

NO 80) and MCML4 5' - CATGCTGCAGTTATGCCAGCCAGGCCTTGAT (SEQ I D NO 81); and
the tenplate was E. coli genom c DNA. The PCR product was digested with
Nsil and Pstl and gel purified prior to ligation. The resulting
transformation reaction was transforned into TOPI O cells and sel ected on LA
with kananycin 50 ng/m . Several transformants were isolated and sequenced
and the resulting plasm d was call ed pTrcKudzu- DXS(kan) (Figures 36 and
37; SEQID NO 17). iv) Construction of pTrcKudzu-yl Dl -dxs (kan) [0732]
pTrcKudzu-yl Dl (kan) was digested with Pstl, treated wth SAP, heat killed
and gel purified. It was ligated to a PCR product encoding E. coli dxs with
a synthetic RBS (primers MCML3 5' -

GATCATGCATTCGCCCTTAGGAGGTAAAAAAACATGAGT TTTGATATTGCCAAATAC CCG (SEQ I D

NO 80) and MCML4 5' - CATGCTGCAGITATGCCAGCCAGGCCTTGAT (SEQ I D NO 81);
tenplate TOPI O cells) which had been digested with Nsil and Pstl and gel
purified. The final plasm d was called pTrcKudzu-yl D -dxs (kan) (Figures 2
1 and 22; SEQ ID NG 10). v) Construction of pCL PtrcKudzu [0733] A fragnent
of DNA containing the pronoter, structural gene and term nator from Exanple
1 above was digested from pTrcKudzu using Sspl and gel purified. It was
ligated to pCL1920 whi ch had been digested with Pvull, treated with SAP and
heat killed. The resulting ligation mxture was transfornmed into TOPI O
cells and selected in LA containing spectinomycin 50 ng/m . Several clones
were isolated and sequenced and two were selected. pCL PtrcKudzuand pCL
PtrcKudzu (A3) have the insert in opposite orientations (Figures 38-41; SEQ
I D NGs:18-19). vi) Construction of pCL PtrcKudzu yl DI [0734] The Nsil-Pstl
di gested, gel purified, 1D PCR anplicon from (ii) above was ligated into
pCL PtrcKudzu whi ch had been digested with Pstl, treated with SAP, and heat
killed. The



ligation m xture was transforned into TOPIO cells and selected in LA
cont ai ni ng spectinomycin 50 ng/ M. Several clones were isolated and
sequenced and the resulting plasmd is called pCL PtrcKudzu yl DI (Figures
42 and 43; SEQ ID NO 20). vii) Construction of pCL PtrcKudzu DXS [0735] The
Nsi | -Pstl digested, gel purified, DXS PCR anmplicon from(iii) above was
ligated into pCL PtrcKudzu (A3) which had been digested with Pstl, treated
with SAP, and heat killed. The ligation mxture was transformed into TOPI O
cells and selected in LA containing spectinomycin 50 ng/m . Several clones
were isol ated and sequenced and the resulting plasmd is called pCL
PtrcKudzu DXS (Figures 44 and 45; SEQ ID NO 21). I1. Measurenent of

i soprene in headspace from cul tures expressing kudzu i soprene synt hase,

idi, and/or dxs at different copy nunbers. [0736] Cultures of E. col

BL21(1 DE3) previously transformed wth plasm ds pTrcKudzu(kan) (A),
pTrcKudzu-yl DI kan (B), pTrcKudzu-DXS kan (C), pTrcKudzu-yl DI DXS kan (D)
were grown in LB kanamycin 50 ng/nl. Cultures of pCL PtrcKudzu (E), pCL
PtrcKudzu, pCL PtrcKudzu-ylD (F) and pCL PtrcKudzu-DXS (G were grown in
LB spectinonmycin 50 ng/nmL. Cultures were induced with 400 MM I PTG at time O
(OD Oo approximately 0.5) and sanples taken for isoprene headspace

measur enent (see Exanple 1). Results are shown in Figure 23A-23G [0737]
Plasm d pTrcKudzu-yl Dl -dxs (kan) was introduced into E. coli strain BL21 by
transformation. The resulting strain BL21/pTrc Kudzu I D DXS was grown
overnight in LB containing kananycin (50 ng/m) at 20 C and used to

i nocul at e shake flasks of TMB (13.6 g K2PO4, 13.6 g KH2PO4, 2.0 ¢
MySHA*7F20), 2.0 g citric acid nonohydrate, 0.3 g ferric ammoniumcitrate,
3.2 g (NH4)2Sg 4, 0.2 g yeast extract, 1.0 m 1000x Modified Trace Metal
Solution, adjusted to pH 6.8 and g.s. to H2O and filter sterilized)
cont ai ning 1% gl ucose. Flasks were incubated at 30 C until an OD Oo of 0.8
was reached, and then induced with 400 nM | PTG Sanpl es were taken at
various tinmes after induction and the anount of isoprene in the head space
was neasured as described in Exanple 1. Results are shown in Figure 23H
[11. Production of isoprene frombiomass in E. c/z'/pTrcKudzu yl DI DXS
[0738] The strain BL21 pTrcKudzul DI DXS was tested for the ability to
generate isoprene fromthree types of biomass; bagasse, corn stover and
soft wood pulp with glucose as a control. Hydro |ysates of the biomass were
prepared by enzymatic hydrolysis (Brown, L and Torget, R



1996, NREL standard assay nethod Lap-009 "Enzymatic Saccharification of

Li gnocel | ul osi c Biomass”) and used at a dilution based upon gl ucose

equi valents. In this exanple, glucose equivalents were equal to 1% gl ucose.
A single colony froma plate freshly transforned cells of BL21 (DE3)
pTrcKudzu yl DI DXS (kan) was used to inoculate 5 ml of LB plus kananycin
(50 ng/mM). The culture was incubated overnight at 25 C with shaking. The
foll owi ng day the overnight culture was diluted to an OD600 of 0.05 in 25
m of TMB + 0.2% YE + 1% feedstock. The feedstock was corn stover, bagasse,
or softwood pul p. G ucose was used as a positive control and no glucose was
used as a negative control. Cultures were incubated at 30 C wth shaking at
180 rpm The culture was nonitored for OD 0Cand when it reached an 0OD600 of
~0.8, cultures were analyzed at 1 and 3 hours for isoprene production as
described in Exanple 1. Cultures are not induced. Al cultures containing
added feedstock produce isoprene equivalent to those of the glucose
positive control. Experinments were done in duplicate and are shown in
Figure 46. IV. Production of isoprene frominvert sugar in E

c/z' [/ pTrcKudzul DI DXS [0739] A single colony froma plate freshly
transforned cells of BL21 (I DE3)/pTrcKudzu yl DI DXS (kan) was used to

i noculate 5 nL of LB + kananycin (50 ng/m ). The culture was incubated
overnight at 25 C with shaking. The followi ng day the overnight culture was
diluted to an OD600 of 0.05 in 25 m of TMB + 0.2% YE + 1% f eedst ock.
Feedst ock was gl ucose, inverted glucose or corn stover. The invert sugar

f eedst ock (Danisco Invert Sugar) was prepared by enzymatically treating
sucrose syrup. AFEX corn stover was prepared as described below (Part V).
The cells were grown at 30 C and the first sanple was neasured when the
cultures reached an OD600 -0.8-1.0 (0 hour). The cultures were anal yzed for
growt h as neasured by OD600 and for isoprene production as in Exanple 1 at
O, 1 and 3 hours. Results are shown in Figure 47. V. Preparation of hydro

| ysate from AFEX pretreated corn stover[0740] AFEX pretreated corn stover
was obtained from M chi gan Bi ot echnol ogy Institute. The pretreatnent
conditions were 60% noi sture, 1:1 amoni a | oading, and 90 OC for 30

m nutes, then air dried. The noisture content in the AFEX pretreated corn
stover was 21.27% The contents of glucan and xylan in the AFEX pretreated
corn stover were 31. 7% and 19. 1% (dry basis), respectively. The
saccharification process was as follows; 20 g of AFEX pretreated corn
stover was added into a 500 m flask with 5 m of 1M sodiumcitrate buffer
pH 4.8, 2.25 m of



Accel l erase 1000, 0.1 ml of Gindanyl H121 (Dani sco xyl anase product from
Aspergillus niger for bread-making industry), and 72.65 m of DI water. The
flask was put in an orbital shaker and incubated at 50 C for 96 hours. One
sanpl e was taken fromthe shaker and anal yzed using HPLC. The hydrol ysate
contained 38.5 g/1 of glucose, 21.8 g/1 of xylose, and 10.3 g/ 1 of

ol i goners of glucose and/or xylose. VI. The effect of yeast extract on

i soprene production in E. coli grown in fed-batch culture [0741]
Fernmentation was perfornmed at the 14-L scale as previously described with
E. coli cells containing the pTrcKudzu yl DI DXS plasm d descri bed above.
Yeast extract (Bio Springer, Mntreal, Quebec, Canada) was fed at an
exponential rate. The total ampunt of yeast extract delivered to the
fermentor was varied between 70-830 g during the 40 hour fermentation.
Optical density of the fernmentation broth was nmeasured at a wavel ength of
550 nm The final optical density within the fernentors was proportional to
t he amount of yeast extract added (Figure 48A). The isoprene |level in the
off-gas fromthe fernmentor was determ ned as previously described. The

i soprene titer increased over the course of the fernentation (Figure 48B).
The anpbunt of isoprene produced was linearly proportional to the anpunt of
fed yeast extract (Figure 48C). VII. Production of isoprene in 500 L
fermentation of pTrcKudzu DXS ylI DI [0742] A 500 liter fernentation of E.
coli cells wth a kudzu isoprene synthase, S. cerevisiae ID, and E. col
DXS nucleic acids (E. coli BL21 (I DE3) pTrc Kudzu dxs yidi) was used to
produce isoprene. The |l evels of isoprene varied from50 to 300 ng/L over a
time period of 15 hours. On the basis of the average isoprene
concentrations, the average flow through the device and the extent of

i soprene breakthrough, the anount of isoprene collected was calculated to
be approximately 17 g. VIII. Production of isoprene in 500 L fernentation
of E. coli grown in fed-batch cul tureMedi um Reci pe (per liter fernentation
medium: [0743] K2ZHPO4 7.5 g, MgSO 7TH O 2 g, citric acid nonohydrate 2 g,
ferric ammoniumcitrate 0.3 g, yeast extract 0.5 g, 1000X Moudified Trace
Metal Solution 1 m. Al of the conmponents were added together and

di ssolved in di H2O. This solution was autocl aved. The pH was adjusted to
7.0 with ammonium gas (NH3) and gq.s. to volune. d ucose 10 g, thiam ne HC
0.1 g, and antibiotic were added after sterilization and pH adj ustnent.

| OOOX Modified Trace Metal Sol ution



[0744] Citric Acids H20 40 g, MiSO 4 H20 30 g, NaC 10 g, FeSO 4 7H20 1 g,
Cod 2 6H2O 1 g, ZnSO 7H20 1 g, CQuSO 4 5H20 100 ng, H3BO3 100 nmg, NaMbO 4
2H20 100 ngy. Each conponent is dissolved one at a tinme in DI H2O, pHto 3.0
with HC/NaOH, then gq.s. to volunme and filter sterilized with 0.22 mcron
filter. [0745] Fernentation was performed in a 500-L bioreactor with E.
coli cells containing the pTrcKudzu yl DI DXS plasm d. This experinent was
carried out to nonitor isoprene formation from glucose and yeast extract at
the desired fernentation pH 7.0 and tenperature 30 C. An inoculum of E.
coli strain taken froma frozen vial was prepared in soytone-yeast
extract-glucose nedium After the inoculumgrew to OD 0.15, neasured at 550
nm 20 m was used to inoculate a bioreactor containing 2.5-L soytone-yeast
extract-glucose nedium The 2.5-L bioreactor was grown at 30 Cto OD 1.0
and 2.0-L was transferred to the 500-L bioreactor. [0746] Yeast extract
(Bio Springer, Montreal, Quebec, Canada) and gl ucose were fed at
exponential rates. The total anount of glucose and yeast extract delivered
to the bioreactor during the 50 hour fernmentation was 181.2 kg and 17.6 kg,
respectively. The optical density within the bioreactor over tine is shown
in Figure 49A. The isoprene level in the off-gas fromthe bioreactor was
determ ned as previously described. The isoprene titer increased over the
course of the fernmentation (Figure 49B). The total anmount of isoprene
produced during the 50 hour fernmentation was 55.1 g and the tine course of
production is shown in Figure 49C. Exanple 8. Production of isoprene in E.
coli expressing kudzu isoprene synthase and reconbi nant neval onic acid

pat hway genes | . Cloning the | ower MA pathway [0747] The strategy for
cloning the | ower neval onic pathway was as foll ows. Four genes of the

nmeval oni ¢ aci d bi osynt hesi s pat hway; neval onate ki nase (MWK),
phosphoneval onat e ki nase(PMK), di phosphoneval onte decar boxyl ase (MVD) and

i sopent enyl di phosphate isonerase genes were anplified by PCR from S.
cerevisiae chronosonal DNA and cloned individually into the pCR Bluntll
TOPO plasm d (Invitrogen). In sone cases, the idi gene was anplified from
E. coli chronosomal DNA. The prinmers were designed such that an E. col
consensus RBS (AGGAGGT (SEQ I D NGO 82) or AAGGAGG (SEQ I D NO 83)) was
inserted at the 5 end, 8 bp upstream of the start codon and a Pstl site
was added at the 3' end. The genes were then cloned one by one into the
pTrcH s2B vector until the entire pathway was assenbl ed. [0748] Chronosomnal
DNA from S. cerevisiae S288C was obtai ned from ATCC (ATCC



204508D). The MWK gene was anmplified fromthe chronosone of S. cerevisiae
using prinmers MKF (5" - AGGAGGTAAAAAAACATGTCATTACCGTTCTTAACTTCTGC, SEQ I D
NO 84) and MVK-Pstl-R (5'-

ATGGCTGCAGGCCTATCGCAAATTAGCTTATGAAGT CCATGGTAAATTCGTIC SEQ | D NGO 85) wusi ng

Pf uTurbo as per manufacturer's instructions. The correct sized PCR product
(1370 bp) was identified by electrophoresis through a 1.2% E-ge
(I'nvitrogen) and cloned into pZeroBLUNT TOPO. The resulting plasm d was
designated pMVKI. The plasm d pM/KI was digested with Sad and Taql
restriction endonucl eases and the fragnent was gel purified and |igated
into pTrcH s2B digested with Sad and BstBl. The resulting plasm d was naned
pTrcMVKI . [0749] The second gene in the neval onic acid biosynthesis

pat hway, PMK, was anplified by PCR using prinmers: Pstl-PMKI R

(5" - GAATTCGCCCTTCTGCAGCTACC, SEQ I D NO 86) and Bsi HKA |-PWK1 F

(5" - CGACTGGTGCACCCTTAAGGAGGAAAAAAACATGTCAG SEQ I D NO 87). The PCR reaction
was performed using Pfu Turbo pol ynerase (Stratagene) as per nmanufacturer's
instructions. The correct sized product (1387 bp) was digested with Pstl
and BsMKI and ligated into pTrcM/KI digested with Pstl. The resulting

pl asm d was nanmed pTrcKK. The MVD and the idi genes were cloned in the sane
manner. PCR was carried out using the primer pairs Pstl-MWD 1R

(5" - GTGCTGGAATTCGCCCTTCTGCAGC, SEQ ID NGO 88) and Nsil-MD 1 F

(5" - GTAGATGCATGCAGAATTCGCCCTTAAGGAGG, SEQ ID NGO 89) to anplify the MVD gene
and Pstl-YID 1R (5 - CCITCTGCAGGACGCGITGITATAGC, SEQ I D NO 79) and
Nsil-YID 1 F (5 - CATCAATGCATCGCCCTTAGGAGGTAAAAAAAAATGAC, SEQ ID NO 78) to
anplify the ylDl gene. In sone cases the I PP isonerase gene, idi fromE
coli was used. To anplify idi fromE. coli chronosomal DNA, the follow ng
primer set was used: Pstl-CID 1 R (5 - GIGITGATGGATATCTGCAGAATTCG, SEQ I D
NO 90) and Nsil-ClD 1 F (5 - CATCAATGCATCGCCCTTAGGAGGTAAAAAAACATG, SEQ I D
NO 91). Tenpl ate DNA was chronosonal DNA isol ated by standard nethods from
E. coli FMb (WD 96/ 35796 and WD 2004/ 033646, which are each hereby

i ncorporated by reference in their entireties, particularly wth respect to
i solation of nucleic acids). The final plasm ds were naned pKKDly for the
construct encoding the yeast idi gene or pKKDIc for the construct encoding
the E. coli idi gene. The plasm ds were transforned into E. coli hosts BL21
for subsequent analysis. In sone cases



t he i soprene synthase from kudzu was cloned into pKKDy yielding plasmd
pKKDI yI S. [0750] The | ower MVA pat hway was al so cloned into pTrc contai ni ng
a kananycin antibiotic resistance marker. The plasm d pTrcKKDy was
digested with restriction endonucl eases Apal and Pstl, the 5930 bp fragnent
was separated on a 1.2% agarose E-gel and purified using the Q agen Ge
Purification kit according to the manufacturer's instructions. The plasmd
pTr cKudzuKan, described in Exanple 7, was digested with restriction
endonucl eases Apal and Pstl, and the 3338 bp fragnent containing the vector
was purified froma 1.2% E-gel using the Qagen Gel Purification kit. The
3338 bp vector fragnent and the 5930 bp | ower MA pat hway fragnment were

| i gated using the Roche Quick Ligation kit. The ligation mx was
transforned into E. coli TOPIO cells and tranformants were grown at 37 C
overnight with selection on LA containing kananycin (50 ng/m ). The
transformants were verified by restriction enzyne di gestion and one was
frozen as a stock. The plasm d was designated pTrcKanKKDIy. Il. Coning a
kudzu i soprene synthase gene into pTrcKanKKDIy [0751] The kudzu i soprene
synt hase gene was anplified by PCR from pTrcKudzu, described in Exanple 1,
using primers MCVbO 5' -
GATCATGCATTCGCCCTTAGGAGGTAAAAAAACATGTGTGCGACCTCTTCTCAATTT ACT (SEQ I D

NO 52) and MCMb3 5' - CGGTCGACGGATCCCTGCAGTTAGACATACATCAGCTG (SEQ | D NO 50) .
The resulting PCR fragnment was cloned into pCR2.1 and transfornmed into E.
coli TOPI O This fragnent contains the codi ng sequence for kudzu isoprene
synt hase and an upstreamregion containing a RBS fromE. coli.
Transformants were incubated overnight at 37 C with selection on LA
containing carbenicillin (50 mg/mM ). The correct insertion of the fragnent
was verified by sequencing and this strain was designated MCWB3. [0752] The
plasmid fromstrain MCW3 was digested with restriction endonucl eases
NsHand Pstl to liberate a 1724 bp insert containing the RBS and kudzu

i soprene synthase. The 1724 bp fragnment was separated on a 1.2% agarose
E-gel and purified using the Qagen Gel Purificationkit according to the
manuf acturer's instructions. Plasm d pTrcKanKKDly was digested with the
restriction endonucl ease Pstl, treated with SAP for 30 mnutes at 37 C and
purified using the Q agen PCR cleanup kit. The plasm d and kudzu i soprene
synt hase encodi ng DNA fragnent were |ligated using the Roche Quick Ligation
kit. The ligation m x was transfornmed into E. coli TOPIO cells and trans
formants were grown overnight at 37 C with selection on LA containing



Kanamycin at 50 ng/m . The correct transformant was verified by restriction
di gestion and the plasm d was desi gnated pTrcKKDyl kl SKan (Fi gures 24 and
25; SEQID NG 1 1). This plasmd was transforned into BL21( | DE3) cells
(I'nvitrogen). 111. Isoprene production from nevalonate in E. col

expressing the reconbi nant | ower neval onate pathway and i soprene synt hase
fromkudzu. [0753] Strain BL2 1/pTrcKKDyl kl SKan was cul tured in MOPS nedi um
(Nei dhardt et al. , (1974) J Bacteriology 119:736-747) adjusted to pH 7.1
and suppl enented with 0.5% gl ucose and 0.5% nmeval oni ¢ acid. A control
culture was al so set up using identical conditions but without the addition
of 0.5% neval onic acid. The culture was started from an overni ght seed
culture with a 1% i nocul um and i nduced with 500 nM | PTG when the culture
had reached an OD OO of 0.3 to 0.5. The cultures were grown at 30 Cwth
shaking at 250 rpm The production of isoprene was analyzed 3 hours after

i nduction by using the head space assay described in Exanple 1. Maxi num
production of isoprene was 6.67 x 10 4 nol/Lb roth/ OD6oo/ hr where Lbroth is
t he volune of broth and includes both the volunme of the cell nmedium and the
vol une of the cells. The control culture not supplenmented with neval onic
acid did not produce neasurable isoprene. IV. Coning the upper MVA pat hway
[ 0754] The upper neval onate bi osynthetic pathway, conprising two genes
encodi ng three enzymatic activities, was cloned from Enterococcusfaecalis .
The nmvaE gene encodes a protein with the enzymatic activities of both
acetyl - CoA acetyltransferase and 3-hydroxy-3- nethyl gl utaryl-CoA ( HVG CoA)
reductase, the first and third proteins in the pathway, and the nvaS gene
encodes second enzyne in the pathway, HMG CoA synthase. The nvaE gene was
anplified fromE.faecalis genom c DNA (ATCC 700802D-5) with an E. col

ri bosone binding site and a spacer in front using the following priners: CF
07-60 (+) Start of nmvaE w RBS + ATG start codon Sad5' -

GAGACATGAGCT CAGGAGGTAAAAAAACATGAAAACAGTAGITATTATTG (SEQ 1D NG 93) CF 07-62
(-) Fuse nvaE to nvaS with RBS in between 5 -
TTTATCAATCCCAATTGTCATGTITTTTTTACCTCCTTTATTGITTTCTTAAATC (SEQ | D NG 94)

[ 0755] The nvaS gene was anplified fromE. faecalis genonm c DNA (ATCC
700802D- 5)




with a RBS and spacer fromE. coli in front using the followng prinmers: CF
07-61 (+) Fuse nvaE to nvaS with RBS in between 5' -
GATTTAAGAAAACAATAAAGGAGGTAAAAAAACATGACAATTGCGATTGATAAA (SEQ I D NO 95) CF
07-102 (-) End of nvaS gene BgH 5'

- GACATGACATAGATCTTTAGTTTCGATAAGAACGAACGGT (SEQ I D NO 96) [0756] The PCR
fragnments were fused together with PCR using the following priners: CF
07-60 (+) Start o mvaE w RBS + ATG start codon Sad 5'

- GAGACATGAGCT CAGGAGGTAAAAAAACATGAAAACAGTAGTTATTATTG (SEQ I D NO 93) CF
07-102 (-) End of nvaS gene BgH

5' - GACATGACATAGATCTTTAGT TTCGATAAGAACGAACGGT (SEQ I D NO 96) [0757] The
fusion PCR fragnent was purified using a Q agen kit and digested with the
restriction enzynes Sad and BgH . This di gested DNA fragnment was gel
purified using a Qagen kit and ligated into the commercially avail abl e
vector pTrcH s2A, which had been digested with Sad and BgH and gel
purified. [0758] The ligation mx was transfornmed into E. coli Top 10 cells

and col onies were selected on LA+50 ng/m carbenicillin plates. A total of
si x col oni es were chosen and grown overnight in LB+50 ng/m carbenicillin
and plasm ds were isolated using a Q agen kit. The plasm ds weredi gested
with Sad and Bglll to check for inserts and one correct plasmd was

sequenced with the follow ng priners: CF 07-58 (+) Start of nvaE gene 5 -
ATGAAAACAGTAGITATTATTGATGC (SEQ ID NO 97) CF 07-59 (-) End o nvaE gene 5 -
ATGITATTGITTTCTT AAATCATTTAAAATAGC (SEQ I D NO 98) CF 07-82 (+) Start o nvaS
gene 5 - ATGACAATTGGGATTGATAAAATTAG (SEQ ID NO99) CF 07-83 (-) End o nvaS
gene 5 - TTAGITTCGATAAGAACGAACGGT (SEQ ID NO 100) CF 07-86 (+) Sequence
in mvak




5' - GAAATAGCCCCATTAGAAGTATC (SEQ I D NO 101) CF 07-87 (+) Sequence in nvakE
5" - TTGCCAATCATATGATTGAAAATC (SEQ ID NO 102) CF 07-88 (+) Sequence in
mvakE 5 - GCTATGCTTCATTAGATCCTTATCG (SEQ I D NO 103) CF 07-89 (+) Sequence
mvaS 5 - GAAACCTACATCCAATCTTTTGCCC (SEQ ID NO 104) [0759] The plasmd
cal | ed pTrcH s2AUpper Pat hway#l was correct by sequenci ng and was
transforned into the commercially available E. coli strain BL21. Sel ection
was done on LA+ 50 ng/m carbenicillin. Two transfornmants were chosen and
grown in LB+ 50 ng/m carbenicillin until they reached an OD Ooof 1.5. Both
strains were frozen in a vial at -80 Cin the presence of glycerol. Strains
wer e designated CF 449 for pTrcH s2AUpper Pat hway#l in BL21l, isolate # 1 and
CF 450 for pTrcH s2AUpper Pat hway#|l in BL21, isolate #2. Both cl ones were
found to behave identically when anal yzed.V. C oning of Upper WA Pat hway
into pCL 1920 [0760] The plasm d pTrcH s2AUpper Pat hway was di gested with
the restriction endonucl ease Sspl to release a fragnment containing
pTrc-rvaii-rva Hs tag)-terminator. In this fragment, the his-tag was not
transl ated. This blunt ended 4.5 kbp fragnent was purified froma 1.2%
E-gel using the Q agen CGel Purification kit. A dephosphoryl ated, bl unt
ended 4.2 kbp fragnent from pCL1920 was prepared by digesting the vector
with the restriction endonucl ease Pvull, treating with SAP and gel
purifying froma 1.2% E-gel using the Q agen Gel Purification kit. The two
fragments were |igated using the Roche Quick Ligation Kit and transforned
into TOPI O chem cally conpetent cells. Transformants were selected on LA
cont ai ni ng spectinonycin (50 nmg/mM). A correct colony was identified by
screening for the presence of the insert by PCR The plasm d was desi gnated
pCL PtrcUpperPat hway (Figures 26 and 27A-27D;, SEQ ID NO 12). VI. Strains
expressing the conbi ned Upper and Lower Meval onic Acid Pat hways [0761] To
obtain a strain with a conplete neval onic acid pathway plus kudzu isoprene
synt hase, plasm ds pTrcKKDyl kl Skan and pCLpTr cUpper Pat hway were both
transforned into BL21(| DE3) conpetent cells (Invitrogen) and transformants
were selected on LA containing kanamycin (50 ng/m ) and Spectinonycin (50
ng/ mM). The transformants were checked by plasnmd prep to ensure that both
plasm ds were retained in the host. The strain was designated



MCML27. VI1. Production of nevalonic acid fromglucose in E.

co/ z' | pUpper pat hway [0762] Single colonies of the or FMb/p pTrcH s2A-w
ai'/wa ' are inoculated into LB + carbenicillin (100 ng/m) and are grown
overnight at 37 C with shaking at 200 rpm These cultures were diluted into
50 mM nmediumin 250 m baffled flasks to an OD oo of 0.1. The nedi um was
TM3 + 1 or 2% glucose + carbenicillin (100 ng/m) or TM3 + 1% gl ucose +
hydrol yzed soy oil + carbenicillin (100 ng/m ) or TMB + bi omass (prepared
bagasse, corn stover or switchgrass). Cultures were grown at 30 Cwith
shaking at 200 rpm for approximately 2-3 hours until an OD OO of 0.4 was
reached. At this point the expression fromthe mvaE nvaS construct was

i nduced by the addition of IPTG (400 mM. Cultures were incubated for a
further 20 or 40 hours with sanples taken at 2 hour intervals to 6 hour
post induction and then at 24, 36 and 48 hours as needed. Sanpling was done
by renmoving 1m of culture, neasuring the OD OO pelleting the cells in a
m crof uge, renoving the supernatant and anal yzing it for neval onic
acid.[0763] A 14 liter fernentation of E. coli cells with nucleic acids
encodi ng Enterococcus faecalis AA-CoA thiol ase, HMG CoA synt hase, and

HMG CoA reduct ase pol ypepti des produced 22 grans of nevalonic acid with TMB
medi um and 2% gl ucose as the cell nmedium A shake flask of these cells
produced 2-4 grans of nevalonic acid per liter with LB nmedium and 1%

gl ucose as the cell culture nmedium The production of nevalonic acid in
these strains indicated that the MVA pathway was functional in E. coli.
VII1. Production of isoprene fromE. coli BL21 containing the upper and

| ower MVA pat hway pl us kudzu isoprene synthase. [0764] The foll ow ng
strains were created by transformng in various conbinations of plasmds
contai ning the upper and | ower MVA pat hway and the kudzu i soprene synthase
gene as descri bed above and the plasnm ds containing the idi, dxs, and dxr
and i soprene synthase genes described in Exanple 7. The host cells used
were chem cally conpetent BL21(|1 DE3) and the transformations were done by
standard net hods. Transformants were selected on L agar containing
kanamycin (50 nmg/ M) or kanamycin plus spectinonycin (both at a
concentration of 50 ng/m ). Plates were grown at 37 C. The resulting
strains were designated as follows: G own on Kanamycin plus Spectinonycin
(50 mg/ M each) MCML27 - pCL Upper MVA + pTrcKKDyl kl S (kan) in BL21(I| DE3)



MCM 3 1 - pCL1920 + pTrcKKDyl kIS (kan) in BL21(I| DE3) MCML25 - pCL Upper
MWA + pTrcHi s2B (kan) in BL21(I DE3) G own on Kananycin (50 ng/m) MCMb4 -
pTrcKudzu yl DI DXS (kan) in BL21(IDE3) MCMBO - pTrcKudzu (kan) in

BL21(I DE3) MCML23 - pTrcKudzu yl DI DXS DXR (kan) in BL21(IDE3) [0765] The
above strains were streaked fromfreezer stocks to LA + appropriate

anti biotic and grown overnight at 37 C. A single colony fromeach plate was
used to inocul ate shake flasks (25 m LB + the appropriate antibiotic). The
flasks were incubated at 22 C overnight with shaking at 200 rpm The next
morning the flasks were transferred to a 37 Cincubator and grown for a
further 4.5 hours with shaking at 200 rpm The 25 ml cultures were
centrifuged to pellet the cells and the cells were resuspended in 5 mM LB +
the appropriate antibiotic. Thecultures were then diluted into 25 mM LB+ 1%
gl ucose + the appropriate antibiotic to an OD G of 0.1. Two flasks for
each strain were set up, one set for induction with IPTG (800 mV the
second set was not induced. The cultures were incubated at 37 Cwth
shaking at 250 rpm One set of the cultures were induced after 1.50 hours
(imredi ately followi ng sanpling tinme point 1). At each sanpling tinme point,
the OD OG0 was neasured and the anount of isoprene determ ned as descri bed
in Exanple 1. Results are presented in Table 3. The anount of isoprene nade
is presented as the anmount at the peak production for the particular

strain. Table 3. Production of isoprene in E. coli strains ND. not detected
Trace: peak present but not integratable. IX Analysis of nevalonic acid

[ 0766] Meval onol actone ( 1.0 g, 7.7 mmol) (CAS# 503-48-0) was supplied from
Sigma- Aldrich (W, USA) as a syrup that was dissolved in water (7.7 nli)
and was treated with potassium hydroxide (7.7 nmmol) in order to generate
the potassiumsalt of neval onic acid. The conversion to nevalonic acid was
confirmed by 1H NWR anal ysis. Sanples for HPLC anal ysis were prepared by
centrifugation at 14,000 rpmfor 5 mnutes to renove cells, followed by the
addition of a 300 m aliquot of supernatant to 900 Ml OH O Perchloric
acid (36 mM of a 70% sol ution) was then added foll owed by m xi ng and
cooling on ice for 5 mnutes. The sanples were then centrifuged again
(14,000 rpmfor 5 mn) and the supernatant transferred to HPLC.



Meval oni ¢ acid standards (20, 10, 5, 1 and 0.5 g/L) were prepared in the
sane fashion. Analysis of nevalonic acid (20 nL injection volune) was
performed by HPLC using a BioRad Am nex 87-H+ colum (300 nmby 7.0 mm)
eluted with 5 mMMsulfuric acid at 0.6 nL/mn with refractive index (Rl)
detection. Under these conditions nevalonic acid eluted as the | actone form
at 18.5 mnutes. X Production of isoprene fromE. coli BL21 containing the
upper MVA pat hway pl us kudzu isoprene synthase[ 0767] A 15-L scale
fermentation of E. coli expressing neval onic acid pathway pol ypepti des and
Kudzu i soprene synthase was used to produce isoprene fromcells in
fed-batch culture. This experinment denonstrates that growi ng cells under
glucose limting conditions resulted in the production of 2.2 g/L of

i soprene. Medium Recipe (per liter fernentation mediun): [0768] The medi um
was generated using the follow ng conponents per liter fernentati on nedi um
K2HPO4 7.5 g, MJSO 7H O 2 g, citric acid nonohydrate 2 g, ferric ammoni um
citrate 0.3 g, yeast extract 0.5 g, and 1 000X nodified trace nmetal solution
1 m. Al of the conponents were added together and dissolved in di H2O
This solution was autoclaved. The pH was adjusted to 7.0 with anmoni um

hydr oxi de (30% and g.s. to volunme. dJucose 10g, thiamne HO 0.1 g, and
antibiotics were added after sterilization and pH adj ustnent. | OOOX

Modi fied Trace Metal Solution: [0769] The I O0OX nodified trace netal

sol ution was generated using the follow ng conponents: citric acids H20 40
g, MhSO 4 H20 30 g, Nad 10 g, FeSO 4 7TH2O 1 g, Cod 2 6H20 1 g, ZnSO 7H20
1 g, CuSO 4 5H20 100 ngy, H3BO3 100 ngy, and NaMbO 4 2H20 100 ng. Each
conponent was dissolved one at a tine in diH2O pHto 3.0 with HCO/NaOH,
then g.s. to volune, and filter sterilized with a 0.22 mcron filter.

[0770] Fernentation was perforned in a 15-L bioreactor with BL21 (DE3) E.
coli cells containing the pCL PtrcUpperPat hway (Figure 26) and pTrcKKDyl kI S
pl asm ds. This experinment was carried out to nonitor isoprene formation
fromglucose at the desired fernentation pH 7.0 and tenperature 300C. An

i noculumof E. coli strain taken froma frozen vial was streaked onto an LB
broth agar plate (with antibiotics) and i ncubated at 37C. A single col ony
was i nocul ated into soytone-yeast extract-glucose nedium After the
inoculumgrew to OD 1.0 when neasured at 550 nm 500 nL was used to

i nocul ate a 5-L bioreactor.



[0771] ducose was fed at an exponential rate until cells reached the
stationary phase. After this tinme the glucose feed was decreased to neet

nmet abol i ¢ demands. The total amount of glucose delivered to the bioreactor
during the 54 hour fernmentation was 3.7 kg. Induction was achi eved by
addi ng i sopropyl - beta- D 1-t hi ogal act opyranosi de (1 PTG . The | PTG
concentration was brought to 25 nM when the optical density at 550 nm
(OD550) reached a value of 10. The I PTG concentration was raised to 50 niv
when OD550 reached 190. | PTG concentration was raised to 100 nM at 38 hours
of fernmentation. The OD550 profile wthin the bioreactor over time is shown
in Figure 54. The isoprene level in the off gas fromthe bi oreactor was
determ ned asdescribed herein. The isoprene titer increased over the course
of the fernentation to a final value of 2.2 g/L (Figure 55). The total
anount of isoprene produced during the 54 hour fernentation was 15.9 g, and
the tinme course of production is shown in Figure 56. Xl. |soprene
fermentation fromE. coli expressing genes fromthe neval onic acid pat hway
and grown in fed-batch culture at the 15-L scale [0772] A 15-L scale
fermentation of E. coli expressing neval onic acid pathway pol ypepti des and
Kudzu i soprene synthase was used to produce isoprene fromcells in
fed-batch culture. This experinent denonstrates that grow ng cells under
glucose limting conditions resulted in the production of 3.0 g/L of

i soprene. Medium Recipe (per liter fernentation mediun): [0773] The medi um
was generated using the follow ng conponents per liter fernmentation nmedi um
K2HPO 7.5 g, MgSO 7H2O 2 g, citric acid nonohydrate 2 g, ferric amoni um
citrate 0.3 g, yeast extract 0.5 g, and 1 000X Modified Trace Metal Sol ution
1 mM. Al of the conmponents were added together and dissolved in diH O
This solution was autoclaved. The pH was adjusted to 7.0 with ammoni um
hydroxi de (30% and g.s. to volume. ducose 10g, thiamne HJ 0.1 g, and
antibiotics were added after sterilization and pH adjustment. | OOOX

Modi fied Trace Metal Solution: [0774] The I 000X nodified trace netal

sol ution was generated using the foll ow ng conponents: citric acids H20 40
g, MhSO 4 H20 30 g, Nad 10 g, FeSO 4 7TH20 1 g, Cod 2 6H20 1 g, ZnSO 7H20
1 g, CuSO 4 5H20 100 ng, H3BO3 100 ng, and NaMbO 4 2H20 100 ng. Each
conponent was di ssolved one at a tine in diH2O pHto 3.0 with HCO/NaOH,
then g.s. to volune, and filter sterilized with a 0.22 mcron filter.

[0775] Fermentation was performed in a 15-L bioreactor with BL21 (DE3) E.
coli cells



contai ning the pCL PtrcUpper WA and pTrc KKDyl kl S plasm ds. This experi nent
was carried out to nonitor isoprene formation fromglucose at the desired
fermentation pH 7.0 and tenperature 30C. An inoculumof E. coli strain
taken froma frozen vial was streaked onto an LB broth agar plate (with
antibiotics) and incubated at 37C. A single colony was inoculated into
tryptone-yeast extract nedium After the inoculumgrewto OD 1.0, neasured
at 550 nm 500 nmL was used to inoculate a 5-L bioreactor. [0776] d ucose
was fed at an exponential rate until cells reached the stationary phase.
After this tinme, the glucose feed was decreased to neet mnetabolic denmands.
The total anpunt ofglucose delivered to the bioreactor during the 59 hour
fermentation was 2.2 kg. Induction was achi eved by adding | PTG The | PTG
concentration was brought to 25 nM when the optical density at 550 nm
(OD550) reached a value of 10. The I PTG concentration was raised to 50 niv
when OD550 reached 190. The OD550 profile within the bioreactor over tine
is shown in Figure 93. The isoprene level in the off gas fromthe

bi oreactor was determ ned as described herein. The isoprene titer increased
over the course of the fernentation to a final value of 3.0 g/L (Figure
94). The total anmpunt of isoprene produced during the 59 hour fernentation
was 22.8 g, and the tine course of production is shown in Figure 95. The
nol ar yield of utilized carbon that went into producing isoprene during
fermentation was 2.2% The wei ght percent yield of isoprene from glucose
was 1.0% Xl I. Isoprene fernentation fromE. coli expressing genes fromthe
meval oni ¢ acid pathway and grown in fed-batch culture at the 15-L scale
[0777] A 15-L scale fernentation of E. coli expressing nevalonic acid

pat hway pol ypepti des, Pueraria | obata isoprene synthase, and Kudzu isoprene
synt hase was used to produce isoprene fromcells in fed-batch culture. This
experiment denonstrates that growi ng cells under glucose limting
conditions resulted in the production of 3.3 g/L of isoprene. i)
Construction of pCLPtrcUpperPat hwayHGS2 [ 0778] The gene encodi ng i soprene
synthase from Pueraria | obata was PCR-anplified using prinmers Nsil-RBS-HGS
F (CTTGATGCATCCTGCATTCGCCCTTAGGAGG, SEQ I D NO 105) and pTrcR

( CCAGGCAAATTCTGITTTATCAG SEQ I D NGO 106), and pTrcKKDyl kIS as a tenpl ate.
The PCR product thus obtained was restriction-digested with Nsil and Pstl
and gel -purified. The plasm d pCL PtrcUpperPat hway was restriction-di gested
with Pstl and dephosphoryl ated using rAPi d al kal i ne phosphat ase ( Roche)
according to



manuf acturer's instructions. [0779] These DNA fragnments were |igated
together and the ligation reaction was transforned into E. coli Top 10
chentially conpetent cells (lInvitrogen), plated on L agar containing
spectinonycin (50 ng/ M) and incubated overnight at 37 OC. Plasm d DNA was
prepared from6 clones using the Qaquick Spin Mni-prep kit. The plasmd
DNA was digested with restriction enzynes EcoRY and Mul to identify a
clone in which the insert had the right orientation (i.e., the gene
oriented in the same way as the pTrc pronoter).[0780] The resulting correct
pl asm d was desi gnated pCLPtrcUpper Pat hwayHGS2. This plasm d was assayed
usi ng the headspace assay descri bed herein and found to produce isoprene in
E. coli ToplO thus validating the functionality of the gene. The plasmd
was transforned into BL21(LDE3) containing pTrcKKDylklS to yield the strain
BL21/ pCLPt r cUpper Pat hwayHGS2- pTrcKKDyl kI S. This strain has an extra copy
of the isoprene synthase conpared to the BL21/pCL PtrcUpper WA and pTrc
KKDyl kI S strain (Exanple 8, part Xl). This strain also had increased
expression and activity of HMGS conpared to the BL21/pCL PtrcUpper WA and
pTrc KKDyl kIS strain used in Exanple 8, part XI. ii) Isoprene fernentation
fromE. coli expressing pCLPtrcUpperPat hwayHGS2- pTr cKKDyl kI S and grown in
fed-batch culture at the 15-L scal e Medium Recipe (per liter fernmentation
medi un): [0781] The nmedi um was generated using the follow ng conponents per
liter fernentation nmedium K2HPO4 7.5 g, MyJSO 7H O 2 g, citric acid
nonohydrate 2 g, ferric amoniumcitrate 0.3 g, yeast extract 0.5 g, and

| OOOX nodified trace nmetal solution 1 m. Al of the conponents were added
t oget her and dissolved in di H2O. This sol ution was autoclaved. The pH was
adjusted to 7.0 with amoni um hydroxide (30% and gq.s. to volume. d ucose
10 g, thiamne HOJO 0.1 g, and antibiotics were added after sterilization
and pH adjustnent. [ O0OX Modified Trace Metal Solution: [0782] The | OOOX
nodi fied trace netal solution was generated using the follow ng conponents:
citric acids H20 40 g, MnSO 4 H20 30 g, NaCd 10 g, FeSO 4 7TH20 1 g, Cod 2
6H20 1 g, ZnSO 7H20 1 g, CuSO 4 5H20 100 ng, H3BO3 100 nmg, and NaMbO 4 2H20
100 ng. Each conponent is dissolved one at atinme in DO H2O, pHto 3.0 with
HCl / NaOH, then g.s. to volune and filter sterilized with 0.22 m cron
filter. [0783] Fernentation was performed in a 15-L bioreactor with BL21
(DE3) E. coli cells



contai ning the pCLPtrcUpper Pat hwayHGS2 and pTrc KKDyl kIS plasm ds. This
experinment was carried out to nonitor isoprene formation from gl ucose at
the desired fernentation pH 7.0 and tenperature 30C. An inoculumof E. col
strain taken froma frozen vial was streaked onto an LB broth agar plate
(wmth antibiotics) and incubated at 37C. A single colony was inocul at ed
into tryptone-yeast extract nedium After the inoculumgrewto CD 1.0
measured at 550 nm 500 nL was used to inoculate a 5-L bioreactor.[0784]

G ucose was fed at an exponential rate until cells reached the stationary
phase. After this tinme the glucose feed was decreased to neet netabolic
demands. The total anount of glucose delivered to the bioreactor during the
58 hour fermentation was 2.1 kg. Induction was achi eved by adding | PTG The
| PTG concentration was brought to 25 nM when the optical density at 550 nm
(OD550) reached a value of 9. The I PTG concentration was raised to 50 nM
when OD550 reached 170. The OD550 profile within the bioreactor over tine
is shown in Figure 104. The isoprene level in the off gas fromthe

bi oreactor was determ ned as described herein. The isoprene titer increased
over the course of the fernentation to a final value of 3.3 g/L (Figure
105). The total anmount of isoprene produced during the 58 hour fernentation
was 24.5 g and the time course of production is shown in Figure 106. The
nol ar yield of utilized carbon that went into producing isoprene during
fermentation was 2.5% The wei ght percent yield of isoprene from glucose
was 1.2% Analysis showed that the activity of the isoprene synthase was

i ncreased by approxinmately 3-4 tines that conpared to BL21 expressing CL

Pt rcUpper WA and pTrc KKDyl kl S plasm ds (data not shown). XiI1. Chronbsonal
I ntegration of the Lower Meval onate Pathway in E. coli. [0785] A synthetic
operon contai ni ng neval onate ki nase, neval onate phosphate ki nase,

nmeval onat e pyrophosphat e decarboxyl ase, and the | PP i sonerase was
integrated into the chronmosone of E. coli. If desired, expression nay be
altered by integrating different pronoters 5 of the operon. [0786] Table 4
lists priners used for this experinment. Table 4. Prinersi) Target vector
construction [0787] The attTn7 site was selected for integration. Regions
of honol ogy upstream (attTn7 up) (prinmers MCW8 and MCM/9) and downstream
(attTn7 down) (priners MCMB8 and MCMB9) were anplified by PCR from M3L655
cells. A50 nL reaction with | nmL | OrMprinmers, 3nL ddH'O, 45ni I nvitrogen
Pl ati num PCR Superm x High Fidelity, and a scraped



col ony of M31655 was denatured for 2:00 at 94 0C, cycled 25 tinmes (2:00 at
94 0C, 0:30 at 50 0C, and 1:00 at 68 0C), extended for 7:00 at 72 0C, and
cooled to 4 OC. This resulting DNA was cloned into pCR2.1 (Ilnvitrogen)
according to the manufacturer's instructions, resulting in plasm ds MCW78
(attTn7 up) and MCMR52 (attTn7 down). The 832bp Apal - Pvul fragnent digested
and gel purified from MCM252 was cl oned into Apal - Pvul digested and gel
purified plasm d pR6K, creating plasmd MCM276. The 825bp Pst| - Not |
fragment digested and gel purified from MCM278 was cloned into Pstl - Notl

di gested and gel purified MCM76, creating plasmd MCM281. ii) O oning of

| oner pat hway and pronoter [0788] MK-PMK- WD-1 DI genes were anplified from
pTrcKKDyl kIS with primers MCM 104 and MCM 105 usi ng Roche Expand Long PCR
System according to the manufacturer's instructions. This product was
digested with Notl and Apal and cloned into MCM281 whi ch had been di gested
with Notl and Apal and gel purified. Prinmers MCM 120 and MCM 127 were used
to anplify CVR cassette fromthe CGeneBridges FRT-gb2-Cm FRT tenpl ate DNA
using Stratagene Pfu Utra Il. A PCR program of denaturing at 95 0OC for
4:00, 5 cycles of 95 0C for 0:20, 55 OC for 0:20, 72 OC for 2:00, 25 cycles
of 95 OC for 0:20, 58 0C for 0:20, 72 OC for 2:00, 72 0OC for 10:00, and
then cooling to 4 0C was used with four 50nL PCR reactions containing | nL
~10ng/ nL tenplate, | nL each primer, 1.25 nL 10OvM dNTPs, 5nL 10x buffer, |
m. enzynme, and 39.75 nL ddH20O Reactions were pooled, purified on a Q agen
PCR cl eanup colum, and used to el ectroporate water-washed Pirl cells
contai ning plasm d MCM296. El ectroporation was carried out in 2mM cuvettes
at 2.5V and 200 ohns. El ectroporation reactions were recovered in LB for 3hr
at 30 0C. Transformant MCMB30 was sel ected on LA with CWP5, Kan50 (Figures
107 and 108A-108C, SEQ ID NO 25). iii) Integration into E. coli chronosone
[0789] M ni prepped DNA (Q aquick Spin kit) from MCM330 was digested with
SnaBl and used to el ectroporate BL21(DE3) (Novagen) or MGL655 contai ni ng
GeneBridges plasm d pRedET Carb. Cells were grown at 30 OC to -COD then

i nduced with 0.4% L-arabinose at 37 0OC for 1.5 hours. These cells were
washed three tines in 4 0C ddH20O before el ectroporation with 2m of DNA

I ntegrants were selected on L agar with containing chloranphenicol (5

ng/ M) and subsequently confirmed to not grow on L agar + Kananycin (50
nmg/ M ). BL21 integrant MCMB31 and MG3EL655 i ntegrant MCM333 were frozen.



iv) Construction of pET24D Kudzu encodi ng Kudzu i soprene synthase [0790]
The kudzu i soprene synthase gene was subcloned into the pET24d vector
(Novagen) fromthe pCR2.1 vector (lnvitrogen). In particular, the kudzu

i soprene synthase gene was anplified fromthe pTrcKudzu tenpl ate DNA using
primers MCMBO 5' - GATCATGCAT TCGCCCTTAG GAGGTAAAAA AACATGIGIG CGACCTCTTC
TCAATTTACT (SEQ I D NO 52) and MCMb3 5' - CGGTCGACGG ATCCCTGCAG TTAGACATAC
ATCAGCTG (SEQ I D NO 50). PCR reactions were carried out using Tag DNA

Pol ymerase (I nvitrogen), and the resulting PCR product was cloned into
pCR2. 1- TOPO TA cl oning vector (Invitrogen), and transfornmed into E. col
Topl0 chemcally conpetent cells (lInvitrogen). Transformants were plated on
L agar containing carbenicillin (50 ng/m) and incubated overni ght at 37C.
Five m Luria Broth cultures containing carbenicillin 50 ng/m were

i noculated with single transformants and grown overnight at 37C. Five

col onies were screened for the correct insert by sequencing of plasm d DNA
isolated from1m of liquid culture (Luria Broth) and purified using the
Q Aprep Spin Mni-prep Kit (Q agen). The resulting plasm d, designated
MCMB3, contains the kudzu isoprene synthase coding sequence in a pCR2.1
backbone. [0791] The kudzu codi ng sequence was renoved by restriction
endonucl ease digestion with Pcil and BamH (Roche) and gel purified using
the Q Aquick Gel Extraction kit (Q agen). The pET24d vector DNA was
digested with Ncol and BanH (Roche), treated with shrinp al kaline
phosphat ase (Roche), and purified using the QAprep Spin Mni-prep Kit

(Q agen). The kudzu isoprene synthase fragnent was ligated to the
Ncol | BanH di gested pET24d using the Rapid DNA Ligation Kit (Roche) at a
5:1 fragnent to vector ratio in a total volume of 20 mMl . A portionof the
ligation mxture (5 m) was transforned into E. coli Top 10 chem cally
conpetent cells and plated on L agar contai ning kananycin (50 ng/m ). The
correct trans formant was confirned by sequencing and transformed into
chem cal ly conpetent BL21( | DE3)pLysS cells (Novagen). A single colony was
sel ected after overnight growh at 37C on L agar contai ning kananycin (50
ng/m). A map of the resulting plasm d designhated as pET24D- Kudzu i s shown
in Figure 109. The sequence of pET24D- Kudzu (SEQ I D NG 26) is shown in

Fi gures HOA and HOB. |soprene synthase activity was confirnmed using a
headspace assay. v) Production strains [0792] Strains MCM33 1 and MCM333
were cotrans formed with plasm ds pCLPtrcupperpat hway and either pTrcKudzu
or pETKudzu, resulting in the strains shown in



Table 5. Table 5. Production Strains vi) Isoprene fernentation fromE. coli
expressing genes fromthe neval onic acid pathway and grown in fed-batch
culture at the 15 -L scale. Medium Recipe (per liter fernentation mediun:
[0793] The nedi um was generated using the foll owi ng conmponents per liter
fernmentation nedium K2HPO 7.5 g, MygSO 7H20 2 g, citric acid nonohydrate 2
g, ferric ammoniumcitrate 0.3 g, yeast extract 0.5 g, and I OOOX nodified
trace netal solution 1 m. Al of the conponents were added together and
di ssolved in di H2O. This solution was autocl aved. The pH was adjusted to
7.0 with ammoni um hydroxi de (30% and g.s. to volune. ducose 10 g,
thiamne HO 0.1 g, and antibiotics were added after sterilization and pH
adj ust ment . 1 OOOX Modi fi ed Trace Metal Solution: [0794] The |1 O0OOX nodified
trace netal solution was generated using the foll ow ng conponents: citric
acids H20 40 g, MnSO 4 H20 30 g, Nad 10 g, FeSO 4 7TH20 1 g, Cod 2 6H20 1
g, ZnSO 7H20 1 g, CuSO 4 5H20 100 ny, H3BM3 100 ny, and NaMbO 4 2H20 100
ng. Each conponent is dissolved one at a tinme in DI H2O, pHto 3.0 with
HCl / NaOH, then g.s. to volunme and filter sterilized with a 0.22 mcron
filter. [0795] Fernentation was performed in a 15-L bioreactor with BL21
(DE3) E. coli cells containing the gil.2 integrated | ower MA pat hway
descri bed above and the pCL PtrcUpper WA and pTrcKudzu pl asm ds. This
experinment was carried out to nonitor isoprene formation from glucose at
the desired fernentation pH 7.0 and tenperature 30C. An inoculumof E. coli
strain taken froma frozen vial was streaked onto an LB broth agar plate
(with antibiotics) and incubated at 37C. A single colony was inocul ated
into tryptone-yeast extract nedium After the inoculumgrewto OD 1.0,
measured at 550 nm 500 nL was used to inoculate a 5-L bioreactor. [0796]
A ucose was fed at an exponential rate until cells reached the stationary
phase. After this tine, the glucose feed was decreased to neet netabolic
demands. The total anobunt of glucose delivered to the bioreactor during the
57 hour fernmentation was 3.9 kg. Induction was achi eved by adding | PTG The
| PTG concentrati on was brought to 100 nmM when the carbon di oxi de evol ution
rate reached 100 mol / L/ hr. The OD550 profile within the bioreactor over
time is showmn in Figure 111 A The isoprene level in the off gas fromthe

bi oreactor was determ ned as



described herein. The isoprene titer increased over the course of the
fermentation to a final value of 1.6 g/L (Figure 11IB). The specific
productivity of isoprene over the course of the fernentation is shown in
Figure 111C and peaked at 1.2 ng/ OO/ hr. The total anmount of isoprene
produced during the 57 hour fernmentation was 16.2 g. The nolar yield of
utilized carbon that went into producing isoprene during fernentation was
0.9% The wei ght percent yield of isoprene fromglucose was 0.4% XI V.
Production of isoprene fromE. coli BL21 containing the kudzu isoprene

synt hase using glycerol as a carbon source [0797] A 15-L scale fernmentation
of E. coli expressing Kudzu isoprene synthase was used to produce isoprene
fromcells fed glycerol in fed-batch culture. This experinment denonstrates
thatgrowi ng cells in the presence of glycerol (w thout glucose) resulted in
the production of 2.2 ng/L of isoprene. Medium Recipe (per liter
fermentation nmedium: [0798] The nedi um was generated using the foll ow ng
conponents per liter fernmentation nedium K2HPO4 7.5 g, MgSO 7H O 2 g,
citric acid nonohydrate 2 g, ferric amoniumcitrate 0.3 g, and | OOOX

nodi fied trace netal solution 1 m. Al of the conponents were added

toget her and di ssolved in di H2O. This sol uti on was autocl aved. The pH was
adjusted to 7.0 with amoni um hydroxide (30% and q.s. to volunme. d ycerol
5.1 g, thiamne HOJ 0.1 g, and antibiotics were added after sterilization
and pH adjustnent. |1 O0OOX Modified Trace Metal Solution: [0799] The medi um
was generated using the follow ng conponents per liter fernmentation nmedi um
citric acids H20 40 g, MnSO 4 H20 30 g, NaCl 10 g, FeSO 4 7TH20 1 g, Cod 2
6H20 1 g, ZnSO 7H20 1 g, CuSO 4 5H20 100 ng, H3BO3 100 ng, and NaMbO 4 2H20
100 ng. Each conponent was dissolved one at atinme in diH2O, pHto 3.0 with
HC /NaOH, then g.s. to volune and filter sterilized with a 0.22 mcron
filter. [0800] Fernmentation was performed in a 15-L bioreactor with BL21
(DE3) E. coli cells containing the pTrcKudzu plasm d. This experinent was
carried out to nonitor isoprene formation fromglycerol at the desired
fermentation pH 7.0 and tenperature 350C. An inoculumof E. coli strain
taken froma frozen vial was streaked onto an LA broth agar plate (with
antibiotics) and incubated at 37C. A single colony was inoculated into

soyt one-yeast extractglucose nmedi umand grown at 35C. After the inoculum
grewto OD 1.0, neasured at 550 nm



600 nmL was used to inoculate a 7.5-L bioreactor. [0801] dycerol was fed at
an exponential rate until cells reached an optical density at 550 nm
(OD550) of 153. The total anount of glycerol delivered to the bioreactor
during the 36 hour fernmentation was 1.7 kg. O her than the glucose in the

i noculum no glucose was added to the bioreactor. |Induction was achi eved by
adding | PTG The | PTG concentration was brought to 20 mM when the 0OD550
reached a value of 50. The OD550 profile within the bioreactor over tine is
shown in Figure 57. The isoprene level in the off gas fromthe bioreactor
was determ ned as descri bed herein. The isoprene titer increased over the
course of the fernentation to a final valueof 2.2 ng/L (Figure 58). The
total amount of isoprene produced during the 54 hour fernentation was 20.9
ng, and the tinme course of production is shown in Figure 59. XV. |soprene
fermentation fromE. coli expressing genes fromthe neval onic acid pat hway
and grown in fed-batch culture at the 15-L scale using invert sugar as a
carbon source [0802] A 15-L scale fernmentation of E. coli expressing

meval oni ¢ acid pat hway pol ypepti des and Kudzu i soprene synthase was used to
produce isoprene fromcells fed invert sugar in fedbatch culture. This
experi nent denonstrates that growing cells in the presence of invert sugar
resulted in the production of 2.4 g/L of isoprene. Medium Recipe (per liter
fermentation nmedium: [0803] The nedi um was generated using the foll ow ng
conponents per liter fernmentation nedium K2HPO4 7.5 g, MgSO 7H O 2 g,
citric acid nonohydrate 2 g, ferric ammoniumcitrate 0.3 g, yeast extract
0.5 g, and 1000X Modified Trace Metal Solution 1 mi. Al of the conponents
wer e added toget her and dissolved in di H2O. This sol uti on was autocl aved.
The pH was adjusted to 7.0 with amoni um hydroxide (30% and g.s. to

vol unme. Invert sugar 10 g, thiamne HO 0.1 g, and antibiotics were added
after sterilization and pH adjustnment. | O0OOX Modified Trace Metal Sol ution
[0804] The I10C0OX nodified trace netal solution was generated using the
foll ow ng conponents: citric acids H20 40 g, MnSO 4 H20 30 g, Nad 10 g,
FeSO 4 7TH2O 1 g, Cod 2 6H20 1 g, ZnSO 7H20 1 g, CQuSO 4 5H20 100 ng, H3BO3
100 ng, and NaMbO 4 2H20 100 ny. Each conponent is dissolved one at a tine
in D H2O pHto 3.0 with HO/NaOH, then g.s. to volune and filter
sterilized wwth 0.22 mcron filter. [0805] Fernentation was perforned in a
15-L bioreactor with BL21 (DE3) E. coli cells containing the pCL

Pt rcUpper WA and pTrc KKDyl kl S plasm ds. This experinment was carried



out to nmonitor isoprene formation frominvert sugar at the desired
fermentation pH 7.0 and tenperature 30C. An inoculumof E <coli strain
taken froma frozen vial was streaked onto an LB broth agar plate (with
antibiotics) and incubated at 37C. A single colony was inoculated into
tryptone-yeast extract nmedium After the inoculumgrewto OD 1.0, neasured
at 550 nm 500 nL was used to inoculate a 5-L bioreactor.[0806] Invert
sugar was fed at an exponential rate until cells reached the stationary
phase. After this time the invert sugar feed was decreased to neet

met abol i ¢ demands. The total ampunt of invert sugar delivered to the

bi oreactor during the 44 hour fernmentation was 2.4 kg. Induction was

achi eved by adding | PTG The I PTG concentration was brought to 25 mM when
the optical density at 550 nm (0OD550) reached a value of 9. The | PTG
concentration was raised to 50 mM when OD550 reached 200. The OD550 profile
within the bioreactor over tine is shown in Figure 96. The isoprene |evel
in the off gas fromthe bioreactor was determ ned as descri bed herein. The
i soprene titer increased over the course of the fernentation to a final
value of 2.4 g/L (Figure 97). The total anount of isoprene produced during
the 44 hour fernentation was 18.4 g and the tinme course of production is
shown in Figure 98. The nolar yield of utilized carbon that went into
produci ng i soprene during fernentation was 1.7% The wei ght percent yield
of isoprene fromglucose was 0.8% Exanple 9. Construction of the upper and
| ower MVA pathway for integration into Bacillus subtilis I . Construction
of the Upper MA pathway in Bacillus subtilis [0807] The upper pathway from
Ent erococcusfaecalis is integrated into B. subtilis under control of the
aprE pronoter. The upper pathway consists of two genes; nvaE, which encodes
for AACT and HMGER, and nvaS, which encodes for HMES. The two genes are
fused together with a stop codon in between, an RBS site in front of nvas,
and are under the control of the aprE pronoter. A termnator is situated
after the nmvaE gene. The chl oranpheni col resistance marker is cloned after
the nmvaE gene and the construct is integrated at the aprE | ocus by doubl e
cross over using flanking regions of honology. [0808] Four DNA fragnents
are anplified by PCR such that they contain overhangs that will allowed
themto be fused together by a PCR reaction. PCR anplifications are carried
out using Hercul ase pol ynerase according to manufacturer's instructions. 1.
Papr E



CF 07-134 (+) Start of aprE pronoter Pstl 5 - GACATCTGCAGCTCCATTTTCTTCTGC
(SEQID NO1 15) CF 07-94 (-) Fuse PaprE to nvakE 5' -
CAATAATAACTACTGITTTCACTCTTTACCCTCTCCTTTTAA (SEQ ID NO 1 16) Tenpl at e:
Bacillus subtilis chronbosonmal DNA 2. nvakE CF 07-93 (+) fuse nmvaE to the
aprE pronoter (GIG start codon) 5'-

TTAAAAGGAGAGGGTAAAGAGT GAAAACAGTAGTITATTATTG (SEQ ID NG'1 17) CF 07-62 (-)
Fuse nvaE to nvaS with RBS in between 5 -
TTTATCAATCCCAATTGTCATGTTTTTTTACCTCCTTTATTGITTTCTTAAATC (SEQ | D NG 94)

Tenpl ate: Ent erococcusfaecalis chronobsomal DNA (from ATCC) 3. nmvaS CF 07-61
(+) Fuse mvaE to mvaS with RBS in between 5'-
GATTTAAGAAAACAATAAAGGAGGTAAAAAAACATGACAATTGCGATTGATAAA (SEQ I D NO 95) CF
07-124 (-) Fuse the end of nvaSto the term nator 5'-
CGGGGCCAAGGCCGGTTTTTTTTAGT TTCGATAAGAACGAACGGET (SEQ ID NO 118) Tenpl at e:

Ent erococcusfaecalis chronosomal DNA 4. B. anyliquefaci ens al kaline serine
protease term nator CF 07-123 (+) Fuse the end of nvaS to the term nator

5' - ACCGITCGITCTTATCGAAACTAAAAAAAACCGECCTTGECCCCG (SEQ ID NO 119) CF 07-46
(-) End of B. anyliquefaciens term nator BanmH 5'-
GACATGACGCGATCCGATTACGAATGCCGICTC (SEQ I D NO 58) Tenpl ate: Bacillus

anyl i quef aci ens chronosormal DNAPCR Fusi on Reactions 5. Fuse nvaE to nvaS CF
07-93 (+) fuse nmvakE to the aprE pronmoter (GIG start codon) 5'-
TTAAAAGGAGAGGGTAAAGAGT GAAAACAGTAGTITATTATTG (SEQ ID NG 1 17)




CF 07-124 (-) Fuse the end of nvaSto the term nator 5'-
CGGGGCCAAGGCCGGTTTTTTTTAGT TTCGATAAGAACGAACGGET (SEQ ID NO 118) Tenpl ate: #2
and 3 from above 6. Fuse nvaE-nvaS to aprE pronmoter CF 07-134 (+) Start of
aprE pronoter Pstl 5 - GACATCTGCAGCTCCATTTTCITCTGC (SEQ ID NO 1 15) CF
07-124 (-) Fuse the end of nvaSto the term nator 5'-
CGGGGCCAAGCCCGGTTTTTTTTAGT TTCGATAAGAACGAACGGET (SEQ ID NO 118) Tenplate # 1
and #4 from above 7. Fuse PaprE-nvaE-nmvaSto term nator CF 07-134 (+) Start
of aprE pronoter Pstl 5' - GACATCTGCAGCTCCATTTTCTTCTGC (SEQ ID NGO 1 15) CF
07-46 (-) End of B. anyliquefaciens termnator BanH 5'-
GACATGACGCGATCCGATTACGAATGCCGICTC (SEQ I D NO 58) Tenpl ate: #4 and #6[ 0809]
The product is digested with restriction endonucl eases Pstl/BanKl and
|igated to pJMLO2 (Perego, M 1993. Integrational vectors for genetic
mani pul ation in Bacillus subtilis, p. 615-624. In A L. Sonenshein, J . A
Hoch, and R Losick (ed.), Bacillus subtilis and other granpositive
bacteria: biochem stry, physiology, and nol ecul ar genetics. American

Soci ety for M crobiology, Washington,D.C.) which is digested with PstVBamA
. The ligation is transforned into E.coli TOP 10 chem cally conpetent cells
and transformants are selected on LA containing carbenicillin (50 ng/m).
The correct plasmd is identified by sequencing and is designated
pJMJpper pat hway2 (Figures 50 and 51). Purified plasmd DNA is transfornmed
into Bacillus subtilis aprEnprE Vxyl-conK and transformants are sel ected on
L agar containing chloranphenicol (5 ng/m). A correct colony is selected
and is plated sequentially on L agar contai ning chl oranphenicol 10, 15 and
25 ng/mM to anmplify the nunber of copies of the cassette containing the
upper pathway. [0810] The resulting strain is tested for nmeval onic acid
production by growing in LB containing 1% gl ucose and 1% Cultures are

anal yzed by GC for the production of neval onic




acid. [0811] This strain is used subsequently as a host for the integration
of the | ower neval onic acid pathway. [0812] The followi ng priners are used
to sequence the various constructs above. Sequencing prinmers: CF 07-134 (+)
Start of aprE pronoter Pstl 5" - GACATCTGCAGCTCCATTTTCTTCTGC (SEQ I D NG 1
15) CF 07-58 (+) Start of mvakE gene 5' - ATGAAAACAGTAGITATTATTGATGC (SEQ I D
NO 97) CF 07-59 (-) End o nvaE gene 5' - ATGITATTGITTTCTTAAATCATTTAAAATAGC
(SEQ ID NO 98) CF 07-82 (+) Start ofnvaS gene 5'-
ATGACAATTGGCGATTGATAAAATTAG (SEQ I D NGO 99) CF 07-83 (-) End of nvaS gene 5'-
TTAGTTTCGATAAGAACGAACGGT (SEQ I D NO 100) CF 07-86 (+) Sequence in nvak 5'-
GAAATAGCCCCATTAGAAGTATC (SEQ I D NO 101) CF 07-87 (+) Sequence in nvak 5'-
TTGCCAATCATATGATTGAAAATC (SEQ I D NO 102) CF 07-88 (+) Sequence in nvak 5' -
GCTATGCTTCATTAGATCCTTATCG (SEQ I D NO 103) CF 07-89 (+) Sequence nvaS 5' -
GAAACCTACATCCAATCTTTTGCCC (SEQ I D NO 104) [0813] Transformants are sel ected
on LA containing chloranphenicol at a concentration of 5 ng/m . One col ony
is confirmed to have the correct integration by sequencing and is plated on
LA contai ning increasing concentrations of chloranphenicol over several
days, to a final level of 25 ng/m . This results in anplification of the
cassette containing the genes of interest. The resulting strain is

desi gnat ed CF 455: pJMupper pat hway#l X Bacillus subtilis aprEnprE Pxyl conK
(anplified to grow on LA containing chl oranphenicol 25 mg/m ). I1.
Construction of the Lower MVA pathway in Bacillus subtilis [0814] The | ower
MWA pat hway, consisting of the genes mvkl, pnk, npd and idi are




conbined in a cassette consisting of flanking DNA regions fromthe nprE
region of the B. subtilis chronosone (site of integration), the aprE
pronoter, and the spectinomycin resistance marker (see Figures 28 and 29;
SEQ ID NO 13). This cassette is synthesized by DNA2.0 and is integrated
into the chronmosone of B. subtilis containing the upper MVA pat hway
integrated at the aprE | ocus. The kudzu i soprene synthase gene is expressed
fromthe replicating plasm d described in Exanple 4 and is transfornmed into
the strain with both upper and | ower pathways integrated. Exanple 10:

Exenpl ary i soprene conpositions and net hods of making them |

Conpositional analysis of fernentation off-gas containing i soprene[0815] A
14 L scale fernmentation was perfornmed with a reconbinant E. coli BL21 (DE3)
strain containing two plasm ds (pCL upperMeyv; pTrcKKDyl kIS encodi ng the
full meval onate pathway for isoprenoid precursor biosynthesis, an isoprenyl
pyrophosphate i sonerase from yeast, and an isoprene synthase from Kudzu.
Fermentation off-gas fromthe 14 L tank was collected into 20 nL headspace
vials at around the tine of peak isoprene productivity (27.9 hours el apsed
fermentation tinme, "EFT") and anal yzed by headspace GO/ M5 for volatile
conponents. [0816] Headspace analysis was performed with an Agilent 6890
GC/ M5 systemfitted with an Agilent HP-5M5 GO/ MS columm (30 m x 250 mm
0.25 mmfilmthickness). A conbi PAL autoinjector was used for sanpling 500
mL aliquots from 20 nL headspace vials. The GO/ M5 nethod utilized helium as
the carrier gas at a flowof 1 nL/mn. The injection port was held at 250
OCwith a split ratio of 50:1. The oven tenperature was held at 37 OC for
an initial 2 mnute period, followed an increase to 237 0C at a rate of 25
Cmn for a total nethod tine of 10 m nutes. The Agilent 5793N nass

sel ective detector scanned frommz 29 to miz 300. The limt of detection
of this systemis approximately 0.1 ng/Lgas or approximately 0.1 ppm |If
desired, nore sensitive equipnment with a lower |imt of detection may be
used. [0817] The off-gas consisted of 99.925 % (v/v) permanent gases (N2,
C2 and ), approximately 0.075% i soprene (2-nethyl- 1,3 -butadiene) (-750
ppmv, 2100 ng/L) and mnor anounts (<50 ppnv) of ethanol, acetone, and two
C5 prenyl al cohols. The anpbunt of water vapor was not determ ned but was
estimated to be equal to the equilibriumvapor pressure at 0 0C. The
conposition of the volatile organic fraction was determ ned by integration
of the area under the peaks in the GO M5 chronmat ogram (Fi gs. 86A and 86B)
and is listed in Table 6.



Cal i bration curves for ethanol and acetone standards enabl ed the conversion
of GC area to gas phase concentration in units of ng/L using standard

nmet hods. Tabl e 6. Conposition of volatile organic conponents in fernentation
of f-gas. The off-gas was anal yzed at the 27.9 hour tine point of a
fermentation using an E. coli BL21 (DE3) strain expressing a heterol ogous
neval onat e pat hway, an isoprenyl pyrophosphate isonerase fromyeast, and an
i soprene synthase from Kudzu. |1. Measurenent of trace volatile organic
conmpounds (VQOCs) co-produced with isoprene during fermentation of a

reconbi nant E. coli strain [0818] A 14 L scale fernentation was perforned
with a reconbinant E. coli BL21 (DE3) strain containing two plasmds (pCL
upper Mev; pTrcKKDyl kI S) encodi ng the full neval onate pathway for isoprenoid
precursor biosynthesis, an isoprenyl pyrophosphate isonerase from yeast,
and an isoprene synthase from Kudzu. [0819] Fernentation off-gas was passed
t hrough cool ed headspace vials in order to concentrate and identify trace
vol atil e organi c conponents. The off-gas fromthis fernentati on was sanpl ed
at arate of 1 L/mn for 10 mnutes through a 20 nL headspace vial packed
with quartz wool (2g) and cooled to -78 OC with dry ice. The vial was
recapped with a fresh vial cap and anal yzed by headspace GO M5 for trapped
VOCs using the conditions described in Exanple 10, part | . The ratios of
conpounds observed in Figs. 87A-87D are a conbination of overall level in
the fernmentation off-gas, the relative vapor pressure at -78 0C, and the
detector response of the nass spectroneter. For exanple, the |ow | evel of

i soprene relative to oxygenated volatiles {e.qg., acetone and ethanol) is a
function of the high volatility of this material such that it does not
accunul ate in the headspace vial at -78 0C. [0820] The presence of nmany of
t hese conpounds is unique to isoprene conpositions derived from bi ol ogi cal
sources. The results are depicted in Figs. 87A-87D and sumari zed i n Tabl es
7A and 7B. Table 7A: Trace volatiles present in off-gas produced by E. col
BL21 (DE3) (pCL upperMev; pTrcKKDyl klS) follow ng cryo-trapping at -780C 1
GC area is the uncon ected area under the peak corresponding to the listed
conmpound. 2 Area %is the peak area expressed as a %elative to the total
peak area of all conpounds. 3 Ratio %is the peak area expressed as a
%elative to the peak area of 2-nethyl-I, 3-butadi ene. Table 7B. Trace

vol atiles present in off-gas produced by E. coli BL21 (DE3) (pCL upperMyv;
pTrcKKDyl kI'S) followi ng cryo-trapping at -1960C.1 GC area is the uncon
ected area under the peak corresponding to the |isted conpound.



2 Area %is the peak area expressed as a %relative to the total peak area
of all conpounds. 3 Ratio %is the peak area expressed as a %relative to
the peak area of 2-nethyl-1, 3-butadiene. Il1l. Absence of C5 hydrocarbon
isoners in isoprene derived fromfernentation. [0821] Cryo-trapping of

i soprene present in fernmentation off-gas was perforned using a 2 nL
headspace vial cooled in liquid nitrogen. The off-gas ( 1 L/mn) was first
passed through a 20 nlL vial containing sodi um hydroxide pellets in order to
mnimze the accunul ation of ice and solid COin the 2 nL vial (-196 0C).
Approxi mately 10L of off-gas was passed through the vial, after which it
was allowed to warmto -78 OCwith venting, followed by resealing with a
fresh vial cap and anal ysis by GO Ms.[0822] GC/ M5 headspace anal ysis was
performed with an Agilent 6890 GC/ M5 systemusing a | OOrL gas tight syringe
i n headspace node. A Zebron ZB-624 GC/MS colum (30 mx 250 mm 1.40 mm
fil mthickness) was used for separation of analytes. The GC autoi njector
was fitted with a gas-tight 100 nL syringe, and the needl e hei ght was
adjusted to allow the injection of a 50 nL headspace sanple froma 2 nL GC
vial. The GO Ms nethod utilized heliumas the carrier gas at a flow of 1
mL/mn. The injection port was held at 200 OC with a split ratio of 20: 1.
The oven tenperature was held at 37 OC for the 5 mnute duration of the
anal ysis. The Agilent 5793N mass sel ective detector was run in single ion
monitoring (SIM node on mz 55, 66, 67 and 70. Under these conditions,

i soprene was observed to elute at 2.966 m nutes (Figure 88B). A standard of
petrol eum derived i soprene (Signa-Al drich) was al so anal yzed using this

met hod and was found to contain additional C5 hydrocarbon isoners, which
eluted shortly before or after the nmain peak and were quantified based on
corrected GC area (Figure 88A). Table 8A: GC/ MsS anal ysis of
petrol eum derived i soprene Table 8B: GO MS anal ysis of fernentation-derived
i soprene (%total C5 hydrocarbons) [0823] In a separate experinent, a
standard m xture of C5 hydrocarbons was anal yzed to determne if the
detector response was the sane for each of the conpounds. The conpounds
were 2-nmethyl- 1-butene, 2-nmethyl- 1,3 -butadiene, (E)-2-pentene,
(2)-2-pentene and (E)-1,3- pentadiene. In this case, the analysis was
performed on an Agilent DB-Petro colum (100 mx 0.25 mm 0.50 mm fil m

t hi ckness) held at 50 OC for 15 mnutes. The GO/ M5 nethod utilized helium
as the carrier gas at a flowof 1 niL/mn. The injection port was held at
200 OC with a split ratio of 50:1. The Agilent 5793N nass sel ective
detector was run in full scan node fromz 19 to mz 250. Under these
conditions, a 100 ng/L concentration of each standard produced the sane
detector response within experinmental error.



| V. Conpositions conprising isoprene adsorbed to a solid phase. [0824]

Bi ol ogi cal | y- produced i soprene was adsorbed to activated carbon resulting
in a solid phase containing 50 to 99.9% carbon, 0.1%to 50% i soprene, 0.01%
to 5% water, and m nor amounts (<0.1% of other volatile organic
conponents. [0825] Fernentation off-gas was run through a copper
condensation coil held at 0 OC, followed by a granul ated silica desiccant
filter in order to renove water vapor. The dehum dified off-gas was then
run through carbon containing filters (Koby Jr, Koby Filters, MA) to the
poi nt at which breakt hrough of isoprene was detected in the filter exhaust
by GO MS. The anmount of isoprene adsorbed to the cartridge can be
determned indirectly by calculating the concentration in the off-gas, the
overall flow rate and the percent breakthrough over the collection period.
Alternately the adsorbed i soprene can be recovered fromthe filters by
thermal , vacuum or solvent-nedi ated desorption. V. Collection and anal ysis
of condensed isoprene. [0826] Fermentation off-gas is dehum dified, and the
CO renoved by filtration through a suitable adsorbent (e.g., ascarite). The
resulting off-gas streamis then run through a liquid nitrogen-cooled
condenser in order to condense the VOCs in the stream The collection
vessel contains t-butyl catechol to inhibit the resulting isoprene
condensate. The condensate is anal yzed by GO MS and NVR in order to
determ ne purity using standard nethods, such as those described herein.

VI. Production of prenyl alcohols by fernentation [0827] Anal ysis of
off-gas froman E. coli BL21 (DE3) strain expressing a Kudzu isoprene

synt hase reveal ed the presence of both isoprene and 3-nethyl -3-buten-|-ol
(isoprenol). The levels of the two conpounds in the fernentation off-gas
over the fernentation are shown in Figure 89 as determ ned by headspace

GC/ Ms. Level s of isoprenol (3-nethyl-3-buten-1-0l, 3- MBA) attained was
nearly 10 ng/Loffgas in this experinment. Additional experinents produced

| evel s of approximately 20 ng/Loffgas in the fernentation off-gas. Exanple
11: The de-coupling of growh and production of isoprene in E col
expressing genes fromthe neval onic acid pathway and fernented in a
fed-batch culture[ 0828] Exanple 11 illustrates the de-coupling of cel
grow h from neval onic acid and i soprene production. | . Fernentation
Condi ti ons



Medi um Reci pe (per liter fernmentation medium: [0829] The nedi um was
generated using the foll ow ng conponents per liter fernmentati on nmedi um
K2ZHPO4 7.5 g, MgSO 7H O 2 g, citric acid nonohydrate 2 g, ferric anmoni um
citrate 0.3 g, yeast extract 0.5 g, and 1000OX nodified trace netal solution
1 mM. Al of the conmponents were added together and dissolved in di H2O
This solution was autoclaved. The pH was adjusted to 7.0 with ammoni um
hydroxi de (30% and g.s. to volume. ducose 10g, thiamne HJO 0.1 g, and
antibiotics were added after sterilization and pH adjustment. | OOOX

Modi fied Trace Metal Solution: [0830] The I 000X nodified trace netal

sol ution was generated using the foll ow ng conponents: citric acids H20 40
g, MhSO 4 H20 30 g, Nad 10 g, FeSO 4 7TH20 1 g, CoCl2 6H20 1 g, ZnSO 7H20 1
g, CuSO 4 5H20 100 ng, H3BG3 100 ng, and NaMbO 4 2H20O 100 ng. Each
conponent was di ssolved one at a tine in DO H2O, pHto 3.0 with HCA / NaCH,
then g.s. to volune, and filter sterilized with a 0.22 mcron filter.

[0831] Fernentation was performed with E. coli cells containing the

pTrcH s2AUpper Pat hway (al so called pTrcUpper WA, Figures 9 1 and 92A-92C,
SEQ I D NG 23) (50 ng/m carbenicillin) or the pCL PtrcUpper WA (al so called
pCL PtrcUpper Pat hway (Figure 26)) (50 ng/m spectinonycin) plasm ds. For
experinments in which isoprene was produced, the E. coli cells also
contained the pTrc KKDyl kIS (50 ng/m kanamycin) plasm d. These experinents
were carried out to nonitor nevalonic acid or isoprene formation from

gl ucose at the desired fernentation pH 7.0 and tenperature 30C. An inocul um
of an E. coli strain taken froma frozen vial was streaked onto an LA broth
agar plate (with antibiotics) and incubated at 37C. A single col ony was

i nocul ated into tryptone-yeast extract nmedium After the inoculumgrewto
optical density 1.0 when neasured at 550 nm it was used to inocul ate the
bi oreactor. [0832] d ucose was fed at an exponential rate until cells
reached the stationary phase. After this tinme the glucose feed was
decreased to neet netabolic demands. |nduction was achi eved by adding | PTG
The neval onic acid concentration in fernentation broth was determ ned
byappl yi ng perchloric acid (Signma-A drich # 244252) treated sanples (0.3 M
i ncubated at 4C for 5 mnutes) to an organic acids HPLC col unmm (Bi oRad #
125-0140). The concentration was determ ned by conparing the broth

nmeval oni ¢ acid peak size to a calibration curve generated from
meval onol acetone (Sigma-Aldrich # MI667) treated with perchloric acid to
form D, Lneval onat e.



The isoprene level in the off gas fromthe bioreactor was determ ned as
descri bed herein. The isoprene titer is defined as the anpbunt of isoprene
produced per liter of fernentation broth. Il. Meval onic acid production
fromE. coli BL21 (DE3) cells expressing the pTrcUpper WA plasmd at a
150-L scale [0833] BL21 (DE3) cells that were grown on a plate as expl ai ned
above in Exanple 11, part | were inoculated into a flask containing 45 niL
of tryptone-yeast extract medium and incubated at 30C with shaking at 170
rpmfor 5 hours. This solution was transferred to a 5-L bioreactor of

trypt one-yeast extract nmedium and the cells were grown at 30 C and 27.5
rpmuntil the culture reached an OD550 of 1.0. The 5 L of inocul um was
seeded into a 150-L bioreactor containing 45- kg of medium The |IPTG
concentration was brought to 1.1nM when the OD550 reached a val ue of 10.
The OD550 profile within the bioreactor over tinme is shown in Figure 60A
The nevalonic acid titer increased over the course of the fernentation to a
final value of 61.3 g/L (Figure 60B). The specific productivity profile

t hroughout the fernentation is shown in Figure 60C and a conparison to
Figure 6QA illustrates the de-coupling of gromh and neval onic acid
production. The total anmount of neval onic acid produced during the 52.5
hour fermentation was 4.0 kg from14.1 kg of utilized glucose. The nol ar
yield of utilized carbon that went into producing neval onic acid during
fermentation was 34.2% I11. Mevalonic acid production fromE. coli BL21
(DE3) cells expressing the pTrcUpper WA plasm d at a 15-L scale [0834] BL21
(DE3) cells that were grown on a plate as expl ai ned above in Exanple 11,
part | were inoculated into a flask containing 500 nL of tryptone-yeast
extract nmediumand growmn at 30 OC at 160 rpmto OD5501.0. This material was
seeded into a 15-L bioreactor containing 4.5- kg of nedium The |IPTG
concentration was brought to 1.0 mM when the OD550reached a val ue of 10.
The OD55Cprofile within the bioreactor over time is shown in Figure 61A
The meval onic acid titer increased over the course of the fernentation to a
final value of 53.9 g/L (Figure 61B). The specific productivity profile

t hroughout the fernmentation is shown in Figure 61C and aconparison to
Figure 6 1A illustrates the de-coupling of growh and neval oni c acid
production. The total anount of neval onic acid produced during the 46.6
hour fermentation was 491 g from2.1 kg of utilized glucose. The nol ar
yield of utilized carbon that went into producing neval onic acid during
fermentati on was 28. 8%



V. Mevalonic acid production fromE. coli FMb cells expressing the
pTrcUpper WA plasmd at a 15-L scale [0835] FMb cells that were grown on a
pl ate as expl ai ned above in Exanple 11, part | were inoculated into a fl ask
contai ning 500 nL of tryptone-yeast extract medi umand grown at 30 C at 160
rpmto OD550 1.0. This material was seeded into a 15-L bi oreactor
containing 4.5-kg of nmedium The | PTG concentration was brought to 1.0 nM
when the OD550reached a val ue of 30. The OD55Cprofile within the bioreactor
over time is shown in Figure 62A. The nevalonic acid titer increased over
the course of the fernentation to a final value of 23.7 g/L (Figure 62B)
The specific productivity profile throughout the fernentation is shown in
Figure 62C and a conparison to Figure 62A illustrates the de-coupling of
growt h and neval oni ¢ aci d production. The total anobunt of nevalonic acid
produced during the 51.2 hour fermentation was 140 g from 1.1 kg of
utilized glucose. The nolar yield of utilized carbon that went into
produci ng nmeval onic acid during fernmentation was 15.2% V. |soprene
production fromE. coli BL21 (DE3) cells expressing the pCL PtrcUpper WA
and pTrc KKDyl kIS plasm ds at a 15-L scale [0836] BL21 (DE3) cells
expressing the pCL PtrcUpper WA and pTrc KKDyl kIS plasm ds that were grown
on a plate as explained above in Exanple 11, part | were inoculated into a
flask containing 500 nL of tryptone-yeast extract nediumand grown at 30 C
at 160 rpmto OD550 1.0. This material was seeded into a 15-L bioreactor
containing 4.5-kg of nmedium The | PTG concentration was brought to 25 niM
when the OD550 reached a value of 10. The I PTG concentration was raised to
50 mM when OD550 reached 190. The I PTG concentration was raised to 100 nmM
at 38 hours of fernmentation. The OD550 profile within the bioreactor over
time is shown in Figure 63A. The isoprene titer increased over the course
of the fernentation to a final value of 2.2 g/L broth (Figure 63B). The
specific productivity profile throughout the fernmentation is shown in
Figure 63C and a conparison to Figure 63A illustrates the de-coupling of
grow h and i soprene production. The total amount of isoprene produced
during the 54.4 hourfernentation was 15.9 g from2.3 kg of utilized

gl ucose. The nolar yield of utilized carbon that went into producing

i soprene during fermentation was 1.53% VI. |soprene production fromE.
coli BL21 (DE3) tuner cells expressing the pCL PtrcUpper WA and pTrc
KKDyl kI S plasnmids at a 15 -L scale [0837] BL2 1 (DE3) tuner cells
expressing the pCL PtrcUpper WA and pTrc KKDyl kI S



pl asm ds that were grown on a plate as explained above in Exanple 11, part

| were inoculated into a flask containing 500 nL of tryptone-yeast extract
medi um and grown at 30 C at 160 rpmto OD550 1.0. This material was seeded
into a 15-L bioreactor containing 4.5-kg of medium The | PTG concentration
was brought to 26 mM when the OD550 reached a value of 10. The I PTG
concentration was raised to 50 nM when OD550 reached 175. The OD550 profile
wi thin the bioreactor over tinme is shown in Figure 64A. The isoprene titer

i ncreased over the course of the fernentation to a final value of 1.3 g/L
broth (Figure 64B). The specific productivity profile throughout the
fermentation is shown in Figure 64C and a conparison to Figure 64A
illustrates the de-coupling of growth and isoprene production. The total
anount of isoprene produced during the 48.6 hour fernentation was 9.9 g
from1.6 kg of utilized glucose. The nolar yield of utilized carbon that
went into producing isoprene during fernentation was 1.34% VII. |soprene
production fromE. coli MG1655 cells expressing the pCL PtrcUpper WA and
pTrc KKDyl kIS plasm ds at a 15-L scal e [0838] MGL655 cells expressing the
pCL PtrcUpper WA and pTrc KKDyl klS plasm ds that were grown on a plate as
expl ai ned above in Exanple 11, part | were inoculated into a fl ask
cont ai ning 500 nL of tryptone-yeast extract medi umand grown at 30 OC at
160 rpmto OD550 1.0. This material was seeded into a 15-L bioreactor

contai ning 4.5-kg of nedium The | PTG concentration was brought to 24 mM
when the OD550 reached a val ue of 45. The OD550 profile within the

bi oreactor over tine is shown in Figure 65A. The isoprene titer increased
over the course of the fernentation to a final value of 393 ng/L broth
(Figure 65B). The specific productivity profile throughout the fernmentation
is shown in Figure 65C and a conparison to Figure 65A illustrates the
de-coupling of growh and isoprene production. The total anobunt of isoprene
produced during the 67.4 hour fermentation was 2.2 g from520 g of utilized
gl ucose. The nolar yield of utilized carbon that went into producing

i soprene during fernentation was 0.92% VII11. |soprene production fromE
coli Male55ack-pta cells expressing the pCL PtrcUpper WA and pTrc KKDyl kl S
plasmds at a 15 -L scale [0839] Mal655ack-pta cells expressing the pCL

Pt rcUpper WA and pTrc KKDyl kl S plasm ds that were grown on a plate as
expl ai ned above in Exanple 11, part | were inoculated into a fl ask
cont ai ning 500 nmL of tryptone-yeast extract medi umand grown at 30 C at 160
rpmto OD550 1.0. This material was seeded into a 15-L bioreactor

contai ning 4.5-kg of medium The



| PTG concentration was brought to 30 nM when the OD550 reached a val ue of
10. The OD550 profile within the bioreactor over tine is shown in Figure
66A. The isoprene titer increased over the course of the fernentation to a
final value of 368 ng/L broth (Figure 66B). The specific productivity
profile throughout the fernmentation is shown in Figure 66C and a conpari son
to Figure 66A illustrates the de-coupling of growth and i soprene
production. The total anount of isoprene produced during the 56.7 hour
fermentation was 1.8 g from531 g of utilized glucose. The nolar yield of
utilized carbon that went into producing isoprene during fernentation was
0.73% | X |Isoprene production fromE. coli FMb cells expressing the pCL

Pt rcUpper WA and pTrc KKDyl kl S plasm ds at a 15-L scale [0840] FMb cells
expressing the pCL PtrcUpper WA and pTrc KKDyl kl S plasm ds that were grown
on a plate as explained above in Exanple 11, part | were inoculated into a
flask contai ning 500 mL of tryptone-yeast extract nediumand grown at 30 C
at 160 rpmto OD550 1.0. This material was seeded into a 15-L bioreactor
contai ning 4.5-kg of nedium The | PTG concentration was brought to 27 mV
when the OD550 reached a val ue of 15. The OD550 profile within the

bi oreactor over tinme is shown in Figure 67A. The isoprene titer increased
over the course of the fernmentation to a final value of 235 ng/L broth
(Figure 67B). The specific productivity profile throughout the fernmentation
is showmn in Figure 67C and a conparison to Figure 67A illustrates the
de-coupling of growmh and isoprene production. The total anpunt of isoprene
produced during the 52.3 hour fernmentation was 1.4 g from948 g of utilized
gl ucose. The nolar yield of utilized carbon that went into producing

i soprene during fermentation was 0.32% Exanple 12: Production of isoprene
during the exponential growth phase of E. coli expressing genes fromthe
meval oni ¢ acid pathway and fernmented in a fed-batch culture[ 0841] Exanple
12 illustrates the production of isoprene during the exponential growth
phase of cells. Medium Recipe (per liter fernmentation nmedium: [0842] The
medi um was generated using the follow ng conponents per liter fernmentation
medium K2HPO4 7.5 g, MgSO 7H O 2 g, citric acid nonohydrate 2 g, ferric
ammoniumcitrate 0.3 g, yeast extract 0.5 g, and 1 000X nodified trace netal
solution 1 m. Al of the conponents were added together and dissolved in
di H2O. Thi s solution was autocl aved. The pH



was adjusted to 7.0 with anmmoni um hydroxi de (30% and g.s. to vol une.

A ucose 10 g, thiamne HO 0.1 g, and antibiotics were added after
sterilization and pH adjustnent. |1 0O0OOX Modified Trace Metal Sol ution
[0843] The I10C0OX nodified trace netal solution was generated using the
foll ow ng conponents: citric acids H20 40 g, MnSO 4 H20 30 g, Nad 10 g,
FeSO 4 7H2O 1 g, Cod 2 6H20 1 g, ZnSO 7H20 1 g, CuSO 4 5H20 100 ng, H3BO3
100 ng, and NaMbO 4 2H20 100 ny. Each conponent is dissolved one at a tine
in D H2O pHto 3.0 with HO/NaOH, then g.s. to volune and filter
sterilized with 0.22 mcron filter. [0844] Fernmentation was perfornmed in a
15-L bioreactor with ATCO 1303 E. coli cells containing the pCL

Pt rcUpper WA and pTrc KKDyl klS plasm ds. This experinment was carried out to
nmoni tor isoprene formation fromglucose at the desired fernentation pH 7.0
and tenperature 30C. An inoculumof E coli strain taken froma frozen vial
was streaked onto an LB broth agar plate (with antibiotics) and incubated
at 37C. A single colony was inoculated into tryptone-yeast extract nedium
After the inoculumgrew to OD 1.0, neasured at 550 nm 500 nL was used to
inocul ate a 5-L bioreactor. [0845] G ucose was fed at an exponential rate
until cells reached the stationary phase. After this tine the glucose feed
was decreased to neet netabolic demands. The total amount of gl ucose
delivered to the bioreactor during the 50 hour fernentation was 2.0 kg.

| nducti on was achi eved by adding | PTG The I PTG concentration was brought
to 25 mM when the optical density at 550 nm (OD550) reached a val ue of 10.
The 1 PTG concentration was raised to 50 mM when OD550r eached 190. The
OD55Cprofile within the bioreactor over tinme is shown in Figure 99. The

i soprene level in the off gas fromthe bioreactor was determ ned as

descri bed herein. The isoprene titer increased over the course of the
fermentation to a final value of 1.4 g/L (FigurelO0). The total anmount of

i soprene produced during the 50 hour fernentation was 10.0 g. The profile
of the isoprene specific productivity over time within the bioreactor is
shown in Figure 101. The nolar yield of utilized carbon that contributed to
produci ng i soprene during fernentation was 1.1% The wei ght percent yield
of isoprene fromglucose was 0.5% Exanple 13: Flammability nodeling and
testing of isoprene | . Summary of flammability nodeling and testing of

i soprene [0846] Flanmmability nodeling and experinments were perfornmed for
vari ous hydrocarbon/ oxygen/ ni trogen/ wat er/ carbon di oxi de m xtures. This
nodel i ng and experi nent al



tested was ained at defining isoprene and oxygen/nitrogen flanmmability
curves under specified steam and carbon nonoxi de concentrations at a fixed
pressure and tenperature. A matrix of the nodel conditions is shown in
Table 9, and a matrix of the experinents performed is shown in Table 5.
Tabl e 9. Summary of Mbdel ed | soprene Flammuability Table 10. Summary of

| soprene Flammability Testsll. Description of cal cul ated adi abatic flane
tenperature (CAFT) nodel [0847] Cal cul ated adi abatic flane tenperatures
(CAFT) along with a selected imt flane tenperature for conbustion
propagation were used to determne the flanmmability envel ope for isoprene.
The conputer programused in this study to calculate the flanme tenperatures
is the NASA d enn Research Center CEA (Chem cal Equilibriumwth
Applications) software. [0848] There are five steps involved in determning
the flammability envel ope using an adi abatic flanme tenperature nodel for a
honogeneous conbusti on nmechani sm (where both the fuel and oxidant are in

t he gaseous state): selection of the desired reactants, selection of the
test condition, selection of the limt flanme tenperature, nodification of

t he reactants, and construction of a flammability envel ope from
calculations. [0849] In this first step, selection of desired reactants, a
deci sion nmust be made as to the reactant species that will be present in
the system and the quantities of each. In many cases the conputer prograns
used for the calculations have a list of reactant and product species. If
any of the data for the species to be studied are not found in the program
t hey may be obtai ned from other sources such as the JANAF tables or from
the internet. In this current nodel data for water, nitrogen, oxygen and
carbon di oxi de were present in the program database. The program dat abase
did not have isoprene as a species; therefore the thernodynam c properties
were incorporated manual ly. [0850] The next step is to deci de whether the
initial pressure and tenperature conditions that the conmbustion process is
taking place in. In this nodel the pressure was 1 atnosphere (absol ute) and
the tenperature was 400C, the boiling point of isoprene. [0851] The |limt
flame tenperature for conbustion can be either sel ected based on
theoretical principles or determ ned experinentally. Each nethod has its
own limtations. [0852] Based on prior studies, the limt flane

t enperatures of hydrocarbons fall in the range of 1000 K to 1500 K. For
this nodel, the value of 1500 K was selected. This is the tenperature



at which the reaction of carbon nonoxide to carbon dioxide (a highly
exotherm c reaction and constitutes a significant proportion of the flane
energy) becones self sustaining. [0853] Once the Iimt flane tenperature
has been deci ded upon, nodel cal culations are perfornmed on the given
reactant m xture (species concentrations) and the adiabatic flane
tenperature is determ ned. Flanme propagation is considered to have occurred
only if the tenperature is greater than the limt flame tenperature. The
reactant m xture conposition is then nodified to create data sets for
propagati on and non-propagati on m xtures.[0854] This type of nodel shows
good agreenent with the experinentally determned flanmmability limts.

Regi ons outside the derived envel ope are nonfl ammabl e and regions within it
are flammbl e. The shape of the envel ope forns a nose. The nose of the
envelope is related to the limting oxygen concentration (LOC) for gaseous
fuels. Ill. Results fromcal cul ated adi abatic flanme tenperature (CAFT)
nodel [0855] Plotted in Figs. 68 through 74 are the CAFT nodel results for
Series Ato G respectively. The figures plot the cal cul ated adi abatic
flame tenperature (using the NASA CEA program as a function of fuel
concentration (by weight) for several oxygen/nitrogen ratios (by weight).
The parts of the curve that are above 1500 K, the selected |imt flane
tenperature, contain fuel levels sufficient for flame propagation. The
results may be difficult to interpret in the formpresented in Figs. 68
through 74. Additionally, the current formis not conducive to conparison
wi th experinental data which is generally presented in ternms of vol une
percent. [0856] Using Series A as an exanple the data in Figure 68 can be
plotted in the formof a traditional flammability envel ope. Using Figure 68
and readi ng across the 1500 K tenperature |line on the ordinate one can
determ ne the fuel concentration for this limt flame tenperature by
dropping a tangent to the abscissa for each curve (oxygen to nitrogen
ratio) that it intersects. These values can then be tabul ated as wei ght
percent of fuel for a given weight percent of oxidizer (Figure 75A). Then
knowi ng the conposition of the fuel (100 wt.% i soprene) and the conposition
of the oxidizer (relative content of water, oxygen and nitrogen) nol ar
guantities can be established. [0857] Fromthese nolar quantities

percent age vol une concentrations can be cal cul ated. The concentrations in
terms of volune percent can then be plotted to generate a flanmability
envel ope (Figure 75B). The area bounded by the envel ope is the explosible
range and the area excluded is the non-explosible range. The "nose" of the
envel ope is the limting oxygen



concentration. Figs. 76A and 76B contain the cal cul ated vol une
concentrations for the flammbility envel ope for Series B generated from
data presented in Figure 69. A simlar approach can be used on data
presented in Figs. 70-74. 1V. Flammability testing experinmental equipnent
and procedure [0858] Flammability testing was conducted in a 4 liter high
pressure vessel. The vessel was cylindrical in shape with an inner dianeter
of 6" and an internal height of 8.625". The tenperature of the vessel (and
t he gases inside) was mai ntai ned using external heaters that werecontrolled
by a PID controller. To prevent heat |osses, ceramc wool and reflective

i nsul ati on were wrapped around the pressure vessel. Type K thernocoupl es
were used the nmeasure the tenperature of the gas space as well as the
tenperature of the vessel itself. Figure 77 illustrates the test vessel
[0859] Before a test was ran, the vessel was evacuated and purged with
nitrogen to ensure that any gases fromprevious tests were renoved. A
vacuum was then pulled on the vessel. The pressure after this had been done
was typically around 0.06 bar(a). Due to the nitrogen purging, the gas
responsible for this initial pressure was assuned to be nitrogen. Using
partial pressures, water, isoprene, nitrogen, and oxygen were then added in
the appropriate anounts to achieve the test conditions in question. A
magnetically driven mxing fan within the vessel ensured m xing of the
gaseous contents. The gases were allowed to mx for about 2 mnutes with
the fan being turned off approxinmately 1 mnute prior to ignition. [0860]
The igniter was conprised of a 1.5 ohmnicronme coil and an AC voltage
source on a timer circuit. Using an oscilloscope, it was determ ned that
34.4 VAC were delivered to the igniter for 3.2 seconds. A maxi mum current
of 3.8 anps occurred approximately halfway into the ignition cycle. Thus,

t he maxi num power was 13 1Wand the total energy provided over the ignition
cycle was approximately 210 J . [0861] Deflagration data was acquired using
a variable reluctance Validyne DP215 pressure transducer connected to a
data acquisition system A gas m xture was considered to have defl agrated
if the pressure rise was greater than or equal to 5% V. Results of
flammability testing [0862] The first experinmental series (Series 1) was
run at 400C and O psig with no steam Running tests at varying
concentrations of isoprene and oxygen produced the flammability curve shown
in Figure 78A. The data points shown in this curve are only those that
border the curve. A



detailed list of all the data points taken for this series is shown in
Figs. 80A and 80B. [0863] Figure 78B sunmarizes the explosibility data

poi nts shown in Figure 78A. Figure 78C is a conparison of the experinenta
data with the CAFT nodel predicted flanmability envel ope. The nodel agrees
very well with the experinmental data. Di screpancies may be due to the
nonadi abatic nature of the test chanber and limtations of the nodel. The
nodel |ooks at an infinite time horizon for the oxidation reaction and does
not take into consideration any reaction kinetic limtation.[0864]
Additionally, the nodel is limted by the nunber of equilibrium chem cal
species that are in its database and thus may not properly predict

pyrol ytic species. Also, the fiammbility envel ope devel oped by the nodel
uses one value for alimt flane tenperature (1500K). The limt flane
tenperature can be a range of values from1,000K to 1,500K dependi ng on the
reacting chem cal species. The conplex nature of pyrolytic chem cal species
fornmed at fuel concentrations above the stoichionmetric fuel/oxidizer |evel
is one reason why the nodel may not accurately predict the upper flamuable
limt for this system [0865] The second experinental series (Series 2) was
run at 400C and 0 psig with a fixed steam concentration of 4% Running
tests at varying concentrations of isoprene and oxygen produced the
fiammability curve shown in Figure 79A. The data points shown in this curve
are only those that border the curve. A detailed list of all the data
points taken for this series is shown in Figure 81. Due to the simlarity
between the data in Series 1 only the key points of lower flamable Iimt,
limting oxygen concentration, and upper flammble limts were tested. The
addition of 4% steamto the test mxture did not significantly change the
key limts of the fianmability envel ope. It should be noted that higher
concentrations of steamiwater and or other inertants may influence the
fiammability envel ope. [0866] Figure 79B sunmarizes the explosibility data
points shown in Figure 79A. Figure 79C is a conparison of the experinental
data with the CAFT nodel predicted fiammbility envel ope. The nodel agrees
very well with the experinmental data. Discrepancies nay be due to the sane
factors described in Series 1 VI. Calculation of Fianmability Limts of

| soprene in Air at 3 Atnospheres of Pressure [0867] The met hods descri bed
in Exanple 13, parts | to IV were also used to calculate the fianmability
limts of isoprene at an absol ute system pressure of 3 atnospheres and
400C. These results were conpared to those of Exanple 13, parts | to IV at
an absolute system pressure of 1



at nosphere and 400C. This higher pressure was tested because the

fiammabi lity envel ope expands or grows larger as the initial system
pressure is increased. The upper fianmmbility limt is affected the nost,
followed by the limting oxygen conposition. The |ower fiammbility Ilnlt
is the |east affected (see, for exanple, "Bulletin 627 - Fianmmbility
Characteristics of Conbustible Gases and Vapors" witten by Mchael G
Zabet aki s and published by the forner US Bureau of Mnes (1965), which is
hereby incorporated by reference in its entirety, particular with respect
to the calculation of fiammbility limts).[0868] In Figure 82, the

cal cul ated adi abatic flanme tenperature is plotted as a function of isoprene
(fuel) concentration, expressed in weight percent of the total

fuel / ni trogen/ oxygen, where the system pressure was initially 3

at nospheres. The cal cul ated flame tenperatures are very simlar to those
determned initially in the 1 atnosphere system (Figure 83). As a result,
when flammability envel opes are generated using the cal cul ated adi abatic
flammabil ity data, the curves are very simlar (see Figs. 84 and 85).
Therefore, based on these theoretical calculations, a system pressure
increase from 1 atnosphere to 3 atnosphere does not result in a significant
i ncrease/ broadeni ng of the flammability envel ope. If desired, these nodel
results may be validated using experinmental testing (such as the
experinmental testing described herein at a pressure of 1 atnosphere). VII.
Summary of flammability studies [0869] A cal cul ated adi abatic tenperature
nodel was devel oped for the flanmability envel ope of the

i soprene/ oxygen/ nitrogen/ wat er/ carbon di oxi de system at 400C and O psig.
The CAFT nodel that was devel oped agreed well with the experinental data
generated by the tests conducted in this work. The experinental results
fromSeries 1 and 2 validated the nodel results from Series A and B
Exanpl e 14: Expression Constructs and Strains | . Construction of plasm ds
encodi ng nmeval onate ki nase. [0870] A construct encodi ng the Methanosarci na
mazei | ower MWA pat hway (Accession nunmbers NC 003901. 1, NC 003901.1, NC
003901. 1, andNC 003901.1, which are each hereby incorporated by reference
in their entireties) was synthesized with codon optim zation for expression
in E. coli. This construct is named M mazei archeal Lower Pathway operon
(Figures 112A-1 12C;, SEQ ID NG 27) and encodes M mazei MWK, a putative
decar boxyl ase, IPK, and ID enzynes. The gene encodi ng MVK (Accessi on
nunber NC 003901.1) was PCR anplified



using prinmers MCML65 and MCML77 (Table 11) using the Strategene Hercul ase
Il Fusion kit according to the manufacturer's protocol using 30 cycles with
an anneal ing tenperature of 55 0OC and extension time of 60 seconds. This
anplicon was purified using a Q agen PCR columm and then digested at 37 0C
ina 10 nL reaction with Pmel (in the presence of NEB buffer 4 and BSA).
After one hour, Nsil and Roche buffer H were added for an additional hour
at 37 0C. The digested DNA was purified over a Q agen PCR colum and
ligated to a simlarly digested andpurified plasmd MCM9 (MCM29 is E. col
TOPI O (I nvitrogen) transformed with pTrcKudzu encodi ng Kudzu i soprene
synthase) in an 11 nL reaction 5nL Roche Quick Ligase buffer 1, 1 niL buffer
2, 1 nL plasmd, 3 nL anplicon, and 1 nL ligase ( 1 hour at room
tenperature). MCM 29 is pTrcKudzuKan. The ligation reaction was introduced
into Invitrogen TOPI O cells and transformants sel ected on LA/ kan50 pl ates

i ncubated at 37 0OC overnight. The MWK insert in the resulting plasmd
MCMB82 was sequenced (Figures 113A-1 13C, SEQ ID NO 28). Table 11.

A igonucleotides. Il. Creation of strains overexpressing neval onate ki nase
and i soprene synthase. [0871] Plasm d MCM382 was transfornmed into MCM331
cells (which contains chronbsomal construct gil. 2KKDyl encodi ng S.

cerevisi ae neval onat e ki nase, neval onate phosphate ki nase, neval onate

pyr ophosphat e decar boxyl ase, and | PP isonerase) that had been grown to

m dlog in LB nmedi um and washed three tinmes in iced, sterile water. One nL
of DNA was added to 50 nL of cell suspension, and this m xture was

el ectroporated in a 2 mmcuvette at 2.5 volts, 25 uFd followed i medi ately
by recovery in 500 nL LB nediumfor one hour at 37 OC. Transformant was
sel ected on LA/ kan50 and naned MCM391. Plasm d MCMB2 was introduced into
this strain by the sanme el ectroporation protocol followed by selection on
LA/ kan50/ spec50. The resulting strain MCWAO1l contains a cnp-marked
chronmosomal construct gil. 2KKDyl, kanmarked plasm d MCM382, and
spec-marked plasmd MCMB2 (which is pCL PtrcUpper Pat hway encodi ng
E.faecalis nmvaE and nvaS). See Table 12. Table 12. Strains overexpressing
nmeval onat e ki nase and i soprene synthase.lll. Construction of plasmd MCVMB76
- MK fromM nazei archeal Lower in pET200D. [0872] The MWK ORF fromthe
M mazei archeal Lower Pathway operon (Figures 112A- 112C, SEQ I D NO 27)
was PCR anplified using priners MCML61 and MCML62 (Table 11) using the
Invitrogen PlatinumH Fi PCR mi x. 45 nL of PCR m x was conbined with 1 niL
tenplate, 1 nL of each priner at 10 MM and 2 nL water. The reaction was
cycled as follows: 94 0OC for 2:00; 30 cycles of 94 0C for 0:30, 55 0C for
0:30, and 68 OC for 1:15; and then 72 OC for



7:00, and 4 OC until cool. 3 nL of this PCR reaction was ligated to

I nvitrogen pET200D plasm d according to the manufacturer's protocol. 3 nL
of this ligation was introduced into Invitrogen TOPI O cells, and
transformants were sel ected on LA/ kan50. A plasmd froma transformant was
i solated and the insert sequenced, resulting in MCM376 (Figures 114A-1 14C,
SEQ ID NG 29). IV. Creation of expression strain MCM378. [0873] Plasmd
MCMB76 was transformed into Invitrogen BL21(DE3) pLysS cells according to

t he manufacturer's protocol. Transfornmant MCMB78 was sel ected on LA/ kan50.
Exanpl e 15: Production of isoprene by E. coli expressing the upper

nmeval onic acid (MVA) pathway, the integrated | ower MWA pat hway (qgil

. 2KKDyl ), neval onate kinase fromM mazei, and isoprene synthase from Kudzu
and grown in fed-batch culture at the 20 nlL batch scal e Medi um Reci pe (per
liter fernmentation nmediun): [0874] Each liter of fermentation nedium

contai ned K2ZHPO4 13.6 g, KH2PO4 13.6 g, MygsO4 7THO 2 g, citric acid
nonohydrate 2 g, ferric ammoniumcitrate 0.3 g, (NH4)2SO4 3.2 g, yeast
extract 1 g, and 1000X Trace Metal Solution 1 mi. Al of the conmponents
wer e added together and dissolved in di H2O The pH was adjusted to 6.8 with
anmmoni um hydr oxi de (30% and brought to volune. Media was filter sterilized
with a 0.22 mcron filter. Gucose (2.5 g) and antibiotics were added after
sterilization and pH adjustnent. |1 O0OX Trace Metal Sol ution: [0875] | OOOX
Trace Metal Solution contained citric Acids H20 40 g, MnSO 4 H20 30 g, Nad
10 g, FeSO 4 7TH2O 1 g, Cod 2 6H2O 1 g, ZnSO 4 7TH2O 1 g, CuSO 4 5H20 100
ng, H3BOG3 100 ng, and NaMbO 4 2H20 100 ng. Each conmponent was di ssol ved one
at atimeindiHO pHto 3.0 with HCO/NaOH, then brought to vol une and
filter sterilized with a 0.22 micron filter. Strains: [0876] MCMB43 cells
are BL21 (DE3) E. coli cells containing the upper neval onic acid ( MWA)

pat hway (pCL Upper), the integrated | ower MWA pathway (gil. 2KKDyl), and

i soprene synthase from Kudzu (pTrcKudzu). [0877] MCMA01l cells are BL21
(DE3) E. coli cells containing the upper nevalonic acid (MA) pathway (pCL
Pt r cUpper Pat hway), the integrated | ower MWA pathway (gil. 2KKDyl), and high
expressi on of neval onate kinase fromM mazei and isoprene synthase from
Kudzu (pTrcKudzuMVK(M nazei)).



[0878] I|soprene production was anal yzed by growing the strains in 100 nL

bi oreactors with a 20 nL working volune at a tenperature of 300C. An

i noculumof E. coli strain taken froma frozen vial was streaked onto an LB
broth agar plate (with antibiotics) and incubated at 300C. A single col ony
was inocul ated into nedia and grown overnight. The bacteria were diluted
into 20 nL of nedia to reach an optical density of 0.05 neasured at 550 nm
The 100 nlL bioreactors were sealed, and air was punped through at a rate of
8 nmL/mn. Adequate agitation of the nedia was obtained by stirring at 600
rpmusing magnetic stir bars. The off-gas fromthe bioreactors was anal yzed
using an on-line H den HPR-20 nmass spectroneter. Masses corresponding to

i soprene, CO, and other gasses naturally occurring in air were nonitored.
Accunul at ed i soprene and CO production were cal cul ated by summ ng the
concentration (in percent) of the respective gasses over tinme. Atnospheric
CO2 was subtracted fromthe total in order to estimate the CO2 rel eased due
to metabolic activity. [0879] Isoprene production froma strain expressing
the full neval onic acid pathway and Kudzu isoprene synthase (MCM343) was
conpared to a strain that in addition over-expressed WK fromM nazei and
Kudzu i soprene synthase (MCMA01l) in 100 nmlL bioreactors. The bacteria were
grown under identical conditions in defined nmedia with glucose as carbon
source. Induction of isoprene production was achi eved by addi ng

i sopropyl -beta-D-1- thiogal actopyranoside (IPTG to a final concentration
of either 100 mMor 200 MM O f-gas neasurenents revealed that the strain
over - expressi ng both MVK and i soprene synthase (MCVA01l) produced
significantly nore isoprene conpared to the strain expressing only the
meval oni ¢ acid pat hway and Kudzu isoprene synthase (MCM343) as shown in

Fi gures 115A- 115D. At 100 nM i nduction, the MCMA0O1l strain produced 2-fold
nore i soprene conpared tothe MCMB43 strain. At 200 mM I PTG i nduction, the
MCMA01 strain produced 3.4-fold nore isoprene when conpared to the MCM343
strain. Analysis O COin the off-gas fromthe bioreactors, which is a
nmeasure of nmetabolic activity, indicates that netabolic activity was

i ndependent from | PTG i nducti on and i soprene production. Exanple 16:
Production of isoprene by E. coli expressing the upper nevalonic acid (MWA)
pat hway, the integrated | ower MA pathway (gil .2KKDyl), neval onate ki nase
fromM nazei, and isoprene synthase from Kudzu and grown in fed-batch
culture at the 15-L scal e Medium Recipe (per liter fernentation mediun:
[0880] Each liter of fermentation nmediumcontained K HPO 7.5 g, MgSO 7H O 2
g, citric



acid nonohydrate 2 g, ferric ammniumcitrate 0.3 g, yeast extract 0.5 g,
and |1 OOOX Modified Trace Metal Solution 1 m. Al of the conponents were
added together and dissolved in DI H2O. This solution was autocl aved. The
pH was adjusted to 7.0 wi th amoni um hydroxi de (30% and g.s. to vol une.

G ucose 10 g, thiamine HO 0.1 g, and antibiotics were added after
sterilization and pH adjustnent. |1 0O00OX Modified Trace Metal Sol ution:

[ 0881] I OOOX Modified Trace Metal Solution contained citric Acids H20 40 g,
MhSO 4 * H20 30 g, NaCl 10 g, FeSO 4 7TH20 1 g, CoC 2 6H20 1 g, ZnSO 4 7H20
1 g, CQuSO 4 5H20 100 ng, H3BG3 100 ng, and NaMbO 4 2H20 100 ny. Each
conponent was di ssolved one at a tine in DI H2O pHto 3.0 with HC / NaCH,
then g.s. to volune and filter sterilized with a 0.22 mcron filter. [0882]
Fermentation was performed in a 15-L bioreactor with BL21 (DE3) E. col
cells containing the upper nevalonic acid (MVA) pathway (pCL

Pt r cUpper Pat hway encoding E. faecalis nvakE and nvaS), the integrated | ower
MWA pat hway (gil. 2KKDyl encoding S. cerevisiae neval onate kinase,

nmeval onat e phosphat e ki nase, neval onate pyrophosphat e decarboxyl ase, and

| PP i sonerase), and high expression of neval onate kinase fromM nmazei and
i soprene synthase from Kudzu (pTrcKudzuM VK(M mazei)). This experinent was
carried out to nonitor isoprene formation from glucose at the desired
fermentation pH 7.0 and tenperature 30C. An inoculumof E. coli strain
taken froma frozen vial was streaked onto an LB broth agar plate (with
anti biotics) and incubated at 37C. A single colony was inocul atedinto

trypt one-yeast extract nedium After the inoculumgrewto OD 1.0, neasured
at 550 nm 500 nmL was used to inoculate 5-L of mediumin a 15-L bioreactor.
[0883] d ucose was fed at an exponential rate until cells reached the
stationary phase. After this tinme the glucose feed was decreased to neet
nmet abol i ¢ demands. The total amount of glucose delivered to the bioreactor
during the 68 hour fernmentation was 3.8 kg. Induction was achi eved by
addi ng i sopropyl - beta-D 1-t hi ogal act opyranosi de (1 PTG . The | PTG
concentration was brought to 5 1 mM when the optical density at 550 nm
(OD550) reached a value of 9. The I PTG concentration was rai sed to 88 nv
when OD550 reached 149. Additional |PTG additions raised the concentration
to 119 mM at OD550 = 195 and 152 nmM at OD550 = 210. The OD550 profile
within the bioreactor over tinme is shown in Figure 116. The isoprene | evel
in the off gas fromthe bioreactor was determ ned using a H den nass
spectroneter. The isoprene titer



i ncreased over the course of the fernentation to a final value of 23.8 g/L
(Figure 117). The total anount of isoprene produced during the 68 hour
fermentation was 227.2 g and the tinme course of production is shown in
Figure 118. The netabolic activity profile, as nmeasured by TCER, is shown
in Figure 119. The total viable count (total colony formng units)
decreased by two orders of magnitude between 10 and 39 hours of
fermentation (Figure 120). The nolar yield of utilized carbon that went
into producing isoprene during fernmentation was 13. 0% The wei ght percent
yield of isoprene fromglucose was 6.3% Exanple 17: Production of isoprene
by E. coli expressing the upper nevalonic acid (MVA) pat hway, the
integrated | oner MVA pathway (gil .2KKDvD, neval onate kinase fromM nazei,
and i soprene synthase from Kudzu and grown in fed-batch culture at the 15-L
scale (2x 1 CO"™ | PTG i nducti on) Medium Recipe (per liter fernentation

medi um) : [0884] Each liter of fernentation nedium contained K2ZHPO4 7.5 g,
MySO 7H O 2 g, citric acid nonohydrate 2 g, ferric ammoniumcitrate 0.3 g,
yeast extract 0.5 g, and 1 000X Modified Trace Metal Solution 1 m. Al of

t he conponents were added together and dissolved in DI H2O. This solution
was autocl aved. The pH was adjusted to 7.0 wi th amoni um hydr oxi de (30%
and g.s. to volune. Gucose 10 g, thiamine HJ 0.1 g, and antibiotics were
added after sterilization and pH adjustnment. | OOOX Modified Trace Metal

Sol ution: [0885] | OOOX Modified Trace Metal Solution contained citric Acids
H20 40 g, MnSO 4 * H20 30 g, NaC 10 g, FeSO 4 7TH2O 1 g, Cod 2 6H20 1 g,
ZnSO 4 7H20 1 g, CuSO 4 5H20 100 ng, H3BG3 100 nmg, and NaMbO 4 2H20 100 ny.
Each conponent was di ssolved one at a tine in DI H2O, pHto 3.0 with
HCl / NaOH, then g.s. to volune and filter sterilized wwth a 0.22 mcron
filter. [0886] Fernentation was perforned in a 15-L bioreactor with BL21
(DE3) E. coli cells containing the upper neval onic acid (MA) pat hway (pCL
Pt r cUpper Pat hway encoding E. faecalis nmvakE and nmvaS), the integrated | ower
MWA pathway (gil. 2KKDyl encoding S. cerevisiae neval onate kinase,

nmeval onat e phosphat e ki nase, neval onate pyrophosphate decarboxyl ase, and

| PP i somerase), and high expression of neval onate kinase fromM mazei and
i soprene synthase from Kudzu (pTrcKudzuMVK(M nmazei)). This experinent was
carried out to nonitor isoprene formation fromglucose at the desired
fermentation pH 7.0 and



tenperature 30C. An inoculumof E. coli strain taken froma frozen vial was
streaked onto an LB broth agar plate (with antibiotics) and i ncubated at
37C. A single colony was inoculated into tryptone-yeast extract medi um
After the inoculumgrew to OD 1.0, neasured at 550 nm 500 nL was used to

i noculate 5-L nediumin a 15-L bioreactor. [0887] d ucose was fed at an
exponential rate until cells reached the stationary phase. After this tine
the gl ucose feed was decreased to neet netabolic demands. The total anpunt
of glucose delivered to the bioreactor during the 55 hour fernentation was
1.9 kg. Induction was achi eved by addi ng

i sopropyl - bet a- D- 1-t hi ogal act opyranoside (I PTG . The | PTG concentration was
brought to 111 mM when the optical density at 550 nm (OD550) reached a

val ue of 9. The I PTG concentration was raised to 193 mM when OD550 reached
155. The OD550 profile within the bioreactor over tinme is shown in Figure
121. The isoprene level in the off gas fromthe bioreactor was determ ned
usi ng a Hiden mass spectronmeter. The isoprene titer increased over the
course of the fernmentation to a final value of 19.5 g/L (Figure 122). The
total anmount of isoprene produced during the 55 hour fermentation was 133.8
g and the tinme course of production is shown in Figure 123. |nstantaneous
vol unetric productivity levels reached values as high as 1.5 g isoprene/L
broth/hr (Figure 124). Instantaneous yield |levels reached as high as 17. 7%
w w (Figure 125). The netabolic activity profile, as neasured by TCER, is
shown in Figure 126. The total viable count (total colony formng units)
decreased by two orders of nmgnitude between 8 and 36 hours of fermentation
(Figure 127). The nolar yield of utilized carbon that went into producing

i soprene during fermentation was 15.8% The wei ght percent yield of

i soprene from glucose over the entire fernentation was 7.4%[0888] In
addition, as a control, fernmentation was perforned in a 15 -L bioreactor
with BL21 (DE3) E. coli cells containing the upper nevalonic acid (MWA)

pat hway (pCL PtrcUpperPat hway encodi ng E.faecalis nvaE and nmvaS), the
integrated | ower MWA pathway (gil. 2KKDyl encoding S. cerevisiae neval onate
ki nase, neval onate phosphat e ki nase, neval onate pyrophosphate

decar boxyl ase, and | PP isonerase), and hi gh expression of neval onate ki nase
fromM mazei and isoprene synthase from Kudzu (pTrcKudzuM VK(M nmaze)).
This experinent was carried out to nonitor uninduced cell netabolic
activity as neasured by CER from glucose at the desired fernmentation pH 7.0
and tenperature 30C. An inoculumof E. coli strain (MCMA01 descri bed above)
taken froma frozen vial was streaked onto an LB broth agar plate (with
anti biotics) and incubated at 37C. A



single colony was inoculated into tryptone-yeast extract medium After the
i noculumgrew to OD 1.0, neasured at 550 nm 500 nL was used to inocul ate
5-L mediumin a 15-L bioreactor. G ucose was fed at an exponential rate
until cells reached the stationary phase. After this tinme the glucose feed
was decreased to neet netabolic demands. [0889] Figure 148 conpares the CER
profiles for the uninduced cells described above and the cells induced by
addi ng i sopropyl - bet a-D-1-t hi ogal act opyranosi de (I PTG in Exanples 16 and
17. Exanple 18: Production of isoprene by E. coli expressing the upper

meval oni ¢ acid (MVA) pathway, the integrated | ower MA pat hway (gi

. 2KKDyl ), neval onate kinase fromM nazei, and isoprene synthase from Kudzu
and grown in fed-batch culture at the 15-L scale (Ix 50mM I PTG + 150mM | PTG
fed induction) Medium Recipe (per liter fernentation nmedium: [0890] Each
liter of fernmentation nedium contained K2ZHPO4 7.5 g, MySO 7H O 2 g, citric
aci d nonohydrate 2 g, ferric ammniumcitrate 0.3 g, yeast extract 0.5 g,
and 1 O0OX Modified Trace Metal Solution 1 m. Al of the conponents were
added together and dissolved in diH O This solution was autoclaved. The pH
was adjusted to 7.0 with anmmoni um hydroxi de (30% and g.s. to vol une.

A ucose 10 g, thiamne HO 0.1 g, and antibiotics were added after
sterilization and pH adjustnent. 10O00X Modified Trace Metal Sol ution:[0891]
| OOOX Modi fied Trace Metal Solution contained citric Acids H20 40 g, MhSO 4
* H20 30 g, Nad 10 g, FeSO 4 7H2O0 1 g, Cod 2 6H20O 1 g, ZnSO 4 7TH20 1 g,
CuSO 4 5H20 100 ny, H3BO3 100 ng, and NaMbO 4 2H20 100 ngy. Each conponent
was di ssolved one at a tinme in DI H2O, pHto 3.0 with HC /NaOH, then g.s.
to volune and filter sterilized with a 0.22 mcron filter. [0892]
Fermentation was perfornmed in a 15-L bioreactor with BL21 (DE3) E. col
cells containing the upper nevalonic acid (MVA) pat hway (pCL

Pt r cUpper Pat hway encoding E. faecalis nvakE and nmvaS), the integrated | ower
MWA pathway (gil. 2KKDyl encoding S. cerevisiae neval onate ki nase,

nmeval onat e phosphat e ki nase, neval onate pyrophosphate decarboxyl ase, and

| PP i sonerase), and hi gh expression of neval onate kinase fromM mnmazei and
i soprene synthase from Kudzu (pTrcKudzuM VK(M mazei)). This experinment was
carried out to nonitor isoprene formation from glucose at the desired
fermentation pH 7.0 and



tenperature 30C. An inoculumof E. coli strain taken froma frozen vial was
streaked onto an LB broth agar plate (with antibiotics) and i ncubated at
37C. A single colony was inoculated into tryptone-yeast extract medi um
After the inoculumgrew to OD 1.0, neasured at 550 nm 500 nL was used to

i noculate 5-L nediumin a 15-L bioreactor. [0893] d ucose was fed at an
exponential rate until cells reached the stationary phase. After this tine
the gl ucose feed was decreased to neet netabolic demands. The total anpunt
of glucose delivered to the bioreactor during the 55 hour fernentation was
2.2 kg. Induction was achi eved by addi ng

i sopropyl - bet a- D- 1-t hi ogal act opyranoside (I PTG . The | PTG concentration was
brought to 51 nM when the optical density at 550 nm (OD550) reached a val ue
of 10. In addition to the I PTG spi ke, at 10 a constant feed began and
delivered 164 ng of | PTG over 18 hours. The OD550 profile within the

bi oreactor over tinme is shown in Figure 128. The isoprene |level in the off
gas fromthe bioreactor was determ ned using a H den mass spectroneter. The
i soprene titer increased over the course of the fernentation to a final
value of 22.0 g/L (Figure 129). The total anount of isoprene produced
during the 55 hour fernentation was 170.5 g and the tinme course of
production is shown in Figure 130. The netabolic activity profile, as
measured by TCER, is shown in Figure 131. Wen the airflowto the

bi oreactor was decreased from8 slpmto 4 sIpmfor a period of about 1.7
hours, the concentration of isoprene in the offgas increased fromO0.51 to
0.92 ww % (Figure 132). These el evated | evels of isoprene did not appear
to have any negative inpact on cell nmetabolic activity as neasured by the
total carbon di oxide evolution rate (TCER), since TCER declined only 7%
between 37.2 and 39.3 hours (Figure 132). The total viable count (total
colony form ng units) decreased by two ordersof magnitude between 7 and 36
hours of fernmentation (Figure 133). The nolar yield of utilized carbon that
went into producing isoprene during fernentation was 16.6% The wei ght
percent yield of isoprene fromglucose over the entire fernentation was

7. 7% Exanple 19: The effect of externally applied isoprene on a wild-type
E. coli grown in fed-batch culture at the 1-L scal e Medi um Reci pe (per
liter fernmentation nmediun): [0894] Each liter of fernmentation nedi um

contai ned K2ZHPO4 7.5 g, MgSO 7H O 2 g, citric acid nonohydrate 2 g, ferric
anmoniumcitrate 0.3 g, yeast extract 0.5 g, and 1 0O0OOX Modified Trace Meta
Solution 1 m. Al of the conponents were added together and dissolved in
di H2O. Thi s solution was autocl aved. The pH was adjusted to 7.0 with
anmoni um hydr oxi de (30% and



g.s. to volune. Gucose 10 g, thiamne HO 0.1 g, and antibiotics were
added after sterilization and pH adjustnent. |10O00OX Modified Trace Met al

Sol ution: [0895] |1 OOOX Modified Trace Metal Solution contained citric Acids
H20 40 g, MhSO 4 * H20 30 g, NaC 10 g, FeSO 4 7TH20 1 g, Cod 2 6H20 1 g,
ZnSO 4 7TH20 1 g, CuSO 4 5H20 100 ng, H3BO3 100 ngy, and NaMbO 4 2H20 100 ngy.
Each conponent was dissolved one at atinme in DI H2O pHto 3.0 with
HCl / NaOH, then g.s. to volune and filter sterilized with a 0.22 mcron
filter. [0896] Fernmentation was performed in a 1-L bioreactor with BL21
(DE3) E. coli cells. This experinent was carried out to nonitor the effects
of isoprene on cell viability and netabolic activity in a glucose fed-batch
bi oreactor at the desired fernentation pH 7.0 and tenperature 30C. An

i noculumof E. coli strain froma frozen vial was inoculated into
tryptone-yeast extract nmedium After the inoculumgrewto OD 1.0, neasured
at 550 nm 50 nL was used to inoculate 0.5 -L nmediumin a 1-L bioreactor.
[0897] d ucose was fed at an exponential rate until cells reached the
stationary phase. After this time the glucose feed was fed to neet

met abol i ¢ demands. |soprene was fed into the bioreactor using nitrogen gas
as a carrier. The rate of isoprene feeding was 1 g/L/hr during m dgrowth
phase (0OD550 = 31-44) and lasted for a total of 75 mnutes (13.2 to 14.4
hours). The OD550 profile within the bioreactor over tine is shown in
Figure 134. The netabolic activity profile, as neasured by TCER, is shown
in Figure 135. The total viable count (total colonyform ng units) increased
by 14-fold during the period when isoprene was introduced into the

bi oreactor (Figure 136). Exanple 20: Production of isoprene and expression
of isoprene synthase by Saccharonyces cerevisiae [0898] The Kudzu i soprene
synt hase enzyne was optim zed for expression according to a hybrid
Saccharomnmyces cerevi siae/ Pichia pastoris codon usage table, synthesized,
and cloned into pDONR221: 19430 (by DNA 2.0, Figure 140 for map and Figure
141 for sequence (SEQ ID NO 38)). A Gateway(r) Cdoning (Ilnvitrogen)
reaction was perforned according to the nmanufacturer's protocol: Since
pDONR221: 19430 was an "entry" vector, the LR Clonase Il enzynme (the LR
Reaction) was used to introduce the codon-optimnm zed i soprene synthase into
the "destination"” vector pYES-DEST52 (Invitrogen).



[0899] The LR Reaction was then transforned into Top 10 chem cally
conpetent cells (Invitrogen) according to the manufacturer's protocol, and
bacteria harboring pYES- DEST52 plasm ds with the isoprene synthase ORF were

selected for on LA plates containing 50 ng/m carbenicillin. Individual
positive transformants were tested by col ony PCR (see bel ow for priner
concentrations and thernocycling paraneters) using illustra PuReTaq

Ready- To- Go(tn) PCR Beads (CGE Healthcare) with the T7 forward prinmer and
the Yeast isoprene synthase -Rev2 priner {See Table 13). Table 13. Priner
sequences for anplifying isoprene synthase. [0900] Plasm ds that yielded a
PCR fragnment of the correct size (1354 bp) were purified by mniprep

(Q agen) and sent for sequencing (Quintara Biosciences, Berkeley, CA wth
the T7 Forward and Yeast isoprene synthase-For2 priners {See Table 13).
Results from sequenci ng runs were conpared to the known sequence of
pDONR221: 19430 (using Vector NTlI software, Invitrogen), and a single

pl asm d, pDW4, was selected for further study (Figure 142A for nap and
Figures 142B and C for the conpl ete sequence (SEQ ID NO 39)). The sequence
of pDW.4diverged fromthat of pDONR221: 19430 by a single nucleotide
(marked in bold in Figure 142B). The single nucleotide change (Gto A did
not result in a change in the ORF, since it was in the third position of a
| ysi ne-encodi ng codon. [0901] Purified pDW4 was transforned into
Saccharonyces cerevisiae strain INVSc-1 using the protocol described in the
S. ¢ . EasyConp Transformation kit (lnvitrogen). INVSc-I strains harboring
pDWL4 or pYES-DEST52 (which contains an intact URA3 gene) were sel ected for
and mai ntai ned on SC M nimal Mediumw th 2% gl ucose wi thout uracil, as
described in the pYES-DEST52 Gateway Vector manual (Invitrogen). Two

i ndependent isolates of INVSc-1 containing pDW4 and a single control
strain with pYES-DEST52 were chosen for further analysis. [0902] To induce
i soprene synthase expression, cultures were grown overnight in liquid SC

M nimal Medium The cultures were then diluted to an OD OQoof approxi mately
0.2 and grown for 2-3 hours. Cultures were spun by centrifugation, washed
once, resuspended in an equal volune (10 mM) of SC mniml nmediumw th 1%
raf fi nose, 2% gal actose without uracil, and grown overnight to induce the
expression of isoprene synthase. The OD Oo of the strains was determ ned
(Figure 144A), and strains were harvested by centrifugati on and resuspended
in2mM of lysis buffer (a 1:1 mx of 50% glycerol and PEB pH 7.4: Tris
Base 2.423 g/L, Md 2



(Anhydrous) 1.904 g/L, KO 14.910 g/L, DTT 0.154 g/L,d ycerol 50 nL/L).
[0903] The lysis m xtures were passed through a french press three tines,
and | ysates were anal yzed by SDS-PAGE. For Coomassie gel analysis (Figure
143A), sanples were diluted 1:1 with 2X SDS | oadi ng buffer with reducing
agent, loaded (20 m total volume) onto a 4-12%bistris gel , run in MES
buffer, and stained using SinplyBlue SafeStain according to the

manuf acturer's protocol (the Invitrogen Novex system. [0904] The

West ernBreeze kit (Invitrogen) was used for transfer and chronpgenic
detection of isoprene synthase on a nitrocellul ose nenbrane. The primary
anti body was 1799A 10 week diluted 1:1000 in Invitrogen anti body dil uent.
Primary anti body binding was fol |l owed by devel opnent with a secondary

anti body | abeled with Al exa Fluor 488 (lInvitrogen Catalog No. A-1 1008) to
permt quantitative signal determ nation. The western bl ot procedure was
carried out as described by Invitrogen. The fluorescence signal was
recorded with a Mol ecul ar Dynamics Storminstrunent using the blue filter
setting and quantitatively analyzed with the Ml ecul ar Dynam cs | nageQuant
i mge anal ysis software package. Specific activity of the library nmenbers
was cal culated fromthe ratio of the amount of isoprene produced divided by
either the A600 of the induction cultures or the isoprene synthase protein
concentrationdeterm ned by western blot. Figure 143B shows that isoprene
synt hase was present in the induced INVSc-1 strains harboring pDWM4 (| anes
2 and 3) in conparison to the control harboring pYES-DEST52 (lane 1).

[ 0905] The DVAPP assay for isoprene synthase headspace was performed on 25
nmL of the Iysate fromeach strain for which 5 nL 1M MgC12, 5 nL 100 nMV
DVAPP, and 65 nL 50 nM Tris pH 8 were added. The reaction was perforned at
300C for 15 mnutes in a gas tight 1.8 nL GC tube. Reactions were

term nated by addition of 100 nL 250 mM EDTA pH 8. Figure 144B showed the
specific activity values (in ng HZ L/ OD) of the induced strains harboring
pDWL4 in conparison to the control. Induced strains harboring pDW4

di spl ayed approxi mately 20X hi gher activity than the control | acking

i soprene synthase. PCR Cycling Paranmeters [0906] Illustra PuReTaq
Ready- To- Go(tn) PCR Beads (CGE Heal thcare) were used with oligonucleotide
primer pairs at a concentration of 0.4 nMeach in 25 nm total

vol une/ reaction. For analysis of plasmds resulting fromthe LR O onase
reaction (lnvitrogen), a small amount of bacteria fromindividual col onies
on a selective plate was added to each tube containing the PCR



m X descri bed above. The reaction cycle was as follows: 1) 95C for 4

m nutes; 2) 95C for 20 seconds; 3) 52C for 20 seconds; 4) 72C for 30
seconds; 5 cycles of steps 2 through 4; 5) 95C for 20 seconds; 6) 55C for
20 seconds; 7) 72C for 30 seconds; 25 cycles of steps 5 through 7, 72C for
10 m nutes, and 4C until cool. Exanple 21: Production of isoprene in
Pseudonpbnas and ot her G am negative bacteria Construction of
pBBR5HGSOpt 2_2, conjugation in Pseudononas and neasurenent of isoprene
synt hase activity [0907] A gene encodi ng i soprene synthase from Pueraria

| obata (Kudzu plant) was codonoptim zed for different m crobial species of
interest (Table 14; fiuo-opt2v2 was the sequence chosen) and was

synt hesi zed by DNA2.0, Menlo Park, CA. The map and sequence of fl uoopt2v2
can be found in Figures 145A and 145B (SEQ I D NO 40). Hindlll and BanH
restriction sites were added to the synthesized sequence for easier
cloning, and a RBS was added in front of the ATG to enhance
transcription.[0908] Nunber of rare codons, as a function of the m crobial
species, in different versions of codon-optim zed isoprene synthase from
Pueraria | obata. Several rounds of optim zation led to a gene with no rare
codons in the all the species of interest. Table 14. Nunmber of rare codons.
[ 0909] The gene was provided by DNA2.0 in a cloning vector. The vector was
digested with HndlIl/BanmH , the band corresponding to the insert of
interest was gel-purified, and relegated with Hi ndl||/BanH -di gest ed

pBBRI MCS5 (Kovach et al, Gene 166:175-176, 1995, which is incorporated by
reference in its entirety, particularly with respect to pBBR MCS5), Figure
146A for map and Figures 146B and C for sequence (SEQ ID NGO 41). This
resulted in plasm d pBBRSHGSOpt 2_2 (Figure 147A for map and Figures 147B
and C for sequence (SEQ ID NO 42)) in which isoprene synthase was expressed
fromthe lac pronoter presented in pBBR MCS5. [0910] The vector was
transforned in E. coli SU -\ and mated with Pseudononas putida F1
ATCC700007 and Pseudononasf| uorescens ATCC 13525. After conjugation on LB,
sel ection for plasmd-harboring Pseudonobnas strains was on M@ + 16 niM
sodiumcitrate +Gentamcin 50 ng/m . Presence of the plasmd in the strains
t hus generated was checked by plasm d preparation using the Q agen kit

(Val encia, CA). [0911] Isoprene synthase activities of the reconbi nant
strains P. putida, pBBRSHGSOpt2 2



and P.fluorescens, pBBRSHGSOpt2_2 were assayed by growing the strains in
TM3 nedi um (as described in Exanple 1 Part 11) + 10 g/L glucose, harvesting
the biomass in md-l1og phase, breaking the cells by French Press and
proceeding with the DVAPP assay. Results of the assay were presented in
Tabl e 15. The presence of activity neasured by the DVAPP assay confirnmed

t hat isoprene synthase was expressed in Pseudononas. [0912] |soprene

synt hase activity was exam ned in Pseudononas putida and Pseudonbnas

fl uorescens expressing isoprene synthase fromthe |ac pronoter, using

pl asm d pBBRSHGSOpt 2_2Tabl e 15. |soprene synthase activity in
Pseudononasputi da and Pseudononasfl uorescens. Exanple 22: Gowth of E col
and Pseudonpbnas strains on sugar cane conpared to glucose, and expression
of isoprene synthase using both substrates I . Preparation of |iquid sugar
cane [0913] Crystallized raw cane sugar was dissolved in water in the
followng way: 750 g H O was added to 250 g sugar. The solution was stirred
and gently heated until dissolution. Some nmaterial was not soluble. The

wei ght of the solution was adjusted to 1 kg after dissolution to replenish
t he evaporated water. The volune of the solution was neasured to be 940 ni.
Hence the concentration of the solution was 265 g/ L. The product | abel
clainmed 14 g of carbohydrate for 15 g of raw sugar cane. Hence the

car bohydrate concentration of the solution was 248 g/L. Dry solids were
measured to be 24.03 % cl ose enough of the expected 250 g/ kg. pH of the
solution was 5.49. d ucose concentration was neasured using an
enzymati c/ spectrophotonetric assay, with glucose oxidase. The gl ucose
concentration was 17.4 g/L. [0914] As a mgjority of m croorgani snms do not
use sucrose, but can use glucose and fructose, the solution was split in
two. One half was autoclaved once for 30 m nutes (sugar cane as is). Sone

i nversion resulted, as the glucose content increased to 29.75 g/L (See
Figure 149). The other half of the solution was adjusted to pH 4.0 using
phosphoric acid, then the solution was inverted by autoclaving (inverted
sugar cane). Three cycles of 30 mn were sufficient to obtain conplete

i nversion, as shown on Figure 149. Both solutions were used for the growth
curves described below. Il. Gowh curves of different strains of E. col
and Pseudononas on sugar cane conpared to glucose [0915] One col ony of each
of the strains presented in Table 16 was inoculated in 25 mM TM3 +



10 g/L glucose, and was grown overnight at 300C and 200 rpm TMB is
described in Exanple 7, Section Il. The norning after, 1m of each culture
was used to inoculate flasks containing 25m. TM3 and 10 g/L glucose, 10 g/L
sugar cane as is, or 10 g/L inverted sugar cane (sugar cane sol utions
descri bed above). The flasks were incubated at 300C and 200 rpm and sanpl es
were taken regularly to neasure OD600. Figures 150 and 151 show that growth
rate and bi omass yield were conparable for glucose and inverted sugar cane,
both for Pseudononas and E. coli strains. P.fluorescens showed sone signs
of being able to use sugar cane which has not been inverted too. Table 16.
Strains used in this study. Il1. Conparison of isoprene production fromE.
coli expressing isoprene synthase when grown on glucose or sugar cane
[0916] E. coli MCMA01 (BL21(DE3)) containing the full MA pat hway,

nmeval onate ki nase fromM nazei and isoprene synthase from Pueraria | obata,
as described in Exanple 14, Section Il was grown in TMB + either 10 g/L
glucose or 10 g/L inverted sugar cane (based on carbohydrate concentration
of the syrup). Flasks were inoculated froman overnight culture on TM3 + 10
g/L glucose at an OD600O = 0.2. Antibiotics were added where needed. After
two hours, the E. coli cultures were induced with 400 M I PTG After 6
hours of growth, isoprene production and isoprene synthase activities,
usi ng the DVAPP assay as described in Exanple 2B, were neasured. Results
are presented in Table 17 and illustrate clearly that inverted sugar cane
is equivalent to glucose in terns of isoprene and isoprene synthase
production on a per cell basis. Table 17. Exanpl e 23: Construction of E.

coli strains expressing the S. cerevisiae gil .2KKDyl operon, P. al ba

i soprene synthase, M nmazei neval onate ki nase, pCL Upper MVA (E. faecalis
mvaE and nvaS) and ybhE (pgl) (i) Construction of strain EW.201 (BL21,

Cm @1l 2-KKDyl) [0917] E. coli BL21 (Novagen brand, EMD Bi osciences, Inc.)
was a recipient strain, transduced with MCMB31 Pl |ysate (lysate prepared
according to the nethod described in Ausubel, et ah, Current Protocols in
Mol ecul ar Bi ol ogy. John Wley and Sons, Inc.). MCMB3 1 cells contain
chronmosomal construct gil. 2KKDyl encoding S. cerevisiae neval onate ki nase,
nmeval onat e phosphat e ki nase, neval onate pyrophosphat e decarboxyl ase, and

| PP i sonerase (i.e.



the gil. 2-KKDyl operon fromS. cerevisiae). Transductants were sel ected
for by spreading cells onto L Agar and 20 ng/m chl oranpheni col. The pl ates
wer e i ncubated overni ght at 30C. Anal ysis of transductants showed no

col onies on control plates (water + cells control plate for reversion and
water and Pl |ysate control plate for |ysate contam nation. [0918] Four
transductants were picked and used to inoculate 5 nL L Broth and 20 ng/ m
chl oranpheni col. The cultures were grown overnight at 30C with shaki ng at
200 rpm To make genom c DNA preps of each transductant for PCR anal ysis,
1.5nmL of overnight cell culture were centrifuged. The cell pellet was
resuspended with 400m Resuspension Buffer (20vM Tris, | nmM EDTA, 50rM Nad ,
pH 7.5) and 4m RNase, DNase-free (Roche) was added. The tubes were

i ncubated at 37C for 30 mnutes foll owed by the addition of 4m 10% SDS and
4m of 10nmg/ M Protei nase K stock solution (Sigma-Aldrich). The tubes were
i ncubated at 37C for 1 hour. The cell lysate was transferred into 2 m
Phase Lock Light Gel tubes (Eppendorf) and 200m each of saturated phenol
pH7.9 (Ambion Inc.) and chl orof orm were added. The tubes were m xed well
and mcrocentrifuged for 5 mnutes. A second extraction was done wi th 400m
chl orof orm and the aqueous | ayer was transferred to a new eppendorf tube.
The genonmic DNA was precipitated by the addition of I'm of 100% et hanol and
centrifugation for 5 mnutes. The genom c DNA pellet was washed with I m
70% et hanol . The et hanol was renoved and the genomi c DNA pellet was all owed
to air dry briefly. The genom c DNA pell et was resuspended with 200m TE.
[0919] Using Pfu Utra Il DNA polynerase (Stratagene) and 200ng/ m of
genom c DNA as tenplate, 2 different sets of PCR reaction tubes were
prepared according to manufacturer's protocol. For set 1, primers MCML30
and GB Cm Rev (Table 18) were used to ensuretransductants were successfully
integrated into the attTn7 |ocus. PCR paraneters for set 1 were 95C for 2
mnutes (first cycle only), 95C for 25 seconds, 55C for 25 seconds, 72C for
25 seconds (repeat steps 2-4 for 28 cycles), 72C for 1 mnute. For set 2,
primers MVD For and MVD Rev (Table 18) were used to ensure that the gil.

2- KKDyl operon integrated properly. PCR paraneters for set 2 were 95C for 2
mnutes (first cycle only), 95C for 25 seconds, 55C for 25 seconds, 72C for
10 seconds (repeat steps 2-4 for 28 cycles), 72C for 1 m nute. Analysis of
PCR anmplicons on a 1.2% E-gel (Invitrogen Corp.) showed that all 4
transductant cl ones were correct. One was picked and designated as strain
EW.201 . (ii) Construction of Strain EW.204 (BL21, |oopout-GI. 2-KKDyl)



[ 0920] The chl oranpheni col marker was | ooped out of strain EW.201 using

pl asm d pCP20 as descri bed by Datsenko and Wanner (2000) (Datsenko et al,
Proc Natl. Acad. Sci USA 97:6640-6645, 2000). One-step inactivation of
chronmosomal genes in Escherichia coli K-12 using PCR products. (Datsenko et
al, PNAS, 97: 6640-6645, 2000). EW.201 cells were grown in L Broth to

m dl og phase and then washed three tines in ice-cold, sterile water. An

al i quot of 50m of cell suspension was mxed with | m of pCP20 and the
cell suspension m xture was el ectroporated in a 2mm cuvette (lnvitrogen
Corp.) at 2.5 Volts and 25uFd using a Gene Pul ser El ectroporator (Bio-Rad
Inc.). Im of LB was imediately added to the cells, then transferred to a
14m pol ypropyl ene tube (Sarstedt) with a netal cap. Cells were allowed to
recover by growing for 1 hour at 30C. Transformants were sel ected on L Agar
and 20ng/ m chl or anpheni col and 50ng/ M carbenicillin and i ncubated at 30C
overni ght. The next day, a single clone was grown in 10m L Broth and
50mg/ M carbenicillin at 30C until early |og phase. The tenperature of the
growing culture was then shifted to 42C for 2 hours. Serial dilutions were
made, the cells were then spread onto LA plates (no antibiotic selection),
and i ncubated overnight at 30C. The next day, 20 colonies were picked and
pat ched onto L Agar (no antibiotics) and LA and 20ng/ m chl or anpheni col

pl ates. Plates were then incubated overnight at 300C. Cells able to grow on
LA plates, but not LA and 20nmg/ m chl oranpheni col pl ates, were deened to
have the chl oranpheni col marker | ooped out (picked one and desi gnated as
strain EW.204). (iii) Construction of plasm d pEW.230 (pTrc P. al ba)[0921]
Generation of a synthetic gene encodi ng Popul us al ba i soprene synthase (P.
al ba HGS) was outsourced to DNA2.0 Inc. (Menlo Park, CA) based on their
codon optim zation nethod for E. coli expression. The synthetic gene was
customcloned into plasm d pET24a (Novagen brand, EMD Bi osci ences, Inc.)
and delivered |yophilized (Figures 152, 153A-B; SEQ ID NO 43). [0922] A PCR
reaction was perfornmed to anplify the P. al ba isoprene synthase (P. al ba
HGS) gene using pET24 P. alba HGS as the tenplate, priners MCML82 and
MCML92, and Hercul ase Il Fusion DNA pol ynerase (Stratagene) according to
manuf acturer's protocol. PCR conditions were as follows: 95C for 2 m nutes
(first cycle only), 95C for 25 seconds, 55C for 20 seconds, 72C for 1

m nute, repeat for 25 cycles, with final extension at 72C for 3 m nutes.
The P. al ba isoprene synthase PCR product was purified using Q Aqui ck PCR
Purification Kit



(Qagen Inc.). [0923] P. alba isoprene synthase PCR product was then
digested in a 20m reaction containing | m Bsp | endonucl ease (New Engl and
Bi ol abs) with 2m 10X NEB Buffer 4. The reaction was incubated for 2 hours
at 37C. The digested PCR fragnment was then purified using the Q Aquick PCR
Purification Kit. A secondary restriction digest was perfornmed in a 20m
reaction containing I m Pstl endonucl ease (Roche) wth 2m 10X Buffer H
The reaction was incubated for 2 hours at 37C. The di gested PCR fragnent
was then purified using the Q Aquick PCR Purification Kit. Plasmd

pTrcH s2B (I nvitrogen Corp.) was digested in a 20m reaction containing

m Ncol endonucl ease (Roche), | m Pstl endonucl ease, and 2m 10X Buffer H
The reaction was incubated for 2 hours at 37C. The di gested pTrcHi s2B
vector was gel purified using a 1.2% E-gel (Invitrogen Corp.) and extracted
using the Q Aquick CGel Extraction Kit (Q agen) (Figure 154). Using the
conpati bl e cohesive ends of BspH and Ncol sites, a 20m ligation reaction
was prepared containing 5m P. al ba isoprene synthase insert, 2m pTrc
vector, | m T4 DNA |igase (New Engl and Biol abs), 2m 10X |igase buffer,
and | Or ddH2O. The ligation m xture was incubated at roomtenperature for
40 mnutes. The ligation m xture was desalted by floating a 0.025mm
nitrocel |l ul ose nenbrane filter (MIlipore) in a petri dish of ddH O and
applying the ligation mxture gently on top of the nitrocellul ose nmenbrane
filter for 30 mnutes at roomtenperature. MCMA46 cells (see Section I1)
were grown in LB to mdl og phase and then washed three tines in ice-cold,
sterile water. An aliquot of 50m of cell suspension was m xed with 5m of
desalted pTrc P.alba HGS |igation m x. The cell suspension m xture was

el ectroporated in a 2mm cuvette at 2.5 Volts and 25uFd using a Gene

Pul serEl ectroporator. Im of LBis inmediately added to the cells, then
transferred to a 14nl pol ypropyl ene tube (Sarstedt) with a netal cap. Cells
were allowed to recover by growing for 2 hour at 30C. Transformants were
selected on L Agar and 50ng/m carbenicillin and 10rM neval onic acid and

i ncubated at 30C. The next day, 6 transformants were picked and grown in
5m L Broth and 50ng/ M carbenicillin tubes overnight at 300C. Plasm d
preps were performed on the overnight cultures using Q Aquick Spin M niprep
Kit (Qagen). Due to the use of BL21 cells for propagating plasmds, a
nodi fi cati on of washing the spin colums wth PB Buffer 5X and PE Buffer 3X
was incorporated to the standard nmanufacturer's protocol for achieving high
quality plasm d DNA. Plasm ds were digested with Pstl in a 20m reaction to
ensure the correct sized linear fragnent. Al 6 plasmds were the correct

si ze and shipped to Quintara Bi osci ences



(Berkel ey, CA) for sequencing with prinmers MCMB5, MCM66, ELI OO0 (Table 18).
DNA sequencing results showed all 6 plasm ds were correct. One plasm d was
pi cked designated as plasm d EW.230 (Fi gures 155, 156A-B; SEQ I D NO 44).
iv) Construction of plasm d pEW?244 (pTrc P. al ba-mwK) [0924] A PCR
reaction was perfornmed to anplify the Methanosarci na nmazei (M mazei) MWK
gene using MCM376 as the tenplate (see section (v) below), prinmers MCMLE5
and MCML77 (see Table 18), and Pfu Utra Il Fusion DNA pol ynerase
(Stratagene) according to manufacturer's protocol. PCR conditions were as
follows: 95C for 2 mnutes (first cycle only), 95C for 25 seconds, 55C for
25 seconds, 72C for 18 seconds, repeat for 28 cycles, with final extension
at 72C for 1 mnute. The M mazei MK PCR product was purified using

Q Aquick PCR Purification Kit (Qagen Inc.). [0925] The M mazei MWK PCR
product was then digested in a 40m reaction containing 8 PCR product,
2m  Prel endonucl ease (New Engl and Bi ol abs), 4ml 10X NEB Buffer 4, 4m 10X
NEB BSA, and 22m of ddFbO. The reaction was incubated for 3 hours at 37C
The di gested PCR fragnent was then purified using the Q Aqui ck PCR
Purification Kit. A secondary restriction digest was performed in a 47m
reaction containing 2m Nsil endonucl ease (Roche), 4.7m 10X Buffer H, and
40m of Prel digested M mazei MK fragnent. The reaction was incubated for
3 hours at 37C. The digested PCR fragment was then gel purified using a

1. 2% E-gel and extracted using the Q Aquick CGel Extraction Kit. Plasmd
EW.230 was digested in a 40m reaction containing | Or plasmd, 2m Pnel
endonucl ease, 4m 10X NEB Buffer 4, 4m 10X NEB BSA, and 20m of ddH2O The
reaction was incubated for 3 hours at 37C. Thedi gested PCR fragnment was
then purified using the Q Aquick PCR Purification Kit. A secondary
restriction digest was perfornmed in a 47nm reaction containing 2m Pstl
endonucl ease, 4.7m 10X Buffer H, and 40m of Pnel digested EW.230 |i near
fragment. The reaction was incubated for 3 hours at 37C. The digested PCR
fragnent was then gel purified using a 1.2% E-gel and extracted using the
Q Aqui ck Gel Extraction Kit (Figure 157). Using the conpati bl e cohesive
ends of Nsil and Pstl sites, a 20m ligation reaction was prepared
containing 8mM M mazei MWK insert, 3ml EWZ230 plasmd, | m T4 DNA |igase,
2m 10X ligase buffer, and 6m ddH2O The ligation m xture was incubated
overni ght at 16C. The next day, the ligation m xture was desalted by
floating a 0.025mm nitrocel |l ul ose nenbrane filter in a petri dish of ddH20O
and applying the ligation mxture gently on top of the nitrocellul ose
menbrane filter for



30 mnutes at roomtenperature. MCWMA46 cells were grown in LB to mdl og
phase and then washed three tines in ice-cold, sterile water. An aliquot of
50m of cell suspension was mxed with 5m of desalted pTrc P.al ba- MWK
ligation m x. The cell suspension m xture was el ectroporated in a 2mm
cuvette at 2.5 Volts and 25uFd using a Gene Pul ser El ectroporator. Im of
LB is imediately added to the cells, then the cells are transferred to a
14m pol ypropyl ene tube with a netal cap. Cells were allowed to recover by
growing for 2 hour at 30C. Transformants were selected on LA and 50ngy/ m

carbenicillin and 5nM neval onic acid plates and incubated at 30C. The next
day, 6 transformants were picked and grown in 5m LB and 50ng/ m
carbenicillin tubes overnight at 300C. Plasm d preps were perfornmed on the

overni ght cultures using Q Aquick Spin Mniprep Kit. Due to the use of BL21
cells for propagating plasmds, a nodification of washing the spin col ums
with PB Buffer 5X and PE Buffer 3X was incorporated to the standard

manuf acturer's protocol for achieving high quality plasnm d DNA. Pl asm ds
were digested with Pstl in a 20m reaction to ensure the correct sized

| i near fragnent. Three of the 6 plasm ds were the correct size and shi pped
to Quintara Biosciences for sequencing with prinmers MCMB5, MOM66, ELI OO0,
EL1003, and EL1006 (Table 18). DNA sequencing results showed all 3 plasmds
were correct. One was picked and designated as plasm d EW.244 (Figures 158
and 159A-B; SEQ ID NO 45). v) Construction of plasmd MCM376 - MVK from M
mazei archaeal Lower in pET200D. [0926] The MVK ORF fromthe M maze
archaeal Lower Pathway operon (Figures 160A-C;, SEQ I D NO 46) was PCR
anplified using prinmers MCML61 and MCML62 (Table 18) using the Invitrogen
PlatinumH Fi PCR mx. 45 nL of PCR m x was conbined with 1 niL tenplate, 1
mLof each prinmer at 10 MM and 2 nL water. The reaction was cycl ed as
follows: 94 OC for 2:00 mnutes; 30 cycles of 94 0C for 0:30 m nutes, 55 0C
for 0:30 mnutes and 68 OC for 1:15 m nutes; and then 72 OC for 7:00

m nutes, and 4 OC until cool. 3 nL of this PCR reaction was ligated to

I nvitrogen pET200D plasm d according to the manufacturer's protocol. 3 nL
of this ligation was introduced into Invitrogen TOPI O cells, and trans
formants were sel ected on LA/ kan50. A plasmd froma transfornmant was
isolated and the insert sequenced, resulting in MCM376 (Figures 161A-C).
vi) Construction of strain EW.251 (BL21(DE3), Cmd 1.2-KKDyl, pTrc

P. al ba- mMwWK) [0927] MCMB31 cells (which contain chronmosomal construct gil.
2KKDyl encoding S. cerevisiae neval onate kinase, neval onate phosphate

ki nase, neval onate pyrophosphate



decar boxyl ase, and | PP isonerase) were grown in LB to mdl og phase and then
washed three tines in ice-cold, sterile water. M xed 50m of cel

suspension with I m of plasmd EW244. The cell suspension m xture was

el ectroporated in a 2mm cuvette at 2.5 Volts and 25uFd using a Gene Pul ser
El ectroporator. Im of LB is imediately added to the cells, and then the
cells were transferred to a 14m pol ypropyl ene tube with a netal cap. Cells
were allowed to recover by growing for 2 hours at 300C. Transformants were
sel ected on LA and 50nmg/ m carbenicillin and 5nmM neval onic acid plates and
i ncubated at 37C. One col ony was sel ected and designated as strain EWZ251.
vii) Construction of strain EW.256 (BL21(DE3), Cmd 1.2-KKDyl, pTrc

P. al ba- MWK, pCL Upper MWA) [0928] EW?25 1 cells were grown in LB to mdlog
phase and then washed three tines in icecold, sterile water. M xed 50m of
cell suspension with | m of plasmd MCMB2 (conprising pCL PtrcUpper Pat hway
(al so known as "pCL Upper MVA'"), encoding E.faecalis nmvaE and nvaS).
Plasm d pCL Ptrc Upper Pathway was constructed as described in Exanple 8
above. The cell suspension m xture was el ectroporated in a 2nm cuvette at
2.5 Volts and 25 nFd using a Gene Pul ser Electroporator. Im of LB was

i medi ately added to the cells. Cells were then transferred to a 14ni

pol ypropyl ene tube with a nmetal cap. Cells were allowed to recover by
growing for 2 hours at 300C. Transformants were selected on LA and 50ngy/ m
carbenicillin and 50nmg/ M spectinonycin plates and incubated at 37C. One
col ony was picked and designated as strain EW256. Table 18: Priner
Sequences viii) Construction of strain RM 11608-2 (Cmd 1.2-KKDyl, pTrc
P. al ba- MWK, pCL Upper WA, pBBRCWPGA 1.5-pgl) [0929] The BL21 strain of E.
coli producing isoprene (EW256) was constructed with constitutive
expression of the ybhE gene (encoding E. coli 6-phosphogl uconol act onase) on
a replicating plasm d pBBR MCS5( Gent anycin) (obtained fromDr. K Peterson
Loui siana State University). [0930] FRT-based reconbi nati on cassettes, and
pl asm ds for Red/ ET-nedi ated integration and anti biotic marker | oopout were
obt ai ned from Gene Bridges GrbH (CGernmany). Procedures using these materials
were carried out according to Gene Bridges protocols. Priners Pgl-F (SEQ ID
NO 139) and Pgldl. 5-R (SEQ ID NO 140) were used to anplify the

resi stance cassettefromthe FRT-gb2-Cm FRT tenpl ate using Stratagene

Hercul ase Il Fusion kit according to the



manuf acturer's protocol. The PCR reaction (50 nL final volunme) contained: 5
mL buffer, 1 nL tenplate DNA (FRT-gb2-CmF from Gene Bridges), 10 pnols of
each priner, and 1.5 nL 25mM dNTP mi x, made to 50 nmL with dH2O. The
reaction was cycled as follows: 1 x 2 mnutes, 95C then 30 cycles of (30
seconds at 95C;, 30 seconds at 63C, 3 mnutes at 72C). [0931] The resulting
PCR product was purified using the QaQ ck PCR purification kit (Q agen)
and el ectroporated into el ectroconpetent M3L655 cells harboring the pRed-ET
reconbi nase-containing plasmd as follows. Cells were prepared by grow ng
in5 ms of L broth to and OD600-0.6 at 300C. The cells were induced for
reconbi nase expression by the addition of 4% arabi nose and all owed to grow
for 30 m nutes at 300C followed by 30 mnutes of growh at 37C. An aliquot
of 1.5 nmLs of the cells was washed 3-4 tines in ice cold dH2O The fi nal
cell pellet was resuspended in 40 nL of ice cold dH20 and 2-5 nL of the PCR
product was added. The el ectroporation was carried out in 1-nmm gap
cuvettes, at 1.3 kV in a Gene Pul ser Electroporator (Bio-Rad Inc.). Cells
were recovered for 1-2 hours at 300C and plated on L agar containing

chl oranpheni col (5 ng/nL). Five transformants were anal yzed by PCR and
sequencing using priners flanking the integration site (2 priner sets: pdgl
and 49 rev and 3' EcoRV-pgl stop; Bottom Pgb2 and Top GB's CWP (946)). A
correct transformant was selected and this strain was designated M3l655 d
1.5 -pgl::CWP. [0932] The chronosonmal DNA of MGL655 G 1. 5-pgl:: CMP was used
as tenplate to generate a PCR fragnent containing the FRT-CMP-FRT-A 1.5 -
ybhE construct. This construct was cloned i nto pBBR MCS5( Gent amyci n) as
follows. The fragnent, here on referred to as CVWA 1.5- pgl, was anplified
using the 5 prinmer PglconfirmF (SEQ ID NO 141) and 3' prinmer 3

EcoRV-pgl stop (SEQ ID NO 142). The resulting fragnent was cl oned using the
I nvitrogen TOPO-Blunt cloning kit into the plasm d vector pCR-Blunt |1-TOPO
as suggested fromthe manufacturer. The Nsil fragment harboring the
CWP-d 1. 5-pgl fragnment was cloned into the Pstl site of pBBR MCS5
(Gentamycin). A 20m ligation reaction was prepared containing 5m CW-Adl.
5-pgl insert, 2m pBBR MCS5 (Gentanycin) vector, | m T4 DNA |igase (New
Engl and Bi ol abs), 2m 10X |igase buffer, and I Or ddH2O. The ligation

m xture was i ncubated at roomtenperature for 40 mnutes then 2-4 nL were
el ectroporated into el ectroconpetent Top 10 cells (lnvitrogen) using the
paranmeters di scl osed above. Transformants were sel ected on L agar
containing 10 nmg/ m chl oranphenicol and 5 ng/m Gentanycin. The sequence of
t he



sel ected cl one was determ ned using a nunber of the primers described above
as well as with thein-house T3 and Reverse priners provided by Sequetech,
CA. This plasm d was desi gnated pBBRCMPA 1. 5-pgl (Figures 162, 163A-B and
SEQ I D NO 48). [0933] Plasm d pBBRCMPA | .5-pgl was el ectroporated into

EW. 256, as described herein and transformants were plated on L agar
cont ai ni ng Chl oranphenicol (10 ng/nmL), Gentanycin (5 ng/nL), spectinonycin
(50 mg/m.), and carbenicillin (50 ng/nL). One transformant was sel ected and
designated strain RM 11608-2. Priners: Pgl-F 5'-
ACCGCCAAAAGCGACTAATTTTAGCTGT TACAGT CAGTTGAATTAACCCTCACTAAA GGECEECCEE- 3!
(SEQ ID NO 139) Pgldl. 5-R 5'-
GCTGGCGATATAAACTGTTTGCTTCATGAATGCTCCTTTGGGT TACCTCCGGGAAAC

GCGGTTGATTTGT TTAGTGGT TGAATTATTTGCTCAGGATGT GGCATAGT CAAGECEC
GTGACGGCTCGCTAATACGACTCACTATAGGECTCGAG S' (SEQ I D NGO 140) 3

EcoRV-pgl stop: 5 -CTT GAT ATC TTA GIG TGC GIT AAC CAC CAC (SEQ ID NO 142)
pgl +49 rev: CGIGAATTTGCTGGCTCTCAG (SEQ I D NO 136) Bottom Pgb2:
GGTTTAGITCCTCACCTTGTIC (SEQ I D NO 135) Top GB's CWP (946):
ACTGAAACGTTTTCATCGCTC (SEQ I D NG 92) PglconfirmF

5' - ACCGCCAAAAGCGACTAATTTTACCT-S (SEQ I D NO 141) Exanple 24: |nprovenent of
i soprene production by constitutive expression o ybhE (pgl) in E. coli.
[0934] This exanpl e shows production of isoprene in a strain constitutively
expressing E. coli ybhE (pgl) conpared to a control strain expressing ybhE
at wld-type levels (i.e., EW256). The gene ybhE (pgl) encodes E. col

6- phosphogl uconol act onase that suppresses posttransl ational gl uconylation
of heterol ogously expressed proteins and inproves product solubility and

yi el dwhil e al so i nproving biomass yield and flux through the pentose
phosphat e pat hway (Aon et ah, Applied and Environnental M crobiol ogy\

74(4): 950-958, 2008).



i) Small scale analysis [0935] Media Recipe (per liter fernentation nedia):
K2HPO4 13.6 g, KH2PO4 13.6 g, MySO 4 7THO 2 g, citric acid nonohydrate 2 g,
ferric anmmoniumcitrate 0.3 g, (NH4)2SO4 3.2 g, yeast extract 1 g, |10OO00OX
Trace Metals Solution 1 ml. Al of the conponents were added together and
di ssolved in di H2O0. The pH was adjusted to 6.8 w th amoni um hydr oxi de
(309 and brought to volune. Media was filter-sterilized with a 0.22 mcron
filter. Qucose 5.0 g and antibiotics were added after sterilization and pH
adj ustment. [0936] | O0OX Trace Metal Solution (per liter fermentation
media): Ctric Acid H20 403, MiSO 4 H20 3CQg, NaCl 1Qg, FeSO 4 7H20 I g, Cod
2 6H20 1 g, ZnSO 4 *7H20 I g, CuSO 4 5H20 | OOy, H3BO3 | OOny, NaMbO 4 2H20

| OOrg. Each conponent is dissolved one at a tine in di H2O. The pHis
adjusted to 3.0 with HO/NaOH, and then the solution is brought to vol une
and filter-sterilized wwth a 0.22 micron filter. (a) Experinental procedure
[ 0937] |soprene production was anal yzed by growing the strains in a
Cellerator(tm from M croReactor Technol ogies, Inc. The working volune in
each of the 24 wells was 4.5 nL. The tenperature was nai ntained at 30C, the
pH setpoint was 7.0, the oxygen flow setpoint was 20 seem and the agitation
rate was 800 rpm An inoculumof E. coli strain taken froma frozen vial
was streaked onto an LB broth agar plate (with antibiotics) and incubated
at 300C. A single colony was inoculated into nedia with antibiotics and
grown overnight. The bacteria were diluted into 4.5 nL of nedia with
antibiotics to reach an optical density of 0.05 neasured at 550 nm [0938]
O f-gas anal ysis of isoprene was performed using a gas chromat ogr aph- nmass
spectronmeter (GC-Ms) (Agilent) headspace assay. Sanple preparation was as
follows: 100 nmL of whole broth was placed in a sealed GC vial and incubated
at 30C for a fixed tinme of 30 mnutes. Following a heat kill step,

consi sting of incubation at 700C for 5 mnutes, the sanple was | oaded on
the GC.[0939] Optical density (OD) at a wavel ength of 550 nm was obt ai ned
using a mcroplate reader (Spectramax) during the course of the run.
Specific productivity was obtained by dividing the i soprene concentration
(my/L) by the OD reading and the tinme (hour). [0940] The two strains EW.256
and RM 11608-2 were assessed at 200 and 400 mM | PTG i nducti on | evel s.

Sanmpl es were anal yzed for isoprene production and cell growh (0OD550) at 1,



2.5, 4.75, and 8 hours post-induction. Sanples were done in duplicate. (b)
Results [0941] The experinment denonstrated that at 2 different
concentrations of IPTG the strain expressing the ybhE (pgl) had a dramatic
2-3 fold increase in specific productivity of isoprene conpared to the
control strain. ii) Isoprene fernentation fromi. coli expressing Cmd@

1. 2-KKDyl, M nmazei neval onate ki nase, P. al ba isoprene synthase, and ybhE
(pgl) (RM 11608-2) and grown in fed-batch culture at the 15-L scal e [0942]
Medi um Reci pe (per liter fernentation medium: K2HPO4 7.5 g, MySO 4 7H20 2
g, citric acid nonohydrate 2 g, ferric ammoniumcitrate 0.3 g, yeast
extract 0.5 g, 1000X Modified Trace Metal Solution 1 m. Al of the
conponents were added together and dissolved in diH O This solution was
aut ocl aved. The pH was adjusted to 7.0 wi th amoni um hydr oxi de (30% and
g.s. to volune. Gucose 10 g, thiamne HO 0.1 g, and antibiotics were
added after sterilization and pH adjustnent. [0943] |1 OOOX Modified trace
Metal Solution: Gtric Acids H20 40 g, MnSO 4 H20 30 g, NaCl 10 g, FeSO 4
7H2O 1 g, Cod 2 6H20 1 g, ZnSO 4* 7H2O 1 g, CuSO 4 5H20 100 ng, H3BO3 100
ng, NaMbO 4 2H20 100 ng. Each conponent is dissolved one at a tine in D
H2O, pHto 3.0 with HO/NaCH, then g.s. to volune and filter sterilized
with a 0.22 mcron filter [0944] Fernentation was perfornmed in a 15-L

bi oreactor with BL21 (DE3) E. coli cells containing the upper neval onic
acid (MVA) pathway (pCL Upper), the integrated | ower MVA pathway (gil.
2KKDyl ), hi gh expression of neval onate kinase fromM mazei and isoprene
synt hase from P. al ba (pTrcAl ba-mwWK), and hi gh expression of E. coli pgl
(pBBR-pgl ). This experinment was carried out to nonitor isoprene formation
fromglucose at the desired fernentation pH 7.0 and tenperature 34C. A
frozen vial of the E. coli strain was thawed andi nocul ated into

trypt one-yeast extract nedium After the inoculumgrewto OD 1.0, neasured
at 550 nm 500 nmL was used to inoculate a 15-L bioreactor bringing the
initial volume to 5-L. [0945] d ucose was fed at an exponential rate until
cells reached the stationary phase. After this tine the glucose feed was
decreased to neet netabolic demands. The total amount of glucose delivered
to the bioreactor during the 40 hour (59 hour) fernentation was 3.1 kg (4.2
kg at 59 hour). Induction was achieved by adding | PTG The |IPTG
concentration was brought to 110 mM when the optical density at 550 nm
(OD550) reached a value of 4. The | PTG



concentration was raised to 192 nM when OD550 reached 150. The QD550
profile within the bioreactor over tine is shown in Figure 164A. The

i soprene level in the off gas fromthe bioreactor was determ ned using a

Hi den mass spectroneter. The isoprene titer increased over the course of
the fernmentation to a maxi numvalue of 33.2 g/L at 40 hours (48.6 g/L at 59
hours) (Figure 164B). The isoprene titer increased over the course of the
fermentation to a maxi mum value of 40.0 g/L at 40 hours (60.5 g/L at 59
hours) (Figure 164C). The total anobunt of isoprene produced during the

40- hour (59-hour) fernentation was 281.3 g (451.0 g at 59 hours) and the
time course of production is shown in Figure 164D. The tinme course of

vol unetric productivity is shown in Figure 164E and shows that an average
rate of 1.0 g/L/hr was maintai ned between 0 and 40 hours (1.4 g/L/hour
between 19 and 59 hour). The netabolic activity profile, as neasured by
CER, is shown in Figure 164F. The nolar yield of utilized carbon that went
i nto producing isoprene during fernentation was 19.6% at 40 hours (23.6% at
59 hours). The weight percent yield of isoprene from glucose was 8.9% at 40
hours (10.7% at 59 hours). Exanple 25: Co-production of isoprene and
hydrogen in E. coli strains expressing M nazei neval onate ki nase, P. al ba
i soprene synthase, pCL Upper WA (E. faecalis nvakE and nvaS) and ybhE (pgl)
Col l ection and anal ysis of fernentation off-gas for hydrogen and isoprene

| evel s [0946] Fernentations were performed using strains RM 11608-2 (E
coli BL21 (DE3), pCL Upper MA, cnR-gil.2-yKKDyl, pTrcAl ba-nmWK, pBBR
cnR-gil.5-pgl) and EW. 256 (E. coli BL21 (DE3), pCL Upper WA,
cnR-gil.2-yKKDyl, pTrcAl ba-mwWK). Construction of bacterial strains is
described in Exanple 23 above. [0947] Large scale production of isoprene
fromE. coli was determned froma fed-batch culture of E. coli strains
EW.256 and RM 11608-2 expressing M nmzei neval onate ki nase, P. al ba

i soprene synt hase, pCL Upper WA (E. faecalis nvakE and nvaS) and either
constitutively expressing ybhE (pgl) (RM 11608-2) or normally expressing
ybhE (pgl) (EW.256). Thi sexperinent denonstrates that growing cells in the
presence of glucose resulted in the coproduction of isoprene and hydrogen.
[0948] The recipe for the fernentation medium (TM2) per liter of TM2
fermentati on nmediumwas as follows: K2ZHPO4 13.6 g, KH2PO4 13.6 g, MySO 4
7H20 2 g, citric acid nonohydrate 2 g, ferric ammniumcitrate 0.3 g,
(NH4)2SO4 3.2 g, yeast extract 5 g, 000X Modified Trace Metal Solution 1
m. 1000X Modified Trace Metal Solution: Citric Acids H20 40 g, MhSO 4



H20 30 g, NaCl 10 g, FeSO 4 7TH20 1 g, Cod 2 6H20 1 g, ZnSO 4 7TH20 1 g,
CuSO 4 5H20 100 ny, H3BG3 100 ngy, NaMbO 4 2H20 100 ny. For the | OOOX

Modi fied Trace Metal Solution, each conponent is dissolved one at atine in
D H20 pHto 3.0 with HCO/NaCH, then brought to final volume in distilled
water and filter sterilized with a 0.22 micron (mm filter (this solution
is not autoclaved). For the TM2 fernentation nedium all of the conponents
wer e added together, dissolved in di H2O, the pH was adjusted to 6.8 with
pot assi um hydroxi de (KOH), gq.s. to volunme, and the nediumwas filter
sterilized wth a 0.22 micron (mm) filter. d ucose was sourced from Cargil
as 99DE (dextrose equivalent), 71%DS (dry solids) syrup. [0949]
Fermentations were performed in 15-L bioreactors with E. coli strains
EW.256 or RM 11608-2, containing the upper neval onic acid (MA) pat hway
(pCL Upper WA), the integrated | ower M/A pathway (cnR-gil. 2-yKKDyl),

nmeval onate ki nase fromM mazei and isoprene synthase fromP. al ba
(pTrcAl ba- MwWK), and constitutively expressing ybhE (pgl) (RM 11608-2) or
normal Iy expressing ybhE (pgl) (EW.256). This experinent was carried out to
nmoni tor isoprene formation fromglucose at the desired fernentation
conditions (pH 7.0 and tenperature 340C). [0950] An inoculum of the
appropriate E. coli strain taken froma frozen vial was prepared in

pept one-yeast extract medium After the inoculumgrew to OD550 = 0.6, 600
m. was used to inoculate a 15-L bioreactor containing TM2 nedium d ucose
was fed at an exponential rate until cells reached the stationary phase.
After this time the glucose feed was decreased to neet netabolic denmands.
The total amount of glucose delivered to the bioreactor during the 67 hour
fermentation was 3.9 kg. Induction was achi eved by addi ng

i sopropyl - beta-D-1- thiogal actopyranoside (I PTG. The | PTG concentration
was brought to 102 nmM when the optical density at 550 nm (OD550) reached a
value of 9. The I PTG concentration was raised to 192 mM when OD550r eached
140. At various tines after inoculation, sanples were renoved and the
anmount of isoprene produced was determ ned as descri bed bel ow. Level s of
hydr ogen, nitrogen, oxygen, carbon dioxide, and isoprene in the off gas
fromthe bioreactor were determ ned using a H den HPR- 20 nass spectroneter
as di scussed bel ow. [ 0951] Sanples of fermentation off-gas from 15-L

bi oreactors were collected into 20 nL gl ass headspace vials by sparging the
vials at 1 Loffgas/niin for 10 seconds and sealed with nmetal screw caps
fitted with teflon-coated septa (Agilent, CA). The vials were anal yzed
within 30 m nutes of collection.



[ 0952] Analysis of the two sanples was perfornmed by infusion into a Hi den
HPR- 20 mass spectroneter (H den Analytics, UK ) at arate of 4 scc/mn (4
m./mn) by placing the inlet tube of the mass spectroneter into the
uncapped headspace vials for 1-2 mnutes. The HPR-20 instrunment was
configured to scan masses corresponding to hydrogen (mz 2), nitrogen (mz
28), oxygen (mlz 32), carbon dioxide (mz 44) and isoprene (mz 67). The
Faraday detector was used for masses 28, 32, 44 and 67. The SEM det ector
was used for hydrogen (mz 2). Detector response was neasured in arbitrary
units of pressure (Torr). Absolute hydrogen | evels were estinmted by
conparison to an authentic hydrogen gas standard. Results were recorded
usi ng MASsoft V 6.21.0.51 software (H den Analytics, United Kingdon.
Results [0953] O f-gas sanples were taken fromtwo fernmentation runs and
anal yzed as descri bed above: [0954] A) Strain RM 11608-2 (E. coli BL21
(DE3), pCL upper, cnR-gil .2-yKKDyl, pTrcAl ba-mwK, pBBR cnR-gil .5-pgl).
Sanmpl e was taken at 64.8 hours into the run during which time the
fermentati on was being run anaerobically with a nitrogen sparge at 1 vvm
[0955] B) Strain EW256 (E. coli BL21 (DE3), pCL upper, cnR-gil .2-yKKDyl,
pTr cAl bamwWK) . Sanple was taken at 34.5 hours into the run during which
time the fernentati on was being run aerobically with an air sparge at 1
vvm [0956] The results are depicted in Figures 165A-B. In both cases | ow
| evel s of hydrogen were detected, in addition to isoprene, oxygen and
carbon di oxi de. The baseline reading for hydrogen was 0.95 x 10 8 Torr.
Bot h Sanple A and B gave reading of around 1.3 x 10 8 Torr. Based on a
conparison to a hydrogen standard, the anmobunt of hydrogen present in the
off-gas for sanples A and B was estimated to be |less than 10 ppnmv (parts
per mllion volune) but above the baseline. As shown in Figures 165A-B,
both sanples A and B al so contained significant anounts of isoprene and
car bon di oxi de. Exanple 26: Co-production of isoprene and hydrogen in E.
coli strains expressing M nmazei neval onate ki nase, P. al ba isoprene

synt hase, pCL Upper WA (E. faecalis nmvakE and nvaS) and ybhE
(pgl)Col l ection and anal ysis of fermentation off-gas for hydrogen and

i soprene | evels [0957] The objective of this experinent is co-produce
hydrogen and isoprene in an engineered strain of E. coli. For this purpose,
a portion of the hyc operon encoding E. coli hydrogenase-3



will be expressed in strain EW.256 [BL21 (DE3), pCL upper,
cnR-gil.2-yKKDyl, pTrcAl bamwWK], prepared as descri bed herein, although any
of the bacterial strains described herein, such as RM 11608-2, can be
simlarly nodified. An expression construct conprising hyc operon genes
hycB (gi| 16130631), hycC (gi| 16130630), hycD (gi| 16130629), hycE (qgi |
16130628), hycF (gi| 16130627), and hycG (gi| 16130626) is prepared by
standard cl oni ng nmet hods known in the art based upon publicly avail abl e
gene sequences, and introduced into strain EW.256 to produce new strain
EW.256+Hyd- 3. [0958] The inpact of additional nutations on co-production of
hydr ogen and isoprene is assessed alone or in conbination in EW.256+Hyd- 3,
by introducing genes involved in the maturation or regul ation of

hydr ogenase-3 {e.g., hycH (gi| 16130625) and hycl (gi| 16130624)), by

i nactivating or deleting genes involved in hydrogen uptake or transport
{e.qg., E. coli hydrogenase-1 {hya operon) and hydrogenase-2 {hyb operon))
or related proteins {e.g., formate dehydrogenase (fdhF repressor of fornate
| yase {hycA (gi| 16130632)), formate dehydrogenase N, al pha subunit (fdnG
(gi| 16129433)), formate dehydrogenase O, |arge subunit (fdoG (gi| 1613
1734)), nitrate reductase {narG (gi|16129187)), fumarate reductase
regulator (fnr (gi| 16129295)), and acetyl-coenzyne A synthetase {acs (gi]|
1613 1895))), by activating genes involved in upregulation of hydrogenases
{e.g., activator of formate hydrogen |yase (flilA (gi|16130638)), by

i nactivating or deleting genes involved in the production of fernentation
side products {e.g., |actate dehydrogenase {idhA (gi| 16129341)), fumarate
reduct ase nenbrane protein (frdC (gi| 1613 1977)), al cohol dehydrogenase
{adhE (gi| 16129202)), pyruvate oxi dase {poxB (gi|16128839)), pyruvate
dehydr ogenase El conponent ackAl pta {aceE (gi|16128107)), formate

dehydr ogenase regul atory protein {hycA (gi| 16130632 )), and formate
transporters A and B {FocA (gi|16128871) and FocB (gi| 16130417)), or by
expressi on of heterol ogous genes involved in hydrogen netabolism{e.qg.,

gl ycer al dehyde- 3 - phosphat e dehydrogenase from C ostri di um acet obutyli cum
{gapC (gi| 15893997)). [0959] Fernentations are perforned using engineered
variants of strain EW. 256+Hyd-3 (BL21 (DE3), pCL upper, cnR-gil.2-yKKDyl,
pTrcAl ba- MWK and hycB-F), nodified to conprise one or nore additiona

mut ati ons as descri bed herein, either alone or in conbination, essentially
as described in Exanpl e 25 above. Co-production of hydrogen and i soprene

i sassessed by anal ysis of off-gas sanples essentially as described above.
Strains are selected for further analysis based upon the rate of isoprene
and hydrogen co-producti on.



[ 0960] Unl ess defined otherw se, the neanings of all technical and
scientific terns used herein are those comonly understood by one of skil
in the art to which this invention belongs. Singleton, et ah, D ctionary of
M crobi ol ogy and Mol ecul ar Biol ogy, 2nd ed., John WIley and Sons, New York
(1994), and Hale & Marham The Harper Collins Dictionary of Biology, Harper
Perennial, NY. (1991) provide one of skill wth a general dictionary of
many of the terns used in this invention. It is to be understood that this
invention is not limted to the particul ar nethodol ogy, protocols, and
reagents described, as these may vary. One of skill in the art wll also
appreci ate that any nethods and materials simlar or equivalent to those
descri bed herein can also be used to practice or test the invention.
Exanpl e 27: Production of isoprene or neval onate fromfatty acid or palm
oil in E. coli fadR atoC LS5218 containing the upper or upper and | ower
Meval oni ¢ Acid pat hway plus kudzu isoprene synthase. [0961] Escherichia
colifadR atoC strain LS5218 (#6966) was obtained fromthe Coli Genetic
Stock Center. FadR encodes a transcription repressor that negatively

regul ates expression of the genes encoding fatty acid degradati on enzynes
(Campbel | et ah, J. Bacterioh 183: 5982-5990, 2001). AtoC is a response
regulator in a two-conponent regul atory system wherein AtoS regul ates
acetol actate netabolism The fadR atoC strain allows constitutive
expression of the fatty acid degradati on genes and i ncorporates |ong chain
fatty acids into | ong-chai n-1ength pol yhydroxyal kanoates. When palmoil is
used as a carbon source for either neval onate or isoprene production, the
pal moil was converted to glycerol plus fatty acid. Methods for this are
well known in the art, and it can be done either enzymatically by

i ncubation with a |lipase (for exanple Porcine pancreatic |ipase, Candida
rugosa |ipase, or other simlar |ipases) or chemcally by saponification
with a base such as sodium hydroxide. i) E. colifadR atoC strain expressing
t he upper Meval onic Acid pathway [0962] Strain WM was created by

el ectroporating pCLPtrcUpperPat hway i nto LS5218 using standard net hods
(Sanbr ooke et ah, Ml ecular doning: A Laboratory Manual, 2nd ed., Cold
Spring Harbor, 1989). Incorporation of the plasm d was denonstrated by the
production of nevalonic acid (MVA) when cells were cultured in TM3 nedi um
suppl enented with either Cl2 fatty acid (FA) or palmoil as the carbon
source. To denonstrate production of MVA by WMfromfatty acid, cells from
an overnight culture were diluted 1 to 100 into 5 nL of nodified TM3 nedi um
(TMB wit hout yeast extract) supplenmented with 0.25% Cl2 FA (Signma cat #



L9755). The first sign of MVA production (24 ng/L) was apparent after
overni ght incubation at 300C of the |I PTG induced culture. Production

i ncreased over three days with the final |level of 194 ng/L of MA produced.
To denonstrate production of MWA by WM fromoil, cells froman overni ght
culture were diluted 1 to 100 into nodified TM3 nedi um suppl emented wth
200 ng of digested palmoil per 5 nL of TM3 nedium The first sign of MVA
production (50 ng/L) was apparent after overnight incubation of the IPTG

i nduced culture at 300C. Production increased over three days with a final
| evel of 500 ng/L of MVA produced. ii) E. colifadR atoC strain expressing

t he upper and | ower MWA pat hway pl us kudzu i soprene synthase [0963]
Escherichia coli strain WM (LS52 18 fadR at oC pCLPtrcUpper Pat hway) was
transformed with pMCM 18 [pTrcKKDyl klIS] to yield WN O. The incorporation
of the plasm d was denonstrated by evidence of production of isoprene when
the strain was cultured in TM3 and gl ucose and i nduced with | PTG (100, 300,
or 900 mMM. The strain was relatively sensitive to | PTG and showed a
significant growmh defect even at 100 nM I PTG These results are shown in
Figure 70A. [0964] To test isoprene production from dodecanoic acid, WNO
was cul tured overnight in L broth containing spectinomycin (50 ng/m ), and
kanamycin (50 ng/ M) at 37C with shaking at 200 rpm The cells were washed
with nodified TMB nmedi um by centrifugation and resuspension in their
original culture volume with this nedium The washed and resuspended cells
fromthis starter culture were diluted 1 tol00 and 1 to 10 into 5 nL of
nodi fied TM3 nedi um containing 0.125% C12 Fatty Acid (Signa cat # L9755).

[ 0965] To denonstrate production of neval onate frompalmoil, the oil was
predi gested with |ipase at 37C and 250 rpm for several days to rel ease the
fatty acids (evidence of hydrolysis was judged by the foam forned when

t ubes were shaken). [0966] In addition, a culture was set up by diluting
the washed cells at 1 to 10 into nodified TMB nmedi um contai ned in test
tubes with palmoil. A further tube was set up by the addition of 0.125%
Cl2FA to the remainder (2.5 nL) of the washed cells w thout further

di lution (bioconversion). After 3.75 hours of growh at 300C with shaking
at 250 rpmall of the cultures were induced by the addition of 50 mM I PTG
| ncubation was continued for 4 hours after which tinme 200 nL of each of the
cul tures was assayed for isoprene accunulation with a nodified headspace
assay ( 1 hour accunul ation at 300C with shaking at 500 rpn). An additional
i soprene



assay was conducted by a 12 hour incubation of the assay gl ass bl ock prior
to GCMS anal ysis. Incubation of the induced cultures was conti nued

overni ght and 200 nL aliquots were again assayed for isoprene production (
1 hour, 30 deg, 500 rpm Shel -Lab shaker) the follow ng norning. Analysis of
these cultures showed the production of significant |evels of isoprene. The
hi ghest | evels of isoprene were observed in the culture which was seeded at
1/10 dilution fromthe overnight starter culture after it had been

i ncubat ed and i nduced overnight. This result suggests that this culture
continued to grow and increase in cell density. These results are shown in
Figure 70B. Cell density could not be neasured directly because the fatty
aci d suspension had a turbid appearance. Cell density of this culture was
therefore determ ned by plating an aliquot of the culture and showed 8 x| O7
colony formng units. This corresponds approximtely to an OD oo of O0.1.
Neverthel ess, this culture provided significant isoprene production; no

i soprene is observed for simlar strains without the pathway described in
this exanple. Exanple 28: Expression of isoprene-synthase fromplant in
Streptonyces sp. [0967] The gene for isoprene synthase Kudzu was obtai ned
fromplasmd pJ20 1:19813. Plasm d pJ201: 19813 encodes i soprene synt hase
from Pueraia | obata (Kudzu plant) and was codon-optim zed for Pseudononas
fl uorescens, Pseudononas putida, Rhodopseudononas pal ustris and
Corynebacterium (Fi gures 79A-79C (SEQ ID NO 123)). Digestion of plasmd
pJ201: 19813 with restriction enzynes Ndel and BanmH | i berated gene isol 9813
that was ligated into the Streptonyces-E. coli shuttle vector pUAL201PW
(Doumith et ah, Mdl. Gen. Genet. 264: 477-485, 2000; Figure 71) to generate
pUANL201_iso. Successful cloning was verified by restriction analysis of
pUW.201 iso. Expression of isoprene synthase isol 9813 was under control of
the err-pronoter which allows for constitutive expression in Streptonycetes
species, but not for expression in E. coli. [0968] PUA201PW (no insert)
and pUW.201 iso were introduced in Streptomyces al bus J1074 (Sanchez et ah,
Chem Biol. 9:519-531, 2002) by transformation of protoplasts as descri bed
by Hopwood et ah, The John innesfoundation, Norw ch, 1985. [0969] A 200 m
al i quot of protoplast suspensions was transfornmed with 1.9 ng pUAN201PW or
2.9 ng pUANL201_iso. After incubation overnight at 28C on non-sel ective

R5- agar pl ates, positive trans formants were selected by further incubation
for 4 days in R3-overlay agar containing thiostrepton (250 nmg/m).

Thi ostrepton resistant transformants were exam ned for



presence of the pUAL-plasm ds by plasm d preparation using Plasmd Mni Kit
(Q agen). Prepared plasm d DNA was reintroduced in E. coli DH5a to generate
sufficient anounts of plasm d DNA to be anal yzed by restriction anal ysis.
Positive transformants were sel ected on anpicillin-containing L-agar plates
and insert analysis was done by digestion of plasmd DNA with Ndel and
BanKl endonucl eases. |soprene synthase was identified as a 1.7 kb fragnent
in positive pUAL201 iso clones while in the control strains (pUAL201PW no
such fragment was observed. [0970] WId type strain and transformants of S.
al bus containing control plasmd pUAL201PW or i soprene synt hase encodi ng
pUWL201 iso were analyzed for isoprene formation. Strains were cultivated
in duplicate on solid nedia (tryptic soy broth agar, TSB; 2.5 m) in
presence or absence of thiostrepton (200 ng/m ) and incubated for 4 days at
28C in seal ed head-space vials (total volune 20 m). 500 m head-space
sanpl es (end poi nt nmeasurenents) were anal yzed by GC-Ms in SI M node and

i soprene was identified according to reference retention tinmes and

nmol ecul ar masses (67 mz). |Isoprene present in head-space sanples was
quantified by previously generated calibration curves. Wile wild-type S

al bus and control strains harboring pUAL201PW produced i soprene in
concentrations slightly higher than the detection limt (0.04 - 0.07 ppnm,
S. al bus harboring pUAL201_iso produced isoprene in at |east tenfold excess
conpared to controls (0.75 ppm Figure 72). The results denonstrate
successful expression of plant-derived i soprene synthase in a prokaryotic
organi sm of the Actinonmycetes group. Exanple 29: Recovery of

Bi oi soprene(tm [0971] Bioisoprene(tm was recovered froma set of four
14-L scale fernentations in a two-step operation involving stripping of

i soprene fromthe fernmentation off-gas stream by adsorption to activated
carbon, followed by off-1ine steam desorption and condensation to give

i quid Bioisoprene(tm (Figures 166A and 166B). The total anount of

Bi oi soprene(tn) produced by the four fernentors was 1150 g (16.9 nol), of
which 953 g (14 nol, 83% was adsorbed by the carbon filters. Follow ng the
st eam desor pti on/ condensation step, the amount of |iquid Bioisoprene(tm
recovered was 810 g, corresponding to an overall recovery yield of 70% The
recovered Bioisoprene(tm was anal yzed for the presence of inpurities.

Anal ysis and inpurity profile of Bioisoprene(tm 1iquid[0972] Recovered

Bi oi soprene(tn) liquid was anal yzed by GO M5 and gas chronat ography/fl anme
ioni zation detection (GO FID) to determ ne the nature and | evel s of



inmpurities. The product was determ ned to be >99. 5% pure and cont ai ned
several dom nant inpurities in addition to nmany m nor conponents. The

GC/ FI D chromatogram i s depicted in Figure 167, and the typical |evels of
inmpurities are shown in Table 19. The inpurity profile was simlar to other
Bi oi soprene(tm batches produced on this scale. Table 19. Sunmary of the
nature and levels of inpurities seen in several batches of Bioisoprene(tn).
Purification of Bioisoprene(tn) by treatnent with adsorbents [0973]
Adsorbents are widely used by industry for the renoval of trace inpurities
from hydrocarbon feedstocks. Suitable adsorbents include zeolite, alumna
and silica-based materials. Bioisoprene(tn) can be substantially purified
by passage over silica gel, and to a | esser extent with alum na. Figure 168
shows the GC/ FI D chromat ograns of a Bi oi soprene(tn) sanple before (A and
after treatment with alumna (B) or silica (C. The Sel exsorb(tm adsorbent
products fronBASF is one of the adsorbents of choice for the renoval of
polar inpurities from Bi oi soprene(tm. Specifically, the Sel exsorb CD and
CDX products are preferred given their proven utility for renoval of polar
inmpurities fromisoprene and but adi ene feedstocks. Exanple 30: Chem cal
transformati ons of Bioi soprene(tn) [0974] Chem cals and solvents were used
as received fromSigma Aldrich Corp (W, USA). Bioisoprene (tm was
produced by fernmentation of E. coli BL21 strains expressing |soprene

synt hase and a heterol ogous neval onic acid (M/A) isoprene precursor

bi osynt heti ¢ pat hway. Bi oi soprene was recovered fromfernentation off-gas
by adsorption to activated carbon, followed by steam desorption and
condensation to obtain crude, |iquid Bioisoprene. Bioisoprene was purified
by fractional distillation inmedi ately before use. 1HNMR anal ysis [0975]
Proton (1H ) nucl ear nagnetic resonance (NVR) spectra were recorded on a
Varian VNMRS 500 MHz NWR system AlIl NWVR spectra are referenced to
tetramet hyl silane (TMs, O ppn) or chloroform (CHO , 7,26 ppmand peak
frequencies are recorded in ppmunless otherw se specified. Sanples were
run in either deuterated chloroform (CDCI3) or nethanol (CD3CD). GC/ M5

anal ysis [0976] The anal ysis was performed using an Agilent 6890 GC/ M5
systeminterfaced with a CTC Anal ytics (Switzerland) Comnbi PAL aut osanpl er
operating in headspace node. An Agilent HP-5M5 GO/ M5 colum (30 mx 0.25
mm 0.25 mmfilmthickness) was used for separation of



anal ytes. The autosanpler was set up to inject 1 nL of a liquid sanple from
a 10 nL liquids syringe. The GO M nethod utilized heliumas the carrier
gas at a flow of 1 niL/mnute. The injection port was held at 250 Cwith a
split ratio of 100: 1. The oven program began at 50 C for 2 m nutes,
increasing to 225C at a rate of 25C/mn. followed by a 1 mnute hold for a
total run time of 10 mnutes. The Agilent 5793N mass sel ective detector was
run in scan node fromnz 29 to 500. A solvent delay of 1.5 m nutes was
enpl oyed. Under these conditions isoprene (2-nethyl- 1,3-butadiene) was
observed to elute at 0.675 mnutes. GO FID anal ysi s[0977] The anal ysis was
performed using an Agilent 6890 GC/FID systeminterfaced with a CIC

Anal ytics (Switzerl and) Conbi PAL autosanpl er operating in |iquids node. An
Agilent DB-Petro GC colum (100 mx 0.25 mm 0.50 mmfilmthickness) was
used for separation of analytes. The autosanpler was set up to inject 1 nL
of aliquid sanple froma 10 nL |liquids syringe. The GO FID nethod utilized
heliumas the carrier gas at a flow of 1 nL/m nute. The injection port was
held at 200 Cwith a split ratio of 50: 1. The oven program began at 50 C
for 15 mnutes, increasing to 2500C at a rate of 25C/ mn. followed by a 10
m nute hold for a total run time of 33 mnutes. The FID detector was held
at 2800C in Constant nakeup nmode with a hydrogen flow of 35 nL/mn and air
flow of 250 nmL/m n. Under these conditions isoprene (2-

met hyl- 1, 3- but adi ene) was observed to elute at 13.54 mnutes. L Preparation
of cyclic diners of isoprene through thermal Diels-Al der cycloaddition
[0978] Isoprene ( 1.02 g, 0.015 nole) was heated at 1500C for 24 hours in
the presence of 2,6- di-tert-butyl-4-nethyl phenol (0.165 g, 0.05 nole)
acting as an inhibitor of thermal polynerization. The reaction was carried
out in a sealed thick-walled glass reaction vessel that was dried in the
vacuum oven for 24 hours prior to the reaction. The reaction m xture was
stirred with a magnetic stirrer. The progress of the reaction was nonitored
by gas chromat ography with nass-spectroneter detector (GC-Ms). After the
reaction was finished, the resulting m xture of isonmers was purified using
silica gel chromatography with hexane as the eluent. Foll ow ng
concentration on a rotary vacuum evaporator the product was characterized
by GC-MS and 1HNVR. GC-Ms: product A: 5.17, 5.19 mn; product B: 5.72, 5.74
mn; product C. 6.1 1 min. 1HNWVR (CDA3) d: 5.8 (m; 5.4 (mM; 4.95 (m;
2.4-1.2 (m. Il. Preparation of isoprene oligonmers through Pd-catalyzed

ol i goneri zation [0979] Isoprene (2.03 g, 0.03 nole) was mixed with

i sopropanol (1.79 g ,0.03 nole) in a



seal ed thick-walled glass reaction vessel. Prior to the reaction the gl ass
chanber was dried in a vacuumoven for 24 hours. Transfer of all reagents
was done under inert nitrogen atnosphere. Pall adi um acetyl acetonate (0.55
ng, 0.06 nmol e) and triphenyl phosphine (1.49 ng, 0.19 mmol) were added to
the reaction m xture. The reaction chanber was then heated to 1000C for 24
hours with m xi ng provided via magnetic stirrer. The course of the reaction
was anal yzed by GC-MS. Once the reaction was finished the products were

i solated by silica gel columm chromatography using hexane as the el uent.
The final products were characterized by GG M and 1H NVR spectroscopy.
GC-Ms: product A: 5.54 mn; product B: 6.6 mn; product C. 6.85 mn.III
Hydr ogenati on of unsaturated conpounds [0980] The m xture of isoners
obtained in Exanple 2 (1.36 g, 0.01 nole) is put in a glass chanber

equi pped with magnetic stirrer and containing a hydrogenation catal yst
(Pd/C, 5 wm% (0.21 g, 0.1 mol). All glassware is vacuumdried prior to
carrying out the experinents. Hydrogen gas is introduced into the system
and the pressure is kept at 3 atm After several hours the reaction mxture
Pd/Cis filtered fromthe reaction m xture and the products are separated
using silica gel chromatography. Final analysis is done using GC-M and
NVR |V. Preparation of ethoxylated derivatives of isoprene [0981] | soprene
(0.982 g, 0.014 nole) was m xed with absol ute ethanol (0.665 g, 0.014 nol)
in a thick glass wall chanber equipped wth magnetic stirrer. A catalytic
anount of concentrated sulfuric acid was added to the reaction m xture,
foll owed by stirring overnight at 85C. The progress of the reaction was
noni tored by GC-Ms. After 16 hours of heating the GC-Ms trace reveal ed the
presence of a mxture of isomers with follow ng retention tines: product A
2.66 mn mz+ = 99; product B: 3.88 mz+ = 99, 114; product C 5.41mn,
mz+ = 87, 99, 114. V. Conversion of isoprene to O cyclic dinmers using a
rut heniumcatalys t + isoners [0982] The conversion of isoprene into CO
cyclic dinmers has been achieved in excellent yield using a ruthenium
catalyst to a m xture of dinethyl-cyclooctadi enes (Itoh, Kenji; Masuda,

Kat suyuki ; Fukahori, Takahi ko; Nakano, Katsunasa; Aoki, Katsuyuki;
Nagashi ma, Hi deo, Organonetallics (1994), 13(3), 1020-9.) Conversions

hi gher than 95% are reported at very noderate tenperatures (as | ow as
600C). The catal yst, a pentanethyl cycl opent adi enyl - based rut heni um
organonetal | i ¢ conpound, can be prepared in two easy steps using ruthenium
chloride (RUCI 3) and pentanet hyl cycl opent adi ene (CsMe H) as starting
materials. For thedinerization reaction the catalyst is activated with
silver triflate (AgOIf) to produce the active



speci es, but other activators could be used as well. VI. Conversion of

i soprene to C15 trinmers using a chrom um catal yst |Isoprene 3:1 m xture
(l'inearcyclic) [0983] Conversion of isoprene into the Cl5 trimers can be
carried out using a chromumcatalyst with a P-N-P |i gand,

7V, 7V- bi s(di aryl phosphi no) am ne. The catalyst is prepared in situ and it is
activated using MAO, as described in Bowen, L.; Charernsuk, M; Wss, D. F.
Chem Comun. (2007) 2835-2837. The reported conversion of isoprene into
the C15 trimers, consisting in a mxture (3:1) of linear and cyclic
products, is as high as 95% at noderate tenperatures (700C). Tetramers are
identified as the nmajor other product in every case. VII. Hydrogenation of
i soprene [0984] Isoprene (10 nL of a 10% sol ution in absol ute ethanol
(v/v)) was hydrogenated to 2- nethyl butane (isopentane) in a continuous
manner using an H cube hydrogenation instrument (Thal esNano, Princeton, NJ,
U S A). The isoprene solution was punped at 0.5 nmiL/mn through a 10@6Pd/C
catal yst cartridge held at 700C. Hydrogen gas was introduced using "ful
node" at 1 atm pressure. The product was col |l ected and anal yzed by 1H NWVR
and GC/ FI D which confirmed the conversion of isoprene to 2-nethyl butane in
over 90%yvyield, in addition to mnor anounts of partially hydrogenated
nono-ol efins. 1H NWR (500 MHz, CDC13): 0.8 (m 9H, CH3) ; 1.12 (m 2H,
CH2); 1.37 (m IH CH) . GJFID 2-nmethylbutane; retention tine = 12.69
mnutes. VIII. Partial hydrogenation of isoprene[0985] Bi ol soprene(tm
product (50 nmL, 0.5 nol) was m xed with toluene (200 nL) and partially
hydr ogenat ed over a 5% Pd/ C catal yst on an M di - Cube hydrogenati on

i nstrunment (Thal esNano, Budapest, Hungary) at 40C and 5 bar hydrogen
pressure. Substrate flow rate was 10 nL/m n and hydrogen was delivered at
125 m/mn (5 mol /mn). The product stream was recycled through the
instrunment for a period of 2 hours after which tine an aliquot of the
product was anal yzed by GO M5 and GC/ FI D which showed that the majority of
the starting material had been converted to a m xture of isoanyl enes
(2-met hyl -1 -butene, 2-nethyl-2-butene and 3- nethyl-1-butene), in addition
to i sopentane and sonme unreacted isoprene (Figure 170). IX Selective

hydr ogenati on of Bi ol soprene(tm product [0986] Biol soprene(tm product is
sel ectively hydrogenated under the conditions cited in the



above exanpl e using an eggshell PdzZd-Al O catalyst giving a m xture of

i soanyl enes where 2- nethyl-2-butene is the dom nant product accounting for
>50% of the total isoanylenes and 3- nethyl-1-butene is the m nor product
accounting for <25% of the total isoanylene products as determ ned by GO VS
anal ysis. The anmount of isopentane and residual isoprene account for <10%
of the total product stream A simlar result is obtained when a sulfided
pal | adi um on carbon catalyst is used to performthe reaction. X Parti al
hydr ogenati on of Bi ol soprene(tm product in the gas phase [0987] A dry gas
stream cont ai ni ng Bi ol soprene(tm product is mxed with a slight excess of
hydr ogen gas (nol/npl) and the gaseous m xture passed over a heterogenous
hydr ogenati on catal yst, such as a G oup |B-pronoted pall adium catal yst with
hi gh pore volune as described in US Pat. Appl. 20090203520, to produce a

m xture of isoanylenes and one or nore inpurities derived fromthe
fermentation process fromwhich the Biol soprene(tm product was originally
derived. The conversion is carried out at pressures ranging from0.5 to 200
bar, and tenperatures from O00C to 2000C. XL Dinerization of |soanylenes
with a solid acid catal yst [0988] 2-Methyl-2-butene ( 1.5 nL) and tol uene
(4 mL) were stirred at roomtenperature with Anberlyst 15 acid resin (186
ng) for 12 h at roomtenperature. An aliquot (500 uL) was renoved fromthe
reaction mxture and transferred to a GC vial. Analysis of the mxture
wasperformed by GO M5 (Figure 171) and reveal ed the partial conversion to
G Odinmers (diisoam ylenes) suitable as Biol sofuel (tn) conponents. [0989]
The products of the dinerization reaction (diisoanmylenes, COdimte) are
optionally fully hydrogenated under conditions described in Exanple 30,
part VII1, or through conditions known in the art for the hydrogenation of
olefins to isoparaffins [for exanple, see Marichonna (2001)]. XI.

A igonerization of Biolsoprene(tm product with a solid acid catal yst
Anberlyst 15 acid resin . ,. . . Linear, cyclic and aromatic diners,
trimers and hi gher oligoners Toluene, 200C, Biol soprene(tm nononmer Seal ed
vessel > 12 h r [0990] A m xture of Biol soprene(tm nononer,
2-met hyl -2-butene (1.5 nmL) and tol uene (4 ni)



was stirred at roomtenperature with Anberlyst 15 acid resin (186 ng) for
12 h at roomtenperature. An aliquot (500 uL) was renoved fromthe reaction
m xture and transferred to a GC vial. Analysis of the m xture was perforned
by GC/MS (Figure 172) and reveal ed a conplex m xture of products consisting
of isoprene, linear, cyclic and aromatic C O C15 and hi gher oligoners.
XII'l. Continuous oligonerization of Biolsoprene(tm product with a solid
acid catal yst [0991] Biol soprene(tn) nononer is continuously converted into
COdinmers and C15 trinmers in a dinmerization reactor containing Anberl yst
15 ion exchange resin or an equivalent catalyst. The Bi ol soprene(tn) feed
stream conpri ses Biol soprene(tm nononer and optionally C5 derivatives of

Bi ol soprene(tn) and a co-solvent. The process is conducted at tenperatures
rangi ng from 20 to 2000C and pressures fromO0.5 to 200 bar. The products of
the dinerization step are fractionated in a first fractionation colum to
separate unreacted i soprene from higher (>C5) oligoners. The C5 fraction is
returned to the dinerization reactor and the heavy >C5 fraction is

i ntroduced into a second fractionation colum in which the desired C10/d 5
fraction is collected fromthe overhead stream The bottomfraction
consisting of >Cl15 oligoners is fed into a heavy recycle reactor containing
a netathesis catal yst such as the Grubbs 2nd generation catal yst. The
net at hesi s catal yst converts a portion of the higher oligoner fraction into
| i ght erconponents by ol efin cross-netathesis reactions that are
subsequently fed into fractionation colum # 1 as depicted in Figure 173.

[ 0992] Overall, the process results in conversion of Biol soprene nonomner
into A Odinmer and C15 trimer Biolsofuel (tnm) precursors which are then

subj ected to partial or conplete hydrogenation under conditions described
in exanple 30, section VII. The resulting partially or fully saturated
conpounds are suitable as Biolsofuel (tn) conpositions and as Bi ol sof uel (tm
bl endst ocks. Exanple 31 13C 12C i sotope analysis [0993] 13C anal ysis can be
done by loading 0.5 to 1.0 ng sanples into tin cups for carbon isotopic
anal ysis using a Costech ECS4010 El enental Analyzer as an inlet for a
Ther noFi nnigan Delta Plus XP isotope rati o nass spectroneter. Sanples are
dropped into a cobal tous/cobaltic oxide conmbustion reactor at 10200C with
conbusti on gases being passed in a heliumstreamat 85nL/mn through a
copper reactor (6500C) to convert NOx to N. CO and N are separated using a
3-m 5A nol ecul ar sieve colum. Then, 13C 12C ratios are calibrated to the



VPDB scal e using two | aboratory standards (Acetanilide B, -29.52 0.02%m
and cornstarch A - 11.01 0.02%) which have been carefully calibrated to
the VPDB scale by off-1ine conmbustion and dual -inlet analysis using the
2-standard approach of T. B. Coplen et al, New Guidelines for d13C
Measurenents, Anal. Chem, 78, 2439-2441 (2006). The teachings of Coplen
are incorporated herein by reference for the purpose of teaching the
techni que for determ ning d13C values. [0994] U. S. Provisional Patent
Application No. 61/133,521 filed on June 30, 2008 and WD 2010/ 05525 Al |i st
613C val ues for feedstock and polyners of isoprene derived fromvarious
sources, including ones listed in Table 20. Table 20 Exanple 32 - Exenplary
Fuel Properties [0995] Table 21 lists fuel properties of certain conpounds
that can be nmade fromisoprene using nethods described herein. Table 21

J 0996] The headi ngs provided herein are not limtations of the various
aspects or enbodi nents of the invention which can be had by reference to
the specification as a whole. [0997] Al publications, patent applications,
and patents cited in this specification are herein incorporated by
reference as if each individual publication, patent application, or patent
were specifically and individually indicated to be incorporated by
reference. In particular, all publications cited herein are expressly

i ncorporated herein by reference for the purpose of describing and

di scl osi ng conpositions and net hodol ogi es which m ght be used in connection
with the invention. Al though the foregoing invention has been described in
sone detail by way of illustration and exanple for purposes of clarity of
understanding, it will be readily apparent to those of ordinary skill in
the art in light of the teachings of this invention that certain changes
and nodifications may be nade thereto without departing fromthe spirit or
scope of the appended cl ai ns. Appendi x 1 Exenpl ary

| - deoxy- D- xyl ul ose- 5- phosphat e synt hase nucl ei ¢ aci ds and pol ypepti desATH:
AT3&21500( DXPSl ) AT4Gl556Q( CLA1l) PMJ: PMD532(dxs) AT5GL1380( DXPS3) MsU
M51059(dxs) OSA: 4338768 4340090 4342614 APL: APL_0207(dxs) CVE: CMF089C
XFA: XF2249 PFA: MAL13P1. 186 XFT: PD1293(dxs)



TAN: TA20470 XCC. XCC2434(dxs) TPV: TPA JM 6 XCB: XC 1678 ECO b0420( dxs)
XCV: XCV2764(dxs) ECI: JW410(dxs) XAC. XAC2565(dxs) ECE: Z0523(dxs) XOO
X002017(dxs) ECS: ECsOA74 XOM XOO I 900( XOO 1900) ECC. cOp31(dxs) VCH:
VC0889 ECI: UTI 89 _C0443(dxs) WU. W _ 0315 ECP. ECP_0479 VVY: WS868 ECV:
APECO 1 1590(dxs) VPA: VP0686 ECW ECE24377A 0451(dxs) VFI: VF0711 ECX:
EcHS A0491 PPR. PBPRA0805 STY: STY0461(dxs) PAE: PA4044(dxs) STT:

t 2441(dxs) PAU: PA14_11550(dxs) SPT: SPA2301(dxs) PAP: PSPA7_1057(dxs) SEC
SQ0463(dxs) PPU. PP_0527(dxs) STM STM)422(dxs) PST: PSPTO 0698(dxs) YPE:
YPO3177(dxs) PSB: Psyr 0604 YPK: yl 008(dxs) PSP: PSPPH 0599(dxs) YPM
YP_0754(dxs) PFL: PFL_5510(dxs) YPA: YPA 2671 PFG Pfl_5007 YPN:. YPN_ 0911
PEN: PSEENO600(dxs) YPP: YPDSF 2812 PMY: Pnen_3844 YPS:. YPTB0939(dxs) PAR
Psyc _0221(dxs) YPI: YpslP31758 3112(dxs) PCR Pcryo_ 0245 SFL: SF0357(dxs)
ACl : ACI AD3247(dxs) SFX: S0365(dxs) SON. SO 1525(dxs) SFV: SFV_0385(dxs)
SDN: Sden_2571 SSN. SSON_0397(dxs) SFR Sfri_2790 SBO SBO 0314(dxs) SAZ:
Sama_2436



SDY: SDY_0310(dxs) SBL: Sbal 1357 ECA: ECA1131(dxs) SLO Shew 2771 PLU:
pl u3887(dxs) SHE: Shewnr4 2731 BUC. BU464(dxs) SHM Shewnr 7_2804 BAS:
BUsg448(dxs) SHN: Shewana3 2901 WBR. WGLpl 44(dxs) SHW Sputw3181 2831 SGL.:
SA656 | LO  |L2138(dxs) KPN: KPN 00372(dxs) CPS: CPS_1088(dxs) BFL:

Bf | 238( dxs) PHA: PSHAa2366(dxs) BPN: BPEN 244(dxs) PAT: Patl 1319 H N
H 1439(dxs) SDE: Sde 3381 HIT: NTH 1691(dxs) PIN. Ping_2240 H P

CGSHi EE_04795 MAQ Maqu_2438 HI Q OCGSHi GG 01080 MCA: MCA0817(dxs) HDU:
HDO441(dxs) FTU. FTT1018c(dxs) HSO HS_0905(dxs) FTF: FTFI O 8c(dxs)FTW
FTW 0925(dxs) AZO azol 1 98(dxs) FTL: FTLJ072 DAR Daro_3061 FTH:

FTH 1047(dxs) TBD: Tbd_0879 FTA: FTA 1131(dxs) MFA: MI1a_2133 FTN
FTN_0896(dxs) HPY: HP0354(dxs) NOC. Noc_1743 HPJ: j hpCB28(dxs) AEH:

M g_1381 HPA: HPAGL 0349 HCH HCH_05866(dxs) HHE: HHO608(dxs) CSA:

Csal _0099 HAC: Hac_0968(dxs) ABO ABO 2166(dxs) WBU: WB1996 AHA:

AHA 3321(dxs) TDN: Tnden_0475 BCl: BCl_0275(dxs) CJE: G 0821(dxs) RMA:
Rmag_0386 CJR CJE0366(dxs) VOK: COSY_0360(dxs) CJJ: CJJ81176_0343(dxs)
NVE: NVB 1867 CJU: C8J_0298(dxs)



NMA: NMAO589(dxs) CID: JJID26997_1642(dxs) NMC: NMCO352(dxs) CFF
CFF8240_0264(dxs) NGO NGO0036 CCV: CCV52592 1671(dxs) CCV52592 1722 CVI
CV_2692(dxs) CHA: CHAB381 1297(dxs) RSO RSc2221(dxs) CCO
CCC13826_1594(dxs) REU: Reut A0882 ABU: Abu_2139(dxs) REH. HL16_A2732( dxs)
NI'S: N S_0391(dxs) RVE: Rmet 2615 SUN: SUN 2055(dxs) BMA: BMAAD330( dxs)
GSU: GSU0686(dxs-1) GSUL764(dxs-2) BW: BMASAVP 1512(dxs) GVE: Gret 1934
Gret 2822 BM.: BMA10299 1706(dxs) PCA: Pcar 1667 BMN: BMA10247_A0364( dxs)
PPD: Ppro_1191 Ppro_2403 BXE: Bxe B2827 DVU. DVU1350(dxs) BUR:

Bcepl 8194 _B2211 DVL: Dvul 1718 BCN: Bcen_4486 DDE: Dde 2200 BCH:

Bcen2424 3879 LIP: LI 0408(dsx) BAM Bamb_3250 DPS: DP2700 BPS:
BPSS1762(dxs) ADE: Adeh_1097 BPM BURPS 171 Ob_A0842(dxs) MXA:
MXAN_4643(dxs) BPL: BURPS 1106A A2392(dxs) SAT: SYN 02456 BPD:
BURPS668_A2534(dxs) SFU: Sfum 1418 BTE: BTH_I10614(dxs) PUB:

SARI | _0611(dxs) BPE: BP2798(dxs) M.O nir7474 BPA: BPP2464(dxs) MES:
Meso_0735 BBR BB1912(dxs) SME: SMc00972(dxs) RFR. Rfer 2875 ATU:

At uO745(dxs) POL: Bpro_ 1747 ATC. AGR C 1351 PNA: Pnap_ 1501 RET:
RHE_CH00913(dxs) AJS: Ajs_1038 RLE: RL0973(dxs) MPT: Mpe A2631 BME:

BVEI 1498



HAR: HEARO0279(dxs) BMrF: BABI _0462(dxs) MVS: mma_0331 BMS: BR0436(dxs) NEU:
NE1161(dxs) BMB: BruAbl _0458(dxs) NET: Neut 1501 BOV: BOV_0443(dxs) NWU:
Nmul _A0236 BJA: bl 2651(dxs) EBA: ebA4439(dxs) BRA: BRADC2161( dxs) BBT:

BBt a_2479(dxs) LLA: L108911(dxsA) L123365(dxsB) RPA: RPA0952(dxs) LLC. LACR
| 572 LACR | 843 RPB: RPB 4460 LLM 11 ng_0749(dxsB) RPC. RPC 1149 SAK:
SAK_0263 RPD: RPD 4305 LPL: |p_2610(dxs) RPE: RPE | 067 LJO LJ0406 NW:

Nwi _0633 LAC. LBA0356 NHA: Nham 0778 LSL: LSL_0209(dxs) BHE: BH04350( dxs)
LGA: LGAS 0350 BQU: BQD3540(dxs) STH: STH 842 BBK: BARBAKC583_0400( dxs)
CAC. CAC2077 CA_P0106(dxs) CCR CC_2068 CPE: CPE1819 SIL: SP00247(dxs) CPF:
CPF_2073(dxs) SIT: TML040_2920 CPR CPR _1787(dxs) RSP: RSP_0254(dxsA)
RSP_1134(dxs) CTC. CTC01575 JAN: Jann_0088 Jann_0170 CNO NTO1CX_1983 RDE:
RDI A d (dxs) RDI _0548(dxs) CTH Cthe_0828 MVR Mrarl 0_0849 CDF:
CD1207(dxs) HNE: HNE_1838(dxs) CBQ CBO1881(dxs) ZMO ZMO1234( dxs)
ZMO1598(dxs) CBA: CLB_1818(dxs) NAR Saro_0161 CBH. CLC 1825(dxs) SAL:

Sal a_2354 CBF: CLI_1945(dxs) ELI: ELI 12520 CKL: CKL_1231(dxs) GOX: GOX0252
CHY: CHY_1985(dxs) GBE: GbCGDNI H _0221 GbCGDNIH 2404 DSY: DSY2348



RRU: Rru_A0054 Rru_A2619 DRM Dred 1078 MAG anb2904 PTH: PTHJI 96( dxs)
MGM Mrtl 1048 SWO Swol 0582 SUS: Acid 1783 CSC. Csac_1853 BSU:
BG11715(dxs) TTE: TTE1298(dxs) BHA: BH2779 MIA: Mot h_1511 BAN:. BA4400( dxs)
MPE: MYPE730 BAR. GBAA4400(dxs) MGA: MGA 1268(dxs) BAA: BA 4853 MIU.
Rv2682c(dxsl) Rv3379c(dxs2) BAT: BAS4081 MIC. Mr2756(dxs) BCE: BCA176( dxs)
MBO Mo2701c(dxsl) M3413c(dxs2) BCA: BCE _4249(dxs) ME: M.1038(dxs) BCZ:
BCZK3930( dxs) MPA: MAP2803c(dxs) BTK: BT9727_3919(dxs) MAV: MAV_3577(dxs)
BTL: BALH 3785(dxs) MSM MBMEG 2776(dxs) BLI: BL01523(dxs) MVC. Mrcs_2208
BLD: BLi O2598(dxs) CGL: NCgl | 827(cgll1902) BCL: ABC2462(dxs) CGB:
cg2083(dxs) BAY: RBAM 022600 CEF: CE1796 BPU. BPUM 2159 CDI: DI P1397(dxs)
GKA: CK2392 CIK:j kl Or8(dxs) GIN. GING 2322 NFA: nfa37410(dxs) LMD

| mol 365(tkt B) RHA: RHAl _ro06843 LMF: LMX2365_1382(dxs) SCO

SCO6013(SCA C3.01) SCO6768( SC6A5. 17) LIN: Hnl 402(tktB) SMA: SAV1646( dxsl)
SAV2244(dxs2) LWE: |wel 380(tktB) TWH TWI484TWs: TwWe80( Dxs) PMB:
A9601_09541(dxs) LXX: Lxxl 0450(dxs) PMC. P9515 09901(dxs) CM:

CWM 1660(dxsA) PMF: P9303_15371(dxs) AAU. AAur 1790(dxs) PMz
P9301_09521(dxs) PAC. PPA 1062 PMH P9215 09851



TFU. Tfu_1917 PMJ: P9211 08521 FRA: Francci 3_1326 PME: NATLI _09721(dxs)
FAL: FRAAL2088(dxs) TER Tery_ 3042 ACE: Acel _1393 BTH BT 1403 BT 4099 SEN:
SACE_1815(dxs) SACE 4351 BFR BF0873 BF4306 BLO BL1132(dxs) BFS:
BFO796(dxs) BF4114 BAD: BAD 0513(dxs) PA: PQ&217(dxs) FNU. FN1208 FN1464
CHU. CHU 3643(dxs) RBA: RB2143(dxs) GFO GFO_3470(dxs) CTR CT331(dxs) FPS:
FP0279(dxs) CTA: CTA 0359(dxs) CTE: CT0337(dxs) CMJ. TC0608 CPH:
Cpha266_0671 CPN. CPnl G6Q(tktB_2) PVI: Cvib_0498 CPA: CP0790 PLT: Pl ut_0450
CPJ: CPj1 G6Q(tktB_2) DET: DET0745(dxs) CPT: CpB 1 102 DEH cbdb_A720( dxs)
CCA: CCA00304(dxs) DRA: DR | 475 CAB: CAB301(dxs) DGE: Dgeo_0994 CFE:
CF0699(dxs) TTH TTA 614 PCU. pc0619(dxs) TTJ: TTHA0006 TPA: TP0824 AAE:
aq_881 TDE: TDE1910(dxs) TMA: TML770 LIL: LA3285(dxs) PMO Pnob 1001 LIC
LI C10863(dxs) LBJ: LBJ_0917(dxs) LBL: LBL_0932(dxs) SYN. sll1945(dxs) SYW
SYNWL292( Dxs) SYC. sycl B7_c(dxs) SYF:. Synpcc7942_0430



SYD: Syncc9605_ 1430 SYE: Syncc9902_1069 SYG sync_1410(dxs) SYR
SynRCC307_1390(dxs) SYX: SynWH7803_1223(dxs) CYA: CYA_1701(dxs) CYB:
CYB_1983(dxs) TEL: tl10623 GVI: gll1 0194 ANA: al r(B99 AVA: Ava_4532 PMNA:
Pro0928(dxs) PVMM PMW907(Dxs) PMI: PMIoe85(dxs) PMN: PMN2A 0300 PML
PMro312 0893Exenpl ary acetyl - CoA-acetyl transferase nucleic acids and

pol ypepti des HSA: 38(ACATlI) 39(ACAT2) STM STM3019(ygeF) PTR 451528( ACATI)
SFL: SF2854(yqeF) MCC. 707653( ACATlI) 708750( ACAT2) SFX: S3052(yqgeF) MW
110446( Acatl) 110460( Acat 2) SFV: SFV_2922(ygeF) RNO 25014(Acatl) SSN:
SSON_2283(at oB) SSON _3004(ygeF) CFA: 484063( ACAT2) 489421( ACATI) SBO

SBO 2736(ygeF) GGA: 418968( ACATl) 421587( RCIMB04_34i5) ECA: ECA1282( at oB)
XLA: 379569( M3C69098) 414622( M3C81403) ENT: Ent 638_3299 414639( M3C81256)
SPE: Spro_0592 444457(M3C83664) HI T: NTHI 0932(atoB) XTR 394562(acat?2) XCC.
XCC1297(atoB) DRE: 30643(acat?2) XCB: XC 2943 SPU:. 759502(LOC759502) XCV:
XCV1401(thl A) DVE: Dmel _CGL0932 Drel _CG9149 XAC. XAC 348( at oB)



CEL: T02Gb.4 T02Gh.7 T02Gh. 8(kat-1) XOO XO0O1881(atoB) ATH:

AT5(48230( ACAT2/ EMB1276) XOM  XOO _1778( XOOL778) OSA: 4326136 4346520 VCH:
VCA0690 CME: CMAO42C CVEO87C VCO VC0395 0630 SCE: YPLO28W ERGLO) WU

W2 0494 W_0741 AGO AGOS ADRL165C WY: WA 1043 WA1210 PIC. PICST
31707(ERA O VPA: VPA0620 VPAI 123 VPA1204 CAL: Ca(Ol19.1591(ergl0) PPR
PBPRBI 112 PBPRB 1840 CGR CAG.OLI 2364g PAE: PA2001(atoB) PA2553 PA3454
PA3589 SPO. SPBC215. 09c PA3925 MGR MGG 01755 MEGEI3499 PAU.
PA14_38630(at oB) ANI: AN1409.2 PPU. PP_2051(atoB) PP_2215(fadAx) PP 3754
AFM AFUA 6G14200 AFUA 804000 PP 4636 ACR AQ090103000012 AC0901 03000406
PPF: Pput 2009 Pput_ 2403 Pput 3523 Pput 4498 CNE: CNC05280 PST:

PSPTO_0957( phbA-1) PSPTO 3164( phbA-2) UVA UWMD3571.1 PSB: Psyr_0824

Psyr 3031 DD : DDB 023 1621 PSP: PSPPH 0850( phbAl) PSPPH 2209( phbA2) PFA:
PF14 0484 PFL: PFL_1478(atoB-2) PFL 2321 PFL 3066 TET: TTHERM 00091590
TTHERM 00277470 PFL_4330(at oB-2) PFL_5283 TTHERM 00926980 PFO. Pfl 1269 Pf|
| 739 Pfl_2074 Pfl_2868 TCR 511003.60 PEN: PSEEN3197 PSEEN3547(fadAx) ECO
b2224(at oB) PSEEN4635( phbA) ECJ: JWe218(atoB) JWh453(ygeF) PMY: Pren_1138
Pmen_2036 Pnen_3597 ECE: Z4164(ygeF) Pnen_3662 Pnmen_3820 ECS: ECs3701 PAR:
Psyc 0252 Psyc | 169 ECC. c2767(atoB) c3441(ygeF) PCR Pcryo 0278
Pcryo_1236 Pcryo_1260 ECI: UTI 89 C2506(atoB) UTI 89 _C3247(yqgeF) PRW
PsycPRWM 2011 ECP. ECP_2268 ECP_2857 ACI: ACI AD0694 ACI AD1612

ACl AD2516( at oB) ECV: APEC01_3662(yqgeF) APECO _4335(atoB) SON: SO 1677(at oB)
APECO 1 43352(atoB) SDN. Sden_1943



ECX: EcHS_A2365 SFR Sfri_1338 Sfri_2063 STY: STY3164(ygeF) SAZ: Sama_1375
STT: t2929(yqgeF) SBL: Shal 1495 SPT: SPA2886(ygeF) SBM Shew 85 1489 SEC.
SC2958(yqeF) SBN: Shal | 95 1525SLO. Shew 1667 Shew 2858 BXE: Bxe A2273
Bxe_A2335 Bxe_A2342 SPC. Sputcn32_1397 Bxe_A4255 Bxe_B0377 Bxe_B0739 SSE:
Ssed_1473 Ssed_3533 Bxe_C0332 Bxe_C0574 Bxe_C0915 SPL: Spea_2783 BVI:

Bcepl 808_0519 Bcepl 808_1717 SHE: Shewnr 4_2597 Bcepl 808_2877 Bcepl 808_3594
SHM Shewnr 7_2664 Bcepl 808_4015 Bcepl 808_5507 Bcepl 808_5644 SHN:

Shewana3 2771 BUR Bcepl 8194 A3629 Bcepl 8194 _A5080 SHW Sputw3181_ 2704
Bcepl 8194 _A5091 ILO 1L0872 Bcepl 8194 _A6102 Bcepl 8194 _B0263 CPS: CPS_1605
CPS_2626 Bcepl 8194_B1439 PHA: PSHAa0908 PSHAal 454(atoB) Bcepl 8194_C6652
Bcepl 8194_C6802 PSHAal 586( at oB) Bcepl 8194_C6874 PAT: Patl _2923

Bcepl 8194 _Cr7118 Bcepl 8194 _Cr151 SDE: Sde_3149 Bcepl 8194 _C7332 PIN:

Pi ng_0659 Ping 2401 BCN: Bcen_1553 Bcen_ 1599 Bcen 2158 Bcen_ 2563 MAQ
Maqu 2117 Maqu_2489 Maqu_2696 Bcen 2998 Bcen 6289 Maqu_ 3162 BCH:

Bcen2424 0542 Bcen2424 1790 CBU: CBU 0974 Bcen2424 2772 Bcen2424 5368 LPN:
| pgl 825(at 0B) Bcen2424_6232 Bcen2424_6276 LPF. | pU 789 BAM Banb_0447
Banb_1728 Banb_2824 LPP: |ppl 788 Banb_4717 Banb_5771 Banb_5969 NOC:
Noc_1891 BPS: BPSL1426 BPSLI 535(phbA) BPSL1540 AEH: M g_0688 M g_2706 BPM
BURPS| 710b_2325(bktB) HHA: Hhal _1685 BURPS 17 10b_233 O phbA) HCH HCH
05299 BURPS 1710b_2453(at oB-2) CSA: Csal _0301 Csal _3068 BPL: BURPS

106A 2197( bkt B)



ABO. ABO 0648(fadAx) BURPS 1106A 2202( phbA) MWK Mmwwyl | _0073 Mwyl | 3021
Mmw! | 3053 BPD: BURPS668_2160( bkt B) BURPS668_2165( phbA) Mmwyl | 3097

Mmwl | 4182 BTE: BTH 12144 BTH 12256 BTH 12261 AHA: AHA 2143(at 0B) PNU:
Pnuc_0927 CVI: Cv_2088(atoB) CV_2790(phaA) BPE: BP0447 BP0668 BP2059 RSO
RSc0276( at oB) RScl 632( phbA) RScl 637( bkt B) BPA: BPP0608 BPP1744 BPP3805
BPP4216 RScl 761( RS02948) BPP4361 REU:. Reut A0138 Reut A1348 Reut A1353 BBR
BB0614 BB3364 BB4250 BB4804 BB4947 Reut B4561 Reut B4738 RFR Rfer 0272
Rfer 1 000 Rfer 1871 Rfer 2273 Reut B5587 Reut (5943 Reut (6062 Rfer 2561
Rf er 2594 REH: H16 A0170 H16 A0867 H16 A0868 Rfer 3839 H16 A0872 H16_A1297
POL: Bpro 1577 Bpro_ 2140 Bpro 3113 Bpro_4187 H16_A1438(phaA)

H16_A1445( bkt B) H16_A1528 PNA: Pnap_0060 Pnap_0458 Pnap_0867 Pnap_1159
H16_A1713 H16_Al1720 Pnap_2136 Pnap_2804 H16 A1887 H16 A2148 H16 B0380 H16
BO381 AAV: Aave 0031 Aave_ 2478 Aave_3944 Aave_ 4368 Hl16 B0406 H16 B0662 AJS:
Ajs_0014 Ajs_0124 Ajs_1931 Ajs_2073 H16 B0668 H16 B0O759 H16 B1369 Hl16 B1771
A s_2317 Al s_3548 RVE: Rnet O O Rret _1357 Rnet 1362 Rret 5156 Ajs_3738
Ajs_3776 BVA: BVMA1316 BMA1321(phbA) BMA1436 VEI: Veis 1331 Veis_ 3818

Vei s_4193 BW: BMASAVPI _A1805( bkt B) DAC. Daci _0025 Daci_0192 Daci _3601
Daci 5988 BMASAVP 1_A 1810(phbA) MPT: Moe_ A1536 Mpe Al776 Mpe A1869 BM.:
BVA10299 A0086( phbA) BMA10299 A0091 Mpe A3367 BWN: BMA10247_1076( bkt B) HAR:
HEARO577( phbA) BMA10247_1081( phbA) MVS: mma_0555 NEU: NE2262( bkt B) NET:

Neut 0610 RPC. RPC 0504 RPC 0636 RPC 0641 RPC 0832 EBA: ebA5202
p2A409(tioL) RPC 1050 RPC 2005 AZO azo0464(fadAl) azo0469(fadA2)
azo2172(thl A) RPC 2194 RPC 2228 DAR Daro_0098 Daro_3022 RPD: RPD 0306 RPD
0320 RPD 3105 RPD 3306 HPA: HPAGL 0675 RPE: RPE O 68 RPE 0248 RPE 3827
HAC. Hac_0958(atoB) NW: Nw _3060



GVE: Gret 1719 Gret 2074 Gret 2213 XAU:. Xaut 3108 Xaut 4665 Gret 2268

Gret 3302 CCR: CC_ 0510 CC_ 0894 CC 3462 GUR Gura 3043 SIL: SPCD142(bkt B)
SPCD326(pth) SPCD773 BBA: Bd0404(atoB) Bd2095 SPC3408 DOL: Dol e 0671

Dol e 1778 Dol e 2160 Dol e 2187 SIT: TML040 0067 TML040 2790 TML040 3026 ADE:
Adeh 0062 Adeh 2365 TML040 3735 AFW Anael 09 0064 Anael 09 1504 RSP: RSP
0745 RSP 1354 RSP 3184 MXA: MXAN 3791 RSH: Rsphl 7029 0022 Rsphl 7029 2401
SAT: SYN 02642 Rsphl 7029 _3179 Rsphl 7029 3921 SFU. Sfum 2280 Sfum_ 3582 RSQ
Rsphl 7025_0012 Rsphl 7025_2466 RPR. RP737 Rsphl 7025_2833 RCO RO 134 RC
135 JAN: Jann_0262 Jann_0493 Jann_4050 RFE: RF_0163(paaJ) RDE: RD1 0025
RDI 0201(bktB) RDI 3394(phbA) RBE: RBE 0139(paal) PDE: Pden_ 2026 Pden 2663
Pden_ 2870 Pden_2907 RAK: Al1C (6820 Pden_4811 Pden_5022 RBO All 07215 DSH:
Dshi 0074 Dshi 3066 Dshi 3331 RCM AlE 4760 MVR. Mrarl| 0_0697 PUB: SAR

I 0428(th| A) HNE: HNE 2706 HNE 3065 HNE 3133 MLO nir3847 NAR Saro_0809
Saro_1069 Saro_1222 Saro 2306 MES: Meso 3374 Saro_2349 PLA: Pl av 1573

Pl av_2783 SAL: Sal a 0781 " Sal a_1244 Sal a_2896 Sal a_3158 SMVE:  SMal 450
SMcB879( phbA) SW: Swit 0632 Swit_0752 Swit_ 2893 Swit 3602 SMD: Smed_0499
Snmed 3117 Smed 5094 Swit 4887 Swit 5019 Snmed 5096 Swit 5309 ATU.
Atu2769(atoB) At u3475 ELI: ELI 01475 ELI 06705 ELI 12035 ATC.

AGR _C 5022( phbA) AGR L 2713 GBE: GbhCGDNI H 0447 RET: RHE_CH04018( phbAch)
ACR: Acry 1847 Acry_ 2256 RHE_P(I)0068(ypc00040) RHE PF00014( phbAf) RRU:
Rru_A0274 Rru_A1380 Rru_A1469 Rru_Al1946 RLE: RL4621(phaA) pRL100301
pRL120369 Rru_A3387 BME: BMEI 0274 BMEI | 0817 MAG anb(0B842



BVF: BABI _1783(phbA-1) BAB2_0790( phbA-2) MGV Ml 1165 BMS: BR1772(phbA-1)
BRA0448( phbA- 2) ABA: Aci d345_3239 BMB: BruAbl _1756( phbA-1)

BruAb2_0774( phbA-2) BSU: BGL1319(nmyA) BGL3063(yhfS) BOV: BOV_1707(phbA-1)
BHA: BHL997 BH2029 BH3801(mgA) OAN. Cant | 130 Cant_3107 Cant_3718

Cant _4020 BAN: BA3687 BA4240 BA5589 BJA: bl 0226(atoB) bll3949 bl 7400

bl | 7819 BAR GBAA3687 GBAA4240 GBAAS5589 bl r 3724( phbA) BAA: BA 0445 BA 4172
BA 4700 BRA: BRADO0562( phbA) BRADO0983(pi mB) BAT: BAS3418 BAS3932 BAS5193
BRADO3 110 BRADO3 134(atoB) BCE: BC3627 BC4023 BC5344 BBT: BBta_3558

BBt a_3575(at oB) BBta_5147(pi nB) BCA: BCE 3646 BCE 4076 BCE 5475

BBt a_7072( pi mB) BCZ: BCZK3329( myA) BCZK3780(thl) BBt a_7614( phbA)
BCZK5044( at 0B) RPA: RPA0513(pcaF) RPA0531 RPA3715(pi mB) BCY: Bcer 98 2722
Bcer 98_3865 RPB: RPB 0509 RPB 0525 RPB 1748 BTK: BT9727_3379( myA)
BT9727_3765(thl) BT9727 5028(atoB) BTL: BALH 3262(nmyA) BALH 3642(fadA) LJO
LJl 609 BALH 4843(atoB) LAC. LBA0626(thiL) BLI: BL03925(mmyA) LSA: LSA1486
BLD: BLi 08968(myA) LDB: LdbCB79 BCL: ABCD345 ABC2989 ABC3617 LBU: LBUL
0804 ABC3891(mmyA) LBR LVIS 2218 BAY: RBAM 022450 LCA: LSEl 1787 BPU:
BPUM 2374(yhfS) BPUM 2941 BPUM 3373 LGA: LGAS 1374 O H OB0676 OB0689
OB2632 OB3013 LRE: Lreu_0052 GKA: GK1658 (K3397 EFA: EF 1364 SAU: SA0342
SA0534(vraB) OOE: OECE 0529 SAV: SAV0354 SAVO576(vraB) STH: STH2913 STH725
STH804 SAM MAD330 MAD531(vraB) CAC. CAC2873 CA_P0078(thil) SAR:
SAR0351(thl) SAR0581 CPE: CPE2195(atoB) SAS: SAS0330 SAS0534 CPF: CPF 2460
SAC. SACOL0426 SACOL0622(atoB) CPR CPR 2170



SAB: SAB0304(thl) SAB0526 CTC: CTC00312 SAA: SAUSA300 0355
SAUSA300_0560(vraB) CNO NTO1CX 0538 NTO1CX 0603 SAO SAOUHSC 00336 SAOUHSC
00558 CDF: CD1059(thl Al) CD2676(thl A2) SAJ: Saur JH9_0402 CBO. CBO3200(t hl)
SAH SaurJH _0412 CBE: Chei 0411 Cbei 3630 SEP: SE0346 SE2384 CKL:
CKL_3696(thl Al) CKL_3697(thl A2) SER SERP0032 SERP0220 CKL_3698(thl A3) SHA:
SHO510( nvaC) SH2417 AMT: Amet 4630 SSP: SSP0325 SSP2145 ACE: O os_0084

d os_0258 LMD | nol 414 CHY: CHY 1288 CHY_1355(atoB) CHY 1604 LMF:

LMOf 2365_1433 CHY_1738 LIN. |inl 453 DSY: DSY0632 DSY0639 DSY1567 DSY1710
LVE: | wel 431 DSY2402 DSY3302 LLA: L11745(thiL) L25946(fadA) DRM Dred_0400
Dred_1491 Dred_1784 Dred_1892 LLC. LACR | 665 LACR | 956 SWO Swol 0308
Swol _0675 Swol _0789 Swol _1486 LLM Ung_0930(thiL) Swol 1934 Swol 2051 SPY:
SPy 0140 SPy_1637(atoB) TTE: TTE0549(paal) SPZ: M5005_Spy 0119

M5005_Spy 0432 MIA: Mbth_1260 M5005_Spy | 344(atoB) MIU: Ryl | 35A

Rvl 323(fadA4) Rv3546(fadA5) SPM spyML8 0136 spyML8 1645(atoB) MIC

MI1365( phbA) SPG SpyM3_0108 SpyM3_1378(atoB) MBO Ml 167 Mol 358(f adAd)
Mp3576(f adA5) SPS: SPsO | O SPsO484 My3586¢(fadA6) SPH. MGAS10270_Spy0121
MGAS10270_Spy0433 MBB: BCG | 197 BCG 1385(fadAd) MGAS10270_Spyl 461( at oB)
BCG 3610(fadA5) BCG 3620c(fadA6) SPl: MGASI 0750 SpyO 124 MGAS10750_Spy0452
MLE. M.1158(fadAd4) MGAS10750_Spyl 453(atoB) MPA: MAP2407c(f adA3)
MAP2436¢(fadAd) SPJ: MGAS2096_Spy0123 MGAS2096_Spy0451 MAV: MAV 1544
MAV_1573 MAV_1863 MGAS2096_Spy 1365(atoB) MAV_5081 SPK: MGAS9429 SpyOl21
MGAS9429 Spy043 1 MSM MSMEG 2224 MSMEG 4920 MGAS9429 Spy 1339(atoB) MUL:
MUL_0357



SPF: SpyMb0447(at oB2) MVA: Mran_1976 Mvran_1988 Mvan_4305 SPA: Ms_Spy0Ol166
Mb_Spy466 Ms_Spyl 390 Mvan_4677 Mran_4891 SPB: M28_Spy0l1 17 M28_Spy0420
ME : MIv_1347 M|v_1484 M|v_2040 M|v_2340 M28_Spyl 385(atoB) M Iv 4356
M1lv 4368 SAK: SAK 0568MMC. Mhts_1758 Mrcs_1769 Mrcs_3796 FJO Fjoh_4612
Mrcs_3864 FPS: FPO770 FP1586 FP1725 MKM Mns_0251 Mkns_1540 Mkns_1805 RRS:
RoseRS 3911 RoseRS 4348 Mkns_1816 Mns_2836 Mns_3159 RCA: Rcas_0702
Rcas_3206 Mkns_3286 Mkms_3869 Mkns_3938 Mkns_4227 HAU: Haur 0522 Mns_4411
Mcms_4580 DRA: DR 1072 DR 1428 DR 1960 DR 2480 Mkms_4724 Mkns_4764
Mcns_4776 DR A0053 MIL: M1s_ 0231 MIs 1739 M1s_1750 M |s_2819 DGE:
Dgeo_0755 Dgeo_ 1305 Dgeo_ 1441 Dgeo 1883 M |s 3119 M|s_3235 TTH TTC0191
TTCO0330 M1s_3800 MIs_3850 MIs_41 10 MIs_4383 TTJ: TTHA0559 M| s_4705
MIls_4876 TME: Tnel _1134 M 1s_5018 M1s_5063 MIs_5075 FNO Fnod_0314 CG.:
NCgl 2309( cgl 2392) PMO. Pnpb_0515 CGB: cg2625(pcaF) HVA: rrnAC0896( acaB3)
rrnAC2815(aca2) CEF: CE0731 CE2295 rrnAC3497(ygeF) CIK: jkl 543(fadA3)
rrnB0240(acal ) rrnB0242(acaB2) rrnB0309(acaBl) NFA: nfal 0750(fadA4) TAC:
Ta0b82 RHA: RHAI _ro01455 RHAI _ro01623 TVO TVN0649 RHAlI ro01876

RHAI _ro02517(catF) PTG PTA 505 RHAI _ro03022 RHAl _ro03024 RHAI ro03391
APE: APE 2108 RHAl ro03892 SSO SS2377(acaB-4) RHAl _ro04599 RHAl ro05257
RHAI ro08871 STO ST0514 SCO SCO5399( SC8F4.03) SAl: Saci 0963

Saci _1361(acaBl) SMA: SAV1384(fadA5) SAV2856(fadAl) MSE: Msed_0656 ART:
Arth | 160 Arth_2986 Arth 3268 Arth_4073 PAI: PAE1220 NCA: Noca_ 1371
Noca_1797 Noca_1828 Noca_2764 PIS: Pisl_0029 Pisl_1301



Noca 4142 PCL: Pcal 0781 TFU. Tfu_ 1520 Tfu_ 2394 PAS. Pars 0309 Pars 1071
FRA: Francci 3_3687 CMA: Cmqg_1941 FRE: Franeanl 1044 Franeanl 2711
Franeanl 2726 Franeanl 3929 Franeanl 4037 Franeanl 4577 FAL: FRAAL2514
FRAAL2618 FRAAL5910(atoB) ACE: Acel 0626 Acel 0672 SEN. SACE 1192( nmgA)
SACE_2736(fadA6) SACE_4011(catF) SACE_6236(fadA4) STP: Strop_3610 SAQ
Sare_1316 Sare_3991 RXY: Rxyl 1582 Rxyl 1842 Rxyl 2389 Rxyl 2530 FNU:
FNO495 BGA: BGO 10(fadA) BAF: BAPKQJ)I | Q(fadA) LIL: LAO457(thill)
LA0828(t hi L2) LA4139(fadA) LIC LIC10396(phbA) LBJ: LBJ_2862(paal-4) LBL:
LBL_0209(paaJ-4) SYN slrl1993(phaA) SRU. SRU 1211(atoB) SRUJ547 CHU. CHU
1910(atoB) GFO GO _1507( at oB) Exenpl ary HMG CoA synt hase nucl ei ¢ aci ds and
pol ypepti des HSA: 3157(HMGCSI ) 3158( HMGECS2) MXA: MXAN 3948(t ac)

MXAN 4267(nvaS) BSU. BGl0926( pksG PTR 457169( HMG3CS2) 461892( HMGECSI) O H:
0B2248 MCC. 702553(HMECSI ) 713541 ( HMGCS2)



SAU: SA2334(nvaS) MW 15360( Hmges2) 208715( Hmgesl) SAV: SAV2546(mvaS) RNO
24450( Hhgcs2) 29637( Hngesl) SAM MAR467(nvaS) CFA: 479344( HVGCS! )

607923( HMGCS2) SAR. SAR2626(nvaS) BTA: 407767(HMGCS|) SAS: SAS2432 SSC:
397673( CH242- 38B5. 1) SAC. SACOL2561 GGA: 396379( HVGCS| ) SAB: SAB2420( nvas)
XLA: 380091( hngcsl) 447204( M3C80816) SAA: SAUSA300 2484 DRE: 394060( hnycsl)
SAO SAOUHSC 02860 SPU: 578259( LOC578259) SAJ: Saur JH9 2569 DNE:

Del _CG4311(Hmgs) SAH SaurJH 2622 CEL: F25B4.6 SEP: SE2110 ATH AT4GL
1820(BAPl ) SER. SERP2122 OSA: 4331418 4347614 SHA: SHO508(mvaS) CME: CWM
89C SSP: SSP0324 SCE: YM.126C( ERGL3)



LMD | nol 415 AGD AGOS ADL356C LMF: LMX 2365_1434(nvaS) PIC. Pl CST 83020
LIN: linl454 CAL: Cad 9 73 12(Cad 9.73 12) LWE: |wel 432(mvasS) CGR
CAGLOH04081g LLA: L13187(hntM SPO SPACAFS. 14c(hcs) LLC. LACR 1666 MR
MGG 01026 LLM 111mg_0929(hncM AN : AN4923.2 AFM AFUA 3GLO660 AFUA 8G07210
SPY: SPy_0881(nvaS.2) SPZ: Ms005_Spy 0687(nvasS.l) AOR AC090003000611
AC0900 10000487 SPM ~ spyML8 0942(nvaS2) CNE: CNCO5080 CNGD2670 UNMA:

UMD5362. 1 SPG  SpyMB_0600( nvasS. 2) SPS: SPsl 253 ECU: ECUL0_0510 SPH:
MGAS10270_Spy0745(mvaSl ) DDI: DDBDRAFT 02 17522 DDB_0219924( hgsA) SPI:
MGAS10750_Spy0779(mvasSl ) TET: TTHERM 00691190 SPJ: MGAS2096_Spy0759( nvas! )
TBR Tb927.8.6110 SPK: MGAS9429 Spy0743(mvaSl) YPE: YPOL457



SPF: SpyMs1121(nvaS) YPK: y2712(pksG SPA: Ms_Spy0704 YPM YP_1349(pksGQ)
YPA: YPA 0750 SPB: M28_Spy0667(nvaS.|) YPN: YPN 2521 SPN: SP_1727 SPR
sprl571(nvaS) YPP: YPDSF 1517 YPS: YPTB1475 SPD. SPD 1537(nvaS) SAG SAG
316 CBD: COXBU7E912 1931 SAN: gbsl 386 TCX: Tcr 1719 SAK: SAK 1347 DNO DNO
0799 SMJ SMJ.943c BMA: BMAAL1212 STC. strO677(mvaS) BPS: BPSS1002 STL:
stuob77(nvaS) BPM BURPS1710b_A2613 STE: STER 0621 BPL: BURPSI 106A Al3 84
SSA: SSA 0338(nvaS) BPD: BURPS668 A1470 SSU: SSUO5 1641 BTE: BTH || 1670SSV:
SSU98J652 OOE: OECE 0968 SGO. SGO 0244 LME: LEUM 1184 LPL: |p_2067(nvaS)
NFA: nfa22120 LJO LJ1607 SEN: SACE 4570(pksG LAC. LBA0628(hntS) BBU:
BB0683 LSA: LSA1484(mvaS) BGA: B&706



LSL: LSL 0526 BAF: BAPKO 0727 LDB: Ldb(881(mvaS) FJO Fjoh_0678 LBU. LBUL
0806 HAL: VNGL615@ nvaB) LBR LVIS 1363 HVA: rrnACl740(nvaS) LCA: LSElI 1785
HWA: HQR2868A(nvaB) LGA: LGAS 1372 NPH NP2608A(nvaB_|) NP4836A(nvaB_2) LRE
Lreu_0676 PPE: PEPE 0868 EFA: EF1363 Exenpl ary hydroxynet hyl gl ut aryl - CoA
reduct ase nucl ei c acids and pol ypepti des HSA: 3156( HMECR) PAT: Patl J427
PTR 471516( HMGCR) CBU:. CBUJ030 CBUJ610 MCC. 705479( HMGCR) CBD: COXBU7E912
0151 MWV 15357(Hmger) COXBU/ZE9 12J622( hngA) RNO 25675(Hmger) TCX: TerJ717
CFA: 479182( HMECR) DNO. DNQJ797 BTA: 407159( HMCR) CVvI: CVJ 806 GGA:
395145( RCIMB04_14nR4) SUS: Aci d_5728 Acid_6132 SPU. 373355(L0OC373355) SAU:
SA2333(nmvaA) DVE: Dmel _CGL0367(Hnger) SAV: SAV2545(nvaA) CEL: FO8F8. 2 SAM
MA2466( nvaA) OSA: 4347443 SAB: SAB2419c(nvaA) SCE: YLR4A50W HMZ2)

YMLO7/5C( HMEL) SEP: SE2109 AGO AGOS_AER152W LVE: | we®B19(mvaA) CGR CAGLOLI
1506g LLA: L10433(nvaA) SPG SPCA 62.09c(hmgl) LLC: LACR 1664 AN :
AN3817.2 LLM 11ngJd)931(nvahA) AFM AFUAJA 1230 AFUA 2Q03700 SPY: SPyJ
)880(mvaS. 1) ACR AQ090103000311 AC090120000217 SPM spyML8J )941(nvaSsl)
CNE: CNF04830 SPG SpyMBJ )599(nvaS. 1)



UMA: UMD3014.1 SPS: SPsl 254 ECU: ECU QJ 720 SPH. MGASI 0270J7pyO744 DDL
DDBJ) 1 91125(hngA) DDB_0215357(hngB) SPl: MGAS10750J y0778 TBR:

Tbh927. 6. 4540 SPJ: MGAS2096Jpy0758 TCR 506831. 40 509167.20 SPK: MGAS9429]
y0742 LMA: Lnj F30.3190 SPA: MBJpy0703 VCH: VCA0723 SPN: SPJ 726 VCO. VC0395
0662 SAG SAGL317 WU. W2J )117 SAN: gbsl 387 WY: WA0625 STC:
strOb76(nvaA) VPA: VPA0968 STL: stuOb76(nvaA) VFI: VFA0841 STE: STER
0620SSA: SSA 0337(nvaA) HAL: VNG 875G(nvaA) LPL: |p_0447(nvaA) HVA:
rrnAC3412(nvaA) LJO LJ1608 HWA: HQB215A(hngR) LSL: LSL_0224 NPH:
NPO368A(mvaA 2) NP2422A(mvaA |) LBR LVIS 0450 TAC. Ta0406m LGA: LGASJ 373
TVO TVNL168 EFA: EF1364 PTO. PTOL143 NFA: nfa221 10 PAB: PAB2106(nvaA)
BGA: BA708(mvaA) PFU PF1848 SRU: SRU 2422 TKQO TK0914 FPS: FP2341 RO :
RCI X1027(hngA) RCl X376(hngA) MVP: MVP0O087(hngA) APE: APE 1869 MV

Mrar C5_1589 | HO 1gni 0476 MAC. MA3073(hngA) HBU: Hbut 1531 MBA: Mbar A1972
SSO SS0531 MVA: MM 0335 STO ST1352 MBU: Mour 1098 SAl: Saci 1359 MHU:
Mhun_3004 PAl: PAE2182 MEM Memar 2365 PI'S: Pisl_0814



MBN. Mooo 0137 PCL: Pcal 1085 MIH. MIH562 PAS: Pars 0796 NST:
Msp_0584(hngA) MsI: Msm 0227 MKA: MKGB55(HMGL) AFU: AF1736(mvaA) Exenpl ary
nmeval onat e ki nase nucl eic acids and pol ypepti des HSA: 4598( WK) TET:
TTHERM 00637680 MCC. 707645(MWK) TBR Th927.4.4070 MVJ. 17855( M/k) TCR:
436521.9 509237.10 RNO 81727(Mk) LMA: Lnj F31. 0560 CFA: 486309( WK) CBU:
CBU_0608 CBU 0609 BTA: 505792( WK) CBD: COXBU7E912_0620( nvk) GGA:
768555(MVK) LPN: | pg2039 DRE: 492477(zgc: 103473) LPF: |pl 2017 SPU:
585785(L0OC585785) LPP: | pp2022 DVE: Dnel CG33671 BBA: Bdl Q27(1 nbP)

Bdl 630( nvk) OSA: 4348331 MXA: MXAN 5019(nvk) SCE: YMR208W ERGL2) O H:
0B0225 AGO AGOS_AER335W SAU. SA0547(nvaKl) PIC. PICST_40742( ERGL2) SAV:
SAV0590( mvaKl ) CGR: CAGLOF03861g SAM MM545(nvaKl) SPO SPACL13G6. 11C SAR
SAR0596( mvaKl ) MER M3G 06946 SAS: SAS0549 ANl : AN3869. 2 SAC
SACOL0636( mvk) AFM AFUA 4@07780 SAB: SAB0540(nmvaKl) AOR: AC090023000793
SAA: SAUSA300 0572(mvk) CNE: CNKA 740 SAO SAQUHSC 00577 ECU. ECU09J780
SEP: SE0361 DDL DDBDRAFT 0168621 SER SERP0238(nmvk) SHA: SH2402(mvaKl ) LCA:
LSEl 1491



SSP: SSP2122 LGA: LGAS | 033 LMO | npOd O LRE: Lreu_0915 LMF: LM 2365_0011
PPE: PEPE 0927 LIN: 1inO0 O EFA: EF0904(nvk) LWE: |we0011(mvk) OCE:
OECE_1100 LLA: L7866(yea® LME: LEUM 1385 LLC. LACR 0454 NFA: nfa22070 LLM
| I mg_0425(nvk) BGA: BQD711 SPY: SPy_0876(nmvaKl) BAF: BAPKO 0732 SPZ:
Mb005_Spy_0682(mvaKl ) FPS: FP0313 SPM spyML8 0937(mvaKl) MwP: MWl 335
SPG. SpyM3_0595(nvaKl) MAE: Maeo_0775 SPS: SPsl 258 MAC. MA0602( nvk) SPH:
MGAS10270_Spy0740(nvaKl ) MBA: Mvar Al1421 SPI: MGAS10750 Spy0774(mvaKkl) MVA:
MMI762 SPJ: MGAS2096 Spy0753(mvaKl ) MBU: Mour 2395 SPK:

MGAS9429 Spy0737(nmvaKl ) MHU: Mun_2890 SPF: SpyMb1126(nvaKl) NEM

Memar 1812 SPA: Ms_Spy(0699 MBN. Mooo 2213 SPB: M28 Spy(0662(nmvakKl ) MST:
Msp_0858(nmvk) SPN. SP_0381 MSI: Msm 1439 SPR. spr338(nvk) MKA:

MKO993( ERGL2) SPD: SPD 0346(nvk) HAL: VNG 145@ nvk) SAG SAGd 326 HVA:
rrnACO077(mvk) SAN:. gbsl 396 HWA: HQR925A(nmvk) SAK: SAK 1357(nmvk) NPH:
NP2850A( mvk) SMJ: SMU. 181 PTG PTOL352 STC. strGb59(nvaKl) PHO PH 625
STL: stuCb59(mvaKl) PAB: PAB0372(mvk) STE: STER 0598 PFU. PF1637(nvk)



SSA: SSA 0333(nvaKl) TKO TK1474 SSU. SSUO5_0289 RCI: LRC399(nvk) SSV:
SSU98 0285 APE: APE 2439 SGO SGO 0239(nmvk) HBU. Hbut 0877 LPL:

| p_1735(mvaKl ) SSO SS00383 LJO LJ1205 STO ST2185 LAC. LBAl 167(nvaK)
SAl . Saci _2365(nmvk) LSA: LSA0908(mvaKl) MSE: Msed_1602 LSL: LSL_0685(eRG
PAI : PAE3108 LDB: Ldb®99(nmvk) PI'S: Pisl_0467 LBU. LBUL 0906 PCL: Peal 1835
LBR: LVIS 0858 Exenpl ary phosphoneval onate ki nase nucl eic acids and

pol ypepti des HSA: 10654( PWK) CFA: 612251( PMWK) PTR 457350( PWK) BTA:
513533( PWK) MCC. 717014(PWK) DVE: Drel _CGL0268 MM 68603( Pmvk) ATH:
AT1G319100SA: 4332275 SPS: SPsl 256 SCE: YMR220W ERG8) SPH:
MGAS10270_Spy0742(mvaK2) AGO AGOS_AER354W SPI: MGAS10750_Spy0776( mvaK2)
PI C. PI CST_52257(ERGB) SPJ: MGAS2096_Spy0755(mvakK2) CGR CAGLOF03993g SPK:
MGAS9429 Spy0739(mvakK2) SPO SPAC343. 01c SPF: SpyMbl124(nvaK2) MR MG
05812 SPA: Mb_Spy0701 ANI: AN2311.2 SPB: M8 _Spy0664(nmvakK2) AFM

AFUA 5G10680 SPN: SP_0383 AOR AQ0900 10000471 SPR. spr0340(mvaK2) CNE:
CNMOO OO SPD: SPD 0348(nvak2) UVA: UMD0760.1 SAG SAGL324 DDI: DDBDRAFT
01845 12 SAN: gbsl 394 TBR Tbh09. 160. 3690 SAK: SAK 1355



TCR: 507913. 20 508277. 140 SMJ: SMJ. 938 LMA: Lnj F15. 1460 STC. strGs61( mvak2)
MXA: MXAN 5017 STL: stuOb6l(nvakK2) O H 0B0227 STE: STER 0600 SAU:

SA0549( nvaK2) SSA: SSA 0335(nmvakK2) SAV: SAV0592(mvaK2) SSU. SSU05_0291 SAM
MAD547( nvaK2) SSV: SSUW98 0287 SAR SAR0598(mvaK2) SGO SGO 0241 SAS:
SAS0551 LPL: | p_1733(nvakK2) SAC. SACOL0638 LJO LJ 1207 SAB: SAB0542(nmvaK2)
LAC. LBA 1 169 SAA: SAUSA300_0574 LSA: LSA0906(mvakK2) SAC SAOQUHSC 00579
LSL: LSL_0683 SAJ: SaurJH9_0615 LDB: LdbO997(mvaK) SEP: SE0363 LBU:. LBUL
0904 SER: SERP0240 LBR: LVIS 0860 SHA: SH2400(nvakK2) LCA: LSEl | 092 SSP:
SSP2120 LGA: LGAS 1035 LMO 1 nmp0012 LRE: Lreu_0913 LMF: LMX 2365_0013 PPE:
PEPE 0925 LIN. HnOOL2 EFA: EF0902 LWE: |we0013 NFA: nfa22090 LLA:
L10014(yebA) BGA: BG0710 LLC: LACR 0456 BAF: BAPKO 0731 LLM |1 ng_0427 NPH
NP2852A SPY: SPy_0878(mvaK2) SSO SSO2988 SPZ: Mb005_Spy_ 0684(mvaK2) STO
ST0978 SPM spyML8_0939 SAl: Saci 1244 SPG SpyM3_0597(mvaK2) Exenpl ary

di phosphoneval onat e decar boxyl ase nucl ei ¢ aci ds and pol ypepti des



HSA: 4597(M/D) CFA: 489663(M/D) PTR 468069( WD) GGA: 425359( WD) MCC:
696865( WD) DME: Dmel CG8239 MW 192156( Mvd) SCE: YNRO43W MVDL) RNO
81726( Mrd) AGD. AGOS AGL232CPI C. PI CST 90752 SPH. MGZAS10270_Spy0741( nvaD)
CGR. CAGL0C03630g SPI: MGAS10750 Spy0775(nvaD) SPO. SPAC24C9. 03 SPJ:
MGAS2096_Spy0754(mvaD) MGR. MGG 09750 SPK: MGAS9429 Spy0738(mvaD) AN :
AN4414. 2 SPF: SpyMp1125(mvaD) AFM AFUA 4Q07130 SPA: Ms_Spy0700 ACR:
AC090023000862 SPB: M28_Spy0663(nvaD) CNE: CNL04950 SPN:. SP_0382 UMA: UMD5
179.1 SPR sprC839(mvdl) DDI: DDBDRAFT 0218058 SPD: SPD 0347(nvaD) TET:
TTHERM 00849200 SAG SAGL325(nvaD) TBR Tbl O. 05. 0010 Tbl O. 61. 2745 SAN:

gbsl 395 TCR 507993. 330 511281.40 SAK: SAK 1356(nvaD) LMA: Lnj F18.0020 SMU:
SMUJ. 937 CBU: CBU 0607(nvaD) STC: str0560(nvaD) CBD: COXBU7E912_0619( nvaD)
STL: stu0560(nvaD) LPN: |pg2040 STE: STER 0599 LPF: | pl 2018 SSA:
SSA_0334(nvaD) LPP: |pp2023 SSU: SSUO5_ 0290 TCX: Tcr_ 1734 SSV: SSU98_0286
DNO DNO 0504(mvaD) SGO SGO 0240(nmvaD) BBA: Bdl 629 LPL: |p_1734(nvaD)
MXA: MXAN 5018(mvaD) LJO LJ 1206 O H 0B0226 LAC. LBA1168(mvaD) SAU:
SA0548(nvaD) LSA: LSA0907(nvaD) SAV: SAV0591(nvaD) LSL: LSL_0684



SAM MM546(mvaD) LDB: Ldb(98(nvaD) SAR SAR0597(mvaD) LBU:. LBUL 0905 SAS:
SAS0550 LBR: LVI S 0859 SAC. SACOL0637(mvaD) LCA: LSEl 1492 SAB:
SABO541(nmvaD) LGA: LGAS | 034 SAA: SAUSA300 _0573(mvaD) LRE: Lreu_0914 SAQ
SAQUHSC 00578 PPE: PEPE 0926 SAJ: SaurJH9_0614 EFA: EF0903(mvaD) SAH:

Saur JH 0629 LME: LEUM 1386 SEP: SE0362 NFA: nfa22080 SER SERP0239( mvaD)
BBU. BB0686 SHA: SH2401(mvaD) BGA: B@709 SSP. SSP2121 BAF: BAPKO 0730 LMO
| 0011 GFO GFO_ 3632 LMF: LMX 2365_0012(nvaD) FPS: FP0310(nmvaD) LI N HnOO
1 1 HAU. Haur 1612 LWE: | we0012(nvaD) HAL: VN®593G dnd) LLA: L9089(yeaH)
HVA: rrnAC1489(dnmd) LLC. LACR 0455 HWA: HQL525A(nmvaD) LLM |1 ng_0426( mvaD)
NPH: NP1580A(nvaD) SPY: SPy _0877(nvaD) PTO PTQ0478 PTOL356 SPZ:
Mb005_Spy_0683(mvaD) SSO. SSO2989 SPM spyML8 0938(nmvd) STO ST0977 SPG
SpyMB_0596( mvaD) SAl: Saci _1245(nvd) SPS: SPsl 257 MSE: Msed 1576Exenpl ary
i sopent enyl phosphate kinases (I1PK) nucleic acids and pol ypepti des

Met hanobact eri um t her nobaut ot r ophi cum Pi crophi l us torridus DSMB790 (I G 57)
gi | 48477569 @i | 2621082 Pyrococcus abyssi gi| 14520758

Met hanococcusj annaschii DSM 2661 gi| 1590842 Pyrococcus hori koshii O3

gi | 3258052 Met hanocal dococcusj annaschii gi| 1590842 Archaeogl obusf ul gi dus
DSMA304 gi | 2648231 Met hanot her nobact er t her maut ot r ophi cus



gi | 2621082 Exenpl ary i sopent enyl -di phosphate Delta-isonerase (IDI) nucleic
aci ds and pol ypeptides HSA: 3422(1DIl) 91734(1DI 2) STY. STY3195 PTR
450262(1 Dl 2) 450263(IDi1) STT: t2957 MCC. 710052(LOC710052)
721730(LOC721730) SPT: SPA2907(idi) MWJ. 319554(1dil) SEC. SC2979(idi) RNO
89784(1dil) STM STM3039(idi) GGA: 420459(IDi1) SFL: SF2875(idi) XLA: 49467
1(LOC494671) SFX: S3074 XTR 496783(idi2) SFV: SFV_2937 SPU
586184(LOC586184) SSN:. SSON 3042 SSON _3489(yhfK) CEL: KO6H7.9(idi-l) SBO
SBO 3103 ATH. AT3@02780( | PP2) SDY: SDY 3193 OSA: 4338791 4343523 ECA:
ECA2789 CME: CMB062C PLU: plu3987 SCE: YPLI 17C(I1DIl) ENT: Ent638_3307 AGO
AGOS ADL268C SPE: Spro_2201 PIC. PICST_6899(Q(1 Dl 1) VPA: VPA0278 CGR
CAGL0J06952g VFI: VF0403 SPO SPBC106. 15(idil) PPR PBPRA0469(mvaD) AN :
ANO579. 2 PEN: PSEEN4850 AFM AFUA 6GL 1160 CBU. CBU_0607(mvaD) ACR
AQ090023000500 CBD: COXBU7E912_0619(nvaD) CNE: CNA02550 LPN: | pg2051 UVA:
UMD4838. 1 LPF: | pl 2029 ECU. ECUD2_0230 LPP: |pp2034 DDI: DDB_0191342(i pi)
TCX: Tcr_1718 TET: TTHERM 00237280 TTHERM 00438860 HHA: Hhal _1623 TBR
Th(09.21 1.0700 DNO. DNO 0798 TCR 408799.19 510431.10 EBA: ebA5678 p2A143



LMA: Lnj F35.5330 DVU: DVU 679(idi) EH : 46.t00025 DDE: Dde_1991 ECO
b2889(idi) LIP: LIl 134 ECJ: JW857(idi) BBA: Bdl 626 ECE: 74227 AFW
Anael 09_4082 ECS: ECs3761 MXA: MXAN 5021(fni) ECC. c3467 RPR RP452 EC :
UTI 89_C3274 RTY: RT0439(idi) ECP: ECP_2882 RCO RC0744 ECV: APECOL 3638
RFE: RF 0785(fni) ECW ECE24377A 3215(idi) RBE: RBE 0731(fni) ECX: ECHS
A3048 RAK: Al C 04190RBO. All 04755 SPZ: Mp005_Spy 0685 RCM ALE 2555 SPM
spyML8_0940 RRI: AlG 04195 SPG SpyM3_0598 M.O. m r6371 SPS: SPs| 255 RET:
RHE_PD00245(ypd00046) SPH. MGAS10270_Spy0743 XAU: Xaut 4134 SPI:
MGAS10750_Spy0777 SIL: SPC0D131 SPJ: MGAS2096_Spy0756 SIT: TMLO40_3442 SPK:
MGAS9429 Spy0740 RSP RSP 0276 SPF: SpyM1123(fni) RSH Rsphl 7029 1919 SPA:
M6_Spy0702 RSQ Rsphl 7025_1019 SPB: M28_Spy0665 JAN: Jann_0168 SPN: SP 0384
RDE: RDI _0147(idi) SPR sprC841(fni) DSH Dshi_ 3527 SPD: SPD 0349(fni) BSU:
BGL1440(ypgA) SAG SAGL323 BAN. BAl 520 SAN: gbsl 393 BAR GBAAl 520 SAK:
SAK_1354{fni) BAA: BA 2041 SMJ. SMJ. 939 BAT: BAS 1409 STC. str0662(idi)



BCE: BCl499 STL: stuCb62(idi) BCA: BCE | 626 STE: STER 0601 BCZ: BCZKI
380(fni) SSA: SSA 0336 BCY: Bcer98 1222 SGO. SGO 0242 BTK: BT9727_1381(fni)
LPL: 1p_1732(idil) BTL: BALH | 354 LJO LJ1208 BLI: BL02217(fni) LAC. LBAl
171 BLD: BLi (2426 LSA: LSA0905(idi) BAY: RBAM 021020(fni) LSL: LSL_0682
BPU: BPUM 2020(fni) LDB: LdbC996(fni) O H OB0537 LBU: LBUL 0903 SAU:
SA2136(fni) LBR LVIS 0861 SAV: SAV2346(fni) LCA: LSEl 1493 SAM
MA2267(fni) LGA: LGAS 1036 SAR. SAR2431(fni) LRE: Lreu_0912 SAS: SAS2237
EFA: EF0901 SAC. SACOL2341(fni) OOE: OECEJl 03 SAB: SAB2225c(fni) STH:
STH1674 SAA: SAUSA300 2292(fni) CBE: Cbei 3081 SAO SAOUHSC 02623 DRM
Dred_0474 SEP: SEl 925 SWO Swol 1341 SER. SERP1937(fni-2) MIA. Mth_1328
SHA: “SHO712(fni) MIU: Rvl 745c(idi) SSP: SSP0556 MIC: Mri1787(idi) LMO

| mol 383 MBO Mol 774c(idi) LMF LM 2365 1402(fni) MBB: BCG 1784c(idi) LIN:
linl 420 MPA: MAP3079c LVE: |wel 399(fni) MAV: MAV 3894(fni) LLA:
L11083(yebB) MSM MSMEG 1057(fni) MSMEG 2337(fni) LLC. LACR 0457 MUL:
MUL_0380(i di 2)



LLM |1 ng_0428(fni) MVA: Man_1582 Mran_2176 SPY: SPy 0879 M3d: MIv 1842
MIv 4187MMC. Mrcs_1954 TTJ: TTHBII O MKM Mns_2000 MIA: MJ0862 MIL:
Mls_1934 MWP: MWP0043 CGL: NCgl 2223(cgl 2305) MMQ  Mrar C5_1637 CGB:
cg2531(idi) MW MrarC6_0906 CEF: CE2207 MMZ: Mrar C7_1040 CDI: DI P1730(i di)
MAE: Maeo_1184 NFA: nfal 9790 nfa22 100 MWN. Mevan_1058 RHA: RHAlI _ro00239
MAC: MAO604(idi) SCO SCO6750( SC5F2A. 33c) MBA: Moar A1419 SMA: SAV1663(idi)
MVA: MM 1764 LXX: Lxx23810(idi) MBU. Mour_2397 CM: CWVM 2889(idi A) MIP:

M he 0474 AAU: AAur _0321(idi) MHU: Mhun_2888 PAC. PPA2115 MLA: M ab_1665
FRA: Francci 3_41883 MEM Menmar _1814 FRE: Franeanl 5570 MBN. Mooo_ 2211 FAL:
FRAAL6504(idi) MIH MrH48 KRA: Krad_3991 MST: Msp_0856(fni) SEN:
SACE_2627(idi B_2) SACE 5210(idi) MSI: Mm 1441 STP: Strop_4438 MKA
MKO776(11dD) SAQ Sare_ 4564 Sare_ 4928 AFU. AF2287 RXY: Rxyl 0400 HAL:
VNGL1818G(i di ) VNGB081G(crt |) BBU BB0684 VNG6445G(crt_2) VNG7060 VNG7149
BGA: B&X707 HVA: rrnAC3484(idi) SYN. sll1556 HM: HQR772A(1 di A)

HQR847A(i di B) SYC. syc2161_c NPH NPO360A(idi B_|) NP4826A(idi A) SYF:
Synpcc7942_ 1933 NP5124A(idi B 2) CYA: CYA 2395(fni) TAC. TaOl02



CyB: CYB 2691(fni) TVO TVNO179 TEL: till 403 PTO PTO0496 ANA: all 4591
PHO. PH1202 AVA: Ava_ 2461 Ava_B0346 PAB: PAB1662 TER: Tery_ 1589 PFU. PF0856
SRU: SRU 1900(i di) TKQO TK1470 CHU. CHU 0674(idi) RCl: LRC397(fni) GFQ

GFO 2363(idi) APE: APEJ765.1 FJO Fjoh_0269 SVR Smar 0822 FPS: FP1792(i di)
| HO 1gni _0804 CTE: CT0257 HBU. Hbut 0539 CCH Cag_1445 SSO SSC0063 CPH:
Cpha266_0385 STO ST2059 PVI: Cvib_1545 SAl: Saci 0091 PLT: Plut_1764 MSE:
Msed_2136 RRS: RoseRS 2437 PAl: PAE0801 RCA: Rcas_2215 PIS: Pisl_1093 HAU
Haur 4687 PCL: Pcal OOp DRA: DR 1087 PAS: Pars_0051 DGE: Dgeo_ 1381 TPE:
Tpen_0272 TTH: TT P0067Exenpl ary i soprene synthase nucl eic acids and

pol ypepti des Genbank Accession Nos. AY341431 AY3 16691 AY279379 AJ457070
AYl 82241CLAIMS 1. A nethod for producing a fuel constituent froma

bi oi soprene conposition conprising chemcally transform ng a substanti al
portion of the isoprene in the bioisoprene conposition to noni soprene
conpounds by:



(a) subjecting the bioisoprene conposition to heat or catalytic conditions
suitable for isoprene dinerization to produce an isoprene dinmer and then
catal ytically hydrogenating the isoprene diner to forma saturated C O fue
constituent; or (b) (i) partially hydrogenating the bioi soprene conposition
to produce an isoanylene, (ii) dinerizing the isoanylene with a nono-ol ef m
sel ected fromthe group consisting of isoanylene, propylene and isobutene
to forma dimate and (iii) conpletely hydrogenating the dimate to produce a
fuel constituent. 2. The method of claim1, wherein at |east about 95% of

i soprene in the bioisoprene conposition is converted to non-isoprene
conpounds. 3. The nethod of claim1l, wherein the bioisoprene conposition is
heated to about 150 OC to about 250 OC to produce an unsaturated cyclic

i soprene dinmer and the unsaturated cyclic isoprene diner is hydrogenated
catalytically to produce a saturated cyclic isoprene diner fuel

constituent. 4. The nethod of claim1, wherein the nmethod conprises: (i)
contacting the bioisoprene conposition with a catalyst for catal yzing
cyclo-dinerization of isoprene to produce an unsaturated cyclic isoprene

di rer and the unsaturated cyclic isoprene diner is hydrogenated
catalytically to produce a saturated cyclic isoprene diner fuel

constituent. 5. The method of claim4, wherein the catalyst for catal yzing
cyclo-dinerization of isoprene conprising a catalyst selected fromthe
group consisting of a nickel catalyst, iron catalysts and chrom um
catalysts. 6. The nethod of claim1l, wherein the step of partially

hydr ogenati ng t he bi oi soprene conposition conprises contacting the

bi oi soprene conposition with hydrogen gas and a catal yst for catal yzing
partial hydrogenation of isoprene. 7. The nethod of claim6, wherein the
catal yst for catalyzing partial hydrogenati on of isoprene conprises a

pal | adi um catal yst.8. The method of claim1l, wherein the step of dinerizing
t he i soanyl ene with a nono-ol efm conpri ses contacting the isoanylene with

t he nmono-olefmin the presence of a catalyst for catal yzing dinerization of
nono-ol efm 9. The nmethod of claim8, wherein the catal yst for catal yzing
di meri zati on of nono-ol efmconprises an acid catalyst. 10. The nethod of
claim1l, further conprising purifying the isoprene fromthe bioisoprene
conposition prior to chemcally transform ng the bioi soprene conposition to
a fuel constituent.



11. A systemfor producing a fuel constituent from a bioi soprene
conposition, wherein a substantial portion of the isoprene in the

bi oi sopr eme 20mmEexskti on is chemcally converted to noni POprEs2@EMEUBOUNIS,
the system conprising a bioisoprene conposition and : (a) (i) one or nore
chem cal s capable of dinerizing isoprene in the bioisoprene conposition or
a source of heat capable of dinerizing isoprene in the bioisoprene
conposition; and (ii) a catal yst capable of hydrogenating the isoprene
dimer to forma saturated C O fuel constituent; or (b) (i) a chem cal
capabl e of partially hydrogenating isoprene in the bioisoprene conposition
to produce an isoanylene, (ii) a chemcal capable of dinerizing the

i soany [Exemphiry lisoppere-syheifass nedéie atids ahd polypbgtidgsoup consi sting of
isoanykgnehkg&gg%lﬁqg and isobutene to forma dimate and (iii) a chem ca
capablgdg A PTP ?e?y hydr ogenati ng the dimate to produce a fuel
consti}Hgﬂ%gllz. The system of claim 11, wherein the bioisoprene
conposiphefy,gonpri sing greater than about 2 ng of isoprene and conpri sing
gr eat enjihgn or about 99.94% i soprene by wei ght conpared to the total

wei ght aafigahl C5 hydrocarbons in the conposition. 13. The systemof claim
11, wherein the one or nore chem cals capable of dinerizing isoprene
conprises catalyst for catalyzing cyclo-dinerization of isoprene conprising
a catal yst selected fromthe group consisting of ruthenium catalysts,

ni ckel catalysts, iron catalysts and chrom um catal ysts. 14. The system of
claim1l, wherein the catalyst for hydrogenating the unsaturated isoprene
di mers conprises a catal yst selected fromthe group consisting of palladi um
catal ysts, nickel catalysts, rutheniumcatalysts and rhodi um catal ysts. 15.
The system of claim 11, wherein the chem cal capable of partially

hydr ogenating i soprene conprises a palladiumcatalyst. 16. The system of
claim11l, wherein the chenm cal capable of dinerizing the isoanylene with
nono- ol efns conprises an acid catalyst.17. A fuel conposition conprising a
fuel constituent produced by the nethod of claim 1. 18. The fuel
conposition of claim17, wherein the fuel conposition is substantially free
of isoprene. 19. The fuel conposition of claim 17, wherein the fuel
conposition has d C value which is greater than -22% or within the range
of -32% to -24%.
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