M CROORGANI SM5 AND METHODS FOR THE PRODUCTI ON OF 5ETHYLENE GLYCCL Thi s
application clains the benefit of priority of United States Provisional
appl i cat iwo 28&wi3ed78No. 61/ 323, 650, filed April 13, 2010pcrhs2@nisre
contents of which are incorporated herein by reference. 10BACKGROUND OF THE
| NVENTI ON The present invention relates generally to biosynthetic
processes, and nore specifically to organi sns havi ng et hyl ene gl ycol

bi osynthetic capability. Ethylene glycol is a chem cal commonly used in
many commrerci al and industrial applications including production of
antifreezes and cool ants. Ethylene glycol is also used as 15a raw nateri al
in the produSHICROORGANISMSIANDEMETHODSKOR THE IPRODUCXIONSIRr fi bers
for clothes, uphol stery, carpet and pillows; fiberglass used in products
such as jet skis, bathtubs, apgdPpPepeNOGRald6i, and pol yet hyl ene
terephthal ate resin used in packaging filmand bottles. Around 82% of

et hyl ene gl ycol consuned worldwi de is used in the production of polyester
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mar ket Noob1/682hybetded apant 3,f20¢ezke Emiradbtnto 08 whikhpire Alcbipordtéd lidr€in by
manuf act ure of ethylene glycol, ethylene oxide is first produced by the
oxi dat THfA'8fC-et hyl ene in the presence of oxygen or air and a silver oxide
catal yst. A crude ethylene glycol mxture is then produced by the

hyggol ysis of ethyl ene oghdgOINBROETIZEYNIENTRORSSUr €. Fracti onal
distillation under vacuumisS uSed to separate the ethylene glycol fromthe
hi gher glycols. Ethylene glycol was previously manufactured by the

hydr ol leis prosentanyentieneclairs gencrallyito hiossisthptiopnoecesdesy pad ptpdpeeidicelly tor ohydri n

but this nethqd has_ been su sed by the.direct oxidation route. Ethylene
glycolcT%m§n§ aBPﬁ&&?%ﬂ&ﬁ@%ﬁéé?wﬁﬁggﬁﬁEQMH groscopi c sweet-tasting liquid
and is classified as harnful by the EC Dangerous 30Substances Directive.

VO 201 Bih38R/8ROT USSR hilié) 38R kidndy Med ivhiaal comarrvisnbd antlistat hods f or
effectively producing commerci al guantities of ethylene glycol are
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to produ et.h e ol. The inyention additionally vi d t hods of
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pat hways as descri béd herein under conditions and for a sufficiént period
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EnSymos TP ot LR FUPRAEDSR ore rant FreSkoRlEL kP BBl Y BRSels ot ude: 1)

Ser i ne fgwauliongnsft erase, 2) Serine oxi doreductase (deam nating), 3)
Hydr oxypyruvat e decar boxyl ase, 4) d ycol al dehyde 15reductase, 5) Serine
decar boxyl ase,. 6) Ethanol am _ ne am notransferase, 7) Ethanolan ne
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A ycer athgédny gy cdehyduege tiea @roduced by the hydrolysis of cthylene oxide with water

25  under pressure. Fractional distillation under vacuum is used to separate the ethylene glycol

from the higher glycols. Ethylene glycol was previously manufactured by the hydrolysis of
ethylene oxide, which was produced via ethylene chlorohydrin but this method has been
superseded by the direct oxidation route. Ethylene glycol is a colorless, odorless, viscous,
hygroscopic sweet-tasting liquid and is classified as harmful by the EC Dangerous

30  Substances Directive.



Figure 2 shows an exenplary pathway for production of ethylene glycol.
Enzymes for 20transformation of identified substrates to products incl ude:
1) d yoxywaeate11cs0dyel i gase, 2) Hydroxypyruvat e i sonerasepPC3)uskiydoseypyr uvat e
decar boxyl ase, 4) G ycol al dehyde redugtase and 5) d ycerate dehydrogenase.
Figure 3 shows exenpl ary pat hways for production of ethylene glycol.
Enzymes for transformation of identified substrates to products include: 1)
d yoxyMitcmbia dughass, and In@lixdds food fidcti G prodan s eoasesrcid) quantited ofl - CoA

synt het gse, 4 col yl - reduct.ase, (al de e formng), 5 dycolal dehyde
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Phosphot ransgl ycol yl ase, 9) d ycol yl phosphate reductase and 10)
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3 DETAI LED DESCRI PTI ON OF THE TNVENTTON The present invention is directed

to the design and production of cells and or?anisns havi ng bi osynt heti c
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st oi chi 8rr,etri c nodel s of gsc erichia colj. metabolism tgat identify

met aboRf¢itigealiygrevidey mpthgdy o tratg uch puergbip! eigapisma thiiodhes Ghylew lyatle

resul t ¢ 1exein. g : hal | e designed

and r e?%%?ﬁ%%%bfgoﬁﬁ%?ﬁggro g%ur?gé gléﬁjlaglt\?}a&t%h%%l dc?gltyalr%?% é\@ §3§g§€ ﬁlyl ene gl ycol
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of 1§t hy{ ei}%ﬁ%b?%cgl , for exanple, for the in silico designs can be confirned
onSHWIOEEEEOht " strai ns having the designed metabolic genotype. These

nmet abolically engineered cells or organisns al so can be subjected to

adapti ve evol ution to BRIENPDESERIPEION €SHTYHEMR AWSW@}S bi osynt hesi s,

i ncl udi ng under conditions approaching theoretical nmaxi numgrowth. 15In

certain_enbodi nents, the ethylene glycaol biosynthesis characteristics of
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et hyl ene, gl ycal pr.oduci ng netabolic pat hways. from_either_serine,
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m croorgani sns from each of these Substrates or netabolic i|nterned ates.
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et hyl ene glycol or other intermedi ate and/or downstream 25products. In yet

a furt merure rRRsiy QBNExenil4rdipathwey FobhrbilngioRiop sihytdhe blyeoPr Biyeick @ of these
conpounds can be further subjected to adaptive evolution to further augnent
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Figure 3 shows exemplary pathways for production of ethylene glycol. Enzymes for
transformation of identified substrates to products include: 1) Glyoxylate reductase, 2)

25  Glycolyl-CoA transferase, 3) Glycolyl-CoA synthetase, 4) Glycolyl-CoA reductase
(aldehyde forming), 5) Glycolaldehyde reductase, 6) Glycolate reductase, 7) Glycolate
kinase, 8) Phosphotransglycolylase, 9) Glycolylphosphate reductase and 10) Glycolyl-CoA

reductase (alcohol forming).



The pat hways presented in Figures 1-3 achieve a yield of 2 noles ethyl ene
gl ycol per nole of glucose utilized. Increasing product yields to 2.4
nol / nol iwoposisidnd7e if cells are capable of fixing CO2 Phiraisgiiparnnays
such as the reductive TCA cycle or thg Wod-Ljungdahl 5 pathway. As used
herein, the term"non-naturally occurring” when used in reference to a

m cr obi al organi smor mcroorganismof the invention is intended to nean
that the mcrobial obgdilERDHABSGRIRTHON O6AHKEXNEENTIAN: er at i on not
normal ly found in a naturally occurring strain of the referenced species,

i ncl udi w | d-.t strains .of the referenced.species. netic alterations
101 net Jag st 8RR i it dg ool sTeroiiishe elR el bRl BRe act ds
encodi pehsiRheiROproBudRdnyRpHiliteTor &hfi8he Ql?%l.ei”[%e%@sieﬂti&ﬂdh bhi@dglar, #lelegi ¢ acid
del eti ons” and/ or other functional disruption of the mcrobial organisms
genet i ¢o thetdesigabf mByebiahgyghnipmgrpansof prefludes cthpleneglyapl by, inodioms enggi ons
ands f uReHB0glq L AdIE S aarent o 10l NehaheL oM homol ogous or both
heteroloogous an ﬁom)fogou poel pept%}éfesp?or { e "eF er enced speci es.

Addi ti onal 15 nodifications include, for exanple, non-coding regulatory

r egi ongn b yhbadimthie thedavdntioautinns iakies seighic@sgiio modtlsaf @geaierhiaqpér on.
Exenpl ary netaboli.¢c pal ypeptjdes.include enzynes or protejns within an

et hyl e &} élaﬂh%il@w?x W@ﬁgeﬂ@g@%@é@r Dlonywthelis Predugden ?f %%ﬂ?%glygqlers to a
bi ocherhe alsuliCaLklBf §diah ihdicAt HRE flibbATbAh T AALHTRId:YREFMY | NG State.
Therefore, non-naturally occurring m croorganisns can ve genetic 20
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1-3) (I'UPAC nane ethane-1,2-diol) is used interchangeably throughout with

nmonoet Igghayes. glesometabpiBallyrpagmeored cplimudirganisnaalsq eanhersabRstedton et hyl ene
gl ycol _i;s.an odor.l ess ol orl es [ u weet -t ast.| liquid. Ethylene
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conveciondtialpptdashial @icordliceD@htif@nsy®heis and as a precursor to pol yester
fibers and resins. For exanple, polyethylene terephthalate, which is used
to nmake plastic bottles, i repared from ethylene glycaol. Oher known uses
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and as a protecting group for carbonyl groups in organic synthesis. WO
2011/ 1308 CHrAlSROLh SOB2Z1ER whreAdentged vidr mcoxpotahien bé diffctérs abahetive avhen

used in reference t.o a mcrobial organismis intended to nean organi sm
that i SeStHesRRIsagHPy Cyrabliigy nip £ edleet G hosi RS leadipBéo FbYEPenced
mcr 0_b'gﬁlcopﬁr%ﬁ'diﬁghieﬁabmé‘?thvﬂysn@érﬁreﬁherﬂaﬁné,%ﬂﬁﬁdsﬁlfdgllﬁ%ﬁqt@o{@%ﬁ%té' .
organismthat is renoved fromsone or all conmponents as it is found inits
nattr allr eiigd metabehe destins veere edentifitd thaf resiliadas the brpgymdisisialof othybone gtwcohat i s
renoved fr.(%m some ok al Ia ﬁo%nent S, a8 trhe n% rolggal (ger%ani smis found in
non- nat LFATPY EENENE FoRL-aSHIT FERmP e Haner el MemPdiai®st ed ni cr obi al
organismis partly or conpletely separated from other substances as it is
found iSrafmtiduneified vRsthé tormputgtichancorfpciicgtofahe platfdin tadbd putio-aoakur al |y
occurring environnents. Specific exarrBI es of 1solated m crobial organisns
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included withjn the_dqmains of archaea, bacteri r eukarya. Therefore, the
termi §0mﬁ?%faéan B%ﬁgﬂtbﬁg’é%‘ée _w&éwv&qveﬁgpn&%bw@e@im@u% or gani sns
havi N0 b PhEEQS CARI €yl 8EpRAriRlHes: DRM RlibRindRAPEIAGBIARM RURAR! o | 8
of all species as well as eukaryotic mcCroorgani sns such as yeast and

f ungi . b¥pecdictedbyathsgompotatided comipbnaibf theesgstofi. any speci es that can be
cultured for the production of a biochem cal. As used herein, the term

" CoA" "cQenz A'.is intended to an an orgami,c fac ar \prosthetic
oroup (GABRORGTTTestrich b RERS ST R Gle N IE Sy @M T B Ml For "Ehe
203@ct ia¥ddr¥in@to fRRYugvay"es (the apoenzyne) to forman active enzyne
system Coenzyme A functions in certain condensing enzynes, acts in acetyl
or other acyl group transfer and in fatty acid synthesis and oxi dati on,
pyruvate oxidation and in other acetylation. As used herein, the term
"substantially anaerobic" when used in reference to a culture or growh
condition is intended to nean that the amobunt of oxygen is |ess than about
10% of 25saturation for dissolved oxygen in liquid nmedia. The termalso is
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"Exogenous" as it is used herein is intended to nean that the referenced
nol ecul e or the referenced activity is introduced into the host m crobi al
or gani smwoheimsbzsul e can be 30i ntroduced, for exanpl epcChyuseorinsxtazrti on of
an encoding nucleic acid into the hosy4 genetic nmaterial such as by
integration into a host chronosone or as non-chronosonmal genetic WO

2011/ 130378PCT/ US2011/ 032272 6 material such as a plasmd. Therefore, the
termas it is used i n r&Her@ne e 2th,Cexp2 d<5He0, 6fl.2260encodi ng nucl ei ¢ aci d
refers to introduction of the encoding nucleic acid in an expressible form

into t i bi al i di t i t het i

et vi e ety P PRRERS Fgenlr el Ror ¢y S 2 PO Bt T PGP Re host
ref er eREROQY @AY MhcrbhEns pro6E VEals B 4 RfoDod XimRbiBle ifcRMBE &4AUS 0PF
het er ol ogous encodi ng nucl eic acid that expresses the referenced activity

f ol | owifigng GOy telershi nathvays suehhis thordugtiver B giycleog thei Waed-Thmedaldr e, t he
tergl"e&%%%enous" refers to a referenced nolecule or activity that is
present i n {he host. Simlarly, the termwhen used in reference to
expression of an encoding nucleic acid refers to expression of an encodi ng
nucl ei Asasedhaoint ticnath Mdnhiaturhite ocduetind)i ahenarsgéivi forenkde@o b @fitobial

10" heterol pgous" . refers to_a nolecule or activity geered frpp1a source

ot her CHERISTHY PIFRTEHEEY ok hedmeatign &y igtcaded iorpedidBiidhe migrebial erganisp| ecul e
or act ikl kledlebhyehoit HRrhish ARSriflIE! RhEIn LAARALS BLoRELUMIAGH the
exogenous expressrion of an encoding nuclerc acid o t%e I'hventi on can
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It 1s understood that when nore than. one exagenous. nucleic acid is j.ncluded
10 el o Srenp et R PRANC BBt Bt auco e melbolic as
refers pbgrpé Rick EStRErae R RNE/HiMhsMMEIGE GciddbltiOfs dHddt Yt eldctiorat i vity, as
di scussed above. It is further understood, as disclosed herein, that such
nor e t lésupdion of tegaivoeldalmugdnging’s genddis roaieride Suph modisedonsindudhdomhost

m crobi_al grganismon se ate nugleic agid ecul e on ,pal yci stronic
nucl o € i R BRe® ERPRAY T G Fud ichia o Feta et PRl oBh b Ger e
as nor @othtaferoldgo @xadeRdaisogis Plsbeptideatirdhe fedére@¢dRPpddies. asdditicial osed
herein a m crobial organismcan be engineered to express two or _nore
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the ca . e u | i I i ivity are
R R e g A T L e
exogenuscinsl olithincanaghylsncgncdidiosphthoduipebwag a singl e nucleic acid, for
exanple, on a single plasnm d, on separate plasm ds, 25can be integrated
into the host.chr sone at a sjngle site or ltiple sites, and still be
consi der BaRBei¢ Reddieairslies mciﬂ@ el geactign _ﬁaﬁwﬁgﬂedi fl{fo_fPétS BAYEHSt ood t hat
nor et Rac, ke s @0 AHRRYS e M- R t6raff bESIr G AN G obidhfiddY e8hdRtRn&ichost

organi smin any desired conbination, for exanpl'e, on a single plasmd, on
sepér anwdpficasinneito, nuckrc dsads ancedjngmethbolic polyhentisstor dradinnsdragmentsa si ngl e
site oqﬁgu%l?g%e %jtes apg st%lgfbe consﬁg%{ % as two or nore 30 exogenous
nucl ei @28 ! n%Q%ﬁ%Pé FW? & &%855%8ﬁ% %3‘ &' acids. Thus, the nunber
of referenced exogenous nucl eic acids or biosynthetic activities refers to
t he nunBaiscd®hereine Oditeign Myl cCelacd] Fhadingtthemplegbiar fo@iuli OSKoL hed hc
activities, not the nunber o eparate nucleic acids introduced into the

f s
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stable.geneéjc glterations include.podifica.io t hat Persist@g¥eater t han
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terephthalate, which is used to make plastic bottles, is prepared from ethylene glycol. Other
known uses for ethylene glycol include use as a desiccant, as a chemical intermediate in the
30  manufacture of capacitors, as an additive to prevent corrosion and as a protecting group for

carbonyl groups in organic synthesis.



wi |l be greater than 50 generations, including indefinitely. Those skilled
inthe art will understand that the genetic alterations, including
met abol i cwondifi3ex8i ons exenplified herein, are descri b@dTaiseér10852¢2 ence to
a suitable host organismsuch as E. cgli and their correspondi ng netabolic
reactions or a suitable source organismfor 10desired genetic material such
as genes for a desired netabolic pathway. However, given the conplete
genone Asaguthatmgthefteran Wismieted’avvihem yse«ifin ocfg@ntston mivtotidlergingm issvel  of
skill ﬁ area of genom |IIed the art wll dily be
abl e tb“%?:f% YO fiivan R aERM gkt aﬁa S@Lﬁ‘ Bl Bf/fi‘tg%?’c?tﬂ%er‘éWPOPSHteaéé Nt i aI ly all
ot her %f@f’éﬁbe’ifﬁlcrcﬁ%l &gﬁ{@ﬁ%fow&mﬁlauﬁ@' 'Th@’?etrﬁtlﬁélh&esad thREMiaISarrePl i fi ed
herein can readily be applied to other species by 15incorporating the same
or anallug mwme@&pmgsomcﬂreilccomppderﬁsr onit sfeundn ltstmerraltdmanonmentr éﬂher enced
spe ies. Syc etic.alterations enet| erations
SpelirmtionbidEet HidobEErs A% HBuet For AT Pngrigb S B Fogs o
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rel ated by vertical descent and are responsible for 20substanti all y the
sanme ofmipigbigd preanismypeeitlyres cpmplitely senarrtedbirgmmitiarsubstaiceeswifs faundyigy
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ve][]E [ Cakardﬁlsgeﬂtsol\afdﬁmmm;db[al ex@mhhe inctlh@/ph ﬁhiﬂ[}eptﬁ‘equﬁﬂbﬁi, lsubmalgaﬁm}t yure}‘
su icient amount to indicate they ar onol ogous, or related by evol ution
r oth a HERheTAHRIcEbSsP culggpd ! ?b%lﬁg%} fgatb‘é n%ﬁ%ﬁllﬁ%bém@%gt hol ogs if they
share t hree- di nensi onal structure but not necessarily sequence simlarity,
of a suffiised ROEinaIRYE Mt le:ﬂ&@ia@ atgidheihl 6@@%5&38{3“@1}6%&5&11&{1@%3 conmon
ancestor to the extent that the primary sequence simlarity is not
i dent i finteiyed.to Geargny drganiamghgrexhnod atsgzdu@r@aaple acld that ;srlmledemiswmhm thsequence
simlarit ut 5% oto 10gW an&g uence @ tltg Cenes
encodi “%F]Stoefui‘f A 87 A s ot &E° ]Fme lﬁ?qnéig HEPMPBY, can al so
be 30CpRsdasiRfiedr bokdiptR Rk sLHghYisME hﬁ‘hﬁ@h néle®s@pic dite Ad¥eihEludes bacteria,
t hree-di nensi onal structure also shows sinmlarities. Menbers of the serine
pr &% eaeehﬂe?fﬁmkﬁubactermvﬁ%lsspemﬁ& pudPlhas eukenigdic prigratgeotpan sugipes yeast and
2011/1 78 7 f I idered to
have a?&g %ﬁT&gﬁ%@ aﬁéééégﬁP F%ﬁf&ﬁusggg%ﬁgﬁ&m, CM&%iwﬁP%%gs i ncl ude
genes @hxhbﬁmﬁoﬁmﬁodﬁﬁngﬁne products that through, for exanple, evolution,
have diverged in structure or overall activity. For exanple, where one

speci es,_encodes. a 5 gene product exhibifing two, functions and ere such

functi &wﬁ@ge% B tEBh Aot eff 1REW YIS HAMtCHESTHE MeFNAN SEFBHHC Efé%‘i ¥s, the
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activihg 0 be | trodu&ed or dlsrupted is to be chosen f or 1H£UCt'On of
t he nontif Hsrl&iﬁeaa’&c% TS ST6YRFE AUS AT fF OWST &Y ﬁfﬂ“@ S I tHol"ogs
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pr ot ei ns Woamt3es78anme speci es with 25significant sequeRCE/skonliosR2rty to
each ot her suggesting that they are hgnol ogous, or related through
co-evolution froma common ancestor. G oups of paral ogous protein famlies
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chromosome at a single site or multiple sites, and still be considered as two or more
30  exogenous nucleic acids, for example three exogenous nucleic acids. Thus, the number of
referenced exogenous nucleic acids or biosynthetic activities refers to the number of encoding

nucleic acids or the number of biosynthetic activities, not the number of separate nucleic

acids introduced into the host organism.



that the conpared sequences are related. Additional statistical analysis to
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(J an OEDh& a6 natundlyt dveutfrirﬂglmimtdb@pl pegaatmtserf she ivkemtion:caf c@itaiBUMbE; ggapc open:
ext.ensi wor dsi filter: on.

11; ;

Nucl of BlsTfionss ﬁw@ﬁeersatﬂ ?@ﬁ%aelseeﬁhﬂecp B@F FBWFS@ fQygrerders E%sﬁw versi on
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pat hway mmﬁl@spfne@ﬁedl iafd én pauﬁéuleﬂ ertholagy) phitaldg8 op h@lﬁ#ﬂl@l(%bhsl Lare

gl ycol, the 30ethyl ene glycol pathway including a serine am notransferase
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at | east one exogenous nucleic acid encodi ng et hyl ene gl ycol pathway
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et hyl ene gl ycol pathway including a 3- phosphogl ycerate phosphatase or a
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25 m crobial organi sm having an ethyl ene glycol pathway having at | east one
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10phosphogl ycer at e phosphatase or a glycerate kinase; a glycerate
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sufficient amunt L@ roduce et Iene et I thmay
el udiCrg e By BB PR Sl Ot Rk R S G I

gl gsol Ybteaibic sylatcbedsa 8, cortpitad tgds@ﬁ:@{ WeH Cadwih atdtidaser dadubeing |sta315tfl@[ m ng)
(see steps 1, 2/3 and 10 of Figure 3). In one aspect, the non- naturally

occur r iSHRjateras Heghapegeffinsting %enul@é@a&hﬁv ergsion) PAVRRDGISANHANS ng an

et hyl e at encodi ng

ot Pyl o o P e g e D B P oduce

et hyl enen,af ysotd, aﬂém%eedﬁﬂyﬂmanlev@iaylyd»br thx&sbhhﬂlyd imthle ek Rgla&d@eyemddatte or

reduct ase,. a glycol at e ki nase, hos ans coI | - CoA

reduct REQUCip pdl) Wa%temlwﬁ@)hl wa |eéﬁlg‘8?§y§£ 3@(%{ %e steps 1,

7,38 4d6%’ﬂ%1 @r@fenﬁ'tﬂé{ra?e gi‘)relajte'a AR ﬁa@cs&eﬁEntltgr i deR eﬁk‘%hﬂfﬁlg} t|h¥ sé}ﬁgh’sr ring

nlcrobla organi smincludes a m crobial organi sm havin et hyl ene gl ycol

pat hvvayvoruai/bmgipactedi éastcuohe clmn@g,eﬁ@ dstabase loé sdfiacntsiznis (sdanmgd &boyt #de gl ycol
pat hwa enzy ex a sufficient amou nt..t o produce ethylene

Oy Cor SefREtRy R S By an i Ren ey bl hetgt Rge Sabimasiaty BbbedE, .

gl ycol ate ki nase, a 25phosphotransg|yco|y|ase and a gl ycol yl - CoA reduct ase

(al cohol formng) (see steps 1, 7, 8 and 10 of Figure 3). In one aspect,

the non-naturally occurring mcrobial organi smincludes a mcrobial

organi sm havi ng an et hyl ene gl ycol pathway having at | east one exogenous
nuclelc aC|d encodlng ethylene gl ycol pathway enzynes expressed in a

o g, " v



et hyl ene glycol, the ethylene glycol pathway including a glyoxylate

reduct ase, gl ycol ate 30ki nase, a gl ycol yl phosphate reductase and a

gl ycol al debyda/B3eifact ase (see steps 1, 7, 9 and 5 of Fi @Urars3)11/03402

2011/ 130378PCT/ US2011/ 032272 15 organjgsm conpri ses at | east one exogenous
nucl eic acid encoding an enzyne or protein that converts a substrate to a
product selected fromthe group consisting of serine to hydroxypyruvate,
hydr ox yipy thevahgatal sghyootadrdediypde., AgHioohlatdshydendlpsietdydteamengthgcol ,
serine to.ethanol anmi ne, ethanolanm ne to glycol al dehyde, 3-phosphogl ycerate
o ol y AN GBSy Ceitaris s 1 Sl sded DS art B g g o

gl ycer af18vandt YE@ER &qh&cBydroxypyruvate, hydroxypyruvate to glycerate,
glycerate to ethylene glycol, glycerate to tartonate sem al dehyde,

gl yoxyl ate to tartronate sem al dehyde, tartronate sem al dehyde to

hydr ox ypymplaat paragicigendpr deternpising rolatsidaese of gy epmarescrvengey eonathdehyde,

gl yeol aje | veol vl phosphat e | yg Q. ghycel yl -.CoA,. gl ycol yl -CoA to
ot e A D YRR bR AN G S SN R S Rt B e e to
gl ycol yliglsadntandh 18 peefirnyibd s BRASTIPOvegdiye 010a dehysia 99Onmdské fdlleding) t he
art will understand that these are nmerely exenplary and that _ any of the
subst r REBNSEEYHuMatpa 0 BLASYM3s atp oranel b gspickignsiant b xpronotedt cregty ed

pr oduct;yan i rl.at i Vi i il -t he

Conver o S ke b, ISR A SoRGLL hindeds A Rl e by one
ski | | eBLASTNec@ion 20a6 €Skepori 6t 1908} aalcthe figbwirg pammeteisTstcht henismateht 4 on

proyi des a non-paturally occurrin iLcrobi al . or gani,.sm cqnt.ai ni t | east
ondlex gEHORRS e a@i@étealépar%ﬁeempﬂa{n 5% eéﬁ%‘iﬁhlep-@rw?fﬁ%}%ilﬁé%&ﬁéng t@eseenzyne

or pr okgiRg GPMY Ftai LIRS wSHIRR I RiESitiBRIc MRS S o Ae %v@bﬁ%hl%fb?s 9l ypet
pat hway, such as that shown in Figures 1-3. Wile generally described

her ei nimgcaac ni decndsisatheotmsnenot thatomparisenn®r axeneplbydndigtegingnedhe 20 pat hway,
it is u%dFrstoog that the invention additionally provides a non-naturally
occur r FHYCHIESS 8bi™ O PYSAF RS pri si ng at | east one exogenous nucl eic acid
encodi ng an ethyl ene glycol pathway enzyne expressed in a sufficient anmount
to pr Ofﬂllll@&n@&nbédiﬁeﬁﬁﬂﬂh@ﬁ@eﬁfio@?roeid&y b @B68-nghiya Bl odeatrmeayicrdbl oexeaispd,e, as

di scl osed herein, an ethylene glycol pathway is exenplified in Figures 1-3.
Thé? ef drdudinga guerobiabreepisa hayvmesyicylgegdyiod rpthyiay Arvinagt lapst 280t hyl ene

gl ycol %%% t [ ' dditionally
providgg (gﬁgﬁykgﬁéﬁgpggabc %%?ﬁ%gﬁfggéﬁﬁgh”@&ggﬁkgﬁg o%%??g}%g at | east
one exog#icausamoaites prodatdeteyiendgifgolathecetiydrernty@l patblvap aichwiye esetinee,
where the mcrobial organism produces an ethyl ene gl ycol pathway

i nt er meBNRAENSIHEC. SRR effldﬂsﬁéwm@?waﬁt&@e% IRr T e Gepber ey de,

gl ycer giﬁolai&%&&%ﬁﬁ&aéeQ}@fﬁxféed}%%oxﬁbs)écéﬂ %h@nol&hﬁﬁ@ AN RPASRARL &inOr

gl ycol ylI"- 30 A. WD 2011/ 130378PCT/°US2011/ 032272 16 a non-natural ly

oc20r r iethgnotacurehixadoredugsase $dnatizttingy, adydesyayny vtatrédamiase ot eglyectatet e or

pr oduct,, desired. As. djscl.osed herein, such a mcrohial organi smthat

P oaucdie v iRsieaRs YT B of s ot HeRe BhEURTK SarBEHRr i cr obi al
or gani $iRKRI 655hR6 HONASd RANRALFREY B REVIAE Sn thyRNOGUEB] FatklRS) RRGng
product. However, it is understood that a 5 non-naturally occurring

m cr obiahleass oge Akegenotrauchrioaud ercodmeeathyleraelyepl pebivag snkxmes dxprassatedi at e
can be Ut i §zed §000 GIES, LRSI OLELIPAIALS 8% A, delhsd, RISGHEL ) The
invention s escribeg(herelnymn?ﬁ3beﬁer§13?5% TRC8* O Y he retabol i ¢
reast i Qeind BdabRsfRisci adutiic dXigsredictasondontiatiRg el Hyideoyphaierce to one or
nore nucl ei c acids or genes encodi ng an enzyne associated with or

cat al y#rergboxylase, dst By olalddiydp azdagtagg tsae stepiel/2et airehebldigHiet lbdn pre

10r eact,] t : i | I -herein,
those SR h SRR Rl oREPRHE ics R T MR ERERRR ot RHET 21 O,
const i antthylamefebrcehpahway hheng &d edsaotsexagonqus adoleicacaf erichéing edgidnon.
Sinilar{y, unéess ot herw se expressly. stated herein, refer%gce Hg a

r eact aftYB PLRBRUCIZYEICS G¥ et dht S TiPinRt 3opof fuprodugrPthdens €Hed 6 any of
thege uplfRelohcof fNEYL} HERdh Al $Pink SHEIRAREErLO6 P80 OkideDREgNCOdi ng the
enzynmes that Ccatal yze 'or proteins 15involved in the referenced reaction,

r eact afdcaoringing)judtydrazypgmivsie, redjictesn, ande ghpderati desarboxiykisdéscobtepet/2b8 i ¢

bi ochem strv,.enz | o and genom ¢ ef erence herein to.a gene, or

encod B AGLFIECES LEit S afitn bt e pEp B pa A bk iSp PELESR G ng
encoded enzyne and the reaction it catalyzes or a protein associated with
the reaction as well as the reactants and products of the reaction. 20As

di scl osed herein, the internedi ates glycerate, tartonate sem al dehyde,

hydr oxypyruvate and gl yoxyl ate, as well as other internediates, are

car boxylic acids, which can occur in various ionized forms, including fully

T o o - T T



fornms. Accordingly, the suffix "-ate,” or the acid form can be used

i nterchangeably to describe both the free acid formas well as any

depr ot onaweadofiorng7si n particul ar since the 25 ionized f®CEUS301H082M2 t O
depend on the pH in which the conpounp is found. It is understood that
carboxyl ate products or intermedi ates includes ester forns of carboxyl ate
products or pathway internedi ates, such as 0-carboxyl ate and S-carboxyl ate
est er s mifrobmhdrgSoambiexyganeshydene g'lym:dl pdthwlag\wevinglakiehst onbhakogesodd micteiCo,

branched. .or strai chai n carboxyl ates. Sone, s or S-carboxyl at es
het uddcidgnedis efling BB it es YT PYoRg SRl pducs
' - pr Op)éjthyle%@“g‘lﬁ%ﬂ Xllte etﬁﬂ@né 8 tolyditiay iRARMIYL o s@ﬁﬁ@&ec@rbo%la& gRrboxyl at es,

any of which can further poSsess an’unsaturation, providing for exanple,
prope nythan@ammmlnpmajdrasem @n héwe@lymlrmomdor@iwmsbédwhmaémg) @ndar boxyl at es
can be 0 nt h 11/130378PCT/ US2011/ 032272 17
pat fvaf yc%?@t?%?’ ﬁ‘r’&?dtbc%%t’r( %%(@%/ét e§H aéléi dg%ei ‘bi osynt heti ¢ pat hways can
include, without limtation, nethyl glycerate, ethyl glycerate, n-propyl
gl ycer ai somé@eibydinmicas] 8 aﬂx%nﬁ@rﬂb@lvd‘%ﬁlﬁ@@n netuiylly dcatirigah@robilioadaehy de,

n- propyl tartonate sem al dehyde }95 hydr oxypyruvate, ethyl
hydr oxyisjdives grcrabig eigpnismiay Beasyetiilencely sab PRIV ay g Ry phcest ose et hyl

I I and, bl
0 var bosofnp BRI PRAR thorBhEty iR e B nathOREIAL L BRSS! 20
0-car betxﬁﬁcazmeamemrerts pﬂnelnce/aﬁytbn@ghyteit thy calytaleqliycol patbivapeptyding oct yI

d d
Dot ¢ BPERYy bt dasproxg Hadghyco %@eﬁaﬁ%@gg i ARy By HBHE FebeGRe-Yand
b ehenyly REGANRl8rbo Y08 Hospiy % {)ﬁ’é@ﬁéeoﬁ gllyké’ra%%rlé‘t%g efh_and/ or

contaln unsat urations. O0O-carboxyla te ers can al so be accessed via a
bi oche nvh«m)lhogltycerh@ mhoaihams@@@@er&t@r@kklwe ©s b ghickiabdehy dndadifydeogtnase (see

carboxy]ic,acid nsesterifjcatio - or .S boxyl at e.

S ar byt ar bafd P Tiaft o) BB el R PRu Sy SPaliipe mistabEL

al kyl't mgae%hefnetudemm\f@bblep@rgaﬁlyﬁl hat@ghatealydaic)llydonp/h®ay Biving Ithleast
non-naturally occurring mcrobial organisns of the Invention can be

pr d8uc ede BYoLEBP YR gl ignd croog nestindene glyeal ppthwar icaeyresscsaiostddneé or nore of
t he en g h ycol

bi osynt% %#%%n%m&ﬁ&ttggﬂ)%Beea&hﬁl%hggl %C& ‘?%le%ﬁhg's?%e %Cr%géﬁhﬁg %ﬂcgu%%%l chosen for
bi osyntlpe@@pyravuté eddacasd; dslyﬁﬂixypﬁﬂeateﬁe@lrtox@iase, anaratglpadlaadetgrtieyl ene glycol
bi osynt hetic pathway can be expressed. For exanple, if a chosen host is
def i ci &¢ftuctase étf‘e Stftps fo? andh 9§He§reot) AR onepIRsch 3}6 @nde&ra@dowmt het ic

P ot o1 ANEPER oRIEBERUE PSR SRR ol b U R e Ch ] >
expo esai least oAb emgeabmsnaicjelc adid bimdutgrsh?ﬁeﬂmgyccé phihbtatrs:ne;ndﬁmpmssed n
expressi o sonme pat efi Ci i n ot her t he

encod RGUITEGTS FEORETA Pr e SRR 8PP hUR AL e ol RIPREr BB 3t of n( )
to aCh'pﬁé@h@ﬁl%ér@t@%h@éﬁfﬁ%’se bi Qél%{r@ér%%@ase TR0 8 phRRaRALME@skYa OCCUrring

m crobi al organi smof the invenfion can be producéd by 25i ntroduci ng

ex ogend)uéroemmgrmte deq@rbnxelaae aot ianglydobdddhydotdattasea (e sicped0/bi 0% prindet i ¢

pat hvva i} ired biosynt hetl t hway.can. b olbt ai ned.b nt r oduci ng
one or © tgé“e odBRBuLEPERY naﬁ? 6P ‘t%‘t}cf?é% TREAS™ EGECREr with one

O 2HDr €niEdERYEAAHBMERZ RS @hylBHOt$Ed PathMa RHERE afledq Dk efbdhoaiclgsich as
et hyl ene glycol. Host mcrobial organisns can be selected from and the

non- natae#i@mcyil@e ety kena glyaoldragnya enzm@ﬁtgezmremd Hehwifigient anpunt rprasunspl e,

bact er|

ool 1 SN Bcol DR 00 iy 1RILERK o B oRE AR BLECHARRLET | o

sel ect ecglideﬁm E&@tveélazttydaog@ lytuvatsl resot8k] @hakytgsayvatindeubbk dss, and & um

succi n| tﬁ n gsll/ 130378PCT/ US2011/ 032272 18 Actinobacill us
H&e y&wﬁﬂeﬁ%ﬁ

succi n(S yg@ g §eRy h/&4-pr d30€E &red Figwse 2 bpinpwe @pnect theaRqnr | us
subfi | nas

e b S S S S
coel i cglyeo] pathwsy haviihgiah lesedwderogtnay mcl@&aadbemndusg fethybme etyenbpathwaly
Pseudononas puti da., .Exe easts or, 5 f clu | ected
Fr om SACORI GRS IIEr sUTs oab amepnns paben el By e Spb ATy ces
lacti s patthidy Vied @iy §§1ﬂ@1’alﬂeﬁ§‘&l§deh9§ﬁ%h blmdtr&wp%&ate%mgbld us niger,
Pi chi a past oris, I Zopus art hi zus i zobus oryzae, Yarrow a |ipolytica,
and the |ike. E. coli is a particularly useful host organismsince it is a
wel | characterized m crobial organismsuitable for genetic engineering.

O her particularly useful host organisnms include yeast such 10as
Saccharonyces cerevi si ae. It |s under stood that ~any Sui tabI e m cr obi al host

T . T v



15and up to all encoding nucleic acids for one or nore ethylene glycol

bi osynt heti ¢ pat hways. For exanple, ethylene glycol biosynthesis can be
est abl i she0 20n1/130318st deficient in a pathway enzyne or pCotus2en10b2202gh
exogenous expression of the corresponti ng encodi ng nucleic acid. In a host
deficient in all enzynes or proteins of an ethylene glycol pathway,
exogenous expression of all enzyne or proteins in the pathway can be

i ncl udégdroalpyrough dedarboxylanel endsd glydol2chyrztredibdtase n@yaeepsald, By bawd hsf of a
pat hway.can be expressed even if the host contains at |east one of the
pathma?“%ﬁ%§%es or proteins. For exanple, exogenous expression of al
enzynes or proteins in a pathway for production of ethylene glycol can be
i ncl ude sorfidEMbEEmMeAtsSBE iMRnAsh PR IRE 8 heh aGRwally &Ruirg WXl Sdthaisas e
(deam nating), a hydroxypyruvate decarboxyl ase, and a gl ycol al dehyde

r educt axdudinsgmperbiahergpeiaatiante aarethydencadyrod pptheay devng et lepsh one hose

ski g ! e%xé nent Qsen ac'ietic \a{\éild lencuorzicijﬁa I &t é’%ﬂq Itlehalt cotlh%t nuanbe%r Oé o] r}gs%gc'i{] nucl ei ¢

aci ds t0 F Nt oduce’ i'n" SN expressible ¥8rn@mﬁﬁf? at e g8t paréflel t he

et hyl egeffigicne ahopattbpmducedthglcangiyesl, tic ctiytenzellvol psthivag inchididodi al
organism Therefqgre, a non-naturally occurring mcrobial organismof the

i nvent igbiscimdasarbexplass (seascp P RF Bigurg bludn opg gapects the nogaypapalliepeghtringni ne or
ten up.t. F i i . j jtuting
an et Pt o Bietp St e AL PGS (e IR HEY IR S0 ond GRICEH AT ARTHS
enbodi aekbs ont heograousnaiciti@bdiy cnmeirg dtimgemd gy allipathway ganyrsessexatcaedaan

i d ti i fi i that facilitat ti hyl
ol Yol CoRBEy: ABOIY 1§ pediss Bk EETSthal: < e ool s00r8pexTbs0d 032072
19 us _eprl)spthQl%ér%ﬁ)hgigﬂhgtafs@fgr & Q@Eerﬁeﬁ%ﬁi@b ahd Q8RR ec BB PNt H&s

functionality can include, for éxanple, augnentation of the synthesis of
one or 1A0dend® afffegut hy | dnenagdsped] thpabhnaiprglyesangmgsnistobinl asganism
egcoIaI]§Géde. hydr, ox ruvat e, ethanolam ne, .glycerate, tartonate

Jem ol RS e BTG VRt bR A5 Ser Gkt P tsner ot 1y, a
host megsBba mRIdantis thécisedtBALRIISHS hathhaly dnkyrﬁésc’@%%%diih% saffRGetsor of
an ethyl ene glycol pathway, either as a naturally produced nol ecule or as
anlengienesnid pprdigeacthytanalyepl Hercthylowd glzeol pathiayangvddgeti on of a desired
precur [ dn chion . of, [ rsor twrall oduc by the
host R ulbay R ERREGIRLRGH R APuP 2 Bl BN RRco PR o BTG o
host organi ¢6Tf Bigale BS lton€ Mpiect, themoainaQirgand &M miveo B4l G frdtyne thclirles

10i ncrease production of a precursor, as disclosed herein. In addition, a
ni cr obRANCIDEA RTENHSIRRY I Hhdaneelyrel dathedythsvinesd lsee oflc §8_EERS pr ecur sor

can be i i : ynmes or
oot of AETEE &R GRARE AL AT PRI WS B RGEH Sl MATER! SRcuf 1

noR0 napurdakct ythgleae plyicoly thel athiyddicatlyand gathivapiafludihgea,i aglgedraldehyids gener at ed
froma host that caontains the enz tic capabili . synt hesi ze et hyl ene
o yoor Soprrasmaeddy it dRmehroie (e SERRtbend Lot Bt mor ease 1 he
synthesis or accunul ati on of an ethyl ene glycol pathway product to, for
exanpl ¢y s¢thé ¥Eb&dihRNBe HWEAbn PRALINNEY nbEAGturARSodOMRIpInREJbY] @R&iInghy, c ol
production. |ncreased synthesis or accunul ation can be acconplished by, for
exanpl éclyireg erperebiel onganbmagingiaa cHoilens gywddithyapheving andepst 08¢ t he above-
descr i Bed, SAVLERS. gy GolodRal IV, SNZHTES 100 PLSEINS o PNGEd P essi on the
enzyme ore28 enzyhes an org%ro el n o ypré?eln O%WT%e]%?%y?ene gl ycol
pathwayuffizitnbg@oiint td prodaxasthl@nc tlycolugi cexdgrdyD] pathves sicaninf a t he
endogenous gene or_genes, or through exogenous expression of the

het er olgb@éﬁgteg@ﬁ@l@ﬁsegéﬁ%lioxm%éﬁ@ﬁ% Femerae. i B drgxypreLYRic degarbpydnics #s can be

readi | I .Gr obi al . .ar i of the
invent%gﬁsﬁﬁgrggggﬁgﬁg%cg%/ c?%%agkﬁ§ eﬁ%&é%%%g%qugg%aéﬁgéggﬁgég?%ssion
of one In buoasptétr the noh-@maturdll waer,cusing, mi2bebeéal enganéing tiicludas meniaovbihDorghinat | s, up

to all nucleic_acids, encodjng ethylene glycol biosynthetic pathway enzynes
or probeTAg an FifY i ig{xcsﬁpat%‘v%bha-va%% g Sceearrah @uelﬁwnds%_ce@ﬁg be
gengr akgd 1y éw%ﬁgﬁﬂ\%& SnAe@RxHRARIENS Hﬁﬁgr%ﬁﬁaluh&ﬁﬁ t& FrodhdeSethyle@ 1 NCrease

in activity an enzyme in the ethylene glycol biosynthetic pathway. In
parti cghapl, yhagkflohe gybd datmnty snclediog e gbusy Riqeraelsdigese, ethyttvaypyrovdt ng

nucl ei ¢ _acids | 0 enpl oyed. ogenous, expr i,on confers the abjljty to
Cust om PSR § Reenip oG e RROR AT i g AP Br i Re S (R ook and
application to achieve a desired expression level that is controlled by the
user. However, endogenous expression also can be utilized in other



WO 2011/ 130378PCT/ US2011/ 032272 20 enbodi ments such as by renoving a
negative regul atory effector or induction of the gene's pronoter when

| i nked t owarroivideay8bl e pronoter or other regul atory el eemtus20ih®3327an
endogenous gene having a naturally ocgurring induci ble pronoter can be
up-regul ated by providing the appropriate inducing agent, or the regul atory
regi on of an endogenous gene can 5be engineered to incorporate an inducible
r egul aBamny 4elfdiignt 2).t heme bypat, lthavhangnativelly egedrehg oricrobial ogreameadcledgsr essi on
of an endogenogus gene at a desired tinme. Sim./larly, an inducible pronoter
Can' be STHCTUL ATEABISE hSG 2 SPYICR] GElPofgtay AV G SAORS GEPEEPH 1 oduced
into anfaecnRiddbding %ﬁm‘tir}érné IoNGoHARRR &lzyRlcd@Rr8ked i a bitfibRACIRSBRD t hat ,
in methods of the invention, "any of the Oone or nore exogenous nucleic 10
aci ds oarubecthpitenodlyceld thertlylenerglyecd prthivap inpdudisgr glycpratediebzdragenase, a
nonznatural ly occurring m crobial organjsmof the iinvention. The nucleic
not 3. CXREE RS et R re BB M useliana F iy ene ol yeo

bi osynt&ictase paé 5,2 B@nl B&fFiGHOD). aln e AsPics Mhe ANt RItMALY vedursingncodi ng
nucl ei ¢ acids can be introduced to produce an internediate ncrobial

or gani SHriehial arganke ibelodern miarolialapriism iheying gn edyleng 2bycebpashwiy hayéng

requir i e i t | i4:.ty. For
xanpl & ISSREL CRERnbE fRtBELTH oRlod R 0t R & SERBRADI e

gl ycol aBuffRydit hebutt tppidivay cthgiene Qlypol, 8 dliyltmadycdl pathexo geshadisg el ei ¢

aci ds encodi ng desired enzynes or proteins, such as the conbination of a
hydP ox PROIO Y ecTais PRPHYRIAP & ke aEeratediinasey gliendta dehutorase 2 or

al terngth\ve SEXd 1han LIRNEo 19 educt ase
(deanin¥P¥ng%vﬁ%r@é%?§?%§%ﬁ§§@§%?§20éﬁggﬁéﬁggig%égkg?% g%emgn ea

hydr oxygluctasalsec stspill/ b of Fignreal 4rek stegtsisy ) I aad 4 bfEiglyd 2)Codiloneaipettathe

(al dehyde fornmn and a gl ycol al dehyde reductase, or .alternatively 2-
bhosphdaTPeerdba b Re BrnGy ok o b aLrieriSE MaHdCeRe | | ke,
Thus, iethylhec WNRBT 54tRQEY h\Bhg ANYast ORDEBEAAR nEIcIWRiPENCBBIMEG cBRAINESy O
proteins of a  biosynthetic pathway can be included in a non-naturally

oc&dir r ipadwial cnenesl cxpragsnd is msofficidng amauette ipoatluce 88y lene ghyicgl, thetethdene

under st ood, t hat an onbi nhati o f three or re enzynes . proteins of a
b1 oy nEng| RABLeh M SBEH Sahole St RRaheliot & SR TSR2kuPiThg. m cr obi al
or gani smcefatd ddytrgendse.0nhydr&typs KR! iSomérase bihferob oy ad dedadtsiylase;

(deam natin droxypyruvat e decar boxyl ase, and a gl ycol al dehyde

, ah /
reduct 88¢a g ) 0@!«%@@%@@@9@&% (seg sigppderidtal Hguiad and steny ér b ¥yangiriafdtigure
reduct ase - {. ti a 3-
Sophosatiol] g sarnitt heBIBREMRY BORERL R AF freaon LT TN,
degar boxgahassehavirg @&l ¢teyload glyedlypathvaglyyaxingat astarmbekogmeas necldiy deidxypyr uvat e
i sonerase and hydr oxypyr uvat e decar boxyl ase, .alternative

a
gl ycol yPeassg ¢heAds gy el @athyay| Peypgy EEASEGIH eqt&weﬂg/ta@r?%wm ng) and a
gl ycol I t] : ,aa WO
2011/ 1%%1%%%%%%%%%%?@%3@ yed gll'“? 6%16;}@1)({:%%%?#%%%@3?%%%&% aﬁ"gsﬁy%m yl - CoA
r educt abecatd dablydtogbimasni anlg)droxgmpersetefisotdrascas hgdwky@duvaodta@rpxakst he
conbi nat i on. of mes .and/ or protejns..of the desire i osynt heti ¢ pat hway
osul ¢ 414 R epeauERY SRRt eebiste B U iRHs RGBS Sprontichd SRRy, any
conbi nation of four, a serine decarboxyl ase, an et hanol am ne

anpot TRRsHEEABEdimants DBt hiaratiedpioeidex h deh Hdued|Bss c( AR Thidaibid) @ gaanh, &

gl ycol al dehyde reductase, or alternatively a 3-phosphogl ycerate

phos phatchsdng anigabiekgiggnisndasingaapthydens, glycohpathpry Byying at leadiesar boxyl ase
and a C . . 95 i y car bol i gase,
=y dr SXUBTP B ARINS Sl UGG o e LR IV LA L YL £07 2

gl ycol aiffelwpdemondus pasiace ehylahé giyoalt iheethylae@lyok phtatvey iretlidéigse,

gl ycol ate ki nase, a gl ycol yl phosphate 10reductase and a gl ycol al dehyde
r educt &5OxYgte glycissat gky@@lyl-ﬁoéi tw&éﬁsewawlabﬁ%ﬁweﬁ%%? ggycelyy&é)ﬁat e

deRydr Y, r "
o o) i CRERE (| A Y ERL R RERIRANH B CIBt R MR i n 2
non- naturaad, layphosghotranspdy aolydaseba glycaly phnsiateatdidiese ione ghtcobymCo#s desired, so

| ong as t he conbi nati on of enz s .and/ or eins of the desire
b ooy nreiTe GHARG el (168 Mot Tl odhtiston b ncine theh R aT ety

occurring microbial organism includes a microbial organism having an ethylene glycol



15desired product. In addition to the biosynthesis of ethylene glycol as
descri bed herein, the non-naturally occurring mcrobial organisnms and

met hods oWot2ba/i3ms7ént i on al so can be utilized in vari ou®Cearskimasions wth
each other and with other mcrobial organi sns and net hods well known in the
art to achi eve product biosynthesis by other routes. For exanple, one
alternative to 20 produce ethylene glycol other than use of the ethyl ene

gl ycol ppthedy heviag aslchstoos ghogedoid meiviofcidnotdderg athydewhglatol pathanysm capabl e

of converting an ethylen | ycol path i nternmedj ate to ethyl ene glycol.
e’ SUEROESAGF S he rbaien sapuliamptbe FhaohEeert BECUN B W or obi a
or gani %Hﬂh%?ﬁnd?ﬁcﬁﬂ%’&%@o%?laﬁetﬂ%&[ﬁ&z_{b%; gkiyeoly1-e8ANVRY kAL 6F FBHIcaERCoANe

et hyl ene gl ycol pathwdy internmedi ate Can"then be used as a substrate for a

second synthetessi, alglyselydtiodmictlhetescABldelydedptinghené b iglicelabdehy deisidugaschway

i nt di t hyl | . .The_ et hyl | ycol,, pat h i nt er medi at
can be Caaisa i 7 St TS Elstithur 1B et P pad iR P R bR R ©
ori gi N@akga@itht teRideS a i@ ok Ny @iiSm Hayiolan RetyoM): 1y pitAREY Bi\n@hOdager s can

be depl eted of these mcrobial organisns by, for exanple, cell separation,
and t hene sxapseeisaitcloigieiid Praedir atihdensad perd Pathyaricaaiees AEstedriient at i on

broth [N t i r ] q nt ermedi ate
pur 11 SoieBRt Kpbilc %8 BroBe PLAMAZHNE, o e WHE path ARYtaddd o1 g

m cr obighloxglagaistsiascandlydeittaddudtdsc) did o glyenildehyde asdubasagsentdped, 6n a w de
varjety of subpathways to achi eve biosynthesis of, faor WO

2014/ 13047 9PERNISD 10/008 2302t e nopAaially eeqwish@igpRialarganism dngdudes a
enbodi .1 Ri t j i i tion
e RGP ARG Ry oS BLEKeRt sk YL
m cr obiaald cocgrhmg sthgleoaplybel mthveayl anaymds exprepsedincesufhaciiti analunptogqoodice | n

such a hiosynthetic schene, the product of one mcrobial organismis the
Subst r ST EEob S Rt T i e B RIP FHErR it PEBEOEL | s
synt hegioae@ansF@ksc@f 3 @lylidun Bisat hasl Se198o1fLOYA e8Ricllsy doneaN be

acconpl i shed by constructing a nmcrobial orfganismthat contains
bi d8yniftraing (sae biwpy b Fdanct bhokligisd)ofn omeaspacthithayponmaeratydicsteingo anot her

pat hway .internmedi ate or .the product. Alternative et hyl en | ycal. al so
Can- bo irRRGhPREb Ry el bentvh B 0RR aY Sitisaf Ry S iRl

co- cul tiic@st@he eRodcabiEmicaii¢ &id UedoAthgt dRy M@ Fathiway teheyrBdexpusseieh, 10
where the first mcrobial ortgani sm produces an ethyl ene glycol internediate
and t he sglicinnd ampentdpipsaduse ganicapglysal detashylene glygad pabwianiclydngt hy| ene

gl ycol .1 G achi ' ' erel ) illed in
Pha”ar Sy AR R B I Dot Ao R A e R By O GaRtse

pekout @ildehysle éxintihg)fand atdigcotddehydt wrdaklaye Geestepd g, &) £aabs af Figugad)i $ms and
met hods of the invention together with other m cropial .or%anisms, 15 with

I a
the co®BarNGFle 5MOBrIREIalOACHERE BITFIPPYERATIT YT BERSIOOHH §ANSAs havi ng
subpat RARKS o Bhylinl 1 OMRIARE BRSOk 10kDEKe SREAGRIAMY LI Sicgahen cal

procedur es” we kno inthe art to produce ethylene glycol. Sources of
encodi rthyhuelggicol pahdsy fmaynes cepraysee mea gufficieht paeunnaypedagenethydengr ot ei n can
i nclude, for e | e,, any eci.e ere, the encqded gen roduct is capable
of cat syl Hhs B Brvcety S Dp ERGE A Tudlok koo sabhredidir et eprBh G e

prokar bﬁbdpﬁoﬁcmégﬂék@'la\é@bh&a Qe8RS eBGdthldi(MPohdNYbrnRg) (sédWté R, t708
bacteria, including archaea and eubacteria, and eukaryotes, including
yeast , apd anof Figy In an¢ aspiect, thedoranatratlly ¢t migretustemganisoe meluslcy a
speci es .for.such sources include, for exanple,. Escherichia coli t.tus
mor veoritSv it B SRERR iibdShia & nh RS S up Rt MR el nERYE

scr of aacifreabbdiepsthglehd alycalnthvidyyehay®as épressedinky it eraiudnoi@biydeovor um
Met hyl obact eri um ext or quens, Thernotoga maritima, Hal gbacterium salinarum

Lact oc 6tyipge|ghyepl, ¢h Paglyeglvedveyriesndinga slypysipisdactpsspglypalate
Ackpet ; i ' | gar i ik
Aot ARASL SRS Mohors B AR S0 IBRUR SRAR U @RV CRODBRIL e

Aci net obafues 3bayl yi, Achronobacter denitrificans, Streptococcus

t her mophi lus, Bacillus brevis, Bacillus 30subfilis, Bacillus nmegaterium

Ent er obact er .aer ogenes, Ral stoni a. eutrapha, Sal nonella enterica,. Sal nonell a
Yot ik P B FOPOGIEAL A SIoR PO ahHORBEE LK Op i b syabial”

A chae @gl:alushd\ i GOl Sy chiBb 108 Gl FBH SRS the hon RYPIBIL Mm@ ahieRIbid um str .
| M2, V\% 2011/ 13%78PC‘1‘/ UsggllﬁngZZ% 23 Pseudonobnas puti da, gPseudormnas

sp, Rhi zobium | egum nosarum C ostridiumkluyveri, Costridium
sacchar oper but yl acet oni cum C ostri di um acetobutylicum C ostridium
beijerinckii, Porphyrononas gin givalis, Leuconostoc nesenteroides,

Met al | osphaera sedul a, Sul fol obus tokodaii, Sulfolobus solfataricus,

r o o~



10 Bos Taurus, CostridiumKkluyveri DSM 555, Ceobacill us

t her nogl ucosi dasi us, Met hanocal dococcus jannaschii, Ovyctol agus cuni cul us,
Oryza satwoaptiAseseol us vul garis, Picrophilus torridus, PPTasdamoszs?2

aer ugi nosa, Pyrococcus furiosus, Ralst®pnia eutropha H16, Staphyl ococcus
aureus, Thernoproteus tenax, Thermus thernophilus, and Zea mays as well as
ot her exenpl ary speci es disclosed herein or avail abl e as source organi sns
f or 15 ocganises@omgehises atjemesne ngemms nueicidaddhencodimglaateazgenonprogagthence
avai l abl e for ﬁﬁfnnre th with more than.half of these

eci e
avai | aSPEEH 2B t&é‘tlgB‘i‘écéée %‘E}E tﬁﬁér%élﬁf)?mt}%& GeiRg 395

”‘Cr00%9@%&§ﬂ%9@39W?ﬁnﬁ?ﬁwﬁvmékbgBMoBRmMﬁﬁﬁgbw$Mﬂﬁhykﬂb%HBAm@ depmal i an
genones, the 1dentificafion of génes encodi hg the requisite ethyl ene glycol

bi osynisérétd to ctemphaiminge, fethran@ia@mrto ghycelafgwhpde, iSrphosplatabiternte @i glyemte:sheci es,
d 20 |
A ARG R e E@W@ﬁ?@ﬁé@ﬁ&iﬁ@?C‘gi‘r&%“’?ﬁ@wxer%wmnge of

geneti ¢ aﬂo&%ﬁﬁva@ﬁ) @g&er«aengl?éegaercserﬁyleﬁe F@u&u pEcaatt tvelrtonk@own in the art.
Accordrng ﬁl the netabolic alterations allow ng biosynthesis of ethylene

gl ycol s¢@ péd shexelate taitprope seraigldehyde, éarbamttr &qmlakdebycb‘dﬁr sm such as E.

col i e 0 rokaryotic
and eu%gH§ ¥§ orgﬁ%ﬁgﬁgﬁgﬁwigxﬂggé§ &h& ﬁ Q?@Q?ﬂgﬁ’ %&éMgt?%aﬁce prgV|ded
her ei nglyicbBgghosphiatd, @tlycomutd tagzlpdolyVEdA, g(mﬂ\yltm tcaethﬁbﬂé)g)lbrb@i glyteyhat i on
exenplified |n0%§§%ﬁ%ganrsnrcan be applied equally to ?ther organi sms. In

SOMB i GOraigddxe alvgobripbespagte & waeolykCedmpd gheoliiRhosph %r ynt heti c
pat hwag e;géla%&e‘ﬁya &l Atfdars %@hﬁéerstsﬁ({%h esegdréfﬁererg ys can be
conf er onto” the host species or exanpl e, exogenous e ssion of a

paralogumampaﬁabegsnhmqmndmepamsé&dbﬁdlspﬂnsmsmkhamnﬂmmaadbym@$ﬁMEmn1Iar
yet non enti.cal netabolic reaction to re | ace the r nced reaction.
bocaus b Erodiinh o PREPB g R VRSP Re RatrRso Bhf srpacye i

di f f er gRiduel @GANY-SBRIilylRASMIRYIVY B skillcl Rethdratt vikdd o%@%a%hﬁ@ﬁjh&ﬁfﬁt the
actual gene usage betmeen différent organisns may differ. However, given

t héSt edbbs, Mbsinaertioguirdeidesa mvatweﬂy I@e«rte’rlng rm¢roblel glighhibactonfaitingat [t
2011/130378PCT/U820}1/03 272dn K n1 . rt1 q}r ﬁ% and l£ha% }pe t eachi ngs
and meChbaE SFOHE INVERT PO Cln nbeeE% %P BTy "8l mecresial” BPgahi sns

usi ng cHeyeRINAIBstimEAD jrodwhd &Ta@tdﬂ@ﬂénetglyédﬁ?ﬁ wa &yuph b ihadshdemshn to
construct a mcrobial organismin a species of interest that wll
synthei?%%ﬂekﬁylene gl ycol. Methods for constructing and testing the
expression | evels of a non- naturally occurring 5ethyl ene glycol - produci ng
host ¢ r - [ ' t hods
ne | K R oo o 0w SRR OB B ol .
Sabr ophkthetayait is, uﬂkibrrsexodlthm tlid iamentgn aAdim)ba)lﬂﬁpm)w;deNh noahatufdiyratctading Col d
Spring Fbrg E Labor at or New. Yor k (2001); and .Aus. be%¥ft al Cur r ent

Pr ot oc SHSTOPR! REARISH SommsisBies eastisr x0uiieps Andeies g #bFBYIRD (1999).
10 EXOQBREUSatAWEY El5nRGxPr3QAUER B%ﬁﬁic‘réﬂ‘(@ﬂn&@rﬁ th BrAubPaL RN e @atdyraduct i on of
et hyl ene glycol ‘can’be introduced stably or transiently into a host cel

usi ng tthyhmi @hs@gl pshwvak nbevrexempliches distlosed dictadin, g, cthiylenergbycol pathwed ist o,
conjugatloq transf.or tran ductlon

i h |
NN DTy S R S A R e A R TRt A C N
cobs Okti9idner, 5}%695@1&\)&@55 ihat plhces cEBMERC RIIoE the RGEMioneAdRIERSy pdvideeagenes

or cDNAs of ukaryotic nucleic acids can encode targeting signals such as
an N-t apwingirally esemimgdniceabiad rorgsltﬂrrer caraprépend #tdeast efiratxogonsius uelgls skl r enpved
before f | exanpl e,
rerovac S 8 Uk e oM Sh e Sl el ol BRI B Btoecs 8 Fon T
E. col ieth@ldih%fgmspa&hweﬁ 1n@érmed111te Bbr@xam@h:eh?draﬂﬁnym% 43:30016A00R5) ) . For

exogenous re sion in yeast or other eukaryotic cell|s, genes can be
expr esé& &0  @cead ongte pravipldehdea glyrplrtsnelysoly @p%a @éﬁ@éﬁ- or can
beypar getaed to m t ochondri on or other organelles, or targeted for

secretron by the addition of a suitable targeting sequence such as a
nltochondrral targeting or secretion signal suitable for the host cells.
Thus, iltisjusderstded tabary ofithe pabwaymdiisdoedr’mtﬁiﬂ ias dedcohed tnotha Emambles endaci d
sequence t enove or incl a tar etrn uen ca in ora ed into
o oxogerbRi SR ElewtsPandufinB dkSP A5 AT RMEC P SR 3G BF Br ReBle

Furt hernore, genes can be subjected to codon optim zation wth techni ques
well known in the art to achieve optim zed expression of the proteins. An
expressi on vector or vectors can be constructed to include one or nore

et hyl ene gl ycol biosynthetic pathway encoding nucleic acids as exenplified
herern operably Irnked to expressron control sequences functronal in t he

1. . o e o ~rr~N



WO 2011/ 130378PCT/ US2011/ 032272 25 Additionally, the expression vectors can
i ncl ude one or nore sel ectabl e marker genes and appropri ate expression
control swqQuencesi’sSel ect abl e marker genes al so can be PPotlusded/osizat , for
exanpl e, provide resistance to antibipics or toxins, conplenent
auxotrophi c deficiencies, or supply critical nutrients not in the culture
medi a. Expression control sequences can 5include constitutive and inducible
pr onot emn-ﬂamﬂ&}caﬁdcptringrmierdmn@egmsm thanpodiqsiaon phthway natonsljataond t he |i ke

which are wel |l kno nor e. exggenoys encodi ng
el i o 4ot Apdincl e hirtisg BT ABRH TRl T A SRS OLRIBE | nor t ed,
for ex %ﬁpﬂn?edldt@éﬁl B SeaH @orﬁ%ﬁét?oﬁﬁdvfﬂ'i‘ aﬁ(&ﬁér%lc%ldl Br&BRAT SlpfcSRr €ssi on
vectors. For single vector expression, the encoding nucleic acids can be

oper at idowastrepn patkeey ¢rzyowe ta:pmdrm@ aedqene@ piodnctl Oimvﬁtvcn lit is sadeestoed that & i nked

to differen ressuon cont r.ol nces such one bl e pronot er
and® on@ E RIS TR RERL Srerh B AR Py S s P SsERHE ALl o ¢ aci
sequengRsrmhdavat ¥arbd wilZeded pdahdcCthe int&itdhes 4ca @Rirbivpodaan be confirned
usi ng net hods well known in the art. Such nethods include, for exanple,
nucl ei c_acid anal ysis_such as Northern blots or pol ynmerase chain reaction
(PCR) dm Iﬂi‘feiﬂ%%ﬁ ls&?sefbeﬁﬂmm withigapaiplaBleatcr Hythe aretaodic seastien.gracsnt gene

pr Oducé%d ef theleB @E’élﬁc 2Lk Ld Bhne BPHRPARudIc hEFE of %%e?é&r s 91“ Of a“
introd nuc e|c aC| equence or its correspondi ng gene pro

under stontndyssddiasd withidr Icetdlyzmgt biea pioteih hasbcibted vaﬂogmefwemad: hﬁ:tabohm d i s

expressed .in a suffici unt to produce, the sired prod nd it is
£ UITD hoFCASHERSACERNOF u@xm OHsTY eemfeeé}hstﬁteg gﬁfﬂ% aSple %Blttﬁ
S uf fi Ciugtun8XBhRS$ HaPRFSh G0 TBLRAHR 2B lchn# ARV kel ddGo Bt resht@snd

20di scl osed herein. In sone enbodi nents, the invention provides a nethod
for prothdictgf ehehyacém)e @llmdaﬂy,mhmss bmmmmbbwtatmhqemomfmmq@nahI y

occurr|n cr obi, al crobial o ni s ving an
oty enagl SO ARAS S RE bR Friial 3nd edi-Shhany oF RIS "Teast one
exogeneysstititatsadlso @%r@hc@@ﬂfé%eﬁ@ oRgen@t Bydo@g thé M&z@zﬁe@ At R 1yRO By pdtc@xdr essed
in a 25sufficient anount to produce ethyl ene g{ ycol , the ethglene gl ycol

pat hwaynviohesdunithrycteransed macton. meactaaher erpdls(é cvasd, given e bistas e

(deam Bl Mo L RNURKENAL S ARCOLRRIN AL, Srcplueplialde iR educt ase.
a seriné decarboxyl ase, nlnotrans erase, anol am ne
oxi dor eﬂuﬁﬁxagslmc{eieam ARb icoastitutas zlnwféremew the/@freespa gt aﬁsedar en&y@lb wagrat e
decarboxyl ase (see steps 1-9 of Figure 1 In one aspect, the nethod

i ncl uddhs rsa«‘rﬂoerlb%ﬁt%lyzeg@rérp&éﬁlmsaﬁﬁ%%%gﬂ Hleéewqoeﬁé W@ﬂ)ﬁé dhe tsagttmgnd

i ncl udi notransferase or a serine oxidoreductase
(deanih§g¥ggigﬁgﬂﬁ§ roxypyruvat e decar boxyl ase, and a gl ycol al dehyde

reduct ase (see steps 1/2, 3 and 4 of Figure 1). In one aspect, the nethod

i N0 ude's daschased bbicad, tlwriganhediaﬂaagiyngraantaabhqfcb sereialflehipdd, hpdioky@yuvate| udi ng a

serine €1Potra sfer th erine WO 20% ﬁ30378qu/U82011/032272 26
oxi dor 8Bi8; aézla%d%w a% Pthenn e&ﬂﬁ@}aﬁﬁwﬁ)w SPIFURISR SN QYT gl ycerat e
decar bQ¥ybaSeniz&LR &t SRSluding fuldy pRFhaRdOparfihlBHpBtobhicd! shdofBy ASHBRnatctiNe

net hod i ncludes a mi crobi al organlsnlhaV|ng an ethylene egcoI pat hway

i ncl udifergnsa Psceprdmlﬂébesttfﬁxwaée or thg agtdrario) camhqesedﬁnm@haaeea%ésr@se or an

et hanol ,am educt se (de nat i and coIaI de..breduct ase
(see spg%glgbo /g aﬁ%a%d? ﬁﬁﬁ%ggﬁfﬁ”ﬁﬁkg%%%ﬁ% rﬁ?ﬁcw&r gepﬁbentlon
proyi desnizedndth ackdodn tordege dipthe phyihevitctoihy Q@inpblhlﬁi isifewdldudes vadéktebidng a
non-nat ural | y occurrlng m_cr obi al organlsn1 i ncluding a mcrobial organi sm

havi ng thi cabpyylaisPrefustar iyampsdigses inplad eqteﬁfﬂréwelsgqué xpatewaducts Ryl udi ng at
| east g@@ﬁg?&@%&gﬁaﬁ&%&% @Eéxféo?ﬁst%‘ih&@ gf% & 9bY §Pat hway enzyme

expres clent anmpount’ to ene glyco t he et hyl ene
egcoIcm@bhﬂﬂ&scmchuﬂdagnaxhquakmpyCmmaCé'MenambmmyﬁagmxmgMycolaldehyde

r educt ase, hydy, ox at e, reduct ase, chera e decarbo a

5- phos BHEGKYEEY atemp e 8“%%361‘%@{0 3 i}mﬂaﬂen R ﬁ@@ bycerate
phggph . | y. r NAsLof( See
st ggs %Wb}? na%gli???ﬁ{pg% %%gbﬁpgaﬁgt&{ %&%%}éé’aglpg%g@'@)l%g Sdn%{whog&lgﬁcl udefg a
m cr obivdilichozagenitkenpossess an unsaturatlon providing for example, propenyl, butenyl, pentyl,

and hexenyl O- or S-carboxylates. O-carboxylates can be the product of a biosynthetic



15 havi ng an ethyl ene glycol pathway including a hydroxypyruvate reductase,
a hydroxypyruvate decarboxyl ase and a gl ycol al dehyde reduct ase (see steps
8, 3 and woab11F3garBe 1). I n one aspect, the nmethod i ncl edeaisaoimioa2ebi al

or gani sm havi ng an et hyl ene gl ycol pathway including a 3-phosphogl ycerate
phosphat ase or a gl ycerate kinase; a hydroxypyruvate reductase; a

hydr oxypyruvat e decar boxyl ase, and a gl ycol al dehyde 20r educt ase (see steps
10/ 11, p8thwayakdedplafy Brgudroxylhfes aceesseteviadpagtthetidyetinedysadn invdldedes a

m cr obi al, organi sm havi an et hyl ene gl ycol pathway includjing a
D oo R, ARl ieGal M ESe il o pels! Rt Ba] BPaRynyr vat e
reduct 3s@ialdh &éireﬁlgy&%twytgts@mfaﬁfeﬁw@wra 1ta1@d?ﬁteaseﬁﬁé'18éﬂyﬂle,?zﬁm9p reduct ase

(see steps 12713, and 4 of Figure 1). In one aspect, e met hod
i ncl udégdmxppyanoie.athyd hydnoxgpmreas, mgprany ldtldydeneruyhigcokthghglosylates

i di | | dehyd h d t duct ase;
hya ox 5Tt B S R LI DR oo AR SR G b ESERRE et
14, 8, c@&n aREidé ndditrh @loAg Lhain lgfoupeMatdF0oAT B W-SarbéN@att BMERIdeARePfroNi des a

met hod for producin%lethylene gIYcoI that i ncl udes culturlnqaa
non- natf@fyadleahobse suphrhicntylricerornal. deexjawndsayl, laneil daidegyl.anyiigylopsmadesylgani sm

aast 500t DA EERGATL, PERRenedeCR, BN R RS RPN 2Ky ™

enzyne agx presdehlich varbs oiftidnalle bianaigiumd/dr coptaddincetutitions. eDeagioxglate t he

et hyl ene gl yco|l pathway including a glycerate decarboxylase,ésee step 9 of

Fi é r e 4§ Ry agﬂge ggcé‘é@qd,wq ﬁﬁl%?tﬁ]@ﬂl qrsbemgakprgcesgeyuch as esterification of a

2011/ 1%@%%%9%&1&&5%?&%&%&%? £raf esﬂ%"riﬁw in?f RIS Dy \[M& §-’&a1%§2?/1'a{%§'e

gl ycol pathway 1 ncluding a 3-phosphogl ycerate phosphatase or a gl ycerate

ki nase agnekempljfipd by &bd Slestarsbopstdims S-{ssae adtydhoedtors]dndaviods afyl Eadyure 1) .

I n onehasFect,hIhe met hod i ncludes a m crobial organi sm having an ethyl ene

gl ycol PpstaEyhioRtfidi ng a 2- phosphogl ycerat e phosphat ase, a

gl ycerate-2-kinase and a 5gl ycerate decarboxyl ase (see steps 12/13, 9 of

Fi gur e Thy noh MaRiRg1y2sR 86 ing rhidR LR LRQH shRUfHkteHventonGaf Bt plodAt &Rk} sm havi ng

an et hyl ene glycol pathway including a glyceral dehyde dehydrogenase and a

gl yeer anteodye@gchpieyiibls auglsisaciis speoding erprangs® ofthguanaymys on osyve

enbodi t - i.nv ' [ : fOr pro ' e l.ene gl yco

hat 1 nesaauhefh oA GRS Rl TRRE nathsBy PR s 108

i ncl udinfigrodialbaolinadhoddh foF BRBYEASIiLEgicabide ftndoarardllyvEalpapriunay, the
including at | east one exogenous nucleic acid

hyl l'ycol h
gtncgdieggly %é?m[)@itﬁévm@@watwymﬂwe@ﬁ&rw@defﬁrr@%@é&ii%a ghosert Festisent anount
to pr 0;&Hﬁaeﬁtiﬂ%h?ﬂﬁmg}&&g§%le%&g¥8&ﬂ%‘ f’é‘f‘@d@éiﬁé&%kosg@&el&‘f\gyaﬁh & \eing a

gl yoxylate carbol I gase, ydr oxypyruvat e | soner ydréxypyruvat e
deéar boxytesstge naclgicyaculs abrdbd dcfecics duginage) @rpratemly) @er mtroduted yiato olgelnase (see
st eps %, 2, 3, 4 or 5 of Figure ?%. 15. 1 gne afpec , .the nethod includes a
i o obifel SUBSSGRHT P HERGPR GRS i A s e Bith, %%Wﬁ B AIgoBeWS oxyl at e
Carbo'bQﬁ%ﬁmnﬂﬁﬁ%ﬁk&%MRMﬁH¥ﬁE§bhﬁ@@%ﬁé@ﬁﬁn%ﬂﬁ%QHR%XBX%H&ﬁﬁ@nQﬁ&@%&BX&'ase
and a glycol al dehyde reductase (see steps 1, 2, 3 and 4 of Figure 2). In

one aspeuted fohde defition cnaohe(desr proteints)dbiachicor ghylewngliientibnapyathess.hy| ene

gl ycol pat hway including a glycerate dehyd enas a_hydro ruvat e
soner 400 Aoy lnos DyiemboddrsaigT oL BR ARG Rop Fyrls OAISRIRY T educt ase
(ses st@psiubing2xogndidlerfhyie dripgditia adlivitibtobaiR s Pesited HibgniRtiOpsthivag! udes a
m crobi al organi sm having an et hyl ene gl ycol pathway including a

3- phos phagrsited baesemibiibe pthwvay earohe ebtgingd by Hr@di¢ing 98¢ oBmMgIoaxeBeoss

dehydr ; L. v, [ se;

docar b e el AR Bhh s SRS e AHBLAERRNEAE Cor ypreinsyur e 1
and st @psiubes 2desdedprbddctafucirhgethele?) glytsl. 25 one aspect, the method incl udes
a mcrobial organismhaving an ethylene glycol pathway including a

2- phosphogl ycer.at e phosphat.ase, or | ycer at e- 2- ki nase; a.glycerate
dehydrggéﬁ@é‘é,bl ARy Py Rl ter S e BoTRANAY st élcmblal_
deggr b%@ﬁhgs%:zgeagqtea i8] e alaal e *Hé&%ia,%@e&,t ﬁﬁgus(&ea%%r%tfﬁ%rié@/o%%tlﬁf Figure 1

and steps and 4 of Figure . I'n one aspec the nethod 1 ncludes a
m cr obinatroormanins mphlacabhgto derneningios peoagbsgs.o ExqraplanydyacBdiaiimdidecipagica

e s s e e R e e

(see step 14 of Figure 1 and steps 5, 2, 3 and 4 of Figure 2).



WO 2011/ 130378PCT/ US2011/ 032272 28 I n sone enbodi nents, the invention
provides a nethod for producing ethylene glycol that includes culturing a
non- nat ursiDI2y110I36378r i ng m cr obi al organi sm i ncl udi ng aPgECASeM1AB2202 gani sm
havi ng an et hyl ene gl ycol pathway, thgs ethylene glycol pathway including at
| east one exogenous nucl eic acid encoding an et hyl ene gl ycol pathway enzyne
expressed in a 5sufficient anount to produce ethylene glycol, the ethylene
gl ycol Apeitzcbﬁmylmmad:awd]gagesaA@dnybe«yzbcamecdnm@tlms Ruiglhyookyl Baakus

transfer A synt het ase, col yl - CoA reduct ase (al dehyde
f or mi néﬁ‘ﬁtﬁﬁ P’Vg% C@‘“I”@HZH& éf@on%agﬁege&dﬁﬁi @@86’6’?&%’@02 Z Sglycol at e
i naseLa@to%k%PDz@Ezf IBpUEAY }yl@zﬁﬁzrwﬁ S&Ie?ﬁ YePBAIRDRY- ECh§FRIASEe or a

gl ycol yl - CoA reductase (al cohol form ng) (see steps 1-10 of Figure 3). In

one as pe@obutylmtmé’ma@mowmﬂmscan&@nmPaqft@bmhamlg‘mI dixemalamngeasts @t hyl ene

I I l.udi I t duct CoA t f
o 2 o R s Re e R S DB R R S Bl R OA ST B re
and a Qitl *@I)@@ﬁb&@ﬂs U@@H«@ﬁ el ﬁz@@cz@iz@ﬁﬁsp@rgtﬂ[tﬁﬁew‘éuﬁDﬂpé’gﬂfusF’lh@zur e 3). In

one aspect, the nethod includes a mcrobial organi smhaving an ethyl ene
gl ycol Pidiapesyorin &rirapysprahighsy Skizpbiseorvegu deizeeia lipoditige ok tbe hksgiukt ase, and

a glycola }l]s‘ejaeﬁ%ﬂﬁg%ﬁfﬁ%m}gsﬁ&g&i&ﬁ@%@ﬁ&a w21 M GraPreALed ) Bt (Drarifhn ON€

aspect, S a~m crobral organi smhaving an et hy ene gl ycol
pat hwayuutm& fod igogetia eglgmeeqydgat(ethelephmmaa@ u@ﬁglhysmirgdmmnbmaa stBiash or a
gI icol yl - CoA synt hetase, and . a ol yl - CoA reduct ase (al cohol form ng)

@ s@éé@c%amzﬁ@wa%evm%f Ttps ‘@‘Lﬁeést - thitring geitapBeqrobipROShRIRBEM 9481 udes a
m crob | yoxyl at e
Feduct aeds oD a1 g o B Bl R e Y o

reduct ase (al dehyde form ng) and a gI ycoI al dehyde reductase (see steps 1,

7, 8, Dcpontlify of theiegyrlenclycol hiospethetsprthyait trasiwtitodf & ndtaetbboss mi cr obi al
or gani sm havi ng an _et.hyl ene I coI at hwa cI udi. n at e.

equct 20eoBi fkoRGratnner mauds e S BB Radrybnth el HRASHF ot vi - con
reduct aggudcalt @&B@nefe@b%@ﬂ&ﬁ@ly@&ﬁ%ss%ﬁ%ﬂﬁrlelle choﬁpaﬁaa%@nw‘dn@ Qil&gc Hid | n one
aspect, the nethod includes a m crobial ni sm havi ng an et hyl ene

gl yeol apatpimsl! prredingimgleis agidpdrypnn @ mergsdiviens slyflo) biobwitectici nashyeaysa

gl ycol y t I o (: s 1, 7,
3 And EobpapRIS MG ENAT Bl AR, | BRI ATENRERANET {1
pr oducichsin®br @bt thrdighlcx6gdnotaek faessivardf aid®araysdndghgraicbdikp awsicirricidods .

Sui tabl e repljcates such as triplicate cultures can be 30 grown for each

engi nedp é@o%ttdlegﬁﬁmtlé ajengEaesRy Predgins @k anpihxlenp gbgakrathymy. SWﬁeﬁ@I%t

for mat i@ al

pr oduct Bse hCIRAG AESE BB AR AR a0 S SERRB RN BLF s PSR 1y
meR6odshas ald Ienz;gsmédl%lr @rdteing hf Ppatthwayraaﬂclm d:xpmssdi Slenofitht dgstaphtpjns aBlcabS ( Gas
Chr omat o% g@ﬁ Ss Spectroscop P/ Fnd LC M5 ¢

2011/ 18839 A FRAGRSLF PTO8ing | FLTRTEN Sﬁ%ﬁeé‘ﬁP%\?iWesﬁQgé) & SERBScopy)
or ot hef pﬁﬁ'élﬁ@fﬂ' Lp ARy ot SR JuBBRSNIAShHE NGy ER hik B@m@[u%@q;%l?és \é@,gllmémovm in
the art. The rel ease of product in the fernentation broth can al so be

t est ed amiindirankferaselatsgrine exidercdagtasst(dedByipatodct by duordypyesiatiuddcatybridese can be
quanti fi Si for exanple, a refractive index detector for

gl ucosé‘niﬁ&%fb@?ﬁ%@?reggﬁ?jsea WV detector for organic acids (Lin et al.

Bi ot echnol . Bi oeng. 90:775-779 (2005)), or other suitable assay and

detect iGivenit kadsinpehdd kidamte brovided hatdin, tHéke sk v théalrt witlzyhierseindpliat ei n

activities fromthe exogenous DNA sequences can aI so be assaﬁed usi ng
met hodshapimbeg abgrrodpetiveleig ecidspe Anteadage [nean gPYRssId %@ﬁyﬁﬂ Jtensbt ase

t I t t
R L e A P
340 nmThéieéoret hydremeaurglly owummglnhmromepmgamad off tlenmoe¢rien can paneanrt svd,n t he

cul ture usinhg vari ety t hods wel | own L n the ar uch separati on
met hodéhrF?}c,fP‘ﬁFd Ve,1S5p S%%@&nﬁggen@ﬁpr teoryrdA agr“&ﬁlébﬁﬂc eggom fhe£0zymesids t hat

' “@b udeGonk b&ﬁﬁ’dﬁmg'aﬁl&hgr 1dne Q1 6057 Hﬁﬁéticcoiﬁthv&%zf HRQLAhERD. HRERLane
filtration, nbrané separation, reverse nosi's, el ectrodialysis,

distil Ieafopdlmenlﬁdrey@maiaturzlm omum@momlfhalgngatmms dxa camanilvude pthet geaetion, i on
exc hangnodlfh ca%ons 29t t%&l%dte or opeilrmze cthylene glycol biosynthesis or that confer other



excl usi on chromat ography, adsorption chromatography, and ultrafiltration.
Al of the above nethods are well known in the art. Any of the

non- nat urwibl291166e378r i ng m crobi al organi sns descri bed heceius2aain3ize2
cultured to produce and/or secrete thp bi osynthetic products of the

i nvention. For exanple, the ethylene 20glycol producers can be cultured for
t he bi osynthetic production of ethylene glycol. For the production of

et hyl enscfgl fpoctignstohe the bostiminabial stgaaisns (ameesuch lother échciionaityreahi modude.t h

car bon .source and ot her essenti I nu ;I‘I ents. oneti nmes desirable and

can be i GG IcaSRenHond] ThnpihssH OAREPBBPE i BV RS BN RS REN ST et or
to red‘;&?@euﬁsﬁﬁ‘s s‘ﬁ@§ﬁs Ay cdIBRCRMRT ﬁydro?}ﬁ%ﬁ%%e et%'dﬁcﬁlaﬁﬁi%d%ﬁrb&ﬁt% @fbn4le obtai ned,
for exanple, by first sparging the mediumw th 25 niffogen and then sealing
the fl askildshyie, glseltagyanlyl€oiiny-gpglylPhespBateai ns where growth i s not
obser ved anaerobically, m croaerobic or subst antially anaerobic conditions
cans GaeBQ led litl)c}/st Rl?crrfolg}laf%rl nI%Sl’ElI}Se ssf c[cf“l Suc that 1ta roscfr% sthrc]0 ecuf 3 o I m ted
aeratr rI%x%’rr‘p anaer o Condfi 15 Ons “have "BEEN “Gesc P Ded prevr ously and
are WE|e{hyl@ih@\gﬁydohpéth®aﬁrcithcl’c_a)S%rﬁahaﬁle pededidanéloell abagy hingireordipiéduas ar e
described, for exanple, in United State 30 publication 2009/0047719, filed
August th_@@ cithayprovidesdeatora Prashstiensef Beesped Psewser 9tringreasst oFodugiien ot ch or
contin 1 11/ 032272 30
P RO T S A R SR ¢ ST e
parti cqumiueerbnﬂtmallym-h hedohzaasmasyehl a0 . as/oundost dryaraddican boacfin@rdiase, such

O4H or other bases, or acid, ? E%ded to jntain.the culture medi um
dEAT7ASH PEOHRIONTHE RIPOHRY: $sdislesy EUREENE AT BycrRRiakeRrHy St cal
den5| t ‘ﬁaé@ée‘ﬂ%n@m@ﬂ%& td %Bﬁée‘)&[‘@ésﬁéd bREGrsHMan RNHcd E%ea Bl 6%%61514{3&@(6 S rate
by nonitoring carbon source depletion over tine. h medi um can
|ncIudémﬂﬁmﬁngnangle<manys@awbuhpmpan@HSGUmG@nWmuqﬂyadma@&pply a source of
carbon to the non- naturally occurring nicroorganisn1 Such sources i ncl ude,
for ex ose r abi nose. gse, nannose,

b L e R e et M R e R

exanpl gendree k] £hdstads toakias arRdntnitioemasilityEermhadiye étiipese Oiycdli orBSSEs
that can be used as feedstocks in the nmet hods of the invention I nclude

cellpul Hyp ép%if&%'%odlfﬁ@ﬁﬁl‘c@mlbﬁlU(§§f”l:todﬁefﬁ&?sth%ﬁﬁdlﬂllqs@rﬂfﬁwlé@d%tﬂ@c(kfsanor

portio i X! e,

car boh;%?ﬂy gt § gﬁgﬁﬁﬁgﬁg}éplﬁﬁg{é#} tP fgg@%%% %?@%3?@ %lg th\;/%(rcegse xyl ose,

ar abi noseard gdlybaie@berol podoaie, Theraaskosgnthesis ataatwhulatby em Heh&cdhﬁpkidhedgs and
gui dance provi ded her ei n, thg’gl ?KI |1 d in the 15art wi ]| upderstand that
renewa IY Of EXHRRIBRETAREFSHPB RRRYCIGE AR PIRAINEIHS O BEHPI e 2B Cabove al so
can be I i for the
producth%Cﬁl@(e)é Qﬂél?’ %;l{:g gbl %‘g@y e ﬁl%ggﬁl%ﬁo%ﬁl&?gb ‘r%gﬁé ?)Sflée}ﬂfh ggfé toéc s such as
t hd8e erzmmudsiahilfed patiouer ptd’u@neomb ethelogk ghwbl patbwqbcaanl ocouy émiesamplef t he

e )RR R R SHOR R BRSSO

expr esg@pkelsion fah&h&totsRus btedr RRh&duticRgorR! ﬂeﬁmaﬁ%cé&nﬂg 8MafRMA ch®t abol i c
pathway for utilization of syngas or other gaseous carbon source. Synthesis
gas, albsecddipwanciated ym@faeorbnatpliadﬁ Qeeurrigagicrpbia @reamﬁljn@ pf meomwtlomffor

gasi fi Ca&r}lolg Orf C%i ctf nl%n &r&%na%e&%; n%tsgrl a% Snc HEd tﬁ cbf'ouPP Ve SlX

mat er i af{ P ercP i r% r| c%llyfura FERNG" PeSiauey. yngas

m s ur @c\n’lhl &ght, hine of 16‘]2th%ﬂﬁ @loadlﬂmﬁﬁdic bedoticatimgdtHylain diyw] Eﬁsyﬁthél&tl on of
any organi c feedstock, including but not limted to coal, coal oil, natural
gas, biPHHEY CNAHBCAEPIYCIHP g Hdditinm # apn-nasi i QespiTels orEndemesld y carri ed
out un yngas
can ol SoerReltdiiBhel SoRRERBERM BondhhIRHEN i B st RBICERN afYIRES, o
gas pr eni;dmesinahcemyleﬁéglszcb]lbmsymdwtlc@auhfzvagaseous car bon 30such as CO and,
addi tional | y COZ WD 2011/ 130378PCT/ US2011/ 032272 31 The Wyod-Lj ungdahl

pat hvvai{ %r;[ h]t cté)rz1 ersion of CO and H2 t acet “@é and. ther
pr oduct & PEHEY 9f Soplpdirapnis, exapgnops FRFYsgrof ??I}CQ lﬂé e%?rﬁﬁrl yhgas al so
gengr aleh]y;rdg@aeEk n6aPEYrbdstort Bhtch tht laBil iRtk dilGARE ERp @ssﬁ@r@%ﬂ hr ough

the sanme basic set of enzynes and transformations encorrpassed by the
Wod- Ljr@m@lelbrl clgraertwimythe hist ded eprdisatiorbtoishicee grdemredfexm@swmleaclethattle by

Toc o bR R R e B A R S 8h Bt YRECATERIER Y B keCor ' °°

i nvol ved. Many acetogens have been shown to grow in the presence of CO2 and
produce conpounds such as acetate as |ong as hydrogen is present to supply
t he necessary reduci ng equival ents



(see for exanple, Drake, Acetogenesis, pp. 3-60 Chaprman and Hall, New York,
(1994)). 10 This can be summarized by the foll ow ng equation: 2 CO2+4

H2- FnADP-WORDHIAGHEEOOH+ 2 H2O- FNATP Hence, non- nat ur al | yCoaSae11iosap72

m croor gani sns possessi ng t he Wod- Ljamngdahl pathway can utilize CO2 and H2
m xtures as well for the production of acetyl-CoA and ot her desired
products. 15 The Whod-Ljungdahl pathway is well known in the art and

consi stembollinkdts smals bs by senvdviiigha tepatibe rege pidorateédctonomint wawiok rodi tlchgese’s( 1)

met hyl branch and.(.2), carbonyl branch. The nethyl branch nverts syngas to
met hyl Pf%mt%vﬁ?@%e&tt% aq H ie-wm&ft%w@ﬁgre@ﬂ%%r% Bt Brnth converts
met hyl wld#achOusasat Khvifk® Anatlbgly KRG &GNl 1E PRniBRétah tBRpnESIREE bGat al yzed
in order by the followng enzynes or proteins: ferredoxin oxidoreductase,

f or mat eravidief firapgempaists, infummg/dgent, oahedegflatont weppmfaatcadegenous gene can

met henyl t et.rah of ol at e, cycl od dr at ase, net hyl enet et r ahydr of ol at.e

denyar S enaee Rl AP nl R S Sr RS TR RGBSR B 1 1 ¢ e
car bonyk ifRfabedepi@sioalofiby ZedbgeoRrdaE alyddshied tilel SWnNg L RE VRS b

proteins: methyltetrahydrofolate:corrinoid protein nethyltransferase (for
exanpl eromeisiEgan hedpelpgns s 4 regHatom elameprfor & eroganeiaenp dtodpepdaBweb| v

prot ei f . . edoxi n, acetyl - CoA synthase, carbon
nonoxi 8£ gﬁ@% ogekggg%gﬁﬁ%%ﬁéﬁg%géﬁotein assenbly protein (for exanple,
CooC). Followi ng the teachi ngs and gui dance provi ded herein for introducing
a suf f ilck enderstoodh drat,of metodd bhithennaineoe, aagiod shetamege nerateoganowst myledne

gl ycol &gth ,.thgse skilled in the art will understand that the sane

ondf neer gy ngRAACE 3nie ArmiSE bl Of Bty PR SSBtABILY REHBRRei ng at
l'east 4heroBUEbRakisRGd ke BRERAHIMIHNR MO 4538 n bk YRALRBL] &AMTRSNRF, Y Ot €i ns
absent in the host organism Therefore, introduction of one or nore

encodi eyample] @i ghdendglycaltboosyhdcnd pathiypbntothramigotmalafrgathemi nvent i on such

t hat t 011/ 130378PCT/ US2011/ 032272 32 nodified.qgrgani sm cont.aj ns the
conp! eCUTRINEY, TGRSR A PF T RE O RgEe G PR ISR rLy .
Addi ti @Rahish hatx}fﬁ? he B htHetid EPUBIIBLED dafdlBRISEMWI kife rRGhittda¥adtRnsRUP! €d Wi th
car bon nonoxi de dehydrogenase and/ or hydrogenase activities can al so be
uséd f epnfchethplepg slyseldnosynthets campilBanteirxample, 8 naeaeipralBoyccandieot her

pr oduc . [ S fiXxing car i h

Feduct 1g R AR RAGLRIE wr TSR BRAONEL R pih Lo SRIBTRe Y B s arr
ci trat exbgonses nwidic adiés tncadidg dasiesdi dnagcs dis@eicinsaduRhds edioadanana of a

al phaket ogl ut ar at e: f erredoxi n oxi dor educt ase, succi nyl - CoA synt het ase,
succi NS Yy fesapkoxylase At aglycolakgbydssedudtapredrastematiyslypeacrine

dehydr gﬂ&§§1 : ' ' : xi de
dehgdrggenas fmgﬁﬁéﬁ%§@%§2%§§§§& Sgﬁpgﬁggegg%ﬁ%ﬁgg%gg%%?%gleEU|vaIents

ex 0 ac gbexiaoneatiiolwast o HYydogxypardyete ismomaxicder demeadivolyendgenpRCdo A

hydr ogenase a till.zed to fix ia the reductive TCA cycle into
ety TRt ieb i BT fad & BN SE TEREE. Dot STy FIGIA by ensymes
such a%h@ék%g’ﬂyc&@t% phb@ihafa8e ?ﬁ?%g@d‘a‘?&e%&e Kdnasg/ Haasehed rangage vl ase, and

acetyl - CoA synt hetase.” Acet A can”be converted to 1l5several netabolic
i nt er neddastesd ithat hnpdé¢amgbisgranrd twa-op hwsperoyings er progsinefphospmdgtigcer at e,
gl yceral dehyde and gl yvoxyl ate percursors. by .co n centr met abol i c
Jenct! OHENEY i BF el itn Db BN R R O TR BB RL A b SR Gy
PY R8IV atSemil&yy, pyik UM@dr@obd & thabse)XdomiandtibaroFdes as@orvhzines SNFYIRE Bt
gl uconeogenesi s. Followi ng the teachings and gui dance provi ded herein for
i nt r odedskgtheticpathves et benneibded ivfa noncweiraly pererenemiaokisl argardunef ice a
20serir - €, 2~ , yde or
g|yoxyﬂﬁ?&ﬁ%ggﬁﬁﬁgﬁgﬁ%%?é%%VPP@£§m3%%?K%5§§ﬁﬁﬁ%ﬁﬁlgﬁ¥§§@?%ﬁ§£that t he sane
engi nedet¢aigoxd st gimdal @pcotddeyde patutasdrwd alérhitiveds petycetae kinhgepduci ng at
| east thg nucl eic acids encodi ng the reductive TCA pat hway enzynes or

9

pr ot ei A¥IRB¥RHEVH qdetapfand aohglaen @i uvielcet By lasenet HERAIVElY %t one or
: . oSt A - ! ! o o
moR ?ﬁﬁgﬁhﬁgy%géeﬁp?g%ﬁ%{agé o QO Rind E4ADY %20%%%%?%&9‘3%8 Jie invention

suc at 't sorg smcontalns t ete ctive TCA

pat hwayltevinhtivetpaghoxgitegasbalitghde, 2 Ay drory@mlivate somamsorid mbydroxgiywevratd he

t eachi ngs and, gui dance prqvi ded rein, those skjlled in the art wll

nder s EEDPHERE T AURTARY Y Ao B il W r SEPAP DG GAERIHGEn be

pr oducegdéfiab fSBahSl Y aliecdPi19qHAE RRBILASH of ANNAMALS, OhlybRAal-WERIdsENH When
grown on a carbon Source such as a carbohydrate. Such conpounds i ncl ude,
for exanple, ethylene glycol and any of the 30 internediate netabolites in
the ethyl ene glycol pathway. Al that is required is to engineer in one or

nore of the required enzyne or protein activities to achi eve biosynthesis
of the desired conpound or internediate including, for exanple, inclusion

o o Y - .



WO 2011/ 130378PCT/ US2011/ 032272 33 gl ycol biosynthetic pathways.
Accordingly, the invention provides a non-naturally occurring m crobial

or gani smwbaniipeifaces and/ or secretes et hyl ene gl ycol WwIEAUSQEI0MNR20N a

car bohydrate or other carbon source amd produces and/or secretes any of the
i nternedi ate nmetabolites shown in the ethyl ene glycol pathway when grown on
a carbohydrate or other 5carbon source. The ethyl ene glycol producing

M cr obiglicotyl- G sarsfawisctdnd aighweiytl+ @A calnctasd (aicahel foymingpsind sé fath, an

i nternedi.ate, for exanp hydr uva et hang nlne al dehyde,
ol yoer SPRTec S5 PGS CCTiH MRy ST JEbPLe Lo g het §rgb Sitan ot

gl ycol yhiEaAy rddifs toproBadtdh e QERYSIIING stﬁécP lo@hctOKAAM TN P the
invention afe constructed using 10 nmethods well known in the art as

exenpl icoinbthahen ef fout,@ semngémdwlxylaeec pneﬁ@naltanm@ammon@smeseem aci d

e R e S G OB N A ST e AT el

of thesi e;sﬁdgme@lf K‘dzl bliddiseda BHELyaRALd de@iGaseud hy(ﬁbﬁﬂi rivtdr oduce
ethylene gl ycol . Wg t he teachings and gui dance prOV|ded herein, the

non- natdaeaabesylase énﬁl a ugbfgo dehipds igHudsganh divsnapivelymeelyonydaie roholiBean ac hi eve

b I

pet ooty ansir oy G BEbERERTL oS als Peheb B e i oBfiggipgg e et fone
concenté¢daiciads o@ﬁltﬁhhty\Peeme ggzloygzleie meudmbv@mlabﬁuiasaajgﬁmlmospmw| cularly
bet ween about 5-1250 g&ge partlcularly b ﬁ gout 8-1000 nmM

i ndf udirsickpord %Lelacwdelzw ctasgooriergbieel wg ¢ AefyAERRENISS! &r

concen f can be
20 ach%@%gﬁ'frogﬁﬁﬁ S%Q%aﬁggﬁﬁpg%%gggﬂf%%g cro (ﬁggngan ﬁké&s

i nvent ioba bldsmnthcmepaehmm;datsrrhsrﬂ@,ed d:altenucaﬂ eandidédoins: nome:datudellﬁnamnmtg c or
substantiahgxaanaero owt h or I nt enance Eondl |ons | ary

anaer oBEOREH B NSO THAS VB@&‘? Ei%%f‘é}r%e% Pt tBuses) I&ﬁ%"%‘? ps knovvn in
the ar tynd/BXFIGRLAY of tROBQNIRE bfosGRARSKT pARRay REulfsah 'iS?dHu@ﬁbrP@f tRE &P SpERdiAE €
descri bed herein and are described, for ‘'exanple, in U S. publication
2008/ odasirdPproduict.ed 25 August 10, 2007. Any of these condltlons can be
enpl oyed with the non- naturally occurring mcrobial organisns as well as
ot her (ﬁ? ({ ﬁgﬂ fo & BQ}&!&RQ&S lllylé{e 01 gs %%flg ({her%J ﬂdt%le ngllil %htu?eﬂ erobic or
subst an anaero ¢ondi t1°0nS, ducers can

synt he@baenﬁg hydrebal @leyeioms aﬁd midthode ef tlhld hxarenﬁ@m gl baﬁﬁlﬁd @tﬂﬁze@fm Barilddis MM or
nore as well .as all other concentrations exenplified herein. It is

under s coBAIRHARS With eachitrigRd P otk vaicibid prasnisels and mstlgds viedl known in
i ntrac ‘?ﬂda' aft %rac Ogﬁ Ft%&’{%rhe@s% ?Ir(glrt%/sc qiorgggé}ﬂbi%' R o ani]eﬁ{aﬂpé g organisns

can produce et glyco I ntracel y an or secrete t he product into
t heo culptatuee Emhglleuergly\tﬂ @B thdB08 PERCTHS20dl) 08 PRARcAE if thragdiatdiviontod t he

cul turing, and. f ntation c d|t|ons di scl osed herein, growth candition
for acAPOYPTIE HAREHRLR Cangp etcomiing iy eBY P By SlaruEny st aedirEiton of
an oSTRNRECHAR] O L FHlchE RS BN LGRS, R 5Bkt BTDRGLERA S. e

non-natural l'y "occurring mcrobial organisns of the invention can
sust ai weghpisoutheupreduass ah ethybemt gtl cabpabw ey inbertheieteei Theiathytl¢re gpcmésence of an

osnopr ot ect ant n os protectant.refers npou nd that acts
0 TP BhS et paLn S b BRBS ZT BB ok oS Rr b ARRERG hUEL orve
0SBt i Gomtcite3ise et@lemglg&(ﬁcbtaﬂm 1htléﬁhétﬁﬁe tdethyRh&glyedl. IThictiBledeQlyddet ai nes,
am no acids, and the sugar trehalose. Non-limting exanples of such are

gl yci neatﬂietaaulmtermqﬁhaé¢ Panebayesidad dicctyi trenpihier (aturnot the second organism or the
di h
| et %hg naP&lé%Pélgpﬁé 8{%& eﬁs g?yfcginﬁ‘a‘?ﬁ%% ﬁa{f‘één%ﬁﬁf’e &o&'[?c%{byéaﬁ "R 1‘8{%8%?

pi pecol’l € aci oac carn|t
ect oi nehest migobBiabsiReRibms bnefoosmmmlatoentse{matlcﬁl @rhd/thbmeutiseqlmnneddlﬁdn ois
understood to one of ordinpary skill in the art that the anmpunt and type of

osmopr EREAMt OrgTiPMAP Eher W?ﬁlﬁ%toe&r?thga%b?r%h@& tq proshuga Hicd b ROdrs thed

heggi nf; 8Hiﬁﬁ§8&&ﬁw%%&%§ﬁuﬁf$e sdepend on the mcrobial organi smused. The
anount of osnoprotectant Int e)bulturing conditions can be, for exanple,
no nore than about 0.1 mM no nore than about 0.5 15 nM no nore than about
1.0 nmMin ntblenﬁnboditmamtsatbouon-naﬁraimocnm‘ritmgmcmohaah oghoisms2n0 mthodsof ther e t han

about 2.5 nor e than about bout 5.0 no nore
Fhan. aBBaRon 6 SHHETE § Rok aDsoT RS s P Y OB Sbt o
more than about 100mM or no nore than about 500mM The cul ture conditions
can include, for exanple, liquid culture procedures as well as

20f ernentati on and other |arge scale culture procedures. As described
herein, particularly useful yields of the biosynthetic products of the
|nvent|on can be obtalned under anaeroblc or substantlally anaeroblc

o o o o o Y



25non-natural ly occurring m crobial organisns of the invention can be
sustai ned, cultured or fernented under anaerobic or substantially anaerobic
condi ti ors0 2Br1iyBH37¢, anaerobic conditions refers to an eaviuseommsi27zevoi d
of oxygen. Substantially anaerobic coritions include, for exanple, a
culture, batch fernentation or continuous fernentation such that the

di ssol ved oxygen concentration in the nediumremins between 0 and 10% of
sat ur ackanple 30Bbist gptalallh thesnasbabimentsdndsynthens pathsays forlaukdescdyrodwatg or

restin ells in liquid mediumor..on solid . agar inside seal ed chanber
i nt abhOH ronse G epmeled P o S8et st ik tbs it e
2011/ 1303E8REHMSRAL LA BRI Ru1AR T RENBEHRRL 0] AXUEEN:CAE DBidTBhALA ned by,

for exanple, spar(?l ng the culture with an m xture or other suitable
non- ox yegfemeg the pspdughstenc Miseotgal|arganesne oritie sultshistedesesdchedimhapbich can be

scaled up and grown.continuously.for ufact yri of hyl | ycol .
cotp STiRbwTH T BEE R ANTN Retperdiear 3 sRHAlF RO B iFndinbent at i on
and bafglopanascaictéplishedbPabeirutend®fi@bbialo@BsishaniticoHaMs bspathahié on, or
continuous fernentation and conti nuous separation. Al of these processes
ar e welPRthripwfericanaison pf oncratlvedit latemﬁdlp@d@ auethepageyparrmedipigor yhausef ul
for th I OSY } r i rGl L] f

gl ycol %r@élﬁi rlglltt%%ﬁ%}?g eglg'%\%m% £ rolg%ll§€§n i ntﬁ(b) g ﬂ%ﬁ?@b’rﬁeﬂogrcggeﬁ Elr}teﬁs{%rggﬁle

conlti gu@gmisafsdhmugm@*cumebr w&r&l lepfaﬁdmotih@m@brgﬁh{wise’m&}eg;hmle%swld| |

i nclude 10cul turing a non-naturally occurring ethylene glycal producing

or §&ni SRS tlfl? RestimygroRial sreaniymsppeuces amethylpng ghisesintermediats anththosesang ai n

and/ or i | : i ase. Continuous culture
under ggc B%gﬂ%ﬁsgfn@ngélﬁ%%ﬂtu e, 1a?éé§0ég a%r%l lymg'r owh for 1 day, 2, 3, 4,
5, 6 or 7 days or nore. Additionally, continuous culture can include |onger
time pénvoddbe tfaclingeaid giddarnge prbvadedBconn, ithese siakel sn thedirtuypillhundsestead dhat

nont hs. Aldternezitgi gel%. SOr%ani Sne Otf t he. g{w ntion can be cul.tured for
hour s, %48 JShy PECYBRInIGNS APS REFLHAUGRS CRiELIOr JiF naen g ey O mifRer st ood
that t hgceBil bdAidms ARG hREhdAS BF tHeQMN dnfiBR Usp el vikh &tk RettiobRN SrgahBmscan
include all tinme intervals in between these exenplary periods. It is

f ul® hewitirilie eecalberc ohather ren-natpially ocewring pliergbiehergaisms beng srtpathveiys of t he
i nventi s for.a.. el I fi .t . [ fileignt anount
of pr o&ﬁ@%’v TP &glﬁgéﬁgr ée%&iﬁ)%% %S@gc.ai %gj/(l%ebrléréeh%%ééa?Bﬁocggﬁgg‘gglrl %ﬁévgtfrl gﬂ%gll known
i n theaard prdduteéthylené giyosint at i on for the biosynthetic production of

et hyl ene glycol can be utilized in, for exanple, fed-batch fernentation and

bat ch separatjon; fed-batch fer nent%hi on anq conti nuous separation, or
cont i nGOHECE @ REATIAL NYHICIgids S ariBlsn sl per! RRINSRY CERARHPERIOBIN B4k ch and
cont i neQusich /Y XRALAI ) DEAESIHELShALR Knoghct R hibIA catARlifl addi tion
to the above’e frermeﬁt éﬁ}os% procedur es uso%q}ﬁdgéetnhgB et kclyl ecngﬁ)g yccgl §p£rﬂ({)gducers of
t h@0i n¥lentefaenctdreacoon.i Surbuspepesdalatlie bothgirolsupsicantlicakargotanerganiess of

et hyl ene_ gl.ycol ., the ethylen | ycol,. producers, al.so can he,. for exanple,

o ol ¢ asraBlid Pt oy e ety SReh Gl REE & Sirate i keSS art "t e
productindi@iifd H&ist, pRINE ARES afiimal, PR d REQSHET incARiDenIeRAEaH ) OfRdiRFor
fermentation cul ture and sequential |y subjected to chem cal or enzymatic
conver sidrsoutreg Obrigefor cxamplor buhetichio coli Hatug smpreginds Honfo dgginsed. WO
2011/ 130378PCT/ US2011/ 032272 36 To generate better propducess t abol i c
e N e e Gy S G L S 7 TR A
be28§is edypRoMR S IGim G [ KdRGK OME Sy lobak el ickioppadb, YR phb Ok @ Srakitinad zat i on of

t he pat hway (see, for exanple, U S. patent publications US 2002/0012939, US
2003/ 02BdgwRieriyg P00 29¢@o0causia g Naoorprmaces ugeydar) GoBgn9Rs US

2002/ 0 54 (5. 0 94 . - No. ,379) .

Vodel i APy ot B0l FoSALNMER BRu Bhalh el RO o oA DTN | grome
of shi bteunghdrhephidtsaldgtdbatetiowansfomiane Aidadicert copicadeatispAciabrodlidryt ene

gl ycol . e conputational nethod for identifying and desi gni.ng netabolic

al t er aPPlis AFAPBIAAE D %V&‘t%ﬁ’é%' geHPC%cca%gﬁer'@@P%%ﬁﬂﬁl? Sé_rf%%@ﬁtl fock
copput @&5tgﬂ?baéiflmwt&i&rg%ﬁ@rogaﬁér @érogen%g BIQLAaS Qﬂf}bpha{?’lS'Qﬁrfbgzell@A': 647- 657
(2003)). OptKnock is a netabolic nodeli'hg and sinulati'on programt hat

sugges teategemeSadeb et lndgypromudivgr Bptholdesty nabdgiiesiddanino@sals feimergenet i cal |y

stabl e m croor ganj i ch overproduce. the .target praqgduct. cifically,
The 11 dncidsr e B Pl S PR b A P e TR net aor & of
a mcroorganismin order to suggest genetic mani pul ations that force the
desired bi ochem cal to becone an obligatory byproduct 15of cell growth. By
coupl i ng biochem cal production with cell growth through strategically

pl aced gene del etions or other functional gene disruption, the growh
sel ection pressures inposed on the engineered strains after long periods of

o .



i nprovenents in performance as a result of the conpul sory grow h-coupl ed
bi ochem cal production. Lastly, when gene deletions are constructed there
i s a neglwgi2bliea3pargsi bility of 20t he desi gned strains r@CEmszong/ 082272 hei r
wi | d-type states because the genes setxcted by OptKnock are to be
conpletely renoved fromthe genone. Therefore, this conputational

nmet hodol ogy can be used to either identify alternative pathways that | ead
t o bi oSyatdoesings pitida, H’e&domdnqz)srs;padth!zobwmdsgdninmawmnn@bﬂmﬂmmvktubwdrhe

non-natyrally occ r|n robi al organisns for t her opt.im zati on of

bi osynlcﬁ%%”g){‘@fméc eg%ryf%awew Z@W@emwlge%ﬂc@?sp idiupler m used

her ei nb%ﬁer‘i;?cfkﬁrP &ghﬁoﬁfan@ygﬂgwmkem@%c %S?’en?%ia%fnl\fl&&ll@ﬂ%ﬂa'}gdﬂ@ I ul ar
nmet abol i Sm Knock programrelates to a franmework nodel s and

rret hod§utf&ﬂabus tn&aﬁquoﬁ@!ﬁéolparspb’wrlams Solfgvbiai avidocullaoius, Ii‘mcabédz anowsianal ysi s

) These constr t.s inglude, for exa uall .ative kinetic
it o maT eI G Peus COB Rl Sy S e e B BiieoPORKATRR 1 oar r oy
exper i epAtddendat Butyfapd- Wﬁ&ngbsae@m&tﬁs HRIEphiRRSnfBbnt e, WRIch BitSer iR abol i ¢
probl ens by, for exanple ht eni ng the flux boundari es derl ved t hrough

flux ba&rberedosiodéhréo rgubelephasier gylorioBimeylobrsiasdeitei feioBosvam ts of

met abol r . t Knock

Comput AT RGBSR A TR TS 4035 HRRS AR B L L e

const r uirine Radinapreebbdcedrival ATCC9S0, (skmahiisvamciinesis dedspirelligpuerasilofset he
performance limts of abol ic networks and provides nmethods for sol ving

t hé r e 868 g Reeidime Sygrer] Pakar) pﬁé@lP%ﬁﬁlfﬁSr{ eTBrogBIcefEesitthe met abol i c
nodel i

descri g%éﬁ%}%cg g%”%%(%]%n&g%m?g’%{a Jﬁﬁ%g g;t;lf%z(r%s 52 251101686 &S@/?E Fulg& January
10, 20(B’Zc;roplalusnblerdw&tﬁ’xaudbmm@Itugwwsa H@Fbctdﬁ@i&s( Jooiosy, Ruistomdh darupany 10,

2002, Z{}% 1&) ublication_2009/0047719, I ed ust é% 2 27. Anot her

conput &Ph’f{gﬁ%ﬁd‘ FEF4S dBHTIPIRY ’é’ﬁfﬂ“ A)ﬂ% o1t e8P ons

favori Rgibis@snerthahp 1&3&?@@1&@&1‘5&8%‘&%&&@BP%%blle%s SourBd Gehikes pmdel i ng and
r e

sinmul ation systemte Si nPhenﬁo Thi s conputational nmethod and systemis
dedéri lsedtespandihg gerssamsivesvet wath t @gubplﬁtmen@me 3apRhg283dalg¢ fdrinosdmotme 14,

June’ 150050 OGR Ol B S PRl BB B B R B e o 1 0

pr oduc i EBISh¥ling o8 @icioBreahlsht@ndnds hed @rvawé be &€ fildgidpladt, AmSs, ener gy
or charge through the chem cal reactions of a Yogl cal systemto define a

sol ut i erﬁng}a@l@e genames ot idpHiicatign aheengs Pngedig tb¢ equisteethoirarighices of the
chem ¢ of all owed
et vi eloskRAgsd B R IS AR E Mo PRI SCAELELBLALE HAANES ) 3
copgtr amhplenaﬁmdogmmrthmgog@epmanegs ﬁﬂmnmhhblbgmmae dispmcetaéntnefikddnvn
constraints such, as Lhe known st |ch|onetr of the |ncluded rea ions as
vel | agenesattd 19R intee §ﬁ1i‘eélc Braﬁla‘f)salﬁt‘f’?%‘?%%ltl?r&ﬁ hreutinesd d with
maxi mu r t alnts
can be @%‘%ﬂﬁ%‘égﬁ e%&@rcﬁ#@% rtlr%‘lgﬂ%ta%) ﬁf;@a@égﬁ%@;%ﬁé&g@d{) ﬁ%nfl{éigggfgtﬁ ﬁt%éhaw or
200f t lgéycbl dﬂsmglvaddler@y stithmeferenct to 4 paricolehenghciahm soonpohentisan Pheselily

conput ati.o oaches are consistent with hiological realities because
AR e PR Rt ettt I AT A e S S i oy

di bf er entenBY SoacBingd A GAlanY ??cﬁi‘i‘&d@f@%lﬂl qRéBRRMAICH ik MGt NIt @RS Y
nmechani snms t hat have been restricted by fundanental constraints that all

| i vi ng mpyaholinsltenaton xpoeplifieden elflwreamemrogn baippledrguelty RS @rgangsnsy r at egy
enbraces these general realities. Further, the ability to continuously

| mpose | f k'@%@fhstah? ¢ £ch s%% N aﬁeﬂﬂgﬁx‘/@ 19 §gco‘{ fb?q %Ht%ettl ﬁ{l 8sQin
constrai hts resu in 2 "reddcton |n e Si e so space,

t her ebyn @nfedaned mcitemetkgnem gy bidlsyithuvii e tehyafeated @ntathe hestfspédi@mge or
phenot ype can be predicted. G vgn the t eachi ngs and gui dance pr OVI ded
her ei nfort%e@ % RYQECBOMS GFPEREIORPL & Ria|ogss PAEQES Epr@éleawﬁfﬂ@te apgcingdhat

copput % %ﬁﬁ‘ﬁ? HSh- fd% E%Pa%h& %%1@ E'réf%‘eﬁ&éd% Rndesign
and i nrp [ osy eS| s of esired conpound I n host m crob In
or gani Mausslacﬂtamﬂtf&bﬁiqes:ammn@hrem@ohmletwbrhsleatst betwaed Hidtdsent nngaudm,s for

exanpl eﬁose sklll HP t te%%tlv&%ﬂ unde tan [[H;att e a%gl]éﬂ'ée]h%%%zzgse%ce{\{vyeiz Ef%{egg OZngZI%sr§158

may differ. However, given the teachings and guidance provided herein, those skilled in the



exenplified above as Si nPheny0 and Opt Knock. For illustration of the

i nvention, sone nethods are described herein with reference to the Opt Knock
conput at iwo 2brianseser k f or nodel i ng and sinmul ati on. Thos@C3Riskéiemsizmzt he art
wi Il know how to apply the identificat4on, design and inplenentation of the
met abolic alterations using OptKnock to any of such other 5 netabolic
nodel i ng and sinul ati on conput ati onal frameworks and net hods wel |l known in
t he ar tart aldoevilfatndodsnd st thdteathatpswed wictHodp pbthedevamnen sat bofpphiet aball | ¢
reactions to disrupt. Elimnation of each reaction within.the set or

ot aboPFEoRGAPIRREED gane F (EEE ool stk tﬁﬁ@%ﬁﬁ@ﬁelaghé?ﬁe RBeindat ory

pr OdUckoﬂlﬂﬁlbﬂegmﬁé}%igf&zgﬁrﬁsrﬁrﬂﬁﬁg QlesloTentOlcOARASHNI sEﬁﬁ@M%@ethﬂ%n@-glyE@lacF i ons
are known, a solution to the blPeveI Opt Knock problem al so"wilT “provide the
associ ated gene or genes encodi ng one or nore enzynes that catal yze each
reacti Metmcgsrfmhcqnﬁ@u@@tg 2ofl tesgiag theomrgressige tavielsiodd atormapfrally eeurrafe r eact i ons
and.t hej,I , cqorrespaondi n enes. encodi ng .t he enz S partjcipati in _each
eatt ol gRaPARAY O MG B B PR 1T cRBUT N e Rl R ek o

cor r el aidtigsds afellt im@wheaelid 40 SSwdhtrhctRods&as be dsundadesdraed iaut Gndld,5

rel ati gnshi p between enzynes and encodi ng genes. Once identified, the set

of reacembrokiohak, Mekcula” blonings Aukbesarry Mraer . ThyrdEdh: 6ol SrvgddPom of a
desire t i i t : i

Funct 1 SaaSRYENAE FohPROBTE ahe Aukibel B, Bk P RtcoRin ARAEBBL cact i on
wi t hi nJolreWsley an@OSeng) Battincark AVIDy(1992% ul nmeans to achi eve functi onal

di sruption of the reaction set is by deletion of each encodi ng 20gene.
However, in sone inst%nces, it. cqnaPe beneficjal t disngﬁﬁlthe r%gction by
ot hlr  GERBTIOUS ABAFIF AFISHIUSIACY TP ING! MropatRyBnir @rodugtan 1oy Iend @yt dn of
regul atef Ye MBGUERS sBdbtNoPParRIANP RS 8 W8kt ©ll%isRigNeinAtusé 188 khewn ie@elagt ory
factors, or by truncation of the coding sequence at any of a nunber of

| ocat i drdudimhdsenetdinigad tabemjugatiomsleciregeratipmghemichkbisansfirmatiomt al  del et i on
of the_gen et .can. be useful . for ex I n rapid assessnents of the
coup! | AGTaReRsh &P Tt TRl has PR RO Rriong R F AR R SSEREROR ! Fecs

| i kel'y cbi 006K prok@rybaesdlisf sonaddicldional squealetstin W geatddri dMAS 6f t he above
descri bed bil evel OptKnock problemwhich lead to further sets of reactions
t ol8i seulryeic msianptidccansaredeciatectns sighals suchrs pa Nrfarmingl miechingdsighehesi s,

i ncl udi - i [ I imzation
ot hod s A AL A AR AR e bl Rl R RS BB by

i terat icvldd, yf @@Bir&b| Rurrgarhple, Apidabefla pitedhoadr@Xenipt sdquettcdbbiocinuicidedt he

i ncorporation of an additional constraint referred to n integer cut at
each | CEPAISGHN 4 ﬁP@Z@PfoEﬁtSteé8h§tw’aﬁ??-§@l”f- i 'ﬁég?'f}?%f?r @\59_8%- Ak sol ution

pr ocedur e, b M GRAGSH M LAOENAGLo RATBS ELIIOferl:6 B8} bORBridaNl he Eflold? any
WO 2011/ 130378P /USZOlX 032272 39 previous Tteration that obligatorily
codpl esvifhootthe addiiios phichdsissquencgoowtihbe fagetaixamploehondriom quroghdarous! y
identified growth-c ed netabol jc ificati. speci.fies reactions 1, 2,
and 3 PEETEGT HHPTS P RER T RE: ol BUAG Const PRI S P Bb e Tl i
react i efifochéRiNaPRirfGing oMYt @RS Y s HRABRI LR GokitcHYPTRAURNS usRidddPns. The
integer cut nethod is well known in 5the art and can be f ound descri bed in,
for ex#émphppropistg aradifetatians to aBiugteacHmdbequPRtSFO raToVRON-indigde ¢ ROGLNE As with
al | matsg 043 dea%qal;eiirtl)god ohre{e iirﬁova\j teho re%foﬁsrr(la NG&c Elcoldtsheie'ﬁ eu’[soelmi nrt%(e)sqpaibi]eati on

W th théBE%% hoc coﬁ%u?a ional it PEewor oF T EaborS ¢ n@éellng and

si o8l apraprrtidshEuithéra@es, gehds AR LB Aabjedted Rldeion @ptigdHanicaniti tédhnidues atilve
conput ati onal analysis also can be applied w th other conputational

f r amewbPRY Wiethe atibwphipye emniged expaessIgaiohde meteinsxanpl e, 10 Si mPheny0. The
nmet hods exenplified herein allow the construction of cells and organi sns
that bigsyntheti Y Y S| Q AN st REi | gatory
coupling %‘?B %rg% Slg‘%tlboorllp%? Q)a§t8aélraogeceict% %ﬁ%&dgt% lgd;“li&eporc? ug’tItq tb g relggngﬁ%% t he
cel | obisyghaticpatieng creediag muolclvaachisras themplifeatt hefir¢ie dpgebletlinkedld er at i ons.

Therefore, the c ut ati onal net hod escri bed herein.all ow 15t he
ot | RS s oA saga s s P o e pG s em TGPl PRt ARpcablce
| dspt | age BY iRl hbROrERLARb AL RELASHH HOMIOTOKAARIHIORISiEeny 0. The

set of netabolic nodifications can include, for exanple, addition of one or
nor e bipbagertctors, virphvdeioay corsemesandartifionl ¢hrampsames ingluglingotdctms aifd one or

nore nmet.abolic reactions,incl udi for, exanpl.e,. disruption b ene
Tol ot | SHEOSY el GRE y R KRRy EbR e e R BMR S RET B b hedmever oped on
the prem se that nutant m crobial networks can be evol ved towards their

conput ational Iy predicted maxi num growt h phenotypes when subjected to | ong
periods of growth selection. In other words, the



approach | everages an organisms ability to self-optimze under selective
pressures. The OptKnock framework all ows for the exhaustive enuneration of
gene del evoanigcsndyBnati ons 25 that force a coupling bet wegrushéloobem ca
production and cell growth based on ngwork stoichionetry. The
identification of optimal gene/reaction knockouts requires the solution of
a bilevel optimzation problemthat chooses the set of active reactions
such t Aatditaemabpttheretprgisontvectoed cwtnr 1m¢1udieousnet drencre selbtthlilg nmelt anrekesomdr pr oduces
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the absence of oxygen. A nunber of exenplary nethods have been devel oped
for the nutagenesis and 10di versification of genes to target desired
properties of specific enzynes. Such nethods are



wel | known to those skilled in the art. Any of these can be used to alter
and/or optimze the activity of an ethylene glycol pathway enzyne or
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i ntroduces random poi nt mutations by z@ducing the fidelity of DNA

pol ymerase in PCR reactions (Pritchard et al., J Theor.Biol. 234:497-509
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repeats (Fujii ucl eic Acids Res. 32:el45 (2004); and Fujii et al.
Nat . Praunmuran&fe@w Qﬁ m@har(omma): pxidorealue@seidemamiatiye)Stmst # Llyeejaldahydsh

typLcal ly jnvol ve f.two r nore variant genes w th nucl eases
suc a§e%ﬁ{§§%?§eec§$€p§r§d@§ 39903&%? ‘a pool of random fragnents that are
reassenbl ed by cycles of annealing and extension in the presence of DNA

pol ymen@asemé embsdintchtsatht ibleafiyn plovides aBidtitodoRpodaShe kB lcnc Blyeol iat | Acad

Sci USA 91 10747-10751 (1994); and Stemmer, Nature 370; 389-391 (1994));
St aggeidudes culigingn posrmdyrallfRreHps misiphie| ercpripg) pekd mgi%mwgotf@ | owed by

t t f
nnoal (Rt ERiALuPoBHER, EFb ki SEIRHH AU AT Ry pighA, SUERL) o1 ©
16 258086 txdgbAdB) uclcraandd on déding ang:tiRée@diycvd pathway RRR)me éxpreseedin & andom

conl e R PR B CCUERBRY oo eeHY S caf BUPSHRGBIIN 2 | huicl ef o
Aci ds Rodro20n el OB RFAMY o170 A hé RARLiIET gD AL redat@iadup ox

Reconbi hation, in which l'inearized asm DNA i 5§ use form

het er o@bpb@kee@ecalrbatcylameaﬁqﬁmsplmlmram phmph&iasee@giyper@wddnkaw, a&l- al, Nucleic
Aci ds s. 27 €el8 99 and , Vol et al th n | . 328:456- 463
(2000) J TosPys S IO PRI AT AT 543573 o A TP ERRGE £gn

Transi %bs Temhaes c(fli?g;hlb 1Y) In bhd Df@e@mbw&hMdeés 4 hagomat dphA§mand si ze
fractionation of single stranded SSDNA Coco et al., Nat. Biotechnol.
191354 h3g9g epothyiepe gg@@bmh\ﬁ@dmekmmsa I@fdr@ﬁfpwumteer@@watsgm)l ates (RETT),

whi ch entail I nds from
or oy SO Rt EIPULARIE BT e R Lol AUSEATRR, e SERN BBl G075 Lo

of tenmpligires). (Ilneﬁeebpe@{ the whethbiretudeCatnabipdlas ox%@nihﬁﬂtalzﬂ% dnZ8Bdne glycol

Degenerate d.igonucl eotide Gene Shuffling (DOGS), in which degenerate
pri mer HAANGY %rh%aédﬂlpﬁlzhogm@e@mmphwe@é@ﬁé@ﬁraﬁﬁﬂﬂewt ¢s; (Bergquist and

55, DAL Bt 0RN 0 20O0 iy SRR Rl Bl o1 - £

Tr A0 catredontabor(sdehseeper 8dtl| &8 ofd 4—lyﬁF1gutejl() Enayeraspedt] thChi¥ hodvhelodeser eat es a

conbi nat.orial |ibrar ith ase r del eti of .a_.gene ene fragnent
o0t BHigbR ersbiaiiah dhylong B Dibiey g a2 TR B G, Sbas
(1999) phadlafedd & J_F?!y@erratgh Rhase; N dro ﬁr@@ﬂ@f@duct&ge 3%95%09&19}%1(7&9 99));

Thi o- Increrrent al uncation for t eation of Enzynes
(TH O Id&f@%h()xyla&hmﬂd alglycsuladrdetlande miubfﬁwse@ﬁtﬁeptlmﬁa% 3p€tnds‘b¢fcﬂlgur@dt) eIndNTPs

are used to eratt (# at| ons {) ) Nucl.ei,c A J,[ Res 29: El16
(2001) P1e find IR b PG bib el daemeah SRS s Buie. 2 o
ands DNfsidihd b ldehgdeedchal IBJ@Cah AypyA&ad. redsck P& 2AARL11253

ands DNAHA b ngolidshas ;gznfgéfss ypyACad rodiilase Sy RS b ARG 125

are f oldpekaxyipe sdaeglyoolydeyde reduatase (sectstpps 1t B andrpfiged).act i vi ty
(Bergquist et al., Bionol. Eng. 22:63-72 (2005)); Sequence Saturation

Mut age a pool
of 1 andbeuie gt BRI RS PP Db AR oA AR 881 1 Par e
nucl eohncﬂilﬁieandltmim/mgenatwally bccumnlg ﬁnicramalaoﬁgenmhaﬁlelutimgemhemblaln t he
presence of "universa bases su as . in |ne ﬂe%}gpl [ caﬁl on of an

i nosi n@IEIRILRI Mg rRhekeolgrtweyy D %%évqo DY Hiclunggideast

CO@@ eq BaE Eié’gen@&étrﬁﬂi%'iheﬁlé GI(C\%H% a%tet lene é?ﬂl&)tl g%%&r enz-lyme?’exzﬁesggd £2%008) ; Wong
., Nucl®eic Acids Res et Anal Bi ochem

25341 EmegamQM?@ prodgyncthelene glsmlt ﬂllewdg,lem/rglmwl pdbway)mmdmgn ng

ol i gonu es .desi gned to I, genetic ver targets and
o1 | ove HeGEs SERRTaR IS v FBF Pl Dhue PrEonsriofisiy fadishides &1

Bi ot echnol . 20: 1251-1255 (2002)); Nucl eoti de Exchange and EXCISIOH
Technol ogy NexT, which exploits a conbination of dUTP incorporation
followed by treatnent with uracil DNA gl ycosyl ase and then piperidine to
per form endpoi nt DNA 30fragnentation (Muller et al., Nucleic Acids Res.
33:e117 (2005)). Further nethods include Sequence Honol ogy-| ndependent



(SHI PREC), in which a linker is used to facilitate fusion between two
distantly related or unrel ated genes, and a range of chineras is generated
bet ween twWe 2bwai3giRes, resulting in WO 2011/ 130378PCT/ B6Z0B201082272 43

i brari es of single-crossover hybrids) Sieber et al., Nat. BiotechnoL

19: 456- 460 (2001)); Gene Site Saturation Mitagenesi sTM (GSSMInm), in which
the starting materials include a supercoil ed double stranded DNA (dsDNA)

pl asm dhiclebtadbrgangmaravimseardthyded: gly\mlpathmysnc\mmn@aérpélostﬁggb&emee at the
desired S|Ele of nmutations.(Kretz et al

511( 200495PhatEsnY; ey e ptg Kinass %%Ww%ﬂeae@ % estqm.leﬁq 5&%5 t he

use of P‘fé’!ﬁ’étl .ol &E&%é&%k %ttﬁﬂ%ﬁ&h&@ssa ﬂlf&r&ﬁﬂlcﬁlgmm Hhdigdak 6@y RAS W th a
| arge number” of possible am no acid sequence alterations (Rei dhaar-Q son et

al . Meghwsdbp&mr ynivcludgs: %@mﬁ’aﬁgl&qtgmphomhdtasle|acﬂhmr8—t62é@masetan<éh Sci ence
241; 53 9 nat or I | e ette |VLI ene ,
ahi i EbegelehE PRy GRS B detini B fe o TR Soeatitt IRGRSRT Yo ¢ ace
t o i demitdoia Bfgabiidmit ivaiithn @y 16204100 paiieha géhmucﬁﬁg e@gxcelraldahy&EVUVl to cover a
defi ned re ion of protein sequence space eetz et al., Angew. Chem Int.

Ed Engldeh 0@38@@51911:%11@@@1}1%%1@%1%(8@?éﬁepsH anch@ of Bighrd Bue, in whi ch
conditional ts nutator plasmds, utilizing the nutD5 gene, which encodes a

mut ant i 000-X in
andom B o pLE RN, BEIRLRE frokldes  pibtid BFpIdAEHAERARIGL sRe] ot
15ac c unndhades onltwingdehei-eatinallg otmtrahg ori@obdaborgs@kmcinicludingsa mmo‘mﬂq uired

%' f %95%?%9%@@% anzégylgefgg 3%@8)%%65%6 e&ﬂiﬁﬂeﬁ%ﬁwﬁpa@wﬁ%% Oé%t%l%?éaé ow

i ”C' udgné iR aHR i M @GRdA R gSn( ne Mt Bath®ad AMrkd SipiBR& ANl
mut agenesi s nmet hod that assesses an opt| m zes conbl natorial nutations of

sel ect edff@rinhamawitds pddagpethylenc glycol, rcathyldtatdlycohpattivaBoicludugpra

Uhat cayoBe ks s o O g i SOk e Par el e 5 B go.

| i brar y1yeblagdeh @au&tamldrla Icerié ah nf¥e (FecSit |le2,939'4Q)rGTdﬂI§§1lr62
GeneRe)agssean (TGRT Telgc ol ogy ygl[}f)%l i ecg by é\?/)grenl um Corporatl on) in

Si 1§ co Irper eﬂpﬁctUé@ln@mh equld@S %mlqrqﬂml)orgvfmr@thawgg an e&lﬁlqnmgb@p b’cﬁh‘aasgorl t hm
t hat af Cll?dl?%% g@o%%lg{’écéa% Lf}/e 9 &r'(‘)%g%ﬁ% L& sornlg gé(% §§ﬁ§§ N9 a

parti CU ar searc es se uen S ace OI’ a Substitutions

t hat capcaabalidst aﬁd‘alggzcbtaldéh@meomml(lseemtqisag D, }Jﬂﬁrcgefhgare Hnth general |y
wor ks nost effectl vel il@@ proteins with known three di nensi onal structures
Ea

( Hay es agitechthe methgg ing Aéar&blateiganwpbawglmledq%z@ @etilyoay and
Iterati I v edge of
€ er 2t i BRL HLRELAR ANEAGEBRSL iy MR KLY HoLg R ods
pel6 or mecrgbeadase ahd @lglymtak@hymsneducaasec(k@mpsﬁ, ﬁ,eS aisd hof ﬁgﬁﬁ Dutimgenesi s
met hod such as i rat agene, .San Di ego.CA),

ot ContIrL SRt PG R e O PO P GBI R e SR el one(s)

starti REIRMES a 3Lphd it $hodprht&O1BE b Fa8PERL NS a desired
activity is a%h.pevé%f"? ol PRk R 0 b B R B o1 032272

44 Pr otdoleydrogedgse; chsdl(oz@@yi)lyatersdnﬁ@ee,za letdr@xypynwa@ewcar@hemset mda Ed Engl .

oo Do UieBRMachET betrse Qe AN SR At SRR T R SRR oS! o

conbi nahé adpeof, tHehBetBbd RehRds @Mﬁ&wbﬂap&gmgﬂﬁqﬁsmgeﬂ oty 1 &iesgbol Patb@ay unct i on
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10EXAMPLE | Pat hways for producing ethyl ene gl ycol from serl ne Sever al
pat hvva)?§e AysCls He\methw mchirea migrgpiakongnisg havige apedhysns gl pHEWay n one

e”JQQd' 1§ éggﬁeﬂaﬁieﬁ%b &rn}rﬁr%gE&sE'yadél CFERY ALY, %emfseaa hydroxypyruyate

(@)

seri ne uvat e’ 15a ot’r ansf se or I ne  ox uct ase
(deam mszi)imem@): { Fydyoxypytyvatst depsrbbxylaseZind a glycolaldehyde reductase (see step 14 of

Figure 1 and steps 5, 2, 3 and 4 of Figure 2).



Hydr oxypyruvate i s subsequently decarboxyl ated to gl ycol oal dehyde by

hydr oxypyruvat e decarboxylase (Figure 1, Step 3). Finally, glycolal dehyde
i s reducewot2o11MB®@78y an al dehyde reductase (Figure 1, SPep/Uspo11iose2an
alternate route, the hydroxypyruvate 2niternediate is reduced to glycerate
by hydroxypyruvate reductase, and subsequently decarboxyl ated 20yi el di ng
et hyl ene glycol (Figure 1, Steps 8 and 9). In yet another pathway, serine
i s fir st saecanbodiyicatsetiic ioveatibapoivales aendadgfior protinciSg ethyfene ghilviokthabnpound

i s subsequ ntll¥ converted t | ycal al dehyd bg .a serjne am notransferase or
oxi dor SRR Sy anaRa gy Brs e microtia ForetniSig, ngliding Jomolifl enzyme.
candi dg}&sishPhavis iﬂ&hﬂ@ﬁ@%@&’ol%ﬁ%,sth%%ﬁ%fﬂ)e?leJg‘ly%oPg%tgw?%E&lﬁjd)ing%t%élﬁSCr' bed

bel ow. The conversion of “serine fo hydroxypyruv igure l, Step 1) is
cat al y»adcingeaousanieioneacy tirodmg anectlyrienealy coh phibwag enzymnd eiprgssedEuenyl ary

a1 ani nev ol SRS ARG Tkl BRI Bl B el ihRT Y oyl at e

anm not RS RiAsBudtES, 2gfcdlytBbA tRRkfcRSe QY EIVVAYIECaNIsPRhERRS heIRSE/1-CoA
participates in serine netabolismand gl yoxylate detoxification in mammals.

These &eitgtss (abdehiids forman). selgoplaldehysdeirpduesse, aglysaaty resuctase. arglutodatex o

donors r I ' | 4/ no acceptors

el udi S5 o R SreoR A BULAN B RAR SEIY SRR EBRECR 17, “orar

U0 20117 1303 18PCY] USZOLL] 032375 45 encoded by a5 Al S0 act v & an
130 , encode agxt, is also active as an

al &R némeﬂop&k91%«&9@mahﬁquna?ﬁ@f1@}ea%léqolwh§vaéN@%@n&églﬂ@éw@dﬁ@%@@i g

expres i . i R i 1460~ Lmlar

R B N R S I G S

Ei oc herImeiSi?@)hym Relycdalinbiyde r_EQLB:teBidlsest&pe 19%)9 andl’ ﬁfef Rignernd)edzyne, encoded

agxt, nctions.a ser.i ne: pyruvat e amni notransferase, an

al ant nésT5ey Gmabed st f averbitbisam by Viig by Prcalyel pafivay

am not haigdieg @gﬁlofs @abdu@isca glycBhRTBILCBRS, and Q& A1 38y ARk hse (g@@ fly

enzyme i s encodéd by spat (Han ét al., FEBS Lett. 527:199-204 (2002)). An

exeéhpl ateps &l Gandeogiigosed) atleornisnotts tha sethaisissluies emenolual dygand®T havhg

bi d i hal i ) dditi i ne. ql it h
2 2 O9RSS ARh  LRHE BADS AR Gl e

seri neggloyBrydodt nﬁfb@hsé,&fnﬂ&eglﬁdﬂl?\/@é& r@icASE (aBddhb Ploasmed et Wiehs €52/ Li epman
et al., Plant J25:487-498 (2001)). In several organisns serine: gl yoxylate
ani not BRh3P ef Bigarehz Jnese agpectpthg mether ingludes exvigrpbiel eragnisadaping aet ect abl e

i ne: . ; Uity ¢ 4
Phaseo L e eef TR ARAIGEHAE S B e I Qe RBAKIES 7o) cea,
Se20 ne phosphstrarai calyiaetdlprudfl el @s ecdanrysr@sdchpdfoemannad b gheolatizhadd

hydr oxypyruvate and utjlize glyoxylate as an am nqQ acceptor, The
serinef “96‘)‘(?/%55? gle ’r%tgr‘gﬁ%‘? 2PhEBUST Omie ABRE %FF@&F@%?%VPW%%

A O R e e I
Pr ot ei iglyGelBakikaseDa Bhoshbotiraisgi@rolylasnisiha glyxelyNPCoAgeAktast (430 696t t us
nor Vegi(scelésste%g)ﬂ 7, 8 and 10 of Figure 3). In one aspect, the method includes a microbial
25  organism having an ethylene glycol pathway including a glyoxylate reductase, glycolate
kinase, a glycolylphosphate reductase and a glycolaldehyde reductase (see steps 1, 7, 9 and 5

of Figure 3).

Suitable purification and/or assays to test for the production of ethylene glycol can be
performed using well known methods. Suitable replicates such as triplicate cultures can be
30  grown for each engineered strain to be tested. For example, product and byproduct formation
in the engineered production host can be monitored. The final product and intermediates, and
other organic compounds, can be analyzed by methods such as HPLC (High Performance

Liquid Chromatography), GC-MS (Gas Chromatography-Mass Spectroscopy) and LC-MS
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Hyphom cr obi um nmet hyl ovorum 20 The cmpnversion of serine to hydroxypyruvate
(Figure 1, Step 1) is alternately catal yzed by serine oxidoreductase

(deami nating). One enzyne with this functionality is serine oxidase, which

utili zébiqoi@@lﬁnmmgwphglmmr&pnctmce@)@m otheopigblid anglysiealimahodisarpd wat er t o

ammoni a, h dro er gxi de an ruv Chumpkav, et .al Proc.
Nt At ekt E s Kooy Ta et S LIy G apocEt BThS FEIFTiRRbiRgb e
26( 6) %%le&@@%sfea%@ the ¢RI s@PErRRaRX BYBRRIBCREARI BRRRAS s1Gcds8lcat P& D-am no
acid (D xon and Kl eppe, Biochi m Bi ophys Acta, 96: 368-382 (1965)) and

L ser i qeasdiedthy RV esingdot oxamperd m&aﬁyvesedaxni@tacmémglecqsmané eholst al .,

ot it 2080 7GR0t B Thisc T AER Rt oD oba s i B Re 0 s R DR ot it o

aci ds witch siNABT asDADIH dfecHAPnRMoAS GRALAbwnaR thethe TIRABYVINE] @z@mkYpi cal |y
reversi ble. Exenplary enzymes with serine oxidoreductase (deam nating)

act i vi PyotpiRErigEcsBemike egpaousdaNASeqyamEesIcan alsobe assayadiising aetheds

dehydr %ﬁﬂﬁ%&m G Shela P’ltir%&ar‘ﬁﬂg &bb‘élﬂiﬁ@ﬁfde%&ﬁ’e@a&@ 4&NARS cah & nadurkd %21 jts AN

enzynme W
NADH-dependent glycolaldehyde reduction to ethylene glycol using a molar absorption

10  coefficient of 6.22X107> M at 340 nm.

The ethylene glycol can be separated from other components in the culture using a variety of
methods well known in the art. Such separation methods include, for example, extraction
procedures as well as methods that include continuous liquid-liquid extraction, pervaporation,
membrane filtration, membrane separation, reverse osmosis, electrodialysis, distillation,

15  crystallization, centrifugation, extractive filtration, ion exchange chromatography, size
exclusion chromatography, adsorption chromatography, and ultrafiltration. All of the above

methods are well known in the art.

Any of the non-naturally occurring microbial organisms described herein can be cultured to
produce and/or secrete the biosynthetic products of the invention. For example, the ethylene

20  glycol producers can be cultured for the biosynthetic production of ethylene glycol.

For the production of ethylene glycol, the recombinant strains are cultured in a medium with
carbon source and other essential nutrients. It is sometimes desirable and can be highly
desirable to maintain anaerobic conditions in the fermenter to reduce the cost of the overall
process. Such conditions can be obtained, for example, by first sparging the medium with

25  nitrogen and then sealing the flasks with a septum and crimp-cap. For strains where growth
is not observed anaerobically, microaerobic or substantially anaerobic conditions can be
applied by perforating the septum with a small hole for limited aeration. Exemplary
anacrobic conditions have been described previously and are well-known in the art.
Exemplary acrobic and anaerobic conditions are described, for example, in United State

30  publication 2009/0047719, filed August 10, 2007. Fermentations can be performed in a

batch, fed-batch or continuous manner, as disclosed herein.
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15  art will understand that renewable feedstocks and biomass other than those exemplified above
also can be used for culturing the microbial organisms of the invention for the production of

ethylene glycol.

In addition to renewable feedstocks such as those exemplified above, the ethylene glycol

microbial organisms of the invention also can be modified for growth on syngas as its source
20  of carbon. In this specific embodiment, one or more proteins or enzymes are expressed in the

ethylene glycol producing organisms to provide a metabolic pathway for utilization of syngas

or other gaseous carbon source.

Synthesis gas, also known as syngas or producer gas, is the major product of gasification of
coal and of carbonaceous materials such as biomass materials, including agricultural crops
25  and residues. Syngas is a mixture primarily of H, and CO and can be obtained from the
gasification of any organic feedstock, including but not limited to coal, coal oil, natural gas,
biomass, and waste organic matter. Gasification is generally carried out under a high fuel to
oxygen ratio. Although largely H, and CO, syngas can also include CO, and other gases in
smaller quantities. Thus, synthesis gas provides a cost effective source of gaseous carbon

30  such as CO and, additionally, COs,.
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(see for example, Drake, Acetogenesis, pp. 3-60 Chapman and Hall, New York, (1994)).

10 This can be summarized by the following equation:
2CO; +4H, +nADP +n Pi — CH;COOH + 2 H;O + n ATP

Hence, non-naturally occurring microorganisms possessing the Wood-Ljungdahl pathway
can utilize CO, and H; mixtures as well for the production of acetyl-CoA and other desired

products.

15  The Wood-Ljungdahl pathway is well known in the art and consists of 12 reactions which
can be separated into two branches: (1) methyl branch and (2) carbonyl branch. The methyl
branch converts syngas to methyl-tetrahydrofolate (methyl-THF) whereas the carbonyl
branch converts methyl-THF to acetyl-CoA. The reactions in the methyl branch are
catalyzed in order by the following enzymes or proteins: ferredoxin oxidoreductase, formate

20  dehydrogenase, formyltetrahydrofolate synthetase, methenyltetrahydrofolate
cyclodehydratase, methylenetetrahydrofolate dehydrogenase and methylenetetrahydrofolate
reductase. The reactions in the carbonyl branch are catalyzed in order by the following
enzymes or proteins: methyltetrahydrofolate:corrinoid protein methyltransferase (for
example, AcsE), corrinoid iron-sulfur protein, nickel-protein assembly protein (for example,

25  AcsF), ferredoxin, acetyl-CoA synthase, carbon monoxide dehydrogenase and nickel-protein
assembly protein (for example, CooC). Following the teachings and guidance provided
herein for introducing a sufficient number of encoding nucleic acids to generate an ethylene
glycol pathway, those skilled in the art will understand that the same engineering design also
can be performed with respect to introducing at least the nucleic acids encoding the Wood-

30  Ljungdahl enzymes or proteins absent in the host organism. Therefore, introduction of one or

more encoding nucleic acids into the microbial organisms of the invention such that the
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catal yzed by gl ycol al dehyde reductase. The iron-activated 1, 2-PDO

oxi doreduwODasa/i383281. 1. 1. 77) E. coli encoded by fucO ef PCEiuseaiip3rat al yzes
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acti vi addanallpundbeidueiveatdehysieraivdsl ididid cf Q& BRlpiehy e caBee hdheghy de,
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decar boxyl ase (EC 4.1.1.-) catal yzes the decarboxylation of serine to
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Brassi ca fiapus 1n the context o
fumarate reductase, fumarase, malate dehydrogenase, NAD(P)H:ferredoxin oxidoreductase,

10 carbon monoxide dehydrogenase, and hydrogenase. Specifically, the reducing equivalents
extracted from CO and/or H, by carbon monoxide dehydrogenase and hydrogenase are
utilized to fix CO, via the reductive TCA cycle into acetyl-CoA or acetate. Acetate can be
converted to acetyl-CoA by enzymes such as acetyl-CoA transferase, acetate
kinase/phosphotransacetylase, and acetyl-CoA synthetase. Acetyl-CoA can be converted to

15  several metabolic intermediates including serine, 3-phosphoglycerate, 2-phosphoglycerate,
glyceraldehyde and glyoxylate percursors by common central metabolic reactions, and
glyceraldehyde-3-phosphate, phosphoenolpyruvate, and pyruvate, by pyruvate:ferredoxin
oxidoreductase and the enzymes of gluconeogenesis. Following the teachings and guidance
provided herein for introducing a sufficient number of encoding nucleic acids to generate a

20  serine, 3-phosphoglycerate, 2-phosphoglycerate, glyceraldehyde or glyoxylate pathway, those
skilled in the art will understand that the same engineering design also can be performed with
respect to introducing at least the nucleic acids encoding the reductive TCA pathway
enzymes or proteins absent in the host organism. Therefore, introduction of one or more
encoding nucleic acids into the microbial organisms of the invention such that the modified

25  organism contains the complete reductive TCA pathway will confer syngas utilization ability.

Accordingly, given the teachings and guidance provided herein, those skilled in the art will
understand that a non-naturally occurring microbial organism can be produced that secretes
the biosynthesized compounds of the invention when grown on a carbon source such as a
carbohydrate. Such compounds include, for example, ethylene glycol and any of the

30  intermediate metabolites in the ethylene glycol pathway. All that is required is to engineer in
one or more of the required enzyme or protein activities to achieve biosynthesis of the desired

compound or intermediate including, for example, inclusion of some or all of the ethylene
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am nesft al dehydes, such as gamma- am nobutyrate GABA transam nase 15(EC

2.6.1. 59% di ami ne am notransferase (EC 2.6.1.29) and putrescine

am notransferase (EC 2.6.1.82). GABA am notransferase naturally
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methods we known n the art as exemplified herein to exogenously express at least one
nucleic acid encoding an ethylene glycol pathway enzyme or protein in sufficient amounts to
produce ethylene glycol. It is understood that the microbial organisms of the invention are
cultured under conditions sufficient to produce ethylene glycol. Following the teachings and
guidance provided herein, the non-naturally occurring microbial organisms of the invention

15  can achieve biosynthesis of ethylene glycol resulting in intracellular concentrations between

about 0.1-2000 mM or more. Generally, the intracellular concentration of ethylene glycol is
between about 3-1500 mM, particularly between about 5-1250 mM and more particularly
between about 8-1000 mM, including about 100 mM, 200 mM, 500 mM, 800 mM, or more.
Intracellular concentrations between and above each of these exemplary ranges also can be

20  achieved from the non-naturally occurring microbial organisms of the invention.

In some embodiments, culture conditions include anaerobic or substantially anaecrobic growth
or maintenance conditions. Exemplary anacrobic conditions have been described previously
and are well known in the art. Exemplary anacrobic conditions for fermentation processes
are described herein and are described, for example, in U.S. publication 2009/0047719, filed
25  August 10, 2007. Any of these conditions can be employed with the non-naturally occurring
microbial organisms as well as other anaerobic conditions well known in the art. Under such
anaerobic or substantially anaerobic conditions, the ethylene glycol producers can synthesize
ethylene glycol at intracellular concentrations of 5-10 mM or more as well as all other
concentrations exemplified herein. It is understood that, even though the above description
30  refers to intracellular concentrations, ethylene glycol producing microbial organisms can

produce ethylene glycol intracellularly and/or secrete the product into the culture medium.



range (Schulz et al., 56:1-6 (1990); Liu et al., 43:10896-10905 (2004)).
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dimethylslfonioproprionate, 3-dimethylsulfonio-2-methylproprionate, pipecolic acid,

10 dimethylsulfonioacetate, choline, L-carnitine and ectoine. In one aspect, the osmoprotectant
is glycine betaine. It is understood to one of ordinary skill in the art that the amount and type
of osmoprotectant suitable for protecting a microbial organism described herein from osmotic
stress will depend on the microbial organism used. The amount of osmoprotectant in the
culturing conditions can be, for example, no more than about 0.1 mM, no more than about 0.5

15 mM, no more than about 1.0 mM, no more than about 1.5 mM, no more than about 2.0 mM,
no more than about 2.5 mM, no more than about 3.0 mM, no more than about 5.0 mM, no
more than about 7.0 mM, no more than about 10mM, no more than about 50mM, no more

than about 100mM or no more than about 500mM.

The culture conditions can include, for example, liquid culture procedures as well as
20  fermentation and other large scale culture procedures. As described herein, particularly
useful yields of the biosynthetic products of the invention can be obtained under anaerobic or

substantially anaerobic culture conditions.

As described herein, one exemplary growth condition for achieving biosynthesis of ethylene
glycol includes anaerobic culture or fermentation conditions. In certain embodiments, the

25  non-naturally occurring microbial organisms of the invention can be sustained, cultured or
fermented under anaerobic or substantially anaerobic conditions. Briefly, anaerobic
conditions refers to an environment devoid of oxygen. Substantially anaerobic conditions
include, for example, a culture, batch fermentation or continuous fermentation such that the
dissolved oxygen concentration in the medium remains between 0 and 10% of saturation.

30  Substantially anacrobic conditions also includes growing or resting cells in liquid medium or

on solid agar inside a sealed chamber maintained with an atmosphere of less than 1% oxygen.
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phase. Continuous culture under such conditions can include, for example, growth for 1 day,
2,3,4,5, 6 or 7 days or more. Additionally, continuous culture can include longer time
periods of 1 week, 2, 3, 4 or 5 or more weeks and up to several months. Alternatively,

15  organisms of the invention can be cultured for hours, if suitable for a particular application.
It is to be understood that the continuous and/or near-continuous culture conditions also can
include all time intervals in between these exemplary periods. It is further understood that
the time of culturing the microbial organism of the invention is for a sufficient period of time

to produce a sufficient amount of product for a desired purpose.

20  Fermentation procedures are well known in the art. Briefly, fermentation for the biosynthetic
production of ethylene glycol can be utilized in, for example, fed-batch fermentation and
batch separation; fed-batch fermentation and continuous separation, or continuous
fermentation and continuous separation. Examples of batch and continuous fermentation

procedures are well known in the art.

25  In addition to the above fermentation procedures using the ethylene glycol producers of the
invention for continuous production of substantial quantities of ethylene glycol, the ethylene
glycol producers also can be, for example, simultancously subjected to chemical synthesis
procedures to convert the product to other compounds or the product can be separated from
the fermentation culture and sequentially subjected to chemical or enzymatic conversion to

30  convert the product to other compounds, if desired.
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program that suggests gene deletion or disruption strategies that result in genetically stable

microorganisms which overproduce the target product. Specifically, the framework examines
the complete metabolic and/or biochemical network of a microorganism in order to suggest
genetic manipulations that force the desired biochemical to become an obligatory byproduct
15  of cell growth. By coupling biochemical production with cell growth through strategically
placed gene deletions or other functional gene disruption, the growth selection pressures
imposed on the engineered strains after long periods of time in a bioreactor lead to
improvements in performance as a result of the compulsory growth-coupled biochemical
production. Lastly, when gene deletions are constructed there is a negligible possibility of
20  the designed strains reverting to their wild-type states because the genes selected by
OptKnock are to be completely removed from the genome. Therefore, this computational
methodology can be used to either identify alternative pathways that lead to biosynthesis of a
desired product or used in connection with the non-naturally occurring microbial organisms

for further optimization of biosynthesis of a desired product.

25  Briefly, OptKnock is a term used herein to refer to a computational method and system for
modeling cellular metabolism. The OptKnock program relates to a framework of models and
methods that incorporate particular constraints into flux balance analysis (FBA) models.
These constraints include, for example, qualitative kinetic information, qualitative regulatory
information, and/or DNA microarray experimental data. OptKnock also computes solutions

30  to various metabolic problems by, for example, tightening the flux boundaries derived
through flux balance models and subsequently probing the performance limits of metabolic

networks in the presence of gene additions or deletions. OptKnock computational framework
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capacity constraints associated with maximum fluxes through reactions. The space defined

by these constraints can be interrogated to determine the phenotypic capabilities and behavior

20  of the biological system or of its biochemical components.

These computational approaches are consistent with biological realities because biological
systems are flexible and can reach the same result in many different ways. Biological
systems are designed through evolutionary mechanisms that have been restricted by
fundamental constraints that all living systems must face. Therefore, constraints-based

25  modeling strategy embraces these general realities. Further, the ability to continuously
impose further restrictions on a network model via the tightening of constraints results in a
reduction in the size of the solution space, thereby enhancing the precision with which

physiological performance or phenotype can be predicted.

Given the teachings and guidance provided herein, those skilled in the art will be able to
30  apply various computational frameworks for metabolic modeling and simulation to design
and implement biosynthesis of a desired compound in host microbial organisms. Such

metabolic modeling and simulation methods include, for example, the computational systems
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10  reactions are known, a solution to the bilevel OptKnock problem also will provide the
associated gene or genes encoding one or more enzymes that catalyze each reaction within
the set of reactions. Identification of a set of reactions and their corresponding genes
encoding the enzymes participating in each reaction is generally an automated process,
accomplished through correlation of the reactions with a reaction database having a

15  relationship between enzymes and encoding genes.

Once identified, the set of reactions that are to be disrupted in order to achieve production of
a desired product are implemented in the target cell or organism by functional disruption of at
least one gene encoding each metabolic reaction within the set. One particularly useful
means to achieve functional disruption of the reaction set is by deletion of each encoding

20  gene. However, in some instances, it can be beneficial to disrupt the reaction by other
genetic aberrations including, for example, mutation, deletion of regulatory regions such as
promoters or cis binding sites for regulatory factors, or by truncation of the coding sequence
at any of a number of locations. These latter aberrations, resulting in less than total deletion
of the gene set can be useful, for example, when rapid assessments of the coupling of a

25  product are desired or when genetic reversion is less likely to occur.

To identify additional productive solutions to the above described bilevel OptKnock problem
which lead to further sets of reactions to disrupt or metabolic modifications that can result in
the biosynthesis, including growth-coupled biosynthesis of a desired product, an optimization
method, termed integer cuts, can be implemented. This method proceeds by iteratively

30  solving the OptKnock problem exemplified above with the incorporation of an additional
constraint referred to as an integer cut at each iteration. Integer cut constraints effectively

prevent the solution procedure from choosing the exact same set of reactions identified in any
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applied with other computational frameworks well known in the art including, for example,

10 SimPheny®.

The methods exemplified herein allow the construction of cells and organisms that
biosynthetically produce a desired product, including the obligatory coupling of production of
a target biochemical product to growth of the cell or organism engineered to harbor the
identified genetic alterations. Therefore, the computational methods described herein allow
15  the identification and implementation of metabolic modifications that are identified by an in
silico method selected from OptKnock or SimPheny®. The set of metabolic modifications
can include, for example, addition of one or more biosynthetic pathway enzymes and/or
functional disruption of one or more metabolic reactions including, for example, disruption

by gene deletion.

20  Asdiscussed above, the OptKnock methodology was developed on the premise that mutant
microbial networks can be evolved towards their computationally predicted maximum-
growth phenotypes when subjected to long periods of growth selection. In other words, the
approach leverages an organism's ability to self-optimize under selective pressures. The
OptKnock framework allows for the exhaustive enumeration of gene deletion combinations

25  that force a coupling between biochemical production and cell growth based on network
stoichiometry. The identification of optimal gene/reaction knockouts requires the solution of
a bilevel optimization problem that chooses the set of active reactions such that an optimal
growth solution for the resulting network overproduces the biochemical of interest (Burgard

et al., Biotechnol. Bioeng. 84:647-657 (2003)).

30  Anin silico stoichiometric model of E. coli metabolism can be employed to identify essential
genes for metabolic pathways as exemplified previously and described in, for example, U.S.

patent publications US 2002/0012939, US 2003/0224363, US 2004/0029149, US
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As disclosed herein, a nucleic acid encoding a desired activity of an ethylene glycol pathway
10 can be introduced into a host organism. In some cases, it can be desirable to modify an
activity of an ethylene glycol pathway enzyme or protein to increase production of ethylene
glycol. For example, known mutations that increase the activity of a protein or enzyme can
be introduced into an encoding nucleic acid molecule. Additionally, optimization methods
can be applied to increase the activity of an enzyme or protein and/or decrease an inhibitory

15  activity, for example, decrease the activity of a negative regulator.

One such optimization method is directed evolution. Directed evolution is a powerful
approach that involves the introduction of mutations targeted to a specific gene in order to
improve and/or alter the properties of an enzyme. Improved and/or altered enzymes can be
identified through the development and implementation of sensitive high-throughput

20  screening assays that allow the automated screening of many enzyme variants (for example,
>10%). Tterative rounds of mutagenesis and screening typically are performed to afford an
enzyme with optimized properties. Computational algorithms that can help to identify areas
of the gene for mutagenesis also have been developed and can significantly reduce the
number of enzyme variants that need to be generated and screened. Numerous directed

25  evolution technologies have been developed (for reviews, see Hibbert et al., Biomol.Eng
22:11-19 (2005); Huisman and Lalonde, /n Biocatalysis in the pharmaceutical and
biotechnology industries pgs. 717-742 (2007), Patel (ed.), CRC Press; Otten and Quax.
Biomol Eng 22:1-9 (2005).; and Sen et al., Appl Biochem.Biotechnol 143:212-223 (2007)) to
be effective at creating diverse variant libraries, and these methods have been successfully

30  applied to the improvement of a wide range of properties across many enzyme classes.
Enzyme characteristics that have been improved and/or altered by directed evolution

technologies include, for example: selectivity/specificity, for conversion of non-natural
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polymerase in PCR reactions (Pritchard et al., J Theor.Biol. 234:497-509 (2005)); Error-

15  prone Rolling Circle Amplification (epRCA), which is similar to epPCR except a whole
circular plasmid is used as the template and random 6-mers with exonuclease resistant
thiophosphate linkages on the last 2 nucleotides are used to amplify the plasmid followed by
transformation into cells in which the plasmid is re-circularized at tandem repeats (Fujii et al.,
Nucleic Acids Res. 32:¢145 (2004); and Fujii et al., Nat. Protoc. 1:2493-2497 (2006)); DNA

20  or Family Shuffling, which typically involves digestion of two or more variant genes with
nucleases such as Dnase I or EndoV to generate a pool of random fragments that are
reassembled by cycles of annealing and extension in the presence of DNA polymerase to
create a library of chimeric genes (Stemmer, Proc Natl Acad Sci USA 91:10747-10751
(1994); and Stemmer, Nature 370:389-391 (1994)); Staggered Extension (StEP), which

25  entails template priming followed by repeated cycles of 2 step PCR with denaturation and
very short duration of annealing/extension (as short as 5 sec) (Zhao et al., Nat. Biotechnol.
16:258-261 (1998)); Random Priming Recombination (RPR), in which random sequence
primers are used to generate many short DNA fragments complementary to different

segments of the template (Shao et al., Nucleic Acids Res 26:681-683 (1998)).

30  Additional methods include Heteroduplex Recombination, in which linearized plasmid DNA
is used to form heteroduplexes that are repaired by mismatch repair (Volkov et al, Nucleic

Acids Res. 27:¢18 (1999); and Volkov et al., Methods Enzymol. 328:456-463 (2000));
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gl yoxyl ate carboligase (gcl) in a glyoxylate utilization operon (Ashiuch

et al., Bvochimm3Bi7ephys. Acta 1435: 153- 159 (1999); Cusa eCcTais20uid3Barteri ol
181: 7479- 7484 (1999)). This enzyne hag al so been purified and characterized
in Bacillus fastidiosus, although the associated gene is not known (de
Wndt et al., BiochimBiophys. Acta 613: 556-562 (1980)). 5 Hydroxypyruvate
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Catalysis 26:119-129 (2003)); Degenerate Oligonucleotide Gene Shuffling (DOGS), in which
degenerate primers are used to control recombination between molecules; (Bergquist and
Gibbs, Methods Mol.Biol 352:191-204 (2007); Bergquist et al., Biomol. Eng 22:63-72 (2005);
Gibbs et al., Gene 271:13-20 (2001)); Incremental Truncation for the Creation of Hybrid

10 Enzymes (ITCHY), which creates a combinatorial library with 1 base pair deletions of a gene
or gene fragment of interest (Ostermeier et al., Proc. Natl. Acad. Sci. USA 96:3562-3567
(1999); and Ostermeier et al., Nat. Biotechnol. 17:1205-1209 (1999)); Thio-Incremental
Truncation for the Creation of Hybrid Enzymes (THIO-ITCHY), which is similar to ITCHY
except that phosphothioate dNTPs are used to generate truncations (Lutz et al., Nucleic Acids

15  Res 29:E16 (2001)); SCRATCHY, which combines two methods for recombining genes,
ITCHY and DNA shuffling (Lutz et al., Proc. Natl. Acad. Sci. US4 98:11248-11253 (2001));
Random Drift Mutagenesis (RNDM), in which mutations made via epPCR are followed by
screening/selection for those retaining usable activity (Bergquist et al., Biomol. Eng. 22:63-72
(2005)); Sequence Saturation Mutagenesis (SeSaM), a random mutagenesis method that

20  generates a pool of random length fragments using random incorporation of a phosphothioate
nucleotide and cleavage, which is used as a template to extend in the presence of “universal”
bases such as inosine, and replication of an inosine-containing complement gives random
base incorporation and, consequently, mutagenesis (Wong et al., Biotechnol. J. 3:74-82
(2008); Wong et al., Nucleic Acids Res. 32:¢26 (2004); and Wong et al., Anal. Biochem.

25  341:187-189 (2005)); Synthetic Shuffling, which uses overlapping oligonucleotides designed
to encode “all genetic diversity in targets” and allows a very high diversity for the shuffled
progeny (Ness et al., Nat. Biotechnol. 20:1251-1255 (2002)); Nucleotide Exchange and
Excision Technology NexT, which exploits a combination of dUTP incorporation followed
by treatment with uracil DNA glycosylase and then piperidine to perform endpoint DNA

30  fragmentation (Muller et al., Nucleic Acids Res. 33:¢117 (2005)).

Further methods include Sequence Homology-Independent Protein Recombination
(SHIPREC), in which a linker is used to facilitate fusion between two distantly related or

unrelated genes, and a range of chimeras is generated between the two genes, resulting in
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of hydroxypyruvate and hr A gene refer ol ate as

subst r 4SS KRN ol o map P B BEE eSS Bhdh Mt Rt fhave been
expr es364y 4P0(EX 1ﬁ%ﬂdohﬂ£ﬂd%%rﬁlﬂﬁuﬂé‘ﬂ@? o enw@bh&gm%ﬂfana(%ak 74C gene
product fromsS. 5cerevisiae (Rintala et al., Yeast 24:129-136 (2007)) and

GR15 of am@mldmmfsietdﬁmqua malt{tiene waen stlection is GatrrequiRist(SeBONSGELtaD 24p/2007) ;

cat aly oo il PoRo s REreRn b B8 el o RS e iber o

.anismghr A NP 415551. 2 90111205 Escherl chia coli ghrB NP 418009. 2
901116Mditional exemplary methods include Look-Through Mutagenesis (LTM), which is a

multidimensional mutagenesis method that assesses and optimizes combinatorial mutations
of selected amino acids (Rajpal et al., Proc. Natl. Acad. Sci. USA 102:8466-8471 (2005));

20  Gene Reassembly, which is a DNA shuffling method that can be applied to multiple genes at
one time or to create a large library of chimeras (multiple mutations) of a single gene
(Tunable GeneReassembly™ (TGR™) Technology supplied by Verenium Corporation), in
Silico Protein Design Automation (PDA), which is an optimization algorithm that anchors the
structurally defined protein backbone possessing a particular fold, and searches sequence

25  space for amino acid substitutions that can stabilize the fold and overall protein energetics,
and generally works most effectively on proteins with known three-dimensional structures
(Hayes et al., Proc. Natl. Acad. Sci. USA 99:15926-15931 (2002)); and Iterative Saturation
Mutagenesis (ISM), which involves using knowledge of structure/function to choose a likely
site for enzyme improvement, performing saturation mutagenesis at chosen site using a

30  mutagenesis method such as Stratagene QuikChange (Stratagene; San Diego CA),
screening/selecting for desired properties, and, using improved clone(s), starting over at

another site and continue repeating until a desired activity is achieved (Reetz et al., Nat.



Escherichia coli YNL2 74C AAT92679. 1 51012771 Saccharomyces cerevisiae GR1
NP 566768. 1 18404556 Arabi dopsis thaliana The activation of glycolate to
gl ycol yl -woAoiig13ez8al yzed by an enzyne with gl ycol yl - CoRCTAISRo1a035282 ase
activity. Such an enzyne has not beemnygharacterized to date. d utaconyl - CoA
transferase (EC 2.8.3.12) catalyzes the transfer of the 2-hydroxyacid,

2- hydroxyglutarate, to CoA The gl utaconyl-CoA-transferase (EC 2.8.3.12)
enzy e Aroom 2a8lep@h{200Dg et ¢ ReetmeAdi, divgemoChae Usr. Eeimghtdarng46€a6ts with a
range Zﬁ substrates including 2-hydroxyglutarate, glutarate, crotonate,

adi pat 0 -acrylate (Buckel et al., Eur.J Biochem 118:315-321 (1981);
15Mack et al., Eur. J. Biochem 226:41-51 (1994)). The genes encoding this

enzy e Agrih SaeratdhBonipnethbeelr aluenRest¢hnfbenctd Moad byinexpr essed in E
coli (Mack et al., supra). Protein GenBank ID G Nunmber Or . anism gctA

559392 conhBntion . Addigpaall, aacercersontbatatienod s dirRd55030en matwds oo be

Aci dam nogcoccus . fernentans.  Th IP- endent ; acyl ati on of glycolylate to
ol yeol TEEa ROty FLTET e YSRGS s UeBy . cOn <yt hot ase
or acid-thiol |igase. Enzynes catal yzing this exact

It is understood that modifications which do not substantially affect the activity of the various
embodiments of this invention are also provided within the definition of the invention
provided herein. Accordingly, the following examples are intended to illustrate but not limit

the present invention.

10 EXAMPLE I
Pathways for producing ethylene glycol from serine

Several pathways are shown in Figure 1 for synthesis of MEG from serine. In one
embodiment serine is converted to hydroxypyruvate by a serine-hydroxypyruvate

15  aminotransferase or a serine oxidoreductase (deaminating) (Figure 1, Steps 1 or 2).
Hydroxypyruvate is subsequently decarboxylated to glycoloaldehyde by hydroxypyruvate
decarboxylase (Figure 1, Step 3). Finally, glycolaldehyde is reduced to MEG by an aldehyde
reductase (Figure 1, Step 4). In an alternate route, the hydroxypyruvate intermediate is
reduced to glycerate by hydroxypyruvate reductase, and subsequently decarboxylated

20  yielding ethylene glycol (Figure 1, Steps 8 and 9). In yet another pathway, serine is first
decarboxylated to ethanolamine (Figure 1, Step 5). This compound is subsequently converted
to glycolaldehyde by a serine aminotransferase or oxidoreductase (deaminating) (Figure 1,
Steps 6 or 7). Exemplary enzyme candidates for serine pathway enzymes (Steps 1-9 of Figure

1) are described below.

25  The conversion of serine to hydroxypyruvate (Figure 1, Step 1) is catalyzed by an enzyme
with serine aminotransferase activity. Exemplary enzymes include serine:pyruvate
aminotransferase (EC 2.6.1.510), alanine:glyoxylate aminotransferase (EC 2.6.1.44) and
serine:glyoxylate aminotransferase (EC 2.6.1.45). Serine:pyruvate aminotransferase
participates in serine metabolism and glyoxylate detoxification in mammals. These enzymes

30  have been shown to utilize a variety of alternate oxo donors such as pyruvate, phenylpyruvate
and glyoxylate; and amino acceptors including alanine, glycine and phenylalanine (Ichiyama

et al., Mol.Urol. 4:333-340 (2000)). The rat mitochondria serine:pyruvate aminotransferase,



20 transformati on have not been characterized to date; however, several
enzynes wWith broad substrate specificities have been described in the

| iteraturwo 200RA30378mM ng acetyl - CoA synt hetase (ACD, EC @CZ/ub2a13)3i232 an
enzyne that couples the conversion of4acids to their correspondi ng acyl - CoA
esters with the concom tant consunption of ATP. ACD | from Archaeogl obus
ful gi dus, encoded by AF1211, was shown to operate on a variety of linear
and 25bnanictég-aghaisnlewesve at @salamat-ghlionglaicsmiudtyamstaascl Shipentyanowbe, and

fumar at e sfeldt et al., J eriol. 184:636-64 0 \ second

Fover SRt A P RRSHAB G BHETA g Bl brEo R Oy R B85). 55T 50 shown
to haV%n%m@ésQﬁde BeSdnh Ak Rriz 8@ ahd Qs QOHL ¥i d1y on WO

2011/ 130378PCT/ US2011/ 032272 56 cyclic conmpounds phenyl acetate and

i ndol e &éetameBipmysReb. Gometunall8:34upd@)] 99Gh el enlrypan dnzgnme Halcodadcyl egx?,

marLs rt¥i annotated as, a squinyl-CbA ﬁ%nthefagﬁa accq&ts frogiogate,
but yr at & UG Bt EHERES YR AL S ot L g At 8V SR e SOBL YA S gy 4ad @
SUbSt 1 é@rf: gl e 1M SmBTHRMRsLRASO RSt t ial), sz@zeiz.@zreys@roch%rablr(gmg)%m}ﬂiﬂ ctions
(Brasen et al., Arch.Mcrobiol 182:277-287 5 200&%@. The ACD encoded by
PAE32SGH@‘WSWﬁ&eﬂ%rsﬁﬁdﬁapieéabr%%hééﬁ1ﬁf§rﬂ% CUntaexepalanum showed
the br t - [ : C1 i with

acet yl JEA ol ATRAS B ol @R Clcof R R AL SPP R Ry HERAALIS, "o

( Br asenddiridn &cthe nbmide; glysgiatdhdtion] bk ph8ac? fécodindn? O@H) ) expss@Linetl

evol ution or eng%qfering can be used to nodify this enzynme to operate at

t héV phyeli alse grielred esrpe i BtomdsIngay Ryt ABHRiFRnslerasTRE I EHSy mes from A
ful gi dys;, i t Wiz . ZAh oR. § [ -ald d,

functi g%ae})lllﬂf}n gﬁ%i’?@%# Séﬁgq‘cgﬁa(rzg@t) g?ﬁgée‘%@ ﬁg%%lsg%)sl SieH?@Bglgg%ﬁQ%nd Schonhei t,
Ar ch. Magrimitranbfet82 ci2g e §EZC 22004 ) alMusthebititedacw B¢ dotteble setindSmatreate ol .

184: 636-644 (2 022%..An ﬁdditional candi date .is the enzynme epncoded by sucCD
in E CBMROTARNCEASC ALY al FSRIAATYYRES FRACK Rt A6 HELHER: AICOA from
succi nah ., (Bcdib e QA plRRdly SRR HIHHAR oRbx HaRNEiAITansRerds8 @AY ARG Whi ch
is reversible in vivo (Buck et al., Biochem'stry 24:6245-6252 (1985)). The
acyp Cortelcpjesesctine mddedupappyrasatpand dalizeadybredate aesroamsinpaceaptaroTivor k on
several aliphatic substrates ipcluding.aceti ropi,onic, . but.yric, valeric,
mexanoreMerdiPhie PR ERsh B e PALALE By B BReBPE sl ac such”as
phenyl agehisorne GMIEAERE ﬁﬂc@ioﬂ&ifd@cpfdﬁ%dlﬁlm @38h Yad ViRl st@creled @Hagishita et

Appl . Environ. M crobi ol . 59: 1149-1154 (1993)). A related 20 enzyne, nal onyl
CoA symt-hetrakBiocker 241dy5 £198MIRhi zobi um | eguni nosarum coul d convert severa

di acids, nanely, ethyl-, propyl-, allyl-, isopropyl-, dinethyl-,
cycl opropyl -, cycl opropyl net hyl ene-, cycl obutyl-, and benzyl-mal onate into
123 5HERRER S ooos, ORI & S TGt iy df\mMm S i \P
070039481 1498810 Ar qNRABPAHNS 1 [I1GHH0006AF1 083 | Y 1qus
Ar chagdgkobus . f ul gi dusSP i$9¥P1 1355713470096 Rattus norvegicus
Agxt NP 000021.1 4557289 Homo sapiens
Spat NP 511062.1 17530823 Drosophila melanogaster
AGTI NP 849951.1 30678921 Arabidopsis thaliana
D86125.1:914..2131 | BAA19919.1 2081618 Hyphomicrobium
methylovorum
20

The conversion of serine to hydroxypyruvate (Figure 1, Step 1) is alternately catalyzed by
serine oxidoreductase (deaminating). One enzyme with this functionality is serine oxidase,
which utilizes oxygen as an electron acceptor, converting serine, O, and water to ammonia,
hydrogen peroxide and hydroxypyruvate (Chumakov, et al., Proc. Nat. Acad. Sci.,

25 99(21):13675-13680; Verral et al., Eur J Neurosci., 26(6) 1657-1669 (2007)). Some amino
oxidases are specific for the D-amino acid (Dixon and Kleppe, Biochim Biophys Acta, 96:
368-382 (1965)) and L-serine can be converted to D-serine by serine racemace (Miranda, et

al., Gene, 256:183-188 (2000)). Enzymes in the EC class 1.4.1 catalyze the oxidative
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22 Hal oarcula mari snortui PAE3250 NP 560604. 1 18313937 Pyrobacul um

ilumstr. I M2 sucC NP 415256.1 16128703 Escherichia coli sucD

23.W0LdBeBdE8sEscheri chia coli paaF AAC24333. 2 227PC3NB2MR3IMs20IDNAS

mat B AAC83455. 1 3982573 Rhi zob4iaim | egum nosarum WO

30378PCT/ US2011/ 032272 57 Several acyl-CoA dehydrogenases are capabl e
ucing an acyl-CoA to its correspondi ng al dehyde and can be used for

deaginbtien off alplod-3thinGakdids exdthcN ADe-, (\mwhyldﬁADms accpjoraatd the t y.
ag% genes thalrencod such q Mes i nc de.the. ci pet obact er
CRHACHERRATG ByP1cp ¥ﬁ%Vc?El§1ﬁ‘6 ?QyQEXFPeSc% KN SIHS LRSS er et al .

'(@ea%ﬁ@at%%@%t%%}%&lﬂ&gp\sp@ﬁw detoRabRaECLRE N, SBmidd deid atty acyl - CoA

ase (Is Environ. M crobi ol . "68: 1192-1195 (2002)),

SRSy BaeSR Wby O Y it Pp i NS btz il fsfi-2

drhyid thle podragrRnasew(tl a{%aéﬁayﬂﬁb hes n@t'been iieBafed ol date (Kk&3vi#KR#A- 4710

). The enzyme acyl atin acetalde@y
al., Izv.Akad Nauk SSSR Ser.Biol. 2:295-301 (1966)). Serine dehydrogenase activity

attributed to L-amino-acid dehydrogenase was identified in soil bacteria isolates, but specific
genes were not identified (Mohammadi et al., Iran Biomed.J 11:131-135 (2007)). The
glutamate dehydrogenase from Vigna unguiculata accepts serine as an alternate substrate.
The gene associated with this enzyme has not been identified to date. Other glutamate
dehydrogenase enzymes are encoded by gdhA in Escherichia coli (Korber et al., J Mol.Biol.
234:1270-1273 (1993); McPherson et al., Nucleic Acids Res. 11:5257-5266 (1983)), gdh from
Thermotoga maritime (Kort et al., Extremophiles. 1:52-60 (1997); Lebbink et al., J Mol.Biol.
280:287-296 (1998); Lebbink et al., J Mol Biol. 289:357-369 (1999)), and gdhAl from
Halobacterium salinarum (Ingoldsby et al., Gene 349:237-244 (2005)).

Protein GenBank 1D GI Number Organism

gdhA 118547 P00370 Escherichia coli

gdh 6226595 P96110.4 Thermotoga maritima

gdhAl 15789827 NP 279651.1 Halobacterium salinarum

20

25

30

Decarboxylation of hydroxypyruvate to glycolaldehyde (Figure 1, Step 3 and Figure 2, Step
3) is catalyzed by hydroxypyruvate decarboxylase (EC 4.1.1.40), an enzyme found in many
mammals (Hendrick et al., Arch.Biochem.Biophys. 105:261-269 (1964)). The enzyme activity
has been studied in the context of hydroxypyruvate metabolism to oxalate in rat
mitochondria, although the activity is not associated with a gene to date (Rofe et al.,
Biochem.Med.Metab Biol. 36:141-150 (1986)). Other keto-acid decarboxylases include
pyruvate decarboxylase (EC 4.1.1.1), benzoylformate decarboxylase (EC 4.1.1.7), alpha-
ketoglutarate decarboxylase and branched-chain alpha-ketoacid decarboxylase. Several keto-
acid decarboxylase enzymes have been shown to accept hydroxypyruvate as an alternate
substrate, including the kivd gene product of Lactococcus lactis (de la Plaza et al., FEMS
Microbiol Lett. 238:367-374 (2004)) and the pdc! gene product of Saccharomyces cerevisiae
(Cusa et al., J Bacteriol. 181:7479-7484 (1999)). The S. cerevisiae enzyme has been

J.

and



10 dehydrogenase in Pseudononas sp, encoded by bphG is yet another as it
has been denonstrated to oxidize and acyl ate acet al dehyde, propi onal dehyde,
but yr al dewpae11/i38378ut yr al dehyde and f or mal dehyde (Pow oR€KiUSet114B2272
175:377-385 (1993)). In addition to reduci ng acetyl -CoA to ethanol, the
enzynme encoded by adhE in Leuconostoc nesenteroi des has been shown to

oxi di ze the branched chai n conpound i sobutyral dehyde to isobutyryl-CoA

15( Koo cetengiely sBidotdeatpioderddefbt alt@dd s@bvity Léd(fa6GBNplly Buiryssad dehydé

bt yr of BORgRGE b ol vEnrbBlrer asanoenaos TEd i BCefegieain!’ = °

sacc ha@@ﬁ@()mﬂl b @C(gb%l YRk lteSAka A%}yl Ehvzro%&bzoﬁ@ﬁ@@ﬁ@@dﬁ F‘%%ﬁ
71:58-68 (2007)) rotein GenBank 1D G Nunb . ani sm acr 047869. 1

500863 5%¢ RB(hEvumbavtaarongahobdee tiedsd g pdd, a,bmcbﬁszb?oaﬂ%hmﬁe mognerdbbact er
C BAB854 857901. Aci ngt obacter s D P38947.1
Y A N i e A S O S I S P S U 12 e
gi ngi vasieserbohi®, BANORG9S. Des Sel 18:345-357 (2005)). An additional candidate is the kdcA
gene product of Lactococcus lactis, which decarboxylates a variety of branched and linear
ketoacid substrates including 2-oxobutanoate, 2-oxohexanoate, 2-oxopentanoate, 3-methyl-2-

oxobutanoate, 4-methyl-2-oxobutanoate and isocaproate (Smit et al., Appl Environ Microbiol

10 71:303-311 (2005)).

Protein GenBank 1D GI Number Organism

kivd CAG34226.1 51870502 Lactococcus lactis

pdcl P06169 30923172 Saccharomyces cerevisiae
pdc P06672.1 118391 Zymomonas mobilis

kdcA AAS49166.1 44921617 Lactococcus lactis

The reduction of glycolaldehyde to ethylene glycol (all Figures) is catalyzed by

glycolaldehyde reductase. The iron-activated 1,2-PDO oxidoreductase (EC 1.1.1.77) E. coli

encoded by fucO efficiently catalyzes the reduction of glycolaldehyde (Obradors et al., Eur.J
15 Biochem. 258:207-213 (1998); Boronat et al., J Bacteriol. 153:134-139 (1983)). Other

aldehyde reductase enzyme candidates include alrA from Acinetobacter sp. Strain M-1

encoding a medium-chain alcohol dehydrogenase for C2-C14 (Tani et al.,
Appl. Environ.Microbiol. 66:5231-5235 (2000)), ADH?2 from Saccharomyces cerevisiae
(Atsumi et al., Nature 451:86-89 (2008)) and the adhA gene product from Zymomonas

20  mobilis, which was demonstrated to have activity on a number of aldehydes including

formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, and acrolein (Kinoshita et al.,
Appl Microbiol Biotechnol 22:249-254 (1985)).

Protein GenBank ID GI Number Organism

fucO AAA23825.1 146045 Escherichia coli

alrd4 BAB12273.1 9967138 Acinetobacter sp. Strain M-1
ADH?2 NP 014032.1 6323961 Saccharomyces cerevisiae
adhA YP 162971.1 56552132 Zymomonas mobilis

Serine decarboxylase (EC 4.1.1.-) catalyzes the decarboxylation of serine to ethanolamine

25  (Figure 1, Step 5). Enzymes with this activity have been characterized in plants such as

Spinacia oleracea, Arabidopsis thaliana and Brassica napus in the context of choline
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Pr ot ei rth@eelBamc dnDn@irariNfariseractivity. Such an enzyme activity has not been demonstrated

to date. Exemplary candidates are aminotransferases with broad substrate specificity that

convert terminal amines to aldehydes, such as gamma-aminobutyrate GABA transaminase

15 (EC2.6.1.19), diamine aminotransferase (EC 2.6.1.29) and putrescine aminotransferase (EC
2.6.1.82). GABA aminotransferase naturally interconverts succinic semialdehyde and
glutamate to 4-aminobutyrate and alpha-ketoglutarate and is known to have a broad substrate
range (Schulz et al., 56:1-6 (1990); Liu et al., 43:10896-10905 (2004)). The two GABA
transaminases in E. coli are encoded by gabT (Bartsch et al., J Bacteriol. 172:7035-7042

20 (1990)) and puuE (Kurihara et al., J.Biol. Chem. 280:4602-4608 (2005)). GABA
transaminases in Mus musculus and Sus scrofa have also been shown to react with a range of
alternate substrates (Cooper, Methods Enzymol. 113:80-82 (1985)). Additional enzyme
candidates for interconverting ethanolamine and glycolaldehyde are putrescine
aminotransferases and other diamine aminotransferases. The E. coli putrescine

25  aminotransferase is encoded by the ygjG gene and the purified enzyme also was able to
transaminate cadaverine and spermidine (Samsonova et al., BMC.Microbiol 3:2 (2003)). In
addition, activity of this enzyme on 1,7-diaminoheptane and with amino acceptors other than
2-oxoglutarate (e.g., pyruvate, 2-oxobutanoate) has been reported (Samsonova et al.,

BMC Microbiol 3:2 (2003); Kim, J Biol. Chem. 239:783-786 (1964)).

30



Or ?ani sm MSED 0709 YP 001190808.1 146303492 Met al | osphaera sedul a ncr NP
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Protein GenBank ID GI Number Organism
gabT NP 417148.1 16130576 Escherichia coli
puuk NP 415818.1 16129263 Escherichia coli
abat NP_766549.2 37202121 Mus musculus
abat NP 999428.1 47523600 Sus scrofa
vgiG NP 417544 145698310 Escherichia coli

The oxidative deamination of ethanolamine to glycolaldehyde is catalyzed by ethanolamine
oxidoreductase (deaminating). One enzyme with this functionality is ethanolamine oxidase
(EC 1.4.3.8), which utilizes oxygen as an electron acceptor, converting ethanolamine, O, and
5  water to ammonia, hydrogen peroxide and glycolaldehyde (Schomburg et al., Springer

Handbook of Enzymes. 320-323 (2005)). Ethanolamine oxidase has been characterized in
Pseudomonas sp and Phormia regina; however, the enzyme activity has not been associated
with a gene to date. Alternately, the oxidative deamination of ethanolamine can be catalyzed
by a deaminating oxidoreductase that utilizes NAD+, NADP+ or FAD as acceptor. An

10 exemplary enzyme for catalyzing the conversion of a primary amine to an aldehyde is lysine
6-dehydrogenase (EC 1.4.1.18), encoded by the /ysDH genes. This enzyme catalyzes the
oxidative deamination of the 6-amino group of L-lysine to form 2-aminoadipate-6-
semialdehyde (Misono et al., J Bacteriol. 150:398-401 (1982)). Additional enzyme
candidates are found in Geobacillus stearothermophilus (Heydari et al., Appl

15  Environ.Microbiol 70:937-942 (2004)), Agrobacterium tumefaciens (Hashimoto et al., J
Biochem. 106:76-80 (1989); Misono and Nagasaki, J Bacteriol. 150:398-401 (1982)), and
Achromobacter denitrificans (Ruldeckulthamrong et al., BMB.Rep. 41:790-795 (2008)).

Protein GenBank ID GI Number Organism
lysDH BAB39707 Geobacillus
13429872 stearothermophilus
lysDH NP 353966 15888285 Agrobacterium tumefaciens
lysDH AAZ94428 74026644 Achromobacter denitrificans

20  Hydroxypyruvate reductase (EC 1.1.1.29 and EC 1.1.1.81), also called glycerate
dehydrogenase, catalyzes the reversible NAD(P)H-dependent reduction of hydroxypyruvate
to glycerate (Figure 1, Step 8). The ghrd and ghrB genes of E. coli encode enzymes with
hydroxypyruvate reductase activity (Nunez et al., Biochem.J 354:707-715 (2001)). Both gene
products also catalyze the reduction of glyoxylate to glycolate and the ghrB gene product

25  prefers hydroxypyruvate as a substrate. Hydroxypyruvate reductase participates in the serine



Direct conversion of glycolate to glycol al dehyde is catal yzed by an acid
reduct ase enzyne with glycol ate reductase activity. Exenplary enzynes

i ncl ude cwiokzoxyi3dzzsaci d reduct ase, 20al pha- am noadi pat e Pcediset1a®s22and
retinoic acid reductase. Carboxylic ag) d reductase (CAR), found in Nocardia
| owensi s, catalyzes the nmagnesium ATP and NADPH-dependent reduction of
carboxylic acids to their correspondi ng al dehydes (Venkitasubramani an et

al ., Jcilolin Ghthylot@PRichaBtedBm sQ2I0 0V ) pthylibecraatmreatorgudns it andof this enzyne

o} oD GHREU A G R LTSRSt DBl i%é%ﬁb%%@@ e
enzy e 11 AROQAOHN B 6dlctaslos HhamRn @ghmwbw%k%m%wmﬁd in E coli

(Venki t asubramani an et : Bi ol . Chem 282:478-485 (2007)). CAR requires
post -t Mm@l’laltacmfradm mM%ﬁQ lme lbyemclphmfsqaﬁdpmolegmim@iptwsaﬁtmeﬁ &g8 (PPTase)

> AOBPThoDnew TPkl G PRS0 a0u b dpen kBt TS B KRR e €

75 276 BHRT ik rio? 068) QSSlgEészi essBAk idéntifhe tdPitc BENBe s@ueRE iDgvaladRagitid C
PPTase, product inproved activity of the enzyne. An additional enzyne

candi daitatue and lears QP W@Wé@ﬁle@eq@@a@ of thedhcrathwduany phé Sefid Iodsd gri D

h dt
I A R T BTN DERBUIHBP LR (SRRERS fenls R U B L e o
accunuliasi7028-23 24190 &y eﬂsllﬁuﬂoabna-eazmw With hpdréxipgdm@x@/ﬁdﬁmsemnam d, a s hunt

product of 3-am no-4-hydroxybenzoic acid netaboljism (Suzuki, et al
Aml?bl slyoxglgtegydugitre agtyvi 19%)@;%1 R by dQudaiagnaspmals ingliding Hamgrsrpiens il SGR
665, a [ @Rﬁ@ | an be
ot | LBANEENS Kb RABIGIEhAat Ko APR e AU AR oS 266035
Nocar divaré b@tanmgguﬂptxpxﬁtﬁaﬁﬁﬁ. dolﬂ(l%@ttﬁﬂgl Nooa Bt/ a3 G00MEREI9Y 2006) YP
001825755. 1 182438036 Streptonyces griseus

Protein GenBank ID GI Number Organism

ghrd NP 415551.2 90111205 Escherichia coli

ghrB NP _418009.2 90111614 Escherichia coli
D31857.1:286..1254 | BAA06662.1 1304133 Hyphomicrobium methylovorum
hprA ACS39571.1 240008345 Methylobacterium extorquens
GRHPR NP 036335.1 6912396 Homo sapiens

GRHPR NP 525028.1 17933768 Mus musculus

An enzyme with glycerate decarboxylase activity is required to convert glycerate to ethylene

15  glycol (Figure 1, Step 9). Such an enzyme has not been characterized to date. However, a
similar alpha,beta-hydroxyacid decarboxylation reaction is catalyzed by tartrate
decarboxylase (EC 4.1.1.73). The enzyme, characterized in Pseudomonas sp. group Ve-2, is
NAD' dependent and catalyzes a coupled oxidation-reduction reaction that proceeds through
an oxaloglycolate intermediate (Furuyoshi et al., J Biochem. 110:520-525 (1991)). A side

20  reaction catalyzed by this enzyme is the NAD " dependent oxidation of tartrate (1% of
activity). Glycerate was not reactive as a substrate for this enzyme and was instead an
inhibitor, so enzyme engineering or directed evolution is likely required for this enzyme to
function in the desired context. A gene has not been associated with this enzyme activity to

date.

25  An additional candidate glycerate decarboxylase is acetolactate decarboxylase (EC 4.1.1.5)
which participates in citrate catabolism and branched-chain amino acid biosynthesis,
converting the 2-hydroxyacid 2-acetolactate to acetoin. In Lactococcus lactis the enzyme is a

hexamer encoded by gene aldB, and is activated by valine, leucine and isoleucine (Goupil-



gri D YP 001825756. 1 182438037 Streptonyces griseus 10An enzynme with
simlar characteristics, alpha-am noadi pate reductase (AAR, EC 1.2.1.31),
partici pawe0iwm3b3/gsi ne bi osynt hesi s pat hways in sonme fumrgalusspe®srs32 This
enzynme naturally reduces al pha-am noagli pate to al pha-am noadi pate

sem al dehyde. The carboxyl group is first activated through the

ATP- dependent fornation of an adenylate that is then reduced by NAD(P)H to
yi el d tFheillatat etn}l d . FanadANVRE2 158 8- 5SENR2000); Goapid wtrd ., ppl. EmesomMgmelsvblm and 15

requir [ i PPTas me candi dates for AAR a its

Cor' e Bara g RIS T s MG b TSa Orir DTS EL HEL e ZES ENbrits et al
Cene 9 Pﬁ'ﬂ‘il 40, ﬁéﬁ@é&ﬁ 35£88oqaoadilk 8tRr 6@&@% fiics enzyMehs Q&Hﬁér Genoni cs'
269: 27 %2003 , and Schi zosacchar onyces nbe (Ford et al.

Curr. G@n@tded 8 aidﬂkﬂl%ﬁ@p(@@@@av)thermghwl\ﬂmm @ al pbethépreitichikield &N f i cant

e 20 PRy RE R B e i Relmfiti Y e Bl S R B B R0 2t ot e
as an abtmvmws

S}; At &ichbeH et o, B@&teh@mm w8 114 3 (999(? ) ahd BldM Aomt € or
di am nopi nel ate (Hijarrubia et al Bi ol . Chem 278:8250-8256 (2003)). The

gene e éfd@lwtétriﬂér@en@lﬂéﬁg?élﬁ@mtPbTéEéctﬁra@l A AbEem21daN0N-i Tde cneyat e and

cear chig PydIEr B R GhBETph B efRetih AEMRNER RO, 1
171867 chasabataniagsudie ceai, sicaeChYGHofoDRG!. dryiibl8§969 302T-har D(@poep.

cerevisiae LYS2 AACO2241.1 2853226 Candi da al bi caps LYS5
10 A similar enzyme from Leuconostoc lactis has been purified and characterized but the gene

has not been isolated to date (O'Sullivan et al., FEMS Microbiol.Lett. 194:245-249 (2001)).

Protein GenBank ID GI Number Organism
aldB NP _267384.1 15673210 Lactococcus lactis
aldC Q8L208 75401480 Streptococcus thermophilus
aldB P23616.1 113592 Bacillus brevis
budA P05361.1 113593 Enterobacter aerogenes
EXAMPLE 11
15 Pathways for producing ethylene glycol from 3-phosphoglycerate

Also shown in Figure 1 are pathways to convert 3-phosphoglycerate (3PG) to cthylene
glycol. In these pathways, 3-phosphoglycerate is first converted to glycerate by either a 3PG
20  phosphatase or a glycerate kinase enzyme operating in the glycerate-generating direction
(Figure 1, Steps 10 or 11). Glycerate is then directly decarboxylated to ethylene glycol
(Figure 1, Step 9). Alternately, glycerate is oxidized to hydroxypyruvate (Figure 1, Step 8),
which is subsequently converted to ethylene glycol by the combined actions of
hydroxypyruvate decarboxylase and glycolaldehyde reductase as described previously.

25  Enzyme candidates for steps 10-11 of Figure 1 are provided below.

3-Phosphoglycerate phosphatase (EC 3.1.3.38) catalyzes the hydrolysis of 3PG to glycerate,

releasing pyrophosphate (Figure 1, Step 10). The enzyme is found in plants and has a broad

substrate range that includes phosphoenolpyruvate, ribulose-1,5-bisphosphate,

dihydroxyacetone phosphate and glucose-6-phosphate (Randall et al., Plant Physiol 48:488-
30 492 (1971); Randall et al., J Biol.Chem. 246:5510-5517 (1971)). Purified enzyme from

various plant sources has been characterized but a gene has not been associated with this



AA026020. 1 28136195 Candi da al bi cans WO 2011/ 130378PCT/ US2011/ 032272 60
Protein GenBank ID @ Nunber O . anismLys |Ip P40976.3 13124791

Schi zosacwbanumpeds ponbe Lys7p QL0474.1 1723561 Schi zosatalsarionyres ponbe
Lys2 CAA74300.1 3282044 Penicillium cdorysogenum Kinase or

phosphot r ansf erase enzynes transform carboxylic acids to phosphonic acids
with concurrent hydrolysis of one ATP. Such an enzyne with glycol ate ki nase

acti vi eyzynse toetatd. Aethst onzyorewetth 3 ghygphoglyecthie dloytaydsy hghatyphétee ( Fi gure 3,
Step 7 exact . transfor 0 not bee enonstrated to date.
ol APGTDRSY R GRS U &1 o2 Y Pl 1k LGB & B 2. 7. 2. 7).

| sobut yrabe, ‘B'z&}ﬁz%@AézEQOg 48 (31%5)3 aﬁ%eh@%és@éﬁf%d(vﬁ@l t%1s7en%{rﬁ% is @fetate

ki nase (EC 2.7.2.1) and ganma-glu ki nase (EC But yrat e
ki nase agaitedleyzes t he rever sible conver si on of butyryl phosphate to butyrate
during acidogenesis in Clostridia species (Cary 10et al.

AopL. Enyl o0, M G oB1.oh S0 RSTREA 5% (180 T, Gt L lhpmasst phuty1 fcum

enzyne is’e gene pro J

. M giiyiats t@tlﬁir%@h@@ion&m@%ic%ﬁol(s 20040} knzydidieke @picﬁﬂﬁ&@rétbdlﬁﬁ@ﬂl%nzy mes are
found I n C butéglcum and C. tetanonmpr phum ( TWAROG ,. J. Bacteriol.

86: 112pgrimagm gpbycferiagwhgrethepplay 2 yoks in pResphity franok; aﬁdé@@@@ﬁmﬂib@ fot oga
mari ti gy phEF g@ﬁ(eoén%§§e%ql ﬂe?lpEsmg@ilhc-a%na&ﬁ%ﬁl&lhhé ﬁﬁ‘(ﬁjsphatase active under

conditions of phosphate starvation (Coleman Annu. Rev. Biophys. Biomol. Struct. 21:441-83
10 (1992)). Similar enzymes have been characterized in Campylobacter jejuni (van Mourik et
al., Microbiol. 154:584-92 (2008)), Saccharomyces cerevisiae (Oshima et al., Gene 179:171-
7 (1996)) and Staphylococcus aureus (Shah and Blobel, J. Bacteriol. 94:780-1 (1967)).
Enzyme engineering and/or removal of targeting sequences may be required for alkaline

phosphatase enzymes to function in the cytoplasm.

15

20

25

Protein

GenBank ID

GI Number

Organism

phoA

NP 414917.2

49176017

Escherichia coli

phoX

ZP 01072054.1

86153851

Campylobacter jejuni

PHOS

AAA34871.1

172164

Saccharomyces cerevisiae

SaurJH1 2706

YP 001317815.1

150395140

Staphylococcus aureus

The interconversion of 3-phosphoglycerate and glycerate (Figure 1, Step 11) is also catalyzed

by glycerate kinase (EC 2.7.1.31). This enzyme naturally operates in the ATP-consuming

phosphorylation direction and has not been shown to function in the ATP-generating

direction. Three classes of glycerate kinase have been identified. Enzymes in class I and 11

produce glycerate-2-phosphate, whereas the class Il enzymes found in plants and yeast

produce glycerate-3-phosphate (Bartsch et al., FEBS Lett. 582:3025-3028 (2008)). In a recent

study, class I1I glycerate kinase enzymes from Saccharomyces cerevisiae, Oryza sativa and

Arabidopsis thaliana were heterologously expressed in E. coli and characterized (Bartsch et

al., FEBS Lett. 582:3025-3028 (2008)). This study also assayed the glxK gene product of E.

coli for ability to form glycerate-3-phosphate and found that the enzyme can only catalyze the

formation of glycerate-2-phosphate, in contrast to previous work (Doughty et al., .J

Biol. Chem. 241:568-572 (1966)).




15(Diao et al., J Bacteriol. 191:2521-2529 (2009); D ao et al., Acta
Crystallogr.D.Biol.O stallogr. 59:1100-1102 (2003)). Aspartoki nase
cat al yzeswohe11ABB7dependent phosphoryl ati on of aspart at @Can$2@alnsi2e? pat es
in the synthesis of several am no acisgis. The aspartokinase Il enzyne in E.
coli, encoded by |ysC, has a broad substrate range and the catal ytic
residues involved in substrate specificity have been el ucidated (Keng et
al ., 2@réteth. Bi ochem@@ndahkdD 335] GI-Ndmbdi996) ) .| Ovganddnli ti onal Ki nasgs in
E. colignar e al so gopd qersdildat es: | agggratie Ki nase apdegameogl ut anyl kijnase.
The. E| yaR3opet at e kARsge99 gncodedsdy4d6 KA ( SKargleall-oflcdlcerevhidd OLthem
O a0 A T S AN AR Al
=~ al ., T UT J L - 1T ... CUTT
gammasr B0 1 nas e BANROILA by bARBUAL Yy oo L rabidepyis fhalipidy
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glutamate. Protein GenBank ID d Nunber O ?ani sm bukl NP 349675 15896326
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Figure 2 shows a pathway for producing ethylene glycol from glyoxylate via a tartrate
semialdehyde intermediate. The glyoxylate precursor may be derived from central
metabolites such as isocitrate, via isocitrate lyase, or glycine, via one of several
aminotransferase enzymes that utilize glycine as an amino donor such as serine:glyoxylate

10  aminotransferase or glycine aminotransferase. In the proposed pathway, two equivalents of
glyoxylate are joined by glyoxylate carboligase to form one equivalent of tartronate
semialdehyde (Figure 2, Step 1). Tartronate semialdehyde is subsequently isomerized to form
hydroxypyruvate by hydroxypyruvate isomerase (Figure 2, Step 2). The decarboxylation and
reduction of hydroxypyruvate yield ethylene glycol as described previously (Figure 2, Steps 3

15  and 4). Enzyme candidates for steps 1 and 2 of Figure 2 are provided below.

Glyoxylate carboligase (EC 4.1.1.47), also known as tartrate semialdehyde synthase,
catalyzes the condensation of two molecules of glyoxylate to form tartronate semialdehyde
(Figure 2, Step 2). The E. coli enzyme, encoded by gcl, is active under anaerobic conditions
and requires FAD for activity although no net redox reaction takes place (Chang et al., .J

20  Biol.Chem. 268:3911-3919 (1993)). Glyoxylate carboligase activity has also been detected in
Ralstonia eutropha, where it is encoded by 716 43598 (Eschmann et al., Arch.Microbiol.
125:29-34 (1980)). Additional candidate glyoxylate carboligase enzyme candidates can be
identified by sequence homology. Two exemplary candidates with high homology to the E.

coli enzyme are found in Salmonella enterica and Burkholderia ambifaria.

Protein GenBank ID GI Number Organism

gcl AAC73609.1 1786717 Escherichia coli

hi6 A3598 YP 728024.1 113869535 Ralstonia eutropha
SentesTy 010100014274 | ZP 03378393.1 213648340 Salmonella enterica
Bamb 1815 YP 773705.1 115351866 Burkholderia ambifaria

25
Hydroxypyruvate isomerase catalyzes the reversible isomerization of hydroxypyruvate and

tartronate semialdehyde. The E. coli enzyme, encoded by Ayi, is cotranscribed with
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phosphat e-transferring acyltransferasgé i ncl ude phosphotransacetyl ase (EC
2.3.1.8) and phosphotransbutyryl ase ( 2.3.1.19). The pta gene 5fromE.
coli encodes a phosphotransacetyl ase that reversi bly converts acetyl - COA
into a 59-569 (1969)).
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(1993)). Additional genes are found in butyrate- 15produci ng bacterium

L2- 50 QLHHSEseHC alpo co JJOOB eqdevitly penes grrdaeierbtorpeedq glpodate spoese | us
negaterium (Vazquez et al., Curr.Mcrobiol 42:345-349 (2001)). Protein
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10 EXAMPLE 1V

Pathways for producing ethylene glycol from glyoxylate via glycolate

Additional pathways from glyoxylate to ethylene glycol proceed through the intermediate
15  glycolate as shown in Figure 3. In the first step of all pathways, glyoxylate is converted to
glycolate by glyoxylate reductase (Figure 3, Step 1). Glycolate is then converted to ethylene
glycol by one of several routes. In one route, glycolate is converted to glycolyl-CoA by a
CoA transferase or synthetase (Figure 3, Step 2/3). Glycolyl-CoA is then reductively
deacylated to glycolaldehyde by glycolyl-CoA reductase (aldehyde forming) (Figure 3, Step
20  4). Glycolaldehyde is converted to ethylene glycol by glycolaldehyde reductase as described
previously (Figure 3, Step 5). Alternately, glycolyl-CoA is directly converted to ethylene
glycol by a bifunctional enzyme with CoA reductase (alcohol forming) activity (Figure 3,
Step 10). In an alternative route, glycolate is directly converted to glycolaldehyde by a
carboxylic acid reductase enzyme with glycolate reductase activity (Figure 3, Step 6). In yet
25  another route, glycolate is converted to glycolaldehyde via a glycolylphosphate intermediate
by the enzymes glycolate kinase and glycolylphosphate reductase (Figure 3, Steps 7 and 9).
Alternatively, the glycolylphosphate intermediate is converted to glycolyl-CoA by
phosphotransglycolylase (Figure 3, Step 8). Enzyme candidates for each of these steps are

provided below.

30  The reduction of glyoxylate to glycolate is catalyzed by glyoxylate reductase (EC 1.1.1.79
and EC 1.1.1.26). In E. coli this reaction is catalyzed by the products of two genes, ghrB and



pta @X0L4 6685776 Thernotoga maritinma ptb NP 349676 34540484 Cl ostridi um
acetobutylicum ptb AARL19757. 1 38425288 butyrate-produci ng bacterium L2-50
pt b CACOASB2011/1B08Y86659 Baci |l | us negateri um The conver $COUSEH11/032272
gl ycol yl phosphate to gl ycol al dehyde i%s5 catal yzed by gl ycol yl phosphate 20

reductase (Figure 3, Step 9).
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Acidaminococcus fermentans reacts with a range of substrates including 2-hydroxyglutarate,

glutarate, crotonate, adipate and acrylate (Buckel et al., Eur.J Biochem. 118:315-321 (1981);
Mack et al., Eur. J. Biochem. 226:41-51 (1994)). The genes encoding this enzyme, gctA and

gctB, have been cloned and functionally expressed in E. coli (Mack et al., supra).

Protein

GenBank ID

GI Number

Organism

gctA

559392

CAA57199.1

Acidaminococcus fermentans

gctB

559393

CAA57200.1

Acidaminococcus fermentans

20

25

The ATP-dependent acylation of glycolylate to glycolyl-CoA (Figure 3, Step 3) is catalyzed

by a glycolyl-CoA synthetase or acid-thiol ligase. Enzymes catalyzing this exact

transformation have not been characterized to date; however, several enzymes with broad

substrate specificities have been described in the literature. ADP-forming acetyl-CoA

synthetase (ACD, EC 6.2.1.13) is an enzyme that couples the conversion of acids to their

corresponding acyl-CoA esters with the concomitant consumption of ATP. ACD I from

Archaeoglobus fulgidus, encoded by AF1211, was shown to operate on a variety of linear and

branched-chain substrates including isobutyrate, isopentanoate, and fumarate (Musfeldt et al.,

J Bacteriol. 184:636-644 (2002)). A second reversible ACD in Archaeoglobus fulgidus,

encoded by AF1983, was also shown to have a broad substrate range with high activity on



organi sms. Addi tional phosphate reductase enzynes of E. coli include

gl ycer al dehyde 3- 15phosphat e dehydrogenase encoded by gapA (Branl ant et
al ., Eur.WOBooctiests 150: 61- 66 (1985)) and gl ut anat e- 5- segiraisdahysz72
dehydr ogenase encoded by proA (Smth & al., J.Bacteriol. 157:545-551
(1984b)). Cenes encodi ng gl ut amat e- 5- sem al dehyde dehydr ogenase enzynes
from Sal nonel l a typhi murium (Mahan et al., J Bacteriol. 156:1249- 1262
(1983) rydiccoGgmpydoieay ecetptejand indolaaueteteéMuafeldt eMall,.s@Eema) GEhe tnzy2dbir@a- 35
(1993)) 20 vvelre cl oned . and exgressed %8#; coli. Protein GenBank ID QG
Nunber 8/OEHE HAEHORB AT 75 3 645K1B0F L DREISESR: TP ProRiaPp 248335, 1

682492 %?tty'r‘!?c@,%ﬁ Wirdridficd-Bhdid ﬁaaﬁgs@%ra%%@%%&u}é%j 30 @uﬂWﬁt‘éQaa% Qs URdwn
t ubercul 6sis VC2036 NP 231670 15642038 Vi brio chol era asd YP 002301787.1

2101353x8pdaeik i tisdetveard pyd tsvierse directions (Brasen et al., Arch.Microbiol 182:277-287
5 (2004)). The ACD encoded by PAE3250 from hyperthermophilic crenarchacon

Pyrobaculum aerophilum showed the broadest substrate range of all characterized ACDs,
reacting with acetyl-CoA, isobutyryl-CoA (preferred substrate) and phenylacetyl-CoA
(Brasen and Schonheit, Arch.Microbiol 182:277-287 (2004)). Directed evolution or
engineering can be used to modify this enzyme to operate at the physiological temperature of

10 the host organism. The enzymes from A. fulgidus, H. marismortui and P. aerophilum have
all been cloned, functionally expressed, and characterized in E. coli (Brasen and Schonbheit,
Arch.Microbiol 182:277-287 (2004); Musfeldt and Schonheit, J Bacteriol. 184:636-644
(2002)). An additional candidate is the enzyme encoded by sucCD in E. coli, which naturally
catalyzes the formation of succinyl-CoA from succinate with the concomitant consumption of

15 one ATP, a reaction which is reversible in vivo (Buck et al., Biochemistry 24:6245-6252
(1985)). The acyl CoA ligase from Pseudomonas putida has been demonstrated to work on
several aliphatic substrates including acetic, propionic, butyric, valeric, hexanoic, heptanoic,
and octanoic acids and on aromatic compounds such as phenylacetic and phenoxyacetic acids
(Fernandez-Valverde et al., Appl. Environ.Microbiol. 59:1149-1154 (1993)). A related

20  enzyme, malonyl CoA synthetase (6.3.4.9) from Rhizobium leguminosarum could convert
several diacids, namely, ethyl-, propyl-, allyl-, isopropyl-, dimethyl-, cyclopropyl-,
cyclopropylmethylene-, cyclobutyl-, and benzyl-malonate into their corresponding

monothioesters (Pohl et al., J. Am.Chem.Soc. 123:5822-5823 (2001)).

Protein GenBank ID GI Number Organism

AF1211 NP 070039.1 11498810 Archaeoglobus fulgidus

AF1983 NP 070807.1 11499565 Archaeoglobus fulgidus

scs YP 135572.1 55377722 Haloarcula marismortui

PAE3250 NP _560604.1 18313937 Pyrobaculum aerophilum str.
M2

sucC NP 415256.1 16128703 Escherichia coli

sucD AAC73823.1 1786949 Escherichia coli

paaF AAC24333.2 22711873 Pseudomonas putida

matB AACE3455.1 3982573 Rhizobium leguminosarum

25



ARG5, 6 NP 010992.1 6320913 Saccharonyces cerevi siae argC NP 389001.1
16078184 Bacillus subtilis argC NP 418393.1 16131796 Escherichia coli gapA
POA9B2. 2 w0388 7BEscheri chia coli proA NP 414778.1 1612822%2H30b2r2 chi a
coli proA NP 459319.1 16763704 Sal nongi | a typhi murium proA P53000.2 9087222
Campyl obacter jejuni

Several acyl-CoA dehydrogenases are capable of reducing an acyl-CoA to its corresponding
aldehyde and can be used for catalyzing the glycolyl-CoA reductase (aldehyde forming)
activity. Exemplary genes that encode such enzymes include the Acinetobacter calcoaceticus
acrl encoding a fatty acyl-CoA reductase (Reiser et al., J. Bacteriol. 179:2969-2975 (1997)),
5 the Acinetobacter sp. M-1 fatty acyl-CoA reductase (Ishige et al., Appl. Environ.Microbiol.

68:1192-1195 (2002)), and a CoA- and NADP- dependent succinate semialdehyde
dehydrogenase encoded by the sucD gene in Clostridium kluyveri (Sohling et al., J Bacteriol.
178:871-880 (1996)). SucD of P. gingivalis is another succinate semialdehyde dehydrogenase
(Takahashi et al., J.Bacteriol. 182:4704-4710 (2000)). The enzyme acylating acetaldehyde

10 dehydrogenase in Pseudomonas sp, encoded by bphG, is yet another as it has been
demonstrated to oxidize and acylate acetaldehyde, propionaldehyde, butyraldehyde,
isobutyraldehyde and formaldehyde (Powlowski et al., 175:377-385 (1993)). In addition to
reducing acetyl-CoA to ethanol, the enzyme encoded by adhE in Leuconostoc mesenteroides
has been shown to oxidize the branched chain compound isobutyraldehyde to isobutyryl-CoA

15 (Koo et al., Biotechnol Lett. 27:505-510 (2005)). Butyraldehyde dehydrogenase catalyzes a
similar reaction, conversion of butyryl-CoA to butyraldehyde, in solventogenic organisms
such as Clostridium saccharoperbutylacetonicum (Kosaka et al., Biosci.Biotechnol Biochem.

71:58-68 (2007)).

Protein GenBank ID GI Number Organism

acrl YP 047869.1 50086359 Acinetobacter calcoaceticus

acrl AAC45217 1684886 Acinetobacter baylyi

acrl BAB85476.1 18857901 Acinetobacter sp. Strain M-1

sucD P38947.1 172046062 Clostridium kluyveri

sucD NP 904963.1 34540484 Porphyromonas gingivalis

bphG BAA03892.1 425213 Pseudomonas sp

adhE AAV66076.1 55818563 Leuconostoc mesenteroides

bld AAP42563.1 31075383 Clostridium
saccharoperbutylacetonicum

20  An additional enzyme type that converts an acyl-CoA to its corresponding aldehyde is
malonyl-CoA reductase which transforms malonyl-CoA to malonic semialdehyde. Malonyl-
CoA reductase is a key enzyme in autotrophic carbon fixation via the 3-hydroxypropionate
cycle in thermoacidophilic archael bacteria (Berg et al., Science 318:1782-1786 (2007);
Thauer, Science 318:1732-1733 (2007)). The enzyme utilizes NADPH as a cofactor and has

25  been characterized in Metallosphaera and Sulfolobus spp (Alber et al., J. Bacteriol.
188:8551-8559 (2006); Hugler et al., J. Bacteriol. 184:2404-2410 (2002)). The enzyme is
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CoA and butyryl-CoA to their corresponding aldehydes. This gene is very similar to eutE
15 that encodes acetaldehyde dehydrogenase of Salmonella typhimurium and E. coli (Toth et al.,

supra).

Protein GenBank ID GI Number Organism

MSED 0709 YP 001190808.1 146303492 Metallosphaera sedula
mcr NP 378167.1 15922498 Sulfolobus tokodaii

asd-2 NP 343563.1 15898958 Sulfolobus solfataricus
Saci 2370 YP 256941.1 70608071 Sulfolobus acidocaldarius
Ald AAT66436 9473535 Clostridium beijerinckii
eutE AAA80209 687645 Salmonella typhimurium
eutE P77445 2498347 Escherichia coli

Direct conversion of glycolate to glycolaldehyde is catalyzed by an acid reductase enzyme
with glycolate reductase activity. Exemplary enzymes include carboxylic acid reductase,

20  alpha-aminoadipate reductase and retinoic acid reductase. Carboxylic acid reductase (CAR),
found in Nocardia iowensis, catalyzes the magnesium, ATP and NADPH-dependent
reduction of carboxylic acids to their corresponding aldehydes (Venkitasubramanian et al., J
Biol.Chem. 282:478-485 (2007)). The natural substrate of this enzyme is vanillic acid and the
enzyme exhibits broad acceptance of aromatic and aliphatic substrates (Venkitasubramanian

25  etal.,, 425-440 (2006)). This enzyme, encoded by car, was cloned and functionally expressed
in E. coli (Venkitasubramanian et al., J Biol. Chem. 282:478-485 (2007)). CAR requires post-
translational activation by a phosphopantetheine transferase (PPTase) that converts the

inactive apo-enzyme to the active holo-enzyme (Hansen et al., Appl. Environ.Microbiol



ncr AAS20429. 1 42561982 Chl or of | exus auranti acus Rcas 2929 YP 001433009. 1
156742880 Rose?* flexus castenhol zii NAP] 02720 ZP 01039179.1 85708113

Er yt hr obaw0en11g130378AP] MGP2080 00535 ZP 01626393. 1 11950¢3AB20ma0522¢2 ganma
pr ot eobact eri um HTCC2080 Longer chaijp acyl - CoA nol ecul es can be reduced to
their correspondi ng al cohols by 20 enzynes such as the jojoba (S nmmondsia
chi nensis) FAR whi ch encodes an al cohol -form ng fatty acyl - CoA reduct ase.
Its ovéreXpsL3sd A0D)). Expresidon oé&lalnpegieﬂenet‘r'e.&angcatsipwiﬁy PRTﬂalset p@dactcunul ati on

CenBankiPBYEs “UreE eyl ArraRop S0 5050V & SHHHESIE chi nens! s
VO 201%1}%33 &Pﬂé@&%%r%’%?(yg}w genes. This enzyme is believed to convert 3-amino-
4-hydroxybenzoic acid to 3-amino-4-hydroxybenzaldehyde as deletion of either griC or griD
5  led to accumulation of extracellular 3-acetylamino-4-hydroxybenzoic acid, a shunt product of
3-amino-4-hydroxybenzoic acid metabolism (Suzuki, et al., J. Antibiot. 60(6):380-387
(2007)). Co-expression of griC and griD with SGR_665, an enzyme similar in sequence to

the Nocardia iowensis npt, can be beneficial.

Protein GenBank ID GI Number Organism

car AAR91681.1 40796035 Nocardia iowensis
npt ABIg3656.1 114848891 Nocardia iowensis
griC YP 001825755.1 182438036 Streptomyces griseus
griD YP 001825756.1 182438037 Streptomyces griseus

10 An enzyme with similar characteristics, alpha-aminoadipate reductase (AAR, EC 1.2.1.31),
participates in lysine biosynthesis pathways in some fungal species. This enzyme naturally
reduces alpha-aminoadipate to alpha-aminoadipate semialdehyde. The carboxyl group is first
activated through the ATP-dependent formation of an adenylate that is then reduced by
NAD(P)H to yield the aldehyde and AMP. Like CAR, this enzyme utilizes magnesium and

15  requires activation by a PPTase. Enzyme candidates for AAR and its corresponding PPTase
are found in Saccharomyces cerevisiae (Morris et al., Gene 98:141-145 (1991)), Candida
albicans (Guo et al., Mol. Genet. Genomics 269:271-279 (2003)), and Schizosaccharomyces
pombe (Ford et al., Curr.Genet. 28:131-137 (1995)). The AAR from S. pombe exhibited
significant activity when expressed in E. coli (Guo et al., Yeast 21:1279-1288 (2004)). The

20  AAR from Penicillium chrysogenum accepts S-carboxymethyl-L-cysteine as an alternate
substrate, but did not react with adipate, L-glutamate or diaminopimelate (Hijarrubia et al., .J
Biol.Chem. 278:8250-8256 (2003)). The gene encoding the P. chrysogenum PPTase has not
been identified to date and no high-confidence hits were identified by sequence comparison

homology searching.

25
Protein GenBank ID GI Number Organism
LYS?2 AAA34747.1 171867 Saccharomyces cerevisiae
LYS5 P50113.1 1708896 Saccharomyces cerevisiae
LYS2 AAC02241.1 2853226 Candida albicans
LYS5 AA026020.1 28136195 Candida albicans




64 EXAMPLE V Pat hways for converting glycerate to ethylene glycol Pathways
for converting glycerate to ethylene glycol are shown in Figure 1.
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Protein GenBank ID GI Number Organism

bukl NP 349675 15896326 Clostridium acetobutylicum
buk2 Q97111 20137415 Clostridium acetobutylicum
buk?2 Q9X278.1 6685256 Thermotoga maritima

lysC NP 418448.1 16131850 Escherichia coli

ackA NP 416799.1 16130231 Escherichia coli

proB NP _414777.1 16128228 Escherichia coli




O' ani sm phoA NP 414917.2 49176017 Escherichia coli phoX ZP 01072054. 1
86153851 Canpyl obacter jejuni PHO8 AAA34871.1 172164 Saccharonyces

cerevi si ®03awri3brs2706 YP 001317815.1 150395140 St aphylPetaisecus/0aereus
KeACP BAD05167. 1 40217508 Phaseol us vgl garis 10 The ATP-dependent

I nt erconversion of 2-phosphogl ycerate and gl ycerate (Figure 1, Step 13) is
catal yzed by gl ycerate-2-kinase (EC 2.7.1.165). This enzyne naturally
operates in the phosphoryl ating ATP-consum ng direction and has not been
shown tAm drizpeikivath phosphieranepsobdaddTetigen Brraduired tdicomett gicolylphosphate to

d ycer at e- 2- ki nase enzynes have been studied in_animls, 15 nethyl otrophic
bact er i& Caw&%é“h%ﬁé, WP &h Femplare Phosphatrdrmasfermersy [sgsigtees nclyde hway .

Cact” BhrEREsSRanh aEEes s E pBOfoRinsbuny e (FES 2HD). Fhe Blo gork=HS
B A e S St oottt il ot S
Ch005y Phonnaf Sl Bogainines oot o0t 0043859 § s S yms ey pso pilizag
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characterized in E. col Several enzynmes in this class are inhibited by

ADP, s d/aldioweiol &7 -4t 4A9RUAION Qghertthiosphiatehidotyl trans famesgs thet erdalis sciivytyf or t he
enzyne o%%roo 1gI{y -tCeoAI Qretfgl?ncfji%séa%ﬁgts g%t%zcst(hgcri]o' etFa.lrl.(,) (zeoicrl%im.Biophys.Acta 321:114-
10 125 (1973)), Clostridium kluyveri (Stadtman, 1:596-599 (1955)), and Thermotoga maritima
(Bock et al., J Bacteriol. 181:1861-1867 (1999)). Similarly, the ptb gene from C.
acetobutylicum encodes phosphotransbutyrylase, an enzyme that reversibly converts butyryl-
CoA into butyryl-phosphate (Wiesenborn et al., Appl Environ.Microbiol 55:317-322 (1989);
Walter et al., Gene 134:107-111 (1993)). Additional prb genes are found in butyrate-
15  producing bacterium L.2-50 (Louis et al., J. Bacteriol. 186:2099-2106 (2004)) and Bacillus
megaterium (Vazquez et al., Curr.Microbiol 42:345-349 (2001)).

Protein GenBank 1D GI Number Organism

pta NP 416800.1 71152910 Escherichia coli

pta P39646 730415 Bacillus subtilis

pta ASNEO1 146346896 Clostridium kluyveri

pta QI9X0L4 6685776 Thermotoga maritima

ptb NP 349676 34540484 Clostridium acetobutylicum

pth AAR19757.1 38425288 butyrate-producing bacterium
L2-50

ptb CAC07932.1 10046659 Bacillus megaterium

The conversion of glycolylphosphate to glycolaldehyde is catalyzed by glycolylphosphate

20  reductase (Figure 3, Step 9). Although an enzyme catalyzing this conversion has not been
identified to date, similar transformations catalyzed by glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.12), aspartate-semialdehyde dehydrogenase (EC 1.2.1.11)
acetylglutamylphosphate reductase (EC 1.2.1.38) and glutamate-5-semialdehyde
dehydrogenase (EC 1.2.1.) are well documented. Aspartate semialdehyde dehydrogenase

25  (ASD, EC 1.2.1.11) catalyzes the NADPH-dependent reduction of 4-aspartyl phosphate to
aspartate-4-semialdehyde. ASD participates in amino acid biosynthesis and recently has been

studied as an antimicrobial target (Hadfield et al., Biochemistry 40:14475-14483 (2001)). The



GenBank 1D @ Nunber O ' anism gl xK AAC73616.1 1786724 Escherichi a col
5T2037 NP 378024.1 15922355 Sul f ol obus tol odaii garK AJ621354 41033736

Ther nopr oveus11tens’r Pt 01442 YP 024220. 1 48478514 Pi cr oplrCiras24a1a/08i2dus WO
2011/ 130378PCT/ US2011/ 032272 66 d ycegml dehyde dehydrogenase catal yzes the
oxi dation of glyceral dehyde to glycerate. This reaction can be catal yzed by
many NAD( P) +- dependent oxi doreductases in the EC class 1.2.1. Exenplary
enzymes. toa Stattaicyire hidhesn s«ﬂw@(ﬂédﬁeld gtal.udd/o Beo/RaxWr1at(929¢9M%B) adehyde

dehydr o enase 1.2.1.20) of Pseudononas putida, .| act te dehydr agenase
R o e O L I AN SRS il A A
dehydr eglenaset QIEQé—zo?Cﬂerﬁ)%@fngSl-qgk” (l%gﬁzl" IR H& mophdlu VBB Rk enzyme
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dependahf Palkde Ry peraehg sl 8ge0asHH2{ER r&laﬁadk:nﬁ?mé oartidddteishuman |iver, ALDH 1
an?O acetylglutamylphosphate reductase (EC 1.2.1.38), an enzyme that naturally reduces
acetylglutamylphosphate to acetylglutamate-5-semialdehyde, found in S. cerevisiae (Pauwels
et al., Eur.J Biochem. 270:1014-1024 (2003)), B. subtilis (O'Reilly et al., Microbiology 140 (
Pt 5):1023-1025 (1994)), E. coli (Parsot et al., Gene. 68:275-283 (1988)), and other
organisms. Additional phosphate reductase enzymes of E. coli include glyceraldehyde 3-

15  phosphate dehydrogenase encoded by gapA4 (Branlant et al., Eur.J. Biochem. 150:61-66
(1985)) and glutamate-5-semialdehyde dehydrogenase encoded by pro4 (Smith et al.,
J.Bacteriol. 157:545-551 (1984b)). Genes encoding glutamate-5-semialdehyde
dehydrogenase enzymes from Salmonella typhimurium (Mahan et al., J Bacteriol. 156:1249-
1262 (1983)) and Campylobacter jejuni (Louie et al., Mol. Gen.Genet. 240:29-35 (1993))

20  were cloned and expressed in E. coli.

Protein GenBank ID GI Number Organism

asd NP 417891.1 16131307 Escherichia coli

asd YP 248335.1 68249223 Haemophilus influenzae
asd AAB49996 1899206 Mycobacterium tuberculosis
VC2036 NP 231670 15642038 Vibrio cholera

asd YP 002301787.1 | 210135348 Helicobacter pylori
ARGS,6 NP 010992.1 6320913 Saccharomyces cerevisiae
argC NP _389001.1 16078184 Bacillus subtilis

argC NP _418393.1 16131796 Escherichia coli

gapA POA9B2.2 71159358 Escherichia coli

proA NP 414778.1 16128229 Escherichia coli

proA NP 459319.1 16763704 Salmonella typhimurium
proA P53000.2 9087222 Campylobacter jejuni

The direct formation of ethylene glycol from glycolyl-CoA is catalyzed by a bifunctional

enzyme with glycolyl-CoA reductase (alcohol forming) activity (Figure 3, Step 10).

Exemplary bifunctional oxidoreductases that convert acyl-CoA molecules to their
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dehyd K t t al., FE bi ol - 263- 279 005)) .
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brasi | ense %dcd) NP 415961.1 16129403 Escherichia coli ALDH AAA34419.1
an

171048 (B4 mptoay1-Cendvi3shyaleoxApRinaRo R0 50 1@ flor8 Sl refenys sapingae/sALDH- 2
NP L150881dr ot al., J Bacteriol. 184:2404-2410 (2002))). Tn addition to reducing acetyl-CoA to
ethanol, the enzyme encoded by adhE in Leuconostoc mesenteroides has been shown to
oxidize the branched chain compound isobutyraldehyde to isobutyryl-CoA (Kazahaya et al.,
J.Gen.Appl.Microbiol. 18:43-55 (1972); Koo et al., supra). The NADPH-dependent alcohol-
forming malonyl-CoA reductase of Chloroflexus aurantiacus participates in the 3-

10 hydroxypropionate cycle (Hugler et al., 184:2404-2410 (2002); Strauss et al., Eur.J. Biochem.
215:633-643 (1993)). This enzyme, with a mass of 300 kDa, is highly substrate-specific and
shows little sequence similarity to other known oxidoreductases (Hugler et al., supra). No
enzymes in other organisms have been shown to catalyze this specific reaction; however
there is bioinformatic evidence that other organisms may have similar pathways (Klatt et al.,

15  supra). Enzyme candidates in other organisms including Roseiflexus castenholzii,
Erythrobacter sp. NAPI and marine gamma proteobacterium HTCC2080 can be inferred by

sequence similarity.

Protein GenBank ID GI Number Organism

adhE NP 415757.1 16129202 Escherichia coli

adhE?2 AAKO09379.1 12958626 Clostridium acetobutylicum

adhE AAV66076.1 55818563 Leuconostoc mesenteroides

mcr AAS20429.1 42561982 Chloroflexus aurantiacus

Rcas 2929 YP 001433009.1 | 156742880 Roseiflexus castenholzii

NAPI 02720 ZP 01039179.1 85708113 Erythrobacter sp. NAP1

MGP2080 00535 | ZP_01626393.1 119504313 marine gamma
proteobacterium H7CC2080

Longer chain acyl-CoA molecules can be reduced to their corresponding alcohols by
20  enzymes such as the jojoba (Simmondsia chinensis) FAR which encodes an alcohol-forming
fatty acyl-CoA reductase. Its overexpression in E. coli resulted in FAR activity and the

accumulation of fatty alcohol (Metz et al., Plant Physiol. 122:635-644 (2000)).

Protein GenBank ID GI Number Organism
FAR AAD38039.1 5020215 Simmondsia chinensis




14192933 Rattus norvegi cus astD P76217.1 3913108 Escherichia coli PF0346 NP
578075. 1 18976718 Pyrococcus .furiosus Al dehyde oxi dase enzynes (EC
1.2.3.1) wanodlise78at al yze the conversi on of gl yceral delrgaiajS2avatosz27and
oxygen to glycerate and hydrogen perog de. Al dehyde oxi dase enzynmes in 25
organi snms such as Streptonyces noderatus, Pseudononas sp. and

Met hyl obaci | l us sp. catal yze the oxidation of a w de range of al dehydes

i ncl udi ng fornal dehyde, aromati c,EXAMPMDWV2011/130378PCT/ US2011/ 032272 67

al i phati c al dehydes Patisiaydifogc@iveciiggigedraaeto(dfglondglyesl al ., Pl ant Physi ol
110: 781- 789 (1996)) Al t hough the genes associated wth these enzynes are
not kn

Bnd oy By i COBHITaEREETAIedR Al D e e aoyy b et Tt i -
ooty QIS oach P RSl e e glamiudhspi o
ar e5 showthudeg tiwnoeqxhlesp@emBamc deaddowlordfb pat@vapNche @rgamiatmwazmof0- 1 NP
001105%08 }de}16§e4 a55%17r€' %atlon nd% Yoxylzate c?egra(F tiom. (%%Zér%te can also be formed by
oxidation of glyceraldehyde by glyceraldehyde dehydrogenase or glyceraldehyde oxidase
(Step 14 of Figure 1) or dephosphorylation of 3-phosphoglycerate or 2-phosphoglycerate by
either a phosphatase (Steps 10 and 12 of Figure 1) or a kinase operating in the reverse
10 direction (Steps 13 and 11 of Figure 1). The glycerate is then converted to ethylene glycol by
one of several pathways. In one pathway, glycerate is directly converted to ethylene glycol by
a decarboxylase (Step 9 of Figure 1). Candidate enzymes for this decarboxylase were
presented in Example 1. In an alternate route, glycerate is oxidized to hydroxypyruvate by
hydroxypyruvate reductase (Step 8 of Figure 1). The hydroxypyruvate intermediate is then
15  decarboxylated and reduced to ethylene glycol by enzymes described in Example I (Figure 1,
Steps 3, 4). In yet another route, glycerate is converted to hydroxypyruvate in two steps:
oxidation to tartronate semialdehyde by glycerate dehydrogenase, followed by isomerization
to hydroxypyruvate by hydroxypyruvate isomerase (Steps 5 and 2 of Figure 2). Enzyme
candidates for hydroxypyruvate isomerase were described in Example I1I. Enzyme candidates

20  for 2-phosphoglycerate phosphatase, glycerate-2-kinase, glyceraldehyde dehydrogense,

glyceraldehyde oxidase and glycerate dehydrogenase are provided below.

2-Phosphoglycerate phosphatase (EC 3.1.3.20) catalyzes the hydrolysis of 2PG to glycerate,
releasing pyrophosphate (Figure 1, Step 12). This enzyme was purified from cell extracts of
Veillonella alcalescens (Pestka et al., Can.J Microbiol 27:808-814 (1981)), where it is

25  thought to participate in a serine biosynthetic pathway. A similar enzyme was also
characterized in beef liver (Fallon et al., Biochim Biophys Acta 105:43-53 (1965)). However,
genes have not been associated with either enzyme to date. Additional 2PG phosphatase
enzyme candidates are alkaline phosphatase (EC 3.1.3.1) and acid phosphatase (EC 3.1.3.2).
Both enzymes hydrolyze a broad range of phosphorylated substrates to their corresponding

30  alcohols. Alkaline phosphatase enzymes are typically secreted into the periplasm in bacteria,
where they play a role in phosphate transport and metabolism. The E. coli phoA gene encodes
a periplasmic zinc-dependent alkaline phosphatase active under conditions of phosphate

starvation (Coleman Annu. Rev. Biophys. Biomol. Struct. 21:441-83 (1992)). Similar enzymes



2589164 Zea mays Aoxl 054754.2 20978408 Mus nuscul us ALDO1 ORYSJ Q7XHO5. 1
75296231 Oryza sativa AAO3 BAAB2672.1 5672672 Arabi dopsis thaliana XDH
DAA24801.w02984B286586 Bos taurus Oxidation of gl yceratePCo/usartio0s2at e

sem al dehyde is catal yzed by gl yceratgs dehydrogenase 10 (EC 1.1.1.60). Two
I sozynmes of this enzyne are encoded by the genes garR and gl xR of E. coli
(Cusa et al., J Bacteriol. 181:7479-7484 (1999); Mnterrubio et al., J

Bact er have beb82h2672ri 26174 (@QMbactd pajuret(veal Mpudk Bi dl, Mibvertnd 7543BAS- 38786
(2000)) e gl ycerate dehydro ase encaded by gar Sal ponel | a

typhi _nﬁ‘?'qqggh’ SShsgronBise e et R S9yhi Fitak g Sy crystal | i zed
(OSi Pl thuyibioBbecys duBhf (Wt RHOBAOLRRDOBLGSi300 24803730 FAL 299y - Gene GenBank

Accessi on Or gani sm gar R
engineering and/or removal of targeting sequences may be required for alkaline phosphatase

5  enzymes to function in the cytoplasm. Acid phosphatase enzymes from Brassica nigra,
Lupinus luteus and Phaseolus vulgaris have been shown to catalyze the hydrolysis of 2PG to
glycerate (Yoneyama et al., J Biol Chem 279:37477-37484 (2004); Olczak et al., Biochim
Biophys Acta 1341:14-25 (1997); Duff et al., Arch.Biochem.Biophys 286:226-232 (1991)).

Only the P. vulgaris enzyme has been associated with a gene to date.

Protein

GenBank ID

GI Number

Organism

phoA

NP 414917.2

49176017

Escherichia coli

phoX

ZP 01072054.1

86153851

Campylobacter jejuni

PHOS

AAA34871.1

172164

Saccharomyces cerevisiae

SaurJH1 2706

YP 001317815.1

150395140

Staphylococcus aureus

KeACP

BADO05167.1

40217508

Phaseolus vulgaris

10

The ATP-dependent interconversion of 2-phosphoglycerate and glycerate (Figure 1, Step 13)
is catalyzed by glycerate-2-kinase (EC 2.7.1.165). This enzyme naturally operates in the
phosphorylating ATP-consuming direction and has not been shown to function in the reverse
ATP-generating direction. Glycerate-2-kinase enzymes have been studied in animals,
15  methylotrophic bacteria and organisms which utilize a branched Entner-Doudoroff pathway.
Exemplary gene candidates include g/ixK of E. coli (Bartsch et al., FEBS Lett. 582:3025-3028
(2008)), ST2037 of Sulfolobus tolodaii, garK of Thermoproteus tenax and Ptol442 from
Picrophilus torridus (Liu et al., Biotechnol Lett. 31:1937-1941 (2009); Kehrer et al., BMC
Genomics 8:301 (2007); Reher et al., FEMS Microbiol Lett. 259:113-119 (2006)). The
20  thermostable enzymes of S. folodaii and T. tenax have been cloned and characterized in E.
coli. Several enzymes in this class are inhibited by ADP, so removal or attenuation of this

inhibition may be necessary for the enzyme to operate in the desired direction.

Protein GenBank ID GI Number Organism

glxK AAC73616.1 1786724 Escherichia coli
ST2037 NP 378024.1 15922355 Sulfolobus tolodaii
garK AJ621354 41033736 Thermoproteus tenax
Ptol442 YP 024220.1 48478514 Picrophilus torridus




AAC76159. 3 145693186 Escherichia coli gl xR AAC73611.1 1786719 Escherichia
coli garR NP 462161.1 16766546 Sal nonella typhi murium Additional candi date
al cohol dwbydriogestases for converting glycerate to tart PomAtSe013mai2at dehyde
i ncl ude medi um chai n al cohol dehydrogemase, 4-hydroxybutyrate dehydrogenase
and 3-hydroxyi sobutyrate dehydrogenase. Exenplary genes encodi ng 20
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Acetobacter aceti and ALDH from Saccharomyces cerevisiae (Vandecasteele et al., Methods
Enzymol. 89 Pt D:484-490 (1982); Tamaki et al., J Biochem. 82:73-79 (1977)). The NAD+-
dependent aldehyde dehydrogenases (EC 1.2.1.3) found in human liver, ALDH-1 and

15  ALDH-2, have broad substrate ranges for a variety of aliphatic, aromatic and polycyclic
aldehydes (Klyosov, Biochemistry 35:4457-4467 (1996)). Active ALDH-2 has been
efficiently expressed in E. coli using the GroEL proteins as chaperonins (Lee et al.,
Biochem.Biophys.Res. Commun. 298:216-224 (2002)). The rat mitochondrial aldehyde
dehydrogenase also has a broad substrate range (Siew et al., Arch.Biochem.Biophys. 176:638-

20 649 (1976)). The E. coli gene astD also encodes an NAD+-dependent aldehyde
dehydrogenase (Kuznetsova et al., FEMS Microbiol Rev 29:263-279 (2005)).

Protein GenBank ID GI Number Organism

MJi1411 NP 248414.1 15669601 Methanocaldococcus jannaschii
arak BAE94276.1 95102056 Azospirillum brasilense

ydcW NP _415961.1 16129403 Escherichia coli

ALDH AAA34419.1 171048 Saccharomyces cerevisiae
ALDH-2 P05091.2 118504 Homo sapiens

ALDH-2 NP 115792.1 14192933 Rattus norvegicus

astD P76217.1 3913108 Escherichia coli

PF0O346 NP 578075.1 18976718 Pyrococcus furiosus

Aldehyde oxidase enzymes (EC 1.2.3.1) can also catalyze the conversion of glyceraldehyde,
water and oxygen to glycerate and hydrogen peroxide. Aldehyde oxidase enzymes in
25  organisms such as Streptomyces moderatus, Pseudomonas sp. and Methylobacillus sp.

catalyze the oxidation of a wide range of aldehydes including formaldehyde, aromatic, and



ADH2 NP 014032.1 6323961 Saccharonyces cerevisiae yghD NP 417484.1 16130909
Escherichia coli bdh I NP 349892.1 15896543 C ostri di um acet obutyli cum bdh
1 NP 349802011/188896542 Cl ostri di um acet obutyl i cum adhAP¥P/UBE®INI2212
56552132 Zynmononas nobi lis bdh BAF454@88. 1 124221917 C ostridi um
sacchar oper but yl acet oni cum Cbei 1722 YP 001308850 150016596 C ostri di um
beijerinckii Chei 2181

aliphatic aldehydes including glyceraldehyde (Koshiba et al., Plant Physiol 110:781-789

(1996)). Although the genes associated with these enzymes are not known to date, the zmAO-
[ and zmAO-2 genes of Zea mays encode flavin- and molybdenum- containing aldehyde
oxidase isozymes (Sekimoto et al., J Biol.Chem. 272:15280-15285 (1997)). Additional

5  glyceraldehyde oxidase candidates can be inferred by sequence homology to the Z. mays

genes and are shown below.

Gene GenBank Accession No. | GI No. Organism

zmAQO-1 NP 001105308.1 162458742 | Zea mays

zmAQO-2 BAA23227.1 2589164 Zea mays

Aoxl 054754.2 20978408 | Mus musculus
ALDQOI ORYSJ | Q7XH05.1 75296231 | Oryza sativa

AAO3 BAAS2672.1 5672672 Arabidopsis thaliana
XDH DAA24801.1 296482686 | Bos taurus

Oxidation of glycerate to tartronate semialdehyde is catalyzed by glycerate dehydrogenase
10 (EC 1.1.1.60). Two isozymes of this enzyme are encoded by the genes garR and gIxR of E.

coli (Cusa et al., J Bacteriol. 181:7479-7484 (1999); Monterrubio et al., J Bacteriol.

182:2672-2674 (2000); Njau et al., J Biol Chem 275:38780-38786 (2000)). The glycerate

dehydrogenase encoded by garR of Salmonella typhimurium subsp. enterica serovar

Typhimurium was recently crystallized (Osipiuk et al., J Struct.Funct.Genomics 10:249-253
15 (2009)).

Gene GenBank Accession No. GI No. Organism

garR AAC76159.3 145693186 Escherichia coli

glxR AAC73611.1 1786719 Escherichia coli

garR NP 462161.1 16766546 Salmonella typhimurium

Additional candidate alcohol dehydrogenases for converting glycerate to tartronate
semialdehyde include medium-chain alcohol dehydrogenase, 4-hydroxybutyrate
dehydrogenase and 3-hydroxyisobutyrate dehydrogenase. Exemplary genes encoding

20  medium-chain alcohol dehydrogenase enzymes that catalyze the conversion of an alcohol to
an aldehyde include alr4 encoding a medium-chain alcohol dehydrogenase for C2-C14 (Tani
et al., Appl.Environ.Microbiol. 66:5231-5235 (2000)), ADH2 from Saccharomyces cerevisiae
(Atsumi et al., Nature 451:86-89 (2008)), yghD from E. coli which has preference for



YP 001309304 150017050 C ostridium beijerinckii Cbei 2421 YP_001309535
150017281 d ostridium beijerinckii Enzymes exhibiting 4-hydroxybutyrate
dehydr ogewazetiasbi’sity (EC 1. 1.1.61) have been charact ePCTaS$201n/0BRRI5t ONni a
eutropha (Bravo et al., J.Forensic Scgg 49:379-387 (2004)), 15C ostridium
kl uyveri (Wolff et al., Protein Expr.Purif. 6:206-212 (1995)) and

Ar abi dopsis thaliana (Breitkreuz et al., J.Biol.Chem 278:41552-41556
(2003) )nolél’dm&sAongeh tHandi(d) @m:kz;en’eaolm]setcall p3a2:4and 02 2000y, end Z&dl aml lykdbt

(Br eit reu J. Bi.al . Chem 2- 41556 anot her gene
O e T heﬂef%gﬂgélamgﬁma%&otyaﬁ% S RSB P A Ghoal daat us
(Jeon qb4ales.79sE10b8pNRloch3 ré’d%Zf 1029 aest@e@uc%ﬁ%aa&tﬂe&gagl on No.
G No. Oganism4 1 113867564 | st oni a eutropha 4hbd

L21902 nnalmxﬁ&;d@w@@ p@lmgnarlddlydm HityrgldehydeDsm &@emhtsmg@AB@H 33049805
Arabi dopsi 8 10al) N 390 Crem. 283:7346-7353 (2008a); Perez et al., J Biol. Chem.

283:7346-7353 (2008b)). The adhA gene product from Zymomonas mobilis has been

demonstrated to have activity on a number of aldehydes including formaldehyde,

acetaldehyde, propionaldehyde, butyraldehyde, and acrolein (Kinoshita et al., Appl Microbiol

Biotechnol 22:249-254 (1985)). Additional alcohol dehydrogenase candidates are encoded by
10 bdh in C. saccharoperbutylacetonicum and Cbei 1722, Cbei 2181 and Chei 2421 in C.

beijerinckii.
Gene GenBank Accession No. | GI No. Organism
alrd BAB12273.1 9967138 Acinetobacter sp. strain M-1
ADH?2 NP 014032.1 6323961 Saccharomyces cerevisiae
yghD NP 417484.1 16130909 | Escherichia coli
bdh 1 NP 349892.1 15896543 | Clostridium acetobutylicum
bdh 11 NP 349891.1 15896542 | Clostridium acetobutylicum
adhA YP 162971.1 56552132 | Zymomonas mobilis
bdh BAF45463.1 124221917 | Clostridium saccharoperbutylacetonicum
Chei 1722 | YP 001308850 150016596 | Clostridium beijerinckii
Chei 2181 | YP 001309304 150017050 | Clostridium beijerinckii
Cbhei 2421 | YP 001309535 150017281 | Clostridium beijerinckii

Enzymes exhibiting 4-hydroxybutyrate dehydrogenase activity (EC 1.1.1.61) have been
characterized in Ralstonia eutropha (Bravo et al., J. Forensic Sci. 49:379-387 (2004)),

15 Clostridium kluyveri (Wolff et al., Protein Expr.Purif. 6:206-212 (1995)) and Arabidopsis
thaliana (Breitkreuz et al., J.Biol. Chem. 278:41552-41556 (2003)). The A. thaliana enzyme
was cloned and characterized in yeast (Breitkreuz et al., J.Biol.Chem. 278:41552-41556
(2003)). Yet another gene is the alcohol dehydrogenase adhl from Geobacillus
thermoglucosidasius (Jeon et al., J Biotechnol 135:127-133 (2008)).

Gene | GenBank Accession No. | GI No. Organism

4hbd | YP 726053.1 113867564 | Ralstonia eutropha H16

4hbd | 1L21902.1 146348486 | Clostridium kluyveri DSM 555
4hbd | Q94B07 75249805 | Arabidopsis thaliana

adhl | AAR91477.1 40795502 | Geobacillus thermoglucosidasius

20



AAR91477.1 40795502 Ceobacillus thernogl ucosi dasius WO

2011/ 130378PCT/ US2011/ 032272 69 3- Hydroxyi sobutyrate dehydrogenase (EC

1.1. 1. 31)woabnlpazxss t he reversi bl e oxidation of 3- hydr@xyitsohutog2ate to
met hyl mal onat e semi al dehyde. This enzggre participates in valine, |eucine
and isol euci ne degradation and has been identified in bacteria, eukaryotes,
and mammal s. The enzyne encoded by P84067 from Therm us thernophilus HB8
has bedrHpdbxyisdtutyahteyehyriogoner (E et 1 (110K anatyacethe atversiBb2x@ated af 3-2005) ) .

EEHENE Y T A e
Met hodse ez yB lisol Rk fhic4ikBrad g ARG beNRWEHTMYin Bhctlia, culBhr9sEesl, aﬁh ot echnol

Bi ochem 60: 2043-2047 (1996)), mmsB in Pseudononas aerugi hosa and
Ps eu d 0 mmasalgﬂheomzymﬂ dnaiidad by RSpeeUtomoitasnputedzophAbeHB&rhas beeral . |, J

S TR e %3%352 AT o s eosing

Bi OSCI 113k ehAehniatiult 9sIRM HBA 0435 Aw20Q831),- 3en-£EBa0k) Ae¢essi on No.
G No. Organi sm P84067 P84067 7 3453 3 Thernus thernophilus 3hi dh P31937. 2

126433$ByHplegusapiieiss EGhinveh crd 168hads £reprel. 83431 R4 12000): ihewdheryrais B
al., Biosci.Biotechnol Biochem. 60:2043-2047 (1996)), mmsB in Pseudomonas aeruginosa

and Pseudomonas putida, and dhat in Pseudomonas putida (Aberhart et al., J
10 Chem.Soc.[Perkin 1] 6:1404-1406 (1979); Chowdhury et al., Biosci.Biotechnol Biochem.
60:2043-2047 (1996); Chowdhury et al., Biosci.Biotechnol Biochem. 67:438-441 (2003)).

Gene GenBank Accession No. | GI No. Organism

P84067 | P84067 75345323 | Thermus thermophilus
3hidh P31937.2 12643395 | Homo sapiens

3hidh P32185.1 416872 Oryctolagus cuniculus
mmsB | NP 746775.1 26991350 | Pseudomonas putida
mmsB | P28811.1 127211 Pseudomonas aeruginosa
dhat Q59477.1 2842618 | Pseudomonas putida

Throughout this application various publications have been referenced. The disclosures of
these publications in their entireties, including GenBank and GI number publications, are

15  hereby incorporated by reference in this application in order to more fully describe the state
of the art to which this invention pertains. Although the invention has been described with
reference to the examples provided above, it should be understood that various modifications

can be made without departing from the spirit of the invention.



NP 746775.1 26991350 Pseudononas putida msB P28811.1 127211 Pseudononas
aerugi nosa dhat ®9477.1 2842618 Pseudononas putida Throughout this
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10mcro or gani sm co se ree, tour, five, six, seven, eight or
ni ne exogenous nucl ei ¢ acids each encodi ng an et hyl ene gl ycol pathway
enzyne. 2. THe. nohhmturelly octimirg] hicradsalorgamgn of claobil alhoregasaidsm of cl ai m

1, erein said ethyl ene. gl ycol, pathway conprises .a serine am notransferase
or 18" S R PREEoTeaEh B RSERSE PP LR by ST Ao SR VAR S OHUERE boxy | ase.
and a ghyerlaaldehxntacbeflp ahaaficntoycol PAMNANeRAier al |y occurring m crobi al
organismof claim1, wherein said ethylene glycol pathway conprises a

serine am notransferase or a serine oxi doreductase (deam nating); a
hydr oxypyr uvatEermeaetualdy oeonering giojetaplargandwe af plaioy Il aghberein said ethylenss.  The
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et hyl e élg col “pa y conprises a serine decarboxylase, an et hanol am ne
am not (@nsfiethagh adiydadkypOeivbrnietabbngasexirmdiar gelcsibldsieydededmtadat i ng), and a
gl ycol al dehyde reduct ase. 6. The non-naturally occurring mcrobia

organismof claiml, wherein said at |east one exogenous nucleic gcid is a
4. rﬁlel nongnagurally occurr?'ng rmacroblal organcl)srn 0 clal%l I, wﬁereln said ethﬁene

heter ol ogous
glycol pathway comprises a serine aminotransferase or a serine oxidoreductase

(deaminating); a hydroxypyruvate reductase, and a glycerate decarboxylase.

5. The non-naturally occurring microbial organism of claim 1, wherein said ethylene
glycol pathway comprises a serine decarboxylase; an ethanolamine aminotransferase or an

20  ecthanolamine oxidoreductase (deaminating), and a glycolaldehyde reductase.

6. The non-naturally occurring microbial organism of claim 1, wherein said at least

one exogenous nucleic acid is a heterologous nucleic acid.

7. The non-naturally occurring microbial organism of claim 1, wherein said non-

naturally occurring microbial organism is in a substantially anaerobic culture medium.

25 8. A non-naturally occurring microbial organism, comprising a microbial organism
having an ethylene glycol pathway comprising at least one exogenous nucleic acid encoding
an cthylene glycol pathway enzyme expressed in a sufficient amount to produce ethylene
glycol, said ethylene glycol pathway comprising a hydroxypyruvate decarboxylase, a

glycolaldehyde reductase, a hydroxypyruvate reductase, a glycerate decarboxylase, a 3-



7. The non-naturally occurring mcrobial organismof claim1, wherein said
non-naturally occurring mcrobial organismis in a substantially anaerobic
cul ture rwoi2arv13858. A non-natural ly occurring m crobi alPCOrusanil®sg272
conprising a m crobial organi smhaving an et hyl ene gl ycol pathway
conprising at | east one exogenous nucleic acid encoding an ethyl ene glycol
pat hway enzynme expressed in a sufficient amount to produce ethyl ene glycol,

sai d etphydpboglygtrypephogdhtasay gyagmte Rinage, a 2hptasphogpyocunaplesdegascboxyl ase, a
gl ycol al dehydge  reduct asge, hydr o ruvat e reductase, a glycerate

decar b(gL}S?F eé?'kalaé@OW@Y%%W.KLM%%%W%W 032272 71 phosphogl ycerate
phosphat ase, a gl ycerate kinase, a 2-phosphogl ycerate phosphatase, a

gl ycer at e- 2-KiTRSRnAHatdall ¥E&RFd Cniyslfaldp MR B HAse 8, wherein said 9 The
non-natural |y occurring mcrobial organismof claim8, wherein said

m cr obmai:mbmgama@mmwrlssffe@vq, Woce. fowreBye, fSsupcven gight aginkne exegenvusei ght or

i ng XQOBNAR Ty ] liRe 35 LIS ST SPERHLAT AR el vl ene gl ycol pat huay
enzynme. O TN AT far Ut &l X/ otcurfr ngy%l(‘:robi al organismof claim
8, wherein said ethylene glycol pathway conprises a hydroxypyruvate

reduct ase; a0hyithe avoyipytunmat eccdetgbiexabidoeganisntloficlginy 8.0k iedreieRyide reduct ase.
11. The non-nat ural gy occurring, mcrobial organism g}:‘y claim8, wherein said
10et hy|e€w§=n@ & 8[ PHAF ARG A iNYLOXEP Y HVAL e FAER s Al BTy PryEate 12.
The ”Oﬂééﬁﬁ&{gﬂsbyanﬁ% §Jdl£l@eﬂ§}i€?&ﬁicﬁke.or ganismof clainms 10 or 11, wherein
sai d ethyl ene glycol %at hway “furt her conpri ses a 3-phosphogl ycerate
phosphat ase or a gl ycerate kinase. 13. The non-naturally
occurring mldr dibicalonavatyarlysencofring] micrdid @rganishd of dlhier 8 whaeindaidSet hyl ene

gl ycol pathway further conprises,a 2-phosphogl ycerate phosphatase or a
gl yter ﬁﬁlé'ienﬁ-g)klxcﬂﬁgaé[ﬁway Comprisg 4 Lpfrgra égae-cﬁ%toﬁglﬁ%/q'y occurring mcrobial

organismof clains 10 or 11, wherein said ethylene glycol pathway further
conpri ses a Igl itemahdahisls, erbpiizagrRresa organism of claims W5or IThehaehr Aat ural |y
occurring mcrobial_ organismof claimS§, erein said at | east 20one
exogenétiylang@epbpabvey fusthsr eprarrisss agohesphagher@tapiiagphatase or a gigerathe

non- na:kﬂ{ag% |y occurring mcrobial organismof claim@8, wherein said
non-natural’ly occurring mcrobial organismis in a substantially anaerobic
cul ture nmedi um 17. A non-naturally occurring mcrobial organism
conpri si ng d3nldeabnalatunalacicamngaicrpia rgnivn ehdaigisyldadr Idatvheain said

conprising at . |east one.exogenous nuclei c acid encadi 25 an et hyl ene

ol Vool SHAIRE BhpY R GEEECURPI® & SNPrR Bk Rer RN TS 5F S @HET 4t hy | ene
gl ycol p1sadsd et hyl ene gl ycol pathway conprising a glyoxylate carboligase, a
hydr oxypyruvat e i sonmerase, a hydroxypyruvate decarboxyl ase, a

gl ycol al dehyde reductase or a glycerate dehydrogenase. WO o
2011/ 130378HdT/Tbs201 12088 h7occynring microbial @rganisen eloelainst W0r el Iily whetsur saichg

m crobi gl . organi sm.of clkajm 17. wherein ' 1 erobial organi smconprises
two, ¢ el 2P Bl b S el h SRR S S eRonE O g an et byt ene
gl ycol pathway enzyne. 19. The non-naturally occurring m crobial

or gani sm of 16l dihemnbdid;nawigiyeddeusaigtniedbivlloegumisph yCahinp&twiveyin Goidpt icases a

gl éer at e dehydr ogepase,, a hydr O@ypyr uvat e i_gorrer ase, a hydroxypyruvate
deébr bORY FREENAHIUS G IS Redep9eo P esi aadd: 20. The non-naturally
occurring mcrobial organismof claim19, wherein said ethylene glycol

pat hway f ur tjlgerrhe QR RRS [PoRuRNRSRRAMiM GBL Al e BNASRIEL RS einaldlnbper at e
ki nase, a 2-phosphogl ycerate phosphatase, a gl ycerate-2-kinase or a

gl ycer ahedlydecadide hyidrobege pegeism is in a sulBlantiThe amsrematwlivat mgdoocur ri ng
m crobi al organismof claim 17, wherein said ethylene glycol pathway

corp L ses 2 8 YO B RO AR YA U SRR
having an ethylene glycol pathway comprising at least one exogenous nucleic acid encoding
25  an ethylene glycol pathway enzyme expressed in a sufficient amount to produce ethylene
glycol, said ethylene glycol pathway comprising a glyoxylate carboligase, a hydroxypyruvate
isomerase, a hydroxypyruvate decarboxylase, a glycolaldehyde reductase or a glycerate

dehydrogenase.



22. The non-naturally occurring mcrobial organismof claim17, wherein
said at 15l east one exogenous nucleic acid is a heterol ogous nucleic acid.
23. The mwo-2natw303Bl y occurring mcrobial organi sm of clpairmsto,/08dzez ei n
said non-naturally occurring mcrobiaj2organismis in a substantially
anaerobi c cul ture nedi um 24. A non-naturally occurring mcrobia
organi sm conprising a mcrobial organi sm having an ethyl ene gl ycol pathway
conpri si ng at. [Mhasbnonrdiogenoing micadbéd organisah ehdadi by vAransathyl ene

gl ycol pat enzyne expressed in _a sufficient anount. ta produce ethyl ene
o1 ol MIEPHT By EHETY PEom b At Hodgr bk CEP Aol Bl grdk B eicedies, a
gl ycol yhRfnt LaRe! fIRSSy clyileycol yl - CoA synthetase, a glycol yl - CoA

reduct ase (al dehyde form ng), a glycol al dehyde reductase, a glycol ate
reduct ase, a glycol ate ki nase, a phosphotransgl ycol ylase, a

gl ycol yl phosiPh é[%/hé npadgtrdbeocsprrgegnigeaiialior@asm efcleinnssd Wherdphad

251 01 M.NG)ene glycol parfiay HISAO0AIAIMERL kb BEOUELENG, U SLAR AL SLSRDLSM Of

cl af m 24" %ﬁgﬁélnpsa|%Vn1c?6%laﬁ56rgan|sﬁ1c npr|3e§’ wo X thiee ' aary five,
si X, sewgtiox§p@itate decebaXyldsean®X geolrhpdiclcgi@aseci ds each encoding an

et hyl ene gl ycol pathway enzynme. WO 2011/130378PCT/ US2011/032272 73

26. The non-paturally occurring, m crobial organi of claim.24, wherein
sai d et hyl erd- g”ﬁwap-na%ﬁrwcemrm%@@ Oggmpfg%m é%d@}ea%?ala

gl ycol yh oA Ik v L " I CoA
et S B B R g e R S T AL Oy
non- natkurasd, lay2-plosphodlygrate phadphahseor ghresm-Dkimbaom S¢ceraldelnygicn sai d
etgélegegﬂf col pathway conprises a glyoxylate reductase; a glycolate
reduct 85&SEE*Y gl ycol al dehyde reduct ase. 28. The non-naturally
occurring mcrobial organismof claim24, wherein said ethylene glycol

pat hway conpii S@ ndn3ad@x edclrimdHictebsa or@ndiny 60¢1¥in COAVHEansigr ase or a
10gl ycol yl - CoA srnthetase, and a gl ycol yl -CoA reductase (al cohol formng).

29. Thethytme ghicgl pathyapeeaprischg shiogly ok erbadiggsm i hirdoryRYEV¢E BOMoyseraei n
said eth n | h ] | yOX te reductase, a glycolate
kinase%yé%%W§g%W%§?%ﬁggkyg%¥?@gggvcéﬁg%@W§T¥%%&k§eductase (aldehygey

form ng) and a gl ycol al dehyde reductase. 1530. The non-naturally occurring
m cr obi al or2@arfihsnoodatiraiynodrringhaiceibinl Dagahiset biydleine 1 glwieedin pat hway
conprises a glyoxylate reductasgﬁ a glycolﬂte ki nase, a

phés phdtastansgrpediops audeigagidds gnyicenlggoueauclFiedtith ase (al cohol forming).
31. The non-naturally occurring mcrobial organismof claim24, wherein

sai d et hyl eng gihGeh-rRaLNNAYCERMR thREsHid ot MNRY bALISInt EAUHASE saidhpo! at e
ki nase, a 20glycol yl phosphate reductase and a gl ycol al dehyde reduct ase.

32. Theanodlyreecurakinycmbol prgangmmsdn o lvilkstandien anasntof cdiuae mediym. wher ei n
said at | east one exogenous nucleic acid is a heterol ogous nucl eic acid.

33. The non-yyatural | currin i.crobial organism.of claim.2 wher ei n
sai o non- nata; 4 Py leffFREk e PLEPER! BlesBhACalalie £hAheletiRH

anaer olhh€ing dh tthyRnggdiconpatBbSdconprivgi @ de ds06n ddxodtrtdud usltltylcRnecadivgol |
co risingwpulturing the non-naturally occurring mcrobial organi smof any
onélof g cHivigRe glycgl pathrwanenzyme sressseddn aistittsirnt amauitde pEdge ethylicaat peri od

5. ThE R Ra B e e Ehpri I B R R SR R er obi al
or gani smmsfsraka) azlwwbdi@m salthgtasanaghyodbliytCoal reducgastgd dehmde forming), a
glycolaldehyde reductase, a glycolate reductase, a glycolate kinase, a
phosphotransglycolylase, a glycolylphosphate reductase or a glycolyl-CoA reductase (alcohol
25  forming).

25. The non-naturally occurring microbial organism of claim 24, wherein said
microbial organism comprises two, three, four, five, six, seven, eight, nine or ten exogenous

nucleic acids each encoding an ethylene glycol pathway enzyme.
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26. The non-naturally occurring microbial organism of claim 24, wherein said
cthylene glycol pathway comprises a glyoxylate reductase; a glycolyl-CoA transferase or a
glycolyl-CoA synthetase; a glycolyl-CoA reductase (aldehyde forming), and a
glycolaldehyde reductase.

27. The non-naturally occurring microbial organism of claim 24, wherein said
ethylene glycol pathway comprises a glyoxylate reductase; a glycolate reductase, and a

glycolaldehyde reductase.

28. The non-naturally occurring microbial organism of claim 24, wherein said
cthylene glycol pathway comprises a glyoxylate reductase; a glycolyl-CoA transferase or a

glycolyl-CoA synthetase, and a glycolyl-CoA reductase (alcohol forming).

29. The non-naturally occurring microbial organism of claim 24, wherein said
ethylene glycol pathway comprises a glyoxylate reductase, a glycolate kinase, a
phosphotransglycolylase, glycolyl-CoA reductase (aldehyde forming) and a glycolaldehyde

reductase.

30. The non-naturally occurring microbial organism of claim 24, wherein said
ethylene glycol pathway comprises a glyoxylate reductase, a glycolate kinase, a

phosphotransglycolylase and a glycolyl-CoA reductase (alcohol forming).

31. The non-naturally occurring microbial organism of claim 24, wherein said
ethylene glycol pathway comprises a glyoxylate reductase, glycolate kinase, a

glycolylphosphate reductase and a glycolaldehyde reductase.

32. The non-naturally occurring microbial organism of claim 24, wherein said at

least one exogenous nucleic acid is a heterologous nucleic acid.

33. The non-naturally occurring microbial organism of claim 24, wherein said non-

naturally occurring microbial organism is in a substantially anacrobic culture medium.

34. A method for producing ethylene glycol, comprising culturing the non-naturally
occurring microbial organism of any one of claims 1, 8, 17 and 24 under conditions and for a

sufficient period of time to produce ethylene glycol.
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35. The method of claim 43, wherein said non-naturally occurring microbial

organism is in a substantially anaerobic culture medium.



