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Cl ostridi umthernoace as be or

el uci dat | ﬁ“gc"%eh%”%m ‘rt’}“%ng%gf?r aﬁlg/{g §radis n%aélont" aé‘%f‘ésoo ‘?guﬁélFrnt°§§’42

( Font3ai néuehedidl. ;Thd spBaiic eniyolatic &RHSY(ﬁﬂl-afldIﬁ tifak 9 2hYinecthibinégaedijcitgidahl|

pat hway conprises t branch East.ern hat al | ows
Phe. converoraies B RaeH e obaratigror 4 A R i SRR G er .
or car bosyTHIDSanahyltchalydadtbiaws ACIE: ReRvgiospiate, OfieSpetdiyhoid Hbn sWldr and
Coenzynme- A into acetyl-CoA (see Figures 1 and 2). As disclosed herein, the
i nvention provides a non-naturally occurring m croorgani smexpressing 25
genes that catalyze both branches of the Wod-Ljungdahl pathway, in
addition to genes for the production of 1,3-butanediol. Such an organismis
capabl e of converting gases conprising CO CO2, and/or H2 into acetyl - CoA,
1, 3- but anedr oI ceII mass, and pr oducts Such an or ganr sm | S aI so capabl e

o N L 1 VT T T o, o, o o,
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CO»2, and/or H2 into acetyl-CoA, 1, 3-butanediol, cell mass, and products. In
addition to gaseous substrates, the organismcan utilize nethanol

excl usi veWwg 20r1/47m68¢onbi nat i on wi t h car bohydr at e f eedst o®k3/Gseel/ 08528 ucose
to produce 1, 3-butanediol at high yield Synthesis gas, also known as
syngas or producer gas, is the major product of gasification of coal 10and
of carbonaceous materials such as bionmass materials, including agricultural
crops angratasi s gorn®ym ylH: sneghamp iy MiylélH miethetethapydrblofie, MIAITGO and can be
obt ai ned Jeﬁ&%ﬁl@ﬁa@%ﬁéf&h%afﬂlmet?afh & QL 9ani ¢ feedstock, including but not
limted to coal, coa 0|'I’, nat urar gas, biomass, and waste organic matter.

Gasification is generally carried out under a high fuel to oxygen ratio.

Al t hough Higairg@ bhypwis DV estedn BI0ss of i gagrograms ACS0 (lansl ndeCEiA laand), Mitd¥899gases in
smal | er td L .SV i r.oyi f I urce
of gas eogféﬁ%aér%]g%§ gﬂ](]:%-ﬁgésl§%ﬁgﬁ%,@@&%}sgﬁ%g a% C Q@?@f% Sl;éﬁrglg{]%gédd& ]g?qgi n,
gaseous cliobom2@Eoz08)kes Mudohs] By ngasisefpribei2ag 300 4030sx 70020 and be
utilized Béon n-naturally occurring mcroorgani sms of the invention to

pr oduce f -pbut anedi ol . Al though generally exenplified herein as syngas, it
i s understood that any source of gaseous 20 carbon conprising CO and/or CO2
can be uthigurg@shdwy chivrttenanad maa wmetyl wologemuassayngd ankripor ganightirmed efcutdie

i nvention.. . Thus he i ti. I non-nat ur al | rein

m cr oor gévﬁfhsrﬁ(guc? #51? %ﬁfrvg&ggeﬁégg%{hgfl e%%ﬁ\l% t%’glilensg&ég% zgiln{i:IYElOCI1 X‘&%ge%gesgnatoggfr bon

sour ce. Theh Adadd kg kiepgdahbacpadshanayrotdat al yzes t he conversion of CO and H2 to
acetyl - CoA and ot her products such as acetate. O gani sns capabl e of

utiligi ng. 0 i i t ilizing
ce b G S AT B DB PR S L L AR B e GEREH o o bl

t r ansf or et I0NS togruci6ing &6 gednday eridneoiidodd-prgteingdahl  pat hway. H2- dependent
conversion of CO2 to acetate by m croorgani sns was recogni zed | ong before
it was r C . . ' t hat

t he sam%pggj?%%ﬁ?gg\?@rm gﬁt%@?’% \I’eag‘g&g}é%ﬁg“’gﬁclg?folgéelor@?%é‘ggr%é’%gs Saﬁﬁ tzgl%gjr ow in
t he presdizirdd hCOB7a0demrty derte, 8O0HPbumtaCSUch as 30acetate as |ong as
hydrogen is present to supply the necessary reducing equivalents (see for
exanpl e, i 3- I - ,2.(1994)).
Thi o can ' Bars (16 F O BRARRD uPB B FIERTRARNY 1 horrhRYiclPl .

2011/167 1 682PUIV1UB2010e05 #5Dlyite Be BRR4-14utddaid ADRwAPEnZy OB D00k LM GHN ATP
Hence, ngn-pat : S ] Croorgani snms possessi ng t he Wod- Lj ungdahl
pat hway %ghéqﬁ%tﬁe?ifhe%&%%ﬁ%%b%wﬁ'xtures as well for the production of
acetyl - CoA and ot her desired products, such as 1, 3-butanediol. 5 The

Wood- Lj urigiahl 1 shavhwayxcnplage [lix dinoiwtidnthativen protucand Tonkisltyseldpl 1.2-

reaction e e . I ches:. (. nch and
(25 car borredi shieD B RRIAHA I, hat Ryl BREBTE o ool W 2

met hyl - t etbssahgdr of ol at e (net hyl - THF) whereas the carbonyl branch converts
met hyl - THF to acetyl - CoA. The reactions in the nethyl branch are catal yzed
in orzger by the folloy %Y BESCRIP P i :Eflﬁl HNQ oxi dor educt ase,
formate dehydrogenase,%m#%%%e,

met henyl t et rahydrof ol ate cycl odehydrat ase, methyl enetetrahydrofol ate

dehydr ogdhapeesen thvartichytlege oeder dpyiolg gidoisagenigrodizenismecapditle ok wdizingons in t he
car bonyl r I i I t i ] -

pr ot ei ns:cg{#g%@%t%éﬁs %ﬁ@%’r%ﬁ%gg%ﬂ?ﬁ%%?ig%o?ﬁ %&g@@%ﬁ&’%@g@%gg é%%ggl'( for
exanpl e, The gEpnticodprthen odlded t enpanding therprgpluet ige, of wyrghe hitilpringt wicrpoasesmb| y
protein r ) [ | ot y - t.ha n
onoxi de "HoR/RTNESu bRt bt SARYEDr pAEE AR SR L A8 R GRLARY
CooC)25 Foblimimeghdihgelle aicdrs, ngd paddtigisiesd abeelgpmeut dadedvabaiant drgaisnnferoduci ng

fficient . of ' | ei c. aci t t tyl - CoA
pat huey. <t ABRE S0 184 hor AR Sy b RGPS hR TR Tt e TURET ehgi noer i ng

desi gn alesfiricndn ubikzepetidad s chbsdrdrdr (o @Rpele hnd for ¢Hetni@UprotngioAprovRiaS tost-he

nucl ei ¢ agi ds e(gcodi ng .t he W)gdl{% u.nadahl ?nzl)l/ugrss or oteins absent 20 in
the host 26FFHSPFERCCeriE M BreavabierBiglcns 15! BrBHEv B nof BeaHYBYT NG nucl ei c
aci ds i ntoptitnhed Mol ApidBraani ei®nsile ¢ERB. i nvention such that the nodified
organi sm cont ai ns one branch or the conplete Wod-Ljungdahl pathway w ||
confer syngas utilization ability. Thus, the non-naturally occurring

m croorgani sns of the invention can use syngas or other gaseous carbon
sources providing CO and/or CO2 to produce 1, 3-butanediol. In the case of
25CO2, additional sources include, but are not limted to, production of
CQ2 as a byproduct in ammnia and hydrogen plants, where nethane is
converted to CO2; conbustion of wood and fossil fuels; production of CO2 as
a byproduct of fermentation of sugar in the brewi ng of beer, whisky and

. S



Acet ogens, such as Morella thernmoacetica, C. Ijungdahlii and C

car boxi di vorans, can grow on a nunber of carbon sources rangi ng from hexose
sugar s t ovoantamigsenoxi de. Hexoses, such as gl ucose, ar@Cwasanoloszes fir st
vi a Enbden- Meyer hof - Par nas ( EMP) glycol6ysi s to pyruvate, which is then
converted to acetyl-CoA via pyruvate:ferredoxin oxi doreductase (PFOR).
Acetyl- 5 CoA can be used to build biomss precursors or can be converted
t 0 acet atldewphientinl pf vdgases a devdstgak rgsidesan vt atility ko beagfGciamty and cost-effectively

h hot I A l i I ,
sy SEREASE K R AR 2 QDAL AN ERT 00 25, .
CO2 +4 ATHBcher8tppdh poetsogand femtntatte pewesses1ofte Taseberghropuh (161) tehimotfigucose t o

acetate conversion whi.le 0 i.nt ai ni ng_redox, bal ance. by .further
comver 11 HETHEh 3 ookl B0 whE uR AL PSSR RRUERRE T T 5 o
+8 [ Hb + atlowBRictennpBilucGbid GGakhanohoAhRed hglrc@eiohs ad f@aels. Thd dravbekadfave

equation signifies that this conversion.is an en generati ng endeavor,
oy AREOGAE el bt e e aee SR BrS U RSPt B dan

pat hway beemen, 1)Ratha sasemng e pdis@inse 9Segiasnel Qngstadudy tidganpdraus &xent to
supply the necessary reduci ng equivalents. 2 CO2+ 4 H2+nADP+nPi CH3COOH+ 2
H2 O+ nATP PRHETAFE a1 AR date llﬁétteg\‘i\?é’y%? of prpdpstsraypidale ah cipyericielly comretidigepl ed to
the creatpgn of Na+ or 1-1+ ion gradients that can generate ATP via an Nat -
or FE- dependant ATP synthase, respectively 20 Muller V. Energy
conservatjon in acetogeni c bacteria. @g | Environ Nbcr obi ol 69: 6345- 6353
(2003Y. BREEIGHALABEECR oML, M SFTHEYT BHETVe 4R AFYgIhadanersy Al Phe
capaci ty iy dhdekdbiem{ekdoGintshie (0L ©avdORis AR PSR G asSRRRHI | Cal 1y,
CO can be oxidized to produce reduci ng equivalents and CO2, or directly
assi ni | atedal Arbhysieegey| Tisopaiphprehity & femsBREreRnTSicbrivarssdrtse ei t her

bi omass Qgle@aRMY 8F Srgadafls @pi)r'b_dt?cti'ﬁlg@f GhECHEct ,%reg@gtoll:e\fﬁﬂemghgdfs iRpEHRLE

yi el ds, however, can be attai ned when enough hydrogen is present to satisfy
t he requilesrenerating tenpefpiaien gndryaisviss and gotertiabior 4 lgge-pordplgdprpdugipirom

2011/ 1971§§r?gpgfﬁé§ﬁ8§9£a%2é§%f ﬂe%n@lﬁwv\%k&@;sés ard [WdSor s o (CORGLpded that
et hanol p oguctl on fromsyngas w not generate s I cient energy for cell
growt h i nyndaeteadh segroeragfonhoeliniial rpragdd chdanoeals, besher ethanal aekbzceaesr al ate

conditio . ridi i l.I:k +oroduce S . . fr synt hesi s
o (K adRpRYFIALITL JbBUGR L R AOHEGR IR BIR o LT O
conbi nat inpmipofativheng dclwgysmd eessensideed elshgndreatag high ooghnteniengy t o support
cell growth. 2 C®2 +6 H2 CH3CH2CH +3 H20 6 CO +3 H20 CH3CH2CH +4 CO2 2 CO +
4 H2 CH3 r i . - - erate
Sner gy 1 el A ORE0in DRTL R Ro M R0 s [HOLUEHERD. RAIR00)

( Si mpe dt3-laltanedict from cpigaRenatewgasenuBiadtop shurodso ghe 026nidmsiandgheti@BO6hE. A
central nechanismis.the cpordi nat act.i of, an, enerqy convertijn

yar ogendtaot e RErGRRLA ArRuaRbeRl &l AR SRRl AT E LR

el ect r onsvérntorh COitivnalglRtraleemibthsd pusiads hod preducedepivat direstly Hom2ldeyseECH, whose

activity is coupled ener gy- gener at i roton transl acati on. The net
Fesul t 1 v b REraIlone Setnfray coratfnll Mot ntRoreniee PRIAETN  15The
pr ocessescdirStd aEardarsal dpitds oftigizing OFeal helthet geoiuaibon Bodées 1o proBlid® Vi a
syng i nvol ve sust ai nabl e manufacturin actices that utilize renewable
feed%ocﬁ&,‘b‘}‘f&ﬁa’&iméﬂ%‘f ePar’f‘EI&r’i%lFfPS}rgélﬁﬂg F%&% © JRiueh B &0 YHEC 8% #dns.
Mor eover shéieindehipes afd Hnin@hiclinRRRsEMshs ImBRRMLRIPeSRNbSerdyhengyabl e rout e
to butadiene in small end-use facilities where no transport of this
f | ammabl &*RIfHeY Bt NFECEEBIHE A1CT50Y CPRGEng 8 @2hy By W ilisety - EICHICT §1EP % er m
" non- nat @bk YouR&qd hfddi& 'a I pe®M:. 118 ofef &hEJIGRedO 1R ifNRliQPpBlid@rgani sm or
m croorganismof the invention is intended to nean that the m crobial
or gani smrRergatyrally egeiringraiceporsapise! tathas been senchenlymendifid) ipr psunide. Py a
nat urgl | Y AEGH dnBdr SbfedkfelbustiGienEHELERGEINAREC kL ind Db HrBGn W Jrd- type
strains of the referenced Sspecies. Genetic alterations include, for
exanpl e, prolttidncdtlidoancdivl, odarithgpaesp messirpingsinips|ted abildy ldgilien sodiayg
met abol | ¢, RPLYBSRLLAGS AR BRLLAUGIS & AGLL: AL (hOMFen D RhfLGo 20T d
del etions and/or other functiona I sruption of the

generating a microorganism with a new metabolic pathway capable of utilizing syngas as well as




m crobi al organism s genetic material. Such nodifications include, for
exanpl e, coding regions and functional fragnments thereof, for heterol ogous,
honol ogowsoan1mstds2het er ol ogous and honol ogous pol ypept iPdeaISR@w/0515es

ref erenced species. Additional nndificgtions i nclude, for exanple,
non-codi ng regul atory regions in which the nodifications alter expression
of a gene or 30 operon. Exenplary netabolic pol ypeptides include enzynes or
pr ot ei ns gwhdrdting aanitro8rgouisiarvadiioiprayedslfinichet df @tipanghsyagas orWher gaseous
2011/071@%%55&%9%%9é&hﬁgﬂ§§ﬁn%%&%lnetabolic nodification refers to a

bi ochem cal reactioh that is altered fromits naturally occurring state.
Therefore, non-naturally occurring mcroorgani sns can have genetic

modi f i catliheneesend inverticaiaddigienadls peavedsd i ngn-nettzaBp bécaripgl nyipwpteatiey eypressing
functional, fr Q%E@ti fher - 1C I f ' e
disclose%eﬁgfgln. 5AS ugé%ﬁE%?g%ﬁgg%ﬁgx?g%%@£$£%1%?g%b&vﬁgﬁhﬁggéﬁ{n

r ef er éncéVoml-lgjungdahlghihatay or gainstion with mMendled-tipe nmgaitrasfeosganiecemSubat i s
subst ant ia?l‘lolr nifsrrnese cam;blg‘ t f clo%aesr}li orrlllethgl:r(ljorlmaorgFl{.lj ¢ lalsne)t; rEz?miree freeli 61"(9 fé%(gstorgk(fﬁa?bi al

or gani sm™' ' FOUNd® FR*hature. et e i el udes S i Er obral'© Srgani sm t hat i s
removed fecambe &oived fromaltthorjagned pseasnifrising (A WTH, dnd/oir 15 imabdaerydlCoA,
environment. The term al i ncludes a mcrobial organismthat i.s renoved
from soméebast e giibision b PR RESHOR BT EHHTEHOT PehoR e

non- nat uhi@rdayeddGEUOF 1,8 PHuAdibl @NUIETvh$dratt Mexabads @yeravhat Sohlabe datbially obi al

organismis rtly or conp |y separated from ot her, substances as it is
founoloi n eﬁ%ﬁcg’?e&l ris apou} meLﬁg'ﬁﬂ%%ﬁ?d“gm(@ ng‘fOS% Prefcipe ?Ihefhf)‘ﬁmnat ural l'y

OCCUT T i NGneRRAMinOIIBRINS theAMAHoh biler® iAMBhawm1 6f cabtivnldahard, 1o ekQRhalslyarrgani sms
include partially pure mcrobes, substantially pure m crobes and m crobes

cul t ur ed PFiueedrmdpasRoShatne &chdiofat ural |y occurring. 15As used herein, the
terms "mcrobial,"” "mcrobial organism or "mcroorganisnt is intended to

nean any mEganhia bl Rah iRk EhEwaEh@sdBrmn@sCAh 6n GelvaletiRaite digehdiiehdsged Wi t hin
t he donmai ns, of archaea, bacteria or eukarya. Therefore, the termis

i nt ended E_tnéméﬁif’éﬁli%fa%a?f‘%y% Kargpyet @O@rc_qa ﬁlpégl?r%?tipt@ %%Y#%O%ﬁh%@ﬁgﬂil%eﬁ%bowﬁvi ng a
M Cr OSCORfom whiCk alRBdl hilG boidfshe RAGALMAR) vaRlabRFBRIERE darPHREV&T, irfo Pforébh
species as well as eukaryotic m croorgani sns such as yeast and fungr. The
t er m 20alhey sheicisdded’ gaibe agqomplished feffovarg,the peession phetogenads BRIcE iRt ured for
the prodygtiqse Qal‘ﬁﬂtus rdedi RCHHEIE W@bd—Lﬁlﬁg&hﬁ?ﬂatﬁ\@e{ye'ﬂiS ﬂaﬁl‘%&za&%lﬂéﬁl@&&e%
“coenzynme A" is intended to nean an organic cofactor Or proSthetic group

( nonpr ot efgtogsoictarganisors sadh a¢ Afopridi irosecepredemeelyi Slosiaduimibemparetitive),
activity gf Form. [ B system
Coenzyms "R IRC b RENTRR) bl ARATNELAR, 1 W Rl bR phiif RAKTR, DY

ot her20ac ydolagioo upl 342 dnstitane a@nb, A Bucfaiot w3301-13¢Aa¢DHesTs: Wnal-bjengiahl on,
pyruvate oxidation.and i.n othe tvlation. As e erein the tefm

P Ubst antyaie RO o R e 35t Al R MASE b feopl IS0l SETL
condi t i orC(,30 nethghdedydrofoteatMd-HE) iddehaWestamn, afcadoygebranch tha aBowhthe about

10% of saturation far di ve xygen in i qui ia. The te | so is
ot ended PR T G Tbadr B ENTRSEEAGR- A g e AT CeTied bR A nt A ned
W th an alisapsqiteien, dfe ihessol p@dnidadOatin-rk¥oraky@etring MXQgaPMis) exgBeskibg i S used
herein is intended to an that the referenced | ecul e or the referenced
acti vty SPeesithi £ M@é@%‘ﬁf“&t}l‘?%@ t%@PO%LWS%%gPatg‘?@’aHi ad{ionipesnst Ee can
be 13 i piddeimad.1,FniamdisNHueh abyrehmbh adiapitiost BhveihancRdbigriametel ¢ acid
into the host genetic material such as by integration into a host

chr onos 0% AnHY g RO R BINeY b el -DW@idol cClhmpesy g pradyety. auchansirgpdipintis

TherefOr%mpkﬁ%kaE@hﬂﬁdhg1B$muﬁ&ﬂﬂﬁﬂmféhﬁm§&ﬁ%sB@h@%@%@@§&@@o@ﬁm@@ encodi ng
nucleic acid refers to introduction of the encoding nucleic acid in an

expr essi Wicdd.flgr gxample in pemtBpgtiop obihany ef GaatebhCoen . drwaneilinl padiveyarite to a
bi 0543t &b ABhdhI ryhASrdRiThE RS AR BGIKIRY iRhcliSl foptipduced
into the host reference organism The source can be, for exanple, &

honol ogoud neestod glucesic ag opposeshio d dineld  nbrtdneiliol/ hootiglth¢rae waich meovklds t he
referenceq.. @YA f | [ N [ ' host m crobia
organisnﬁq?ﬁéﬁé 6@%?”%%&8?%?§¥#§%dﬁg%%% g@“?gkgygﬁfo a referenced nol ecul e
or activity that is present in the host. Simlarly, the termwhen 10 used
in reference to expression of an encoding nucleic acid refers to expression
of an encodi ng nucleic acid contained within the mcrobial organism The
term "heterol ogous” refers to a nolecule or activity derived froma source
ot her than the referenced speci es whereas "honol ogous" refers to a nol ecul e
or activity derived fromthe host mcrobial organism Accordingly,
exogenous expression of an encodi ng nucleic acid of the invention can
utilize 15either or both a heterol ogous or honol ogous encodi ng nucl eic

o o, N o o



25organism it is understood that the two exogenous nucleic acids can be
introduced as a single nucleic acid, for exanple, on a single plasmd, on
separ at e Wwhasmidses2can be integrated into the host chromo3aeOIANSE251 ngl e
site or nultiple sites, and still be cgpsidered as two exogenous nucleic
acids. Simlarly, it is understood that nore than two exogenous nucleic
acids can be introduced into a host organismin any desired conbination,

f or exanplhe jnventica adiliighadly prasdes d noGOanrae peuaing mpicwsrgadisin espmssoe gentsegr at ed
into the chr i i r i i still be
considerggggégf@%8%¥§%%§%%%§6aéﬁgﬁggkﬁgbgvgﬂgélHQ%EL§%£%£§%%7§HEhree
exogenousonundtion evithaiMeABThyps metheltmusfidyese spdiem.gh eddmoad gencsd@nixus nucl ei ¢

acids or biosynthetic actividies refers.to the nunber of encodi .nucl ei c
oo te or rrrRRl A G St R SR Pk RS s GREP SIRRES | S
acti vist i esexp&sive bii@niededdanclothatsapas adrived romalyathéty ¢S, and gieduagisingt@),t he
host orgapism,. The non-naturally occurri m cr qbal . organi sns of the
oot od ookt s fa il b GGl P Shed DRte g B gk s

M Cr oor gaiihs&ads, iedrgaam &8 @ilkd MeBehol Btch@veBilin édhdindibl &g @AGbRIdrANS

5without | oss of the alteration. Generally, stable genetic alterations
i ncl ude fEdPPisabshoAs Sluchseto pelgesh3-gytanadi atighyigld: gener ati ons,
particularly stable nodifications will persist nore than about 25

gener at i Gyfthesdghs aNosknpah b Gk dryrodataihe isgROBhjof piddelt bi gaificans Eaalbe
greater than_ 50 generations, including indefinitely. Those skilled in the
art vl g %@%ﬁogﬁﬁo‘fmﬂerfﬁ%suﬁgﬁ%‘?lP‘Basglnfaé‘?r S ’6‘&%‘,81“% AZTYArRECTRRY B0l i ¢
10modi fi afidved SSyx@TPh hiikied phigfafiyof IBla8d desmbichest wWidifed RineheRESfidafloR
sui t abl e host organi smsuch as E. coli and their corresponding netabolic
react i on$f 8py eag egdstackspelpdine btganlinidie codeoph Al nyeibess divmtserindl such

as genes {Q ofatRThdiRH GRIARRG i§ (DRIAMYRYrricIBWRMEEr 2 IgghVﬁl@l th B?%g%ﬁ PRioet e
genomne sequen0|ng of a wide variety of organisns and the high |evel of

ski |l i nAlheugylagelyfHgas 6f 8xn2as ¢ sbs0 snclyde &@2iapd plher gapes ippingllcy gepatifics. pe

abl e {50 3Bl ¥yihigis!,Ga6R1130% ARfritdhianER. IPRLAL Ik hflcbangssent fal 1y
all other organisns. For exanple, the E. col1 netabolic alterations

exenpl i f iadditibellgi @Ocan readily be applied to other species by incorporating
t he sane or anal ogous encodi ng nucleic acid from species other than the

ref er enced SRRGEERTeiSYGRIENS G ot ihal Q0 0GhHEene EQLn@%A®) &n pgENEL i C
alterations of species honologs, in general,”and In particul ar, orthol ogs,
par al ogs ughzaddwaenmaluesds gscugetsenigicopdaaisarehths iInveaam te prodadeolg3-petaredipdne or
genes that - i e s i

dubst ant TPy 4B A PO RIS SRRECRI ML EER IRl For
exanmple, cambas eongpoxigdd) mydderd! sen Aadtiliveday theporinalerally deaviiage can be

consi der Gl O 1NOLAOS: O 1gn PRl Ogl SRk, UNELION OF INAIRINSI R epoxi des.
Genes aré relrated. y vertical: descent when, for exanp e Ot ey share
sequence nsitmwbigaiibihythaf ars cHphble beutlizagdihind/@ (Ohdis @@bbot kycear e honol ogous,
or related 25 by evolution froma commobn ancestor. CGenes can al so be

consi der rthal.o i,f th ar hr ee- di [ truct ot
ecessar g e ddREulinghVgY FURE X BROIRTY AR G hEuiind?)

t hey havereivok ved af hamta Q@amuns capatds boutilizmg t(HRarebdyegis atshgenctdlly hpvd thear y

imlarity i t i i fi.abl Ge th th
A DGPTSR e
sequence tadgoiniatiyns dnenesas e o dhd Wy opd-Divagdusl sditawdyn g1, 3R pehdamictoveatdntbf

simlarity |ess that 25% can al so be considered to have arisen by vertica
descent GO RATHAE it BETUFSBREY S Fecg%l}l%fgﬁ?ﬂ%}egclr% B V&R 6‘??686‘1%‘{ Y (g(? F‘%/‘? es.
Menber s @bulti e us@mynie: Pmebeasemt ami thit tBf saaRZuiays wie indived Maspue

pl asm nogen actjvator and el astase, are considered to have arisen by
vertical *H4S¥ahAVEPETR SROWB HhIRY dhthe Prsrnce oiie 2 endiprerree SPRRSFASPON BY 057525

15 O3pholaegse hhy BenyARRES isPresthi@d SupPRARIRd A8 e R UGl Saldlidked fof ough, for
exanpl e, evol ution, have diverged in structure or overall activity. For
exanpl o, uHaRE ISRk dpaeassie Ao SdaTHPRERaNHEHARY Vi BY49hd vin Panct i ons
and mhergu&ﬂﬁﬁﬂ%q§qﬂygn§wﬁggﬁwgg§n separated into distinct genes in a
second species, the three genes and their correspondi ng products are
considered to be 5 orthologs. For the production of a biochem cal product,
those skilled in the art will understand that the orthol ogous gene

har boring the netabolic activity to be introduced or disrupted is to be
chosen for construction of the non-naturally occurring mcroorganism An
exanpl e of orthol ogs exhibiting separable activities is where distinct
activities have been separated into distinct gene products between two or
nore species or within a single species. A specific exanple is the

a ~ o o, o ey o, . o, e



di vergence and have simlar or common, but not identical functions.

Paral ogs can originate or derive from for exanple, the sane species or
froma diwbepamt7iespeci es. For exanple, m crosomal epoxi #€ThiBAr0l08ERS

(epoxi de hydrol ase 1) and sol ubl e epoxide hydrol ase (epoxi de hydrol ase I1)
can be consi dered paral ogs because thef represent two distinct enzynes, co-
20evol ved from a conmon ancestor, that catal yze distinct reactions and have
di stinct functions B&Ghet Hane Adptends— PHrGQDOYst aHeO pmoABf ns from t he sane
species with significant sequence simlarity to each other suggesting that

they are g h&gﬁé{%allﬂ’)cchﬁ Hﬁ%o%%ﬁﬁlk‘&l@ GOz BHP N WGHEI %Yéfl’%ﬁ'hﬁ‘l E%%%r%r{g [dan

ancestor. G oups of paral og us protein amlles inclu | ogs,

| uci fer ayghqe@@sandr}épmxmés wel e tet predustionnsf asetsibhion tambbtbgfcﬂgsreg@n@ucts

di spl aceg& as 13- @ute{h%@%{th()l ogous gene fromone species that can substitute
for a referencéd gene Tunction in a different species. Substitution

i ncludes, for exanple, being able to performsubstantially the sanme or a
simlar lehlﬁéYQOerjvngd@hieoa@py@E isexellgfnowniinyihy ag @ppeaneidts1od 13 tractions whishcen
function a ous
gene. i opt SRR dThEa et BRhRETE] Aokt UATREREIR) bna AR D BAREE
gene 30erowditngynghelo rrrmﬂaﬂmbyﬂr@mm (npthyl-T8ES whtreaschegaghdnyl hrgdchtcenvelysit

f t I
et b 8o RS, PR Ao AR RERAPRLO PRRSRIRIHE! Brne e
her ei n. Eoﬂhmmg)m}/mss oripr@eing: ferreglgxin b&ﬁpreﬂMasexmt@dehadrogmﬁ sorre
t t di
R T L R e A L A Ry
2011/ 07 16&3@@%@5&%&&&5&5@1@&@@&3@ alfldJIIﬂé:thyl@ﬁEtaﬂhghbfolaﬂa ReuctsbsThd ut ed.

Therefore, nonqrt hol o ene incl udes, aral og or an
unr el at e&.iea@%?i‘@ PR éR P‘&ggranF are quAk P H{jl%‘h‘/ Elggﬁ@?}) WFHE;%%BIO% ns.
non- nat unadityYte @G oG cHiriaHi@ Prcddin AledgNtsiBra®d (fdrRarh v AR RoMiavidin-

1, 3- but anedi ol biosynthetic capability, those skilled in the art wll

5under st éﬂéﬂxﬂf(ﬁtﬁna}jﬂ?@ww&ﬂt Wéem@&em%@(f%a@medféw@é fergorigersenbietn to a
par ti18ul ayn@EREafon hltAbxillNEh GeBdatd SAtEQBI Sbic Rk ahshy | ro olpdicdicsatpions can

include identification and i hclUsion or inactivation orthol ogs. To the

ext ent tK@PCpaidlopie thhigrdings srbeuitroropetidedagian frdprodeeng powTiged present
nthe I GLERENGCH:JinAOLAANNS M Atk SAGQAR AN CRAVIEGALRINE NG, &1 S M | ar
or substantially simlar nmetabolic reaction, those skilled in the art also
can uti | iviB updredandtins sl samp epgindeing éﬁrsan@ésogémbfsperﬁgrm%w@gmpepatpal ogs and
nonort hol i t nown
o those SRRHRagRIE:fhERLAGEIE o BE vARTAMAR R EE L RRER N Bhenl

anm n@laciidths dguermesmf diheteiue, pmtoylp@pmqﬂelx wnhdre cevdial nscéqclemi@nmdhfnt ity and
SI m l arl t I e%bltéjl tI‘V\gn?Sr}nStO (v 1n\gg)?(r)negucﬁ%1% O lf Eased SI(%IHCOStlfclll(i’lt’s‘I O%flbti;rl‘] l Qar l’llees

one skllleﬁlr TREArt” can ermne| tHh 58 arlf1 i'S sufi?lmently
high to |cnniple&t\§o<bdquupgdahbpalttswaar\ﬁllrcelhfatt@dgatsInnhughn thtIyutl on froma commobn
ancestor. Al gorithms well known to those skilled in the art, such as Align,
BLAST, Clyst ?ﬂen n%l%rﬁf Q%Eumﬁom%?%o?ga%“s%s%?l%h% R0 caiaa!% S %ga‘é%?gt%els' mlarity
or identity i resence or sSig gaps in the
sequence gmmshcadmn sbﬂcas;m\gdmgica ané/logﬁ()z arprsdee é,3- lﬁwnhdlall gmthetchs'emfal SO are

sequence i RiorfouRtsiadif b ardaf BRSPS PertienpFHEE BB REI ey o

determ nanfnﬁinaitﬁd Me&S AN BantD mpultaembﬂblas adoovertee td Cknovnbursabhefdsoddand
cal cul ati n , tistical or the chance of flﬁgﬁbre .a 5| m I ar

ratoh oy Bl ARt abt Pt ikt SRR st o

det erm n&&i}lské\aﬁ@ﬂmwa@dohsmméﬂag@noﬂfthe& mmeﬁtatmrp@oca@qm{&ﬁ@ d@aﬂm dsﬂ‘uoﬁlesi red,
al so be optimzed visually by those skilled in the art. Relate ene

products(%PH%?%W%pﬁgotﬁhmﬁgw%%%%E@é@h@%ﬁ%“h@%@”%“ﬁﬁﬁﬁxéﬁﬁPﬂ%?¢¥90 for
exanpoe, sé@imipRoshAR¥nRRGHERE addd@Rtyt Yom Bh@iabédasont idcapRnddNiBiatigd can
have an identity which is essentially the sane as woul d be expected to
occur by PEMEAIDY the acgiop gt agirhided witerrlfpesioan r dlongitd. s scanned (about 5% .
Sequences between 5% and 24% nmay or may not represent sufficient honol ogy
to conclude that the conpared sequences are related. Additional statistica
anal ysis to determ ne the significance of such nmatches given the 30size of
the data set can be carried out to determ ne the rel evance of these
sequences. Exenplary paraneters for determ ning rel atedness of two or nore
sequences using the BLAST algorithm for exanple, can be as set forth

bel ow. Briefly, am no acid sequence alignnments can be perforned using
BLASTP version 2.0.8 (Jan-05-1999) and the follow ng paraneters: WO
2011/071682PCT/U82010/057525 17 Nhtrlx 0 BLCSUNBZ gap open: 11; gap

. Y Y P AN O~y - "



5 know what nodifications can be made to the above paranmeters to either

i ncrease or decrease the stringency of the conparison, for exanple, and

det er m newbhelveia@redness of two or nore sequences. | n PORASe0OsISAENt S,

t he present invention provides a non-naturally occurring mcrobial organism
having a 1, 3-butanedi ol (1, 3-BDO) pathway that includes at | east one
exogenous 10 nucleic acid encoding a 1, 3-BDO pat hway enzynme or protein

expr essed\detogensswih pcMeore//aeumtactiaapt diuednhlii 3WBDOrbPeiverad s, BBOZpat dnay

Mot ¢ ot AN caflEh WXl ARG TR MeARkar (IR Ao REOU R LB

Met hyl t etglha:hgpdamfnwlta@bhzed(ﬁurst wmdimbqanM@ermofrBarhgsl (Envanh giyeolasie o pAoshle,

Corrinoid,iran-sul fur ot ei csD NIC r.ot ei.n te (AcsF
P T A BT R e SR RS SR e R T e
nonoxisde (d&hgadrbeg@das Bui(dAdsiA)ss pfelyﬁirs@g enasde Cblypdjted Baetmaodidilprédadest hi ol ase
(AtoB), Acetoacet OA reduct ase (CoA-de dent, al deh de formng),

8 oxobut SHaEaSha B e BB Bt MG ersl FYREOLYBLEDFAF dehy de

r educt ascethehe@s el kedobifie EQvitdnase ( CoA- dependent, al cohol form ng) ,

3- oxobut yr al dehyde reductase (al dehyde reducing), 4- hydroxy 2- but anone

reduct ase, Acetoac | - Co uc

3- hydr oxybut yryl - ky Z@f“ég ‘k% mq(ﬁ?m%@@ %%&r%@but yryl - 00A
reduct ase, (al cohol form t I - OOA transfer

Dy ar on ST A anar basiay S RO BROHGS pRsoR IS HBTE L

3- hydoox yﬁuﬁtmn@g eedde hyldice @ Tager carvelivig (RXYlbasty Cat & dcediesiage Wood-

acet oacet yl - ansferase, acetoacetyl -CoA hydrol ase, acetoacetyl - CoA
synt het asé/"& ?hlaﬁtéW@écet ate reductase. 25 In some enbodi nents, the 1, 3-BDO
pat hway enzynes are a set of enzymes selected from A: 1) Methanol

met hyl t ransf erase (M aByQ, 28 [P hiATop d n 03 etmCOMBG ATB)

Met hyl t etrahydrof ol ate: corrinoid protein nmethyltransferase (MaA), 4)
Met hyl t etihabydficiémhdh eicabsvel eﬂ@zitd)npfgﬁifeis thatiiistyghderansit eh asegy( gémsla)mg 5)

Corrinoid iron-sul fur roteln 6) N c eln
CAcSF 2 Eatseyor. 3ymass BOG Ry 7 th gibestt AkCy o s R Sy ool

AcsQ)15 9)evésdih pIRyubRaNRO X f gl&o@@am’ldﬁg)@&ﬂaﬁ)ger( BpfAnt tolipplkiviely Rgeras aadu&&g

Acet oacet yl - CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase

( CoAdepefHEMICNS| dehyde forning), 13) 3-oxobutyral dehyde reduct ase

(al dehyde reduci ng), and 14) 4-hydroxy, 2-butanone reductase; B: 1) Mthanol
net hyl transf erase (MaB) 4 B)+ @51 Paird —pratebOH VIOH,0 + n ATP

2011/ 071682PCT/ US2010/ 057525 18 (M aC), 3) Methyltetrahydrofolate:corrinoid
protei n it WdddrigmspletlpadwaiBd)rated Jn INehb )| ﬂs@bﬁpﬁéﬂﬁdﬁ&f@éaﬁb@oﬂmﬂdr mDi d

protein nethyltransferase 5) Corrinqgid iro ul protejn (AcsD),
6) Nickel ‘%léfft%thé*s“é‘é%ﬁa ‘bg@F é(farf‘n(%s‘ﬁ% gﬁ%ﬁé‘)‘m ﬁf) tﬁf’é% QPRCYERt 7), 8)
Acet ylo- Cofuliy Wt Eﬁ@gy ¢ReEBati®n AC &CGogef) b&RSHRONYTBRAX IR EBIY 6D 686516358 ( ACSA) ,
10) 5Hydro nase &?HAcet oacetyl - CoA thiolase (AtoB), 12) Acetoacetyl-CoA
reduct asé? @d@owaﬁra%%ﬁ%@ﬂ%r Jeetogyns absehaw (s eapatipnia nHER/ R

reduct asgg (ﬂé%l@ @%b&@mne@ so@fd sipéélf@nyh@drc%w&&aﬁ&&i e ehvde 1%@1@:%@ ase

1) Methanol nethyltransferase (MaB), 2) Corrinoid protein (MaC),

Met hyl t eterghglentoins Goe O%Eﬁﬂm‘ismbreétl@r) Acavd iy} Whish fsebwgeent mmrtedztt)v

Met hyl t etfialyeinekobalgagor ri noid protein nmethyltransferase (Acsg), 5)
Corrinoid itron-sul fur 10 protein (AcsD), 6) N ckel-protein assenbly protein
(AcsF & CooC), 7) Ferredoxin &é? 8) Acetyl-CoA synthase (AcsB & AcsCO),
9) Ca&fbon nonoxi de dehydrogéh Hé@sﬂﬁHﬁOP df6genase, 11)

Acet oacetyl - CoA thiol ase (AtoB), 12) Acetoacetyl - CoA reductase (ketone
reduci ng)Even highes agssale gields Ropieysr. GoRe REwDRS wlea cpanshdpigact s PFSFY 1O SaHHY 14)
3- hydr oyt MfealeHey Reudi Ivakgws. D0 1) Methanol nethyltransferase (MaB),
2) Corrinoid 15protein (MaC), 3) Methyl tetrahydrofol ate:corrinoid protein
nmet hyl transferase (M aA), 4) Methyltetrahydrofol ate:corrinoid protein

met hyl transferase (AcsE), 5) C8 hélfb‘ﬁr(}éhcél(ﬂﬂ ur protein (AcsD), 6)

Ni ckel -protein assenbly protein (AcskF & CooQ) ﬁ%} Ferredoxin (O f7), 8)
Acet y| - CRlQYRE ﬁ&@e‘“%‘%%éh&l’@@é@?n 0@9‘%%‘%%6% R GFBETHEN Y Wﬁ?@mf ‘ACSA) ,
10) Hydr egRRASMe plobhcia®l ORER] Yom@RAYL b RlaS G0l MdaB)uired &l HERIRACEL Y| - COA
reduct ase (ketone 20 reducing), and 13) 3- hydr oxybut yryl - 00A reduct ase

(al cohol formng); E 1) Methanol nethyltransferase (MaB), 2) Corrinoid
protein (MaC), 3) Methyltetrahydrofolate:corrinoid protein

nmet hyl transferase (M aA), 4) Methyltetrahydrofol ate:corrinoid protein

met hyl transferase (Acsg), 5) Corrinoid iron-sulfur protein (AcsD), 6)

Ni ckel -protein assenbly protein (AcsF & CooC), 7) Ferredoxin (Of7), 8)
Acetyl CoA synt hase (AcsB & AcsC) 9) Car bon rmnOX| de 25dehydr ogenase

A . RN o o o A o, . ~ A o o AL N\



10Met hyl t etrahydrof ol ate: corrinoid protein methyltransferase (AcsE), 5)
Corrinoid iron-sul fur protein (AcsD), 6) N ckel-protein assenbly protein
(AcsF & GyoQp1u/omyesEerredoxin (Orf7), 8) Acetyl-CoA synt RESAISCROSR58 AcsC),
9) Carbon nonoxi de dehydr ogenase (AcsAi 10) Hydrogenase, 11)

Acet oacetyl - CoA thi ol ase (AtoB), 12) A EtoacetyI-CoA reduct ase (ketone
reduci ng), 13) 3-hydroxybutyryl-00A transferase, hydrol ase, or synthetase,
14) 3- 1%hyidelony dibvy itake be edylbtlebibat ctrdolBydugtidnyidero xyrgat yillbod eéneciee
reduct ase; qol; 1 I nsf.er L2 1l noj rotein
(Va0 - Syl AR groleh I, RO B2 b Abion Do bR HRLE
(MaA), 4ynduednsydbetitiamyiimgdddliapredieos mosityi cthapoldtaen synhebinghs (Kdassdneit ak,e

(AcsE), rrinoid i =sul fur.protein (AcsD)., 6) N ckel-protein assenbly
broter n (kSRR B3 AP Rbnn ek B Gy S ol b RS B R e T aces %
AcsC) 5 9)efaith emvugh axgyoe safdaydoogaemase (AcsA), 10) Hydrogenase, 11)

Acet oacetyl - CoA thiol ase (AtoB), 12) Acetoacetyl -CoA transferase,

hydr ol ase, or synthetase, 1 3- ro e ydr ogenase, 14)

3-hydr oxybut yrat e reduct asez% Ad _éé-/ g%%ﬁ $al dehyde reductase. The
non-natural Iy occurring mi &toBitalH g +*iHude two exogenous

nucl ei ¢ aci ds each encodi ng &¢?,*3t Boo pHtGhkaH ehkYne, in sone enbodi nents,

t hree eﬁgg,enous, nucl ei ¢ aci ds 25 each encoding a 1, 3- BDO pat,hvva¥ enZéma, in
ot her entBEFAFENE Sacteri irchudsJo MEWe CARPLRC Fer2y FOR BredrRign 8T $O8nBpo

pat hway eng i hydrdkeR YR Fig8 R0 dsiifa%t alf, (FRic@NRIRLNOUSBIDMEHRI &y 2% 145 -68Ch
encodi ng a 1, 3-BDO pat hway enzyne, in other enbodi nents, siXx exogenous

nucl ei ¢ 4€1048- dateRtréiessBImiyn i (e EOBIOIGICHIRS a8 5a5EECoTCRing By dresmBawi nent s,
seven exQ@enpusi (b abiflifocddsdsTIRACH ieReREBERNE: fuphlid-RoRAtNEY N&Yre, 1n

ot her enbodi nents, ei'ght exogenous 30 nucl ei c acids each encoding a 1, 3-BDO
pat hway dleayyed tojreuge prefong Y. svhos pasivix sfenRledtorpneRrigencadtinds each
encodi ng R RAL [ i ~ i : : S
R T s S PR L S s RS ol
11 exogenous nucl ei c acids each encodi ng a 1, 3- BDO gat hway enzyne, in other
enbodinerlihs propgssescbyérieslizcrein édrdechienypigticriedrednt oldh. i ) 1ia BBONHAlY hway
enzyne, !snstgae_twermﬁmmqiﬁxg g}af%uce%%m%ﬁ%@&g%ablmeag&%,%&ﬁ@gﬁ?gf iHRaQ40/ 057525
20 nucl eic acids each encoding a 1, 3-BDO pat hway enzyne, in ©ther

enbodi mennd lowkngesgeraas cmiseibesi Meredvds teeadchydmeadif rgpbased; 13-BDO pat hway
enzyne, | i ts, , i I i ing a
T R T i o L M
exogenoudlanuebkiaod aaridvechamisel iardqeirek ol ogous nucl eic acid and the
non-naturally 5occurring mcrobial organismcan be constructed for

cul t upi N, | Vi e r e=Tol] i crobi al

or gany e e R IhEh St AR bR e EREEE S & 2)
met hanol ,orBERM camdcibi@rgaBim pethh anvehtjon@Onte@OR] toamrdn HR{ thd ynierebihlamgdnisanighs

synt hesi s onpr. i si : nd H t han and synt hesi
compr i o1 2 PR RO G iy S d TR MR AR RS e dBRmnd g
one or nmBpeicantodiyg it -egpe sanmds &)therefdaned spedidEx@mpliatlierai@nbinbiypde, dtres

include, but are not limted to | ucose, sucr.ose, xylo .ar abi nose, and

ol ycor o P Eafel B herbehe prlt PRIk ARRR T gl pREGH IR TPPORE

Ron- At urodek y%@a@am(([j ﬁdal;gid(ﬂiis,cnualbicabidmlegﬁasﬂssanu/oﬁaﬁarfmsduﬂm a}sm'pﬁb@bﬁ ta¢ organi sm
aving a 1, 3- but anedi,o 1, 3- BDQ t - conprising at | east one exogenous

nucl ei ¢ &8Fgbia %%ﬂl%s&e%,“%?’ét%a‘i)aﬁﬂ%ﬁ’;‘?\,\&éﬁﬂ?%mﬁﬁ%(Fl‘bfteéﬁfﬁplfscoé%r“’e%%“éd ina

suf fi ci enhd anBtdHal trnivh@dbEeof LoBhdelogdisdhohcdo BROL RN 016 8FRhG T NY

For mat e dehydrogenase, . Fornyl t et rahydrof ol ate synt het ase, .

Met heny| thetploroEmebBrRitdss &y deariytsredapesiosvaddiras aiadilicatigm ituk alce

dehydr ogeRassle, t¥Rich¥heRghBloHARYBHOIAlAiELE BB ARRS alter expression of a gene or

Met hyl t et rahydrof ol ate: corrinoid protein nethyltransferase (AcsE),

Cor r i3foi @P¢PBnExesuldy megbgliehdyrepiddspynclude epyniep porreicins 388l 3-bprptdidl n

(AcsF & @%chetﬁgia{h@ﬂﬁ?ﬁ n (Of7), 20 Acetyl-CoA synthase (AcsB & AcsQ),

Car bon nonoxi de dehydrogenase (AcsA), Hydrogenase (Hyd), Acetoacetyl-CoA

t hi ol ase (AtoB), Acetoacetyl-CoA reductase (CoA-dependent, al dehyde

form ng), 3-oxobutyral dehyde reductase (ketone reducing),

3- hydr oxybut yr al dehyde reductase, Acetoacetyl-CoA reductase (CoA-dependent,

al cohol form ng) , 3-oxobutyral dehyde reductase (al dehyde reducing),

4- hydr oxy, 2- but anone reduct ase, Acetoacetyl-CoA reductase 25(ketone

reduci ng), 3-hydroxybutyryl-00A reductase (al dehyde form ng),

3- hydr oxybut yryl - 00A reductase (al cohol form ng), 3-hydroxybutyryl-00A

transferase, 3-hydroxybutyryl-00A hydrol ase, 3-hydroxybutyryl-00A

synt het ase, 3-hydroxybutyrate dehydrogenase, 3- hydroxybutyrate reductase,

e P o o o o, . - o o o, . ~ A



protein nethyltransferase (Acsg), 7) Corrinoid iron-sulfur protein (AcsD),
8) Nickel-protein assenbly protein (AcskF & CooC), 9) Ferredoxin (Of7), 10)
Acet yl - Comoymtiasse ( AcsB & AcsC), 11) Carbon nonoxi de @#€hyuseagmszse
(AcsA), 12) Hydrogenase (Hyd), 13) Acei?acetyl CoA thiolase (AtoB), 14)

Acet oacet yl - CoA reduct ase (ketone reducing), 15) 3-hydroxybutyryl- 20 CoA
reduct ase (al dehyde form ng), and 16) 3-hydroxybutyral dehyde reductase; D
1) For natemdehylgmogkinagen refys Eormydhtmicrlahyatipofhal imtkersd froats agtarallg)

vt ey LAY 0T P LU LAY LS5 BB STEA SRSl of ot

Met hyl t etncalifjcdriafsod atodeic aridsi anovdinganatigilin prigpdpyidey @n@haioagldraghesik)hereny.

Corrinoi g, iron-sul fur. pratein (Acs 8),. Ni.ckel -protein assenbly protein
Crcsr . cgesingiatlic Bkt SEeRey RNt RAC ot U1 “con” synt hase (AGSB. &
AcsC), 11) Carbon nonoxi de dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13)
Acet oacetAslus@bir¢initid @se “idAniodB) whebdisePinetiomoet ty la-nfodbia balpatias 8 intended

( CoA- dependent, al cohol f.ornmin nd 15) 4-hydroxy. 2-but anpne reduct ase;
£ 1) FOSMAFD Ao RO ol Py ot Qe L LR ARRAGRLE S

Met henyl tétiobilaydpafioh atfeundyit hahyedMbé as@ inchjdedve lyblaaetgntsahiigtriofealoate
dehydr ogenase, 5 t hyl enetetr dr.of ol at e. 30r educt a 6 .

oty o P anyaa ol SYRERIBRS Fb OB b 4 AL AYIOPATLr SpaisEh plag neldesy

Cor ri noi Ghittobiat GWAdidni that i t@hdved Aomdhme 8) alNechi@hefds QiRE MicAstsARayispriot ei n
(Acsk & Coo(Q), 9) Ferredoxin (Of7), 10) Acetyl-CoA synthase (AcsB & Acs(O),
11) AAr bgﬁ%u“ﬁd’i’mBﬁ'%ura]éh%%’@‘éﬁi%@n{nﬁ%ﬁ\ hergfose, i ipla'ge HESROIEqreRismy 18

Acet oacetpyity@@lohhb@lyassurdié 86h othbAJubAeRiOACEL Yburd@MniedWe has & ikt one
reduci ng), and 15) 3-hydroxybutyryl-00A reductase (alcohol formng); F:. 1)
22 For matsEryietyefistidinaen-nayrafnpqepiring cpERPIICE o PRcHicarAnpst %lfslgzlatec?

Met henyl tgEkeRYskH ﬁiﬁﬁsﬂhﬁu&ylﬁhﬁlﬁly%{u‘%lrﬁi@l%bes‘,léub%{%ﬁtml'lbr%ﬁl%trﬁkfoﬁ&yﬂﬁ(ﬂ{i%ﬁése
dehydrogenase, 5) Methyl enetetrahydrofol ate reductase, 6)

Met hyl t etcridgdingsrag¢dinre thapis mprraigrally e¢@ingnet hyl t r ansf erase (AcsE), 7)
Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein
(Acshs5& CRQfdd hePdin, T CBAOMiBroBial Orhildobial FeafiG Rt ¥ “nEOBoBNNiFaR ek AeE B &
AcsC), 11) Carbon nonoxi de dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13)
Acet oac etaan @OrEHlivn Hekexisit B)micrpagopicst] ¢ brigqluded Avithindhe flenaiaseof

hydrol as Grcha, BaR ek éﬁ(%rya.l@leléﬁ%, fReahAL ﬁltén%g&'ﬁ)te%&%npa%@rokaryotic or

3- oxobut yr al dehyde reduct'ase (ketone reducing), and 17) -

3- hydr ox yghkaryatiglcalissr deeanisthy b varga mGrostypiFgrheiddndedey Hratgy@narsiaca and

Fornyl t et : r f .

Tocyel onydra s dl ) Hee ke 306 i, N ORI GBI 1l Bhfy the erm

Met hy20enetsetirchhigsicadif cltartegofr ang ypdcas ghat 6in ektilykd &t thethpyativofi@l @tae: corri noi d
protein %?gcné/litcerdansferase (AcsgE), 7) Corrinoid iron-sul fur protein (AcsD),
8) Nickel-pr o6l n assenbl y protein (AcskF & CooC), 9) Ferredoxin (Of7), 10)
Acet yl - CoA synthase (AcsB & AcsC), 11) Carbon nonoxi de dehydrogenase
(AcsA), I@)used/iragahasen (Eydl) or “t@nzseAdacateyded GoActrhingbraaec ¢oftceBr 14)

reduct aseropey yoab RN RLAR T T b b ARR R YRS R 2 AT SRR )

4- hydr oxypady butyare (e s@dughas &, folh ad jctivocmatre sgediy.dCogenas 4, fu)ions in

For myJ_t et r ahydr of ol at e synt het.ase, .3 t henyl t et r ahydr of ol at e. .
cyct oy ar ST R R B SRR Ay o AP TR AR EE b i Bisfia synesis

Met hyl enaehétxiahiodr pirolact &idadcuatdas etheBicelybitibyl t et r ahydr of ol at e: corri noi d
protein nmethyltransferase (Acsg), 7) Corrinoid 20 iron-sulfur protein
(AcsD), %Ni kKel.- protei n_ass I rotein (Acsk &.CooC) ., 9) Ferredoxin
(o7 Ty NEER T D BRETEM, Yo ot S el b B
dehydr ogenasieonidasdhiled baheaniyicht dganasst of blygbken isldgs thmeboadetydfsGoitidhioal ase

(AtoB), 14) Acetoacetyl - CoA reductase. (keton educi n 1

by ox R R SBAr R dE \Fpabi Sl S S HeteciPhoppgr of

3- hy doox yiguidysr adlRl h&lue hiaseaindndthlaf)atBodpuete oX by oaelvy deygeeduct ase; | :
1) Formate 25dehydrogenase, 2) Fornyltetrahydrofol ate synthetase, 3)

Met henyl tet r ahydr,of ol at e, cycl ohydr ol ase, 4 t hyl enet et r ahydr of ol at e
dehyar sgehseaniss SEibruiRTa A RHROT Bhu ben BN ZEE! ReF N oF &

Met hyl t etréfafeyctdat ®ligti€inaoduced itelthp hodt @lidrobiel diydnishanBeai@dsmle(As 8E) , 7)
Corrinoid iron-sul fur protein (AcsD), 8) N ckel-protein assenbly protein
(AcsF & CooC), 9) Ferredoxin (Of7), 10) Acetyl-CoA synthase (AcsB & Acs(O),
11) Carbon nonoxi de dehydrogenase 30(AcsA), 12) Hydrogenase (Hyd), 13)

Acet oacet yl - CoA thi ol ase (AtoB), 14) Acetoacetyl-CoA transferase,

hydr ol ase, or synthetase, 15) 3-hydroxybutyrate dehydrogenase, 16) 3-

hydr oxybut yrat e reductase, and 17) 3-hydroxybutyral dehyde reductase. WO
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In an additional enbodinent, the invention provides a non-naturally
occurring mcrobial organisns having a 1, 3- butanedi ol pat hways, wherein the
non- nat urvdibI2g11g0easer i ng m cr obi al organi sm conpri ses at PCEASR010/0875@X0genous
nucl eic acid encodi ng an enzyne or pro{l in that 25converts a substrate to a
product selected fromthe group consisting of carbon dioxide to FOR, FOR to
10FTHF, 10FTHFto METHF, METHF to MLTHF, M.THF to 5MIHF, nethanol to

CH3- M aC,int@d8eet @CexampbdvibiHmtro8ddribR of an @Fedipe CHBic kEBE @Host geratet yl -

acetyl Co . Lyl -

3 byar ox e REDBOET AN RO AEEPAREIK IR Rt %Q%Aée to

1, 3- BDO, sGehmypcirpiasynlodit Fhetef@0,Ahd @Hﬂas?it 1s3@ec3®®fean@1toam’e$ion@6% emtodhngtydroxy 2
but anone, acet oac S obut r. oxab tI al dehyde to

o hyar oxy 35 RTE s PRy ReRy OB RSN 5o il RIREEYBHIRIES dehaye
t o 3- By dmaxipbiat ()rgahsilehwden uﬁd(ﬁi eitaicy lo Jadsyhheacaiiong eleat®y rebeioaacet ate to

3- oxobut yr al.deh te to 3-hydrox rate, dr ox ryl - OOA
AR ST e a RS A AR A
skill ed ihambldgowrdr h%ﬂohogoﬂ@nz&ﬂtﬂg ALIHS2RCNAURRRIWQY B (& dBnedd atinGgr St and that

these are nerely exenplary and that any of the substrate-product pairs
di scl osedoleyieg Ruredictigningd e ?ﬁtB’é‘iI%‘%}a LTS @&ef‘?if%‘a’dt‘ﬁ ey dendggen@Ey ch an
appropri atfersach ketdrbaced oR¥ak baRlifid Mar it PR:&GRMMVEE Sbensigfilafienswhs ivhat € to
the product can be readily determ ned by one skilled in the art based on
the tlachpils rHerrierdo THERSion Phen eoding F‘tf?f?l‘b‘r‘céﬂ/ieﬁfé%toéx%ﬁl%ét @ grqoging
OCCUr Ii NG, ALiEL&RIBhtaine PHIRRURThiERBLRD V\t%hxﬁ&n.a’thé RS RN SXRIRAQUS Jnucl ei ¢
acid encoding an enzyne or protein, ere the enzyme or protein converts
t he substdtcals Oem@twmrddty@tiéroef a wutces)th@ut@néwir@flerep@rlﬁws vdgteas as t hose
shown in. m cr obi al
organi sm F I%HB orstt g’?érgésjtog‘ I?LM%Q Eeﬁ(%rggtn\g{ aehyedqﬁ [Hel?llgg @glroﬁfﬁg%rg%?%%d that the
i nventi omca@tdlntglyoweglgblgoup pxvésdies OQam‘tmedtag chdi¢ gmcb@fdhfr mivergion Qamutdizobi al
orga issm r ng.a as n ogen |l ej ¢, acid encoding a

gut anegerr% tx?th %ete}ol egnus (grh%m%log 5050 é)d’llzg(nuc eic acdjl inasufficient anount
to produce an i nt er rredl ate of a 1, 3- but anedl ol pathway. For exanple, as
di scl osedt hendisoodtha wige awedhol Omﬂmyusaruele'e)eeﬁpt infludedl ing nHegbrks 4 and
5. Theref i .
T, 3. bt g Gartidabre AR S kELE Rl BORN AR BORIRLRLD Bcbiog
addl ti onalht:lylcramd\ror Ules,yn&lenometwat/wrsallsbgss&&bow rlt 1srfgrth¢r ondeitaid, ordjahisgin
conpri si ne, exogenous nuc enco ut anedi ol
ot huay SRk ESRA PR RS HREREE R i Bl B b BUERRLG Boppibnedt o
pat hvigy |mnheb1rz}a(dgaﬁﬂn oii @pa@canipl, acﬂﬁﬁﬂ@du}e@mﬁ\ po@@ﬁtr@ﬁc ﬁﬁcydne gadmolecules,

acet oacet at e, dro x utry dr oxybut rate 3- oxqbut yr dehyde
o by oy 3 SHRERAR e Y1) B By e Y e e P et RS e Pt - ey
of the pakhugyssdissiotcasesdilemntirdbial dfafiemah beehgmaelteheo &EpaRPlvesorangle
20exenplified in the Fi ures i ncl udi ng the pat hways of Fi gures 4 and 5,
can be utfP§2eH W@e’ﬁé‘ﬁ‘éF gicadinge AdRiRd PYPARY V‘ZB‘@EHWFPW& i diegBicarh &t '§4ni sm
that pr OQMQ%ﬁo@HMCIQ@ta&W@&’an&Bgﬁ'@[@ﬂﬂe@ﬁ&w@c& RN iREREed iB® ARSI hRfbiafls di scl osed
her ei n, a m crobial organismthat produces an internedi ate can be used
in cORbi MAEINBAL Wit Yndanioph Bl e EYQBTOAPNOYE BUCIG IR Be BAdICEd AhsTRgam

pat hway eRnzyaesidt@r B{aﬁfﬂﬂac@n 2sifgs bfa@&hdp&? Gitate PHIRWRIEEan bl tintk Fa MBS L 00d

that a 25non- nat ur al occurrihg mcrobia nismthat produces a

1, 3- but arhéﬁlcbiont@atfh@/\ﬁw singleesitgepingttiplesies. ped atltll%ercge%rier%l P v esgendye

' nt er mad'nﬂ& glc%ﬁdé ﬂﬁﬁlhﬁf@t 19{11%1%%0(1 tlﬂ?gﬁre &Q?t %)Hsr I?c!c efe a%ﬁﬁ Whd lBeng

organi snms 0 e invention can be used to pro uce or exanpl e,

acet oac etuat@ua{sl-lnthyldhrosboygmtsyrlataey d@irgkamitiyatigh, cfemxdmple on a single plasmid,

3- hy%‘box%g%é ara% @%}%{ ’canolg 1ﬁte ?ﬁ% h%gttc%%%c)m-rgt% sin ?ens\{te%{r hﬂ%
i ntermedi ate products >¢an e uce in aseparaeorgganlsmmt |zrngthe
30 pat hvvayes &hkxtﬂibenorﬁtc@wdes tvdo artdorE exdgjan@mnmclembads fiereksnpladmeenat ur al | y
occurrl n% (0] e aﬂSl’IS (531 ac% 'Q‘Pedt Qerebe PfTér Nne {eeo && ablelll(tlglCel (;Nhl Ch are

depi cted T Gl PURe FBAr T et Hy Tt Fanst P A4 5§<4t%eth al | owi ng t he
product i abtbs@t{théircmeﬁihyés-rétetsrtahyzdmbai ﬁfeﬁcoﬁl\@-n'tﬁﬂﬁ): atidoon thehdamobf and THF, 2)
the ability to WD 2011/ 071682PCT/ US2010/ 057525 25 conbi ne CO Coenzyne A,
and the nethyl group of Me-THF to form acetyl -CoA, and 3) the ability to
synt hesi ze 1, 3-butanedi ol from acetyl-CoA The latter can be facilitated by
the generation of pyruvate froma carbohydrate via glycolysis. dycolysis
is an anaerobic netabolic pathway that is found in the cytoplasmof cells
inall living organi sms. The process converts one 5 nol ecul e of gl ucose
into two nol ecul es of pyruvate, while providing two net nol ecul es of ATP:

d ucose + 2 NAD +2 P, +2 ADP - *2 pyruvate + 2 NADH +2 ATP +2 |-1+ +2 H20

S NS~



20 acceptor is used to accept electrons fromthe reduced qui none fornmed via
succi nat e dehydrogenase. A further benefit of adding an external electron
accept or wo20hiat71eddi ti onal energy for cell growth, nmai RCENS2CIE/05ERH
product formati on can be generated frorlq}respi ration of acetyl-CoA 1In sone
enbodi nents, another non-naturally occurring mcrobial organismhas a
pyruvate ferredoxin oxi doreductase (PFOR) enzyne or other enzynes that
facil it atbesyibetRBconiyer sitore roinbpyefisoparae hyac audtipirodBodl ioto thd lust ver sa i nt o
the straipn to facilitate the synthesis of biomass precursors in the absence
of an external el ectron acceptor. A further characteristic of such
non-naturally occurring organisns is the capability for extracting reducing
equi val erfths npr-ormmtly ecoulrang thiyepbdpeganisinio§ the izvishtém can hprghin yiakle densticr educed
products S edi ol ,
D 3 bt adiei Ry BLORRRS o R Agh sl BRULAReLy ERP L ARB R IRy ¢
aci d, 53- lwidoaxdyysrod gicahiemntiar i (@inetallg.tstableggenelic alteliappors isdudd mcrm‘tdaamrsylhatc aci d,
2‘23 ﬁgr y!&)‘f)l%ls %rﬁ%%r Ot]['le\llr\lqoz %:rlif::l'réo(?:n]s'g[?%%t qgrl??%tﬁ%%o%?f%cgg (85?62\)&/6111 ggrtﬂgfa r?lgrl) ’tha%:%)ﬁ%%az and
synt hesi 25gasrapnprang inog @&cuﬁﬂ& stabitdeehijc 16dificadony canbe erea@r thahyar at es, 7)
met hanol and on car, ohydrat es, and 8) nethanol. Exenplary

car bohydrgﬁ?eéfétloflﬁé?%'ifiggglﬁﬁetmé P not limted to, glucose, sucrose, xylose,

ar abi nose, and glycerol. 5Successfully engi neering these pathways into an
or gani smThnseokilles in e att wily imigrsaand atpphe peidit elteredonsfinéndynmsiabdiconi ng t hei r

cpr o0k onBftePRBEze bRy BBl FiisicRbe P hisatit B bR o ReT et Sayi ng

for produst. framathieditofredpbaithgethBrliveeicabison a siitablenberce Ofgating Yoresitddat

catal yze each ste of the pa sed the nve ion of synthesis gas and
net hanol gf"%e“ﬁér&‘f‘“g? L g %Fﬁ‘g@ %&m?%éf?éj pgtagoly. pa W&i‘.ﬁrxﬂ”eé‘r]g C PEPEHS bed

bel ow. TQeRigH RE&InciAg P DG uURtvaBELy bﬂ@ﬁgaﬁlﬁﬁs atnh@hdﬁlgﬂ leZ@lbk 9a11 aof the ye@as and
met hanol , one or nore exogén us sequence(s) encoding the enzynes of

these patSAUYes dere thalledip S8ag Iy 8 TGP Gh &b AP0 HHadaBeE of t he

modi fiised WAt lkbinad aRknal Andihet Sro@nil i, @lod Bx AR, (hedS (SNRAMABOIR dibAHER 4.
i nvol ves introducing a set of nethyltransferases to utilize the carbon and

hydr ogen epererlifigd detsip cB ragdi hagwplighie offise sregiepbningereviadieedhe ansOTand/ or  CCR.
A conpl eﬁnﬁf)go%s @Fctomﬁ% hhagshan ask s‘ﬁé&és@dtﬁ@ thafl %%Ef!ﬁn%dasf)‘em&t &Beh Qerﬂgtld\/t aC,

performthe desired nethanol nethyltransferase activity (Sauer et al Eur .
J. Bi ochehsradys iglgizfosgxpmpi gemptic Nmramnwﬁﬁpﬁa@jmw@gs Jn e@geal.anil g1

%32. é:14§1 g@@gga?gogg%gmﬂggs:Aégtaﬁoangfa @éﬁ&w%lgce %%tt?;l 3“ 179, 22 6902- 6911

(1997); Tallant and Krzycki, J. Bacteriol. 20178.5:1295-1301 (1996);
Ragsddl e Anriwplog @y ¢ geneRégeneBih@t%@mlatWy vepjcg] des@ot Bdpesey@BsipRdy4) . MaB is

a zinc pr %s‘?a!nﬂaﬁﬂﬁ& ql?etcﬁldeﬁﬁéal Tﬁﬂl‘éu&[ s &eRFenOSre éinﬁi‘?st gk e E@'ﬂaonfog&em met hanol
to MaC, a COrfinoid pr ot ei n. nplary genes Sencod ing M and M aC can be

found in ep@tl&famdgém endhwhrenoside hydasadetnbnomaideiehartydeds dor th¢ Mabdienl et

(ol agan g bR RIS RS b 0RBU b R BRI T PO, AR, Yo" 21

acet ogen thdytsbzrre bécmeﬁdaeﬁmhaqe@f sOﬁlc(eDazﬁncﬁllnt @lindicdRr tthb;eara oiFlogoulpot-rdlded
(2007 ) are anot her on

e

the ot o SYTE aLR e ar TRt oo e ner SO R EB el e or ot ei
s equenceshxeé divigehsionts stkdcaie BunchoMieaéss@ilg @eﬂ;ua@eg@naﬁty Bf Muﬂﬁxaeﬂ( ambuynt kb
acetlvora%cﬁ tg ﬁ/l therml') g ticum can be |den‘tb§f| ed g% their follow ng
GenBank A¥EELSEFIRBRFOIV OB BESEET) DESHLR, o SRS SRS n
GenBank  Iskhifaity i ADEHer@H@RABI &Bes that are orthologous can encode proteins with sequence

similarity of about 25% to 100% amino acid sequence identity. Genes encoding proteins sharing

30  an amino acid similarity less that 25% can also be considered to have arisen by vertical descent
if their three-dimensional structure also shows similarities. Members of the serine protease

family of enzymes, including tissue plasminogen activator and elastase, are considered to have

arisen by vertical descent from a common ancestor.



M aBl YP_304299 73668284 Met hanosarcina barkeri M aCl YP_304298 73668283
Met hanosar ci na barkeri M aB2 YP_307082 73671067 Met hanosarci na barkeri
M aC2 YP 80208107788 71066 Met hanosarci na barkeri M aB8TNR2BO0AG725
73668597 Met hanosar ci na barkeri M aC3 Y?—304611 73668596 Met hanosar ci na
bar ker i

Orthologs include genes or their encoded gene products that through, for example, evolution,
have diverged in structure or overall activity. For example, where one species encodes a gene
product exhibiting two functions and where such functions have been separated into distinct
genes in a second species, the three genes and their corresponding products are considered to be
5 orthologs. For the production of a biochemical product, those skilled in the art will understand

that the orthologous gene harboring the metabolic activity to be introduced or disrupted is to be
chosen for construction of the non-naturally occurring microorganism. An example of orthologs
exhibiting separable activities is where distinct activities have been separated into distinct gene
products between two or more species or within a single species. A specific example is the

10 separation of elastase proteolysis and plasminogen proteolysis, two types of serine protease
activity, into distinct molecules as plasminogen activator and elastase. A second example is the
separation of mycoplasma 5°-3’ exonuclease and Drosophila DNA polymerase III activity. The
DNA polymerase from the first species can be considered an ortholog to either or both of the

exonuclease or the polymerase from the second species and vice versa.

15  In contrast, paralogs are homologs related by, for example, duplication followed by evolutionary
divergence and have similar or common, but not identical functions. Paralogs can originate or
derive from, for example, the same species or from a different species. For example,
microsomal epoxide hydrolase (epoxide hydrolase I) and soluble epoxide hydrolase (epoxide
hydrolase II) can be considered paralogs because they represent two distinct enzymes, co-

20  evolved from a common ancestor, that catalyze distinct reactions and have distinct functions in
the same species. Paralogs are proteins from the same species with significant sequence
similarity to each other suggesting that they are homologous, or related through co-evolution
from a common ancestor. Groups of paralogous protein families include HipA homologs,

luciferase genes, peptidases, and others.

25 A nonorthologous gene displacement is a nonorthologous gene from one species that can
substitute for a referenced gene function in a different species. Substitution includes, for
example, being able to perform substantially the same or a similar function in the species of
origin compared to the referenced function in the different species. Although generally, a
nonorthologous gene displacement can be identifiable as structurally related to a known gene

30  encoding the referenced function, less structurally related but functionally similar genes and
their corresponding gene products nevertheless will still fall within the meaning of the term as it
is used herein. Functional similarity requires, for example, at least some structural similarity in

the active site or binding region of a nonorthologous gene product compared to a gene encoding



M aBl NP 615421 20089346 Met hanosarci na aceti vorans M aBl NP 615422

20089347 Met hanosar ci na aceti vorans M aB2 NP 619254 20093179
Met hanosawoi2na/Eees2t | vorans M aC2 NP_619253 20093178 MePhaSS@OOBTIAS ace
tivorans M aB3 NP_616549 20090474 Mgt hanosarcina aceti vorans M aC3

NP_616550 20090475 Met hanosarci na aceti vorans

the function sought to be substituted. Therefore, a nonorthologous gene includes, for example, a

paralog or an unrelated gene.

Therefore, in identifying and constructing the non-naturally occurring microbial organisms of
the invention having 1,3-butanediol biosynthetic capability, those skilled in the art will

5 understand with applying the teaching and guidance provided herein to a particular species that
the identification of metabolic modifications can include identification and inclusion or
inactivation of orthologs. To the extent that paralogs and/or nonorthologous gene displacements
are present in the referenced microorganism that encode an enzyme catalyzing a similar or
substantially similar metabolic reaction, those skilled in the art also can utilize these

10 evolutionally related genes.

Orthologs, paralogs and nonorthologous gene displacements can be determined by methods well
known to those skilled in the art. For example, inspection of nucleic acid or amino acid
sequences for two polypeptides will reveal sequence identity and similarities between the
compared sequences. Based on such similarities, one skilled in the art can determine if the

15  similarity is sufficiently high to indicate the proteins are related through evolution from a
common ancestor. Algorithms well known to those skilled in the art, such as Align, BLAST,
Clustal W and others compare and determine a raw sequence similarity or identity, and also
determine the presence or significance of gaps in the sequence which can be assigned a weight
or score. Such algorithms also are known in the art and are similarly applicable for determining

20  nucleotide sequence similarity or identity. Parameters for sufficient similarity to determine
relatedness are computed based on well known methods for calculating statistical similarity, or
the chance of finding a similar match in a random polypeptide, and the significance of the match
determined. A computer comparison of two or more sequences can, if desired, also be
optimized visually by those skilled in the art. Related gene products or proteins can be expected

25  to have a high similarity, for example, 25% to 100% sequence identity. Proteins that are
unrelated can have an identity which is essentially the same as would be expected to occur by
chance, if a database of sufficient size is scanned (about 5%). Sequences between 5% and 24%
may or may not represent sufficient homology to conclude that the compared sequences are
related. Additional statistical analysis to determine the significance of such matches given the

30  size of the data set can be carried out to determine the relevance of these sequences.

Exemplary parameters for determining relatedness of two or more sequences using the BLAST
algorithm, for example, can be as set forth below. Briefly, amino acid sequence alignments can

be performed using BLASTP version 2.0.8 (Jan-05-1999) and the following parameters:



M aB YP_ 430066 83590057 Moorella thernmpacetica MaC YP_430065 83590056
Moorel |l a thernpacetica The MaBl and M aCl genes, YP_304299 and YP_304298,
fromM bsiokerivo7isee cl oned into E. coli and sequenced @Gaaseoleszks, Eur.
J. Biochem 243.3:670-677 (1997)). The rystal 5structure of this

met hanol - cobal am n net hyl tr ansf er ase cc!)rrpl ex is also avail abl e Hagenei er et
al., Proc. Natl. Acad. Sci. U S. A 103.50:18917-18922 (2006)). The M aB
genes, YMBOZ.OBILQSIAMYP, 22046d | 15 gap Rktedmamk éri_dwepd: 3 extert il@d; \stie,equence
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hydroxybutyrate reductase, acetoacetyl-CoA transferase, acetoacetyl-CoA hydrolase,

acetoacetyl-CoA synthetase, or acetoacetate reductase.

25  In some embodiments, the 1,3-BDO pathway enzymes are a set of enzymes selected from: A: 1)
Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)

30  Acetyl-CoA synthase (AcsB & Acs(C), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (CoA-
dependent, aldehyde forming), 13) 3-oxobutyraldehyde reductase (aldehyde reducing), and 14)
4-hydroxy,2-butanone reductase; B: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein
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Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
reducing), 13) 3-hydroxybutyryl-CoA reductase (aldehyde forming), and 14) 3-
hydroxybutyraldehyde reductase; D: 1) Methanol methyltransferase (MtaB), 2) Corrinoid
15  protein (MtaC), 3) Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
20  reducing), and 13) 3-hydroxybutyryl-CoA reductase (alcohol forming); E: 1) Methanol
methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3) Methyltetrahydrofolate:corrinoid
protein methyltransferase (MtaA), 4) Methyltetrahydrofolate:corrinoid protein methyltransferase
(AcsE), 5) Corrinoid iron-sulfur protein (AcsD), 6) Nickel-protein assembly protein (AcsF &
Coo0C(), 7) Ferredoxin (Orf7), 8) Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide
25  dehydrogenase (AcsA), 10) Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12)
Acetoacetyl-CoA reductase (CoA-dependent, alcohol forming), and 14) 4-hydroxy,2-butanone
reductase; F: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
30  protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA transferase,
hydrolase, or synthetase, 13) Acetoacetate reductase, 14) 3-oxobutyraldehyde reductase (ketone

reducing), and 15) 3-hydroxybutyraldehyde reductase; G: 1) Methanol methyltransferase
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Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
reducing), 13) 3-hydroxybutyryl-CoA transferase, hydrolase, or synthetase, 14) 3-
hydroxybutyrate reductase, and 15) 3-hydroxybutyraldehyde reductase; [: 1) Methanol
methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3) Methyltetrahydrofolate:corrinoid
protein methyltransferase (MtaA), 4) Methyltetrahydrofolate:corrinoid protein methyltransferase
(AcsE), 5) Corrinoid iron-sulfur protein (AcsD), 6) Nickel-protein assembly protein (AcsF &
Coo0(), 7) Ferredoxin (Orf7), 8) Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide
dehydrogenase (AcsA), 10) Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12)
Acetoacetyl-CoA transferase, hydrolase, or synthetase, 13) 3-hydroxybutyrate dehydrogenase,
14) 3-hydroxybutyrate reductase, and 15) 3-hydroxybutyraldehyde reductase.

The non-naturally occurring microbial organism can include two exogenous nucleic acids each
encoding a 1,3-BDO pathway enzyme, in some embodiments, three exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme, in other embodiments, four exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme, in other embodiments, five exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme, in other embodiments, six exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme in other embodiments, seven exogenous nucleic
acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, eight exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, nine exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 10 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 11 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 12 exogenous

nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 13 exogenous
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nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 14 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 15 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in still other embodiments. Any of
the at least one exogenous nucleic acid can be a heterologous nucleic acid and the non-naturally
5 occurring microbial organism can be constructed for culturing in a substantially anaerobic
culture medium. Such microbial organisms can use a carbon feedstock selected from 1)
methanol and CO, 2) methanol, CO,, and H,, 3) methanol, CO, CO,, and H», 4) methanol and
synthesis gas comprising CO and Hy, 5) methanol and synthesis gas comprising CO, CO,, and
H,, 6) one or more carbohydrates, 7) methanol and one or more carbohydrates, and 8) methanol.
10 Exemplary carbohydrates include, but are not limited to, glucose, sucrose, xylose, arabinose, and

glycerol.

In some embodiments, the present invention provides a non-naturally occurring microbial
organism, comprising a microbial organism having a 1,3-butanediol (1,3-BDO) pathway
comprising at least one exogenous nucleic acid encoding a 1,3-BDO pathway enzyme or protein

15  expressed in a sufficient amount to produce 1,3-BDO said 1,3-BDO pathway comprising
Formate dehydrogenase, Formyltetrahydrofolate synthetase, Methenyltetrahydrofolate
cyclohydrolase, Methylenetetrahydrofolate dehydrogenase, Methylenetetrahydrofolate
reductase, Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), Corrinoid iron-
sulfur protein (AcsD), Nickel-protein assembly protein (AcsF & CooC), Ferredoxin (Orf7),

20  Acetyl-CoA synthase (AcsB & AcsC), Carbon monoxide dehydrogenase (AcsA), Hydrogenase
(Hyd), Acetoacetyl-CoA thiolase (AtoB), Acetoacetyl-CoA reductase (CoA-dependent,
aldehyde forming), 3-oxobutyraldehyde reductase (ketone reducing), 3-hydroxybutyraldehyde
reductase, Acetoacetyl-CoA reductase (CoA-dependent, alcohol forming) , 3-oxobutyraldehyde
reductase (aldehyde reducing), 4-hydroxy,2-butanone reductase, Acetoacetyl-CoA reductase

25  (ketone reducing), 3-hydroxybutyryl-CoA reductase (aldehyde forming), 3-hydroxybutyryl-CoA
reductase (alcohol forming), 3-hydroxybutyryl-CoA transferase, 3-hydroxybutyryl-CoA
hydrolase, 3-hydroxybutyryl-CoA synthetase, 3-hydroxybutyrate dehydrogenase, 3-
hydroxybutyrate reductase, acetoacetyl-CoA transferase, acetoacetyl-CoA hydrolase,

acetoacetyl-CoA synthetase, or acetoacetate reductase.

30  Insome embodiments, the 1,3-BDO pathway enzymes are a set of enzymes selected from: A: 1)
Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate

reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
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5 reducing), and 16) 4-hydroxy,2-butanone reductase; B: 1) Formate dehydrogenase, 2)

Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate cyclohydrolase, 4)
Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate reductase, 6)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 7) Corrinoid iron-sulfur
protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10)

10 Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase (AcsA), 12)
Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA reductase
(CoA-dependent, aldehyde forming), 15) 3-oxobutyraldehyde reductase (ketone reducing), and
16) 3-hydroxybutyraldehyde reductase; C: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate
synthetase, 3) Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate

15  dehydrogenase, 5) Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid
protein methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein
assembly protein (AcsF & CooC(), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB &
Acs(C), 11) Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-
CoA thiolase (AtoB), 14) Acetoacetyl-CoA reductase (ketone reducing), 15) 3-hydroxybutyryl-

20  CoA reductase (aldehyde forming), and 16) 3-hydroxybutyraldehyde reductase; D: 1) Formate
dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin

25  (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
reductase (CoA-dependent, alcohol forming), and 15) 4-hydroxy,2-butanone reductase; E: 1)
Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate

30  reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & Coo(C), 9) Ferredoxin
(Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
reductase (ketone reducing), and 15) 3-hydroxybutyryl-CoA reductase (alcohol forming); F: 1)
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(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
transferase, hydrolase, or synthetase, 15) Acetoacetate reductase, 16) 3-oxobutyraldehyde
reductase (ketone reducing), and 17) 3-hydroxybutyraldehyde reductase; G: 1) Formate
dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
10 cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin
(Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
15  transferase, hydrolase, or synthetase, 15) Acetoacetate reductase, 16) 3-oxobutyraldehyde
reductase (aldehyde reducing), and 17) 4-hydroxy,2-butanone reductase; H: 1) Formate
dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
20 iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & Coo(C), 9) Ferredoxin
(Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
reductase (ketone reducing), 15) 3-hydroxybutyryl-CoA transferase, hydrolase, or synthetase,
16) 3-hydroxybutyrate reductase, and 17) 3-hydroxybutyraldehyde reductase; I: 1) Formate
25  dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin
(Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
30  (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
transferase, hydrolase, or synthetase, 15) 3-hydroxybutyrate dehydrogenase, 16) 3-
hydroxybutyrate reductase, and 17) 3-hydroxybutyraldehyde reductase.

The non-naturally occurring microbial organism can include two exogenous nucleic acids each

encoding a 1,3-BDO pathway enzyme, in some embodiments, three exogenous nucleic acids



AcsEps NP 618732 20092657 Met hanosarci na acetivorans AcsA NP_618731
20092656 Met hanosarci na acetivorans AcsC NP 615961 20089886 Met hanosarci na
acet i vor awe 201gD16dP 615962 20089887 Met hanosar ci na acet PCOUSRGL0ASEE; CooC
NP_615963 20089888 Met hanosarci na acet '%or ans AcsB NP_615964 20089889
Met hanosar ci na acetivorans AcsEps NP 615965 20089890 Met hanosarci na
acetivorans AcsA NP_615966 20089891 Met hanosarci na acetivorans 15 The
AcsC, AcsBh ehcaig AtsBD@pdhwosdzpnotiepthsr cntedpomtsofvuy exogéreus awkldioaads t he
gama, each encoding a 1,3-BDO pathway enzyme, in other embodiments, five exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme, in other embodiments, six exogenous nucleic acids
each encoding a 1,3-BDO pathway enzyme in other embodiments, seven exogenous nucleic
5 acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, eight exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, nine exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 10 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 11 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 12 exogenous
10 nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 13 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 14 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, in other embodiments, 15 exogenous
nucleic acids each encoding a 1,3-BDO pathway enzyme, 16 exogenous nucleic acids each
encoding a 1,3-BDO pathway enzyme, in other embodiments, and 17 exogenous nucleic acids,
15  instill other embodiments. Any of the at least one exogenous nucleic acid can be a heterologous
nucleic acid and the non-naturally occurring microbial organism can be constructed for culturing
in a substantially anaerobic culture medium. Such microbial organisms can use a carbon
feedstock selected from 1) CO, 2) CO, and H,, 3) CO, CO,, and H,, 4) synthesis gas comprising
CO and H», 5) synthesis gas comprising CO, CO,, and H,, and 6) one or more carbohydrates.

20  Exemplary carbohydrates include, but are not limted to, glucose, sucrose, xylose, arabinose, and

glycerol.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organisms having a 1,3-butanediol pathways, wherein the non-naturally occurring microbial
organism comprises at least one exogenous nucleic acid encoding an enzyme or protein that

25  converts a substrate to a product selected from the group consisting of carbon dioxide to FOR,
FOR to 10FTHF, 10FTHFto METHF, METHF to MLTHE, ML THF to SMTHF, methanol to
CH;-MtaC, CH;-MtaC to SMTHF, SMTHF to CFeSp-CHj;, CFeSp-CH; to acetyl-CoA, acetyl-
CoA to acetoacetyl-CoA, acetoacetyl-CoA to 3-hydroxybutryl-CoA, 3-hydroxybutryl-CoA to 3-
hydroxybutyraldehyde, 3-hydroxybutryaldehyde to 1,3-BDO, 3-hydroxybutryl-CoA to 1,3-

30  BDO, acetoacetyl-CoA to 4-hydroxy-2 butanone, acetoacetyl-CoA to 3-oxobutryaldehyde, 3-
oxobutryaldehyde to 4-hydroxy-2-butanone, 4-hydroxy-2-butanone to 1,3-BDQO, 3-
oxobutyraldehdye to 3-hydroxybutyraldehyde, acetoacetyl-CoA to acetoacetate, acetoacetate to
3-oxobutyraldehyde, acetoacetate to 3-hydroxybutyrate, 3-hydroxybutyryl-CoA to 3-
hydroxybutyrate, and 3-hydroxybutyrate to 3-hydroxybutyraldehyde. One skilled in the art will



delta, beta, epsilon, and al pha subunits of the nethanogeni c CODH ACS.
Honol ogs to the WD 2011/071682PCT/ US2010/ 057525 31 epsil on encodi ng genes
are not pwegerntor7ies2acet ogens such as M thernpacetica oPCESLOYOFBEIENI C
bacteria such as C. hydrogenof or mans. pot heses for the existence of two
active CODH ACS operons in M acetivorans include catalytic properties
(i.e., Km Vmax , kcat) that favor carboxi dotrophic or aceticlastic growh
or differsdiritand Gankese eguicadly orengirap kikhgaBwarf basubstrateprdduttpairndisdesed

CODH/ ACS I{}?féfhn SRAOD LERLDE d%s?r%d 8¢?d%ctAﬁ(?ﬂ)r MRLQ prqudl d&. act1§1t 46 %ﬁ‘g .(2007)) .

I n both ernoaceti ca enof or mns encodi ng
genes ar ehd c@nmm'dn ofuhs sutbetrapé totthfeprAmS‘ﬁ éxiﬂld reqoidy delsrmﬁ[dsibtgeane raklylndam the ovi de a

nmeans for t| n r ucin ent

Conver st g e bR GPaRes B AP BT RIS T ol Rrobia
equi val e@t@naﬁﬁohdaﬁﬁng;mma@né oxaemeR hodlsic a4 bn@gin@xh dnzg/ed ofr pfoltaald Gtlef,
NADP+, ter, or hydrogen peroxide to f red ferr H H2,
o wat et TGBLTRUEY LTS G el snf s Geade- BB e Gete e ars

| ocat ed agljsaci@iiin ih Pigarde@lAi 51 N Rhodospiril | um rubrum the encoded

CODH/ hydr ogenase proteins forma nenbrane-bound enzyme corrpl ex that has

been i ndi ed to b i.te where .en he form n gradl ent,
e gener AT alF ErayR bn R Br S P HOD aEse i esa Coonfrgs (e Bl

Bact er i olpath#%48.iid uﬁcﬁ%@@o&%@z& tHelif2D)idn e(ljd-ﬁhﬁ)nﬁg:}bﬂr){qd&fa on- ﬂaylltﬂﬂ@g?mﬁ@g rranls anld
its adjacent genes have been proposed to catalyze a sinilar functional role
base % HPFFQP‘g T Qreaigm, FqpRFising a? [?égﬁne ?W?W@Eﬁﬁv-”ﬁ}ﬁ?%ﬁﬁlﬁ%%é Sarfeediplyst er
(Wi et a'pabhw@#@&yﬁi@%@f)roteln SipRi&Rd(ir @ 9&}iient Bi®uk to PYALAISANAEALIRAS.GQADE | was

al so shown to exhibit intense CO oxidation and reducti on acti VI ties
when | i nbsdn¢diolpatharecyrsgenplo@sdiskiorrddered), 1,3-bptanagipl pagevay aggecemplified

129. 34: 1@13?1%u1%@3%gd §. Z%zéf))re ihAdigeNeS BREPH B&aﬁlgﬁ cbntaildRAGLRALRERNS

CODH-11 and CooF, a neighboring protein, were cl oned and sequenced

( Gonzal ePakivay febrodys 31*;41@1& ol @@trtventwrld@ﬂ@za@ymwute%@@) )laturFH}é r esul ting
conpl@x %&W&%ﬁﬂ Qgﬁl&% hﬁ&#@ﬁl 1GYE ARl GusThAELT00% QJdm were
shown to cat ze t ormati oh of  NADPH sugdesti ng an anaB

(Svet | i t dhngedigdpadivay edzynBawhesy fhomicroBal e SR Mmllta(n%@l]ga)hwa‘jfhe

crystal i i ence
20%, 553311 ehl%%sg)? %%%) héeAA;j a8 t(gggcg&sgggegﬁglgé&&# gﬁﬁéf‘gﬁﬁk&ﬁ; and
hydr ogenaséroggnigsate.aroxvbutychitehydel éd:iydhyxst h@ulfawrieowdrﬁgh}@m@amwa&lehﬁksi on
nunbers: Protein GenBank ID G nunber Organism CODH (putative) YP_430813

83590804 Ng' gﬁ&két@q%lt E"ﬁ ah n@ﬁﬁgée{tﬁ;\ga s 8%8@_%{611{ %P&’e%cﬁl)edﬂo e %9%41657 91%43418

Car boxydot her mus eno
20  exemplified in the Figures, including the pathways of Figures 4 and 5, can be utilized to

generate a non-naturally occurring microbial organism that produces any pathway intermediate
or product, as desired. As disclosed herein, such a microbial organism that produces an
intermediate can be used in combination with another microbial organism expressing
downstream pathway enzymes to produce a desired product. However, it is understood that a

25  non-naturally occurring microbial organism that produces a 1,3-butanediol pathway intermediate
can be utilized to produce the intermediate as a desired product. Thus, the non-naturally
occurring organisms of the invention can be used to produce, for example, acetoacetate, 3-
hydroxybutyrate, 3-oxobutyraldehyde, 3-hydroxybutyraldehyde, or 4-hydroxy-2-butanone.
Thus, any of these intermediate products can be produced in a separate organism utilizing the

30  pathways shown in Figures 4 and 5.

In some embodiments, non-naturally occurring organisms described herein have three
capabilities which are depicted in Figure 4: 1) a functional methyltransferase system allowing

the production of 5-methyl-tetrahydrofolate (Me-THF) from methanol and THF, 2) the ability to
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ability to synthesize 1,3-butanediol from acetyl-CoA. The latter can be facilitated by the
generation of pyruvate from a carbohydrate via glycolysis. Glycolysis is an anaerobic metabolic
pathway that is found in the cytoplasm of cells in all living organisms. The process converts one

molecule of glucose into two molecules of pyruvate, while providing two net molecules of ATP:
Glucose + 2 NAD" + 2 P; + 2 ADP — 2 pyruvate + 2 NADH + 2 ATP + 2 H" + 2 H,0

Such non-naturally occurring organisms can ‘fix’ carbon from exogenous CO and/or CO, and
methanol to synthesize acetyl-CoA, cell mass, and products. Note that implementing the
pathway to form acetyl-CoA from methanol and syngas is energetically favorable compared to
utilizing the full Wood-Ljungdahl pathway. For example, the direct conversion of synthesis gas
to acetate is an energetically neutral process (see Figures 1 and 2). Specifically, one ATP
molecule is consumed during the formation of formyl-THF by formyl-THF synthase and one
ATP molecule is produced during the production of acetate via acetate kinase. The pathways
disclosed herein circumvent the ATP consumption by ensuring that the methyl group on the
methyl branch product, methyl-THF, is obtained from methanol rather than CO,. This ensures
that acetate formation has a positive ATP yield that can help support cell growth and
maintenance. A host organism engineered with these capabilities that also possesses the
capability for anapleurosis (e.g., E. coli) can grow on the methanol and syngas-generated acetyl-
CoA in the presence of a suitable external electron acceptor such as nitrate. This electron
acceptor is used to accept electrons from the reduced quinone formed via succinate
dehydrogenase. A further benefit of adding an external electron acceptor is that additional
energy for cell growth, maintenance, and product formation can be generated from respiration of
acetyl-CoA. In some embodiments, another non-naturally occurring microbial organism has a
pyruvate ferredoxin oxidoreductase (PFOR) enzyme or other enzymes that facilitate the
conversion of pyruvate into acetyl-CoA or vice versa into the strain to facilitate the synthesis of
biomass precursors in the absence of an external electron acceptor. A further characteristic of
such non-naturally occurring organisms is the capability for extracting reducing equivalents
from molecular hydrogen. This enables a high yield of reduced products such as ethanol,
butanol, isobutanol, isopropanol, 1,4-butanediol, 1,3-butanediol, succinic acid, fumaric acid,
malic acid, 4-hydroxybutyric acid, 3-hydroxypropionic acid, lactic acid, adipic acid, methacrylic

acid, and acrylic acid.

The organisms described in this invention can produce acetyl-CoA, cell mass, and targeted

chemicals, more specifically 1,3-BDO, from: 1) methanol and CO, 2) methanol, CO,, and H,, 3)
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methanol, CO, CO,, and H;, 4) methanol and synthesis gas comprising CO and Hj,, 5) methanol
and synthesis gas comprising CO, CO,, and H,, 6) one or more carbohydrates, 7) methanol and
one or more carbohydrates, and 8) methanol. Exemplary carbohydrates include, but are not

limited to, glucose, sucrose, xylose, arabinose, and glycerol.

5 Successfully engineering these pathways into an organism involves identifying an appropriate
set of enzymes, cloning their corresponding genes into a production host, optimizing the stability
and expression of these genes, optimizing fermentation conditions, and assaying for product
formation following fermentation. A number of enzymes that catalyze each step of the
pathways used the conversion of synthesis gas and methanol to acetyl-CoA, and further to 1,3-

10 butanediol are described below. To engineer a production host for the utilization of syngas and
methanol, one or more exogenous DNA sequence(s) encoding the enzymes of these pathways

can be expressed in the microorganism.

Expression of the modified Wood-Ljungdahl pathway in a foreign host, as shown in Figure 4,
involves introducing a set of methyltransferases to utilize the carbon and hydrogen provided by

15  methanol and the carbon provided by CO and/or CO,. A complex of 3 methyltransferase
proteins, denoted MtaA, MtaB, and MtaC, perform the desired methanol methyltransferase
activity (Sauer et al., Fur. J. Biochem. 243.3:670-677 (1997); Naidu and Ragsdale, J. Bacteriol.
183.11:3276-3281 (2001); Tallant and Krzycki, J. Biol. Chem. 276.6:4485-4493 (2001); Tallant
and Krzycki, J. Bacteriol. 179.22:6902-6911 (1997); Tallant and Krzycki, J. Bacteriol.

20 178.5:1295-1301 (1996); Ragsdale, S.W., Crit. Rev. Biochem. Mol. Biol. 39.3:165-195 (2004).

MtaB is a zinc protein that catalyzes the transfer of a methyl group from methanol to MtaC, a
corrinoid protein. Exemplary genes encoding MtaB and MtaC can be found in methanogenic
archaea such as Methanosarcina barkeri (Maeder et al., J. Bacteriol. 188.22:7922-7931 (2006))
and Methanosarcina acetivorans (Galagan et al., Genome Res. 12/4:532-542 (2002)), as well as
25  the acetogen, Moorella thermoacetica (Das et al., Proteins 67.1:167-176 (2007)). In general, the
MtaB and MtaC genes are adjacent to one another on the chromosome as their activities are
tightly interdependent. The protein sequences of various MtaB and MtaC encoding genes in M.
barkeri, M. acetivorans, and M. thermoaceticum can be identified by their following GenBank

accession numbers:
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The MtaB1 and MtaC1 genes, YP_304299 and YP_304298, from M. barkeri were cloned into
E. coli and sequenced (Sauer et al., Eur. J. Biochem. 243.3:670-677 (1997)). The crystal

structure of this methanol-cobalamin methyltransferase complex is also available Hagemeier et

al., Proc. Natl. Acad. Sci. U.S.A. 103.50:18917-18922 (2006)). The MtaB genes, YP_307082
and YP_304612, in M. barkeri were identified by sequence homology to YP_304299. In

general, homology searches are an effective means of identifying methanol methyltransferases

because MtaB encoding genes show little or no similarity to methyltransferases that act on

10

alternative substrates such as trimethylamine, dimethylamine, monomethylamine, or

dimethylsulfide. The MtaC genes, YP_307081 and YP_304611, were identified based on their

proximity to the MtaB genes and also their homology to YP_304298. The three sets of MtaB3

and MtaC genes from M. acetivorans have been genetically, physiologically, and biochemically

characterized Pritchett and Metcalf, Mol. Microbiol. 56.5:1183-1194 (2005)). Mutant strains

15

lacking two of the sets were able to grow on methanol, whereas a strain lacking all three sets of

MtaB and MtaC genes sets could not grow on methanol. This indicates that each set of genes

plays a role in methanol utilization. The M. thermoacetica MtaB3 gene was identified based on

homology to the methanogenic MtaB genes and also by its adjacent chromosomal proximity to
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MtaA | YP 304602 | 73668587 | Methanosarcina barkeri
MtaAl | NP_619241 | 20093166 | Methanosarcina acetivorans
MtaA2 | NP_616548 | 20090473 | Methanosarcina acetivorans

The MtaA gene, YP_304602, from M. barkeri was cloned, sequenced, and functionally
overexpressed in E. coli (Harms and Thauer, Eur. J. Biochem. 135.3:653-659 (1996). In M.

20 acetivorans, MtaAl is used for growth on methanol, whereas MtaA?2 is dispensable even though
methane production from methanol is reduced in MtaA2 mutants (Bose et al. J. Bacteriol.
190.11:4017-4026 (2008). Moreover, there are multiple additional MtaA homologs in M.
barkeri and M. acetivorans that are as yet uncharacterized, but can also catalyze corrinoid

protein methyltransferase activity.

25  Putative MtaA encoding genes in M. thermoacetica were identified by their sequence similarity
to the characterized methanogenic MtaA genes. Specifically, three M. thermoacetica genes
show high homology (>30% sequence identity) to YP_304602 from M. barkeri. Unlike
methanogenic MtaA proteins that naturally catalyze the transfer of the methyl group from CH3-
MtaC to Coenzyme M, an M. thermoacetica MtaA can transfer the methyl group to

30  methyltetrahydrofolate given the similar roles of methyltetrahydrofolate and Coenzyme M in
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(2004)) (see Flgure 2). M thernoacetica has honol ogs to several hyp, hyc,
and hyf genes fPomsiE Gaﬁhhkﬂﬂheﬂeumb@t_ggmﬁﬁmuences encoded for |[by these
genes can be | OgT TTOF Rod s 7&9hh9“ﬂ B nAC bR o) ﬁMﬁP'rs- In
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are al so provi gadhtbe| B 36PHG 657804@6@861 rkirbd3y@thaywabeydrqgegeningms Hy pA
NP|_417206 16130643 Esehescnotu a760ld4ory RE DRI A s A@%%Q@Qgrm herichi a
CO I |_|pr NP_41_12n0 1f‘4 [ YaVadks X =i Feearhayr PN A M N_AND faYa 1~ 30636
Escher | ohi a ol 1 NynE kD A1o02 |4 Uit o A S 4t BUH A PR g grormans

AcsB | YP_360060 | 78042742 | Carboxydothermus hydrogenoformans

CooC | YP_360059 | 78044249 | Carboxydothermus hydrogenoformans

The methanogenic archaeon, Methanosarcina acetivorans, can also grow on carbon monoxide,

exhibits acetyl-CoA synthase/carbon monoxide dehydrogenase activity, and produces both

10 acetate and formate (Lessner et al., Proc. Natl. Acad. Sci. U.S.A. 103.47:17921-17926 (2006)).
This organism contains two sets of genes that encode ACS/CODH activity (Rother and Metcalf,
Proc. Natl. Acad. Sci. U.S.A. 101.48:16929-16934 (2004)). The protein sequences of both sets
of M. acetivorans genes can be identified by the following GenBank accession numbers:

Protein GenBank ID | GI number | Organism

AcsC NP_618736 | 20092661 | Methanosarcina acetivorans
AcsD NP_618735 | 20092660 | Methanosarcina acetivorans
AcsF, CooC | NP_618734 | 20092659 | Methanosarcina acetivorans
AcsB NP_618733 | 20092658 | Methanosarcina acetivorans
AcsEps NP _618732 | 20092657 | Methanosarcina acetivorans
AcsA NP_618731 | 20092656 | Methanosarcina acetivorans
AcsC NP_615961 | 20089886 | Methanosarcina acetivorans
AcsD NP_615962 | 20089887 | Methanosarcina acetivorans
AcsF, CooC | NP_615963 | 20089888 | Methanosarcina acetivorans
AcsB NP_615964 | 20089889 | Methanosarcina acetivorans
AcsEps NP _615965 | 20089890 | Methanosarcina acetivorans
AcsA NP_615966 | 20089891 | Methanosarcina acetivorans

15  The AcsC, AcsD, AcsB, AcsE, and AcsA proteins are commonly referred to as the gamma,

delta, beta, epsilon, and alpha subunits of the methanogenic CODH/ACS. Homologs to the



HypF NP_417192 16130619 Escherichia coli WD 2011/ 071682PCT/ US2010/ 057525
36 Proteins in M thernpacetica whose genes are honol ogous to the E. coli
hyp genesweanreligioss2 bel ow. Protein GenBank 1D G nunber POTGsni19/057525

Mot h_2175 YP_431007 83590998 Moorell a g?e rmoacetica Moth_2176 YP_431008
83590999 Mboorella the rnoacetica Mdth 2177 YP_431009 83591000 Moorella the
rnmoacetica Moth_ 2178 YP_ 431010 83591001 Moorella the rnpacetica Mdth 2179

YP_43101 Epsilon enc_oding genes_are not present in acetogens such as M. thermoacetica or
hydrogenogenic bacteria such as C. hydrogenoformans. Hypotheses for the existence of two
active CODH/ACS operons in M. acetivorans include catalytic properties (i.e., Ky, Vimax, Keat)
that favor carboxidotrophic or aceticlastic growth or differential gene regulation enabling

5  various stimuli to induce CODH/ACS expression (Rother et al., Arch. Microbiol. 188.5:463-472
(2007)).

In both M. thermoacetica and C. hydrogenoformans, additional CODH encoding genes are
located outside of the ACS/CODH operons. These enzymes provide a means for extracting
electrons (or reducing equivalents) from the conversion of carbon monoxide to carbon dioxide.
10 The reducing equivalents are then passed to acceptors such as oxidized ferredoxin, NADP+,
water, or hydrogen peroxide to form reduced ferredoxin, NADPH, H,, or water, respectively. In
some cases, hydrogenase encoding genes are located adjacent to a CODH. In Rhodospirillum
rubrum, the encoded CODH/hydrogenase proteins form a membrane-bound enzyme complex
that has been indicated to be a site where energy, in the form of a proton gradient, is generated
15  from the conversion of CO to CO, and H, (Fox et al., J. Bacteriol. 178.21:6200-6208 (1996)).
The CODH-I of C. hydrogenoformans and its adjacent genes have been proposed to catalyze a
similar functional role based on their similarity to the R. rubrum CODH/hydrogenase gene
cluster (Wu et al., PLoS Genet. 1.5:¢65 (2005)). The C. hydrogenoformans CODH-I was also
shown to exhibit intense CO oxidation and CO, reduction activities when linked to an electrode
20  (Parkin et al., J. Am. Chem. Soc., 129.34:10328-10329 (2007)). The genes encoding the C.
hydrogenoformans CODH-II and CooF, a neighboring protein, were cloned and sequenced
(Gonzalez and Robb, FEMS Microb. Lett. 191.2:243-247 (2000)). The resulting complex was
membrane-bound, although cytoplasmic fractions of CODH-II were shown to catalyze the
formation of NADPH suggesting an anabolic role (Svetlitchnyi et al., J. Bacteriol. 183.17:5134-
25 5144 (2001)). The crystal structure of the CODH-II is also available (Dobbek et al., Science
293.5533:1281-1285 (2001)). The protein sequences of exemplary CODH and hydrogenase

genes can be identified by the following GenBank accession numbers:

Protein GenBank ID | GI number | Organism
CODH (putative) YP 430813 | 83590804 | Moorella thermoacetica

CODH-I (CooS-I) | YP_360644 | 78043418 | Carboxydothermus hydrogenoformans
CooF YP_360645 | 78044791 | Carboxydothermus hydrogenoformans
HypA YP_360646 | 78044340 | Carboxydothermus hydrogenoformans
CooH YP_360647 | 78043871 | Carboxydothermus hydrogenoformans




83591002 Moorella thernpacetica Mth 2180 YP 431012 83591003 Moorella the
rmoacetica Moth 2181 YP 431013 83591004 Moorella the rnoacetica

Hydr ogena®e 2811pr7ed82i ns are shown bel ow. Protein GenBankCriyS2@o/osseher
Organi sm HycA NP_417205 16130632 Eschegrichia coli HycB NP_417204 16130631
Escherichia coli HycC NP_417203 161306 Escherichia coli HycD NP_417202
16130629 Escherichia coli HycE NP 417201

CooU YP_360648 | 78044023 | Carboxydothermus hydrogenoformans
CooX YP_360649 | 78043124 | Carboxydothermus hydrogenoformans
CooL. YP_360650 | 78043938 | Carboxydothermus hydrogenoformans
CooK YP_360651 | 78044700 | Carboxydothermus hydrogenoformans
CooM YP_360652 | 78043942 | Carboxydothermus hydrogenoformans
CooM AAC45116 | 1515466 Rhodospirillum rubrum
CooK AACA45117 | 1515467 Rhodospirillum rubrum
CooL. AAC45118 | 1515468 Rhodospirillum rubrum
CooX AAC45119 | 1515469 Rhodospirillum rubrum
CooU AAC45120 | 1515470 Rhodospirillum rubrum
CooH AAC45121 | 1498746 Rhodospirillum rubrum
CooF AACA45122 | 1498747 Rhodospirillum rubrum
CODH (CooS) AAC45123 | 1498748 Rhodospirillum rubrum
CooC AAC45124 | 1498749 Rhodospirillum rubrum
CooT AAC45125 | 1498750 Rhodospirillum rubrum
CooJ AAC45126 | 1498751 Rhodospirillum rubrum
CODH-IT (CooS-1I) | YP_358957 | 78044574 | Carboxydothermus hydrogenoformans
CooF YP_358958 | 78045112 | Carboxydothermus hydrogenoformans

Anaerobic growth on synthesis gas and methanol in the absence of an external electron acceptor
is conferred upon the host organism with MTR and ACS/CODH activity by allowing pyruvate
synthesis via pyruvate ferredoxin oxidoreductase (PFOR). This enzyme allows reversible
5 conversion of pyruvate into acetyl-CoA. The PFOR from Desulfovibrio africanus has been

cloned and expressed in F. coli resulting in an active recombinant enzyme that was stable for
several days in the presence of oxygen (Pieulle et al., , J. Bacteriol. 179.18:5684-5692 (1997)).
Oxygen stability is relatively uncommon in PFORs but can be conferred by a 60 residue
extension in the polypeptide chain of the D. africanus enzyme. The M. thermoacetica PFOR is

10 also well characterized (Menon and Ragsdale Biochemistry 36.28:8484-8494 (1997)) and was
shown to have high activity in the direction of pyruvate synthesis during autotrophic growth
(Furdui and Ragsdale, J. Biol. Chem. 275.37:28494-28499 (2000)). Further, E. coli possesses an
uncharacterized open reading frame, ydbK, that encodes a protein that is 51% identical to the M.
thermoacetica PFOR. Evidence for pyruvate oxidoreductase activity in E. coli has been

15  described (Blaschkowski et al., Fur. J. Biochem. 123.3:563-569 (1982)). The protein sequences
of these exemplary PFOR enzymes can be identified by the following GenBank accession
numbers. Several additional PFOR enzymes are described in the following review (Ragsdale,

S.W., Chem. Rev. 103.6:2333-2346 (2003)):



16130628 Escherichia coli HycF NP_417200 16130627 Escherichia coli HycG

NP 417199 16130626 Escherichia coli HycH NP_417198 16130625 Escheri chi a
coli HyclwBRoMI7168Z 16130624 Escherichia coli 5 Hydr og®eads2e1008B2&i ns are
shown below. Protein GenBank ID G nggber Organi sm Hyf A NP_416976
90111444 Escherichia coli HyfB NP_4169 16130407 Escherichia coli HyfC
NP_416978

Protein | GenBank ID | GI number | Organism

Por CAA70873.1 | 1770208 Desulfovibrio africanus
Por YP_428946.1 | 83588937 | Moorella thermoacetica
YdbK | NP_415896.1 | 16129339 | Escherichia coli

The conversion of pyruvate into acetyl-CoA can be catalyzed by several other enzymes or their
combinations thereof. For example, pyruvate dehydrogenase can transform pyruvate into acetyl-
CoA with the concomitant reduction of a molecule of NAD into NADH. It is a multi-enzyme
5 complex that catalyzes a series of partial reactions which results in acylating oxidative

decarboxylation of pyruvate. The enzyme comprises of three subunits: the pyruvate
decarboxylase (E1), dihydrolipoamide acyltransferase (E2) and dihydrolipoamide
dehydrogenase (E3). This enzyme is naturally present in several organisms, including E. coli
and S. cerevisiae. In the E. coli enzyme, specific residues in the E1 component are responsible

10 for substrate specificity (Bisswanger, H., J. Biol. Chem. 256:815-82 (1981); Bremer, J., Eur. J.
Biochem. 8:535-540 (1969); Gong et al., J. Biol. Chem. 275:13645-13653 (2000)). Enzyme
engineering efforts have improved the E. coli PDH enzyme activity under anaerobic conditions
(Kim et al., J. Bacteriol. 190:3851-3858 (2008); Kim et al., Appl. Environ. Microbiol. 73:1766-
1771 (2007); Zhou et al., Biotechnol. Lett. 30:335-342 (2008)).. In contrast to the E. coli PDH,

15  the B. subtilis complex is active and required for growth under anaerobic conditions (Nakano et
al., J. Bacteriol. 179:6749-6755 (1997)). The Klebsiella pneumoniae PDH, characterized during
growth on glycerol, is also active under anaerobic conditions (Menzel et al., J. Biotechnol.
56:135-142 (1997)). Crystal structures of the enzyme complex from bovine kidney (Zhou et al.,
Proc. Natl. Acad. Sci. U.S.A. 98:14802-14807 (2001)) and the E2 catalytic domain from

20  Azotobacter vinelandii are available (Mattevi et al., Science 255:1544-1550 (1992)). Yet
another enzyme that can catalyze this conversion is pyruvate formate lyase. This enzyme
catalyzes the conversion of pyruvate and CoA into acetyl-CoA and formate. Pyruvate formate
lyase is a common enzyme in prokaryotic organisms that is used to help modulate anaerobic
redox balance. Exemplary enzymes can be found in Escherichia coli encoded by pfiB (Knappe

25 and Sawers, FEMS.Microbiol Rev. 6:383-398 (1990)), Lactococcus lactis (Melchiorsen et al.,
Appl Microbiol Biotechnol 58:338-344 (2002)), and Streptococcus mutans (Takahashi-Abbe et
al., Oral.Microbiol Immunol. 18:293-297 (2003)). E. coli possesses an additional pyruvate
formate lyase, encoded by tdcE, that catalyzes the conversion of pyruvate or 2-oxobutanoate to
acetyl-CoA or propionyl-CoA, respectively (Hesslinger et al., Mol. Microbiol 27:477-492

30 (1998)). Both pfiB and tdcE from E. coli require the presence of pyruvate formate lyase

activating enzyme, encoded by pfiA. Further, a short protein encoded by yfiD in E. coli can



90111445 Escherichia coli Hyf D NP_416979 16130409 Escherichia coli HyfE
NP_416980 16130410 Escherichia coli HyfF NP_416981 16130411 Escherichia
coli Hyf GVBROMIGHB2 16130412 Escherichia coli Hyf H NP_4P69832016036413
Escherichia coli Hyfl NP_416984 16130414 Escherichia coli Hyfl NP_416985
90111446 Escherichia coli Hyf R NP_4169 % 90111447 Escherichia coli

associate with and restore activity to oxygen-cleaved pyruvate formate lyase (Vey et al.,
Proc.Natl. Acad. Sci. U.S.A. 105:16137-16141 (2008). Note that pfIA and pfiB from E. coli were
expressed in S. cerevisiae as a means to increase cytosolic acetyl-CoA for butanol production as
described in WO/2008/080124]. Additional pyruvate formate lyase and activating enzyme

5  candidates, encoded by pfl and act, respectively, are found in Clostridium pasteurianum

(Weidner et al., J Bacteriol. 178:2440-2444 (1996)).

Further, different enzymes can be used in combination to convert pyruvate into acetyl-CoA. For
example, in S. cerevisiae, acetyl-CoA is obtained in the cytosol by first decarboxylating
pyruvate to form acetaldehyde; the latter is oxidized to acetate by acetaldehyde dehydrogenase

10 and subsequently activated to form acetyl-CoA by acetyl-CoA synthetase. Acetyl-CoA
synthetase is a native enzyme in several other organisms including E. coli (Kumari et al., J.
Bacteriol. 177:2878-2886 (1995)), Salmonella enterica (Starai et al., Microbiology 151:3793-
3801 (2005); Starai et al., J. Biol. Chem. 280:26200-26205 (2005)), and Moorella thermoacetica
(described already). Alternatively, acetate can be activated to form acetyl-CoA by acetate

15  kinase and phosphotransacetylase. Acetate kinase first converts acetate into acetyl-phosphate
with the accompanying use of an ATP molecule. Acetyl-phosphate and CoA are next converted
into acetyl-CoA with the release of one phosphate by phosphotransacetylase. Both acetate kinase
and phosphotransacetlyase are well-studied enzymes in several Clostridia and Methanosarcina

thermophila

20 Yet another way of converting pyruvate to acetyl-CoA is via pyruvate oxidase. Pyruvate oxidase
converts pyruvate into acetate, using ubiquione as the electron acceptor. In F. coli, this activity
is encoded by poxB. PoxB has similarity to pyruvate decarboxylase of S. cerevisiae and
Zymomonas mobilis. The enzyme has a thiamin pyrophosphate cofactor (Koland and Gennis,
Biochemistry 21:4438-4442 (1982)); O'Brien et al., Biochemistry 16:3105-3109 (1977); O'Brien

25  and Gennis, J. Biol. Chem. 255:3302-3307 (1980)) and a flavin adenine dinucleotide (FAD)
cofactor. Acetate can then be converted into acetyl-CoA by either acetyl-CoA synthetase or by
acetate kinase and phosphotransacetylase, as described earlier. Some of these enzymes can also

catalyze the reverse reaction from acetyl-CoA to pyruvate.

Unlike the redox neutral conversion of CO and MeOH to acetyl-CoA or acetate, the production
30  of more highly reduced products such as ethanol, butanol, isobutanol, isopropanol, 1.,4-

butanediol, 1,3-butanediol, succinic acid, fumaric acid, malic acid, 4-hydroxybutyric acid, 3-

hydroxypropionic acid, lactic acid, adipic acid, methacrylic acid, and acrylic acid at the highest

possible yield from gaseous substrates relies on the extraction of additional reducing equivalents



37 Proteins in M
hyc and/ or

t her nnaceti ca whose genes are honol ogous to the E. coli
hyf genes are shown below. Protein GenBank ID 3 nunber

Organi sm

Mot h_2182WHR0HIAT0BE 83591005 Moorella the rnoaceti ca MoPRTAB3B0NFI5431015
83591006 Mvoorella the rnoacetica Mth_ }84 YP 431016 83591007 Moorella the

rnmoaceti ca Moth_2185 YP_431017 8359100

Moorel |l a the rnoacetica Moth_2186

YP_431018 83591009 Moorella the rnoacetica Mdth_2187 YP_431019 83591010

10

15

20

25

from both CO and H, (for example, see ethanol formation in Figure 4). Specifically, reducing
equivalents are obtained by the conversion of CO and water to CO; via carbon monoxide
dehydrogenase or directly from the activity of a hydrogen-utilizing hydrogenase which transfers

electrons from Hj to an acceptor such as ferredoxin, flavodoxin, FAD", NAD", or NADP".

Native to E. coli and other enteric bacteria are multiple genes encoding up to four hydrogenases
(Sawers, G., Antonie van Leeuwenhoek 66.1:57-88 1994); Sawers et al., J. Bacteriol. 168.1:398-
404 (1986); Sawers and Boxer, Eur. J. Biochem. 156.2:265-275 (1986); Sawers et al., J.
Bacteriol. 164.3:1324-1331 (1985)). Given the multiplicity of enzyme activities E. coli or
another host organism can provide sufficient hydrogenase activity to split incoming molecular
hydrogen and reduce the corresponding acceptor. Among the endogenous hydrogen-lyase
enzymes of F. coli are hydrogenase 3, a membrane-bound enzyme complex using ferredoxin as
an acceptor, and hydrogenase 4 that also uses a ferredoxin acceptor. Hydrogenase 3 and 4 are
encoded by the hyc and hyf gene clusters, respectively. Hydrogenase activity in E. coli is also
dependent upon the expression of the Ayp genes whose corresponding proteins are involved in
the assembly of the hydrogenase complexes (Rangarajan et al. J. Bacteriol. 190.4:1447-1458
(2008); Jacobi et al., Arch. Microbiol. 158.6:444-451 (1992)). The M. thermoacetica
hydrogenases are suitable candidates should the production host lack sufficient endogenous
hydrogenase activity. M. thermoacetica can grow with CO; as the exclusive carbon source
indicating that reducing equivalents are extracted from H; to enable acetyl-CoA synthesis via the
Wood-Ljungdahl pathway (Drake, H. L., J. Bacteriol. 150.2:702-709 (1982); Kellum and Drake,
J. Bacteriol. 160.1:466-469 (1984); Drake and Daniel Res. Microbial. 155.10:869-883 (2004))
(see Figure 2). M. thermoacetica has homologs to several hyp, hyc, and hyf genes from FE. coli.
These protein sequences encoded for by these genes can be identified by the following GenBank
accession numbers. In addition, several gene clusters encoding hydrogenase functionality are

present in M. thermoacetica and their corresponding protein sequences are also provided below:

Protein | GenBank ID | GI number | Organism

HypA | NP_417206 | 16130633 | Escherichia coli
HypB | NP_417207 | 16130634 | Escherichia coli
HypC | NP_417208 | 16130635 | Escherichia coli
HypD | NP_417209 | 16130636 | Escherichia coli
HypE | NP_417210 | 226524740 | Escherichia coli
HypF | NP_417192 | 16130619 | Escherichia coli




Moorell a the rnoacetica Moth 2188 YP 431020 83591011 Moorella the
rmoacetica Moth_ 2189 YP 431021 83591012 Moorella the rnpacetica Mdth 2190
YP_431022w0838010182Mbor el | a the rnoacetica Mdth_2191 YPPCIAG2B083591014
Moorell a the rnpacetica Moth 2192 YP_4§%024 83591015 Moorella the
rnmoaceti ca Additional hydrogenase-encoding gene clusters in M

t hernoaceti ca are shown below. Protein GenBank ID G nunber Organism

Mbt h_043 Qrdﬁgﬂ@%]}@erﬁ@@@@'@@whose genes are homologous to the E. coli hyp genes are shown

below:
Protein GenBank ID | GI number | Organism
Moth_2175 | YP_431007 | 83590998 | Moorella thermoacetica
Moth_2176 | YP_431008 | 83590999 | Moorella thermoacetica
Moth_2177 | YP_431009 [ 83591000 | Moorella thermoacetica
Moth_2178 | YP_431010 | 83591001 | Moorella thermoacetica
Moth_2179 | YP_431011 | 83591002 | Moorella thermoacetica
Moth_2180 | YP_431012 | 83591003 | Moorella thermoacetica
Moth_2181 | YP_431013 | 83591004 | Moorella thermoacetica
Hydrogenase 3 proteins are shown below:

Protein | GenBank ID | GI number | Organism

HycA | NP_417205 | 16130632 | Escherichia coli

HycB | NP_417204 | 16130631 | Escherichia coli

HycC | NP_417203 | 16130630 | Escherichia coli

HycD | NP_417202 | 16130629 | Escherichia coli

HycE | NP_417201 | 16130628 | Escherichia coli

HycF | NP_417200 | 16130627 | Escherichia coli

HycG | NP_417199 | 16130626 | Escherichia coli

HycH | NP_417198 | 16130625 | Escherichia coli

Hycl NP_417197 | 16130624 | Escherichia coli

5 Hydrogenase 4 proteins are shown below:

Protein | GenBank ID | GI number | Organism

HyfA | NP_416976 | 90111444 | Escherichia coli

HyfB | NP_416977 | 16130407 | Escherichia coli

HyfC | NP_416978 | 90111445 | Escherichia coli

HyfD | NP_416979 | 16130409 | Escherichia coli

HyfE | NP_416980 | 16130410 | Escherichia coli

HyfF | NP_416981 | 16130411 | Escherichia coli

HyfG | NP_416982 | 16130412 | Escherichia coli

HyfH | NP_416983 | 16130413 | Escherichia coli

Hyfl NP_416984 | 16130414 | Escherichia coli

Hyfl NP_416985 | 90111446 | Escherichia coli

HyfR | NP_416986 | 90111447 | Escherichia coli




Moorel l a the rnoacetica Moth 0440 YP 429314 83589305 Moorella the
rmpacetica Moth 0441 YP_ 429315 83589306 Moorella thernpacetica Mdth 0442
YP_429316w828838082NMbor el | a t he rnpacetica Mot h_0809CYRISAP96F (3283589661
Moorel l a the rnoacetica Mdth 0810 YP_4%8671 83589662 Mboorella the
rmpacetica Moth 0811 YP 429672 1482831 Moorel |l a the rnoacetica Mdth 0814
YP_429674 83589665 Moorella the rnoaceti ca Moth 0815

Proteins in M. thermoacetica whose genes are homologous to the E. coli hyc and/or hyf genes

are shown below:

Protein GenBank ID | GI number | Organism

Moth_2182 | YP_431014 | 83591005 | Moorella thermoacetica
Moth_2183 | YP_431015 | 83591006 | Moorella thermoacetica
Moth_2184 | YP_431016 | 83591007 | Moorella thermoacetica
Moth_2185 | YP_431017 | 83591008 | Moorella thermoacetica
Moth_2186 | YP_431018 [ 83591009 | Moorella thermoacetica
Moth_2187 | YP_431019 | 83591010 | Moorella thermoacetica
Moth_2188 | YP_431020 | 83591011 | Moorella thermoacetica
Moth_2189 | YP_431021 | 83591012 | Moorella thermoacetica
Moth_2190 | YP_431022 | 83591013 | Moorella thermoacetica
Moth_2191 | YP_431023 | 83591014 | Moorella thermoacetica
Moth_2192 | YP_431024 | 83591015 | Moorella thermoacetica

Additional hydrogenase-encoding gene clusters in M. thermoacetica are shown below:

Protein GenBank ID | GI number | Organism

Moth_0439 | YP_429313 | 83589304 | Moorella thermoacetica
Moth_0440 | YP_429314 | 83589305 | Moorella thermoacetica
Moth_0441 | YP_429315 | 83589306 | Moorella thermoacetica
Moth_0442 | YP_429316 | 83589307 | Moorella thermoacetica
Moth_0809 | YP_ 429670 | 83589661 | Moorella thermoacetica
Moth_0810 | YP_429671 | 83589662 | Moorella thermoacetica
Moth_0811 | YP_429672 | 148283119 | Moorella thermoacetica
Moth_0814 | YP_429674 | 83589665 | Moorella thermoacetica
Moth_0815 | YP_429675 | 83589666 | Moorella thermoacetica
Moth_0816 | YP_429676 | 83589667 | Moorella thermoacetica
Moth_1193 | YP_430050 | 83590041 Moorella thermoacetica
Moth_1194 | YP_430051 | 83590042 | Moorella thermoacetica
Moth_1195 | YP_430052 | 83590043 | Moorella thermoacetica
Moth_1196 | YP_430053 | 83590044 | Moorella thermoacetica
Moth_1717 | YP_430562 | 83590553 | Moorella thermoacetica
Moth_1718 | YP_430563 | 83590554 | Moorella thermoacetica
Moth_1719 | YP_430564 | 83590555 | Moorella thermoacetica
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Moorel |l a the rnpacetica Moth 1717 430562 83590553
Moth_1883 | YP_430726 | 83590717 | Moorella thermoacetica
Moth_1884 | YP_430727 | 83590718 | Moorella thermoacetica
Moth_1885 | YP_430728 | 83590719 | Moorella thermoacetica
Moth_1886 | YP_430729 | 83590720 | Moorella thermoacetica
Moth_1887 | YP 430730 | 83590721 Moorella thermoacetica
Moth_1888 | YP_430731 | 83590722 | Moorella thermoacetica
Moth_1452 | YP_430305 | 83590296 | Moorella thermoacetica
Moth_1453 | YP_430306 | 83590297 | Moorella thermoacetica
Moth_1454 | YP_430307 | 83590298 | Moorella thermoacetica

1,3-butanediol production can be achieved in recombinant E. coli by various alternate pathways
described in Figure 4 and Figure 5. All pathways first convert two molecules of acetyl-CoA into

one molecule of acetoacetyl-CoA employing a thiolase.

5 Acetoacetyl-CoA thiolase converts two molecules of acetyl-CoA into one molecule each of
acetoacetyl-CoA and CoA. Exemplary acetoacetyl-CoA thiolase enzymes include the gene
products of atoB from E. coli (Martin et al., Nat. Biotechnol. 21.7:796-802 (2003)), thiA and
thiB from C. acetobutylicum (Hanai et al., Appl. Environ. Microbiol. 73.24:7814-7818
(2007);Winzer et al. J. Mol. Microbiol. Biotechnol. 2.4:531-541 (2000)), and ERG10 from S.

10 cerevisiae (Hiser et al., J. Biol. Chem. 269.50:31383-31389 (1994)). Information related to

these proteins and gene can be found using the information below:

Protein | GenBank ID | GI number | Organism
AtoB NP 416728 16130161 Escherichia coli
ThiA NP_349476.1 | 15896127 | Clostridium acetobutylicum

ThiB NP_149242.1 | 15004782
ERGIO | NP_015297 | 6325229

Clostridium acetobutylicum

Saccharomyces cerevisiae

One pathway from acetoacetyl-CoA entails its reduction to 3-hydroxybutyryl-CoA by
acetoacetyl-CoA reductase (ketone reducing). This can subsequently be converted to 3-

15  hydroxybutyraldehyde via a CoA-dependent aldehyde reductase called 3-hydroxybutyryl-CoA
reductase. 3-hydroxybutyraldehyde can eventually be reduced to the product 1,3-BDO by 3-
hydroxybutyraldehyde reductase. Alternatively, 3-hydroxybutyryl-CoA can be reduced directly
to 1,3-BDO by an alcohol-forming CoA-dependent 3-hydroxybutyryl-CoA reductase. The

genes for each of the steps in the pathway are described below.
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Acetoacetyl-CoA reductase (ketone reducing) catalyzing the reduction of acetoacetyl-CoA to 3-
hydroxybutyryl-CoA participates in the acetyl-CoA fermentation pathway to butyrate in several
species of Clostridia and has been studied in detail (Jones and Woods, Microbiol. Rev. 50.4:484-
524 (1986)). The enzyme from Clostridium acetobutylicum, encoded by hbd, has been cloned

5 and functionally expressed in F. coli (Youngleson et al., J. Bacteriol. 171.12:6800-6807 (1989)).
Additionally, subunits of two fatty acid oxidation complexes in E. coli, encoded by fadB and
JadJ, function as 3-hydroxyacyl-CoA dehydrogenases (Binstock and Schulz, Methods Enzymol.
71 Pt. C: 403-411 (1981)). Other genes demonstrated to reduce acetoacetyl-CoA to 3-
hydroxybutyryl-CoA are phbB from Zoogloea ramigera (Ploux et al., Eur. J. Biochem.

10 171.1:177-182 (1988)) and phaB from Rhodobacter sphaeroides (Alber et al., Mol. Microbiol.
61.2:297-309 (2006)). The former gene is NADPH-dependent, its nucleotide sequence has been
determined (Peoples and Sinskey, Mol. Microbiol. 3.3:349-357 (1989)) and the gene has been
expressed in E. coli. Substrate specificity studies on the gene led to the conclusion that it could
accept 3-oxopropionyl-CoA as a substrate besides acetoacetyl-CoA (Ploux et al., Eur. J.

15 Biochem. 171.1:177-182 (1988)). Additional genes include Hbdl (C-terminal domain) and
Hbd?2 (N-terminal domain) in Clostridium kluyveri (Hillmer and Gottschalk, Biochim. Biophys.
Acta 3334:12-23 (1974)) and HSD17B10 in Bos taurus (Wakil et al., J. Biol. Chem. 207.2:631-

638 (1954)). A summary of the gene and protein information are shown below:

Protein GENBANK ID | GINUMBER | ORGANISM

JadB P21177.2 119811 Escherichia coli

JadJ P77399.1 3334437 Escherichia coli

Hbd2 EDK34807.1 146348271 Clostridium kluyveri

Hbdl EDK32512.1 146345976 Clostridium kluyveri

hbd P52041.2 Clostridium acetobutylicum
HSDI7BI0 | 002691.3 3183024 Bos Taurus

phbB P23238.1 130017 Zoogloea ramigera

phaB YP_353825.1 | 77464321 Rhodobacter sphaeroides

20 A number of similar enzymes have been found in other species of Clostridia and in

Metallosphaera sedula (Berg et al., Science 318.5857:1782-1786 (2007)) as shown below:

Protein

GenBank ID

GI number

Organism

Hbd

NP_349314.1

NP_349314.1

Clostridium acetobutylicum

Hbd

AAM14586.1

AAM14586.1

Clostridium beijerinckii

Msed 1423

YP_001191505

YP_001191505

Metallosphaera sedula

Msed 0399

YP_001190500

YP_001190500

Metallosphaera sedula
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179.9:2969-2975 (1997)), the Acinetobacter sp. M-1 fatty acyl-CoA reductase Ishige et al. Appl.
Environ. Microbiol. 68.3:192-195 (2002)), and a CoA- and NADP- dependent succinate
semialdehyde dehydrogenase encoded by the sucD gene in Clostridium kiuyveri (Sohling and
Gottschalk, J. Bacteriol. 178.3:871-880 (1996); Sohling and Gottschalk J. Bacteriol. 178.3:871-
880 (1996)). SucD of P. gingivalis is another succinate semialdehyde dehydrogenase
(Takahashi et al., J. Bacteriol. 182.17:4704-4710 (2000)). The enzyme acylating acetaldehyde
dehydrogenase in Pseudomonas sp, encoded by bphG, is yet another enzyme demonstrated to
oxidize and acylate acetaldehyde, propionaldehyde, butyraldehyde, isobutyraldehyde and
formaldehyde (Powlowski et al., J. Bacteriol. 175.2:377-385 (1993)). In addition to reducing
acetyl-CoA to ethanol, the enzyme encoded by adhFE 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., Biotechnol. Lett. 27.7:505-510
(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. 71.1:58-68 (2007)). Information related to these

genes and proteins are show below:

Protein | GENBANK ID | GI NUMBER ORGANISM

acrl YP_047869.1 | 50086359 Acinetobacter calcoaceticus

acrl AAC45217 1684886 Acinetobacter baylyi

acrl BAB&5476.1 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

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
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20 CoA and butyryl-CoA to their corresponding aldehydes. 'This gene is very similar to eutE that

encodes acetaldehyde dehydrogenase of Salmonella typhimurium and E. coli (Toth et al., Appl.
Environ. Microbiol. 65.11:4973-4980 (1999)). A summary of relevant gene and protein

information is shown below:

PROTEIN GENBANKID | GINUMBER | 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
eutlk; AAAB0209 687645 Salmonella typhimurium
eutlk; P77445 2498347 Escherichia col

25  Enzymes exhibiting 3-hydroxybutyraldehyde reductase activity (EC 1.1.1.61) have been
characterized in Ralstonia eutropha (Bravo et al., J. Forensic Sci. 49.2:379-387 (2004)),
Clostridium kluyveri (Wolff and Kenealy, Profein Expr. Purif. 6.2:206-212 (1995)) and



ORGANI SM fadB P21177.2 119811 Escherichia coli fadl P77399.1 3334437
Escherichia coli Hbd2 EDK34807.1 146348271 d ostridi um kl uyveri Hbdl
EDK32512.Ww02483456326 Cl ostridi um kl uyveri hbd P52041. 2 PCIrasee1i06s15es

acet obutyl i cum HSD17B10 002691. 3 31830%24 Bos Taurus phbB P23238.1 130017
Zoogl oea ram gera phaB

Arabidopsis thaliana (Breitkreuz et al., J. Biol. Chem. 278.42: 41552-41556 (2003)). Yet
another gene is the alcohol dehydrogenase adhl from Geobacillus thermoglucosidasius (Jeon et

al., J. Biotechnol. 135.2:127-133 (2008)). A summary of gene and protein information is shown

below:
PROTEIN | GENBANK ID | GI NUMBER | ORGANISM
4hbd YP_726053.1 | 113867564 Ralstonia eutropha H16
4hbd L21902.1 146348486 Clostridium kluyveri DSM 555
4hbd Q94B07 75249805 Arabidopsis thaliana
adhl AAR91477.1 40795502 Geobacillus thermoglucosidasius M10EXG

Another exemplary enzyme is 3-hydroxyisobutyrate dehydrogenase which catalyzes the
reversible oxidation of 3-hydroxyisobutyrate to methylmalonate semialdehyde. This enzyme
participates in valine, leucine and isoleucine degradation and has been identified in bacteria,
eukaryotes, and mammals. The enzyme encoded by P84067 from Thermus thermophilus HB8

10 has been structurally characterized (L.okanath et al., J. Mol. Biol. 352.4:905-917 (2005)). The
reversibility of the human 3-hydroxyisobutyrate dehydrogenase was demonstrated using
isotopically-labeled substrate (Manning and Pollitt, Biochem. J.231.2:481-484 (1985)).
Additional genes encoding this enzyme include 3hidh in Homo sapiens (Hawes et al. Methods
Enzymol. 324:218-228 (2000)) and Oryctolagus cuniculus ( Hawes et al. Methods Enzymol.

15 324:218-228 (2000); Chowdhury et al., Biosci. Biotechnol. Biochem. 60.12:2043-2047 (1996)),
mmsb in Pseudomonas aeruginosa, and dhat in Pseudomonas putida (Aberhart and Hsu, J.
Chem. Soc. (Perkin 1) 6:1404-1406; Chowdhury et al., Biosci. Biotechnol. Biochem.
60.12:2043-2047 (1996)); Chowdhury et al., Biosci. Biotechnol. Biochem. 67.2:438-441 (2003)).

Information related to these gene and proteins is shown below:

PROTEIN | GENBANK ID | GI NUMBER | ORGANISM

P84067 P84067 75345323 Thermus thermophilus
mmsb P28811.1 127211 Pseudomonas aeruginosa
dhat Q59477.1 2842618 Pseudomonas putida
3hidh P31937.2 12643395 Homo sapiens

3hidh P32185.1 416872 Oryctolagus cuniculus

20

Other exemplary genes encoding enzymes that catalyze the conversion of an aldehyde to alcohol
(i.e., alcohol dehydrogenase or equivalently aldehyde reductase) and can serve as candidates for
3-hydroxybutyraldehyde reductase include a/rA encoding a medium-chain alcohol

dehydrogenase for C2-C14 (Tani et al., Appl. Environ. Microbiol. 66.12:5231-5335 (2000)),
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enzynes have been found in other species of Clostridia and in

Met al | osphaent/sesdal a (Berg et al., Science 318.5857: 1782TAR3@0(02GRY)) as
shown bel ow. Protein GenBank ID G ”U”Qﬁ Organi sm Hod NP_349314.1
NP_349314.1 C ostridi um acetobutylicumtbd AAML4586. 1 AAML4586. 1
Clostridiumbeijerinckii Med 1423 YP_ 001191505 YP_001191505 Met al | osphaer a
sedul a MeE9HDBO9 SYRMQOIHG50GVvKRe 00100800, Nzl b8 pHedr-& e, aghND

2011707 1?1%%139 C/O}fl %/%90%%&19?1%?6%%06? Por Mso?e%ﬂgg’ﬁ)%ger than C3 (Sulzenbacher et al., J. Mol.

Biol. 342.2:489-502 (2004)), and bdh I and bdh 1l from C. acetobutylicum which converts
butyraldehyde into butanol (Walter et al., J. Bacteriol. 174.22:7149;7158 (1992)). The gene

5 product of yghD catalyzes the reduction of acetaldehyde, malondialdehyde, propionaldehyde,
butyraldehyde, and acrolein using NADPH as the cofactor (Perez et al., J. Biol. Chem.
283.12:7346-7353 (2008)). ADHI1 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. Biotchenol. 22:249-254 (1985)).

10 The protein sequences for each of these exemplary gene products, if available, can be found

using the following GenBank accession numbers:

Protein | GENBANK ID | GI NUMBER | ORGANISM

alrA BAB12273.1 9967138 Acinetobacter sp. strain M-1
ADH2 | NP_014032.1 | 6323961 Saccharomyces cerevisiae
vghD | NP_417484.1 | 16130909 Escherichia coli

bdh1 | NP_349892.1 | 15896543 Clostridium acetobutylicum
bdh 11 | NP_349891.1 | 15896542 Clostridium acetobutylicum
adhA | YP_162971.1 | 56552132 Zymomonas mobilis

The alcohol-forming 3-hydroxybutyryl-CoA reductase can be catalyzed by_exemplary two-step
oxidoreductases that convert an acyl-CoA to alcohol. These include enzymes that transform

15  substrates such as acetyl-CoA to ethanol (e.g., adhE from E. coli (Kessler et al., FEBS Lett.
281.1-2:59-63 (1991)) and butyryl-CoA to butanol (e.g. adhE?2 from C. acetobutylicum
(Fontaine et al., J. Bacteriol. 184.3:821-830 (2002)). In addition to reducing acetyl-CoA to
ethanol, the enzyme encoded by adhF in Leuconostoc mesenteroides has been shown to oxidize
the branched chain compound isobutyraldehyde to isobutyryl-CoA (Kazahaya et al., J. Gen.

20  App. Microbiol. 18:43-55 (1972); Koo et al., Biotechnol. Lett. 27.7:505-510 (2005)). Relevant

information to these genes and proteins are shown below:

Protein | GENBANK ID | GI NUMBER ORGANISM

adhE NP_415757.1 16129202 Escherichia coli

adhE2 | AAK09379.1 12958626 Clostridium acetobutylicum
adhE AAV66076.1 55818563 Leuconostoc mesenteroides
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Longer chain acyl-CoA molecules can be reduced by enzymes such as the jojoba (Simmondsia
chinensis) FAR which encodes an alcohol-forming fatty acyl-CoA reductase. Its overexpression

15  in E. coli resulted in FAR activity and the accumulation of fatty alcohol (Metz et al., Plant
Physiol. 122.3: 635-644 (2000)). Information related to FAR is shown below:

Protein | GENBANK ID | GI NUMBER | ORGANISM
FAR AAD38039.1 5020215 Simmondsia chinensis

A second alternate pathway from acetoacetyl-CoA to 1,3-butanediol proceeds via the reduction
of acetoacetyl-CoA into 3-oxobutyraldehyde via the CoA-dependent aldehyde forming

20 acetoacetyl-CoA reductase. 3-oxobutyraldehyde is next reduced to 3-hydroxybutyraldehyde by
3-oxobutyraldehyde reductase (ketone reducing), and eventually, this intermediate is reduced to
1,3-butanediol by a 3-hydroxybutyraldehyde reductase. The enzymes and genes encoding these

enzymes for each of these steps are listed below.

Exemplary candidates for acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming) that
25  catalyzes the transformation of acetoacetyl-CoA into 3-oxobutyraldehyde are the same as those

described for 3-hydroxybutyryl-CoA reductase (aldehyde forming) described herein above.
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(1999)). I'S 'enzyne has beén reported to reduce acetyl -

175.16:5097-5105 (1993)) and T. brockii (L.amed and Zeikus, Biochem. J. 195.1:183-190

(1981); Peretz and Burstein, Biochemistry 28.16:6549-6555 (1989)). Methyl ethyl ketone

(MEK) reductase, or alternatively, 2-butanol dehydrogenase, catalyzes the reduction of MEK to

form 2-butanol. Exemplary enzymes can be found in Rhodococcus ruber (Kosjek et al.,

20  Biotechnol. Bioeng. 86.1:55-62 (2004)) and Pyrococcus furiosus (van der Qost et al., Eur. J.
Biochem. 268.10:3062-3068 (2001)). Information related to these proteins and genes is shown

below:

Protein | GENBANK ID | GINUMBER | ORGANISM

mdh AACT6268.1 1789632 Escherichia coli
ldhA NP_415898.1 16129341 Escherichia coli
ldh YP_725182.1 | 113866693 Ralstonia eutropha

bdh AAAS58352.1 177198 Homo sapiens

adh AAA23199.2 | 60592974 Clostridium beijerinckii
adh P14941.1 113443 Thermoanaerobacter brockii
sadh CAD36475 21615553 Rhodococcus ruber

adhA 3288810 AAC25556 Pyrococcus furiosus

Another pathway from acetoacetyl-CoA proceeds via its reduction to 4-hydroxy,2-butanone by
25  the CoA-dependent, alcohol forming acetoacetyl-CoA reductase. This intermediate is then

reduced to 1,3-butanediol by 4-hydroxybutanone reductase. 4-hydroxybutanone can also be



20 CoA and butyryl-CoA to their correspondi ng al dehydes. This gene is very
simlar to eutE that encodes acet al dehyde dehydrogenase of Sal nonell a

t yphi mur ivngn2and7E82col i (Toth et al., Appl. Environ. M ®C®RiSe#10/057525

65.11: 4973-4980 (1999)). A sunmary of ;ﬁﬁl evant gene and protein information
is shown bel ow. PROTEIN GENBANK ID G MBER ORGANI SM MSED 0709
YP_001190808. 1 146303492 Met al | osphaera sedul a ncr NP_378167.1 15922498

Sul f ol obusmted Kvtad-pxabegrRddiplSn3668lchydo8O8 0B -Guwbhiptabivhgdesodifcasar i cus

S ST GO SRR AR T

t yphi rmur ithose éutthe alcohol-forming 3-hydroxybutyryl-CoA reductase.

4-hydroxybutanone reductase activity can be obtained from the same genes as those described

5  for 3-oxobutyraldehyde reductase. Additionally, a number of organisms can catalyze the
reduction of 4-hydroxy,2-butanone to 1,3-butanediol, including those belonging to the genus
Bacillus, Brevibacterium, Candida, and Klebsiella among others, as described by Matsuyama et

al., US Patent No. 5,413,922.

Exemplary genes encoding enzymes that catalyze the conversion of an aldehyde to alcohol (i.e.,

10 alcohol dehydrogenase or equivalently aldehyde reductase) include alrA encoding a medium-
chain alcohol dehydrogenase for C2-C14 (Tani et al., App. Environ. Microbiol. 66.12:5231-5235
(2000)), ADH2 from Saccharomyces cerevisiae (Atsumi et al., Nature 451.7174:86-89 (2008)),
vghD from FE. coli which has preference for molecules longer than C3 (Sulzenbacher et al., J.
Mol. Biol. 342.2:489-502 (2004)), and bdh I and bdh 11 from C. acetobutylicum which converts

15  butyraldehyde into butanol (Walter et al., J. Bacteriol. 174.22:7149-7158 (1992)). The gene
product of yghD catalyzes the reduction of acetaldehyde, malondialdehyde, propionaldehyde,
butyraldehyde, and acrolein using NADPH as the cofactor (Perez et al., J. Biol. Chem.
283.12:7346-7353 (2008)). All of these genes can provide the 3-oxobutyraldehyde reductase
(aldehyde reducing) activity for converting 3-oxobutyraldehyde into 4-hydroxybutanone. ADH1

20 from Zymomonas mobilis has been demonstrated to have activity on a number of aldehydes
including formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, and acrolein (Kinoshita
et al., App. Microbiol. Biotechnol. 22:249-254 (1985)).

Where available, the protein sequences for each of these exemplary gene products, can be found

using the following GenBank accession numbers:

Protein | GENBANK ID | GI NUMBER | ORGANISM

alrA BAB12273.1 9967138 Acinetobacter sp. strain M-1
ADH2 | NP_014032.1 | 6323961 Saccharomyces cerevisiae
vghD | NP_417484.1 | 16130909 Escherichia coli

bdh1 | NP_349892.1 | 15896543 Clostridium acetobutylicum
bdh 11 | NP_349891.1 | 15896542 Clostridium acetobutylicum
adhA | YP_162971.1 | 56552132 Zymomonas mobilis

25
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5  engineered via directed evolution to accept acetetoacetyl CoA asa substrate with increased
efficiency. Such enzymes, either naturally or following directed evolution, are also suitable for

catalyzing the conversion of 3-hydroxybutyryl-CoA to 3-hydroxybutyrate via a transferase

mechanism.

Acetoacetyl-CoA:acetyl-CoA transferase naturally converts acetoacetyl-CoA and acetate to

10 acetoacetate and acetyl-CoA. This enzyme can also accept 3-hydroxybutyryl-CoA as a substrate
or could be engineered to do so. Exemplary enzymes include the gene products of atoAD from
E. coli (Hanai et al., Appl Environ Microbiol 73:7814-7818 (2007)), ctfAB from C.
acetobutylicum (Jojima et al., Appl Microbiol Biotechnol 77:1219-1224 (2008)), and ctfAB from
Clostridium saccharoperbutylacetonicum (Kosaka et al., Biosci.Biotechnol Biochem. 71:58-68

15 (2007)). Information related to these proteins and genes is shown below:

Protein | GENBANK ID | GI NUMBER ORGANISM
AtoA | P76459.1 2492994 Escherichia coli
AtoD | P76458.1 2492990 Escherichia coli
CiA NP_149326.1 15004866 Clostridium acetobutylicum
CyB NP_149327.1 15004867 Clostridium acetobutylicum
CyA AAP42564.1 31075384 Clostridium saccharoperbutylacetonicum
CyB AAP42565.1 31075385 Clostridium saccharoperbutylacetonicum

Succinyl-CoA:3-ketoacid-CoA transferase naturally converts succinate to succinyl-CoA while
converting a 3-ketoacyl-CoA to a 3-ketoacid. Exemplary succinyl-CoA:3:ketoacid-CoA
transferases are present in Helicobacter pylori (Corthesy-Theulaz et al., J.Biol. Chem.

20 272:25659-25667 (1997)), Bacillus subtilis (Stols et al., Protein.Expr.Purif. 53:396-403
(2007)), and Homo sapiens (Fukao et al., Genomics 68:144-151 (2000); Tanaka et al.,
Mol Hum.Reprod. 8:16-23 (2002)). Information related to these proteins and genes is shown

below:
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gene products of cat] cat2, and cat3 of Clostridium kluyveri. These enzymes have been shown
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to exhibit succinyl-CoA, 4-hydroxybutyryl-CoA, and butyryl-CoA acetyltransferase activity,

respectively (Seedorf et al., Proc. Natl. Acad. Sci. USA 105:2128-2133 (2008); Sohling and
Gottschalk, J Bacteriol 178:871-880 (1996)). Similar CoA transferase activities are also present
in Trichomonas vaginalis (van Grinsven et al., J. Biol. Chem. 283:1411-1418 (2008)) and
Trypanosoma brucei (Riviere et al., J. Biol. Chem. 279:45337-45346 (2004)). Yet another

10

transferase capable of the desired conversions is butyryl-CoA:acetoacetate CoA-transferase.

Exemplary enzymes can be found in Fusobacterium nucleatum (Barker et al., J. Bacteriol.
152(1):201-7 (1982)), Clostridium SB4 (Barker et al., J. Biol. Chem. 253(4):1219-25 (1978)),
and Clostridium acetobutylicum (Wiesenborn et al., Appl. Environ. Microbiol. 55(2):323-9

(1989)). Although specific gene sequences have not been indicated for butyryl-

15

CoA:acetoacetate CoA-transferase, the genes FN0272 and FNO273 have been annotated as a

butyrate-acetoacetate CoA-transferase (Kapatral et al., J. Bact. 184(7) 2005-2018 (2002)).

Homologs in Fusobacterium nucleatum such as FN1857 and FN1856 can have the desired

acetoacetyl-CoA transferase activity. FN1857 and FN1856 are located adjacent to many other

genes involved in lysine fermentation and are thus very can encode an acetoacetate:butyrate

20

CoA transferase (Kreimeyer, et al., J. Biol. Chem. 282 (10) 7191-7197 (2007)). Additional

genes/gene products from Porphyrmonas gingivalis and Thermoanaerobacter tengcongensis can

be identified in a similar fashion (Kreimeyer, et al., J. Biol. Chem. 282 (10) 7191-7197 (2007)).

Information related to these proteins and genes is shown below:

Protein GENBANK ID GI NUMBER ORGANISM
Catl P38946.1 729048 Clostridium kluyveri
Car2 P38942.2 1705614 Clostridium kluyveri
Cat3 EDK35586.1 146349050 Clostridium kluyveri
TVAG_395550 | XP_001330176 123975034 Trichomonas vaginalis G3
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3-hydroxybutyryl-CoA can be hydrolyzed to 3-hydroxybutyate by 3-hydroxybutyryl-CoA

hydrolase. Many CoA hydrolases (EC 3.1.2.1) have broad substrate specificity and are suitable
5 enzymes for these transformations either naturally or following enzyme engineering. Though

the sequences were not reported, several acetoacetyl-CoA hydrolases were identified in the
cytosol and mitochondrion of the rat liver (Aragon and Lowenstein, J. Biol. Chem. 258(8):4725-
4733 (1983)). Additionally, an enzyme from Ratfus norvegicus brain (Robinson et al., Biochem.
Biophys. Res. Commun. 71:959-965 (1976)) can react with butyryl-CoA, hexanoyl-CoA and

10 malonyl-CoA. The acoti2 enzyme from the rat liver was shown to hydrolyze C2 to C6 acyl-
CoA molecules (Suematsu et al., Fur. J. Biochem. 268:2700-2709 (2001)). Though its sequence
has not been reported, the enzyme from the mitochondrion of the pea leaf showed activity on
acetyl-CoA, propionyl-CoA, butyryl-CoA, palmitoyl-CoA, oleoyl-CoA, succinyl-CoA, and
crotonyl-CoA (Zeiher and Randall, Plant.Physiol. 94:20-27 (1990)). Additionally, a glutaconate

15 CoA-transferase from Acidaminococcus fermentans was transformed by site-directed
mutagenesis into an acyl-CoA hydrolase with activity on glutaryl-CoA, acetyl-CoA and 3-
butenoyl-CoA (Mack and Buckel, FEBS Lett. 405:209-212 (1997)). This indicates that the
enzymes encoding succinyl-CoA:3-ketoacid-CoA transferases and acetoacetyl-CoA:acetyl-CoA
transferases can also be used as hydrolases with certain mutations to change their function. The

20  acetyl-CoA hydrolase, ACHI, from §. cerevisiae represents another candidate hydrolase (Buu et
al., J.Biol.Chem. 278:17203-17209 (2003)). Information related to these proteins and genes is

shown below:
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10 gene products of tesA (Bonner and Bloch, J. Bzol Chem 247:3123-3133 (1972)), ybgC

(Kuznetsova et al., FEMS Microbiol. Rev. 29:263-279 (2005); Zhuang et al., FEBS Lett.
516:161-163 (2002)), paal (Song et al., J. Biol. Chem. 281:11028-11038 (2006)), and ybdB
(Leduc et al., J. Bacteriol. 189:7112-7126 (2007)). Information related to these proteins and

genes is shown below:

Protein GENBANK ID GI NUMBER ORGANISM
Acot8 CAA15502 3191970 Homo sapiens
TesB NP_414986 16128437 Escherichia coli
Acot8 NP_570112 51036669 Rattus norvegicus
TesA NP_415027 16128478 Escherichia coli
YbgC NP_415264 16128711 Escherichia coli
Paal NP_415914 16129357 Escherichia coli
YbdB NP_415129 16128580 Escherichia coli

15

Additional hydrolase enzymes include 3-hydroxyisobutyryl-CoA hydrolase which has been
described to efficiently catalyze the conversion of 3-hydroxyisobutyryl-CoA to 3-
hydroxyisobutyrate during valine degradation (Shimomura et al., J. Biol. Chem. 269:14248-
14253 (1994)). Genes encoding this enzyme include hibch of Rattus norvegicus (Shimomura et
20  al., supra (1994); Shimomura et al., Methods Enzymol. 324:229-240 (2000)) and Homo sapiens
(Shimomura et al., supra (1994). Candidate genes by sequence homology include hibch of
Saccharomyces cerevisiae and BC_2292 of Bacillus cereus. BC_2292 was shown to

demonstrate 3-hydroxybutyryl-CoA hydrolase activity and function as part of a pathway for 3-



10 mari ne ganmma pr ot eobacteri um HTCC2080 can be inferred by sequence
simlarity. Information related to these genes and proteins is shown bel ow
Prot ei n GENBANK7IB2G NUMBER ORGANI SM ntr AA520429. 1 42B6TAB201Q05Bedf | exus
auranti acus Rcas_2929 YP_001433009.1 1&?742880 Rosei f | exus cast enhol zi i
NAP1 02720 ZP_01039179.1 85708113 Erythrobacter sp. NAP] M3P2080_00535

ZP 01626393.1 119504313 mari ne ganma pr ot eobact eri um HTCC2080 Longer chain
acyl - CoAhydibrdulyase symhesie whenl oegitkelyyl ignZyrhegcigucli dse e, il oMar¢siimondsi a
chi nensi duct ase.
lts over géoptflg esgl\ll\‘géngﬁgﬂc(gg&i %Hfo?té%%p%lateg [ ];o% Jlsy ant%%}éllles%)@ﬁwﬁ

accunul atbelow: of fatty al cohol (Metz et al., PI ant PhyS| ol . 122.3: 635-644
(2000)). Information related to FAR is shown below. Protein GENBANK ID G

Il aVaVaWall

NUVBER O, SV TR MYTREHS S+ PRPRERm R MM IGR GANTRIS™
Hibch Q5XIE6.2 146324906 Rattus norvegicus
Hibch Q6NVY1.2 146324905 Homo sapiens
Hibch P28817.2 2506374 Saccharomyces cerevisiae
BC_2292 AP(09256 29895975 Bacillus cereus ATCC 14579

5 An alternative method for removing the CoA moiety from acetoacetyl-CoA or 3-
hydroxybutyryl-CoA is to apply a pair of enzymes such as a phosphate-transferring
acyltransferase and a kinase to impart acetoacetyl-CoA or 3-hydroxybutyryl-CoA synthetase
activity. As used herein, the combination of a phosphotransacylase and a kinase enzyme is
referred to as a “synthetase.” 'This activity allows the net hydrolysis of the CoA-ester of either

10 molecule with the simultaneous generation of ATP. For example, the butyrate kinase
(buk)fphosphotransbutyrylase (ptb) system from Clostridium acetobutylicum has been
successfully applied to remove the CoA group from 3-hydroxybutyryl-CoA when functioning as
part of a pathway for 3-hydroxybutyrate synthesis (Tseng et al., Appl. Environ. Microbiol.
75(10):3137-3145 (2009)). Specifically, the ptb gene from C. acetobutylicum encodes an

15  enzyme that can convert an acyl-CoA into an acyl-phosphate (Walter et al. Gene 134(1): p. 107-
11 (1993)); Huang et al. J Mol Microbiol Biotechnol 2(1): p. 33-38 (2000). Additional ptb genes
can be found in butyrate-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)).
Additional exemplary phosphate-transferring acyltransferases include phosphotransacetylase,

20 encoded by pra. The pta gene from E. coli encodes an enzyme that can convert acetyl-CoA into
acetyl-phosphate, and vice versa (Suzuki, T. Biochim.Biophys.Acta 191:559-569 (1969)). This
enzyme can also utilize propionyl-CoA instead of acetyl-CoA forming propionate in the process
(Hesslinger et al. Mol.Microbiol 27:477-492 (1998)). Information related to these proteins and

genes is shown below:

Protein GENBANK ID GI NUMBER ORGANISM

Pta NP_416800.1 16130232 Escherichia coli

Ptb NP_349676 15896327 Clostridium acetobutylicum

Ptb AAR19757.1 38425288 butyrate-producing  bacterium
1.2-50

Ptb CAC07932.1 10046659 Bacillus megaterium
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Protein GENBANK ID GI NUMBER ORGANISM

SucC NP_415256.1 16128703 Escherichia coli

SucD AACT3823.1 1786949 Escherichia coli

LSC1 NP_014785 6324716 Saccharomyces cerevisiae
LSC2 NP_011760 63216383 Saccharomyces cerevisiae

20  Additional exemplary CoA-ligases include the rat dicarboxylate-CoA ligase for which the
sequence is yet uncharacterized (Vamecq et al., Biochemical J. 230:683-693 (1985)), either of
the two characterized phenylacetate-CoA ligases from P. chrysogenum (Lamas-Maceiras et al.,
Biochem. J. 395:147-155 (2005); Wang et al., Biochem Biophy Res Commun 360(2):453-458
(2007)), the phenylacetate-CoA ligase from Pseudomonas putida (Martinez-Blanco et al., J.

25  Biol. Chem. 265:7084-7090 (1990)), and the 6-carboxyhexanoate-CoA ligase from Bacilis
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assigned to the Msed_1422 gene. Information related to these proteins and genes is shown
below:
Protein GENBANK ID GI NUMBER ORGANISM
Phi CAJ15517.1 77019264 Penicillium chrysogenum
PhiB ABS19624.1 152002983 Penicillium chrysogenum
PaalF AAC24333.2 22711873 Pseudomonas putida
BioW NP_390902.2 50812281 Bacillus subtilis
AACS NP_084486.1 21313520 Mus musculus
AACS NP_076417.2 31982927 Homo sapiens
Msed_1422 | YP_001191504 146304188 Metallosphaera sedula

10 ADP-forming acetyl-CoA synthetase (ACD, EC 6.2.1.13) is another enzyme that couples the
conversion of acyl-CoA esters to their corresponding acids with the concurrent synthesis of
ATP. Several enzymes with broad substrate specificities have been described in the literature.
ACD I from Archaeoglobus fulgidus, encoded by AF'1211, was shown to operate on a variety of
linear and branched-chain substrates including acetyl-CoA, propionyl-CoA, butyryl-CoA,

15 acetate, propionate, butyrate, isobutyryate, isovalerate, succinate, fumarate, phenylacetate,
indoleacetate (Musfeldt et al., J. Bacteriol. 184:636-644 (2002)). The enzyme from Haloarcula
marismortui (annotated as a succinyl-CoA synthetase) accepts propionate, butyrate, and
branched-chain acids (isovalerate and isobutyrate) as substrates, and was shown to operate in the
forward and reverse directions (Brasen et al., Arch. Microbiol. 182:277-287 (2004)). The ACD

20  encoded by PAE3250 from hyperthermophilic crenarchaeon Pyrobaculum aerophilum showed
the broadest substrate range of all characterized ACDs, reacting with acetyl-CoA, isobutyryl-
CoA (preferred substrate) and phenylacetyl-CoA (Brasen et al., supra (2004)). The enzymes
from A. fulgidus, H. marismortui and P. aerophilum have all been cloned, functionally
expressed, and characterized in E. coli (Musfeldt et al., supra; Brasen et al., supra (2004)).

25  Information related to these proteins and genes is shown below:



reducti on of 4-hydroxy, 2-butanone to 1, 3-butanediol, including those
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modification. The npt gene encodes a specific phosphopantetheine transferase (PPTase) that
converts the inactive apo-enzyme to the active holo-enzyme. The natural substrate of this
enzyme is vanillic acid, and the enzyme exhibits broad acceptance of aromatic and aliphatic

15  substrates (Venkitasubramanian et al., in Biocatalysis in the Pharmaceutical and Biotechnology
Industires, ed. R.N. Patel, Chapter 15, pp. 425-440, CRC Press LL.C, Boca Raton, FL. (2006)).

Information related to these proteins and genes is shown below:

Protein GI NUMBER GENBANK ID ORGANISM
Car 40796035 AAR91681.1 ]5V gjg)r dia iowensis (sp. NRRL
Npt 114848891 ABIS3656.1 ]5V60:g)rdza iowensis (sp. NRRL

Additional car and npt genes can be identified based on sequence homology.

Protein GENBANK ID GI ORGANISM

NUMBER
JadD9 YP_978699.1 121638475 | Mycobacterium bovis BCG
BCG _2812c YP_978898.1 121638674 | Mycobacterium bovis BCG
nfa20150 YP_118225.1 54023983 Nocardia farcinica IPM 10152
nfa40540 YP_120266.1 54026024 Nocardia farcinica IFM 10152

Streptomyces griseus subsp. griseus
182440583 | NBRC 13350

Streptomyces griseus subsp. griseus
182434458 | NBRC 13350

SGR_6790 YP_001828302.1

SGR_665 YP_001822177.1
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An additional enzyme candidate found in Streptomyces griseus is encoded by the griC and griD

genes. This enzyme is believed to convert 3-amino-4-hydroxybenzoic acid to 3-amino-4-

hydroxybenzaldehyde as deletion of either griC or griD 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.

Information related to these proteins and genes is shown below:

Protein | GINUMBER

GENBANK ID

ORGANISM

griC 182438036

YP_001825755.1

Streptomyces griseus subsp. griseus NBRC 13350

¢riD | 182438037

YP_001825756.1

Streptomyces griseus subsp. griseus NBRC 13350

10

15

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

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
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Protein GI NUMBER GENBANK ID ORGANISM

LYS2 171867 AAA34747.1 Saccharomyces cerevisiae
LYS5 1708896 P50113.1 Saccharomyces cerevisiae
LYS2 2853226 AAC02241.1 Candida albicans

LYS5 28136195 AA026020.1 Candida albicans

Lyslp 13124791 P40976.3 Schizosaccharomyces pombe
Lys7p 1723561 Q104741 Schizosaccharomyces pombe
Lys2 3282044 CAA74300.1 Penicillium chrysogenum

Essentially any of these CAR or CAR-like enzymes can exhibit 3-hydroxybutyrate or

acetoacetate reductase activity or can be engineered to do so.

The requisite 3-hydroxybutyrate dehydrogenase catalyzes the reduction of acetoacetate to form

3-hydroxybutyrate. Exemplary enzymes can be found in Rhodococcus ruber (Kosjek et al.,

Biotechnol Bioeng. 86:55-62 (2004)) and Pyrococcus furiosus (van der et al., Eur.J. Biochem.
268:3062-3068 (2001)). Additional secondary alcohol dehydrogenase enzymes capable of this

transformation include adh from C. beijerinckii (Hanai et al., Appl Environ Microbiol 73:7814-
7818 (2007); Jojima et al., Appl Microbiol Biotechnol 77:1219-1224 (2008)) and adh from

Thermoanaerobacter brockii (Hanai et al., Appl Environ Microbiol 73:7814-7818 (2007); Peretz
et al., Anaerobe 3:259-270 (1997)). The cloning of the bdhA gene from Rhizobium

(Sinorhizobium) Meliloti into E. coli conferred the ability to utilize 3-hydroxybutyrate as a
carbon source (Aneja and Charles, J. Bacteriol. 181(3):849-857 (1999)). Addional 3-

hydroxybutyrate dehydrogenase can be found in Pseudomonas fragi (Ito et al., J. Mol. Biol.
355(4) 722-733 (2006)) and Ralstonia pickettii (Takanashi et al., Antonie van Leeuwenoek,

95(3):249-262 (2009)). Information related to these proteins and genes is shown below:

Protein GENBANK ID GI NUMBER ORGANISM
Sadh CAD36475 21615553 Rhodococcus rubber
AdhA AAC25556 3288810 Pyrococcus furiosus
Adh P14941.1 113443 Thermoanaerobobacter brockii
Adh AAA23199.2 60592974 Clostridium beijerinckii




HPAGL_0677 YP_627418 108563102 Hel i cobacter pylori ScoA NP_391778 16080950
Bacillus subtilis ScoB NP _391777 16080949 Bacillus subtilis OXCT1 NP_000427
4557817 HegrosApi@as OXCT2 NP_071403 11545841 Hono sapi @a3/Uspadiosisehal

sui t abl e acet oacetyl - CoA and 3- hydr oxygjfltyr yl - 00A transferases are encoded
by the gene products of cat], cat2, and cat3 of CostridiumKkluyveri. These
enzynmes have been shown 5to exhi bit succinyl - CoA, 4-hydroxybutyryl - 00A, and
but yryl - CoA Bbhdt yl t r Biis4380dsk actb64884 r espehieigly ({iBebdarifimet al|., Proc.
Nat|. Acad.| Sci. USA 105:2128-2133 (2008); SoMeimg and Gottschal k, [J

Bact eri ol 1785858601996 )—5 | CoAttansferaseactivities—dre al so
present in Tﬁlgﬁ%% 1§éb\§§§¢8}hlgl i s;5 5\/dzgﬁwcsri nsveﬁseét Oné?n.affrf‘?l Biol. Chem
283: 1411- 1418Ih(2008) BA&ALSH 1y pan84oivadbr ucei | RRswnerpecketii al ., J. Bi|ol .

Chem 279: 4533745342004 relz=apot her—10transfergse-capabte—of the
desired coané@s?i ons Fé‘Egu@?‘rlyl - Cgié?%% oacet a?e%&iégfgfﬂl%ﬁﬁ%f erase. Exenpl ary
enzynmes can| B#3f oundBAROFWSdbact éf893 ucl eal RuisfoBarpieeriet al ., J.
Bacteriol . 152(1)+261+-—7+1(1982)),—€Crost+idium-5B4(Barker—et—al——3- Bi ol .
Chem 253(4):1219-25 (1978)), and d ostridi um acet obutylicum (W esenbom et
al., Appl. Environ. Mcrobiol. 55(2):323-9 (1989)). Although specific gene
sequence$npavaingashe dpdnlity naéaate dOb.dPO . botApr M intdldse @b Lo Actbt oantet at e
CoA-transferase,. t he, . s FNO272 and F 73 have. been, annotated as a

bt yr ot o s Ap S 1l Fu B RSP RE (e Bl R [ GpREF BT MR B BE 1
2005- 2018nt6 20@Rieh hodtomdl a0 &S cd/icakbs alvaaipishcd folloudlgehd enprssion osxogMb857 and
FN1856 can have the desired acet.gacetyl-.Co ransferase activity. FN1857
ond. PRLBBENAALT POt Lok BeaRe 1 ey gomab BIRES TRG sty 1SS ne
ferme Pt atatowr inactERic b@dﬁisM@FQth@Ma@f&l?W&eﬁ&ac@ﬁ&i(ﬁﬁ@z@ilﬁlt@@smwiymat e( 2000)A)
transferase (Kreineyer, et al., J. Biol. Chem_ 282 (10)_ 7191-71 2007)) .
Addi ti ond e”&éﬁ’?é@?’@@n%ﬁlﬁl? Badeesty P@H‘?ll@é%ﬁﬁﬁmfﬁf)ﬂa%lgﬁin%&%‘gw s oh

Ther moangeiheRAsHheS ittieNgrany eniottahe all deatifibess.é:noa7 s 4By, fashi on
(Kreineyer, et al., J. Biol. Chem 282 (10) 7191-7197 (2007)). Information
rel ated t%OwhgERdshlRedveY camprive Aklaoj hsanshesimhe hatleii Orppgihd) bianch that

10 enables the conversion of CO; to methyltetrahydrofolate (Me-THF) and the Western (or

carbonyl) branch that enables the conversion of methyl-THF, CO, and Coenzyme-A into acetyl-
CoA (Fiigure 5). Herein we describe a non-naturally occurring microorganism expressing genes
encoding enzymes that catalyze the methyl and carbonyl branches of the Wood-Ljungdahl
pathway. Such an organism is capable of converting CO, CO,, and/or H; into acetyl-CoA, cell

15  mass, and products.

In some embodiments, a non-naturally occuring organism utilizing pathways shown in Figure 5

exhibit three capabilities: 1) a functional methyl branch of the Wood-1jungdahl pathway which

enables the conversion of THF and CO, to 5-methyl-tetrahydrofolate, 2) the ability to combine

CO, Coenzyme A, and the methyl group of Me-THF to form acetyl-CoA, and 3) the ability to
20  synthesize 1,3-butanediol from acetyl-CoA.

Such non-naturally occurring organisms are able to ‘fix’ carbon from exogenous CO and/or
exogenous or endogenously produced CO, to synthesize acetyl-CoA, cell mass, and products. A
host organism engineered with these capabilities that also naturally possesses the capability for
anaplerosis (e.g., E. coli) can grow on the syngas-generated acetyl-CoA in the presence of a

25  suitable external electron acceptor such as nitrate. This electron acceptor is required to accept
electrons from the reduced quinone formed via succinate dehydrogenase. A further advantage of

adding an external electron acceptor is that additional energy for cell growth, maintenance, and



GENBANK | D G NUMBER ORGANI SM Cat] P38946.1 729048 C ostridi um kl uyveri
Cat 2 P38942.2 1705614 ClostridiumKkluyveri Cat3 EDK35586.1 146349050

Cl ostridivwomriwyvesei TVAG 395550 XP_001330176 123975034 PTTiUSh@0t0NzE3s
vaginalis G3 WD 2011/ 071682PCT/ USZOlO/g57525 49 Tb11.02. 0290 XP_828352
71754875 Trypanosonma brucei FNO272 NP_% 3179.1 19703617 Fusobacterium
nucl eat um FNO273 NP 603180.1 19703618 Fusobacteri um nucl eat um

product formation can be generated from respiration of acetyl-CoA. An alternative strategy
involves engineering a pyruvate ferredoxin oxidoreductase (PFOR) enzyme or other enzymes
that convert pyruvate into acetyl-CoA into the strain to enable synthesis of biomass precursors in
the absence of an external electron acceptor. A further characteristic of the engineered organism

5 is the capability for extracting reducing equivalents from molecular hydrogen. This enables a
high yield of reduced products such as ethanol, butanol, isobutanol, isopropanol, 1,4-butanediol,
1,3-butanediol, succinic acid, fumaric acid, malic acid, 4-hydroxybutyric acid, 3-

hydroxypropionic acid, lactic acid, adipic acid, methacrylic acid, and acrylic acid.

A non-naturally occuring organism can produce acetyl-CoA, cell mass, and targeted chemicals,
10 more specifically 1,3-butanediol, from: 1) CO, 2) CO, and H,, 3) CO, CO,, and H;, 4) synthesis

gas comprising CO and Hj, 5) synthesis gas comprising CO, CO,, and Hj, and 6) one or more

carbohydrates. Exemplary carbohydrates include, but are not limited to, glucose, sucrose,

xylose, arabinose, and glycerol.

The enzymes used for the conversion of CO, CO,, and/or H, to acetyl-CoA are shown in Figure
15 5. To engineer a production host for the utilization of CO, CO,, and/or H,, one or more

exogenous DNA sequence(s) encoding these enzymes can be expressed in the microorganism.

Referring now to Figure 5, described below are enzymes that can be incorporated to utilize CO,

CQO,, and/or H,.

Formate dehydrogenase is a two subunit selenocysteine-containing protein that catalyzes the

20  incorporation of CO, into formate in Moorella thermoacetica (Andreesen and Ljungdahl, J.
Bacteriol. 116.2:867-873 (1973); Li et al., J. Bacteriol. 92.2:405-412 (1966); Yamamoto et al..J.
Biol. Chem. 258.3:1826-1832 (1983)). The loci, Moth_2312 and Moth_2313 are actually one
gene that is responsible for encoding the alpha subunit of formate dehydrogenase while the beta
subunit is encoded by Moth_2314 (Pierce et al. Environ. Microbiol. 10:2550-2573 (2008)).

25  Another set of genes encoding formate dehydrogenase activity with a propensity for CO,
reduction is encoded by Sfum_2703 through Sfum_2706 in Syntrophobacter fumaroxidans
(Reda et al., Proc. Natl. Acad. Sci. U.S.A. 105.31:10654-10658 (2008); de Bok et al., Eur. J.
Biochem. 270. 11: 2476-2485 (2003)). Similar to their M. thermoacetica counterparts,
Sfum_2705 and Sfum_2706 are actually one gene. A similar set of genes presumed to carry out

30  the same function are encoded by CHY_0731, CHY_0732, and CHY_0733 in C.
hydrogenoformans (Wu et al., PLoS Genet.1.5:¢65 (2005)). Relevant gene and protein

information can be obtained from the information shown below:
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and Rabinowitz, J. Bacteriol. 167.1:205-209 (1986); Whitehead and Rabinowitz, J. Bacteriol.
170.7:3255-3261 (1988)), and CHY_2385 in C. hydrogenoformans (Wu et al., PLoS

Genet.1.5:¢65 (2005)). Relevant gene and protein information can be obtained from the

information shown below:

10

Protein

GenBank ID

GI number

Organism

Moth_0109

YP_428991.1

83588982

Moorella thermoacetica

CHY_2385

YP 361182.1

78045024

Carboxydothermus hydrogenoformans

FHS

P13419.1

120562

Clostridium acidurici

In M. thermoacetica, E. coli, and C. hydrogenoformans, methenyltetrahydrofolate

cyclohydrolase and methylenetetrahydrofolate dehydrogenase are carried out by the bi-

functional gene products of Moth_1516, folD, and CHY_1878, respectively (Pierce et al.
Environ. Microbiol. 10:2550-2573 (2008); (Wu et al., PLoS Genet.1.5:¢65 (2005); D'Ari and

15

Rabinowitz, J. Biol. Chem. 266.35:23953-23958 (1991)). Relevant gene and protein

information can be obtained from the information shown below:

Protein GenBank ID | GI number | Organism

Moth_1516 | YP_430368.1 | 83590359 | Moorella thermoacetica

folD NP _415062.1 | 16128513 | Escherichia coli

CHY_1878 | YP_360698.1 | 78044829 | Carboxydothermus hydrogenoformans




20acet yl - CoA hydrol ase, ACHl, from S. cerevisiae represents another

candi date hydrolase (Buu et al., J.Biol.Chem 278:17203-17209 (2003)).

| nf or mat iwo 208/A168d t o t hese proteins and genes i s showRrCibaISOW0/05ES

2011/ 071682PCT/ US2010/ 057525 50 Pr oteig GENBANK | D G NUMBER ORGANI SM
Acot 12 NP_570103.1 18543355 Rattus norv%gi cus Cct A CAA57199 559392

Aci dam nococcus fernentans Gct B CAAS57200 559393 Aci dam nococcus fernent ans
ACH1 NP_0085 386319456 £ Sab char© ydegenoprayiss ngdenylnpittydrofdlgtdr ol ase enzyne
is the h Lcar | J ' i ot i ch Lbits activity
on gl at ar gy OSGRE AR RRAL b RRR 1008 ee 50k Prantl GRyF B
dodecanedumyibraCoénepidibstsioMeth_ab16, falD, BdGIHY TR@dnresp80iva8 1Ribc881:32 (2005) )
and t he osest ..E. . col | ) whj al.so hy ) .a_broad
fonge ot ot pigekfEs P RET AT e U PSSRt e SRR BB 05
(1991y) iRabinu@itAg. BrohYheax366185y23953- 08948 ( R9e ) g Relevait geneApd brotdmnvi r on.

M crobiol.. 75(10):3137-31 2009)). A simlar. enzynme has al so been
characteﬁ‘i‘f%%a@ﬁoﬂciﬂh%@ozbéﬂmﬁ%%@g}gwﬁ ,tl‘“th(?éEVﬁg’ﬁlOWl‘nt. 26: 767-773 (1992)).

QO her E. coli thioester hydrol ases include the 10gene products of tesA
(Bonner and BPatdin J. | BemBank GhenGI 2dhdbe3]1 2Bead3dsdB (1972)), ybgC (Kuznetsova
et al., FEMS el 95163 YP*@}’)%%P 885089 9 [ 0Pl mAPaTE £t al - FEBS Lett.
516: 161- 163 (2002 al (?n g ?fzﬂ' 1 B:,o;'l,. hem—281:-11028-11038
(2006)), and|JBHB (LedB-Hp0ed | ToJ2833 i Eischerichiq gefi 7112~ 7126 (2007)) .

| nf or mat i on 1 €At 8878 pYPHEOEIHT o7 ¥HHRO and agewedicsnshiovmgbelfawanr ot ei n
GENBANK | D G NUVBER

The final step of the methyl branch of the Wood-Ljungdahl pathway is catalyzed by
methylenetetrahydrofolate reductase. In M. thermoacetica, this enzyme is oxygen-sensitive and
contains an iron-sulfur cluster (Clark and Ljungdahl, J. Biol. Chem. 259.17:10845-10849
(1984)). This enzyme is encoded by metl" in E. coli (Sheppard et al., J. Bacteriol. 181.3:718-
725 (1999)) and CHY_1233 in C. hydrogenoformans (Wu et al., PLoS Genet.1.5:¢65 (2005)).

10

The M. thermoacetica genes, and its C. hydrogenoformans counterpart, are located near the
CODH/ACS gene cluster, separated by putative hydrogenase and heterodisulfide reductase

15  genes.

Protein

GenBank ID

GI number

Organism

Moth_1191

YP_430048.1

83590039

Moorella thermoacetica

metl

NP_418376.1

16131779

Escherichia coli

CHY_1233

YP_360071.1

78044792

Carboxydothermus hydrogenoformans

While E. coli naturally possesses the capability for some of the required transformations (i.e.,

methenyltetrahydrofolate cyclohydrolase, methylenetetrahydrofolate dehydrogenase,

methylenetetrahydrofolate reductase), the methyl branch enzymes from acetogens can have

20

significantly higher (50 — 100X) specific activities than those from non-acetogens (Morton et al.,

Genetics and molecular biology of anaerobic bacteria, Ed. M. Sebald, New York: Springer

Verlag (1992) pages 389-406). Formate dehydrogenase may be specialized for anaerobic
conditions (Ljungdahl and Andreesen, FEBS Lett. 54.2:279-282 (1975)) (1975). Therefore,

various non-native versions of each of these can be expressed in the strain of E. coli capable of

25

methanol and CO,, CO, and/or H, utilization. Specifically, these genes can be cloned and

combined into an expression vector designed to express them as a set. Initially, a high or
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hia coli Acot8 NP 570112 51036669 Rattus norvegi cus TesA NP_415027
wochari7edsea coli YbgC NP 415264 16128711 EschePCtRisao1005i529aal
4 16129357 Escherichia coli ngﬁ NP 415129 16128580 Escherichia

|

Addi ti onal hydrol ase enzynes cl ude 3-hydroxyi sobutyryl - 00A

maxdins olpy ympe-\@OAr ¢an b8 chdrpu fusing idblueni &b ecdigpishgAr akdnrpdary

odi S norvegl cus
ship - 16D A4y 7 anSHujmdLY:a it Addls. Res NESth G208 - 12h@ yI967)). BRAaR@&r 240
hi.monura.et, a su Can

epogs(l:btlfi:.vﬁltti}/na?élqu tt]:eugrf]:r?ésiacr)enintaezraPe%ri}ltoct)ﬁe Iza cBﬁ1 Ehr}\é\g'l sofngelj E%-zyme assays are
performed as described in (Ijungdahl and Andreesen, Methods Enzymol. 53:360-372 (1978);
Yamamoto et al.. J. Biol. Chem. 258.3:1826-1832 (1983); Lovell et al., Arch. Microbiol.
149.4:280-285 (1988); de Mata and Rabinowitz, J. Biol. Chem. 255.6:2569-2577 (1980); D'Ari
and Rabinowitz , J. Biol. Chem. 266.35:23953-23958 (1991); Clark and 1 jungdahl,
259.17:10845-10849 (1984); Clark and Ljungdahl, Methods Enzymol. 122:392-399 (1986)).

After strains of F. coli expressing both the carbonyl and methyl branches of the Wood-
Ljungdahl pathway are constructed, they are assayed for the ability to utilize CO, CO,, and/or
H,, for incorporation into acetyl-CoA, cell mass, 1,3-butanediol. Initial conditions employ
strictly anaerobically grown cells provided with exogenous glucose. Metabolizing glucose or
other carbohydrates to acetyl-CoA provides one potential source of CO; that can be fixed via the
Wood-Ljungdahl pathway. Alternatively, or in addition to glucose, nitrate can be added to the
fermentation broth to serve as an electron acceptor and initiator of growth. Anaerobic growth of
E. coli on fatty acids, which are ultimately metabolized to acetyl-CoA, has been demonstrated in
the presence of nitrate (Campbell et al., Mol. Microbiol. 47.3:793-805 (2003)). Oxygen can also
be provided as long as its intracellular levels are maintained below any inhibition threshold of
the engineered enzymes. ‘Synthetic syngas’ of a composition suitable for these experiments can
also be employed. B(-labeled CO and/or CO, are provided to the cells and analytical mass
spectrometry is employed to measure incorporation of the labeled carbon into acetate, 1,3-

butanediol, and cell mass (e.g., proteinogenic amino acids).

Process considerations for a syngas fermentation include high biomass concentration and good
gas-liquid mass transfer (Bredwell et al., Biotechnol. Prog. 15.5:834-844 (1999)). The solubility
of CO in water is somewhat less than that of oxygen. Continuously gas-sparged fermentations
can be performed in controlled fermenters with constant off-gas analysis by mass spectrometry
and periodic liquid sampling and analysis by GC and HPL.C. The liquid phase can function in
batch mode. Fermentation products such as alcohols, organic acids, and residual glucose along
with residual methanol are quantified by HPLC (Shimadzu, Columbia MD), for example, using
an Aminex® series of HPLC columns (for example, HPX-87 series) (BioRad, Hercules CA),
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Once satisfactory performance is achieved using pure H,/CO as the feed, synthetic gas mixtures
can be generated containing inhibitors likely to be present in commercial syngas. For example,
a typical impurity profile is 4.5% CHy, 0.1% C,H,, 0.35% C,Hg, 1.4% C,H4, and 150 ppm nitric

20 oxide (Datar et al., Biotechnol. Bioeng.86.5:587-594 (2004)). Tars, represented by compounds
such as benzene, toluene, ethylbenzene, p-xylene, o-xylene, and naphthalene, are added at ppm
levels to test for any effect on production. For example, it has been shown that 40 ppm NO is
inhibitory to C. carboxidivorans (Ahmed and Lewis, Biotechnol. Bioeng. 97.5:1080-1086
(2007)). Cultures can be tested in shake-flask cultures before moving to a fermentor. Also,

25  different levels of these potential inhibitory compounds are tested to quantify the effect they
have on cell growth. This knowledge is used to develop specifications for syngas purity, which
is utilized for scale up studies and production. If any particular component is found to be
difficult to decrease or remove from syngas used for scale up, an adaptive evolution procedure is

utilized to adapt cells to tolerate one or more impurities.

30  The invention is described herein with general reference to the metabolic reaction, reactant or
product thereof, or with specific reference to one or more nucleic acids or genes encoding an
enzyme associated with or catalyzing, or a protein associated with, the referenced metabolic

reaction, reactant or product. Unless otherwise expressly stated herein, those skilled in the art
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nucleic acid also constitutes a reference to the corresponding encoded enzyme and the reaction it

catalyzes or a protein associated with the reaction as well as the reactants and products of the

reaction.

10 The non-naturally occurring microbial organisms of the invention can be produced by
introducing expressible nucleic acids encoding one or more of the enzymes or proteins
participating in one or more 1,3-butanediol biosynthetic pathways. Depending on the host
microbial organism chosen for biosynthesis, nucleic acids for some or all of a particular 1,3-
butanediol biosynthetic pathway can be expressed. For example, if a chosen host is deficient in

15  one or more enzymes or proteins for a desired biosynthetic pathway, then expressible nucleic
acids for the deficient enzyme(s) or protein(s) are introduced into the host for subsequent
exogenous expression. Alternatively, if the chosen host exhibits endogenous expression of some
pathway genes, but is deficient in others, then an encoding nucleic acid is needed for the
deficient enzyme(s) or protein(s) to achieve 1,3-butanediol biosynthesis. Thus, a non-naturally

20 occurring microbial organism of the invention can be produced by introducing exogenous
enzyme or protein activities to obtain a desired biosynthetic pathway or a desired biosynthetic
pathway can be obtained by introducing one or more exogenous enzyme Or protein activities
that, together with one or more endogenous enzymes or proteins, produces a desired product

such as 1,3-butanediol.

25  Host microbial organisms can be selected from, and the non-naturally occurring microbial
organisms generated in, for example, bacteria, yeast, fungus , algae, cyanobacteria, or any of a
variety of other microorganisms applicable to fermentation processes. Exemplary bacteria
include species selected from Escherichia coli, Klebsiella oxytoca, Anaerobiospirillum
succiniciproducens, Actinobacillus succinogenes, Mannheimia succiniciproducens, Rhizobium

30 etli, Bacillus subtilis, Corynebacterium glutamicum, Gluconobacter oxydans, Zymomonas
mobilis, Lactococcus lactis, Lactobacillus plantarum, Streptomyces coelicolor, Clostridium
acetobutylicum, Pseudomonas fluorescens, and Pseudomonas putida. Exemplary yeasts or fungi

include species selected from Saccharomyces cerevisiae, Schizosaccharomyces pombe,
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marinus str. MIT 9211, Prochiorococcus marinus str. MIT 9215, Prochlorococcus marinus str.

MIT 9301, Prochlorococcus marinus str. MIT 9303, Prochiorococcus marinus str. MIT 9312,

10 Prochlorococcus marinus str. MIT 9515, Prochlorococcus marinus str. NATLI1A,

Prochlorococcus marinus str. NATL2A, Rhodopseudomonas palustris CGA009, Synechococcus
elongatus PCC 6301, Synechococcus elongatus PCC 7942, Synechococcus sp. CC9311,
Synechococcus sp. CC9605, Synechococcus sp. CC9902, Synechococcus sp. JA-2-3BVa(2-13),
Synechococcus sp. JA-3-3Ab, Synechococcus sp. PCC 7002, Synechococcus sp. RCC307,

15 Synechococcus sp. WH 7803, Synechococcus sp. WH8102, Synechocystis sp. PCC 6803,
Thermosynechococcus elongatus BP-1, Trichodesmium erythraeum IMS101. Exemplary algae
include Botryococcus braunii, Chlamydomonas reinhardii, Chlorella sp., Crypthecodinium
cohnii, Cylindrotheca sp., Dunaliella primolecta, Isochrysis sp., Monallanthus salina,

Nannochloris sp., Nannochloropsis sp., Neochloris oleoabundans, Nitzschia sp., Phaeodactylum

20 tricornutum, Schizochytrium sp., Tetraselmis sueica. E. coli is a particularly useful host
organisms since it is a well characterized microbial organism suitable for genetic engineering.

Other particularly useful host organisms include yeast such as Saccharomyces cerevisiae. It is
understood that any suitable microbial host organism can be used to introduce metabolic and/or

genetic modifications to produce a desired product.

25  Depending on the 1,3-butanediol biosynthetic pathway constituents of a selected host microbial
organism, the non-naturally occurring microbial organisms of the invention will include at least
one exogenously expressed 1,3-BDO pathway-encoding nucleic acid and up to all encoding
nucleic acids for one or more 1,3-butanediol biosynthetic pathways. Tor example, 1,3-
butanediol biosynthesis can be established in a host deficient in a pathway enzyme or protein

30  through exogenous expression of the corresponding encoding nucleic acid. In a host deficient in
all enzymes or proteins of a 1,3-butanediol pathway, exogenous expression of all enzyme or
proteins in the pathway can be included, although it is understood that all enzymes or proteins of
a pathway can be expressed even if the host contains at least one of the pathway enzymes or

proteins. For example, exogenous expression of all enzymes or proteins in a pathway for
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Baci 11Pus redysirg. L& Acetoacetyl-CoA reductase (ketone reducing), 19) 3-hydroxybutyryl-CoA
reductase (aldehyde forming), 20) 3-hydroxybutyryl-CoA reductase (alcohol forming), 21)
acetoacetyl-CoA transferase, hydrolase, or synthetase, 22) acetoacetate reductase, 23) 3-
hydroxybutyryl-CoA transferase, hydrolase, or synthetase, 24) 3-hydroxybutyrate reductase, and

25) 3-hydroxybutyrate dehydrogenase, as shown in Figure 4.

15  Alternatively, exogenous expression of all enzymes or proteins in a pathway for production of
1,3-butanediol, as shown in Figure 5, can be included, such as 1) Formate dehydrogenase, 2)
Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate cyclohydrolase, 4)
Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate reductase, 6)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 7) Corrinoid iron-sulfur

20  protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10)
Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase (AcsA), 12)
Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA reductase
(CoA-dependent, alcohol forming), 15) 3-oxobutyraldehyde reductase (aldehyde reducing), 16)
4-hydroxy,2-butanone reductase, 17) Acetoacetyl-CoA reductase (CoA-dependent, aldehyde

25  forming), 18) 3-oxobutyraldehyde reductase (ketone reducing), 19) 3-hydroxybutyraldehyde
reductase, 20) Acetoacetyl-CoA reductase (ketone reducing), 21) 3-hydroxybutyryl-CoA
reductase (aldehyde forming), 22) 3-hydroxybutyryl-CoA reductase (alcohol forming), 23)
acetoacetyl-CoA transferase, hydrolase, or synthetase, 24) acetoacetate reductase, 25) 3-
hydroxybutyryl-CoA transferase, hydrolase, or synthetase, 26) 3-hydroxybutyrate reductase, and

30  27) 3-hydroxybutyrate dehydrogenase .

Given the teachings and guidance provided herein, those skilled in the art will understand that
the number of encoding nucleic acids to introduce in an expressible form will, at least, parallel

the 1,3-butanediol pathway deficiencies of the selected host microbial organism. Therefore, a
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butanediol pathway, either as a naturally produced molecule or as an engineered product that
either provides de novo production of a desired precursor or increased production of a precursor
naturally produced by the host microbial organism. For example, acetyl-CoA is produced

15  naturally in a host organism such as E. coli. A host organism can be engineered to increase
production of a precursor, as disclosed herein. In addition, a microbial organism that has been
engineered to produce a desired precursor can be used as a host organism and further engineered

to express enzymes or proteins of a 1,3-butanediol pathway.

In some embodiments, a non-naturally occurring microbial organism of the invention is

20 generated from a host that contains the enzymatic capability to synthesize 1,3-butanediol. In
this specific embodiment it can be useful to increase the synthesis or accumulation of a 1,3-
butanediol pathway product to, for example, drive 1,3-butanediol pathway reactions toward 1,3-
butanediol production. Increased synthesis or accumulation can be accomplished by, for
example, overexpression of nucleic acids encoding one or more of the above-described 1,3-

25  butanediol pathway enzymes or proteins. Over expression the enzyme or enzymes and/or
protein or proteins of the 1,3-butanediol pathway can occur, for example, through exogenous
expression of the endogenous gene or genes, or through exogenous expression of the
heterologous gene or genes. Therefore, naturally occurring organisms can be readily generated
to be non-naturally occurring microbial organisms of the invention, for example, producing 1,3-

30  butanediol, through overexpression of one, two, three, four, five, six, seven, eight, nine, ten,
eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen that is, up to all nucleic acids
encoding the enzymes or proteins constituting a 1,3-butanediol biosynthetic pathway disclosed

herein and shown in Figure 4 and 5. In addition, a non-naturally occurring organism can be
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increased expression of an endogenous gene at a desired time. Similarly, an inducible promoter
can be included as a regulatory element for an exogenous gene introduced into a non-naturally

occurring microbial organism.

15  Itis understood that, in methods of the invention, any of the one or more exogenous nucleic
acids can be introduced into a microbial organism to produce a non-naturally occurring
microbial organism of the invention. The nucleic acids can be introduced so as to confer, for
example, a 1,3-butanediol biosynthetic pathway onto the microbial organism. Alternatively,
encoding nucleic acids can be introduced to produce an intermediate microbial organism having

20  the biosynthetic capability to catalyze some of the required reactions to confer 1,3-butanediol
biosynthetic capability. For example, a non-naturally occurring microbial organism having a
1,3-butanediol biosynthetic pathway can comprise at least two exogenous nucleic acids
encoding desired enzymes or proteins. Thus, it is understood that any combination of two or
more enzymes or proteins of a biosynthetic pathway can be included in a non-naturally

25  occurring microbial organism of the invention. Similarly, it is understood that any combination
of three or more enzymes or proteins of a biosynthetic pathway can be included in a non-
naturally occurring microbial organism of the invention. Similarly, any combination of four, or
more enzymes or proteins of a biosynthetic pathway as disclosed herein can be included in a
non-naturally occurring microbial organism of the invention, as desired, so long as the

30  combination of enzymes and/or proteins of the desired biosynthetic pathway results in
production of the corresponding desired product. Likewise, any combination of five, six, seven,
eight, nine, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen, enzymes and/or proteins of a

biosynthetic pathway as disclosed herein can be included in a non-naturally occurring microbial
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organism of the invention, as desired, so long as the combination of enzymes and/or proteins of

the desired biosynthetic pathway results in production of the corresponding desired product.

Exemplary combinations of 17 exogenous enzymes or proteins of a biosynthetic pathway, as
disclosed herein, included in a non-naturally occurring microbial organism of the invention

5 include:

A: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)
Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
10 protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA transferase, hydrolase, or synthetase, 15) Acetoacetate
reductase, 16) 3-oxobutyraldehyde reductase (ketone reducing), 17) 3-hydroxybutyraldehyde

reductase;

15  B: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)
Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)

20  Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA transferase, hydrolase, or synthetase, 15) Acetoacetate
reductase, 16) 3-oxobutyraldehyde reductase (aldehyde reducing), 17) 4-hydroxy,2-butanone

reductase;

C: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)

25  Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)
Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA

30  thiolase (AtoB), 14) Acetoacetyl-CoA reductase (ketone reducing), 15) 3-hydroxybutyryl-CoA
transferase, hydrolase, or synthetase, 16) 3-hydroxybutyrate reductase, 17) 3-

hydroxybutyraldehyde reductase;
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Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
5  protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA transferase, hydrolase, or synthetase, 15) 3-
hydroxybutyrate dehydrogenase, 16) 3-hydroxybutyrate reductase, 17) 3-hydroxybutyraldehyde

reductase.

10 Exemplary combinations of 16 exogenous enzymes or proteins of a biosynthetic pathway, as
disclosed herein, included in a non-naturally occurring microbial organism of the invention

include any combination of 16 of the 17 enzymes disclosed above in A-D or:

E: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)

15  Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming),15) 3-

20 oxobutyraldehyde reductase (aldehyde reducing), and 16) 4-hydroxy,2-butanone reductase.

I: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)
Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
25  protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming), 15) 3-
oxobutyraldehyde reductase (ketone reducing), and 16) 3-hydroxybutyraldehyde reductase.

G: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
30  Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)
Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein

methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
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H: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3)
Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5)

10 Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assembly
protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11)
Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA
thiolase (AtoB), 14) Acetoacetyl-CoA reductase (CoA-dependent, alcohol forming), and 15) 4-

15  hydroxy,2-butanone reductase.

I: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & Coo(C), 9) Ferredoxin
20  (Orf7), 10) Acetyl-CoA synthase (AcsB & Acs(C), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
reductase (ketone reducing), and 15) 3-hydroxybutyryl-CoA reductase (alcohol forming).

J: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)

25  Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA transferase,
hydrolase, or synthetase, 13) Acetoacetate reductase, 14) 3-oxobutyraldehyde reductase (ketone

30  reducing), 15) 3-hydroxybutyraldehyde reductase;

K: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
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Acetyl-CoA synthase (AcsB & Acs(C), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
reducing), 13) 3-hydroxybutyryl-CoA transferase, hydrolase, or synthetase, 14) 3-
hydroxybutyrate reductase, 15) 3-hydroxybutyraldehyde reductase;

M: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA transferase,
hydrolase, or synthetase, 13) 3-hydroxybutyrate dehydrogenase, 14) 3-hydroxybutyrate
reductase, 15) 3-hydroxybutyraldehyde reductase.

Exemplary combinations of 14 exogenous enzymes or proteins of a biosynthetic pathway, as
disclosed herein, included in a non-naturally occurring microbial organism of the invention

include any combination of 14 of the enzymes disclosed above in A-M or:

N: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur
protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (CoA-
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P: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)

Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)

Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur

protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)

15 Acetyl-CoA synthase (AcsB & Acs(C), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
reducing), 13) 3-hydroxybutyryl-CoA reductase (aldehyde forming), and 14) 3-

hydroxybutyraldehyde reductase

Exemplary combinations of 13 exogenous enzymes or proteins of a biosynthetic pathway, as
20  disclosed herein, included in a non-naturally occurring microbial organism of the invention

include any combination of 13 of the enzymes disclosed above in A-P or:

Q: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur

25  protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (ketone
reducing), and 13) 3-hydroxybutyryl-CoA reductase (alcohol forming),

R: 1) Methanol methyltransferase (MtaB), 2) Corrinoid protein (MtaC), 3)
30  Methyltetrahydrofolate:corrinoid protein methyltransferase (MtaA), 4)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 5) Corrinoid iron-sulfur

protein (AcsD), 6) Nickel-protein assembly protein (AcsF & CooC), 7) Ferredoxin (Orf7), 8)
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Acetyl-CoA synthase (AcsB & AcsC), 9) Carbon monoxide dehydrogenase (AcsA), 10)
Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA reductase (CoA-

dependent, alcohol forming), and 13) 4-hydroxy,2-butanone reductase.

Exemplary combinations of 12 exogenous enzymes or proteins of a biosynthetic pathway, as
disclosed herein, included in a non-naturally occurring microbial organism of the invention
include any combination of 12 of the enzymes disclosed above in A-R. Exemplary
combinations of 11 exogenous enzymes or proteins of a biosynthetic pathway, as disclosed
herein, included in a non-naturally occurring microbial organism of the invention include any
combination of 10 of the enzymes disclosed above in A-R. Exemplary combinations of 9
exogenous enzymes or proteins of a biosynthetic pathway, as disclosed herein, included in a
non-naturally occurring microbial organism of the invention include any combination of § of the
enzymes disclosed above in A-R. Exemplary combinations of 7 exogenous enzymes or proteins
of a biosynthetic pathway, as disclosed herein, included in a non-naturally occurring microbial
organism of the invention include any combination of 6 of the enzymes disclosed above in A-R,

and so on down to any combination of 2 of the enzymes disclosed above in A-R.

In addition to the biosynthesis of 1,3-butanediol as described herein, the non-naturally occurring
microbial organisms and methods of the invention also can be utilized in various combinations
with each other and with other microbial organisms and methods well known in the art to
achieve product biosynthesis by other routes. For example, one alternative to produce 1,3-
butanediol other than use of the 1,3-butanediol producers is through addition of another
microbial organism capable of converting a 1,3-butanediol pathway intermediate to 1,3-
butanediol. One such procedure includes, for example, the fermentation of a microbial organism
that produces a 1,3-butanediol pathway intermediate. The 1,3-butanediol pathway intermediate
can then be used as a substrate for a second microbial organism that converts the 1,3-butanediol
pathway intermediate to 1,3-butanediol. The 1,3-butanediol pathway intermediate can be added
directly to another culture of the second organism or the original culture of the 1,3-butanediol
pathway intermediate producers can be depleted of these microbial organisms by, for example,
cell separation, and then subsequent addition of the second organism to the fermentation broth

can be utilized to produce the final product without intermediate purification steps.

In other embodiments, the non-naturally occurring microbial organisms and methods of the
invention can be assembled in a wide variety of subpathways to achieve biosynthesis of, for
example, 1,3-butanediol. In these embodiments, biosynthetic pathways for a desired product of

the invention can be segregated into different microbial organisms, and the different microbial
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example, exogenous expression of a paralog or paralogs from the unrelated species that
catalyzes a similar, yet non-identical metabolic reaction to replace the referenced reaction.

5 Because certain differences among metabolic networks exist between different organisms, those
skilled in the art will understand that the actual gene usage between different organisms may
differ. However, given the teachings and guidance provided herein, those skilled in the art also
will understand that the teachings and methods of the invention can be applied to all microbial
organisms using the cognate metabolic alterations to those exemplified herein to construct a

10 microbial organism in a species of interest that will synthesize 1,3-butanediol.

Methods for constructing and testing the expression levels of a non-naturally occurring 1,3-
butanediol-producing host can be performed, for example, by recombinant and detection
methods well known in the art. Such methods can be found described in, for example,
Sambrook et al., Molecular Cloning: A Laboratory Manual, Third Ed., Cold Spring Harbor

15  Laboratory, New York (2001); and Ausubel et al., Current Protocols in Molecular Biology, John
Wiley and Sons, Baltimore, MD (1999).

Exogenous nucleic acid sequences involved in a pathway for production of 1,3-butanediol can
be introduced stably or transiently into a host cell using techniques well known in the art
including, but not limited to, conjugation, electroporation, chemical transformation,

20  transduction, transfection, and ultrasound transformation. For exogenous expression in E. coli
or other prokaryotic cells, some nucleic acid sequences in the genes or cDNAs of eukaryotic
nucleic acids can encode targeting signals such as an N-terminal mitochondrial or other targeting
signal, which can be removed before transformation into prokaryotic host cells, if desired. For
example, removal of a mitochondrial leader sequence led to increased expression in E. coli

25  (Hoffmeister et al., J. Biol. Chem. 280:4329-4338 (2005)). For exogenous expression in yeast or
other eukaryotic cells, genes can be expressed in the cytosol without the addition of leader
sequence, or can be targeted to mitochondrion or other organelles, or targeted for secretion, by
the addition of a suitable targeting sequence such as a mitochondrial targeting or secretion signal
suitable for the host cells. Thus, it is understood that appropriate modifications to a nucleic acid

30  sequence to remove or include a targeting sequence can be incorporated into an exogenous
nucleic acid sequence to impart desirable properties. Furthermore, genes can be subjected to
codon optimization with techniques well known in the art to achieve optimized expression of the

proteins.
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vectors can include one or more selectable marker genes and appropriate expression control
sequences. Selectable marker genes also can be included that, for example, provide resistance to
antibiotics or toxins, complement auxotrophic deficiencies, or supply critical nutrients not in the
10 culture media. Expression control sequences can include constitutive and inducible promoters,
transcription enhancers, transcription terminators, and the like which are well known in the art.
When two or more exogenous encoding nucleic acids are to be co-expressed, both nucleic acids
can be inserted, for example, into a single expression vector or in separate expression vectors.
For single vector expression, the encoding nucleic acids can be operationally linked to one
15  common expression control sequence or linked to different expression control sequences, such
as one inducible promoter and one constitutive promoter. The transformation of exogenous
nucleic acid sequences involved in a metabolic or synthetic pathway can be confirmed using
methods well known in the art. Such methods include, for example, nucleic acid analysis such
as Northern blots or polymerase chain reaction (PCR) amplification of mRNA, or
20  immunoblotting for expression of gene products, or other suitable analytical methods to test the
expression of an introduced nucleic acid sequence or its corresponding gene product. It is
understood by those skilled in the art that the exogenous nucleic acid is expressed in a sufficient
amount to produce the desired product, and it is further understood that expression levels can be

optimized to obtain sufficient expression using methods well known in the art and as disclosed

25  herein.

In some embodiments, the present invention provides a method for producing 1,3-BDO that
includes culturing a non-naturally occurring microbial organism having a 1,3-BDO pathway
having at least one exogenous nucleic acid encoding a 1,3-BDO pathway enzyme or protein
expressed in a sufficient amount to produce 1,3-BDO, under conditions and for a sufficient

30  period of time to produce 1,3-BDO. In some embodiments, the 1,3-BDO pathway includes
Methanol methyltransferase (MtaB), Corrinoid protein (MtaC), Methyltetrahydrofolate:corrinoid
protein methyltransferase (MtaA), Methyltetrahydrofolate:corrinoid protein methyltransferase
(AcsE), Corrinoid iron-sulfur protein (AcsD), Nickel-protein assembly protein (AcsF & Coo(C),
Ferredoxin (Orf7), Acetyl-CoA synthase (AcsB & AcsC), Carbon monoxide dehydrogenase
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5 Acetoacetyl-CoA reductase (ketone reducing), 3-hydroxybutyryl-CoA reductase (aldehyde

forming), 3-hydroxybutyryl-CoA reductase (alcohol forming), 3-hydroxybutyryl-CoA

transferase, 3-hydroxybutyryl-CoA hydrolase, 3-hydroxybutyryl-CoA synthetase, 3-

hydroxybutyrate dehydrogenase, 3-hydroxybutyrate reductase, acetoacetyl-CoA transferase,

acetoacetyl-CoA hydrolase, acetoacetyl-CoA synthetase, or acetoacetate reductase.

10 In other embodiments, the present invention provides a method for producing 1,3-BDO that
includes culturing a non-naturally occurring microbial organism having a 1,3-BDO pathway
having at least one exogenous nucleic acid encoding a 1,3-BDO pathway enzyme or protein
expressed in a sufficient amount to produce 1,3-BDO, under conditions and for a sufficient
period of time to produce 1,3-BDO. The 1,3-BDO pathway includes Formate dehydrogenase,

15  Pormyltetrahydrofolate synthetase, Methenyltetrahydrofolate cyclohydrolase,
Methylenetetrahydrofolate dehydrogenase, Methylenetetrahydrofolate reductase,
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), Corrinoid iron-sulfur protein
(AcsD), Nickel-protein assembly protein (AcsF & CooC), Ferredoxin (Orf7), Acetyl-CoA
synthase (AcsB & AcsC), Carbon monoxide dehydrogenase (AcsA), Hydrogenase (Hyd),

20 Acetoacetyl-CoA thiolase (AtoB), Acetoacetyl-CoA reductase (CoA-dependent, aldehyde
forming), 3-oxobutyraldehyde reductase (ketone reducing), 3-hydroxybutyraldehyde reductase,
Acetoacetyl-CoA reductase (CoA-dependent, alcohol forming) , 3-oxobutyraldehyde reductase
(aldehyde reducing), 4-hydroxy,2-butanone reductase, Acetoacetyl-CoA reductase (ketone
reducing), 3-hydroxybutyryl-CoA reductase (aldehyde forming), 3-hydroxybutyryl-CoA

25  reductase (alcohol forming), 3-hydroxybutyryl-CoA transferase, 3-hydroxybutyryl-CoA
hydrolase, 3-hydroxybutyryl-CoA synthetase, 3-hydroxybutyrate dehydrogenase, 3-
hydroxybutyrate reductase, acetoacetyl-CoA transferase, acetoacetyl-CoA hydrolase,

acetoacetyl-CoA synthetase, or acetoacetate reductase.

In some embodiments, culturing the non-naturally occurring microbial organism includes

30  culturing under conditions and for a sufficient period of time to produce 1,3-BDO. In some
embodiments, culturing is performed in a substantially anaerobic culture medium. In some
embodiments, at least one exogenous nucleic acid of the microbial organism is a heterologous

nucleic acid. As described above, the cultured non-naturally occurring microbial organisms can
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10 Suitable purification and/or assays to test for the production of 1,3-butanediol can be performed
using well known methods. Suitable replicates such as triplicate cultures can be 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

15  Chromatography), GC-MS (Gas Chromatography-Mass Spectroscopy) and LLC-MS (Liquid
Chromatography-Mass Spectroscopy) or other suitable analytical methods using routine
procedures well known in the art. The release of product in the fermentation broth can also be
tested with the culture supernatant. Byproducts and residual glucose can be quantified by HPLC
using, for example, a refractive index detector for glucose and alcohols, and a UV detector for

20  organic acids (Lin et al., Biotechnol. Bioeng. 90:775-779 (2005)), or other suitable assay and
detection methods well known in the art. The individual enzyme or protein activities from the

exogenous DNA sequences can also be assayed using methods well known in the art.

The 1,3-butanediol 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

25  procedures as well as methods that include continuous liquid-liquid extraction, pervaporation,
membrane filtration, membrane separation, reverse osmosis, electrodialysis, distillation,
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.

30  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 1,3-

butanediol producers can be cultured for the biosynthetic production of 1,3-butanediol.
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encoding a 1,3-butanediol pathway enzyme or protein in sufficient amounts to produce 1,3-
butanediol. It is understood that the microbial organisms of the invention are cultured under
conditions sufficient to produce 1,3-butanediol. Following the teachings and guidance provided
herein, the non-naturally occurring microbial organisms of the invention can achieve

30  biosynthesis of 1,3-butanediol resulting in intracellular concentrations between about (.1-200
mM or more. Generally, the intracellular concentration of 1,3-butanediol is between about 3-

150 mM, particularly between about 5-125 mM and more particularly between about 8-100 mM,

including about 10 mM, 20 mM, 50 mM, 80 mM, or more. Intracellular concentrations between
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under st odicrohiat oragnysne of the iventipndy iobp auffipieritperedeirinamio Paruprea sdlégient o
'”trQ@“¢%nﬁEﬁQFﬁhhﬁd%&QﬂR&u g&;g modi fications to produce a desired
product. 25Depending on the I,3-butanediol biosynthetic pathway

constituents of a sel ected host m crobi al anism the non-naturally
occur r i ngereaBn aroceiugiareyigl grovHe tegite Wgh foimentafipefog ghe biasyntbe{ist * one
eXOgenOU%h%m&ﬁ%&ﬁ%%ﬁﬁn&méoﬁQngﬁhﬁ%QYn@&&9%&&@ RYGLEh for@GldicAnda BRcH 0 al
encodi ng nucleic acids for one or nore 3-but anedi ol bi osynthetic

pat hways sefRgtiopxiadrphteh fexrpeltatmtaadtemtleDO%Sws;qﬁrphegpentmaWSHerr@etaam ihed in a
host deficient in a pathway enzynme or protein 30t hrough exogenous
expression of the corresponding encoding nucleic acid. In a host deficient
in all enzynmes or proteins of a 1, 3-butanedi ol pat hway, exogenous
expression of all enzyme or proteins in the pathway can be included,

al though it is understood that all enzynes or proteins of a pathway can be
expressed even |f the host contalns at Ieast one of the pathmay enzymes or
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dependent, al cohol form ng), 13) 3-oxobutyral dehyde reductase (al dehyde
reduci ng), 14) 4- hydroxy, 2-but anone reduct ase, 15) Acetoacetyl-CoA

reduct asewpQCon/idegsendent , al dehyde form ng), 16) 3-oxoboCynskaeiywes

reduct ase (ketone reducing), 17) 3-hyd§?xybutyraldehyde 10 reductase, 18)
Acet oacet yl - CoA reduct ase (ketone reducing), 19) 3-hydroxybutyryl-00A
reduct ase (al dehyde form ng), 20) 3-hydroxybutyryl-00A reductase (al cohol

f or m ng) cotinpoacepaacet Yixa@plss ofrtabfaad emeinudw deroleaseqn pocedyms etvadle, 22)
acetoacegﬁggnhﬁgy]&ase, 23) 3- hydroxybutyryl - CoA transferase, hydrol ase,
or synt hetase, 4?'3-hydroxybutyrate reduct ase, and 25) 3-hydroxybutyrate
dehydrogenase, as shown in Figure 4. 15Alternatively, exogenous expression
of all edzydditgongp therabpes fagndntatian peecdnens upiog therlotbmtriediol ploduceg-dbtitcanedi ol |
as shown .jin_Fi i - - ), Ir ogenase, 2)
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ni ne, temogER{ehsuseis a7ae delgiongdituptigustialys it redie gergligtibetrblsevent een
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4- hydr.oxy-2- 10 but anone,. .3- oxobut ryal dehyd or . 3-hydro ut ryal dehyde.
Cenara ) PetamiBer R R lEy o <GP aR LR PR Sl I B T ces  he
pr ecur sorwheh geneldeRtiomuiractadin@icdnbdrt Wayhe gkdibla @ossitslitg oNat desadrey sgpdimduced

nol ecul e or as an engj neered product that either provides de novo

product | SHWeHEL° g‘ﬁgi“gfé’&y%er LU EOTSBIC iBHY églg%%fi Wr@ﬂ&ﬂ?‘iq%ﬂﬁe E?f%ezSO’BP]éE?EYr sor

nat ural | Yerﬁé@dlﬂ&ﬁﬁh@?erbhﬁ. hastfofd, &fi OIn@uta86 8 RieBio168Y a3 idao cget yl - COA
is produced 15naturally in a host organismsuch as E. coli. A host organism
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can be eﬁﬁmﬁﬁéﬂ@ﬂm?ﬁﬂﬁﬁWWéégﬁt%?UH@EFWBW”&Pfﬁdﬁ?@éﬁ?@ﬁWPr&?d@Pg@m@%@a

her eizn. maddhdn Qiural®) FBeeiiaP hddroBhIGRMNEMs At rRa S pHhae i AN ibRRAlERdisto?
produce a desired precursor can be used as a host organi sm and further

engi neer édletipd@psivelss enzymes or proteins of a 1,3-butanediol pathway. In
sone enbodi nents, a non-naturally occurring mcrobial organismof the

i nvention is 20generated froma host that contains the enzymatic capability
to synthesize 1,3-butanediol. In this specific enbodinent it can be useful
to increase the synthesis or accunulation of a 1,3- butanedi ol pathway
product to, for exanple, drive 1, 3-butanediol pathway reactions toward 1, 3-
but anedi ol production. Increased synthesis or accunul ati on can be
acconpl i shed by, for exanple, overexpression of nucleic acids encoding one
or nore of the above-described 1,3- 25 butanedi ol pathway enzynmes or
proteins. Over expression the enzyne or enzymes and/or protein or proteins
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endogenous gene having a naturally occurring inducible pronoter can be
up-regul ated by 10 providing the appropriate inducing agent, or the

regul at oryoreygiwonesdf an endogenous gene can be engi neer @ATIUS201008TRDr at e an
i nduci bl e regul atory el ement, thereby | owi ng the regul ati on of increased
expression of an endogenous gene at a desired tine. Simlarly, an inducible
pronoter can be included as a regulatory el enent for an exogenous gene
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| ong as t2he/QB}7¢ Bhibiladatugost 10f 2080Mzymes and/ or proteins of the desired

bi osynthetic pathway results in production of the corresponding desired
produygt . A dav L.ght i pe, ten,

ol van, ¢l LS DK RRARE LA T HEaRh BRI Rl IR e R

prot ei ns bb?fsymhfmcwsqdutmcrf@ ppatubtiay negbdicoiddeg abrmilntigesystoa temeluded in a
non- nat ur, o f [ as

dosi rod, SorYanE fhiscRRe iRt Bhod 48, O5ERN ADEeald fr RUBIL GS ST he

desi red pubspnoh2i0BEO2p3A1RWaEYd Fups Ui 12002 ranﬂurommaltlonalcﬁﬁtemh@pdmatmi\b}ondl ng

dest 9 RSy ERIPLA VOB SRR, shhoERETS e AFLIER Rl o

non- regt un@bﬂoyu@cmmtwam glomlonz @bi@dndas ganisdtheflut bemasaveanicly @ﬂctﬁrgmhmdgi A 1)

For mat e dr ogenase, Itetra rofolate s et ase,

ot heny | (BT SRFABRIRE: & OP B GBS B biedst Famyer by anaes
dehydr oggoase funtidvality |oeﬂﬁbﬂérﬁlazily@iic@&@|1ﬁﬂﬁ sy el Gher&ts, de@}mining a range of

Met hyl t et rahydr ofol ate: corrinoid protein nmethyltransferase (AcSE),

Cor ri noi dIPYhackvitieshor e Sidegicad %Yég’ﬁ) , Ths) apRFQRKILIS I FBT P AS SNSEHBP )Pasfé pr otein
(AcsF & GRREling &Laigfﬂe%smﬁémspﬁglfs aéfme&@%r cAGREMIs s A SRS ol AEEB 1§ AcsCO) ,
11) Carbon nonoxi de dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13

Acet GAc etoy ihe@rsidesh Fogrtians ag Wekb ) reaction teppedyapiicyind ERpACiH wHEFSHndgociated

hydr ol as&,inQfaxgmith @ﬁ%@&stﬁpouéiﬁ)ea&ﬁﬁ@ %%b%%eflﬁéaqﬁttﬁe%@ conbBints can be

3- oxobut yr al dehyde reductase (ketone reducing), "17) 3-hydroxybutyral dehyde
r educt asanterreppted 19 deteypyet the pheRgiglpic gansasisies and b%vmﬁylont tebategiead pysieat e of

synt het asg pioap n%&l%?ﬁ%%&eﬁ{sf ahydrof ol ate cycl ohydrol ase, 4)

Met hyl enetetra ydro ate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase
(AcsE), iﬁewmmn@lai pFrashils faggrcoprigens with(biglagnyal r@litiog hekasise %Fﬂ@g’éﬁln assenbly
pr ot n Qfﬁéﬁs eﬁ‘eﬁpﬂﬁ)ﬁ ’an(%an focfl%%fn@ résgﬁ In71)1an ]tﬂi)feléﬁ%a% &%ﬁgﬂ Q@l%g (ACSB
& AcsC Car bon nonoxi de dehydr og enasg AcsA), "12) Hydrogenase
(Hyd), 13)6 d&életl@btb@!lgh evabmionsry mea@énsémttth)iavelmyn lﬁt@t@t?t@ébeflylﬂawl
transfer e t 16)
e A e T e g
r educt asembceslthesegemead] ecatigery diuobents ebilil)to Eortmydusét 1n@h§ecfunlﬁ@ |r¢a3tr®t10ns

synt het ase, 3) 25Met henyltetrahydrofol ate cycl ohydrol ase, 4)

Met hyl enet et r ahydr of ol at e dehydr ogenase, 5) Met hyl enet et rahydrof ol ate
reductase, 6) Methyltetrahydrofolate:corrinoid protein nethyltransferase
(Acsg), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein assenbly
protein (AcsF & CooC), 9) Ferredoxin (Of7), 10) Acetyl-CoA synthase (AcsB
& AcsC), 11) Carbon nonoxi de dehydrogenase (AcsA), 12) Hydrogenase (Hyd),
13) Acet oacetyl CoA 30t hi ol ase (AtoB) 14) Acet oacetyl CoA reduct ase
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met hyl transferase (Acsg), 7) Corrinoid iron-sulfur protein (AcsD), 8)

Ni ckel -protein assenbly protein (AcsF & CooC), 9) Ferredoxin (Of7), 10)
Acet yl - Comoymtiasse ( AcsB & AcsC), 11) Carbon nonoxi de @#€hyuseagmszse
(AcsA), 12) Hydrogenase (Hyd), 13) Ace%?acetyl -CoA thiolase (AtoB), 14)
Acet oacet yl - CoA reduct ase (CoA-dependent, al dehyde form ng),15) 3- 20
oxobut yr al dehyde reduct ase (al dehyde reducing), and 16)
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protein nethyltransferase (AcsE), 7 rrinoid irgon-sul fur protein (AcsD),
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(AcsF & Gapemen@onRSlikiadaxioc afrhions ugiﬂ% OpGabl &EaPBIRE BAsEméAsSB & AcsC),
11) Carbon npnoxi de dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13)

Acet oacetdelngand ginglativa compypjonahiymerskssad steiodeyall Keamneip dxeir( ket one
reduci ng), 15) 3-hydroxybutyryl-00A reductase (al dehyde form ng), and 16)

3- hydr oxyibuwhrRbidelycedaplctiapevide Jax eapl akMbeRiciakd 0 asnpl. Rbn@x@genous
enzynmes or, proteins of a biosynthetic pathway, as disclaosed herein,
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reductasé. e gf? For mat e dehydr ogenase, 2) Fornyltetrahydrofol ate
synt hetase, 3) Methenyl tetrahydrofol ate cycl ohydrol ase, 4)

Met hyl endinee rdghtfchdotho keitoé redethope thagen asle, digyptivbintoydes teacbier aprpdeatibo bbbl e

duct . Met hyl T l.at e; i nNoj i . t f
Cest) - il pHERES, ARG BB SR b RRUBPE S R alER MR hAPE S oomor y
pr ot ei n (dsistne efsamG)dindackerrabodxieamtidn) withinftid set. 10)e phctituldrly Gedulsyainbas e

(AcsB.& AcsO),. 11 r bon nmopoxi de. dehydr o ase .(AcsA) ,..12) Hydrogenase
(s 1 35mepi bt R gl PR S by SRR A ahe b wi ek W 23T ace
(ket one rieshned inginceqmdad by bérehiyidirioxishipt the ydac @by @it gérasie afeatadomyol

formng). .J:. 1) Methanol nethyltransferase (MaB), 2) Corrinoid protein
(M aO), 3‘}“‘%‘%%’1%%??@?:%}%0& @%%088 Feewaiogy %18Pse%“ﬁh ﬁ%@fﬂ?‘PﬁePé“ﬁé‘Fé’E%&lg’é
(MaA), 4jesdoMibybiverhéialysngfi@haiien 60tht chhdkepicteinniet hlteanst er ase
(AcsE), 5) Corrinoid iron-sulfur protein (AcsD), Ni ckel - protei n assenbly
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AcsCl3p 9us&ralt RP Bx QXL rRMM A Q8GRATehd AP of A todAOURNAS &, whbh)
Acet oacetyl - CoA thiolase (AtoB), 12) Acetoacetyl-CoA transferase,
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Acet yl - CoA synthase (AcsB & AcsC), 9) Carbon nonoxi de dehydrogenase (AcsA),
10) Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA
transf er 280,208lM7d6821 ase, or synthetase, 13) Acetoacet at @CTAdEAST25 14)
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Acet yl - Cofenlétt faweh- oﬁg}wn&mﬁ@%@mdlﬁém@@gﬁwﬂlem&z@n@l@ dehydrHARARE6n,( ACSA) ,
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Met hyl t etAsaliydésed Sloat ehCOpIKinBEN MetREAly vaB8ERYdptd an &k §raasie: (hAGSEInt 5)
Corrinoid iron-sulfur protein (AcsD), 6) N ckel-protein assenbly protein
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reduci ng), and 13) 3-hydroxybutyryl-00A reductase (alcohol formng), R 1)
Met hanol rret hyI transfer ase (IvtaB) 2) Corrl n0| d pr ot e| n (IvtaC) 3)
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Acet yl - CoA synthase (AcsB & AcsC), 9) Carbon nonoxi de dehydrogenase (AcsA),
10) Hydrogenase, 11) Acetoacetyl-CoA thiolase (AtoB), 12) Acetoacetyl-CoA
reduct asewpQCordepesadent , al cohol form ng), and 13) 4-hy@®CofAs2@006t52ah0ne
reduct ase. Exenpl ary conbi nati ons of 1% exogenous enzynes or proteins of a
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produce 151, 3-but anedi ol . Sources of encoding nucleic acids for a

1, 3- but anedi ol pat hway enzyne or protein can include, for exanple, any
speci es where the encoded gene product is capable of catalyzing the
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t eachi ngs and gui dance provi ded herein, those skilled in the art will know
that a nmetabolic alteration exenplified in one organismcan be applied
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i nstances, such as when an alternative } 3- but anedi ol bi osynt heti c pat hway
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cont rol ditpnene eSEPhich epalls emplaigarivgag fotlipg@fhmli@pea@dw@lg%@fo%t@e%@ rs

appl i cablygf QA ah3or ghdtdagv b ﬁ&*&hﬂi oA LaliRORRRARa ot 05 L3y BARD B

i ncl ude, for exanp? sm ds, phage vect viral bvectors, episones and
artifici &Naw diwtmimsloh@§58 -l ) n drandsot Btrilsmaﬂ?dcmblemon(ﬁﬁ%)eqlmmglesanmm

mar k%bs %F Qe ﬁ"&’:l %n{e(?s ar® E%Bl }aFquﬁ é/ RO bNAO r%@ ?stco fe&@t% r[g d ffer nt
Addltlona(1 e expre55|o vector can inc e one abl e
mar ker gqu&m&ndﬂ&ppmp@&«ﬁheeempME$$unhmbdhsE@BSB@ﬁUé%ﬁ@B Selectable

mar ker genes al so can be included that, for exanple, provide resistance to
anti bi oti t i [ y

i i cal Sl Bha fh S i SROHRARAL T RERRRIRALE, £ h|ch 1 0GL B paBhia AR
sequencesmﬁhnﬂMndkmm@hm@mgﬂhMmuhvgnaddynmﬂmmﬂbbpnpm@HEWeté,NMﬁamAadspt|on
enhancers, transcription termnators, and the like which are well known in
the art. When two or nore exogenous encodi ng nucleic acids are to be
co-expressed, both nucleic acids can be inserted, for exanple, into a
singl e expression vector or in separate expression vectors. For single
vect or expression, the encoding nucleic acids can be operationally |inked
to one 15common expression control sequence or linked to different
expre55|on control sequences, such as one |ndu0|ble pronDter and one

e T —— Y



I n sone enbodi nents, the present invention provides a nethod for producing
1,3-BDO that includes culturing a non-naturally occurring m crobial

or gani smweawong7s82, 3- BDO pat hway having at | east one ePOoFAISeUS/OFIHCS ei C
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H2, 6) one or nore carbohydrates, 7) nmethanol and one or nore

carbohydrates, and 8) nethanol, in sonme enbodi nents or a carbon feedstock
selected from1l) CO 2) CO2 and H2, 3) CO CO2, and H2, 4) synthesis gas
conprising CO and H2, 5) synthesis gas conprising CO CO2, and H2, and 6)
one or nore car bohydr ates, |n ot her enbodl ments. 10Sui tabl e pur| f| cation
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The 1, 3-but anedi ol can be separated from other conmponents in the culture
using a variety of nethods well known in the art. Such separation nethods

i ncl ude, wWonoexeamgke, extraction 25procedures as wel | a®CRaISROdHSTSRAL

i ncl ude continuous liquid-liquid extragélon pervaporation, menbrane
filtration, menbrane separation, reverse osnosis, electrodialysis,
distillation, crystallization, centrifugation, extractive filtration, ion
exchange (chSMPat ogrlaghthe sieiting neerialssianleatsnpmetiiod deybtystrapdisidpipd i(GIPNA)
chromat o d ul t.rafil h v e wel l
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pH, such Apgl. EnprdnoMiavigahd7:3645y3 68 R00I Dnl.of etal. bé%ol @ubl%@@%?eﬁ@l or ot her
bases,s oQggggd, as needed to maintain the culture nediumat a desirable pH
The gromﬁh rdte can be determ ned by neasuring optical density using a
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the i nverfigsd Pé?t‘ém(%ﬂ%’f”i‘elﬂf’ts%“fas”&%? PRI RO g SERETHCs RGYBRIITC PRACE S 20 a5

exenpl i fi.ed sh@sﬁﬁmenst Ba @40 ABM OSthy FRXRIIQS Sraflprdt@A Sher QIfis, @h@%&bﬁll?@v‘oﬂ(s
encodi ng a 1, 3-but anedi ol pathway enzynme or protein in sufficient anounts
to prQédué@snef@mtﬁ&x ehergiests withtknpn {fHeradigepvenal Hearctrsdayes eodi ArocoNegfani sms
of the i nygnts.0 @Sﬁ@@ 1860 Hﬁ@(%@ﬁranﬁ%aﬁh% S?e{i{%raﬁé{f fuGb&tis VAT itkic e

1, 3-butanediol. Follow ng the teachlngs and gui dance provi ded herein, the
non- nat uriiolygs geine kpewligdae & sEitar/ fcgamiosheoseh hkﬁé silqWpePZy D BB Eeteve
30bi osyn i tions
et oo ;pglgﬁﬂtnﬁ Jat&atﬁ)n%&%g?ﬁ%?% cﬁ(ﬁéﬂ'léll%a?@§'a%dt%%?%%%&!él‘égd%ﬁ ﬁ%@ﬁ&%&&
concent r&ulkﬁhaoge Brapune drediiedo ¢4), batanswrse kbongt foldesit&Opropdrtigyaandi esinigar | y

bet d ti e

il o nd ase Tl i By Gt RARET AP b Bt B A

concentr at:lmem:sl (Rettwaah, ND 20t/ DIVN6FBRATINSR0 ReLQ 5782 Bn8W. &hendbove each of
t hese exenp | so can be achieved fromthe non-naturally
occurring ﬁ!ﬁ %&@?ggi(gﬁ53ns of the invention. In sone enbodi nents,
culture conditions |nclude anaerobi c or substantially anaerobic growh or
mai nt enance conditions. Exenplary anaerobi c conditions have been descri bed
previously and 5are well known in the art. Exenplary anaerobic conditions
for fermentation processes are described herein and are described, for
exanple, in U S publication 2009/0047719, filed August 10, 2007. Any of

t hese conditions can be enployed with the non-naturally occurring m crobial
organi sns as well as other anaerobic conditions well known in the art.
Under such anaerobic conditions, the 1, 3-butanediol producers can
synthe5|ze 1 3 butanedlol at |ntracellular loconcentratlons of 5 10 mM or

o o o o . o



20i ncl ude, but are not limted to, betaines, am no acids, and the sugar
trehal ose. Non-limting exanples of such are glycine betaine, praline

bet ai ne, WoOrzetiyhaspet i n, di net hyl sl foni oproprionate, PCT/US2010/057525

3-di net hyl sul f oni o- 2- et hyl pr opri onat e, pi pecolic acid,

di met hyl sul f oni oacetate, choline, L-caffitine and ectoine. In one aspect,
the osnoprotectant is glycine betaine. It is understood to one of ordinary
ski |l i nAtyef ghetafqrpraentiohal methedytforanedagoppas of b2 Besimbe ot ecingcembinptiabl e f or
protecti r I tress wll
depend oﬁdﬁloﬂlﬂty ? b(r?nglog)g(rg%aﬂn?[?rrh%?gleédl Hgél%gd QV%EH%OH{H e[hgagoés)aﬁo%gﬁ% delgt ant in the
cuItur|ngoqomdpnmmhadQEWebeﬂmﬁmnamnamplBgmmommmh@mhhan about 0.1 mM no
nore than about 0.5 mM no nore than about 1.0 mM no nore than about 1.5
mv no r han
about 3. 0L kSRR R0l HRTRY oy BRI AP R Mg R R

nor e ﬁhamnmbmummﬁbfmmhnwmumomeabhamhdbbwumﬁmxnmﬁnmbnnb@enbhﬁnmabomkdloo mw
or no nore th 0 The culture c n incl r
oxanpt o, e B0y B3R Mnd Mo s Wi SE0% b AER: SRR B | ar ge
scal e culiiwengorpr ocedur es. As described herein, particularly useful WO
2011/ 071682PCT/ US2010/ 057525 81 yields of the biosynthetic products of the
i nvention can be obtained under an substantial |l y anaerobic
culture conditions As described heréin, one exenplary growth condition for
achi evi ng bi daygdadiieaiof 13tBNOIisingivathadolpCOL, med/0d€S , an@arbohiReedvtédkur e or
fermentation conditions. In certain enmbodi ments, the 5non-naturally

oceurf gyl SLARE HoAIAN R Al hNE LK ED atrn%meb%naﬂl% @D &Yl 4 ur ed
or fermented under anaero IcC or s ta y anaer obi c con i'ons.
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Substantially anaerobic conditions include, for exanple, a culture, batch
ferment a gen
concent r e Sn?ief Blht DUAHE al CRROLER BT SHEDGR in g AR IEpEL Y
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fermentation and batch separatio h fermentation and conti nuous
separ at i IRSSCEHNESH {IRTGIE Hr%%rrsrrﬁ%&ﬁ% radﬁlaﬁ%rﬂgrther&age@eaa?wadﬁg APV of

t hese pr Qtﬁﬁteaaea@f @eﬁ\/@é IBZEQQCEV\ﬁhdef\cdnﬁﬁl ke reﬁersr@@mtmotrpr&ﬁ&dqm@ aid €
partrcularly usef ul hetic production of conmerci al

quantXVt i &8¢, Aﬂi’céﬂ%‘tﬂ“&d@dr%w 12@%11@?‘%119?/7)) aﬁ]dn%flsge%?% He hgHled BrCRBAST cul ture

20pr ocedy@otioh Qﬁzyﬁﬂ%@ﬁdppﬁtg USRS @de NERIuEBA Eﬁcfhlrl%ﬂt%&ff@t%gén@ RetQhto the
1, 3-butanedi ol wiI'l include culturing a non-naturally occurring

1, 3- but asgfesionpiedalu dPNG serigaHnSPh ths prefr\elnﬂwelﬁtqsehcwdwmcenem thaut ri ent's
and medi Uk Stk Al oA BnNBAL YorFHALA I P nlclis A EXBPRGNLD K. Phase.
Cont i nuougbcu t%le Snoer S 3 cond?otn?lons canglra éQﬁ}nudje,lsf ?[?r exarrp%q growt h
for 1 dayZ ®GI855)4clldhy 861dt§1r0n Pt Hﬁﬁln@rcenbﬁteeen,&dtﬁ anid d rraM final COAITUS
cul t u i 1 or nore
ek and s T R o e R RO B it vl Peg e B8 T o
can be cuwptimizedevbibiof duhisys. pélles (fioteabilly ihdnsien ey toriginh proteap dHei afﬁfattrorﬁn It is
to be unde 8l c%dht at the %on 1| n ousband/or dnrﬂar cont bnuous cul tur
condi ti onS 85T "EHROTRET UHEHIT Vi R OF RAEIVAr o 19 bdtive eeXPtehsel%nelsexerrpl ary
peri ods. obtaine8, Highet htelbwemd)py ﬁlhmlﬁml vehiak ot hriahis mrepxoﬁloteukttanguhm@ tefral. m cr obi al
organi smof the invention is for a sufficient period of tine to produce a
SUf fl CI efito (13%1‘[1111’16 %X ress1(91 Oc%(?he tt qpai'ot(élengl red I%ripr)noac tchg(gn ernt a(g COll
procedures are e ar el Ent &t ron for e
bi osyBOt helid abilpy odmbﬁeomemyl g‘rotips iftotvemettarol tooaurahlyeromlatda (A" t]nerr,ecdmmnamx anpl e,
fed-batch fernenta nd. bat ch aration; fed-ba rnmentati on and
cont i nuods EaER AR DP B RYTIE o Bt T oy e o R
2011/ 07 1682RTnkiS3014:01yQS dbR BbSXocaintliakug usnaigpasuadd i M. rxapplegs: Ofaidaat ch
and continuous fermentation procedures are well known in the art. In
addition to the above fernentation procedures using the 1, 3-butanedi ol
producers of the invention for continuous production of substanti al
guantities of 1,3-butanediol, the 1,3- 5 butanediol producers also can be,
for exanple, sinmultaneously subjected to chem cal synthesis procedures to
convert t he product to ot her corrpounds or the product can be separat ed from
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10 Modeling can al so be used to design gene knockouts that additionally
optimze utilization of the pathway (see, for exanple, U. S patent

publ i cat iwe=2011B726302/ 0012939, US 2003/ 0224363, US 2004/ ®0ZABA@0/08)525

2004/ 0072723, US 2003/0059792, US 2002%21168654 and US 2004/ 0009466, and

U S. Patent No. 7,127,379). Modeling analysis allows reliable predictions
of the effects on cell growh of shifting the netabolismtowards nore

ef fi ci entanpReghddltioRagtridl, B3putianed?sl (20(115mré01dk5r¢bmoa¢fictzﬂnézhrhaétr¢ﬂ&dtnblor

i dentifyi | is of a
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Wi | d-t ypeshaihe eB@aaiDe of REeHaR Sosaindd &gy bY HOR! AecHIodE suftidichte
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met hodol GERFesin- hesoube ey lenslpise geaerare megildintedhy JEOPRCRRAY 3 SRSt | ead

t o bi osyRifiRSicHp&bnaTHE Shihi®daRb @M Hederfon USRS REATICORRE GLdoRBindOML h t he
non-natural |y occurring mcrobial organisms for further optim zation of

bi osynt héangragst etgl. deaiaedcidy Reguth 17:e 0 0¥ Meyrars s oYralge daids 857525 83

Bri efiy, t t d f &k met hod
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al so co ut es sol.utions to. t | e,

£ gt oni e RaRIe SRR TSR PR bR P U Rl R o
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presence .0 ene_ addi ns or deletio tional mewor k
B Fove ¢ HECUBRSEP B GHGE hrduBrer D 20 ERSe LAt ST B e ks quer y
of the pend svafRaCi@sdriidtk hSangflochGomBtiabbl ot cReoRiksScaand gpieaitédlehematihods f or
solving the resultlgg m. xed-i nteger |inear praogramm ng Hproblerrs The

et abol | @ONGEPTAROH 04 Krld piesting e hengk corapif medisnHERE 3014y ¥deknock

ar e descrh befciblR préiRbeendiplifale bbps-(clRURbionAll flec?QB/ 0168654, filed January
10, 2002, in International Patent No. PCT/US02/ 0066 filed January 10,

2002, __an ati on 2009/ 0 4771 filed Au 10, .2007. 15Anot her
conpiat i Hlélswﬁg"’trﬁgg TR thdg TR 45, Qﬁﬁ"l&é%sd}?ﬁ %g"“?Pé"tdalBtBII‘i’% el at i ons
favori ng copyompieh @dctdis RICRELUSLATHS @15@ REQlUEpZS 13- (pSel abplst. APdatiifi@ and
sinmul ati on systemterned SinPheny(r). This corrput ational nethod and system
i s descr ifpfdBe methygpsfagsggsnes, theysigictyse md catanenc2bodpydsgesare enfigeedjune 14,
2002, andingés§1(5}f1§'fﬂbﬂft61@@§1|a pRAdiRBE1 ARROPHOAL s AN whible-BFTsMBOS6WRE8RRy fil ed
June 13, 2003. SinPheny(r) is a conputational system'that can be used 20 to
produce &Urisdy arperobipoadlitipns veith the epquiside metaksi(iiaat i) epkcdenpsnedt . pgiled.ener gy
or char gadiEaugh tﬁégnsbﬁ&kﬁ@lnoaﬁi%&tfdr%?oz%x esBbRb PRI iR caS S HAR R a6l | ne 2
sol ution space that tontains any and e Tunctionalities of the
cheni cal ameamptate@htgﬁmnatplh@n@ ysrodyntion hﬁcroewswb@scrmai bmging siesrrleseofiroal | owed
activiti I I r t S

constr ai %tﬁes g‘g g&b&c{% t?‘%lﬁ e%oz%@taﬂ%eg’ﬁdﬁu?’%r&%%@&e?zqgg| ne 1%94}

const r ai Misggeisct ah d/dl. chkabmzlm S 2i% 2o ndiowevRs edchigame Qlumdruu:l@cherlead;tl ons as
wel | as reaction thernodynam ¢ and capacity constraints associated with
maxi mum f | uxes through reactions. The space defined by these constraints
can be interrogated to determ ne the phenotypic capabilities and behavi or
of the biological systemor of its biochem cal conponents. These
conput ati onal approaches are consistent with biological realities because
bi ol ogi cal 30systens are flexible and can reach the sane result in many

d| ffer ent ways. Bi ol ogi cal syst ems are de5| gned thr ough evoI ut i onary
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150bligatory product during the growth phase of the organism Because the
reactions are known, a solution to the bilevel OptKnock problemalso wll
provi de tWe 2as90¢48at ed gene or genes encodi ng one or nDIPETAIS2010105752Hat
catal yze each reaction within the set 2% reactions. ldentification of a set
of reactions and their correspondi ng génes encodi ng the enzynes
participating in each reaction is generally an automated process,

acconpl i shpdssehimgugimn2Opacdiet eliatmpove sofictiivand egeessions This helpacrseadhd on
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dent 11 SEep AR i RLY v BT E «RRHOTER A= AR SRR, IRER 10

achi eve prheduQtdesatidictay egsessiod opthe AIWIIH/AICS genpélesanindg anmerotiecdnditiges cel |

or organi.sm b ncti.on i srupt.ion of at |east,o e_en i ng.each
et abor 1 ¢ Ruged: SRRl B EkBHhEReg' s B BERE Ry BTG S RBRL Wyt

25achiseves dswayedl.i mital cehidaiodpemploy aficlijneacebiciliyostosetells prdiyded eliddtekogenods each
encodi ng ﬂgne. Fbwﬁver, in sone inst nces, it caqﬁb? beneficial to disrupt
the reactfSHHY 2GHRER AYLAERY COUBeY P ST THE T RINGERME 2008 O 8R4HBI%e, nut at i on,
del et i on r@birite@Uliat Birite LG DREOH EBPBS ALY, SxEen&isEy RbNAITIsTHRS for
regul atory factors, or by truncation of the coding sequence at any of a
nunber of°aR Beildrdiodhe RRULE- | atter aberrations, resulting in less than tota
del etion of the gene set can be 30 useful, for exanple, when rapid
assessnemnhs A@{S/@(hblfl(‘gfhkf);l ard\@oll add prppehsatin aél;% a%fekpleﬁir/grthél\ﬂﬂ@ﬂh;ugﬁn etic
reversion is |les i ke to.occur. WO 2011/ 071682PCT/ US2010/ 057525 85 To
i dentluzf y Uil rgnglgEpe B’PE%\] 'S\fé‘ngﬁﬁﬂil‘%%éy {grofrEOR BLraPgRlle PIaBBYS b | evel

Opt Knock crprolemadIComH AROVIIrR-dxpebMey ceRE! For Qllddiaat leMsaliBrydins r upt or

met abol i ¢ nodifications that can result in the biosynthesis, including

gr owt h- caMpl/edDbl e Phthagics corali Redaperaigd gro B Chrome ept M 2881 Mo fret hod,
termed i npROKabE YE Siilif QBaro R ROREE SU. THINARI IR RO hOSR]ASDAYACS
iteratively solving 5 the Opt Knock problem exenplified above with the

i ncor por ZEROHC BRde ey e assaypbior dwrbitaiontilieelol medancd apdsyapasiiat eger cut at
each it ergblPRuioh MEARLEWh, GORRL bAl AliSnBLT Rtk USaioRE EXABY kg, SOl uti on
procedure fromc 005|ndlthe exact sane set of reactions identified in any
previ ous anteegtatally gravratellpprioviged with byogeeyp Lisogpre d agbobindsperghegire. t o
growt h. F l e, ifi ' YA i - lic
ol 11 cat SHTL o il BaR] AELRE Tyl AR B, B GRUN R TRLANR, | 2

f ol | owi ngneknsdr @eeptorpneé ingtiil @ of b wilandnacahot gromth of Fom/bei fagy sdidsuivhiaheousl y

consi dered i.n_subsequent sol uti .. The integer cut nethod i [ known in
Rl T Cope i SR o W R e e

Bi ot @ohn@Camptetigt all Mol WMiciDiol (2BI193-808520613))h Cadybenah hbd e pesided beldngi@r ei n
with reference hejr use in ination with th t Knock c ut ati ona
't rewr B s e et Mg O A8 Bt ot R R R S DM 0 ot
15r educi Air-raeelemshamenol, 'FC-ldbeledbic¥®otanput@tdbesalC Oanapysided @l tsocetiannde
applied with other conputational frameworks well known in the art,

i ncl udi ngnalydal BassspcEomSILSIKEINAYFY L0 B RRcERgEatiay 8hiSF 13Prled cHRMENY al | ow

t he constytdift b@NceDfimBeld S, ARGin0sARMUNEABddi@t bi osynthetical ly produce a
desired product, including the obligatory coupling of production of a

target biochem cal product to growmh of the cell or organi smengineered to
har bor t K& a}qt&EﬁPY? (?réﬂplg%&‘é‘ﬁ&)t‘iﬂgmﬁ?rt“ért%‘“t %tH%“.O? PRy ]éfF‘Bﬁf‘ér,gsetSPigefB itat i onal
met hods  desi6édring thehRdi Braakh Shd h@oh@@ﬁt{ghiﬂl pahiONoaAsh1y MOSATBINL AithQRe Of

nmet abolic nodifications that are identified by an in silico nmethod selected
f r om Opt Kefdk SorP-SWHPBR éngqlinosseTtre et craPding cadysics eamblaiof Faainegivs sangret
inClUde1tﬁ@&x@%ﬁ?ﬁ&ﬁMﬁﬁ@ﬂ%Lh&F#Qﬁ»QﬂﬁkamﬂBﬂ@in@ﬁMﬁéHﬁ&&HﬂQﬁ%Qﬁﬁﬁmﬁnzynﬁs
and/ or functional disruption of one or nore nmetabolic reactions including,
for exampfog agiogenspeaydivbhyerberatlpBigaird b0 oAV ASPeiisCarssities Bnpiese free

Opt Knge K RLARIRNORMortRS, 9&9@%%@gn@&okaﬁawi&%%ﬁg}z%bbmmma §peiagadi a

net wor ks can be evol ved towards thelr conputat predicte

maxi mum gfeolag, INggh¥erdi. y BesV whermogedsi @ eeraionstioclpdenigrippse dahadropdnag @ik
selectio h r I g i ility to
el -opt g beri astolerER ph CRPERRRAR: HEN AR R SGPT LR | e
for the éMotudtiNenemuyeTHY cpdolytirgmpmetelept{IdlF bydrdgeatsedfosDt hat force a
coupl i ng between bi ochem cal production and cell growth based on network
stoichionetry. The identification of optinmal gene/reaction knockouts
requires the solution of a bilevel optimzation problemthat chooses the
set of active reactions such that an optinmal growh solution for the WD
2011/ 071682PCT/ US2010/ 057525 86 resul ti ng network overproduces the

bi ochem cal of interest (Burgard et al., Biotechnol. Bioeng. 84:647-657
(2003)).



An in silico stoichionetric nodel of E. coli netabolismcan be enployed to

identify essential genes for netabolic pathways as exenplified previously

and descrwbedit/aiiestor exanple, U. S. 5 patent publicati oRETUS20002750912939,

US 2003/ 0224363, US 2004/0029149, US 2%14/ 0072723, US 2003/0059792, US

2002/ 0168654 and US 2004/ 0009466, and in U. S. Patent No. 7,127,379. As

di scl osed herein, the OptKnock nmat hematical framework can be applied to

pi npoi nt Mahel Sde) axihglese-THEddvgtaso(nele h@nbwlhl)cwphﬁhb/lmr@&m@ (@rE.of a

desired RI& ulclt97 ﬁH{httﬁ' XC%%{&% of B‘Je%et@ntre%sfe}asee %? %ﬁ%!l 1%8@&%%]]1 BL 89£e%m

provi des only oneée etions Teani ngfu

10sol ut i enpart oftthd CD@H/ACS chietes ttm:fse gmes:zimu]bsed eela«tbmgme(bmgrmprempl ed

productlon fo n. tec cuts, can
ool enssiv ol TP et R RGO R R e R eS8 o vt

the I scorjidbatindnalad aadesadibidtabona [ni G019 54 high bi métﬁfuﬁl’cb@dntinﬁbeﬁﬁeom winbeger cut
at each iteration, di SS As di sc ed herej eic acid
encoi ng chSuB PR oRRt SunSE TRRe R Wi dkrein oS BE i it RePalint 1 oqucad

into a hesfonk@ani sm I n sone cases, it can be desirable to nodify an
activity of a 1, 3-butanediol pat hvvay enzyrre or protein to increase
product i of 1, 3-butanedi For exa known mut a s that ase
Phe act | e Pt g uPRF hhore i S o EnRo 2 PP Batbed T PSR idodr hg

nucl ei ¢ aﬁmﬂeﬂ@ﬂfﬁ&ﬂdl expré&&dl ihis@0ad dxibi it AMS/ZADIIDATtiNRIES) a0shdamAs, peonaggak, ed to
increase the a |V|t ynme or tein_and/or decrease an inhibitory
acti Vit y cl-dfe ?ébOVQO éVc?Pg};?slerg‘E Aé&© gél?? §F‘5§ R S L L] tFé‘SlPté‘G/LtPfélt‘“or ne
such opt lcairas@tnt&[tg émyrh&dtels@ i Begseteh&MRIn gtl(b\QBr sikd1€-E67yqhsBNOVdétdroR 1S a
power f ul ﬁroach that involves the introduction of nutations targeted to a
speci fi ¢ SH8eOPhclyPaonabiniGemticne A/t pssaysidsieribpbingelogdrdyi aad Biesde.enzyne.
| mproved japgdf @Al 1819 heNZ YHB5 (ﬂ)@O)hQQn b@@p@tltct b@EmbVLaMaRifile Il sudippMent
and i nplenmentation of sensitive hr oughput screeni ng assays that allow
25t he autdomardigeiesithgndic semws @ﬁ'?%ﬂrﬁ@u}i‘ia?rqndrﬁl‘t%ha{lfﬂdﬁ thexelpppreot a1104) .
Iterakiv perfornmed to

af f 0?1 a%"%ﬁ%%%“%kt ﬁ@é%%??n?@bﬁdgﬁg%gﬁvﬁ%gém&%% g.?[IVICl)t aﬁla(f gorithns that
can help to identify areas of the gene for nutagenesis al so have been

devel opedhagedogarpus hyhipgancitizing hy ddgroaseragdvityyrtherhosforgaspheanpa tesigd by t hat
need to %?oxﬂﬁé‘@ﬂé%&l‘f‘sdasﬁ%nﬁ&f ABRER- théY%@é%B&Lh%d%sreﬁé‘et&% &%QénUtIf Q@raf»n%&@”o' ogi es
have been devel oped 30(for reviews, see Hibbert et P] Bi onol . Eng 22: 11-19
(2005) ; hiftgarerrdahd feralaperded, morp regpenslared t§|dgr1tlgtfetrhfeltet§1hatsm@@md €al. and

bi ot echn Qten
and QJaX% %%io %f ds é)gﬁ(isg(gﬁ)(afg%% ﬁ,ﬁ&nﬁﬁ% % ?rtllate & %%?‘e'no& %S’ oger%'éi@afn%ﬁfﬁ

Bi ocl2&m Buﬁrtceotimmdtlv&4® (Ri§ 2as2 2B HeROAFIous hpdrpgenadef ectcloned atd expesteilnlf Ut ver se
xg\r/ieagteen Slrfge%tle}gnée%s §) not have Ft%%é%{n% éfzol:r)cr:er uovegr%lge[/dgg fZCSC%p orz tg?r?esseen ]Enr;;OdS
properti es uah:\ndmm‘,hymogenmzympleﬁ bas@@oneEam/mresMrlmsxtaatsl eshibgt hat have

been i npr di rected evol ution technologles i ncl ude,
For examterc QBFER Ry yafRiony pEmc™ £ AT ab6r non:nat ur a
substrates; tenperature stability, for robust high tenperature processing;
pH 5 st aliihk inbtyn,au{?a)genbi @pd@icfesBBmgtammiﬂmyﬂtmrar@wloﬂeidg)hexprpdshom@ttaﬂhmdscams
substr.at oduct t era . Sp that hi t t| ers can

2oht dec e BrRE eV Creny RN ading Pt Ot Al BUP S Prahif G i M0 i not ude
non- nat UrEDISANES dcaities and puskibiytHROIR {ndihydrobenakenivigies. N this pbian thaye pr oduct s,

substrate i nt er nedi at es tivit kcat to i ncreases en matic
enct | on (T PRLA S hBuase e e bbb andirorSud 1§ poniiey B
protein Yhehsise@Bshsaard@y br wiatt Mnaders (LUXPA DX Ok intaid integlls E@baidiROper at i on
of air sensitive enzynes under aerobic conditions; and anaerobic activity,

for oper & iSW%Wls%?PI’é%WBYﬁ)COQ?FZWS?I?P IMeielgldesBBP aé‘?(%‘é‘ﬁzedAt AbAtser of
exenpoar YR thestsruRRMendaeRa vy emedraRathhQineleRep it AESRESL Gt AMGhtral locus.

di versification of glenes to farget desi re§ properties of sgem fic enzynes.
Such net Kous the wlagsely lippwedaumber Ohgrysmskial mEdmpy, 3.198d gfrmost, Anwpngfan hese can
be used tgh@hlEh ANMLEpIHT & éﬂ%éﬁg Eh'@?ecﬁﬁ&d génteé’ Bfis é’peilon?tan 1o dpeli@ng diif

pat hway enzynme or protein. net hods 1 nclude, but are not limted to
EpPCR, whitegrativetplasthidseind Fsat‘?éldﬁd @momtewteath)rumthw speoschat gllevad tyitkel i ty of
DNA pol ynmerase in PCR reactions (Pritchard et al., J Theor.Biol.
234:497-509 (2005)); Error-prone Rolling Circle Anplification (epRCA),
which is simlar to epPCR except a whole circular plasmd is used as the
tenpl ate and random 6-nmers wi th exonucl ease resi stant thiophosphate

| i nkages on the last 2 20 nucl eotides are used to anplify the plasm d

foI I owed by transformatl on | nto ceI I s | n V\hl ch the pI asmd |s

e o —~ ~NrNS A AT



10 (2001)); Incremental Truncation for the Creation of Hybrid Enzynes
(I'TCHY), which creates a conbinatorial library with 1 base pair deletions
of a geneworogearesstr agnment of int erest (Csternei er et alPCT/UBR@O/05752% | .

Acad. Sci. USA 96: 3562-3567 (1999); 9 OCsterneier et al., Nat. Biotechnol.
17:1205-1209 (1999)); Thio-Increnental 4runcation for the Creation of
Hybrid Enzynmes (THI O I TCHY), which is simlar to | TCHY except that

phosphot HaodluesatREPs: @dunk LBl /s Baritr@! gléﬁéf)@tw% 03N EW7))o s thid wayz matkedpss,

Nucl eic A 2 met hods for
reconbi ni ﬁ!i giCs‘ne{r?gs m%?“r‘%%«g‘ 4 39%?\&{1 I i n hr() ifm St %agwg&%%téd,\o Nat|. Acad.
Sci. USA (ﬁﬁnﬂz’laﬁéﬁmlzdz@%al(eﬁ@@g@n)e ord@aﬂHZIWﬂ DrritosondAl bagegeséessin{ RDM)grs.i N whi ch
mut ati ons made via epPCR are foll owed by screening/selection for those
retainin YA . ' (2005));
Sequence AT araPr SR ARE AU wdlaive o BToa e obR DT uhR! o

t hat genenatees: @ apabetrnalfve tathd 6hudearbgtybicdmn agpaoazyse AgCoAhdmmltramsbrap@r ation
of a phos, hmé‘% 0aLe, AUChepthd cugﬁ“fzecﬂnegé{s% eth‘“’ﬁ' CrQa' Tied 20 B SSRL At e to
ext end in & pf esence of” Muniversa Ased e sUch"a8Ph iost et ant’

repl i cat ivpsireain promotR0 Ih recasetdiariBn ticenplsehelindt ugan/@mcrmddm@a@ne

i ncorporation and, . gonseguent | nesi s . Bi ot echnol . J.
S0 8o (oot apod oy LR AERG o R Phg9 e iRy PR Veng
25et al . ,S?qﬁﬂ@hot bBiap Gh@mA T’:’a@ht&ﬁ&méﬁﬁg@@&@ﬁét}le mﬁ)kﬁlt §ﬂ161t1 h§3s|p|8thmf)f11|}/lzlﬁg, dWhi ch
uses overl appi n ucl eoti.des desi gned_to a enetjc diversity
in téﬁgeﬁ?‘sp%ﬁﬁg%%ﬂ g%lg’ﬁn\%]rrﬁmﬁ?@ﬁ %ﬁb‘ OFg?" tSHe® 1§H§?fiftq9§etlfcb1%°69eny (Ness
et al., NatoduBioalehinee. coﬂﬁt&&@%roha)r@é (é gOQIZ)) )OncDulc80td dRnEXCBANGE agd

Exci si on Technol ogy NexT, which exploits a conbination of dUTP

i ncor por atlided bﬁﬂrgcﬂﬁeTjP% Flrleit (e ﬁi‘Pf%StOH insge 19 seoriAotepeBd f fsdRdnar t hen

pi peri di §&ua@deskgr m endpoi nt DNA fragnmentation (Miuller et al., Nucleic
Acids Res. 33:ell17 (2005)). Further methods include Sequence

Honol ogy- | ndependent Protein Reconbination (SH PREC), in which a linker is
used to facilitate fusion between E¥MPsEdht1y related or unrelated genes,
and gsrange @pnicd AR Préssiol OIM W8 PRINBEiEDRCSHDIBATER 0ding Séhéd NY 10

i braries of si ngI e-crossover hybrids (Sieber et al., Nat Bi ot echnol .

19: 456- 460 (2009}) Gene Site Saturation Mitagenesi sSTM

2011/ 07168pegrRiedetoPoEhsoeation Of@S@Mﬂlﬁsmquﬁh ?Rf??stﬂP‘FeMst("%(mOF’?@c?rat erials

i ncl ude a\(SBipeDERIJRA dRibh@uEld BBRRE.AACOBIDNAS, Rlem§Mafsf&aRt #ldthd1g an
insert and two priners which are degenerate at the desired site of

nut at i on$ofpEtionespliy) proteige tlhisgsarpls (Hder desgiesthe pxprogiomhese mokrisriat or i al

Cassette r@édftﬁhg%@&b@aﬂl@@momd’é{ﬂbﬁbu‘vﬁy %e\ﬂ%ﬁtr&x@ﬁrdéé feti@fty SH@ESmiabi gGRpUC! eot i de
cassettes to replace Iimted 5regions wth a | arge number of possible am no

aci d 0equsiheereipin aetaty o imallRehis preparlGlostnsteatesahat E\vet/Holgmtashzahrig) .

208: 564- ; ' 1988));
Combi nat g??cgﬁéﬁ%?xé an?lﬂlq ssgtB %@%@t@%@%ﬁ%ﬁ gb %%ﬁ%@#cﬁ?%ﬁéféml ally
simlar tﬂ@rr@@Meamjar@lsmese@PCR at high nutation rate to identify hot spots
and hot regions and then extension by CMCMto cover a defined region of
protein g& HEBGECE BRELAEh 1R ser deRBRWby 06 Tha Blfard (Fd LAFRY

40: 3589- 35 2001?%;%% %e Mut a{t ort sz’tr ai ns te)é%‘?que Jfafl (% tZ ﬁ co atr:icl1 tional
ts nutat d\fucmca‘kmscks 28t6:120211880 ¢1AR7)mtedS cgraneith mnﬁhblemmld% that gorteant
subunjst QN{\ S f, n. random
and neslt u?Il 03’9 |n¥lﬂl18 @e%ﬂ%ﬁé@al guﬁa%g&lgl gbq{*?g%%gnt glg %%1{139 e%@%?onf&a ‘i'on of
del eteri @m@cmwmlPﬁﬁﬁnmmeahb@wlm lawlsrrdttranmmwrad tfeSetseh@md VeIl @undal .

Appl . Environ, Low Bi oI
286: 355- S0t vEER Mg it Aty COREFARG st Torl w Yol ough
Mt agenesiad) kolMpth ‘1!\197Cd[lsdc§ndavem§ﬂd)rt dodtahﬁmrﬂ)yﬂMotHrﬂll(Bge nish Sl 1oetvhodsd hat

assesses and op | e |nator al tations of I d am no _gci.ds

CFos par - somspoBO.pf S R TReRgng & MR R05n Emed T bty p i

Reas s ieseire bons SuctediNAo@ pus A hhdgoimetaed vehais feafedagn appbt &gyt o mul tiple
genes at one tinme 20or to create a large library of chinmeras (multiple

nut at i ondy™MB§Sa singl e gene (Tunabl e GeneReassenbl yTM (TGRTn) Technol ogy
supplied by Verenium Corporation), in Silico Protein Design Autonmation
(PDA), which is an optim zation algorithmthat anchors the structurally
defined protein backbone possessing a particular fold, and searches
sequence space for amno acid substitutions that can stabilize the fold and
overall protein energetics, and generally works 25nost effectively on
proteins with known three-di nensional structures (Hayes et al., Proc. Natl.
Acad. Sci. USA 99:15926-15931 (2002)); and lterative Saturati on Mitagenesis
(ISN@ mhlch |nvolves u5|ng knomﬂedge of structure/functlon to choose a

e Y . e o o,



Production of 1,3-BDO Using Methanol, CO and/or CO2 as Carbon Feedstock 10
Thi s exanpl e shows how a non-naturally occurring organi smcan be

const r uctwo 2po/i@duce 1, 3- BDO from net hanol, CO, and/ @CTTS0189515kE car bon
source. The first step in the cloning agd expressi on process is to express
in E. coli the mniml set of genes (e’y., MaA MaB, and MaC) necessary
to produce Me-THF from net hanol. These nethyltransferase activities require
Coenzyne TRE3tiigo bl faal sopcasraigons afcaabornt prefeivbh SoHP AGH Hillvaved p dwsteircllot a
cascade hyl tr r t el Lat.e i I i of net hano
derived %é%lg% Wéife ngrs&ﬁllgeﬁlt(%%?%%{ngg glil g’ﬁ{agigeglﬁﬁtﬂﬁa@g0%2%%&/3@&’%0ent wor k
(Das et abethyltPmefeeise anddorfindi® Fe-ba6saf2 0BT ptisemdsalav@s polpdbndtqpiBiGed e

encoded Mot h .1208- d h 2346. These nes are cloned vi
s ot oAt sy SRR o R R ane SR RIS ey LR s ssunper
vect o5 sUidRedagoapPAit2abist senckelarycdnbsdyl Thé Wdierns apsie seishbven iAlgdr@601 pronot er

(Lutz and 20Buj ar ucl e, c Aci Res. 25.6:1203-1210 (1997)). .C oned genes
bre. ver | Eyady TSGR Gy SR e BRIV b g LRSS
constructiamen and insertion of the 3-gene set into the expression vector.
DNA sequenci ng of the presunptive clones is carried out to confirmthe

cxpr essed THME MEoNT RS2 Rk aes Rar § bl PRSI et ween

0. 05 and uledvidst Wadthd @R A& Hidcabhad BxpreSiomypthe §HIHMefodink @efids drvadmgenes i s
nmoni t ored, usi ng SDS- PAGE of whole cell extracts. To optim ze |evels of

Sol ubfle. FeSTmaR gt ViOTEHEr GIeS Hd e S0 I6SH RIS RIPBIAaih L Heorat f ect
of titrathoOnRcOts diPRsPELMMEES” RNALNES Gele@YRISinCiafi e BamdaeMacrbhic NO
accept abl e expression |s obtained, higher or | ower copy nunber vectors or
var i ant s PRI ABRIUPBIMEAGrhCEpecobEanEyerpys Beth @R hicHE RS 226X Pr@ski on of the
M aABC profcginpshefifu@ifo Mghtdagsity P RGRH b6, TR LS addB@ Final Addcertfhiibher @Pi ity
to transfer nethyl groups from nethanol to tetrahydrofolate (THF) the

r econbi nahY! te indugerihg promewr.netierakdhrs at rowi 3dd “cohe el mard hegstederd spiy  of

t he th f : I | .cal idyed for
R o A e LS B R

2011/ 071682RCTeWIP0QDHEpIERGQ Yita RH0 Rag @ be;6() atBadE el higlassay employed

183. 11: 3276-328 ).1.QF A5 Sy [ .
nethyltr§%§¥%%5%g&3 a&%#%%?ﬂgﬁég%%%%? J.'E?%%ﬁgﬁghgﬁgﬁgﬁ%gg@g%yxfTQQY);

Tal | ant ehaeadbig, glhss Bivellies. Bagnon2¥BitiGe 448% dd@Riof BQOCUDH MaleldanteeravidleKr zycki ,
J. Bacteripl, 179.22:6902- 1.(1997).; Tall ant Krzyckj ... J. Bacteriol.
1765 126801 e T RESE) Y PORLT % b UERE IR bkt Rt LR L 0 RRE Col P
are il t wiedng; theppdisral thedataind bk Sayeshpanxaaiely iSO 1¢sy tHaa textohil/me actidgeious
met hyl transf erase acti vity. nonst ration of dependence on exo ously
naded codhiyie arstcy DL REPHARIHS Lo PoRant ABL T PaRerghaas acti vi ty
in E colokida@cetifgf iyédohdioher. ase wek Amass isalldramdehtiieve tegdité thdolswor K i s
performed towards optim zing the expression. Titrating the pronoter in the
expressi&We@@@ﬂGPW€HS%¢Q§KF%%@%@%%WH@*%Pr%mW&WéngP“TB@%ﬁP&%%PHH“Ievels.
Thi's is tiigMddsed Fa&PnGUade a liWad 8silidy e re@¥dr @3sidbgdheeded in singl e- copy,
or allows the determ nation of whether or not a single-copy of these genes
al lows sufficient expression. If so, the nethyltransferase genes are
integrated into the chronosone as a single, synthetic operon. This entails
targeted integration using RecET-based "reconbineering (Angrand et al.,
Nucl eic Acids Res. 27.17:el1l6 (1999); Muyrers et al., Nucleic Acids Res.
1527. 6: 1555- 1557 (1999); Zhang et al., Nat. Genet. 20.2:123-128 (1998)). A
potential issue with RecET-based integration of a cassette and renoval of a
FRT or | oxP-bounded sel ectable marker by FLP or Cre is the production of a
reconbi nation scar at each integration site. Wile problens caused by this
can be mnimzed by a nunber of nethods, other nmeans that do not |eave
genom c scars are available. The standard alternative is to introduce the
desired genes 20using integrative 'suicide plasmds coupled to
counter-sel ection such as that allowed by the Bacillus sacB gene (Link et
al., J. Bacteriol. 179.20:6228-6237 (1997)); in this way, markerless and
scar less insertions at any location in the E. coli chronpbsone can be
generated. The final goal is a strain of E. coli K-12 expressing

met hanol : corrinoid nmethyltransferase activity under an inducible pronoter
and in single copy (chronmosomally integrated). 25 Using standard PCR

nmet hods, entire ACS/ CODH operons are assenbled into | ow or nmedi um copy
nunber vectors such as pZA33-S (P15A-based) or pzZS13-S (pSCl01-based). As
described for the nmethyltransferase genes, the structure and sequence of

t he cl oned genes are confirmed. Expression is nonitored via protein gel

e o o o



92 expressed in a manner parallel to its native structure and expression.
This hel ps ensure the desired stoichionetry between the vari ous gene

pr oduct s-woap11af71682i ch i nteract with each other. Once s&CrafSagosys2s
expression of the CODH ACS gene cIusteP under anaerobic conditions is
achieved, the ability of cells express'%g these genes to fix CO and/or CO2
into cellular carbon 5is assayed. Initial conditions enploy strictly

anaer obi dableyl. rrodmextrett (D pPrislaiichedictivitidh exogenous gl ucose as a carbon and
energy source via substrate-|evel phosphorylatlon or anaerobic respiration

with nitrate as an EA@§95 ﬂ7§§ﬁﬁp[ A$§@QG|I|0ﬁqhh§Hﬂexogen usly provided

CH3- THF can be adde ol e—ACS enes are|cloned and
M@@8ex%§ggéphq ?%%mnethaﬁEBH

expressed in cells @ '8 et hyl { r ansf er ase
system This can be| achi eyed by introduction of conpatlble pl asm ds

expressi ng ACS/ | NEQrdd R- EXPr €861 Ng] CODJ S| Egr aqggg ong-term
stability, the ACS/ ant—MFR-gent f-—ak-so-be .uL"""" ’d into the
chronosone. After stral Sbﬁf Rh%w“ﬁ&?%19Cﬁ nPyﬁ%,|,jF@ t hanol to

produce Me- THE and pf &%p?lessj Hymisedlitsre| OO [Aeigend Mle nade, they are
assayed for the abi|itwt%® ut|l0merdodrh OE@hanD®uand099ngas for

15i ncor poration int d&égg -G f@mf%ﬁﬁfté?% "’0.(}990 g‘ﬁ 1 %6 fnmitial conditions
enpl oy strictly anaproebicallyl grown cells qrn“ wi-t h_exogenous gl ucose

as a carbon and enef gy &l cel ZoApicEiies | Pelly QQ5|1 ang%lon to gl ucose,
nitrate can be added tA&Cbhhe fe2hmwrtdidron 1ot D.44% serddB7as [an el ectron

acceptor and initiafor M@igggr ovnghmlcﬁn@&g Dl@)[(gggl’(pwgh ofg.dg4 Coli on fatty

aci ds, which are ul H+ms et -abo 0 -8ce CoAy~Hasbeen
dermonstrated in thelp §§§nrp (F‘F“ﬂg?s 938? ééll {05 | Mol. Mcrobiol.
47.3:793-805 (2003)). Oxygen fcan also be provjided jas long as its

intracel |l ul ar IeveISAaﬁ@xaaintained belam/any inhipition threshold of the
engi neered enzynes. abet T 13CGtabgledbicarbonate or

13C-| abel ed CO are égs?%nﬂ t OﬂEBL : and-analyitical masgs spectronetry
is enployed to neasuégs?%corp&P%ﬁﬁﬁm&ﬁ t he |jabel ed carbon|into acetate and
cell mass (e.g., prpM&dfogeni cO.ami8idmec| ds). [25An fal ternatijve or suppl enent
to engi neering the nethanol net hyltransterase system i nvol ves engi neering
the nethyl branch of the Wod-Ljungdahl pathway to supply ACS/CODH with the

net hyl gﬁ%ﬁgmmﬂwuAﬂ%n5nnﬂ9&h099§§§éﬁﬁ§mg%&§ﬁ(ﬁﬂ?ﬁ@hﬂﬂx@ﬁ%&ﬂﬁﬁh&@ﬁﬁbkﬁ)Of
carrylng out sone of the necessary activities (fd metF, folD), it has

been |nd@é@@é@U@ﬁ&ﬁﬁﬁﬂggﬂﬁtWQ@YEﬁ@ﬁ@ﬁ%eﬁﬂvﬁﬁ§PKR@WP@@é@bd%ﬂwaﬁVyhave

si gni fi cant r 0, m 30
non- acet %3 (32 Egﬁgl\/bgt?é }1%%?) -By]a%é% I’(l) g%@%}slé g‘%ﬁ Q%Ddf\éﬂcl:ehénzfmésnﬂ?%%ég %1% ag%l erobi c
bact eri a c@pbé mﬁgé for‘ae’rlﬂfal@ngwéwxp@m@)lts frova tavting prerarmzcepurgied pedysicoascallne| ude

formate . eta),
fornyl-tg$€%%J g%%a%gﬁFSBQ é%éggﬂ¥%%?ﬁ§€%%gﬁ%ﬂﬂﬁs enyFm%%é%ﬂp
cyclohydﬂmhawﬁwmmmhyﬁQMEHﬁHﬁrdehmdr&gmﬁaséﬂﬁhbﬂﬂmnuw&hatwumusumepomm

2011/ 71682PCT/, US2 net h e; TH ctase (nmetF,
Mot h_~ 19f5 lmn%w§“yﬁqﬁ?ﬁéﬁs g§§§QMFaCS ﬂm é?fa proﬁeltle}?%eptlon of
t he rret h)pluhﬁamsﬁ e/ﬁtam“(eacslﬁnnﬁx/mdhcéﬂ@an bd’lz&falymd thy dheomdmgiqdlyamaqsar t of the

ster, ese enes are clo c nt o ression
vector adsielRg ot B predtnt nelhudh A B SRR B e TER of 1 he
met hyl brpatic genass avddih tHeedsncer t aken as descri bed above. Initially, a
hi gh or medi um copy nunber vector will be chosen (using ColEl or PISA

[ i Th h h )
o o b e s AR B Rl Rind b A S bR iR in Zoa S O™

af ri danusxprasids the FeSlcorrimani ﬂﬂﬁe@a@tﬁﬁ@' ancretx@rEspbded MethyF BN $aexdal bi 4 i ng
ACS/ CODH %IVItles Condi ti ans, n% 10etc., are described abov

G ven t haels GEPsUpls do Braspirgopipieyyiiaiis yé?fﬁ“%??@’e‘ﬂc%‘?’@ti‘% ifdsplasgd %Cﬁtéte

COr r esponRgkhpigs. E31Z iR Eent ¢8O nEREe RBeer f or med using | ow or singl e-copy

pl asm d vectors or single-copy chronosomal integrations. Activity assays
described in ref. (Furdui and Ragsdale, J. Biol. Chem 275.37:28494-28499
(2000)) can be applied to denonstrate activity. In addition, denonstration
of gromh on the gaseous carbon sources and nethanol in the absence of an
15ext ernal electron acceptor will provide further evidence for PFOR
activity in vivo. The endogenous hydrogen-utilizing hydrogenase activity of
t he host organismcan be tested by growing the cells as described above in
the presence and absence of hydrogen. If a dramatic shift towards the
formati on of nore reduced products during fernentation is observed (e.g.,

i ncreased ethanol as opposed to acetate), this indicates that endogenous
hydrogenase act|V|ty IS 205uff|0|ently actlve In thls case, no

o o S . o o




30strain can be further nodified by integration of a single copy of these
genes at a neutral locus. Gven the relatively limted nunber of enzynes
(at m ni Mm208/07a68d at nost, 4), one can construct an aPCirfuseé1lossper on
encodi ng the required genes. This oper gn can be introduced using
integrative plasmds and is coupled to’counter-selection nethods such as
that allowed by the WD 2011/071682PCT/ US2010/ 057525 94 Bacill us sacB gene
(Li nk et lal ., Parifi@ax@¥OOIH, Mca9, 220 (BR29Bas62@Rite0@M0). I n this way,

mar ker | egs anfuslialr ACY¥EODhwih ACSAG cdtextmst | ocation in the E. coli

chr onosode caRutdigdye®¥CaatwitOACSA get éxomcti nvol ves al teri ng gene order as
wel | as i bosBumfiedAGYCOPH Mas wathd\(HOrell extsict To over express any native
geness for examificel ACSHIEONAT, M r atithB\ (492224 kxtgpene of E. coli which 5can
serve as 6an aPuficiad (€ 0D, M r @ithas etuob ACYD1 calnoxaeatay pessiberzyoielink th€CoAl
acetyl transf emasebutfegui red for 1, 3-butanedi ol production, RecET-based

nmet hods are applied to integrate a stronger upstream pronoter. In the case
of atoB, this gene is the last in an operon and the next gene downstream
(yfaP) iﬁrhbutabumsersszmbldda]h thendacrabid drambprio asshe vialsifdlnd aithdlf). THeeotef or e,
pol arrty shoul d . not te contrﬁr ni n Ie mar ker

Such s dpsEY TANPE R B oRBS En FR e GRER B e R A ameod by
FRT or | axfl 0 tsass-tightUseditbosysiagewis dsed arndnhé agtsi vaste Répt anastobRNThe

constitutive te ce the corre ai ned and
OO nt acteac ol o0 imeensfep o i cel B Get PEeb i T TR BT RER,
renoval ak), btieﬁ&ﬁsrcs&orjmnE’ebﬁuemdearaﬁydr&era{e EXANYPLEIdobn, hbEtedRildign. And

Expression Moorel | a Ther nbacet.i c CODH Encodi ng Genes Th| s exanpl e
descri beéqdﬁen@FYearrf&# MgTrpvas added t%#b#ﬁrﬁoréldeﬁfa@ede%ﬁsgws fdedg #1
t her nobaceti ca ACS/ CODH operon genes including those used for CCDH ACS,

net hyllst r ams t@c@sewasandicl bet i ererdnﬁ@brsic i:rraerbeﬁml afsuﬁq rrzrtmteisn Theftiral ex@rpl e
further describes the expression thes resulting in observable

O oxi datfidsif Ve ¢ et f@ﬁﬁ?hxdr%fﬁlg’reewa% S%?CI ¥ fey?cu%‘r{ﬂ gor bty fpsk- 20
sul fur prakeikBn ashédiAdly, foftbdl ByYampldl & BANPLE 19Q0DRSE T R4eS THad e COIl |
tol erates high CO concentrations, and nay even consune CO when the

CO- uti | i PPHE HeRd cRichdtiied CORGHPIN W hBINCREASEIIEINGG BiseXPIEBIRHAS Expr essi on
vectors t t ..and
Buj ard, Mool are RaTgal AT "B R SRIPS WGk DS WA ELR Cirheio?
conpabi bives. eégftqrcmmemg Hatream«vremlxaur%rtawgdetolfrnm@hyatnhﬁmemmd Pdliptdtomal | vy,
each cont i | acq e pronot er. . | uci bl e by I PTG
and can I ea Si(}%)t otra\‘/ceS Y acglﬁj’ Vf’llal Q aTaCt V% i n%‘cﬁlrn%ﬁ)%omma e% hIZS Bftgls ReeCof | PTG
and repressesd. i n ot her condr ti ons. The ACS/ CODH- encodi ng operon was cl oned
fromMth 1204 (cooC) to Mdth _1197; a second version containing only

Mot h_120 t r (10 -
\Dt 1203 b -0 5% BRIl R ke BAAIRALS, (10
i n bot h pheSAnsiadofCall Hromh asehyl- weraln}drcﬁolhmrto the i Whecngldxi agipart opthe synthiesisof WO

recort naR pr ot Berd SBeseRe pofi<FRbi By wadivabh o ECRRE Vel GEr .

per f or msd)paﬂn ihe. gamaceich, tBeds/ltmicsdmlg gdhe iMbihe1 100 aaX taladsi by th&@in

met hyl tr ra and corrin |d Fe-S assays. The antjsera use re

ol yol ondiOQ SBEALP P 1EHENFiraE R S AL eOBr SR FOBFBE BB and ver o
vi sual i zegbrélfioRiEnaABerb Kl Hergpeireg phat ase- 5l i nked goat-anti-rabbit
secondary anti body. The Westerns Blots are shown in Figure 6. Amunts of
CODH i n ACS90. and ACS91 esti mat 0 t he

cont ol PRAd TR Ao B G B T o Do ey P ARG it iy hal

Bi oclsem stuay arés%rplﬁn PO 3@%11]( 200 Hon- metayluee dFeoP, twetCoth giab @ ar@s peraratat

functi onal e si on of the CODH encodi ng nes. from 10t her noacet i ca
wis achi SFAEE IR OPELTB B (€GP (VB85 KGRIt € NEF OBty vect or

or the vegddfiofal®XRisBSSd ROnotdChAGhe @Fes%ﬁﬁ Sontan8duBly DN tb To(iB whith C Broth
under anaerobic conditions th s | ements of cyanocobal ami n, ferrous

i ron, andrsEdalrasg akgEnios pe f”qn miakill fedi BiochaiHDGH- Ben2BHy3at whi ch

poi nt, | Pldgoyasg.arded stior @e fdsh@d rGRBCEM LA dRRidhe AcgogM to i nduce the
pronoter. After 3.5 hrs of gromh at 37 C, the c%ls wer e harvested and

spun 15 down prior to lysis with lysozyme and mld detergents. There is a
benchmark figure of M thernoacetica CODH specific activity, 500 U at 55C
or -60U at 25 C. This assay enpl oyed reduction of nethyl viologen in the
presence of CO This is neasured at 578 nmin stoppered, anaerobic, glass
cuvettes. Reactions positive for CO oxidation by CODH turned a deep viol et
color (see Figure 7). About 0.5%of the cellular protein was CODH as
estrmated by Wéstern 20 bI ottrng, therefore “the data in Table 1 are
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The smal | anmount of CO oxidation (CH3 viologen reduction) seen in the
negative controls indicates that E. coli may have a limted ability to
reduce CHsowvoolwogesa. WO 2011/ 071682PCT/ US2010/ 057525  PCT/US2010/057525

96 Table 1. Crude extract CO Oxidation,Activities ACS90 7.7 ng/m ACS91
11.8 ng/m 11.2 ng/ Ma98 9.8 ng/ nm ag99 Extract Vol OO Un

Un2 ACS90 10 microliters 0.073 .0376 0.049 ACS91 10 mcroliters 0.096
0. 494 0. 0%2eskpwvaeber or not E. coli can grow anaerobically in the presence of saturating amounts of

CO we made up 120 ml serum bottles with 50 ml of Terrific Broth medium (plus NiCly,
Fe(I[)NH4SO4, and cyanocobalamin) in anaerobic conditions. One half of these bottles were
equilibrated with nitrogen gas for 30 min. and one half was equilibrated with CO gas for 30 min.
5 Anempty vector (pZA33) was used as a control and that and both ACS90 and ACS91 were
tested with both N, and CO. All were grown for 36 hrs with shaking (250 rpm) at 37C. At the
end of the 36 period, examination of the flasks showed high amounts of growth in all (Figure 9).
The bulk of the observed growth occurred overnight with a long lag of some (low but visible)

density. Inocula sizes were ~0.5 ml from FE. coli stocks.

10 The results are shown in Table 2. Growth reached similar levels (by visual inspection) whether
or not a strain was cultured in the presence of CO or not. Furthermore, the negative control had a
final CO concentration of 930 micromolar vs. 688 and 728 micromolar for the ACS/CODH
operon expressing strains. Clearly, the error in these measurements is high given the large
standard deviations. Nevertheless, this test does allow two tentative conclusions: 1) E. coli can

15  tolerate exposure to CO under anaerobic conditions, and 2) E. coli cells expressing the
ACS/CODH operon might be metabolizing some of the CO. The second conclusion is

significantly less certain than the first.

Table 2. Carbon Monoxide Concentrations, 36 hours

Strain and Growth Conditions | Final CO concentration (micromolar)
pZA33-CO 930
ACS90-CO 638

494

734

383

ave 687

SD 164

ACS91-CO 728

312

760

611

ave 728
SD 35




10 mcroliters 0.0031 0.016 0.0014 ACS90 10 mcroliters 0.099 0.051 0.066
Mag99 25 mcroliters 0.012 0.025 0.0022 ACS91 25 mcroliters 0.215 0. 443
0. 037 M as0 2B/aTi6seol iters 0.019 0.039 0.004 ACS91 10 niPCTAiSRe18057505 129

0.66 0.056
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EXAMPLE III
Enhancing The Yield of 1,3-Butanediol on Sugars with Wood-Ljungdahl Pathway

Enzymes

In this example, we describe a non-naturally occurring microorganism expressing genes
encoding enzymes that catalyze the carbonyl-branch of the Wood-1jungdahl pathway. Wood-
Ljungdahl pathway enzymes assimilate carbon in the form of formate, CO and/or CO, into
acetyl-CoA, which can subsequently be converted to useful chemical products such as 1,3-
butanediol. The Wood-Ljungdahl pathway can also serve as a secondary carbon assimilation
pathway during growth on other substrates such as glucose. Specifically, the conversion of one
mole of glucose to two moles of acetyl-CoA generates both reducing equivalents and CO,. The
WL pathway enzymes can harness the reducing equivalents to convert the CO, and/or formate to

additional acetyl-CoA that can be further used for 1,3-butanediol formation.

1,3-Butanediol can be synthesized from acetyl-CoA by several alternate routes described
previously in this application and shown in Figures 4 and 5. The maximum achievable 1,3-
butanediol yield for any of these pathways from glucose, for example, is 1 mol/mol (0.5 g/g) in
the absence of the Wood-Ljungdahl pathway enzymes. Additional assimilation of CO, via
Wood-1jungdahl pathway further improves the yield to the stoichiometric theoretical maximum
of 1.09 mol/mol (0.545 g/g). A predicted flux distribution for achieving the maximum

theoretical yield is shown in Figure 10.

Additionally, methanol can be co-fed with a carboyhydrate such as glucose to increase the yield
of 1,3-butanediol. For example, utilizing glucose and methanol in a 1.0:0.4 ratio affords an
increase from 1 mol 1,3-butanediol/mol glucose (0.5 g/g) to 1.2 mol 1,3-butanediol/mol glucose.

A predicted flux distribution for achieving this increased yield is shown in Figure 11.

EXAMPLE IV
Engineering Cobalamin Synthesis into an Organism

The key enzyme of the Wood-1jungdahl pathway, ACS/CODH, requires cobalamin (vitamin
B1y) to function. By, is synthesized de novo in some organisms but must be supplied
exogenously to others. Still other organisms such as S. cerevisiae lack the ability to efficiently
uptake Bi,. This example describes a strategy for engineering de novo Bi, synthetic capability

into an organism.



Aver ages ACS90 0. 057 U ng ACS91 0. 045 U ny M a99 0.0018 U ny
This assay is an in vitro reaction that synthesizes acetyl-CoA from

met hyl - t evoahydr’edsel ate, CO 5 and CoA usi ng ACS/ CODH, meETIusRamAansker ase,
and CFeSP (Raybuck et al., Biochem stry 27.20:7698-7702 (1988)). By addi ng
or | eaving out each of the enzymes invol'ved, this assay can be used for a
w de range of experinments, fromtesting one or nore purified enzynes or

cel | ext Machissyhthetiapathwiys yavet hwenldtagactaringdnig seveenl kigarising mchyfling be/nogelbt i on
under varj gt g it 10 m Al n f .subs nzynme.
sampl e P R ALELE HRPe B ol S BB R P I P A s e
1M HC1, WHamis ani Bbawet,ddr.alc Bloaban. 2BRAT -6 @eH) yind Balillende prroducBrey dttaby

purificatjign wt X th cetate can pe anal yz

b ot ody Ao de R TSR E TR LA PE b S GR PrB GRS rhe. exact
nmet hod canskeddedeatcrinngd obymotchpe®pe divid b ubsithi @ erfcsiksgachwas: e insedioh i on.
Thi s ass s run in order to determne if the. [, CODH oper.on expressed
T B oo erdtas wiisd Sud-Pr RS e tropBTU St Oy, 6 Eekor o
14C- | abelsgdspeingl 2004). wasfitks pebdags af thabishygethesi bStitaati@Bl,Qrd®asur e acetate
synthesis by radioactivity i ncorgorat lon into isolated acetate sanples. Six

di f f er entICXBAFIOPONS MR ECoEYBE 1) 118 DEPIF B red2AE UsYdtordsr 25 97 1.

Puri fi ed iAGRIGORAnoNBIami RN @TpPHcRS dd BAS bdihMBnl bl irdind Rk | thiggel
ACS/ CODH with ACS90 cell extract 3. Purified ACS/%%%E with ACS91 cel

ext r dft example, By, refers to all three analogous molecules.

The anaerobic cobalamin biosynthesis pathway has been well-characterized in Salmonella
typhimurium 112 (Roth et al., J. Bacteriol. 175:3303-3316)). Pathway genes are clustered in a
large operon termed the cob operon. A plasmid containing the following 20 genes from the cob
operon (pAR8827) was transformed into E. coli and conferred the ability to synthesize

15  cobalamin de novo (Raux et al., J. Bacteriol. 178:753-767 (1996)). To further improve yield of
the cobyric acid precursor, the authors removed the known regulatory elements of chiA and
altered the RBS. The genes and corresponding GenBank identifiers and gi numbers are listed

below.

cysG | NP_462380.1 | 16766765 | Salmonella typhimurium LT2
chiK | NP_460970.1 | 16765355 | Salmonelia typhimurium LT2
chil. | NP_460969.1 | 16765354 | Salmonella typhimurium LT2
cbiH | NP_460972.1 | 16765357 | Salmonella typhimurium LT2
chil’ | NP_460974.1 | 16765359 | Salmonelia typhimurium LT2
chiG | NP_460973.1 | 16765358 | Salmonelia typhimurium LT2
chiD | NP_460977.1 | 16765362 | Salmonelia typhimurium LT2
chiJ | NP_460971.1 | 16765356 | Salmonelia typhimurium LT2
chil | NP_460976.1 | 16765361 | Salmonelia typhimurium LT2
chiT | NP_460975.1 | 16765360 | Salmonelia typhimurium LT2
chiC | NP_460978.1 | 16765363 | Salmonella typhimurium LT2
chiA | NP_460980.1 | 16765365 | Salmonelia typhimurium LT2
JIdA | NP_459679.1 | 16764064 | Salmonella typhimurium LT2
cobA | P31570.1 399274 Salmonella typhimurium LT2
cbiP | AAA27268.1 | 154436 Salmonella typhimurium LT2
chiB | Q05600.1 543942 Salmonella typhimurium LT2
cobU | NP_460963.1 | 16765348 | Salmonelia typhimurium LT2
cobT | NP_460961.1 | 16765346 | Salmonella typhimurium LT2
cobS | AAA27270.1 | 154438 Salmonella typhimurium LT2
cobC | NP_459635.1 | 16764020 | Salmonelia typhimurium LT2




4. Purified ACS/CODH, MeTr with ACS90 cell extract 5 5.Purified ACS/ CODH,
MeTr with ACS91 cell extract 6.Purified ACS/ CODH, MeTr with as nuch ACS91
cel | extraotoam7peégsi bl e (excludi ng the MES buffer) ThePCgASRI10M05T52S
assenbl ed in the anaerobi c chanber in ][ebgsay vials filled with CO The total
10 reaction volunme was small conpared the vial volune, reagents were
added prior to filling with CO a gas-tight Ham lton syringe was used and
t he r eagees opgEnismk eptblamnaprthbize Bildronove astablgrio (at@uelsomes@by ofdlnsi st ed of

pur 111 ea PR Drs i1 EPbly B bl kP P N PR,

f er r edoxipmteiAgdit dathyad Isqurapm:mtfqnedl thmifathwws(Raddedl UoBdtierzo#zlm 78hdopurified

CFeSP 1. 15T bi
chanber TR st adinea SBo ! FRRLORT R BRI kE Bl ol N BRARL o ©
14C- st hyﬂropqulyﬂﬂmgdﬁ ai el Eterinab (1dlplsteaslt, edBctcktezov aad¢: lzn@mzz(lt) (200@5 Jshigdret

nour - and 2VHGdr e orALeR T RE o 1S A SR il SRR T S ndi (fons

Wer e run u@edremi ésditahyde(ts cot@ntihbid @uP@IcE RIT dw@@awnbmgﬂohy (l@auﬁlléﬁilll,t ative
one). The 15 {1 L sanples were added to 15 [1.L of IMHCL in scintillation
20vi al s. SME&t9%88unting the reaction mixtures, it was deternined that the
corrinoid Fe-S protein in ACS90 extracts was active with total activity
approachi ng approxi mtely 1/5 of the positive control. Wthin the ACS/ CODH
operon is encodefcadr [eSBenNtaBll Med10Y9301|ansatas olakl 2 . MG 4381 cat alyzes

the transfer of Bfresn ety rietead e onpl ex as part
of the synthesis.op> "ATRAI! r;\sib?sﬁép‘ﬁs le&’lcﬁia‘éolt 12&4: M 55 the met hyl

and carbonyl pat h‘éOboniWﬂéé‘b"[’7ﬂer1}6.12%3f‘kiﬁﬁcheﬁéhléﬁ@? Bh2 ?mNR@16t5ﬁer noaceti ca,
the Mr-encodi ng| getie NB 4AVBIN. 1116813 846 |dBokesiclah tai Ki hep. v 65€0DH and ACS
subunipts. Therefore, MT activity woul a constitute indirect evidence that
the nore proxi mal genes can be expressed. Mr activity was assayed by

spect r 0S GORYevisAES hbd BRI th YyndBLO Bl 266y SHESR it abletid ubtdkd thd Yicanhage @ 30 snal |
absorption peak at -450nm” while non-nethylated CFeSP, with Co(l), has a

| arge peakRtegitble Bygkshlomver §5ek €4 aHiifcseanue e oRest o PRACiBD D ard detsp,

i ron- sul g caélyfets%cergﬂﬂ Qﬁmbgr@mo&dmqu%hahy@ug&tﬁmuwpl%na&qﬁ that the

CFeSP can spontaneously oxidi'ze to creates a broad absorption
peak at immnmh}(l%eﬁas@pﬂ? nepthiragrium, B{hmlilh?etﬁiyg@rtye B@t 18 G- pIWh¢s15009) ) . See

Fi gure 8 r r i S t

2071/'07 18538 CRSEET U] bBs 50, Biophil o, FRED FRPTRS VLot e Kthuse s
anaer obi @djiﬂuyctionaltphmeipmé@enmrmrlsweu ﬂﬁtmme&WWﬂa@WbY amohdtq(rbfdaa&@p 120 m
serum bottles wt f~Teprifi Ni C12,
Fe(II)NI—IZ'ilgtf)\Qity anal Oélys/gon@%(%a a{renén egla%nan er'e |c c ’%Qil r)*?s One hal f of

t hese bottles Were equiljibrated with nitrogen gas for 30 mm and one half
was equilibrated wi|tMe:QQ NBSDH&%B%W?Q% Faclempuyceyvewtoriad pZA33) was used
as a control and thafe:GndNBaiOR7 ROSDEB 1AM ALB A rweyes teatigd Wi th both N2 and
CO Al were grown for 36 hrs with shaking (250 rpm at 37C. At the end of
the 36 péemyedall ekaﬂsierganés@anbsfintrh@cécﬂ aska @ovsedddiicght mmpeint moef growth in
all (Fi 9LG 9entso oba}j K gfntﬁ[eglle Obn%t I;:\(/)reLd gasemﬁe efﬁclgrlljcrr?gob% a%{lri?s ! i\é\jth a

| ong | ag “BFPLGAR O FOWBUT XS Bl ¥&RS] IWoe Ur'a %2 eLNRFR S £ 1 om
E. coli stocks. 10The results are shown |n Table 2. Gowh reached simlar

| evel2® (by visual inspection) whet BEXAMPLEM a strain was cultured in the
presence of CO or not. Furthernore, the negative control had a final CO
concentrati on ofErgb@ering Evhancad Gobalaghg Uptake Cagability ipranl Qugahism t he ACS/ CODH
operon expressing strains. Cearly, the error in these nmeasurenents is high
gi ven t hethisrgapls dassabgsengiacdriag ifondpiakregrabilifeingsshost preaniyedin dRIES al | ow t wo
tentati ve.£00c) Ysiop §fans1@)m %st&rpésenﬁmt 15 Al %@tzﬁoa;sppw@ﬂl@s%gﬂﬁer
anaer obi c condi tions, and E. coli cells expressing the A operon
m ght be Tﬂﬁeﬁaﬁmnsmrtrﬁgstsmmé Eofolithe b@o exhuval e stodield. dbgic difigitp parsgort across

si gniki c I I . i.de
Conceit r o dler RGBT Ayl A8RLOE wid e d 01 B Koo SREAARAPIBOL
concent r &tuld (H€(1}¢r etrabnd IBact)zrz@Zlﬂ(ﬂ3§9@@093D985)) BtuB interacts with the TonB energy

transducing system (TonB-ExbB-ExbD), facilitating energy-dependent translocation and
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binding to periplasmic binding protein Btul' (WO0O/2007/141208; Atsumi et al., Nature 451:86-89
(2008)). Transport across the inner membrane is facilitated by an ABC type uptake system
composed of BtuF, BtuD (ATP binding component) and BtuC (permease) (Binstock et al., Meth.
Enzymol. 71(pt. C):403-411 (1981)). Crystal structures of the BmCDF complex are available
(Atsumi et al., supra (2008); Binstock et al., supra (1981)). An additional protein, BtuE, is
coexpressed in the btuCED operon, but this protein is not required for B12 transport and its
function is unknown (Rioux et al., Mol. Gen. Genet. 217:301-308 (1989)). The btuCED operon
is constitutively expressed. The GenBank identifiers and GI numbers of the genes associated

with B, transport are listed below.

btuB | NP_418401.1 | 16131804 | Escherichia coli K12 sp. MG1655
btuC | NP_416226.1 | 16129667 | Escherichia coli K12 sp. MG1655
btuD | NP_416224.1 | 16129665 | Escherichia coli K12 sp. MG1655
btuF | NP_414700.1 | 16128151 | Escherichia coli K12 sp. MG1655
tonB | NP_415768.1 | 16129213 | Escherichia coli K12 sp. MG1655
exbB | NP_417479.1 | 16130904 | Escherichia coli K12 sp. MG1655
exbD | NP_417478.1 | 16130903 | Escherichia coli K12 sp. MG1655

The B, uptake capability of an organism can be further improved by overexpressing genes
encoding the requisite transport proteins, and reducing or eliminating negative regulatory
control. Overexpressing the btuBCDF genes leads to increased binding of B12 to membranes
and increased rate of uptake into cells. Another strategy is to remove regulatory control. The
btuBB mRNA translation is directly repressed by B12 at the 5° UTR (Nahvi et al., Chem. Biol.
9:1043 (2002)). This interaction may induce mRNA folding to block ribosome access to the
translational start. Mutation or elimination of the B, binding site removes inhibition and
improves the efficiency of By, uptake (US Patent No. 6,432,686, Bulthuis et al.). These
strategies were successfully employed to improve By, uptake capability in 1,3-PDO producing
microorganisms (W0O/1999/058686) and ( US Patent No. 6,432,686, Bulthuis et al.). A recent
patent application describes improving the efficiency of B, uptake (WO/2008/152016) by

deleting negative regulatory proteins such as C. glutamicum btuR2.

S. typhimurium possesses both high and low affinity transporters for B,. The high affinity
transporter is encoded by bruB (Rioux et al., J. Bacteriol. 171:2986-2993 (1989)). Like E. coli
transport across the periplasmic membrane is predicted to occur via an ABC transport system,
although this has not been characterized to date. The B, binding protein is encoded by b and

btuE, and btu( is predicted to encode the permease.

ACS91-CO 728 812 760 611
Enhanci ng The



In this exanple, we describe a non-naturally occurring m croorgani sm
expressing genes 5 encodi ng enzynes that catal yze the carbonyl -branch of

t he Wood-wpunydehdszpat hway. Wood- Ljungdahl pat hway enzPeEaSasI9ioniskat e
carbon in the formof formate, CO and/ COX2 into acetyl-CoA, which can
subsequent|ly be converted to useful cheﬁlcal products such as 1, 3-

but anedi ol . The Wbod-Ljungdahl pathway can al so serve as a secondary carbon
assim | ati on pat hwhwBduAAAG7@rlowt hK538A1 ot |Hetmenglls typhinesiugucF? as gl ucose.

Specifically, the GRITY BRI 48030 1 39@761@1”@aﬂn&iellgt)%ﬁﬁlﬁﬂluhﬁfﬂo mol es of

acet yl - CoA gener atres=b 1S W. pat hway
enzynmes can har neg z)ﬁlr N NP uc nin |§?§I O%I or}ella g%l\;lgmrumrl'h'ﬁ CO2 and/ or

formate to additi gRBIE aéé#%q)%@dA N‘f‘é%@a naeorellp fybimuggied- Fof
1, 3-but anedi ol formation. 1, 3-Butanediol can be synthesized from acetyl - CoA
by severahwakaﬁoﬁmmegpmmme$bdﬂ@nmmbémupmengmmmi&fkhmthkmeapmbmcation_and
fs(r;(rng_n;/nog I ? neeéll.ses o?c%ﬂtmm u}fta e to elilablfruor 1ncr€fase t\fl e%flcleln é/ cobeglaSI?leT%P%%;) Fl ( %I gl g /g)
in the absence of the Vbod Ljungdahl pat hway enzynmes. Additi onal

assi ni | atMehodfor@@antifyag\ihe it the unlguiahhe@anhﬁvawahmﬁytﬂhmmdump@fdiﬁem thhe yield

to the stojchio tr| heoret i cal naxi, 545 .a/g). A
predlcteﬁ FaReast v ngﬁgﬁp of “ac |eV|ng (waénmlwﬂmUé%1%%%§JP%§F%§|eId is

shomnsincEmgmng;ﬁﬂgmﬁﬂﬁddgmQ@&amhyd3ﬂEmhmﬁnhsmammhemamqﬁﬁﬁngphhaﬁmsm
carboyhydra e such iucose to increase the yield of 1,3-butanediol. For
exanpl e, G ??E?ﬁﬁ;gfﬂ%' Mand methanol in a 1.0:0.4 ratio affords an
increase from1 nol 1, 3-butanediol/nol glucose (0.5 g/g) to 1.2 nol

1, 3- but aﬂhcbucghdumhs giph(:xmse varfoup peldlicati@d hbvetbeenliesdrenchditvitbin phenthaehi € ng
thls incre ure 11. MPLE |V 25E neer

Cobal am {ayRRRgTeSy R oy BT iR TRy ER I e w0t Thgdani
pat hway, afilfh@EDi ordee guhsre Sulbakadriditie s(ad sfand it BhicH Wisfinmeatibropertaidd2 i s
ynthesized de novo in some organi sns but nmust be supplied exogenously to
ot her her nlsns Suc cerevi lity to
o 11 CDandt ol B et B AR RUER AR SerFREEN & BR iRy S BB dhdier fng
de novo B]hﬂed; ynbdat val m&h@hlpbﬂe‘élyte:ﬂﬁht ﬂie@ptﬁ:liﬁd)a’xgﬁp]es and stﬂ@s detailed above are

2011/ 07168 / US20 057525 ath s have been

har act eRHBAEHIAT Go dit g gt S oI Gl VAo TR U P L T2
(Rot h et nalde withoutBagdredgd f@dm thk &piri8 308e ﬁ&&lﬁaon. LA@edr@llagl@l thb USehitRuti €limit€dRL 1098
(Harmms and. Thauer, Eur. J. Biochem 235:653-659 (1996)) and Bacill us

megat er i GRIY(tBriRs ollpwine ClaHBS Bacteriol . 167:623-630 (1986)). Bacterial B12
bi osynt hesi s pat hways i nvol ve 20-30 genes 5clustered together in one or
nore operons. Two cobal am n bi osynt hesi s pat hways: |ate-insertion (aerobic
only) and early-insertion (anaerobic) have been described (Scott, Al., J.
Org. Chem 68:2529-2539 (2003)). The final products of the biosynthesis of
vitamn Bl12 are 5' - deoxyadenosyl cobal am n (coenzyne Bl12) and

nmet hyl cobalamn (MeCbl). Vitamn Bl12 is defined as cyanocobal am n (CNCbl)
which is the formcommonly prepared in industry. In this 1l0exanple, Bl12
refers to all three anal ogous nol ecul es. The anaerobi ¢ cobal am n

bi osynt hesi s pat hway has been well-characterized in Salnonella typhinmurium
LT2 (Roth et al., J. Bacteriol. 175:3303-3316)). Pathway genes are
clustered in a large operon termed the cob operon. A plasmd containing the
foll owing 20 genes fromthe cob operon (pAR8827) was transforned into E.
coli and conferred the ability to synthesize 15cobal am n de novo (Raux et
al., J. Bacteriol. 178:753-767 (1996)). To further inprove yield of the
cobyric acid precursor, the authors renoved the known regul atory el enents
of cbi A and altered the RBS. The genes and correspondi ng GenBank
identifiers and gi nunbers are listed below. cysG NP_462380.1 16766765

Sal monel I a typhi nmurium LT2 cbi K NP_460970. 1 16765355 Sal nonel |l a typhi murium
LT2



cbi L NP_460969.1 16765354 Sal nonella typhimurium LT2 cbi H NP_460972. 1
16765357 Sal nonel | a typhi murium LT2 cbi F NP_460974.1 16765359 Sal nonel | a

t yphi nur iwim2bTi27eds2 G NP_460973. 1 16765358 Sal nonel | a t yphirfisee00515T2 cbi D
NP_460977.1 16765362 Sal nonel | a typhi ”E)%i um LT2 chbiJ NP_460971.1 16765356
Sal monel I a typhi muri um LT2 cbi E NP_4609/6.1 16765361 Sal nonel | a typhi murium
LT2 cbi T NP_460975.1 16765360 Sal nonel | a typhi nuri um LT2 cbi C NP_460978. 1

What is claimed is:

1. A non-naturally occurring microbial organism, comprising a microbial organism
having a 1,3-butanediol (1,3-BDO) pathway comprising at least one exogenous nucleic acid
encoding a 1,3-BDO pathway enzyme or protein expressed in a sufficient amount to produce

5  1,3-BDOsaid 1,3-BDO pathway comprising Formate dehydrogenase, Formyltetrahydrofolate
synthetase, Methenyltetrahydrofolate cyclohydrolase, Methylenetetrahydrofolate
dehydrogenase, Methylenetetrahydrofolate reductase, Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), Corrinoid iron-sulfur protein (AcsD), Nickel-protein assembly protein
(AcsF & CooC), Ferredoxin (Orf7), Acetyl-CoA synthase (AcsB & AcsC), Carbon monoxide

10 dehydrogenase (AcsA), Hydrogenase (Hyd), Acetoacetyl-CoA thiolase (AtoB), Acetoacetyl-
CoA reductase (CoA-dependent, aldehyde forming), 3-oxobutyraldehyde reductase (ketone
reducing), 3-hydroxybutyraldehyde reductase, Acetoacetyl-CoA reductase (CoA-dependent,
alcohol forming), 3-oxobutyraldehyde reductase (aldehyde reducing), 4-hydroxy,2-butanone
reductase, Acetoacetyl-CoA reductase (ketone reducing), 3-hydroxybutyryl-CoA reductase

15  (aldehyde forming), 3-hydroxybutyryl-CoA reductase (alcohol forming), 3-hydroxybutyryl-CoA
transferase, 3-hydroxybutyryl-CoA hydrolase, 3-hydroxybutyryl-CoA synthetase, 3-
hydroxybutyrate dehydrogenase, 3-hydroxybutyrate reductase, Acetoacetyl-CoA transferase,

Acetoacetyl-CoA hydrolase, Acetoacetyl-CoA synthetase, or Acetoacetate reductase;

wherein said 1,3-BDO pathway enzymes are a set of enzymes selected from: A: 1) 3-

20 hydroxybutyryl-CoA reductase (aldehyde forming), 2) Acetyl-CoA synthase (AcsB & AcsC), 3)
Formate dehydrogenase, 4) Formyltetrahydrofolate synthetase, 5) Methenyltetrahydrofolate
cyclohydrolase, 6) Methylenetetrahydrofolate dehydrogenase, 7) Methylenetetrahydrofolate
reductase, 8) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 9) Corrinoid
iron-sulfur protein (AcsD), 10) Nickel-protein assembly protein (AcsF & CooC), 11) Ferredoxin

25  (Orf7), 12) Carbon monoxide dehydrogenase (AcsA), 13) Hydrogenase (Hyd), 14) Acetoacetyl-
CoA thiolase (AtoB), 15) Acetoacetyl-CoA reductase (ketone reducing), and 16) 3-
hydroxybutyraldehyde reductase; B: 1) 3-hydroxybutyrate reductase, 2) Acetyl-CoA synthase
(AcsB & Acs(), 3) Formate dehydrogenase, 4) Formyltetrahydrofolate synthetase, 5)
Methenyltetrahydrofolate cyclohydrolase, 6) Methylenetetrahydrofolate dehydrogenase, 7)

30  Methylenetetrahydrofolate reductase, 8) Methyltetrahydrofolate:corrinoid protein
methyltransferase (AcsE), 9) Corrinoid iron-sulfur protein (AcsD), 10) Nickel-protein assembly
protein (AcsF & CooC), 11) Ferredoxin (Orf7), 12) Carbon monoxide dehydrogenase (AcsA),
13) Hydrogenase (Hyd), 14) Acetoacetyl-CoA thiolase (AtoB), 15) Acetoacetyl-CoA reductase



16765363 Sal nonel | a typhi murium LT2 cbi A NP_460980.1 16765365 Sal nonel | a

t yphi nuri um LT2 fi dA NP_459679.1 16764064 Sal nonel |l a typhi murium LT2 cobA
P31570. 1 8028740 78s2nonel | a typhi muri um LT2 chi P AAA27268CT/UB3614867525

Sal monel | a typhi nurium LT2 cbi B CDSGOOIé 543942 Sal nmonel | a typhi murium LT2
cobU NP_460963.1 16765348 Sal nonel | a typhi murium LT2 cobT NP_460961. 1

16765346 Sal nonella typhi murium LT2 cobS AAA27270.1 154438 Sal nonel | a
t yphi mur i(kptoreT@ducing), 16) 3-hydroxybutyryl-CoA transferase, hydrolase, or synthetase, and 17) 3-

hydroxybutyraldehyde reductase; C: 1) 3-hydroxybutyryl-CoA reductase (alcohol forming); 2)
Acetyl-CoA synthase (AcsB & AcsC), 3) Formate dehydrogenase, 4) Formyltetrahydrofolate
synthetase, 5) Methenyltetrahydrofolate cyclohydrolase, 6) Methylenetetrahydrofolate

5 dehydrogenase, 7) Methylenetetrahydrofolate reductase, 8) Methyltetrahydrofolate:corrinoid
protein methyltransferase (AcsE), 9) Corrinoid iron-sulfur protein (AcsD), 10) Nickel-protein
assembly protein (AcsF & CooC), 11) Ferredoxin (Orf7), 12) Carbon monoxide dehydrogenase
(AcsA), 13) Hydrogenase (Hyd), 14) Acetoacetyl-CoA thiolase (AtoB), and 15) Acetoacetyl-
CoA reductase (ketone reducing), D: 1) Formate dehydrogenase, 2) Formyltetrahydrofolate

10 synthetase, 3) Methenyltetrahydrofolate cyclohydrolase, 4) Methylenetetrahydrofolate
dehydrogenase, 5) Methylenetetrahydrofolate reductase, 6) Methyltetrahydrofolate:corrinoid
protein methyltransferase (AcsE), 7) Corrinoid iron-sulfur protein (AcsD), 8) Nickel-protein
assembly protein (AcsF & CooC(), 9) Ferredoxin (Orf7), 10) Acetyl-CoA synthase (AcsB &
Acs(C), 11) Carbon monoxide dehydrogenase (AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-

15  CoA thiolase (AtoB), 14) Acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming), 15)
3-oxobutyraldehyde reductase (aldehyde reducing), and 16) 4-hydroxy,2-butanone reductase; E:
1) Formate dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid

20  iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin
(O1f7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA
reductase (CoA-dependent, aldehyde forming), 15) 3-oxobutyraldehyde reductase (ketone
reducing), and 16) 3-hydroxybutyraldehyde reductase; I': 1) Formate dehydrogenase, 2)

25  FPormyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate cyclohydrolase, 4)
Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate reductase, 6)
Methyltetrahydrofolate:corrinoid protein methyltransferase (AcsE), 7) Corrinoid iron-sulfur
protein (AcsD), 8) Nickel-protein assembly protein (AcsF & CooC), 9) Ferredoxin (Orf7), 10)
Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase (AcsA), 12)

30  Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA reductase
(CoA-dependent, alcohol forming), and 15) 4-hydroxy,2-butanone reductase; G: 1) Formate
dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate
cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate

reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid



cobC NP_459635.1 16764020 Sal nonel |l a typhi muriumLT2 101 Sone organi snms
unabl e to synthesize B12 de novo are able to catal yze sone steps of the
pat hway. WOco11/07148er exanpl e, is unable to synthesize tRETABRIMMSTSRPIQ
structure but encodes proteins that caﬁglyze several reactions in the
pat hway (Raux et al. J. Bacteriol. 178:753-767 (1996)). The cysG gene
encodes a functional CysG a nultifunctional enzyne that converts

5ur opor plispnisnidgemotéin I(M&D)p&)@ﬁd{eﬂ 'pwtezn dssierghle progdin ghes) &JCo®act)dreiredloxin
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prooteins en m CcO 0 cobalan1n
and i ntr ddowe, théhﬂkgdmm«@ﬁd$ﬁ6$&bagmn@pCQEQMuMsﬂ%aﬂh,hbuwa@mﬁmﬂgﬁyg cobT
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6720933 TEBLHRT: RRTaor YRS Ren1 T ek ety Bt e 9 g

Eschessi chedicasd (Iketlﬁﬂ.ereSl}mlngl)/G]nﬁﬁ@ I;yﬁcﬁi)ﬂfau@ﬂﬂ(ﬁ:ﬁ?de]redlﬁ:ﬂa?&m&)%ﬁhz&éI Chl a coli
K12 sp cerevisiae is not abl 0, synth B12 de novo, nor
51t abMEE RpRaa TORG e ot steveer SV Bra B Ruder “The s

cerevisi @?cl@l@ﬂlﬁtﬂﬁe%Mﬂﬁeﬂev&kalﬁ)fd@éf&aﬁﬂeh%@geﬁasanﬁ M&hﬁ&ew&ﬂa@mr&ataazl yze
several Bl1l2 pat hway reactions. | S analogous to the urQPorphyrlnogen

11t rand?CHIR Q%Me@]é@ahﬁ’df@fdafwlﬁﬂfﬁﬂ Pratn AP HaRsArar 268t HEOFT&t st ep

of Bl12 biiRsyoirhgsésinf AN 1H wla&ql ﬁhé@&ﬁlﬁ? toidin (R €bo@| 9) FeBe@sREM  J.

338(pt. 3@:701- 08 (1999)). The Eroteln is a bifunctional protein
with 8ro fh@@éﬁ% aynftllﬁ%?r{é\ﬁﬂi y‘fCé & 1AEahen pongréflecisbulressetel at ase

?(]:_E)IQ\E;I) ; y (%/E&t@%)ow ll’ﬁ/dfo%eﬁa@@(}f%ﬁ 93?]&0@0%%9@51@ iR e((RAMS), £ A@Etoace%”@’o%
transferase hydrolase, or synthetase, 15) Acetoacetate reductase, 16) 3-oxobutyraldehyde
reductase (aldehyde reducing), and 17) 4-hydroxy,2-butanone reductase; and I: 1) Formate
dehydrogenase, 2) Formyltetrahydrofolate synthetase, 3) Methenyltetrahydrofolate

15  cyclohydrolase, 4) Methylenetetrahydrofolate dehydrogenase, 5) Methylenetetrahydrofolate
reductase, 6) Methyltetrahydrofolate:corrinoid protein methyltransferase (Acsk), 7) Corrinoid
iron-sulfur protein (AcsD), 8) Nickel-protein assembly protein (AcsF & Coo(C), 9) Ferredoxin
(O1f7), 10) Acetyl-CoA synthase (AcsB & AcsC), 11) Carbon monoxide dehydrogenase
(AcsA), 12) Hydrogenase (Hyd), 13) Acetoacetyl-CoA thiolase (AtoB), 14) Acetoacetyl-CoA

20  transferase, hydrolase, or synthetase, 15) 3-hydroxybutyrate dehydrogenase, 16) 3-

hydroxybutyrate reductase, and 17) 3-hydroxybutyraldehyde reductase.

2. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises two exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

3. The non-naturally occurring microbial organism of claim 1, wherein said microbial

25  organism comprises three exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

4. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises four exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

5. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises five exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

30 6. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises six exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.



NP_012995.1 6322922 Saccharomyces cerevisiae Met8p NP_009772.1 6319690
Saccharonyces cerevisiae Any or all of these genes can be introduced into
an organiwm2dgfdi’eésent i n one or nore conponents of cobalPamius2eistsesSis to
enabl e or increase the efficiency of C@gal am n synthesis. 20EXAMPLE V

Engi neeri ng Enhanced Cobal am n Upt ake pability in an Organism This

exanpl e descri bes engi neering Bl2 uptake capability into a host organi sm
B12 upt ake requilhegomnapeldy ficorring anspbint orgysment (Sannghtremtsadimicrobnhu.  Rev.
Bi ochem - 1053- 1 : . t . i..has been
ext ensi vé)?%ola n%%u%lm«jeoggg ﬁliévé]eﬁ%)é%ge P?ﬁ-g?l ;ﬁdt% r‘l” éﬁ%%)%{r}ﬁ eg%)%lg%}sésl%gp?ep o tﬁagghzr?[e Dr ane
is cal ciumdependent and nedi ated by a 66 kDa outer nenbrane porin, BtuB
(Hel l er et al 8; The n@aetterpilppccunri®g n8OBLIGNB (D86 JaimBt, wBeichtserdanitwbis t h t he

TonB ener i - v . Il I

ener gy- dopnn RS IReUFLE AR RS S s B tedbi B eosme o

bi nding to periplasm c binding protein BtuF (WO 2007/141208; Atsum et al.,
Nat ur @ 451: 86989h¢ popeatyrallyTecgnssime nicrgbipbyganisneof daier L, mbpigingad nigrobial
facilitat f

bi ndi ng 82%%‘%%@9@5%&‘%&8@%%5%@%&1% R ohe éﬂ%?ﬁdf%ﬁ%gﬂé zyé:rm .
71(pt. ©):403-411 (1981)). Crystal structures of the BtuCDF conplex are
avai | abl e 5( Atl8uihe ran-ngurallyseegyprzing poaehial qpgansppeijelaan Lawhereiqspid ani¢roigh ) ) . An
addi tion tein. Bt j I.es: ' t : this
protein ?)igagfc??l cr%e Slsé?elg %?%greﬁ%%gﬁ%qrggﬁglgg?at&grﬁ%’aﬁltg 2 1?%?%2{‘?‘2 eﬁ knec')wn
(Rioux et al., MIl. Gen. Cenet. 217:301-308 (1989%).. The bt uCED operon is
consti tuti vel yleXht eassgralipeecasingaygobigengantsmeeislagnd . @herpigtid mycrgpiak he
genesassgy h@%n%m%gég 1@%_20 hARSROEL a@iﬁ?edch%h&qmgedl 103’!431)@;}5%“%[ -@ﬂ%}%éeoj- 1
16131804 Escherichia colil K12 sp. Msl655 bt uC NP_416226.1 16129667
Escherichia coli K12 sp. M3G1655 btuD NP_416224.1 16129665 Escherichia coli
K12 sp. M1 6558 2 b hgmquenagraliygescyrring microbial organism of claim 1, wherein said microbial

organism comprises 12 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

13. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises 13 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

15 14. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises 14 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

15. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises 15 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

16. The non-naturally occurring microbial organism of claim 1, wherein said microbial

20  organism comprises 16 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

17. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises 17 exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

18. The non-naturally occurring microbial organism of claim 1, wherein said at least

one exogenous nucleic acid is a heterologous nucleic acid.

25 19. The non-naturally occurring microbial organism of claim 1, wherein said non-

naturally occurring microbial organism is in a substantially anaerobic culture medium.



16128151 Escherichia coli K12 sp. Mil655 tonB NP_415768.1 16129213
Escherichia coli K12 sp. M3L655 exbB NP _417479.1 16130904 Escherichia coli
K12 sp. MBD@sH/xsD NP_417478.1 16130903 Escherichi a colPCTAB2019/0575M51655
10 The B12 uptake capability of an or gﬁ)gl sm can be further inproved by
over expressing genes encoding the requisite transport proteins, and

reduci ng or elimnating negative regulatory control. Overexpressing the

bt uBCDF genes 2Dedbsnanenatpnahyeaseting hlirdbbiglomﬁmim 2f tlaimrhwmem@ithmttr@hhéd reased

rate of to el r

control . %'%ﬁ%%t %nﬁ%ﬁ&ntfgeélﬁs {e?eggled?}so d| rect21l)%of2 4@2%?0 %% g&g{z %)he 5'
UTR ( Nah\synth&tsmagas congiresmg (B) add Hz’LSDsyilCMéls gaz%ﬁlpmsmg ﬁDSCDE]ta&(ﬂ H@,talnd) n) orey

i nduce nRONAOf ﬁ%ﬁg r%to bl ock ri bosone access to the transl ational start.
Mt at i on “OPO8 SROHXTSH of the B12 binding site removes inhibition and
|rrproves the efficiency of B12 uptake (US Patent No. 6,432,686, Bulthuis et

.). SThese st ategites] faepredgirgcledBDUL, kympnypigoypédritgthe npr-oareraBi@cupingk e
Capabl l I I]%CI‘@QI&% 3 P[x) ff,l{n;::l nrgigr (ionglltloéljsr a%%\r%(l)rsans% Yf\‘(i?lb%egrlgo / fl %()p%rog nd ( Us

Pat ent No ur's recen pate rcation
descri bed,3- BDOOW ng the efficiency of B12 uptake (WD) 2008/152016) by

del eting negative regulatory proteins such as C. glutam cum btuR2. S.

typhi murium PAssSess i L aRsROLt The
high affinity ¢ riﬁ%ﬁ?ﬁl? Bpﬁle{synggc‘gggﬁ‘“%d%{) %ﬁ iy b ALY fhicobi bt [
171: 2986412993)s(aﬂt9a8]9)a)1aerd>h1é<elhﬁre maliumt r ansport across the periplasmc

nmenbrane is predicted to occur via an ABC transport system 25although this

has ngt been %Qaﬁgec%gﬁq@&dclélfﬂ zgﬁcvfier%lm%d BhGobhf %gﬂl%npéo% Gl tkv%\ﬁ%g'ge%?sd by

bt uD and bt uE I's pre encode
2011/ 07 1 682ECH{IUS200 0nddBing 23,31 BB Olgtaths ap AR 3 1. 1 153891 Sal nmonel | a
typhi murium LT2 bt uC NP_460306.1 16764691 Sal nonel |l a typhi murium LT2

24. The method of claim 21, wherein said microbial organism comprises three

exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

25. The method of claim 21, wherein said microbial organism comprises four

15  exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

26. The method of claim 21, wherein said microbial organism comprises five exogenous

nucleic acids each encoding a 1,3-BDO pathway enzyme.

27. The method of claim 21, wherein said microbial organism comprises six exogenous

nucleic acids each encoding a 1,3-BDO pathway enzyme.

20 28. The method of claim 21, wherein said microbial organism comprises seven

exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

29. The method of claim 21, wherein said microbial organism comprises eight

exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

30. The method of claim 21, wherein said microbial organism comprises nine

25  exogenous nucleic acids each encoding a 1,3-BDO pathway enzyme.

31. The method of claim 21, wherein said microbial organism comprises 10 exogenous

nucleic acids each encoding a 1,3-BDO pathway enzyme.



bt uD NP_460308.1 16764693 Sal nonel | a typhi nurium LT2 bt uE AAL20266. 1
16419860 Sal nonel | a typhi murium LT2 Any or all of these genes can be

i nt roducewoiznti7a6s20r gani sm deficient in one or nore compOMSRN19/ 067525

cobal am n uptake to enable or incr ease he efficienty cobal am n upt ake.

Met hod for quantifying B12 in the CU|tL? e nedium To quantify the amount of
B12 in the culture nmedium cell free sanples are run on HPLC. Cobal am n
quant i fi cati od2i $hawhthedelid-ldm 8, wherpiasiid gnigrebikl crgassnr amipoisesal] X3&nam and
361 num h k areas to standard curves of

cobal am \r{:{l ot ?‘%ﬁp%%ﬂg&[oﬁ}négq ?ﬁﬁbﬁaﬁ%’ﬁ%gﬁl@us publ i cati ons have been
referenced wthin parent heses The di scl osures of these publications in
their entiret i3ésThe methed elbyn Ilnwﬁlpbrsatdeﬂicwiaﬂ eferign cempuses hi exogpsiu cat i on
in order i o the art to which this

i nventi onh%){g{cntglg]?Sn‘l;salé]l‘l %co%ﬁ?% , ?ﬁDbﬁgt@}n ent| oh has been described with
reference to the disclosed enbodl ments, those skilled in the art wll

readi Py appr eéttailke mphod ¢lpien %]pwﬁﬁeifbsa@mﬁmb@éoﬁmsmﬁwp@gs Heexpigtnods above
are only houl d be understood that

vari ous %@L#?glgﬁ%}r{lgn%gw%qq 1 ﬂ%@“ﬁalh%%gg g&partl ng fromthe spirit of the
invention. Accordingly, the inventionis limted only by the follow ng
clainms. WO 2021/b7ne8oPaKlais2016hasn52i8 mgabiphaeanisn ednairivesdl 4 exogenous 1, A
non- nat urgl Ly a8ﬁ§éhfcg'eﬁ'c9)d CdrloﬁBEb RS0 PmcOMPri sing a mcrobial organi sm
having a 1, 3-butane BDO) ‘pat hway "conprising at |east one exogenous
nucl ei ¢ acid encodi ng a 3 BDO pat hway enzyme or protein expr essed in a
suffici ent amdnthg @etﬂa@%@lﬁ}é@m@ﬂ Bh@pimsaid ingcrebial @EIisHR eI e oMLY

For mae 4EhYALOGCaRR EncoliRk M4.8h feﬁ’iy’ﬁ{ e synthetase,

Met henyl t et rahydr of ol at e yc ohydrol as Vet hyl enet et r ahydr of ol at e

dehydr ogenase, Met hyl enet et r ahydr of ol at e reduct ase,

Met hyl tetr ahy @7 of b Be@oE o daimg loWhiein stid nHEPhig] QreameT emagisey cexpgenous

Cor ri noi %u&lél@@ClﬁyéJcHEn&ﬁﬁi%%'1rB Eﬁ@%@hwa&"eﬁi@?ﬂe protein assenbly protein (AcsF
& CooC), Ferredoxin Acet yl - CoA” synt hase (AcsB & AcsC), Carbon
nonoxi de 10 dehydrogenase (AcsA), Hydrogenase (Hyd), Acetoacetyl-CoA

t hi ol ase (At 0By, Thewebatet 4@@/& Whertiasad e gropial epieprise Heﬁﬁfygrélous

form ng) nudei%ORYLNH @ﬁ&'ﬁh%qel 1. 8BuGa80y Ckahrne reduci ng),

3- hydr oxybutyra dehyde reducfase, Acet oacetyl CoA reduct ase (CoA-dependent,
al cohal form ng 3- oxobut ¥r al dehyde reductase (al dehyde reducing),

4- hydroxy, 2- bd hbnwethadiplcd tictlainie |, KREeigapid fYIeastsns SegetaR e(‘k?é“rcb‘ﬁé

reduci NQhetedoHs REYRULYL Yl - 00A reduct ase 15(al dehyde fornmi ng),

3- hydr oxybut yryl - 00A reduct ase (al cohol form ng), 3-hydroxybutyryl-00A
transf erase, 3- h dr oxybut - Q0A hydral ase,  3-hydroxybutyryl - 00A

synt het ase, hy B Bsgede a&{nezld‘éfh‘ifﬁ‘f“éﬁéﬂ&%@bla@rﬁ%ﬁéﬁ%&%‘?%?y o feedsaglict ase,
Acet OacetsMEct&Df?oﬁlﬁ@G@f 8y @S £andAGEY)A@TaLY) afdoAd), h)/gfhﬁlleﬁ§§as C D%ﬁﬁﬁkg@b)ﬁhd CoA
synt het ase, or Acetoacetate reductase; wherei n said pat hvvay enzymes
are a setilo}) suphoess senRiEsingd @+ andd Hg pnds) Ozeowa%ﬁ%mcw
reduct ase (al dehyde form ng), 2) Acetyl-CoA synthase (AcsB & AcsC) 3)
For mae dehyduoganasatufbllybesunid @icta drahiohadsnpiib Aetia®sial Grpanism
Met henyl t et rah)lldr of ol ate cycl ohydrol ase, 6) Met hgl enet et rahydr of o] ate
dehydr ogdauaga LAbuisedigl @t lap} %ﬁﬁlvwcypmpaﬁlég fdepseenesaogegyus Rucleie acid

Vet hyl t etep@lanrof, BRICEpARIdy APk RRSEh Ry FRLOY It ARREGE ARSunk AGREduce 9)
Corrinoid iron- asul fur protéi nQ}z Acs[[)ﬂt 103q%|sckela protein a§s§cn%l yucerot ein

(AcsF & b0 saith |, EBPOamdwia cszrap@mgﬂylethiml negdybensitigpoMiar) fermp@iogenase

(AcsA), (AtoB), 15)
Acet oac eﬂ“ ﬁ?teth%%E (rag ?a%tﬁglé eWﬂ%%fg%g)COﬁﬁ%E@%S%hy ﬁ%ﬁf’%@ MEA),
hydr &®yb M@ihbdlea@lhyldéola@@mmasl@rotan nieyhy3rdmyidrasx (/wably rGreniédoe sdbe, 2)

Acet yl t il

For myl ¢ ot F AR G oP gt AT by aRslby pllei (e (UG SHOBRAT iy hcen

cycl ohyd r(ln)IAaes/et;ha@)(ANﬁi &yAce@Et(httroa yohopiflo tlatyérogehyd(rﬁwgﬁh ahzérogé’ljase (Hyd),

30Met hyl ene uct ase corrinoid
pr ot elx rrefeoa?etﬁ%)s tglrogas?% tﬂ%ﬁ%} toﬁc)e C?O%Alrﬁol?cdag ¢on sd)}4 Fur prgl?gll n (AcsD),
10) Nic kéd)mpng)l Bbrobagsadddlyye pdatse (ke(ohe sddudin§od By drodybutyradehgdoicdactdsey f 7) ,
12) Carbon nonoxi de dehydrogenase (AcsA), 13) Hydrogenase (Hyd), 14)

Acet oacet yl - CoA thi ol ase (AtoB), 15) Acetoacetyl-CoA reductase WO

2011/ 071682PCT/ US2010/ 057525



105 (ketone reducing), 16) 3-hydroxybutyryl-00A transferase, hydrol ase, or
synt hetase, and 17) 3- hydroxybutyral dehyde reductase; C 1)

3- hydr oxyWwo9ryd74@QA r educt ase (al cohol form ng); 2) Ac@CylUsGua0sins hase
(AcsB & AcsC), 3) Formate dehydr ogenasf, 4) Fornyl tetrahydrofol ate

synt hetase, 5) Methenyltetrahydrofolate cycl ohydr ol ase, 6)

Met hyl enet et r ahydr of ol at e 5dehydr ogenase, 7) Mt hyl enetetrahydrofol ate

r educt aseé\ce@pcehii(lop teduatah @I&ﬂ@ﬁead@t ebrhdl rﬁ@ndng) r dtospmtyreldiyide realngher ase

AcsE Lnoi.d i non-sul fur n
eserbl y BASRAF KRR B Wi R S e P N R REIBER T o de
dehydr ogealsmg), Adsm)oxym@ryw«m; aglectasdal(ithydy forﬂamg) Adeftln?agbutyﬂyl—CoA t hi ol ase

At oB e acet ton D 1) Formate
tohyar ogdniise® G SRRl P R bR P R Tpb Ao s 40 E0R G ek

Met hesyl th@mbab@/drtgﬁ@k@mﬁymycdm by&dﬂidﬁdsa,%hydﬁf)xybfﬂ?ﬂa;d c&ﬁﬁir&gelhasi&yidl‘ ofol ate
dehydr ogenase, 5) Methyl enetetrah f ol te reduct ase

Vet byl ¢ SOPSRGUPBRYF SUBVEST SHTGIEHY b O SRR SN 1 PSR T P ABE RS B) | 7)

Cor ri noi chcefordety3 oAy nPEQEE bNA (oGS Edte r&)lcﬂélgegkel -protein assenbly protein
(AcsF & CooC), 9) Ferredoxin (Orf?) 10) Acetyl CoA synt hase (AcsB & AcsQO),

Aokt oacetyl - TEoHK aled B UERTaEs M b e U b A P et bbb PO
( CoA- deppatienl enahdely deedfodemyng) seléb&)d fonx0hyMetahsdehyslgrisiduct adan),

e L ) R ALl e

Met henyl t(MtefA@hw&fl\l/g[@ﬁ@%@ia&%ﬁf&i@%@mlﬂﬁetﬁ@&hﬁéﬁ%@'(&ésEﬁB)’dbﬂfn@idat e
dehydr ogenase, t hyl enet et rahydr of ol at e reducta

Met hyl t etnioaﬁylélfrdmﬁlaﬂécsé%f@.erérpﬁat%@ EFM i PHYAIR ﬁ%ﬁﬁEfS@%%@ DAksEgoxing)
Corri noi ggﬁe RY @&T%Lﬂjdcﬁugfnﬁfa@@lcﬁl% @A@&@% '9) @aruah%%m@é@é ?H@g&ﬁmkm protein

(AcsF & err edoxi n Acet CoA synfhase (AcsB & AcsC),

11) Car bdf) HW@&@IHQ@ HeH\goagEHA e %%}Aw@)})&]—&@ﬁt@g@ﬁh@@ (q@}y@r)tse (Egh-
Acet Cetdx ngéh%‘ efl(?ycl}?(ll!]ea%ﬁm% \ ??))3’ S)ébﬂﬁtge?cﬁ:hﬁﬁecrg&% asé:ﬁgfl ﬁg%qg&u% ) and 14)

(CoA- ependent, rmn 3-0oxobutyra e redtictase (ketone
r educi ngy; hyémmeylt@otrw@dmbtﬂ W Mettahgldecthdidansfezase (MEB), ) Chuimesk potein

Vet honyl Lok ah ar Rl B R B e ISR PN of o at e

dehydr ogé«mak;}égetra)ydwmhlyicelmmbeltpr@thgadmed’i}dﬁealskrasfemcsEn@aCorﬁ)lmd iron- sulfur

Gor 1 not AP BhRay PprbrelRt ey bl KRR RO UER AR of i n

(AcsR0& Coefg)-Cof)syithase eAimBl & A(c@i)f 9) Carbhéh) méesidel delSako eyt ASA) (1&) S B & Ac sO,

11) Carb d 3

Aokt oacet DrIEERAE b SOur AL OB e AU BB Pehk PaTER se O

( CoA- depeiggigatnt, adehodoforthiag)yyi ﬂ@)oxo@ﬁl@iral&)lydb-rbdﬁﬂfa@é(&et%n@tkﬁﬁd’iﬁ)g’)eari’deld)w-t ase;
G 1) Formate dehydro enase For n%/@t et rahydrof ol ate synt het ase,

Vet heny| t¥EPRRRSEYESEE & B%}‘?:SFO i MBaeel mothyINaRsiRrase AM{aR) r A aner at e
dehydr oggpase é ) M2IC) M tnwhyBiR el aF AbE O @bt o ki ey S RsfeBle (MtaA), 45@%
ro

Met hyl t et rahy ol ate:corrinoid protei n nethyltransferase (AcSE), 7)

Cor r iXAoi Meﬂ@d@trahyérpf%laqefcamnsﬁdd’cr@ﬁlﬁ niespydipgnsfegye (hcgkeP) peroineid AoaseidHb| v

t S 1C 8) 1 7 oS O efr 1 A B
& AcsQ), e e S L ﬁ@fﬁﬁw Qélb%o§enasggg((aH§/d;: ;

13) Acet dﬁé@i {PACHIhash (O sBs® ACH o B) CaﬂM) m%@éﬁt@é’@ dnygEWA(MS skler ase,
hydr ol as t e ¥ u

3 oxobut y PR o TEREG e L Lo AERbARERI P AEBhARTColHductase hetone
3- hydr oxylucipe all dehlydeoxybayotl-49é; redictayy (akbhyrktferndedydhddgebase, 2)

F I t t I

cycl ohyarSPOXALRRRLTL: SYILLE APl ARDE T HIRNALS. B Ao

Met hyI en@irceemadebm‘)MMﬁtetrd@dnﬁdste coﬁl)nowmrchmhmhyatmdﬁemﬁ@(ll\ame) dorrinoid
t f sE),. 7 d | f t AcsD),

g; ONleICE elrﬁetg)é{ éahr}lﬁsof(?lgtaﬁ%e (1101 rgtélﬁ r%e C? OI 60383??@01}1?1%18@68 e]{l% EOC fs7g

10) Acet pkot&ﬁeA&jmtéjaﬁ&e( ﬁ@&Bn &se@@lﬂﬁl))xoteﬂQA&B&J@dsbcrmncmnd@)xdﬁ(I@m ayenase

Aot oncery OB CTaRG Ll Ay b GRS BB A B b Bt et ar e

reduct ase, 16) 3-oxobutyral dehyde reductase (al dehyde redum ng), and 17)
4- hydr oxy, 2- but anone reductase; and |I: 1) Formate dehydrogenase, 2)
Fornyl t etrahydrof ol ate synthetase, 3) Methenyltetrahydrofol ate

15cycl ohydrol ase, 4) Met hyl enet etrahydrof ol at e dehydr ogenase, 5)

Met hyl enet et r ahydr of ol ate reductase, 6) Methyltetrahydrofolate:corrinoid
prot e| n rret hyI transferase (AcsE) 7) Corr| noi d |ron sul fur prot e| n (AcsD)

' 1 o L e e~ e e\ ~ O =\



107 7. The non-naturally occurring mcrobial organismof claim1,
wherein said mcrobial organismconprises seven exogenous nucl ei c acids
each encoaDrg11207183- BDO pat hway enzyne. 8. The neoTABRAOABTSES
occurring mcrobial organismof claiml, wherein said m crobial organism
conpri ses eight exogenous nucl eic acids each encoding a 1, 3-BDO pat hway
enzyne. 59. The non-naturally occurring mcrobial organismof claiml,
wher ei n dhiddbgmiase.didi abcteacgah{ sMtigolapr(fsdd. H) decorcgdiodsredustiseiketoaei ds each

encodi ng t nZ occurring
m cr obi alr&ugjmg)m sm%? I@\ﬁ%\{%&ﬁyrﬁﬁ%‘?éﬁdﬁm%ﬁ %IQ ?71110-(1:? gglﬂl;g? zg/%?nsairhéﬁcorrpri ses 10
exogenou snertimtﬂrmskraa@: (MsBgag ﬂoemonid:rmtginaMla,CB Bwtpydtehu]@ylrcénlzgewemnmd

11. The nq nat OCCMI T | ] cr obi ni sm of rein said
7 or obr at o Seiee e hALY TS BR e S AAT P A0 R B e R o e
1, 3- BBO mawmay (E)[TZIy)I[Iﬁ.ron sulfur protezh (A‘EE\]B) 6DNtcRatpﬂd5tal|n|ayseﬁibl}JLp’rdjﬂemQAmPC&Obl al

organi sm of cl or rises 12 exogenous
nucl ei c &goo& 735‘?:%]&8?}“’2@#2)9 gégﬁetg g‘? %%‘f’?@ %?@‘rbon MEROXiqe, o

non- nat urdahydyog@EBUAdsAG, 1) H@&bg@ias@ngﬁmmaﬁ CdARinhBldse (M@ ai2n said

m crobi al organismconprises 13 exogenous nucleic acids each encoding a

1, 3- BDO pyrieey &ir)idictass {pA-gependtah Aicapd anise) e et Ry bt Beraane

or gani smy@fuc@b@iFM)MeWiRI BbihyB@hderiicGMR)ab) Qrgail §m&@(mtratj§ %§ 14 exogenous
nucl ei ¢ aci ds each encoding a 1, 3- BDO pat hway enzy . The

non- &t uMgthyjeaaldraolag: CW@P@mf%Flné?‘“&a’#F@ﬁﬁe@Pe e\rlta%“i wher ei n sal d

m cr obi a|Mé%ﬁ}9éﬁhl§ﬂ}cﬁ91ﬁ@rcbﬁﬁéld]pﬁot&iﬁ%&%ﬂ%ﬁsf&ﬁ% B SERS| dSrifaaogRERE N9 a
1, 3- BDO pat hway €nz . The non-naturally occurring

m cr obi alpras¢ig &nestha N@iehpli@teln amlépﬁt%la(&i?sm%ﬁ@)aﬂ Fegedsxga@irSm Qonpri ses
16 exogenous pygls +tfias@?A9L% £aghee 9%’9%&9?16%0&1(% d%r(ggr%h WX cs

anzZyye
17. The non-nat ur y occurring mnicrobial organi sm cl ai m? wher ei n sai d
m cr obi aIHydr@ais,rhlténqwaiCste’sCQﬁ tla'ﬁla@emm]is) ]rﬂja,“lcelloaceasdﬂd)s% temshiraencodi ng a

1,3- I-SJO é ﬂ?é’ of syfﬁl%? % 13% Acetoac ate t1re uctagenlég%t (%lxog‘ %lﬁﬁccl’érrgé \gclsenzkgto bl al

or gani sm 9 rein sal ne exo enous nuc cidis a
het er ol ogalusinpliehdl D 33[;1ﬂtﬂ)xylﬁﬁ3]l@ldeﬂ$hle rqilporaseatCu rlaMeyhancdanmhiylmglsm;m ob| al

or 322: oty A edised Bl gg%ﬂé@lﬁ%@mtgﬁ"@ﬁ{r{){?h% Qeenrabng, m cr obi al

2011/ 071 We]ﬂhﬁﬁ@&@ﬁﬁﬁ? 92 MellB8etrahydrofafie:cdfigoid protdimingthl dayisfer@eur r i ng

m cr obi al al m wher crobi al organi sm a carbon
f eedst oc &Rgsg«ﬁ egé tcg]ﬁf”ﬂ‘ nr§ul é@m?}n éég'))aﬁhﬁl—ﬁg& "PEJICIBEsseEeY Pralfiig (&?&S‘%

synt hesi 330@@$ 7(; PERIdbSin NGO ANEL A 0 DynEMd (ARSH & g@@) B0 MAftos inftgokid CO2,

and H2, and one or nore carbohydrates. 521. hod for producing

1, 3- BDO, d&@ﬁ%‘?&%%ﬁ&@@ﬂ@? FRgrogsasahidh- W%P%er@ﬁo%ﬂ%sﬁ(/h@ mi le? obi al

or gani smp@fetoﬁél%nmok mdﬁfasmg@ibtag@@ﬁs k@113 PA &ldSab b i @MU RRY Lg@ of time to
produce 1, 3-B met hod of claim 21, wherein sai

non- nat uraAPtYYraldehyde radgetaedrIaBIvdY redpgami @ﬁﬁ1|5é41hhdfaxys%rB§tf‘W|f%1uF‘?SeaHaer obi c

cul ture MeiihorPE 1R B INIAH), O CohBbA @RdeintBRi®! & sai d m crobi al
or gani sm conpri ses two exogenous nucl ei c aci ds each encodl ng a 1, 3- BDO

pat hway efelyyhetrahydrofolate zqrrinTideprotein mesthydifansfeeiseiMan). Wher ei n sai d mi crobi al

organi s mhﬁ&&‘?{e@rmr&f&ﬁt%%oﬁ%ﬁggep’ﬂ%ﬁ nﬂa‘dﬁhtg%&fefaﬁé ﬂ&sﬁf‘é%&%ﬁ&’g'lﬂaﬂ sgier 3- BDO

pat hway enz erein sad
m cr obi alpraeig&fésbin © dhighel-pegif @wnlﬂﬁpwmé%mﬁ& GogheNd'eaedasm (@B{fm &ncodi ng

al,s3- BD%CB?‘ E &V\@ys Hasx c'sB & g)ég) Car-b!-(pn monoxg1 e %I/droggg‘f!lsénégcs’ 81‘1 rei n sai d

m cr obi al ganl st ri'ses exogenous nuc ncodi ng a
1,3-BDO ﬂﬂtdmgayase,rizyﬁaetoacetyl COA2h7101a§EI‘(e;tdB§t I'R)d\cetba@t}m(]m&ﬂ:duCWS&ﬂ@tome sai d

m cr i al ses xogenoul cleic acids h encodi ng a
eBrTRD S RER b SR e ERGa e P BeliR P el oa g

m cr ob| alhyaogptiutygak eifndeSanl 15¢3apdxexmqmﬂuaqya¢1ﬁ:ﬁmt@eﬂcnmemm encodi ng a

1, 3-BDO pat h . 29. The method of claim?21l wherein said

m cr obi alme&y%éf?ﬁ%%}g gégoﬁnﬁﬁtpr‘gﬁﬁémsgﬂﬁ?fpgfega@ﬁ%@a@e‘f{?ﬂin@%odl ng a

1, 3- BDO padtimaetnzyifrase (MtaA), 4) Methyltetrahydrofolate:corrinoid protein methyltransferase
(AcsE), 5) Corrinoid iron-sulfur protein (AcsD), 6) Nickel-protein assembly protein (AcsF &



30. The nethod of claim 21, wherein said m crobial organi smconprises nine
25 exogenous nucl ei ¢ acids each encodi ng a 1, 3-BDO pat hway enzyne. 109

32. The rwoOhod/woiesel ai m 21, wherein said m crobial orgaRCImscanpsisees 11
exogenous nucl ei ¢ aci ds each encodi ng -1 3- BDO pat hway enzyne. 33.
The nethod claim?21, wherein said mcr ol%i al organi sm conprises 12 exogenous
nucl ei ¢ acids each encodi ng a 1, 3-BDO pat hway enzyne. 534. The nethod claim
21, wher gionCsd) HemddoxioiOHT ), 8F featylin/compnic@ssl & &ssogen dadonuwinetide aci ds
each encodj X 35, . of claim 21,
wherein gg]%yglgo r%%%grsggf?gr[‘{%@g}é%@%?“%g%r[f‘%%éoai%ylé%‘g%‘h%%g %@?@?E aci ds each
encodi ng Axeba@tBIOOAp@tnkinenye, mdrphise, or synthetase, 13) BBydrdtybutystddetiydbgalasi m 21,

wher ei n i i crobjal organi sm i ses.15 nous 10 nucl ei ¢ aci ds
each encgg} %’8%50’13’?’3{)’%68%% S\(?\la%?d(eigg%}h\@oxybutyra%%g&er &'%8%t hod of claim 21,

wherein said mcrobial organismconprises 16 exogenous nucleic acids each
encodisng a 1, 33BDR pattwayllyerzymieg microbial or@@isnildfelame tihoehaéin sdidimmar@igl

wherein said. mcrobial organismc ri.ses 17 exoge uclei ¢ acids each
encoai ng g R A A hEOD a3 Rt b BRRE A SOOI SS DS o
said at | east one exogenous nucleic acid is a heterol ogous nucleic acid.

40. The net hod4oThchaimudl]ly esherieg migabiad arganrsobefalainddanhaem saémiaomar bon

f eedst t . . CO, d H
Lo beos SraBl AR LML b P on b SrBs AR LR oncSlin Ol 38080 pBRR A Bl )

and H2, and 6) one or nore carbohydrates. 2041. A non-naturally occurring
m cr obi al or gdhi $hg namempurilyi evguiainginegrothitlairganrsgeefictmm Hawvingeia sdid udsohianedi ol
(1, 3-.BDO [.Sl t 1 i i coding a
1, 5- o0 B ARy R BBl e PG e AL o BRI D B i o
produce 1, 3-BDO said 1, 3-BDO pat hway conprising Methanol nethyltransferase
(M aB), Corri r6i dhpratmsiviallyMca@ying Metrplyihltcagangshyefictfin 44t whesan sdihoiictopalot ei n
met hyl tr . etr. 1CORHRNAI r [N

ot hy 4 r SnepEraRBrlNE T ox BRI R BT AL R B RO ] LRARM

Ni ckel -protein assenbly protein (AcskF & CooC), Ferredoxin (Of7), Acetyl CoA
synt hase ( AcsB7&Tiraynat@alhesauiing oxéroldaldesapcnogfetan ¢ (wessal saididroyanase

(Hyd), A HSRAKA : 1
( CoA- depg%gﬁﬁ%ﬁpggﬁéée&? %érn%&sﬁb‘#@cg@%l; Sﬁéﬁ.‘t% %?ﬁ“?‘%ﬁ%% u@?ééeg%( Gt one
reduci ng), 3-hydroxybutyral dehyde reductase, WO S
2011/1671682PCHpUSron@y B8 rghspceumingmaqroRiglarsAnis@o cladiy 4+ wlkeseip eidngaoiigldent |
al cohol f j 3 : I i

& hydr oxy o ks SUERM AL A RTINS aL PR BRR R 1o AD0 Y ke
reduci ng), 3-hydroxybutyryl-00A reductase (al dehyde formng),

3- hydr oxybut y 1 Thomon egiseltyaeseurgiag svtihialiasgam sapgf clagm iy dvlsegh 61 pdrona A
transfer e ~ - ) : Xy -g%n

synt het ag‘)},%m?f%ﬁhé%d %ﬂ%}bét%%%gof%nogg%%%%g%%aegg?en&gdlﬁ%%E ’gxybuipj)%1 %({%1 e raduct ase,
Acet oacet yl - CoA transferase, Acetoacetyl-CoA hydrol ase, Acetoacetyl - CoA
synt het ase, oPUAEE: dacEEERIY Geepiiag Ba@obial organisppof ciaya 4homhesein sd migfobial
occunpi NG dthGHARHhAkis@MARRKSBOEs fokRicMeflil cadRBERIL SP3-BDb ;I%ﬂ@% RAHWaY
enzynes are a set of enzynes selected from A 1) Methano

met hyl transferase (MaB), 102) Corrinoid protein %aC), 3

Met hyl t et r ahy af of B 2Rnena@urlb QroTang Potrabipl greanii fciie fér wlheacip fridmyjcrobiyl

Met hyl t etor ARXAT QhRHakE e dehNRindc Pl ALiRL BacARENInk 2 ANS B ARG WACH Eme. 5)
Corrinoid iron-sulfur protein (AcsD), 6) Ni ckel-protein assenbly protein
(AcsF & Coo(C), 7) Ferredoxin (Of7), 8) Acetyl-CoA synthase (AcsB & AcsCO),
9) Carbon nonexi 4B MEMAFHGiraeEng Riaplial ogpnispyof chiia i sehereig yaid microbial

Acet oacetoydanfsAohiptiflsas @xdRh@RB)nuc1didacidé 81cA &k -2 GOPB DEPARHVAS @ nkyHRA-
15dependent, al dehyde form ng), 13) 3-oxobutyr afgdehyde reductase (al dehyde
reduci ng), and_14) 4-hydroxy, 2-butanone reductase; B: 1) Methanol .

met hyzl5t ransf ePasé f(‘i\ﬂna@)m,ra%“@b‘f“iﬂg H’é‘irﬂblblroé%f’é‘isﬁl ‘(flﬁaé}@)“,l’ vgljerein said microbial

Met hyl t etoralar @hphiddsa 2 CREehMRindc 1Bk Qkial Eth@ﬁJ&ﬂntgraﬂ(‘@f%@bapﬁﬁq\&a%ﬁé}ne. 4)

Met hyl t et rahydrof ol ate: corrinoid protein methyltransferase (Acsk), 5)
Corrinoid iron-sul fur protein (AcsD), 6) N ckel-protein assenbly protein
(AcsF & CooC), 7) Ferredoxin (Of7), 8) 20 Acetyl-CoA synthase (AcsB &
AcsC), 9) Carbon nonoxi de dehydrogenase (AcsA), 10) Hydrogenase, 11)

Acet oacetyl - CoA thi ol ase (AtoB), 12) Acetoacetyl-CoA reductase
(CoAdependent, al dehyde form ng), 13) 3-oxobutyral dehyde reductase (ketone
reducing), and 14) 3- hydroxybutyral dehyde reductase; C. 1) Methanol

nmet hyl transferase (MaB), 2) Corrinoid protein (MaC), 3)

Met hyl t etrahydrof ol ate: corrinoid protein nmethyltransferase (MaA), 4)



25Met hyl t et rahydrof ol ate: corrinoid protein nethyltransferase (Acsg), 5)
Corrinoid iron-sul fur protein (AcsD), 6) N ckel-protein assenbly protein
(AcsF & cwoepii/myesterredoxin (O f7), 8) Acetyl-CoA synt ReSaseronsses AcsC) ,
9) Carbon nonoxi de dehydr ogenase (AcsA})1 10) Hydrogenase, 11)

Acet oacetyl - CoA thiolase (AtoB), 12) Ac gt oacet yl - CoA reduct ase (ketone
reduci ng), 13) 3-hydroxybutyryl-00A reductase (al dehyde form ng), and 14)
3- 30 hydroxybdt Wheam@erwytdélyrmmminamcrofﬁhl obganpvist ¢fa§ilv<'uh 4|1erltay¢in sahgfiaobsge

protel n srp oo BRERTA R S A%k pe Rl T PR GPEPOL A S kG 6 °

protein nethyltransferase (Acsg), 5) Corrinoid iron-sulfur protein (AcsD),
6) Ni ckel - pr otéi hhasmerabirgllypreonreing nigekiH €2a@zoQ)f clap 4Fewlitee@i@xail¢11m(1®lfléﬂ) 8)

10y v 6 B ERSset R aOne Sbeis g TR TRARA LR REARRE | Teon

thi ol ase (AtoB), 12) Acetoacetyl-CoA reductase (ketone reduci ng) - and 13)
3- hydpoxybut yb9 T@@Wﬂrl@@uellmur@ag oudvoialfasganismg)fclan 41) wiisein snoé Inicrobial

t hyl t : |
ﬁt hzl t(ra?) ?%&ng}%& gﬁgéts 2@8’5?%% I NOi 1%1? %t&gls %’Jc%t i f(%r aﬁer sa(ta\h“f me

Met hyl t et rahydr of ol ate: corrinoid protein net hyI transf erase 5(AcsE) 5)
Corrinoi d i r oA7siihg pan-petuselbi gecyrngg mycrotgyl apagieal Qfﬁi@péllnw@i@@ﬁﬂéd?tlmﬂbt ein
(PoSF & GROQosers FEAGEARAN i RlidEGLY] - COA synthase (AcsB & AcsO),
9) Carbon ronox| de rogenase CSA Hydr ogenase, 11)

Acet oacet yl - CoA th| oI ase (AtoB), 12) Acetoacetyl-CoA reductase

( CoA- dependentd. Ahcrshotatirghracagying avioaorganisyiskam 21 Hikessin iad perduct ase:
P A NoVeBRRR oTRk bIARH ST (M AR dliafPIhERBk duRiOhRUAN M 80) . 3)
10Met hyl tetrahydrof ol ate: corrinoid protein nethyltransferase (MaA), 4)
Met hyl t et rahydr of ol ate: corrinoid protein nethyltransferase (Acsg), 5)
Corrinoid i roR9suling jin-fsewelli gecyngs pycrolgy! akpasies] Alsham dil nvheseis s Yigetitlei n
(AcsF & GRaGkm vlds & &EKO%QQ@&'SIBCK gé(c?e)bfro%) 1)'%9&153)6[)1’&@%@25‘&'3@@&)1)((%? Bad1ficsQ)

9) Carbon nonoxi de dehydrogenase (AcsA) Hydr ogenase

Acet oac etdy metorolt (P o @s and It g Bnethaip)l apteynihasie gaslcogpnsing ahRshe Has®e,

15hydr ol ef at

3- oxobut i S M ASHIAC o finBER, CRETHAE, bRACE AR cutibhyarares. )

3- hy dbox yipttapplaind ehy demere dabolgsleresGindB) nivlhelnol net hyl t r ansf erase (M aB),
2) Corrinoid protein (MaC, 3) Methyl tetrahydrofol ate:corrinoid protein
met hyl t r ansf efgs D%{rb\;] i i

met hyl t r ansf ergsgré &ﬁ%)rpr%u r r| lr?ﬁo)?jdé Sk #Lg%&g%g{oéudﬁ %\1 sﬁ?ﬁg

Ni ckel - pmotwebial agsembpiclpmotlaird2 (ades mﬁltmswb@a8®lcl%memtmq@f 7), 8)
Acet yl - d%Xé‘IS" (AcsB & AcsC), 9) Carbon nonoxi de dehydrogenase (AcsA),
10) Hydr genase 1) Acet oacetyl - CoA thiolase (AtoB), 12) Acetoacetyl -
transferase, hydrolase, or synthetase, 13) Acetoacetate reductase, 14) 3-
oxobut yr al deh}ﬁéeTh%mafb@@Q’@le(i@I tewheeinsaid nen-ngyrallp aebulrle microbial organism is

4- hydy,0X ) Methanol nethyltransferase (MaB), 2)
Corrldzrlil)m %?%?%?%%?%P (g‘,&%é@%ﬁ}g IIglfl tetrahydrofol ate:corrinoid protein

met hyl transferase (MaA), 4) Mthyltetrahydrofolate:corrinoid protein

met hyl t r ansf eds&hq metbey ¢ of @)im@GHr whereindaifl moerokial dreanispr emeirhesy AOSB)gen@)s

Ni ckel - pry tey 5‘@%&) 7) Ferredoxin (Of7), 8)
Acet yl - ﬁ&glcr%% %zagﬁ?‘k %l"ggl?c labbp‘ﬁg{fva%a on nonoxi de dehydrogenase (AcsA),
10) Hydrogenase, 11) Acet oaceta/l -CoA thiolase (AtoB), 12) Acetoacetyl-CoA
reduct ase (ke@én@h%@?‘éﬂ@l@ﬁ%@)n OmylergnwéM%ybakwgwm@mnm%ﬁ@feer ase,

hydr ol as t Y uctase, and 15)

3- hydr ox%ﬁo%%g}?lgsxﬂg e gﬁgga g%%%oglenga 1d3* B; %Ewagteﬁz}rnnge?hyl transferase (M aB),
2) Corrinoid protei n MaC), 3) Methyltetrahydrofol ate:corrinoid protein
met hy?t r ansf e®ds &hq metaed of qlﬁmwéfi WE&%M@%%P@@@SI@@@W%F &#Upr ot ei n

et Ny |t 051 A6ASRCLAGSE cackln(Rl!aNOL AP GllnsHlhMPr Ot el n (ACSD), 6)

Ni ckel -protein assenbly protein (AcsSF 11/°071682PCT/ US2010/ 057525
112 CooC), 7) Ferredoxi n@éﬁ?f? 8) Acetyl - CoA synthase (AcsB & AcsC), 9)
Car bon nonoxi @& dehpehedeidye %OAYY%‘?!(YH Salé}nlﬂybfﬁbgwa%reconlme%\@t%%@@gﬂ - CoA
thi ol ase (ALRBYids ddh eRSRINQAGET- Bb()%ﬁw&a"y%ﬂéfnf‘er ase, hydrol ase, or synthetase,
13) 3-hydroxybutyrate dehydrogenase, 14) hydr oxybut yrat e reduct ase, and
15) 3- hydroxybutyral dehyde reductase. 543. The non-naturally occurring

m crobi al organi smof claim4l, wherein said mcrobial organismconprises
two exogenous nucl ei ¢ acids each encodi ng a 1, 3- BDO pat hway enzyne.

44. The non-naturally occurring mcrobial organismof claim4l, wherein
said m crobial organi smconprises three exogenous nucleic acids each
encodi ng a 1, 3-BDO pat hway enzyne. 45. The non-naturally

A A I T o



49. The non-naturally occurring mcrobial organismof claim4l, wherein
said m crobial organi smconprises ei ght exogenous nucl ei ¢c acids each
encodi ng WORNB/BDB2pat hway enzyne. 50. The neaTABRUOAFTSS
occurring mcrobial organi sm of cla|n1ﬁ£ wherein said mcrobial 20

or gani sm conpri ses ni ne exogenous nuclelc aci ds each encoding a 1, 3-BDO
pat hway enzyne. 51. The non-naturally occurring m crobial organism
of claim41l, wWhelkdmedead df ddimrédbwhdreiosgidmiismbiglompanisegni@isescogevgesunucl| ei ¢
acids ea =\ . 52. The non-naturally
occurri ngl %Elgr%gg% gﬁ%hgrrw]og%fgsm o brbal maggﬁ%ﬁer ein said mcrobial organism
conprises 11 exogenous nucleic acids each encoding a 1, 3-BDO pat hway
enzynme. WO 2611T@W@@@QPQWﬂ&EE@l@h@@MS@QHmmsbwlmgmnﬂ@@ﬁmﬂheﬂﬁoﬂLnaturalIy
occurrin i al. I ai d mcrobial organism
conprlsegx%%ﬁéﬁgggﬁg%éﬁgg% elcdg’ ?é eacH encggh%g a 1, 3- BDO pat hway
enzyne. 55. The non-naturally occurring nlcroblal organi smof claim
41, wherein s&3dThi ebpd ef clamg@niviereio oaip migrekialiofganxpyemmauisesightei ¢ aci ds
each enc zy -naturally occurring
nlcrobla%qggg%%f%ﬁggggg)%?h?ﬁgﬁnéﬁeaggﬁmgééavﬁ?@% I'al organi sm conprises
15 exogenous nucl ei c aci ds each encodlng a 1, 3-BDO pathway enzyne.

57. The non- né@u?@?@?m@é@HWﬂmﬁ@ yrhereig s WH@P@ahﬁgﬁﬂ%ﬁCQmRﬁﬁﬂnﬂp wher ei n
said at |.eashoRNEcEXATRNoUE ANGIBIC R Shvehy 81810l ogous nucl ei ¢ aci d.
58. The ﬁd%én%turgl y occurﬁ?ng glcroEPg”horggn?§ﬁ$%f claim 41, wherein
said non- 1lOnaturally occurr|Q% m crobial organismis in a substantially
anaer obi ¢ cul t/Ur éheveeihedpt claim 60, whgeinFrid nHeyRDiAkRrgAniinl gonersiserr i axgeambes obi al
or 9aNiS Muhic €l endIFL G163 afﬂvfa(d,ggém organi sm uses a carbon

f eedst ock se ected rom 1J net han 2) nethanol, CX®2, and Hz, 3)
nmet hanol , and H2, 4) nethanol and sgnthe5|s gas conpri sing CO and
Hz, 5) met han8|1 Ehfdmetyﬁ@ plediis QYayhereimspil SHsrgdiaoreanom comisen! | GpLeaRes or

mor € Car%ﬁﬁ&@%@h@émh@%m@é,QQPhED@hmﬁNQ.%&%n%V nore carbohydrates, and 8)
met hanol ? hod for produ0|ng 1, 3-BDO conprising culturing

t he non- naturalli occurrlng m cr obi al organlsn1of claim4l or 42 under
condi ti ons and?f e Bebod ¢lpidh @hivhpisin sgigl 1BIFToPjahRreprsIh FOHRIESES 12 SOBERIUS

61. The %E&QQQmﬁia&h@hﬁhﬁga1Whﬁb@hﬂﬂ§@&@nﬂ@@s”atura||y occurring microbi al
organismis 20in a substantially anaerobi ¢ cul ture medi um 62. The

met hod of claim 60, wherein said m crobial organismconprises two exogenous
nucl éPc aC|ds7éagﬂ3@ﬁ@@HﬂW§1@)TM§EBEE¥58¥KW&§méﬁ%?ﬁéompn“”136%@““The met hod

of C|a'”hﬁ9mc%@ﬁ§&kﬂe&%ﬂ&,QHQTQDO%M&QhQQHhﬁﬁﬂCO”DFISeS three exogenous
nucl ei ¢ aci ds each encodlng a 1, 3-BDO pat hway enzyme. 2564. The nethod of

claim60, wherein said nlcroblal organlsnlconprlses four exogenous nucl ei c
aci ds each endédiAgmathad af gl QawhtEy saf 3jerabial orgapism comprisgigl4 ekAEeNREY hod of

cIa|n1GOmHag@ggﬁpa§ngmam§@qb;gboqﬁg@nygﬁ%ggnprlses si X exogenous nucleic

aci ds each encoding a 1, 3-BDO pathmay enzyne. 67. The nethod of
cl ai m 60, wherein sal m cr obi anlsn1co ses seven, exogenous nucl ei ¢
aci ds each engéd?rh%mﬁt ‘id%f%@a‘fvhﬂg‘? S%‘ﬂi’%}ﬂ:@ %ams?h“eor?ﬁ?ts GPEELPE m 60,

wher eon  $at16ic AtiaE Qlh @hcoaindani SPDOYIMWa§RAzy@lecght exogenous nuclei c acids
each encoding a 1, 3 BDO pat hway enzyne. 69. The nethod of claim 60,

wherein said c a ris s.ni e exo enous nuclelc aci ds each
encoding a 1, 8%%?&"?&%%@?58“ In'said micto 1abey CHRAT S O ORI 60,
wher ei n slauelcrzmag@Qh@hcoafngamﬁﬁooqﬁmms}eﬁzyh&. exogenous 10 nucleic acids

each encoding a 1, 3-BDO pat hway enzyne. 71. The nethod of claim 60,
wherein said bla rls enous nucl ejic aci ds each
encoding a 1, e et e N oL

sai d ﬁlCmﬁﬂmabmﬂggﬁﬂbﬁﬁhﬁ@ﬁpﬁ]BB@Fk&“Qy@@@ﬂQUS nucl ei ¢ aci ds each encodi ng
a 1, 3-BDO pat hway enzyme. 1573. The nethod cl ai m 60, wherein said mcrobial

or garél sm conpt EKS%ﬁe I}lgthgé( Ofgc?egr%%% wherein said at least one exogenous nucleic acid is a

heterologous nucleic acid.



nucl ei ¢ aci ds each encoding a 1, 3-BDO pat hway enzyne. 74. The net hod
of claim®60, wherein said m crobial organi smconprises 14 exogenous nucl eic
aci ds eachOentigdiesg a 1, 3- BDO pat hway enzyne. PCTAIS200k®5152% hod of
cl aim 60, wherein said mcrobial or gan{lﬁm conpri ses 15 exogenous 20 nucleic
aci ds each encoding a 1, 3-BDO pat hway enzyne. 76. The net hod of
claim60, wherein said m crobial organi smconprises 16 exogenous nucleic
aci ds each end@8dirhgmethdd G- BHO GHatvhereip said nyierebial organism Fgs a Frbomfeedsodk of

cl ai m 60, i i i } nj C i 0 cj).eic
et ds. cachanL By A5 RRRERD S, RURRRL ST, Rl SR o LR B T o0
wher ei n s@itlthnaltant eashesszes exoqysing W% oddil b cmeabarc] asl santhediegaskcagpuirgngucl ei ¢
acid. 1 o d7é9. The net hod bOL CFltai 21160 vvrllerc{ai n said nibc(rgo%i@al

or gani sm UE 2 APHYTF SERSICRIOORITAEY A4 PATR! 5 (SR EIET “AREYEEE2)

met hasol anC&Pmetam@dl. H2, 3) net hanol, CO CO2, and H2, 4) nethanol and
synthesis gas conprising CO and H2, 5) nethanol and synthesis gas

conprising CO CO2, and H2, 6) one or nore carbohydrates, 7) nethanol and
one or nore carbohydrates, 5and 8) nethanol.



