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It is desirable to develop a method for production of aniline by alternative means that substitute
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renewable for petroleum-based feedstocks, while also using less energy- and capital-intensive
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SUMMARY OF THE INVENTION

25  Insome aspects, embodiments disclosed herein relate to a non-naturally occurring microbial
organism having an aniline pathway that includes at least one exogenous nucleic acid encoding
an aniline pathway enzyme expressed in a sufficient amount to produce aniline. The aniline
pathway includes an aminodeoxychorismate synthase, an aminodeoxychorismate lyase, and a 4-

aminobenzoate carboxylyase.
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Figure 1 shows the metabolic pathway to chorismate. E4P is erythrose-4-phosphate, PEP is

phosphoenolpyruvate, DAHP is 3-deoxy-D-arabino-heptulosonic acid-7-phosphate.

20 TFigure 2 shows metabolic pathways for the production of aniline. FE4P is erythrose-4-phosphate,

PEP is phosphoenolpyruvate, DAHP is 3-deoxy-D-arabino-heptulosonic acid-7-phosphate.

DETAILED DESCRIPTION OF THE INVENTION

This invention is directed, in part, to the design and production of cells and microbial organisms
incorporating biosynthetic pathways for the production of aniline. Enzymes useful for the

25  production of aniline from the central metabolism precursors erythrose-4-phosphate (E4P) and
phosphoenolpyruvate (PEP), via multiple routes, are depicted in Figure 2. Such organisms can
utilize renewable feedstocks, providing an alternative to petroleum based aniline production.
The maximum theoretical yield of aniline from glucose as the carbon source is 0.857 mole/mole

glucose based on the equation 1 below.

30 T7CcH1,06 + 6 NH; 2 6 C¢Hs;NH, + 6 CO, + 30 H,O equation 1
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synthase, an aminodeoxychorismate lyase, and a 4-aminobenzoate carboxylyase. In other
embodiments the aniline pathway includes an anthranilate synthase and an anthranilate

decarboxylase.

25  As used herein, the term “non-naturally occurring” when used in reference to a microbial
organism or microorganism of the invention is intended to mean that the microbial organism has
at least one genetic alteration not normally found in a naturally occurring strain of the referenced
species, including wild-type strains of the referenced species. Genetic alterations include, for
example, modifications introducing expressible nucleic acids encoding metabolic polypeptides,

30  other nucleic acid additions, nucleic acid deletions and/or other functional disruption of the
microbial organism’s genetic material. Such modifications include, for example, coding regions
and functional fragments thereof, for heterologous, homologous or both heterologous and

homologous polypeptides for the referenced species. Additional modifications include, for
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liquid or solid medium maintained with an atmosphere of less than about 1% oxygen.

“Exogenous” as it is used herein is intended to mean that the referenced molecule or the
30  referenced activity is introduced into the host microbial organism. The molecule can be
introduced, for example, by introduction of an encoding nucleic acid into the host genetic

material such as by integration into a host chromosome or as non-chromosomal genetic material
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share three-djnensional structure but not necessarily sequence simlarity,
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identifiable, Genes that are ort hol ogous can encode proteins wth sequence
sim | aritogaPMabout 25%to 100% ami no aci d sequence identity. Genes
encodi ng proteins sharing an amno acid simlarity |less that 25% can al so
be considered to have arisen by vertical descent if their three-di nmensional
structure also shows simlarities. Menbers of the serine protease 30famly
of enzymes, including tissue plasm nogen activator and el astase, are

consi dered to have



arisen by vertical descent froma conmmon ancestor. Othol ogs include genes
or their encoded gene products that through, for exanple, evolution, have
di ver ged w0 28twosei2are or overall activity. For exanpl e, Paiiarseo10/838speci es
encodes a gene WO 2011/050326PCT/U820%9/053853 7 product exhibiting two
functions and where such functions have been separated into distinct genes
in a second species, the. three nes .and their correspondin roducts are
consi der dd° POV BAVERY ASIEES MESP A HE BRI BHTP HNSOBE R S oduct |
those skialtbr@@onswihibiereddrd towhiktootpasiemns thanchnbb atiinirhiEfopsichel BgOts: @afetions

har boring the nmetabolic activity to be introduced or disrupted is to be
5chosen PBoRdAwsOf thedteratiy Q%@aH&ﬁEaHEI%P%1CIW%B‘&‘HHWW@ WﬁdéfFC&B?ItjélPﬁtsm An
exanpl e QbrsRr §0akafsh BX¥hbhiidd DpaSRPAKRRIaBledddidatibRSwill PerdREN6re hadlabbigit
activities have been separated into distinct gene products between two or
nore SpecP@8NesHions- AT MOk Rertiylagy sibly gegeticanepacaipnevidhbs giater than phe

separ at i QpnQfiioal aR4ABE REGgELYsi s and pl asm nogen proteolysis, two types
of serine protease activity, into distinct nolecul es as pl asn nogen
activator _and el astase. A second exanple is the 10 separation of nycopl asna
5 -3 exdha ilsd insthe abdls Bislerstand BRatS SFetie phaatiqns | ingedipg megbolithe  DNA

pol yner asgdfc@iddsReedipilrRl heREC hi e &RPePiICRASEHE (L @10 hd N BleBBish Quai t her
or both of the exonucl ease or the polynerase fromthe second speci es and
vi ce ver $aE. qaf 206 theprastresppagting wgigbaicacastions on g suitablegparge piganiig forglegirad| e,
dupl1at 1,0f Al LUPChRYs @40 iF | AOAEY il BRI Gy AN BAY &itInThd Ampfilie COMTON,
but not identical functions. Paral ogs can origi hate or Ibderive from for
exanpl e, gehenswreensipgef ewidsrvafietp of ergaliifnhssand e Mgelevd of shlhm tbx alapble,

m cr osony| I ( i I | oxi de
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speci es. ar%}ogs are pro ns Prom the" dAre §6eC| M Srghificant
sequdnice agflsgaus kavotling nhdeie achl fiotnh@ecisugige stan nig: tfeancddwpyciar Suttogmbi@gous, or
rel ated through.co-evolution froma comon. ancestor., G.oups of paral ogous
protein FURTEITHE CHEnpbAHEHbLSHUON (prar domolerd Lseiriies, and
ot hers. Apaneuier, bedOGOpsalgSNEe ndhGhbReemBRhe displacenRi®r t hol ogous gene from
one species that can substitute for a referenced gene function in a

different, specjies. Substitutjion includes, for.25exanple, bei. able to

per f or m ANEEARETsH R phecrn el R R et BB BR R e of

ori gi n conpanaslt e tde: dredeatie cedtidrdnc tifferent ergidiansditol exaaiple, sjoaei es.

Al t hqugh generally, a nonorthol qgou ene displacenent will pe identifiable
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correspondlng§gene products nevertheless will| still fall wthin the neaning

of the tehensBYT pgauenyg sinylagber| spdicieptamamihrindicag they s hamplogows eRfuslhed | f or

exanpl e, lvdB@H frei® FBoSMbN RSB, nfl dadlalshYe bohstddRAREthHIME: i8 IHe§ siike DI Ndi NG
regi on of “a nonorthol ogous gene product conpared to a gene encoding the
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similarity is not identifiable. Genes that are orthologous can encode proteins with sequence
similarity of about 25% to 100% amino acid sequence identity. Genes encoding proteins sharing
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

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

arisen by vertical descent from a common ancestor.

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



8 Therefore, in identifying and constructing the non-naturally occurring
m crobi al organisns of the invention having aniline biosynthetic

capabi | i twp 20hiose326ki | 1 ed in the art will understand w POTASRIIYIORIPSS he

t eachi ng and gui dance provi ded herein to a particul ar species that the
identification of netabolic nodifications can include identification and

inclusion or inactjvation of orthologs. 5To the extent that. paral ogs and/ or
homor ¢ ho Py bEGGhist fiva fihafonsand Rerr oy udings Wt Pl prarade Hinfoafiine

M Cr oor gaphshin h hrbnEpeaee rnhedgoneeakiahat yofteR@nading pfddu@s aeositesddanbe al | 'y
simlar netabolic reactjon, those skilled in the art also can utilize these
evol uti or?étp?lf?gsr éioéfhéém@j’é‘?fé%‘.Ofﬁbt%B?IB‘Q%l,Pr%FtthBﬁsSkHl’?d ”h‘é‘ﬁ&?t“ﬂ%}l’éfl‘j’b%"’é‘dgene

di spl acenppie o@tﬁalo]g@s detceamonad (Hmdmone dsivive td bdkiReWMhcd Portdi@gReSikid heed 1N
e,

the art. For exanp i nspection of nucleic acid or am no acid 10sequences

for two [BPSYPEPCPRREECn qf thedppaptugdly GeFiang BEFHOTIAPsEn d 5Pk pitedogset ween

the conpakgidiisg %ﬁ%ﬁ%%pti@ﬁ&qgwﬁ&g MER BEdVid @I 1REn %e%%teﬁ b biREndt ?fﬁ{eh e art
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can determne If the simlarity is sufficiently hi to indicate

pr ot ei ns PEydEcts SPERRIHWMOHE HLfghsPeviet tvitn 4 sipgle apec8pmBIPeHEceeBPle ishgor i t hns
wel | know, . 8ioh BPSE R bld@slsind PRsiftnbacnIHGRoiRSs, Avd BBes BSOFL prdbatst @l Wand
ot hers c\g%arlg an% Sctlet Errtﬁ% essanr Wssélq%eéﬁ}ge s?érﬁns’l ar%tf/s orélﬁlg ﬁ%ty, and

al so 15detw@tyi m& disimcpnelseroeas phaswingginfictemaandflagas A wcindexseplaetbe whi ch
can assl.an: i I 4S . | gor i I [ ih.the
art ad Sorof R 33 ERh es R Gid SO DR B eIn SR, B

si m | ari tBNApolychentd frym tHedirsirsptadassat by camsifined areothadagnd keglidr by bdtlo ot er m ne
rel atedness, ALe COMULES.LAREL. IR el Snoun fethods, for cal cul ating
stati sti CATMSITMIAHTERY YIS HE A e & oP il K 3" ni 1 ar match in a
random pol ypepti de, and the significance of the match 20 determ ned. A
conput er Igompasti godopfard vma@ogsnmoned bpdusneeplecduplicition dabiwed dy callg@nby
optim Ze%w‘é#%”é%' A hFa’é’et $ hﬁ%sreor BLLLE {rﬁ‘%ﬁcléﬁué‘aﬁ %unctt%%'s.a%%a 0G0 Jéegtg%gs or
protei ns carr be ‘expected 1o have d high simtarrty, tor exanple, Yot o
100%1se qulerieefrorlent éxapplePho kandipetibair fanea diffeehadpedesc dior bavigplean i dentity

which is essentially th a as u be expe d to,occur by chance, if a
fint abase "SROSTHY Fertdna DBt FedSub et b BURSEOE cralutlimt iy ubalen 506 and
24% 25 gmyd@rasaﬁycam% cbﬁml’e&:ﬁ@gfalc%ggédaﬁée&ﬁklty BERIRhOGY cﬁsfﬁin@tﬂiﬂlﬁ)tmtdﬁcd- hat the
conpared sequences are related. Additional statistic analysis to .

det er m n&Vel fé‘?lﬁﬁic?"in@&ﬂ&‘écegf)r’ %&Wtﬂﬁzﬁmc@?a\%ﬂm@ﬁ@%%‘ief’ém&}?t fppdopira set

can be cafddafd spdles! ParBELLBPRRIA TR Ble@YAOGR R withasarisaMugneRs. Exenplary
paraneters for determining rel atedness of two or nobre sequences using the

BLASPVal gBriainnt cpdyotast spgeding iy sy aedogilospsy pheddHoudr soePPiptioam no

aci d sequeRfecAhhINRALS. eAbLp38r PRalBES S BFIBH riAfliRInBLAFTPA W6 Hdlogs) 2. 0. 8
(Jan-05-1999) and the follow ng paraneters: Matrix: 0 BLOSUMb2; "gap open:
11; gap dvdilerass games, peptidaggs.gwdpfherss0:  expect: 10.0; wordsi ze: 3; filter: on.
Nucl ei ¢ acid sequence alignments can be perforned using BLASTN version

2. 0.6 (SePhonbRndiORY gé}{édﬁs};ih%erh&lt OV JIRGIRAS RUE L&k FronMHe GPecick thdibamat ch: - 2;
gap open: 5; gagy< WD 2011/ 050326PCT/ US2010/ 053853 9 extension: 2;

x_dr opof fubs§e leg pederenced 2gne fusiig inzediffgrent sppqigse Subsgiftion Tiebsles 4% | | ed i n
the ait ‘M;élhplg,rb%}ﬂ?%@tto g@ﬂﬁ&'sﬁ@s&dnﬂﬁ‘&y (B8 o TRARI 1 Pudc16h ARRVSHHAY GTBLEr'S O
either increase or decrease the stri'ngency of the conparison, for exanple,
and det eonimeompared &l the eedienysd ictiogon dre diiderentspegirsnddtoughiganasdhyea

e odt . ; Lo . ; bi al
enbod ”e%ﬁor%);b oﬁs%ﬁghﬂ%@gcre%ﬁt"\bﬂ%% @RI OA HLAL LMy 9&;&%{[ trolari&oﬂ%%é% la

organi sm coO Si Ial ‘organi sm having an’ani i ne pa
conpri si rgcaingl tbasterowel Erdganbsrssinctotady cclaed ot émcodially sianlaaginks ol pat hway
enzyme e>%1Peﬁrec%§r%sdpohﬁin§gesn‘éfp‘}édc'a% rﬂéveﬁﬁaé‘srs‘twi ‘s)tquaﬁ%'ﬁ&l?n BRehN oSRL AnfRL 1 e
pat hway conpri si‘fng an<ani nodeéoxychofl smat & synt hase, an
30  isused 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
the function sought to be substituted. Therefore, a nonorthologous gene includes, for example, a

paralog or an unrelated gene.



am nodeoxychorismate | yase, and a 4-am nobenzoate carboxyl yase. In sone
enbodi nents, 10 such a non-naturally occurring m crobial organi smcan
further iwolzao#se32DAHP synt hase and in still further enipcdiuserwss3sshe
non-naturally occurring m crobi al orgaggsn1can further include a
3-dehydroqui nate synthase. In sone enbodi nents, the non-naturally occurring
m crobi al _ organi.smincl udes two exogenous nucleic acids each encodi ng an
ani | ne. FRERIAY T REYHENE AT pririsTBe FS OB REBE S S KB B8N Al | v
occur ri Nghdh¢dn@bh Rdviy Gaihe HvsimBdtiedegabliy, @ise XogeNaus augilieinGeragidisiteach
encodi ng an aniline pathway enzyne. For exanple, in sone enbodi nents, the
non-natu@ﬁ@V?gSFGﬁFPWﬁdn$¥%?%ﬁ?@PV@Pb@ﬁﬁgﬁ?%&H“?W%PH&&”@H?Q@1@%%5@%@&3

nucl ei ¢ a¢h@EaHENGAGHRGhiBR: ARIRARE QENGHQKiLS IRE iBISHG HABRvATdn of orthologs.

am nodeoxychorismate | yase, and a 4-am nobenzoate carboxyl yase. 20 In sone
enbodPnerdhe ¢4t Hehrasdleasraat/PyneElelpsay eenccliphicenenst Hanfesipt Bdhe i ncl ude

four exogapRH&dMEIElanidA S cRBENAENCPAL Bla1din A0 bR orRAE MBI ARAMAE. For
exanple, a non-naturally occurring mcrobial organi smhaving four exogenous

nucl ei ¢ aedtabolig actioncibase skillphinphe g pliaeam utitine Geserruoladapinsldleheames. synt hase,
an am nodeoxychori smate |yase, and a 4- am nobenzoate carboxyl yase. The

DAHP sy ntiaRfogs, Watafdds GRMAASrENSREE BRI b AcE TGN be dABAlM Y HetREE Welll NY
m crobi al organism can be overexpressed, for exanple, by insertion of

addi t i ondnogpi teeseskilledhin itk Haigrawple Arspeien theuclpieacyt orgbgesrsls
regul gt ory, RS FordRg 61?5%5\’1!1& ih‘?&%@l%%!?:eﬁ@&%i&ﬁiw M SWidefigs AL QE&LLE am no
acids. In %tl|| furtRe nbodi nents, the non-naturally occurring m crobial
or gani s mcempaehgdquenses.  Rasedexogelns mslantips| eeskified agheat¢rnaltcodinad ther ani | i ne

pa hwiay AV s EicBXATRLEr A 0BT pi0n B8 HIAL deEELAIA o 0B

or gani sm nouUs nuc C acids can encode a ehydr oqui nat e
synt hase commbAkiRestpnt Aigsethma wel inovod @okgse Roitleds mebears yuthtag dign, 31.AST,

am nodeoxychori smpte | yase, and 4- am nobenzoat.e.car boxyl ase. .The

3- dehydr oauat g g et s, S ase s BB MR ch can be
endogénoustetmoint the praencaat tig@fitancocicgaps inntge selaenodivaich oargaenissagnedaareigltso be
overexpressed, for exanmple, by insertion of additional cqpies of the gene
on or P R Eh PR BEEBr Sisp 85 hBEE T bEtr R puhEL e GRS inmlig e o o
more of thdele@idosEqueneyiBifariihatid@niey. i Pramndad fonayffieiBntlsOilLity © dehahinsmat e, 5
whi ch can be endogenous in sone enbodi nents, can be. overexpressed to

i ncrease r?lhtédness ar€ 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

20  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
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%

25  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

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
30  be performed using BLASTP version 2.0.8 (Jan-05-1999) and the following parameters:
Matrix: 0 BLOSUMG62; gap open: 11; gap extension: 1; x_dropoff: 50; expect: 10.0; wordsize:
3; filter: on. Nucleic acid sequence alignments can be performed using BLASTN version 2.0.6

(Sept-16-1998) and the following parameters: Match: 1; mismatch: -2; gap open: 5; gap



production of chorismate. These include, for exanple, a 3-dehydroquinate
dehydratase (EC 4.2.1.10), a shikimate dehydrogenase (1.1.1.25), a

gui nat e/ swWpkonmses2dehydr ogenase (1.1.1.282), a shi ki nat @CRiusasie/063855. 1. 71) ,
a 3-phosphoshikinate-l-carboxyvinyItraQ§ferase (2.5.1.19), and a chorisnmate
synt hase (4.2.3.5). These enzynes constitute the pathway for making

chorismate 10 from DAHP [n prok ot es .and nost ryo ...An alternative
ot hviay FSETRO Ao o <R T iR d 1 (R Ot W aaRist Bedyarbau nat e
t o chori i@ evhat @odiR@tiSAd@nibe nalid tQh@@dlvs PEramétBs kel ihdginalcak e adcréade€ihvdes
the follow ng enzymatic steps: triosephosphate isonerase,

frust ose ft,rglgg}cg B‘ﬁ ﬁﬂ]at)@‘lsaql,é%q %@Ple, and determine the relatedness of two or more

2- am no- 3efreficdeoxy- D-t hr eo- hept - 6- ul osonat e synt hase, and dehydroqui nat e
synt hase. 15 In sonme enbodi nents, the non-naturally occurring m crobial

or gani_s descri bed above can have at | east one exogenous nucleic acid

whi chi smi%S‘H%et LRI iy dieaiiqn IH%Y@‘:S P @By Ofﬁlé"g%‘ﬁlcFPé’Hlj PaEtY™Moccurri ng
m crobi alcoMpgand $hkcréeaGrdRReh APRY an akiBR REnVIYRVIGRGns A 1GasssRekedthb@l | Y
anaerobic culture nmedium |In sone enbodi nents, the present invention also
provi des MHCIREACIHARAIEIRIA ABEBUPHIWY SHLPOBIPAISSFIOn alsg%ﬁiegt_rﬁwm ‘AGr¥HCani | i ne
pat hvway tyffvhe,isBialaHBES pAhwa @3 prioig af XA RS HIHGHAL Gyrtkd agncodi ng an
ani | i ne pat hway enzyne expressed in a sufficient anount to produce aniline,
i n whi ch amirodaenyriarempiat tareyang adtagdecderdvagatipanyasat kb seyaenasdmars an

ant Nrygni L@l ARGARPAKNICAREn, THEFL(A RORRALHHH:YindBELE DAIG FhELR2hFn

organi smcan further “i ncl ude a DAHP 'synt hase, as described above. In sone
enbodi nentil furdhaedmbpdanntsy e wpadnptyradz ecqupringgigiobrad biganism ceaivitben indwdefaur t her
25i ncl ude_ - inate synthase. In sone enbodi nents, this
non-natu%é#?%hgﬁgﬁg%gﬁgmﬁ%crobiaI i ncludes two exogenous nucl eic acids each
encodi ng an aniline pathway enzyne. For exanple, the two exogenous nucleic
aci ds cann neodebodimat heann-naivells peruateenigrattiabpreamsh inghidesive exogenous

decar Doxyl,45e e 2RI AFIOHLARAL Sull6 ) GHORIkAL iRLABTLBOUGRR: iflGlHde three
exogenous nucl el c acids edch encodi ng-an ani'line pat hway enzyne. For
exanpbe, natwerllyloreeriexogermlsrgavishenadudge ihds: caagenemcodiicaciddbiRhepaidimse, an
ant hr ani |_at. t hase nt.hr.ani | a b I - hD _SOnE
enbod mertie PR oA B AP A B P Bl Lo s ¢ aci s
each encodtmobiabergatiinh tancngadehtivay eanzyom nudlar aciddenexdinpire, the four
exogenous nucl eic acids c encode 3- dehydr oqui nat ynt.hase, a DAHP

synt hase OIS KRG SR HAOE BRSO E RS 0 & RSBy Rase. As
descri bedambopgse.any one or nore of the other enzynes that are in a pathway
en route to chorismate, which can be endogenous in sonme enbodi nents, can be
over opr gesst: Adhdisteans Bihe producti on ol chokl samte,  Mhese, | nol ude, for
exanpl’e, a(§9d%%y3roqurnate 36ﬁy&¥afase§ A SHIK Al 8éhydrogenase, a

qui nat e/ shodchomtnacidiehyids agtrasEingan ahiliké pakeaykini@se, Fa eSampiiasphoshi ki mat e-
l-carboxyviQﬁ%transferagﬁf and a g%ori§nate S nthﬁée. I.n sone enbodi nents,
such nonTARFAY &FFYHCRIFI N GrATIET GBY AP O PSS "Lt Ayifed  aBuVE 2can

i ncl ude aWANEaSEhaOs) @n BMNIYEARYShoribIGAE k Ehtlase, An hBiRdOSEelopkaae kasdued g4C aci d.
In sonme 10enbodi nents, such non-naturally occurring mcrobial organisns are

in a subSPuMPFRORY gl yss-chedpd P &y avhich 64n fn Sadgariordivdhe @bodi nent
the KBV?@kmﬁm,%bﬁﬂﬁﬂfﬁmﬁﬂmﬂﬁqﬁﬁﬁﬂféﬁhﬁoQ&@H&é%&Qﬁﬂkﬁb&QL%&h%&%@ﬂbﬁ”‘haV!ng
an anlllne.paghmay, wherein the non-naturally occurring m crobial organism
conpr i segdditionabganicson dreerbyEiN ] g ee L e HIZHY AN @AY YR or protein
t hat CODY&ﬁ&ém$méﬁﬁHP§%ﬁ%kﬁn$ héarBhefuGhins §ligct ed from the group consisting
of chorismate to 4-am ho-4- deoxychorismate, 4-am no-4-deoxychorismate to
p- am nobenzoat e, and p-am nobenzoate to aniline. In an additional_
enbodi mert stilt yahenrpbrimsats phe peresurally AL BHEPPiy! e FRgnehdebsi al
or gamb S n}eQ@ééh&Q;_rﬁ@lei%r&bild's BRhRALJINBYn AMIRRE Bl thwi NG N80 - RALYIANE ¥hOfmur i ng
m cr obi al organi sm

30  naturally occurring microbial organism having five exogenous nucleic acids can encode a 3-

dehydroquinate synthase, a DAHP synthase, an aminodeoxychorismate synthase, an

aminodeoxychorismate lyase, and a 4-aminobenzoate carboxylase. The 3-dehydroquinate



20 conprises at | east one exogenous nucleic acid encoding an enzyne or
protein that converts a substrate to a product selected fromthe group
consi sti nyoab1igises2esmat e t o ant hrani |l at e, and ant hr ani | C&/useo1ansisshe. One
skilled in the art will understand thai these are nerely exenplary and that
any of the substrate-product pairs dis ?osed herein suitable to produce a
desired product and for ich an ﬁSa roprjate activity js available for
the convéY¥bf WHCT §8 P8 GRS LI 14 8° P‘ﬁgn ‘5}8 [ “B%mglé ARV Y SERIN ned by
one ski | Ibedvérbxprédsedaidr ehas@el b9 mnsthien beatiiiongiscopies ef e gehldUsd/ot tidupiikent i on
provi des a non-naturally occurring m crobial organismcontaining at |east
one exog&NOUSXAYAPE ELUUPY %RSodi ng an enzyme or protein, where the enzyne
or protein converts the substrates and products of an aniline pathway, such
as that &hl@%l/eit, Anybigreéncte of tMtBerebkﬁili&_?eﬁe@ Bﬁlﬂé w§2tﬁ&13j 8538030 &l_ﬁ)lr@ﬁlgtani Shm
conpri_sing . at ast one exogenous nucl eic acid encoding an anjline pathway
enzyme ek“gﬁl“é]sféége PR{IOZEROYS ;s Fléﬁ{n%%%‘ﬁ% CP‘E)%%?Y?&?}B@S%H G HEEPES ate of an

ani li ne paldav@h of CRSriseMamihese iidudd fek , ABrRhro@inadddhideaRatovay i s
exenplified in Figure 1. Therefore, in addition to a mcrobial organism
cont ai ni ﬁgllaw)awh%ﬂﬁléteﬁalemwn%ﬁék1-&)-#6566%&%/.%#1%% deppdrogengerid il dr8gtovi des
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In some embodiments, this non-naturally occurring microbial includes two exogenous nucleic
acids each encoding an aniline pathway enzyme. For example, the two exogenous nucleic acids
can encode an anthranilate synthase and an anthranilate decarboxylase. In some embodiments
the microbial organism can include three exogenous nucleic acids each encoding an aniline

30  pathway enzyme. For example, the three exogenous nucleic acids can encode a DAHP synthase,
an anthranilate synthase and an anthranilate decarboxylase. In some embodiments, the microbial

organism includes four exogenous nucleic acids each encoding an aniline pathway enzyme. For



30As shown in Figure 1, the first step of an aniline pathway is an

al dol -type condensation that conbi nes one nol ecul e of E4P and one nol ecul e
of PEP t owbapmwashiei nt er medi at e, 3- deoxy- Dar abi no- hept ulPCTaIS2E10M53883

7- phosphonate (DAHP). This enzyme is rELerred to as DAHP synt hase, or
equi val ently, 2-dehydro-3-deoxyphosphoheptonate al dol ase. This reaction (EC

# WD 2011/ 050326PCT/ US2010/ 053853, 13 2.5.1 is the first itted
Step 1 n DR 9 SOBIORE AR P s b s hRE HOSREY o
aromat i ¢ spith43e, saGndsanilhiekpitese agilinn@nesmilandecaithiarlasecondary netabolites in
bacteria, fungi and plants. DAHP synthases have been categorized into AroAl

and AroAl]l class Wi et al., J. Biol. Chem 281:4042-4048 (2006)). The
For mer et seE aBRbFrobEdnd prdlrthory Ohot b S Brdi e ARAPPS hEURANt or 15
corrplr i Segh%ﬁsnﬁad, wafch lcyn | @ﬂbge}ﬁgﬁtiﬁk(ﬁtﬁe eﬂll?bdﬁﬁ&fﬂ@ carch cg.leﬁaﬁﬂf)ﬂessed teindrezet i on ijs
catal yze ree nes: arQFCGH. Each of these encodes for an isozyne an
is f eédb YP%H?I&?%E‘O%%}“%&dﬁF?%IPQH&’ gqrc?ﬁ%l?lg‘é’ i ‘ﬂ’éﬁ&?&%@w fiﬂw'é@m,aﬁt , Some
ot her —or GARinsdI®deh§ &6 erase, BaGinktkMsikstal dehidroginesePOEHIMHARNDNES aBl N gi val i s
are bifunctional enzynes. The aroA gene encodes for DAHP synthase activity
and ar oQPYeREodHdyied -ReIXIORHEHIs SRRt A CABIAesYYASy- i n B. subtilis.
However, these activities can be separated by donmain truncation ((W et

al., J. Bhedme ANmetd]sit@43n-484811¢ Q06N miBiaBorgsMfhd dds&itRAZNIR chi$
sensitive to the downstream i nternedi ates, chorismate and prephanate. The

DAHP sy nthAE of [t EFXpREIPHE PRSI ARG ST UQRIT RuceieitithdR S9BRsi ti ve to

bot h,jpphepyba@hR Ak Necteidh-fayi28) ReukiM¥ nfdroBthl orgahisnBiaf in a RN ARBindB e 27531
(2003)). 15 These enzynes are netal [ oenzynmes and their nmechani'sns of

regul at i ¢AltEe 8N - under st ood by those skilled in the art. The crystal
structures of the E. coli and S. cerevisiae DAHP synt hases have been sol ved

and reveah ashddifdnbl @sHoa Rt Sl iRenQbn frdliddd RALLQlrallylReifndhrsgyer al .
enzynmes that however, don't have regul atory donmai ns and bel ong to organi sns

such as PY§BEBCHELSS PUAMEBURM Y. NBYTAhSon-TEEH]y| 4Py iR meEsotitl eraspiviar i zed
bel ow i n JaBH&s 4t lcasT AR &odenotERR1efd acMUFR& in BNBANe bPrSL QAR SRverts a

15  substrate to a product selected from the group consisting of chorismate to 4-amino-4-
deoxychorismate, 4-amino-4-deoxychorismate to p-aminobenzoate, and p-aminobenzoate to

aniline.

In an additional embodiment, the invention provides a non-naturally occurring microbial

organism having an aniline pathway, wherein the non-naturally occurring microbial organism
20  comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a

substrate to a product selected from the group consisting of chorismate to anthranilate, and

anthranilate to aniline.

One skilled in the art will understand that these are merely exemplary and that any of the
substrate-product pairs disclosed herein suitable to produce a desired product and for which an
25  appropriate activity is available for the conversion of the substrate to the product can be readily
determined by one skilled in the art based on the teachings herein. Thus, the invention provides
a non-naturally occurring microbial organism containing at least one exogenous nucleic acid
encoding an enzyme or protein, where the enzyme or protein converts the substrates and

products of an aniline pathway, such as that shown in Figure 1.

30  While generally described herein as a microbial organism that contains an aniline pathways, it is

understood that the invention additionally provides a non-naturally occurring microbial
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organism comprising at least one exogenous nucleic acid encoding an aniline pathway enzyme
expressed in a sufficient amount to produce an intermediate of an aniline pathway. For example,
as disclosed herein, an aniline pathway is exemplified in Figure 1. Therefore, in addition to a
microbial organism containing an aniline pathway that produces aniline, the invention provides a

5 non-naturally occurring microbial organism comprising at least one exogenous nucleic acid
encoding an aniline pathway enzyme, where the microbial organism produces an aniline
pathway intermediate, for example, DAHP, chorismate, anthranilate, 4-amino-4-

deoxychorismate, or p-aminobenzoate.

It is understood that any of the pathways disclosed herein, as described in the Examples and
10 exemplified in the Figures, including the pathways of Fligure 1, 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 non-naturally occurring microbial
15  organism that produces an aniline pathway intermediate can be utilized to produce the

intermediate as a desired product.

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
20  reaction, reactant or product. Unless otherwise expressly stated herein, those skilled in the art
will understand that reference to a reaction also constitutes reference to the reactants and
products of the reaction. Similarly, unless otherwise expressly stated herein, reference to a
reactant or product also references the reaction, and reference to any of these metabolic
constituents also references the gene or genes encoding the enzymes that catalyze or proteins
25 involved in the referenced reaction, reactant or product. Likewise, given the well known fields
of metabolic biochemistry, enzymology and genomics, reference herein to a gene or encoding
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.

30  Asshown in Figure 1, the first step of an aniline pathway is an aldol-type condensation that
combines one molecule of E4P and one molecule of PEP to form the intermediate, 3-deoxy-D-
arabino-heptulosonic acid 7-phosphonate (DAHP). This enzyme is referred to as DAHP
synthase, or equivalently, 2-dehydro-3-deoxyphosphoheptonate aldolase. This reaction (EC #



AAQG6031. 1 Pol phyrononas gingivalis WB3 Aro4 6319726 NP_009808. 1
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2.5.1.54) is the first committed step in the shikimate pathway and is required for the biosynthesis
of aromatic amino acids, folates, quinones and other secondary metabolites in bacteria, fungi and
plants. DAHP synthases have been categorized into AroAl and AroAll classes (Wu et al., J.
Biol. Chem. 281:4042-4048 (2006)). The former class comprises of mainly microbial proteins

5 while the latter is comprised of primarily plant proteins.

In Escherichia coli, the function is catalyzed by three genes: arol'GH. Each of these encodes for
an isozyme and is feedback regulated by a different aromatic amino acid. In contrast, some
other organisms, such as Bacillus subtilis and Porphyromonas gingivalis are bifunctional
enzymes. The aroA gene encodes for DAHP synthase activity and aroQ gene encodes for

10 chorismate mutase activity in B. subtilis. However, these activities can be separated by domain
truncation (Wu et al., J. Biol. Chem. 281:4042-4048 (2006)). The B. subtilis enzyme is
sensitive to the downstream intermediates, chorismate and prephanate. The DAHP synthase
from Corynebacterium glutamicum is feedback sensitive to both, phenylalanine and tyrosine

(Wu et al., J. Biol. Chem. 278:27525-27531 (2003)).

15  These enzymes are metalloenzymes and their mechanisms of regulation are well-understood by
those skilled in the art. The crystal structures of the F. coli and S. cerevisiae DAHP synthases
have been solved and reveal structures consisting of (B/a)g barrel. There are several enzymes
that however, don’t have regulatory domains and belong to organisms such as Pyrococcus

Juriosus and Nostoc sp. Exemplary genes are summarized below in Table 1.

20 Table 1.
Gene | Gl number | GenBank ID Organism
aroF 16130522 | NP_417092.1 Escherichia coli K12 MG1655
aroG 16128722 NP_415275.1 Escherichia coli K12 MG1655
aroH 16129660 NP_416219.1 Escherichia coli K12 MG1655
aroA 16080027 | NP_390853.1 Bacillus subtilis
aroA 34396967 AAQ66031.1 Porphyromonas gingivalis W83
Aro4 6319726 NP_009808.1 Saccharomyces cerevisiae
aroG 1168513 P44303.1 Haemophilus influenza
arolF 16765985 | NP_461600.1 Salmonella typhimurium
aroG 21903376 | P35170.2 Corynebacterium glutamicum
PF1690 | 18893851 | AALS81814.1 Pyrococcus furiosus
alr3050 | 17132144 BAB74749 Nostoc sp




alr 3050 17132144 BAB74749 Nostoc sp WD 2011/ 050326PCT/ US2010/ 053853 14
Chorismate is a known internmediate for aromati c am no acid biosynthesis in
Gram posiwpDwel11/03pRe negat i ve bacteri a and i n archaea. | PCTASa019053853
precursor for the production of folic % ubi qui none, nmenaqui none and
enterocholein in some mcroor gani sSns. HP can be converted into

3- dehydr oqui.nat e, and that ca subse uentl onverted.into chorismate via
il 11 b1 e QBT Sisgr o o peterfo Rt R sl B Pl s PR e o

3- dehydr aguinn@gfivbYaddertheRy di Qchienak & a$sy)l’htﬂi|@§1ﬁor ftheegydfub@seofitelicacidcol i s
understood to catal yze an oxidation, a [3-elimnation, an intranolecul ar

al dol coNGEHESRS. Siynagyénoge F‘@o‘?ﬁ‘&r‘i’%‘ﬁletl’lifld%‘?e %‘fcr%ﬂrgam%isom %atnr‘%‘? CORVCHAY0- 4475

(1984); MabBr®RhRirodinate ahd 1B 0dn beGOBIR AR cSALRBARLNOADNTR) Via m-ﬁh leexﬂgly me

requires catalytic anobunts of NAD and Co2+ ( Maitra et al. Chem

253: 5226 k823039 18Y) coliER A Hean by cenyetted m‘iO&rdeﬂlw@Oﬁ#%@J@t?éﬁhyémqeweﬁe. smat e

i ncl ude, (§Qhas€XRPlRiha@ i3 EZAENYIELRRWIRRALS cHRDY M RRBon, Bsé‘lhﬁheﬂr%h &n
dehydr ogenase, a qui nate/shi ki mate dehydrogénase, a shi ki mate ki nase, a 3-

phosphos fiptkaedgcalap aldelrcpedepsatiay hnd Higdncsion SEost ghal-» Bioshanipiandt: oyt hase, as
descri be‘i‘w%‘ﬁ?‘ﬁal@% agoﬁ‘ﬁ%zsé%%o% ARI44STPLRS ) NRe élzg’?‘r?!: %%u&es%%&isxlg hori smat e

can be acconplis am no xychori snat e synt hase 85), also
r ef er r ed amouets oENAPT gmdaﬁi@ [ Mylitept cpd. rJeB%a(meoﬁﬁaﬁ*ﬂQﬁéﬁak(éWS)h IEBzywed i, the

funct I on Isé%u]ﬁ%} @u%%)%gct% o% Oﬂglﬁlnt%§ﬂChR%bf%r all p Q @ deﬂI oc%ﬁ{g% R %%B? té de is

acon i tiona am nase requires a
activi ty.shflihmtq:)@thdregmﬁMaqme&e@hklmmmromna mﬂmeia&ad;reade layi this

reaction to tr ormchori s 4- deoxychori smat. |nthe

o acence thfrhiBpeh S T SRR SRk e AT b PR RS R AR R et it O of
pabA, pabB utilizes NHB at signi f| cantly reduced rates (Roux and Wal sh,
20Bi ochertihs tonyweBRNIT 6L3rBIBE i(ltzb 393)ino-Rauox yamaisitalesan bBawainplished by

31: 6904- 6910 (1992 Iex for bA and pabB,
TR L e e P B A e

St r egtso manﬁmmmﬁﬁzme IIaE. {oBr hamfunetiorsils catalb/kemlrhybwo lgogy, ph82 (apd pHB. THd4abA 355

(1996)) ani s Kk e nore abAB genes
oy P RS Rk AANR b8 SREN02 1 BRY S S b TR G kel (P RO

gf Ior errenltﬂh@ pesB Elrpat i ugyla &%ﬁaﬁnmomd@waw‘d@dhm fba&]goalhaﬁ deRsdrs &bg&m@g@ and

ol anum | ycopersj cum al so. The protein. sequences of the PabA and PabB genes
of E col¥amigp-ddgengh ?rdn]agedinat?%g HECCEINME ehcldWiPARYP t9reH 8t HoW&osPdiorns mat e

synt hase {APske b %Aagab@mh@ Nlh?elt|s@ﬁﬁlc£15@l&§(ﬁfced3iate§kRouxE'lEl@Waléﬂat| Acad.
Sci . USA 01196

&] R?H The en reconbi nant |%9 expr essed
i n E20coliodhenstis 8+:a{G3ny B REP S %P%Wélshzﬁl%ﬁ’wﬁwwaé%%@%r@ Rite. No
feedback inhibition of the 30 enzyne has been reported for either

p- am nobeNzeakieen@fmé &ndile fohial Wabﬁ%lﬁ@ PP Qat@IOAS She @h@NGoVbitdhofidiité

GenBank ids are |isted bel ow in Table 2:
into 4-amino-4-dexoychorismate in Streptomyces venezuelae (Brown et al., Microbiology 142(pt
6): 1345-1355 (1996)). This organism is known to have more than one set of pabAB genes
(Chang et al., Microbiology 147:2113-2126 (2001)). The gene with the aforementioned function

25  has been identified in Arabidopsis thaliana and Solanum lycopersicum also. The protein

sequences of the PabA and PabB genes of E. coli were used to isolate the cDNA encoding the
aminodeoxychorismate synthase (ADCS) in Arabidopsis thaliana (Basset et al., Proc. Natl.
Acad. Sci. U.S.A. 101:1496-1501 (2004)). The enzyme was recombinantly expressed in E. coli
demonstrating the formation of 4-amino-4-deoxychorismate. No feedback inhibition of the

30  enzyme has been reported for either p-aminobenzoate or folate. The corresponding genes, along

with their GenBank ids are listed below in Table 2:



WO 2011/ 050326PCT/ US2010/ 053853 15 Tabl e 2 pabAB 710438 AAB30312.1
Streptonyces venezuel ae pabA 16131239 NP _417819. 1 Escherichia coli K12
MGL655 pawB 2081B83266 NP_416326. 1 Escherichia coli K12 MBLeBB2qal0888352972254
YP001337400. 1 Kl ebsi el | a pneunoni ae pali)gs 152970875

Table 2

pabAB | 710438 AAB30312.1 Streptomyces venezuelae
pabA 16131239 | NP_417819.1 Escherichia coli K12 MG1655
pabB 16129766 | NP_416326.1 Escherichia coli K12 MG1655
pabA | 152972254 | YP_001337400.1 | Klebsiella pneumoniae

pabB | 152970875 | YP_001335984.1 | Klebsiella pneumoniae

pabA | 118467576 | YP_884448.1 Mycobacterium smegmatis
pabB | 118473035 | YP_889684.1 Mycobacterium smegmatis

In several organisms, the gene encoding for aminodeoxychorismate lyase (EC# 4.1.3.38) is
5 typically coupled with pabB and pabA to catalyze the conversion of aminodexoychorismate into

p-aminobenzoate, with the release of a pyruvate molecule. In both E. coli (Green et al., J.
Bacteriol. 174:5317-5323 (1992); Green and Nichols, J. Biol. Chem. 266:12971-12975 (1991))
and S. venezuelae, pab(C catalyzes this reaction. Recently, 4-amino-4-deoxychorismate lyase
was functionally characterized in two more species of Strepfomcyes, namely FR-008 and griseus

10 (Zhang et al., Microbiology 155:2450-2459 (2009)). Aminodeoxychorismate synthase and
aminodeoxychorismate lyase are typically part of folate biosynthesis in most organisms and
facilitate the conversion of chorismate into para-aminobenzoate. Aminodeoxychorismate lyase
is a pyridoxal-phosphate dependent protein. A putative enzyme has been found in A. thaliana
((Basset et al., Proc. Natl. Acad. Sci. U.S.A. 101:1496-1501 (2004)) and B. subtilis (Schadt et

15 al, J. Am. Chem. Soc. 131:3481-3493 (2009); Slock et al., J. Bacteriol. 172:7211-7226 (1990)),

as part of the folate operon. Some exemplary genes are shown below in Table 3:

Table 3

pabC 16129059 | NP_415614.1 | Escherichia coli K12 MG1655
pabC 16077144 | NP_387957.1 | Bacillus subtilis

pabC | 29828105 | NP_822739.1 | Streptomyces avermitilis
pabC-1 | 224831591 | AAQ82550.2 | Streptomyces sp. FR-008
pabC-2 | 219879202 | ACL50980.1 Streptomyces sp. FR-008

20 Anthranilate synthase (EC: 4.1.3.27), also known by the systematic name chorismate pyruvate-
lyase (amino-accepting; anthranilate-forming) or by the synonym glutamine amidotransferase, is
the first step in the tryptophan synthesis pathway from chorismate. The formation of
anthranilate is accompanied by the transfer of an amine group from glutamine and leading to the
formation of glutamate. Pyruvate is also released during the reaction. In FE. coli, this reaction is

25  catalyzed by a tetrameric enzyme complex comprised of two monomers of TrpD and two



YP001335984. 1 Kl ebsi el | a pneunoni ae pabA 118467576 YP_884448.1
Mycobacterium snegnati s pabB 118473035 YP_889684.1 Mycobacterium snegnati s

I n sever avoanyarsdxns, the gene encodi ng for am nodeoxycRCTiUse@v@sisghse ( ECH
4.1.3.38) is 5 typically coupled with E bB and pabA to catal yze the
conversi on of am nodexoychorismate int p am nobenzoate, with the rel ease

of a pyruvate nol both E. coli en et al Bact eri ol

174: 5317855804 gﬁ% e@%% THAE" i CHEY 8‘“ Y. aﬁﬁnﬁtﬁ VOB ¢ 4’%féacilﬁ’é"f‘fm%2975
(1991)) aﬁﬁhoilunvamﬁaeu@tha&haxpgaﬁx@nﬁaahahlymao ubhcs (nt(ea@m.g ABNa. FRARRTHAYNI:55-

4- am no- 4 deox chori smat e @e was functional l g characterized in two nore

speci es YEpocRE yerolskyafrdidgie iRl §hd3ntE GroBeudovqyer Zringicpses the
M cr obi 0|a§fi}}:{t %55@@9%13&5%&&@%)3 af¥i NP YD QI b &IFRIK e an&ch@se and

am nodeoxychori smat eﬁ%%ase are typically part of folate nt hesis in
most  Or gANPYRBNAIISHERIORGIragBation &S HIRNEFILIRT Bie cRRI C@ﬁ*@leé Hil

par a- am RReMEARIRHIcATIAIORNE RN HHF s STRE @hz% @é@mﬁléx ﬁorﬁlﬂ{lb Qx%élﬂém BE&Q%@Hat e
dependent "protein. A putative enzyne has been found in A “thaliana ((Basset

et al., Prpiessekinth: colfbuino gcil., Bigcma Biopits. RaoGomson. 2(39@@&)%}0 HRE7B. Teaibt i 17 S
( Schadt %er&@%}namlcg of (T eald] 3 %ﬁggd b)lﬁﬁhr%ﬁli %eﬁ?ﬁglg%e(%gggﬁ)l’deéhg&hnet al ., J.

Bact eri ol 1211- 7226 199 as part o ate operon. Sone
exenpl ar yalyemek apigmgtiouwiBiyeésowal. rPididiy. € hgm. Sredst- @@owba@@mmmsgf the

NP 4]1%61%hzyn% %&%‘iex%@weaalgo%een 5&3@1‘1@@%9 %’ﬁermotoga maritima (Kim et al., J. Mol. Biol.

231:960-981 (1993)). A summary of these genes is shown below in Table 4.

Table 4

TrpD | 16129224 | NP_415779.1 | Escherichia coli K12 MG1655
TrpE 16129225 | NP_415780.1 | Escherichia coli K12 MG1655
TrpE 15897780 | NP_342385.1 | Sulfolobus solfataricus

TrpGD | 15897781 | NP_342386.1 | Sulfolobus solfataricus

trpD 16765068 | NP_460683.1 | Salmonella typhimurium

trpE 16765067 | NP_460682.1 | Salmonella typhimurium

trpE 15642916 | NP_227957.1 | Thermotoga maritima

trpGD | 15642915 | NP_227956.1 | Thermotoga maritima

15  The decarboxylation of p-aminobenzoate and anthranilate can be catalyzed by an aminobenzoate
carboxylyase (McCullough et al., J. Am. Chem. Soc. 79:628-630 (1957)). It has been indicated
that the cell free enzyme obtained from E. coli 0111:B4 was capable of decarboxylating both of
these molecules. The activity of the enzyme was found to be dependent on pyridoxal phosphate
and iron (III). The conversion of p-aminobenzoate to aniline in some extracts of Mycobacteria

20  has been described (Sloane et al., J. Biol. Chem. 193:453-458 (1951)). New strains have been
identified that are capable of degrading aniline anaerobically (Kahng et al., FEMS Microbiol.
Lett. 190:215-221 (2000); Schnell et al., Arch. Microbiol. 152:556-563 (1989)). These strains
first carboxylate aniline to 4-aminobenzoate. In the strain, Desulfobacterium anilini, the rate of
aniline degradation is dependent on the presence of CO; in the medium. GC analysis of aniline

25  culture supernatant of strain HY99 under anaerobic, denitrifying conditions showed the presence

of 4-aminobenzoate (Kahng et al., FEMS Microbiol. Lett. 190:215-221 (2000)).
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5 for activity on multiple substrates and was shown to be induced by both 4-hydroxybenzoic acid
and 4-aminobenzoic acid. Another decarboxylase has been reported in Clostridium
theromaceticum that can remove CO, from p-hydroxy benzoate (Hsu et al., J. Bacteriol.
172:5901-5907 (1990)). The enzyme has broad substrate specificity and can act on p-hydroxy
benzoate with varied functional group substituents at the meta-position. These include

10 hydroxyl, chloro, fluoro, and methoxy groups. The enzyme was not repressed by glucose or
other external energy sources. Klebsiella aerogens was also reported to be able to carry out non-
oxidative decarboxylation of para-hydroxy benzoate, 2,5-dihydroxybenzoate, 3,4-
dihydroxybenzoate and 3,4,5- trihydroxybenzoate (Grant et al., Antonie Van Leeuwenhoek
35:325-343 (1969)). A reversible 4-hydroxybenzoate decarboxylase was purified from

15 Clostridium hydroxybenzoicum (now called Sedimentibacter hydroxybenzoicus). This enzyme is
encoded by three clustered genes, shdB, C and D. The enzyme can act on both 4-
hydroxybenzoate and 3,4-dihydroxybenzoate. The enzyme activity was not affected by metal
ions or other cofactor (He et al., Eur. J. Biochem. 229:77-82 (1995)). Bacillus subtilis was
recently demonstrated to have a hydroxyarylic acid decarboxylase activity. Three genes bcdB, C,

20  and D were cloned in E. coli and showed activity on 4-hydroxybenzoate and vanillate (Lupa et
al., Can. J. Microbiol. 54:75-81 (2008)). These decarboxylases have been reported in several
other organisms (Lupa et al., Genomics 86:342-351 (2005)) and gene candidates for some of

these are listed below in Table 5.
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genes is showabelowlin Tablel 4 Table 4 TrpD 16129224 NP 4157791
Escheri chi a ddiB K12 |NEisgs! T 446129225 ﬁBaEEBV@Ghﬁ Escherichid coli K12
MGL655 Tr pE 15397 780 |47 38bpduatril T ol obusz,s@ld abard cus TrpGD 15897781
NP 342386.1 Sulfolobus solfathricus
- bsdD 239977069 | COH3U9.1 Bacillus subtilis

STM292 | 16766227 | NP_461842.1 Salmonella typhimurium LT2

STM2922 | 16766228 | NP_461843.1 Salmonella typhimurium LT2

STM2923 | 16766229 | NP_461844.1 Salmonella typhimurium LT2

kpdB 206580833 | YP_002236894.1 | Klebsiella pneumoniae 342

kpdC 206576360 | YP_002236895.1 | Klebsiella pneumoniae 342

kpdD 206579343 | YP_002236896.1 | Klebsiella pneumoniae 342

padl 15832847 | NP_311620.1 Escherichia coli 0157

yelC 15832846 | NP_311619.1 Escherichia coli 0157

yelD 15832845 | NP_311618.1 Escherichia coli 0157

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

invention.

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
10 participating in one or more aniline biosynthetic pathways. Depending on the host microbial
organism chosen for biosynthesis, nucleic acids for some or all of a particular aniline
biosynthetic pathway can be expressed. For example, if a chosen host is deficient in 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
15  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 aniline biosynthesis. Thus, a non-naturally occurring

microbial organism of the invention can be produced by introducing exogenous enzyme or
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Corynebacterium glutamicum, Gluconobacter oxydans, Zymomonas mobilis, Lactococcus lactis,
10 Lactobacillus plantarum, Streptomyces coelicolor, Clostridium acetobutylicum, Pseudomonas
Jluorescens, and Pseudomonas putida. Fxemplary yeasts or fungi include species selected from
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces lactis, Kluyveromyces
marxianus, Aspergillus terreus, Aspergillus niger, Pichia pastoris, Rhizopus arrhizus, Rhizobus
oryzae, and the like. E. coli is a particularly useful host organism since it is a well characterized
15  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.

Depending on the aniline biosynthetic pathway constituents of a selected host microbial

20 organism, the non-naturally occurring microbial organisms of the invention will include at least
one exogenously expressed aniline pathway-encoding nucleic acid and up to all encoding
nucleic acids for one or more aniline biosynthetic pathways. For example, aniline biosynthesis
can be established in a host deficient in a pathway enzyme or protein through exogenous
expression of the corresponding encoding nucleic acid. In a host deficient in all enzymes or

25  proteins of an aniline 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 production of aniline
can be included, such as a 3-dehydroquinate synthase, a DAHP synthase, an

30  aminodeoxychorismate synthase, an aminodeoxychorismate lyase, and a 4-aminobenzoate
carboxylyase or a 3-dehydroquinate synthase, a DAHP synthase, an anthranilate synthase and an

anthranilate decarboxylase.
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naturally in a host organism such as colz ost organism can be engineered to 1ncrease
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 an aniline pathway.

20  In some embodiments, a non-naturally occurring microbial organism of the invention is
generated from a host that contains the enzymatic capability to synthesize aniline. In this
specific embodiment it can be useful to increase the synthesis or accumulation of an aniline
pathway product to, for example, drive aniline pathway reactions toward aniline production.
Increased synthesis or accumulation can be accomplished by, for example, overexpression of

25  nucleic acids encoding one or more of the above-described aniline pathway enzymes or proteins.
Over expression of the enzyme or enzymes and/or protein or proteins of the aniline 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

30 invention, for example, producing aniline, through overexpression of one, two, three, four, five,
up to all nucleic acids encoding aniline biosynthetic pathway enzymes or proteins. In addition, a
non-naturally occurring organism can be generated by mutagenesis of an endogenous gene that

results in an increase in activity of an enzyme in the aniline biosynthetic pathway.
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In particularly useful embodiments, exogenous expression of the encoding nucleic acids is
employed. Exogenous expression confers the ability to custom tailor the expression and/or
regulatory elements to the host and application to achieve a desired expression level that is
controlled by the user. However, endogenous expression also can be utilized in other
5  embodiments such as by removing a negative regulatory effector or induction of the gene’s

promoter when linked to an inducible promoter or other regulatory element. Thus, an
endogenous gene having a naturally occurring inducible promoter can be up-regulated by
providing the appropriate inducing agent, or the regulatory region of an endogenous gene can be
engineered to incorporate an inducible regulatory element, thereby allowing the regulation of

10 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.

It is 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

15  microbial organism of the invention. The nucleic acids can be introduced so as to confer, for
example, an aniline biosynthetic pathway onto the microbial organism. Alternatively, encoding
nucleic acids can be introduced to produce an intermediate microbial organism having the
biosynthetic capability to catalyze some of the required reactions to confer aniline biosynthetic
capability. For example, a non-naturally occurring microbial organism having an aniline

20  biosynthetic pathway can comprise at least two exogenous nucleic acids encoding desired
enzymes or proteins, such as the combination of aminodoxychorismate synthase and
aminodeoxychorismate lyase, or aminodeoxychorismate lyase and 4-aminobenzoate
carboxylase, or aminodeoxychorismate synthase and 4-amionbenzoate carboxylase, and the like.
Thus, it is understood that any combination of two or more enzymes or proteins of a biosynthetic

25  pathway can be included in a non-naturally 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, and so forth, 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.

30  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 combination of enzymes and/or proteins of the desired

biosynthetic pathway results in production of the corresponding desired product.
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In addition to the biosynthesis of aniline 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 aniline
5  other than use of the aniline producers is through addition of another microbial organism

capable of converting an aniline pathway intermediate to aniline. One such procedure includes,
for example, the fermentation of a microbial organism that produces an aniline pathway
intermediate. The aniline pathway intermediate can then be used as a substrate for a second
microbial organism that converts the aniline pathway intermediate to aniline. The aniline

10 pathway intermediate can be added directly to another culture of the second organism or the
original culture of the aniline 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.

15  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, aniline. In these embodiments, biosynthetic pathways for a desired product of the
invention can be segregated into different microbial organisms, and the different microbial
organisms can be co-cultured to produce the final product. In such a biosynthetic scheme, the

20 product of one microbial organism is the substrate for a second microbial organism until the
final product is synthesized. For example, the biosynthesis of aniline can be accomplished by
constructing a microbial organism that contains biosynthetic pathways for conversion of one
pathway intermediate to another pathway intermediate or the product. Alternatively, aniline also
can be biosynthetically produced from microbial organisms through co-culture or co-

25  fermentation using two organisms in the same vessel, where the first microbial organism
produces an aniline intermediate and the second microbial organism converts the intermediate to

aniline.

Given the teachings and guidance provided herein, those skilled in the art will understand that a
wide variety of combinations and permutations exist for the non-naturally occurring microbial
30  organisms and methods of the invention together with other microbial organisms, with the co-
culture of other non-naturally occurring microbial organisms having subpathways and with
combinations of other chemical and/or biochemical procedures well known in the art to produce

aniline.
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in related or distant species, including for example, homologues, orthologs, paralogs and

nonorthologous gene displacements of known genes, and the interchange of genetic alterations

between organisms is routine and well known in the art. Accordingly, the metabolic alterations

15  allowing biosynthesis of aniline described herein with reference to a particular organism such as
E. coli can be readily applied to other microorganisms, including prokaryotic and eukaryotic
organisms alike. Given the teachings and guidance provided herein, those skilled in the art will

know that a metabolic alteration exemplified in one organism can be applied equally to other

organisms.

20  In some instances, such as when an alternative aniline biosynthetic pathway exists in an
unrelated species, aniline biosynthesis can be conferred onto the host species by, for 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. Because certain
differences among metabolic networks exist between different organisms, those skilled in the art

25  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 microbial organism

in a species of interest that will synthesize aniline.

30  Methods for constructing and testing the expression levels of a non-naturally occurring aniline-
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 Laboratory, New
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for one of fore ani i e bl osYACHEETE *pathivays " For *eXanplee, “ani 11 e

bi osyist hesitablecfanthb@oe s¢élabIThed) &ds umleatdod siat aghropgiaenhodificadopab hwagleie azyme or

protein through exqﬁpnouslﬁxgression of the correggoqﬁin encodi ng nucl ei c

aci d. | n SEUREEHC GRYTECRINE IR HI§eUBK SRIREge 63n Bgn YFRELT™ AREARN i ne

pat hway, nQXieigasiaysquexderte sepaditiesifab®l profifzed MPuieridbo] @nScah be bigecpdithway can

be incIude%i aLthoqu [ is,underftood thﬁt all enzynes or proteins of a

pat hway CafPRUEA3HR% wily eghninnes pretl kBowp iy the ghtoehig veeptimizcd expesiqprol thive

pat hway erAyAES or proteins. For exanple, exogenous expression of al

enzynmes or proteins in a pathway for production of aniline can be included,

such as 3- dehydr oqui nat e synt hase, a DAHP t hase, an 30 . .

anmin eo%béﬁ‘BFe? ‘Pﬁa‘fegto% PhYHLEECan BR CYRITHY @k@‘i‘%@ﬂnﬁ H’h‘?l@elai}‘jﬂ% biogypghesc

4- am nobeamoay EnceainP ALY a8es BlexémpibaMyRiOspdBRIRKSY RS SiontcoRbIP

synt hase, an anthranil| ate synthase and an ant hranil ate decarboxyl ase. WO

2011/ 05039%®terr issbany} Bghaist aganyny elxRrersiop ¥edor ARpicaie g dicdamse provi ded

herein, theseiapldst brgshidnl IR iBVdnivh InkrudOder hapd, fikaliad PeagBYehss, vorhi

encoding nucleic acids to introduce in an expressible formw I, at |east,

par al | el veqersapiomgeansirtigy) chemosinadicinglydigg vedyers ard e KeENCHi%Er obi al

or ganiss My, FRE! &lelbf foPs O mABFUORL Y 3 REEHEDHODTE WRlA IR M AT the

i nvention can have one, two, "three, four, five, up 5to al'l nuclelc acids

encodi ng vediersspyippiude ore qymoreielestablsearkar genes gndappaaitiaicrpapiosseanaantedt i ¢

pat hway (] e i j t I rring

B P

facil it ataetilgptiaypt forrinz.ecoampidnieneadsplosppnt dedisiescicy ot dopply cotdagnutoetienot s dE ul

functi ons. Rlprté 2 eEliDle EQOr%tsiorrTlic%ﬁt(r)(Hisg‘ Iueocreg g‘epnl R ecg?)%stﬁ L{CVQ ag(tl pn%r ciglléln%(;[nilo?fggl Ity

can incl Gde, 16r “exanpl e, augnentati on o P%e syn?he5|s of “'oné& ‘or nore of

t he BOanittahseepat duhances €ErPoos tesmmhtoss awhbe lisnwbieh aramtelkaowh atthe art.

4- am no- -geOé%chorisnate, and(P- L .

en 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



am nobenzoate. Cenerally, a host mcrobial organismis selected such that
it produces the precursor of an aniline pathway, either as a naturally

pr oduced wWol2etwise326r as an engi neered product that eith@CTArSeMoMEssse novo
production of a desired precursor or igfreased production of a precursor
15natural ly produced by the host mcrobial organism For exanple,
chorismate is produced naturally in a host. organismsuch as E. coli, A host
or gan s meERHBENAG I ASENEY Tt er Luld pROTer OR P PP CRareE Ml

di scl oseds bay i@ihtibld proa@er bhddhe candiingive bioalot@r JAOIr&RToradonhASx &8ss

engi neered to produce a desired precursor can be used as a host organism
and furtWéﬂméﬁﬁﬂﬁ%EW@ﬁsFHOQ%bWéggméﬁ%ﬁHégmgwubP%?%%ﬁ?né?C@H“%E@F$W%

pat hvay. p£bhddd weRRBovHTRAQEH 4B Nueh nRHIANMBBEM! et ek ¥m P16 Gl felcN@idin g1 QP bidh
organismof the invention is generated froma host that contains the
enzymat i @ daphgn PlOES;PrP@YWW%g@W@aC&ﬁP (FGo). amplifiediios o§ BENA%€ enbodi ment it
can be U%ﬁﬁﬁhdﬂ&ﬁhgﬁﬁgﬁﬁ%mbﬁ%fg%@%ﬂﬁﬁhﬁ(QbﬂéﬁﬁﬂﬂﬁéQ&ﬂﬂﬁaﬁﬁaﬁﬂm%@khm&?

pat hway product to, for exanple, drive aniline pathwdy reactions toward

ani | i ne FrREHED oAl intndiced gegeis peid prswpree OF itgeaaighrongding genedaefuse Iaisconpl i shed
by, 107 GXIRbG AKGLSKREEFALORY, #ht AOBUELEIE nAGLiCRERCOFATd ANE iR © Of
t he above-descri bed aniline pathway enzynmes or protelins. Over expression of
t he enzynmoont te pryneshaddiral prpdwt. enditer fuphatueidagost thategpassidn leelpanbeay can
occury f o KBNR Suuh AIAYGN £X0AENAGNS, XRIASSLDN Rl hE ENAgYeRRYS.gEne Or
genes, or t rouéh exogenous pre55|oﬁ of the heterol ogous gene or genes.
Ther ef or dgreimat ural |y occurring organi sns can be readily generated to be
non-naturally occurring mcrobial organisns of the 30 invention, for

exanpl e, ng. i I . . r i , hr ee,

our 11 3 e g R el ey
enzynes onclgieptwdiungg a hon-addially orvprrangmoprohiat ergalidny hodcgenranige paiyaay 8m can be
gener at ed, by, Tyl a980e312, Of 20 ERPIENGNS L08NR.L NAL, LESH LS LT, AN e ease
in activity oF An enZy e R THEC AAT FINE BB AY AEHETTEY SAPRNRY “*P ALY
2011/165032f6iPEl{ dds2a00/paaB8bailRik, hmlepamtlitiond axdl fyr aséfiakdnt erbadif neRts
exogenous expressi on, of .the encodi nucl ei c acids .is enployed. Exogenous
expresel SRR thg sl peae gr et B FlabS R PRt Bup RRUSH and or

regul at Ol‘aﬁlillﬁide(ﬁl?ig'ﬂﬁcﬁishﬂtetlﬁﬁe,hﬁéﬁb ﬁ?ﬂ%m%@ﬂioﬁ@@bﬂb@fylﬁd@e.aﬁahbﬁb‘ ema%aﬁlshts,eﬂla
expression level that is controlled by the user. However, endogenous

expr essi GAthypy Jribgningladesa AR ynthaset lRapme cuRerbe e MesPE iy f‘éi@ebylc}ué%vi ng
a negat i ue-dagub@liffy syaHa &S tOmedbd FRPueiutiap affind, MRnABNGIEHRY AERGEr When

| i nked to an I nducible pronoter or other regulatory el enent. Thus, an
endog@noiétuEdly O HiR S icE bivd prgrBipmpnd canditiong apdini e iswifisicprnsriod ertintaR be
UD-F99U|?&ﬁﬂaﬁ%ﬂﬂk@%&g&ﬂgnhﬂﬁmﬁﬂﬁ&ﬁ@%d&&hﬁéﬁ%ﬁ&ﬁ@pﬁﬁﬁ@&xm&ﬁe&ﬁﬁ&%@ﬁ&'Qtory
regi on of an endogenous gene can be éngi neered to incorporate an inducible
r egul at osybseAnEpBnacrpbie eelbiye miedis ng t he regul ati on of 10i ncreased
expression of an endogenous gene at a desired tine. Simlarly, an inducible
PrOﬂDterh@ﬁﬂxﬁ%f&@%h@ﬂ%%xﬁﬁn@hmegﬂhﬁﬁgh%ﬂ%bﬁﬁ?&%?ﬁéﬁhﬁ@gﬁ%@@% HSusgene
introduced into a non-naturally occurring mcrobial organism 1t is

under st oddcleigasids ¢ash graoing 4n apilipgRathwayeRry o, IngpRpe enbediaenih éhequltigsd e

eX0QgB0USiBfaPbiGariiih B i ARrel BEJ lggﬁ’dﬁ‘é Qc14i0hQd@edth Eﬂc%Qiin? by %iﬁx?é‘;%/a%{@za!'yo

produce a non-naturally occurring m cr obi al organi sm of the iInventron.
The nucl encynceitivs cxpapld teithes odyerys serlasadids o aficorde arf gninedeanysherisnzate
ani | i ne hj t I: t 14 i i atively,
encodingQk@%%gf@%ggﬁﬁga%gﬁﬁﬁgﬂgggﬁégﬁggg%%gg%ggﬁﬁ%g%%ﬁgﬂ%?é%%%%?ate

m cr obi alembpdiamntsthheiureg mibebil agymsnhedn ioclgdgplabi dxoggnotomciticdcyeadone of
the requifedlSachiBl3,hRuCODLEL ANLLLNG, BLORYPLASLIS, GaRabidid, For
exanpl e, "a " nor-na uraP?y d@cu¥r|ng M crobi a or ga |sn1ﬁaV|ng an aniline 20
bi 0s\30t hehiwgle pdiATRYyndase, ao apmod@xatholigast sintoise xo gamodsxpeivrienae Hakds
encoding d shred enzymes or roteins, such as the conbination of
aninodoxf&ﬁﬁrﬁgﬁ%{ n ﬁfﬁﬁgﬁﬁ%ﬁ% ani nodeoxychori smate |yase, or

am nodeoxychorisnmate | yase and 4-am nobenzoat e car boxyl ase, or

am nodeoXy stilbfurtheraibodiyrhb ase cdntedniarmbahbearoata nandobyd axsgnoend:ictelve

like. Th l:’!lgffjs !ée;[cB !e{ssco ﬁ]?g%r&safn 189 pe'{ttrl]\%y e%rz]ymg [Eor iege?'r}lglg rElheo ivete%ge%{)usnr}?lrc eicearclzlz mes or
pr ot ei ns I'0S : ’



25pat hway can be included in a non-naturally occurring mcrobial organism
of the invention. Simlarly, it is understood that any conbination of three
or nore ewNownHse26pr ot ei ns of a biosynthetic pathway c&oThsS20m00533d2d in a
non-naturally occurring m crobial orgaQ%sniof t he invention, and so forth,
as desired, so Iong as the conbination f enzynes and/or proteins of the
desired bi osyn at hwa ults in,production the corres di ng

ost red SROGIRYE SR RoPER g aRy oM RS AR GO GoTBHE SO hes. o
proteins aﬁfam@lobb(fx@ylﬂinbﬁhtb@yaﬁ@hfﬂ@&—aﬁﬁndﬂb&@h@%@doi}@ﬁ@é n can be included in a
non-natural ly occurring m crobi al organi smof the invention, as desired SO

| ong as the on of enz nd/ or rot ins of the des

bi 02y nt hets et Py PReim SRR Rt RohPER ErEoeSPredBsnti Hibhied
product . is ¥¥(30bisR2A326REA/ US2010/ 053853 22 In addition to the
biosynthesis of aniline as described herein, the non- naturally occurring
m cro |aI anis i.avent i |ized in
Var ods. dBRBRYRRRRA i PLaEn P his iR SRS SR E PRt blan: s and
met hods mmﬂmhkaﬂmmngmnmhemamnyb@mﬁﬁ@hﬁd@b@l@gmﬁﬁnbmmgynmhﬂﬁe@mhwapHMer
rout es. I exggg one aIternati% tg.grodu e aniline 5other than use of
t he anil I ©8F X9EENUA PEUGH 2 BTPIIBR 2B AN L PR D OIBLTRIES S BRI s m
capabl e @ﬁffeeﬁmﬁdumn@ padiuddadilieunRt boMayiohddrRrfoRNudii@ent Perddidf kinR tne such
procedure includes, for exanple, the fermentation of a mcrobial organism

t hat pr o IR AWingn TR fopee %I&{OHWBI’ the anifipgpathvweay inHadegap F“i‘th‘@mbaé ﬁ%ﬁﬂ?se

i nt erjediaad €n SARrakiDEURLSLHSBMe. af BmS URBbdiRkAs fsQfh & GeaRRdc fEHIRPIRIude

organi smthat converts the aniline pathway i nterrredi ate to aniline The

ani | i ne RApEF FKERASE ninspRe gnhedmens sped Addgdisgl qaa dwther tngludpiddher cul ture of
the 5ec0r&@hﬁi&ﬁﬂia&%ﬁ’tﬁa&ehﬁd&iyh&hﬁiﬂéte ﬁéﬂyhi-h'ieﬁe f shixiifar@BiyliREeMal Byay

i nt ermedi at'e producérs can bé depl eted of these nicrobial organi sns by, for
exanpl e, dekle/sBigpantadihgirogenas, o Hehinvigeeent-rhadelioshibmagt 1t he second

or gani sm td i nal

or oduct reRourEREERLERAEECREEhRC SRS bl eRol Rt AR Rk ot s

t he nlén- matuallylobgurorrmicrabieg orgatisohs alltuedganswhygnaaily anstrétodsnliofe nérkum.

i nvention can be assenbled in a wide variety of subpathways to achieve

bi osynt hg ?E(ﬁn@é hddffien g,xal@ai)@ve c"i’(ﬂi%ljeél criﬂiaitoi)%%emeam%i)ﬁe s emginreﬁr”_t hetic

pat hways for a esrre product o e I nvention can be segregated into

di f f er entmueltic proild$ edch en@dmgarmmhamhﬂn\mf cdiiyrhe riem exavirde. oisi tako covggamissms can be
co-cul t UrG §61t091018 gaqr%%gocﬁQE % latg £ q{égé dnd aﬂ tlﬂ?arﬂil%e Bec%ﬁ%%lgs%t ¥ so%?ehene

t he 20 pro uct o one mcro anismis e substrate tor a second
nicrobiaknmo@ammsnhunﬂmhﬂnmembmhagmpmmdmnndudﬂhmaeh@smzedudﬁommexanbIe t he
bi OSyQBt hes| osd ng ana 111ne eﬁ%cg‘ nenge aclg Sle %ge t%?ee%gg Se%(l;u%cnﬁlgslgl azcaifim:r?clcg bj al
organisniP% P8R hE sYhTHEt 1€ P SOhv on “of  one athmey
i nt er mediCcatleP t}ﬁltlﬁﬁmhﬂeﬂithjpﬁlﬂdw\@ylthaﬁﬁ eelﬁmedntataeﬂm déclﬁﬂ;opylﬁxdua‘,ﬁ stilButiegrnat i vel y,
ani | i ne aI%o can b 1osdnthe ]ﬁlﬁrodu§>%afroninicrobiﬁi o%ganisns

t hr ough &B* 8i1}PFHtFet FHEEE s iﬁ T G DS P O WE OB TR 4H AL same
vessel , wherdelgtalﬂenﬂmé §£th\%}cd’n@ﬁh@,| Fle@@anpls Mdfoadéeesoasin@iid 40n® cntideranedi at e
and the second nicrobi al g@nisniconverts the internediate to aniline

G ven t he {atRiuy4e %Yﬁﬁ‘aifui‘ ANEeSYBings aretpinanidicsynihpssad ambagiah the art

wi | T gndeesissx ?1a§d1%ny%f\ﬂieda$le\éﬁrdn@eyog@ﬁoﬁﬁﬁaélaﬂéldsodlﬁ bapRvReI AV at i ons exi st
for the non-naturally occurring mcrobial 30 organisnms and methods of the

i nventi orlile"tefﬂj‘@OH%im\]/ﬁ“t%?l‘bt her nicrobial organisms, with the co- culture of
ot her non-naturally occurring mcrobial organisnms having subpat hways and

wi th contyupaié piFicafionoinbRF a8 8l foRiRE hRKIuRIcA G 8Tl fedan BE PEEGHHIE sike! |
known in the art to produce aniline
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
30  production host can be monitored. The final product and intermediates, and other organic
compounds, can be analyzed by methods such as HPLC (High Performance Liquid

Chromatography), GC-MS (Gas Chromatography-Mass Spectroscopy) and LC-MS (Liquid



WO 2011/ 050326PCT/ US2010/ 053853 23 Sources of encoding nucleic acids for an
ani |l i ne pathway enzyne or protein can include, for exanple, any species
wher e t hewenoodsm2gene product is capabl e of catal yzi ngPChaSe@hosisssed
reaction. Such species include both prggaryotic and eukaryotic organi snms
including, but not limted to, bacteri i ncluding archaea and eubacteri a,

and eukaryot es cl east I nt,i nse n and mamal ,

"he udi g mEs YT APyt ERTen B B iR S e B R e B exapl e,
Escheri chi@e@abd welSamdivkenthe BAC TRE rdasl sHpyhirRbBIZA eUSrmeandoBaioth dabglssubt i | i s,
as well as other exenplary species disclosed herein or avail abl e as source

or gani smeCHYrViEdhe SENETYPHE e n BaPotisiirdresidiet HuqoRecadimpratidicg Bh bk

sequence y@nai thadlafpleOX rehQWi KR x BRSPS ISRRE hRBaléMolshaddRr @y tbdfohal f  of
these avail able on public databases such as the NCBI), including 395 10

M cr odr g &3a8InAgEn OB 8t dnfiogecliad i o520tV Va2 ngPr OtlﬁﬂféWfable&‘ﬁﬂ‘Y#ﬁ%ml i an

genones, g idndedhdds WeRkhQPn Bf ihO&D eﬁhe%ﬂ@l@iqheﬁgni)lﬂ?e JrPebiin 'a&t?m?e@ IrlohiNBe
blosynthetlc activity for one or nore genes inrelated or distant species,

i ncl udi ngxPEFROUSI AN SequerrsHreAncdiges asseyeditsinggrethqds wgll sgewmdheq@hor t hol ogous
gene d'SQN@@Eﬂﬁ@é%tﬁfJBQ@Wﬂw%eﬁﬁ$79@ﬂgdﬁn?9&@}er0hange of genetic
alterations en organisns is routine and well known in the art.
Accordingly, the netabolic alterations 15allow ng biosynthesis of aniline
descri bed\mécambajopiraied fropeniees coppenpcparin ihe grlaire Brigmmyasiviysiidretheds Bell col i
can b r&adih i @PRLI ﬁi%hts%a%'aﬂne[ﬂoﬁé 2RI Bmplk N rhkqfoﬂgr&éalf@srax%hc and
eukaryotic organi sms ali G ven the teachlngs and gui dance provi ded
herei n, thosthodkthpdindudercontmmiony iqud-liguig mwcumwraamt@bdhmbrametfelrr_enqnon
exepl | 1ot Q0R RAARL GO KANDR2RRL GG, BRHAIoK. i BEARE, Or gani s, 200 n
sone i nstances en an alternativé aniline |osynt%et|c pat hway
exists i melanfugmcell, eutedtl\@pfétmtem, 1oanxdh|am dhrcosyodrdpbgi sizecaciugden conf erred onto
t he host for.ex res of a paral,og or

par al ogs FRE Ry ot B AR e AR B BGOSR SRy e R RO e

non- ildentwetldnowe trathehit.c reaction to replace the referenced reaction
Because certain differences anong nmetabolic networks exist between
dlfferent Nols i 0 5 n t hat the
act ual - gs 0 ERR B bR P BB bR B beselpabloblo B TRA 2L

t he teacmmnmeaamdngumdaneeupWDMnﬂ@thasefmenﬁhmﬁm,§kt&hﬁ¢k1mmhhmnart al so
wi || under and t% L he, n) ﬁ@h% tﬂo of. the invention can be
appl i ed @8) FFSWP’FSB'EF (?35 1Y §ﬁﬁ§ﬁ? @ U3GN8t e metabolic al terations
to those exenplified herein to construct a mcrobial organismin a species
of |nterébt&mMHtmmumkﬁsmhmhdeua@n&mwhtnEHmaﬁWhhhedeldmemumneﬁmuﬂbnng and

test IZ@g ¢ hercee X Tt Igsosgntla??u%nents It P h?g%? @e%‘ltr%fble to Il¥alogl(1"-:llél.£ relro C %ondltlansdle tection

pr oduci ng can i nan
met hods wied ﬂerrimcamm ﬂeﬂudehll&: @ttof tlﬁuﬁzhramtdbeﬁs seancdnembﬁnmd beles@aiheddst i n, for
exanple

Mol ecul ar. C oni Lahor at o Manual , Third
Cof A SpRPY THEBEEE AEPEH 5 RO S0 A S RBbL Lt 53 24
Yor k (20QaJ cri@pdapAussd bedinselhead growﬁHll% h@tnibsd?mita@@@bﬁcam Mek@etdbRIcoRliabBgy,
John W1 ey and sSons, Baltinmp enous, nucl ei ¢ aci d sequences

| nvol ved i %apﬁa?%wfﬁoéﬁ“n%%cfﬁwmdﬁth&fSIT&‘HMO}%‘%Y aiedgeTaig r R st abl y or

t r ansisentahyerdtid @nditildRShave Bbdn dSirBed Hi8 CiOMI PMRSarWR LI KKRANA thdart. N&etplary
i ncluding, 5but not limted to, conj ugatlon el ectroporation, chem cal

t r ansf or reopisand pragrobisrendiseps arg dasathedippheramplegininited SEURen: apRiiEdioRat i on.

For exogeRalNCXPEASHOMed !&ugxst e DO PR ORA RS ClAHYRFbimeBh b Batcts QIR
nucl ei ¢ aci d sequences in thé genes or cDNAs of eukaryotic nuclei'c acids

can encodeatch ar ¢ratinyys giagieal as deglopeddisresth N-t ermi nal mit ochondri al or ot her
targeting signal, which can be renoved before transformation into

pr okar yotrf &shQs theGfl bfhe hldiieSht &%maii@ined at a desired pH, in particular neutral pH,

30  such as a pH of around 7 by addition of a base, such as NaOH or other bases, or acid, as needed

to maintain the culture medium at a desirable pH. The growth rate can be determined by



10exanpl e, renoval of a mtochondrial |eader sequence |led to increased
expression in E. coli (Hoffneister et al., J. Biol. Chem 280:4329-4338
(2005)) . WOonoExsgEAa0uUS expression in yeast or other euk®CFasee0o8isEs, genes
can be expressed in the cytosol mﬁthou% the addition of |eader sequence, or
can be targeted to mtochondrion or ot %r organel les, or targeted for

secretion, the |tJon of a suitable tar n e ence such a

oL e hondisating AuaE st Bl PefehOBiEist 08 S Mo TR EER RS Hud® 2e1 1 6.
Thus, it nchitigiedasioneurtdhadplaippbagptingt € nodi fications to a nucleic acid
sequence to renobve or include a targeting sequence can be incorporated into

an exogenous nucl ei.c acid yence t npart . d srrable erties.

Bt ned e bR S B R B S R DR SRR BB R E & i ques
wel | knO\eﬂurt:é’loﬂdaﬂ)oﬁltd tht ﬁorﬁﬁzhmaﬂyao@ﬁﬁln@rﬂi@t@o@)ﬁmﬁrﬁs Su@soticed i€y, adrei ns. 20
An expression vector or vectors canﬁge constructed to |nclude one of nore

ani |'i ne BTFYBRIHHET WP At HIERS eNOsH ARG MRtic PERLOGC HEONs BBt e & her ei n

oper abl y slakdhK €fihdr Q¥R 108 86 HEHYdRAR EAcRlde SPAGRARGERS rdhtwatld RB&kockHaddEohas!
organi sm_Expression vectors applicable for use in the mcrobial host

or gani sneXeNPRIEYRGIPERICIGITCS el 1B de ufedrs EBedignke in Bt Bsthpdisof thyay@tigect or s,

viral Vegl@® ce®Rbs3ONBRa@Nndkebiokie bmasi M afESistob iR PeiiBaks ect or s and
sel ection sequences or 25markers operable for stable integration into a

host chr dergstesks. Spehdhiemess dgerdstocks gentainppegdple. cabehydrtceabstiafee Lepde apne or
Tor e 19€! CahARLEERLK R ORART BNl AR éefaao@mam& PRcEOHaqlargeauences.
Sel ect abl e mar ker genes al so’ can be incl’'uded that, for exanple, provide

r esi st andevanghagachigeindguidance piwivided haenphescskilledumtt arophi unddisfand thenci es,

or suppl ¥etfé()vlaﬁle ?é%flstg&g ahc?ﬂ%ﬁia&%tthet Hlaﬁ g—:%se? e ?Lﬁe%@b@als@%ﬂrbgﬁgégq& contr Ol
sequences can 1 nc constitutive an e pronoters
transcripukmhg&hhmmnﬁm&pqynmmsoﬁm@hwmnmmémmhmmp¢mgpnahthhe i ke which are
wel | known in the art. Wien two or nore exogenous encodi ng nucl eic acids
are L2 Dan fANAAALESEGH: ROMILALCLELC (RE AonbR BRI A, nflngxaTD) ©
into a single expression vector or In separate expression vectors. For

si ngllé ve)@gamsmembthewremmn doeaehcodiifigd fruglositicomgindss asan specopgendvnoal |y
i nked t q 000,00, 204H(0503200CT LS2010L 003853, 25 Gompn fxprRRsi on_cont T ol
sequence of BT nked it Parent pression Yeont sequences, such as one
inducibI@n@m@ﬂpbemnmmdanewmnmsmmbﬁkmmammyﬁnmnennmﬂhe$mganﬁbomngnumn of
exogenous_nucl ei ¢ acid sequences involved in a metabolic or synthetic

pat hway CAROBEUYSnfirmed using methods wel | known in the art. Such nethods
i nclude, for exanple, nucleic acid analysis such 5as Northern blots or

pol ymer a§entmb@si gusy @adinown a$ BOGR)s mrppjdhédrcga:t, ische mﬁjonfﬂmuct of gasifivunobif oddli ng
for pr e%& Pcrgtrb%fna enemgterla SuCt t()Jl(r) gStS 1), tenaﬁ n %nr?('l t raf:cafo S-rnla’lEIhOdS to
test The BxpréssIon ora uc e RdE e acuglg &gflieht AR RS
correspomdmﬁgsggmgmpr@duﬂhm;mmmhguﬂﬂﬁehscanddbmlhh@ﬁﬁn@k%ﬁﬁeﬁgaﬂﬁ&henart

t hat the enous,  nucleic acid is sed.in a sufficient anmount to

or oduce. ChEMURSTICH- s 6 o0 b o Bl TR E by CaiuE Puvabes et ~exBF essi on
| evel s camsbergh@Rphdudt. Z@diftcati @it aéderayichiried Gtﬁ‘ttunﬂé(rrhrtﬁgﬁﬂu@lﬁo usydag rai@t hods
wel | known in the art and as disclosed herein. In some enbodi nents, the

present i‘Hiansh Bigeltband 8- syngat H8dP Sy S¢licnd @thﬁrrﬁaP‘?Srt‘eS@’HEF aREfigides

CU|tQBInghﬁs@ﬂﬁmﬂﬁkﬁ§ﬁ&bMe@&&Hf&ﬁﬁQwﬂbﬁ&@@f?ﬁaﬂ&gﬁﬁﬁﬁﬁkﬂayCOQn@n ani li ne
pat hway in which at | east one exogenous nucleic acid encoding an aniline

pat hway éfgiinllysCdxpressed in a
The Wood-Ljungdahl pathway catalyzes the conversion of CO and Hj to acetyl-CoA and other
products such as acetate. Organisms capable of utilizing CO and syngas also generally have the
capability of utilizing CO, and CO,/H; mixtures through the same basic set of enzymes and
30  transformations encompassed by the Wood-Ljungdahl pathway. H,-dependent conversion of
CO; to acetate by microorganisms was recognized long before it was revealed that CO also

could be used by the same organisms and that the same pathways were involved. Many



15sufficient anmount to produce aniline, under conditions and for a
sufficient period of tine to produce aniline The aniline pathway includes
an am nodEoxyosnizémat e synt hase, an am nodeoxychori snmaPETIUFA610/053858 a

4- am nobenzoat e carboxyl yase. In sone gbodlnents t he pat hway further

i ncl udes a DAHP synthase In sone enbodi nents, the pathway further includes
a 3- dehydro |n te s hase. hod for duc ani |l i ne, includes

cul tur i nges R G ot vt o EPoBT LG SR ateh

condi ti onsetan ds foﬁg aﬂlﬁlwgfan BipeatntResippl (Bé ndcbmytr@iupfng dqlﬁeal@dﬂs (séefr I\/br eover,
the non-naturally occurring m crobial organismcan ultured in

subst ant iXHTRIC-AHAE: piles e(‘ffﬂ”t p-&-SiEdiantan R)E% Hyly é‘eéYfY?rhél?%\})e nthisan ('E’%m

incl ude guhhdfida®yandloNbwiak dua@bgani sm having two exogenous nucl ei ¢ acids
each encodi ng an aniline pathway enzyne. In sone enbodi nents, the cultured

25 m ¢robi al organi can_ jncl t hree exo us. nucl ei c_aci ds each
encod%ng an anlllnegg%{ﬁﬁb 2§H¥3ﬂﬁ+nﬁ6r éﬁaﬁgﬁg? +3H éS Hr & exogenous
nucl ei ¢ aci ds can encode an am nodeoxychori smat e synt hase,
anlnodeox¥mhgmoﬁﬂamﬁuyyaﬁﬁmgamd@agémaﬁiﬁﬁ&gngakeN@ﬂmnomyhmgamﬂmQcaone
enbodi nent tured mcrohial organis ude four. exogenous
o ei o abt s Osen Roribiong So0 it Mot v hye ShoPRand fpr Jé%afﬁﬂ iEhe
four exogenous nucleic acids can 30 encode a DAHP synt hase,

am nodeoxhe Wasdddrjeigdalsypathhag &, walknawi modhe ax yadharmsiseat €2 feyaims wﬁi‘ctﬂ can

encodo a P aHh BT HAIESS t HAS MARE ) FERASLOAgR e mothyf braf

am nadeoxyehRas bymyed © niyii-Raskydréidlad e L OKYE HRerbSTR @rbongisi@anc REnarts
4- am nobenzoat e carboxylyase Any of the cultured organisns descri bed above

can have By AE0 aerly Iy eHtseackors ipfhe mind beargh arp s3talyrdi PEEOROHE nucl ei c

aci d. 5l oIk By @fi?ﬁ@d SPAdtSins: tf(t}@dgflﬁ%glﬂbreﬂm@@tﬁmt@d&yﬂﬁgé]aﬁi met hod for
produ0|n aniline, that includes culturing a non-natural occurring

m cr obi allogpysmhytorus rgherrsamqianelgrabyinely o rygieidnd latasqt east one

ex OgenOU%né&ﬂ@én%!eﬁal%@kdi‘ol@t@%@l@ldﬁgge%e an &btﬁﬁeﬁ@étﬁﬂ?&oﬁ%ﬂ%@u&d&@r?&'sw ina
sufficient amount to produce aniline, under conditions and for a sufficient
peri dd offeaciipns ip the spibend bragph up qetalyredgp Arlenhibibe faleming engyiaesamnprolies: pat hway
i ncl udes : r t se. In
sonme enbodi @%My@@h%ﬁt& g%ﬁ%ﬂr;% ﬁ?g%@éﬁﬂg agé:(%(?}r? gi%%)@ ﬁcsgAE%rn? gl)r((\l%{tgse In
sone enb@dﬁnﬂmﬁgn19d®hpmmﬂmm§@mﬂsnﬂﬁameMﬁ@mek Aert), deecdaxi8; acdgh(¢dAoqui nat e
synt hase, r i , 0 ra

qui nat e/ Sﬁ&ﬁ%ﬁﬁ%ﬂ) gqjﬁ))rllgﬂgg cée%gﬁ%gén% a%% mc%eltslprbt{é n%&e%b%ﬁag}xg[n (%%%Qgrﬁplg

3- phospththlhﬂbemﬁyh@awnmxyunmgmdmmM§¢QMa$mxmaﬁd1ﬁn¢hang3mﬁﬁaemynthase.

In s enb ed non- 15natur.ally.occ i, n Pla
or garemt oy th-gireies e SRp A oy SaRELH R ol RRTHN Y ore

enbodi nenhggrsthiiethahieyv@me ehgibdegidg ﬂksﬁ“gnoilﬂoaﬂan o¢ pafursed @am rdspeet twderddeing at
exogenou | ei ¢ .aci.ds each engodi an ani |l i ne pat hway enz .. For

ool o Tonefi GisTois Gabrorie e BREU 2t Btk oo RS Sreh At

synt hase oag”aehsaln TaBiehird Mttt &i A ahdeiydrasfodind nsAEE acadadi (ABMiGobidlhe
cultured mcrobial organismcan jnclude three exogenous nucl eic acids each

20 encodloFﬁj‘nﬁﬂ‘S Shibe FI}YEH%SH%W%WZ?H@MW@%%ﬁ‘ﬁﬂtféns e gorppipiedVeidogenous
nucl eisc g A8 Readey #iIRAGR: SHHLNARLai@LbARE. T ani | ate synt hase and an

anthranllate decarboxyl ase. In still further enbodinents, the cul tured
m cr obi al anj sm can |nclude f our exogenous nucl eic aC|ds each encodi ng
an ant |1 RSCBAE egER P achi e ang ERAICE PO HED PEn: WRgSBEE HEAR BT aci s

encode a ynderstand that a non-naturally occurring microbial organism can be produced that secretes the
biosynthesized compounds of the invention when grown on a carbon source such as a
carbohydrate. Such compounds include, for example, aniline and any of the intermediate
30  metabolites in the aniline pathway. All that is required is to engineer in one or more of the
required enzyme or protein activities to achieve biosynthesis of the desired compound or

intermediate including, for example, inclusion of some or all of the aniline biosynthetic



3-dehydr oqui nate synthase, a DAHP synthase, an anthranilate synthase and an
ant hrani | at e 25decar boxyl ase. Any of the at | east one exogenous nucleic

aci ds carwbeomrosvizded as a het erol ogous nucl ei c aci d. SRCTAlISR@0s385S i cati on
and/ or assays to test for the productig& of aniline can be perfornmed using
wel | known nethods. Suitable replicates such as triplicate cultures can be
grown for &ach qui%eege strai.n to he tested. for exa le,.ﬁroduct and
by pr oducPAPSEHa ISR Y% HE Y P e S0M OB G U i S HBS I EAR BERAREH ¢ or ed.
The fi nalthdppduct arnick seqttes iRlieal s gréntod hHefohdigenir 6the ORFIMROSce &RAN be
anal yzed by net hods such as HPLC (Hi gh Performance Liquid Chromatography),
GC- M5 (Gé’%OdBFﬁsé‘ﬁ‘é(PbﬁF%Eﬁﬁr}WéEe QEVEHYS 8’(989?1“8%1%‘01’_’@:-1%6 Glﬂil{%ﬁﬁ’a&lww en

2011/ 0503 28R H2Qh04:9%B 38 e Zcartfdnsoired. opfcaR e MRRISCiBPRELSHRA Gk b Ot her
sui tabl e anal ytical nethods using routine procedures well known in the art.
The r €l eddnyliph epeitiateqyRthrsisfigyhhinisrneshale fon sramals. drgenae apd&sndgew t h
the cul t urg,ifRLENaLAMsmaBY BF ReHGbSndh. " €si dual gl ucose can be quantified
by HPLC using, for ‘'exanple, a refractive index detector for glucose and

al cohols, and a WV _detector for 5organic acids (Lin et al., Biotechnol.

Bi oeng. dbe rosngtyglly ogrging mighobist prerniwy ¢fdky i8veaadisnjresaeiyetdetionehedthods
vel I knowRpimol B @E hrt asl@mbREdMicfiRlo &DZATBIPExpRO QLR SfelruVieiciagR from the
exogenous DNA sequences can al so be assayed using nmethods wel|l known in the
art ( McCOgh¢adingtnanilige pathgay ongymepenptenge suffigen 2810980 tq rodey pnilipgyj itisne can
be separ af&d« b ARG crGYUTBRARENS of He el afddlfutdd ufer Bottdn§ L Qfnt

nmet hods well 10 known 1 n the Tart. Such separation nethods i1 nclude, for
exanpl e, tertodesstanigine.pFalosdng the teachings|ahd gejdanse hoalgled hereini the herdeateralt i nuous

|1 qut d- 1 ioa,fhy E51ERh LA RELYAPRE Bl Tun ITRIERE ARGl koAb R re TRIFRYSAN®
separation, reverse osnosis, e ectroéﬂa?y5|s, st Fatlon,

cryst al | iizatcelomgr commhirdtfongledtwemm, abextOr ;2200 k! drinkdre. abierermllyi tbainectlahge
chromat ography. . si ze .excl usi on chr 0 hy, .adsorptio r t.ogr aphy,
and Ut t r SPRReR of B B BB S CTER AR BRew BPRERE B (S PRSP s
Any df t herepatiaiddriyrtabween asa@i 81100 gh\j iaclakihgdboor Yanhs 08 nde SOrmide’D Wdf,ei n can

be cul tured t d d/ or te the biosyntheti duct th
mvent o et 1BESRIAE SPRaiit FHE et S Bt BuPlleinBs e

bi osynt hehh Be phREeCE 610 theQfonaBiukdR@cl@find MR rdghiQdtpahiksORN obthe aRbdtone, the
reconbi nant strains are cultured in a nediumw th carbon 20source and ot her

essential nutrients. It i.s highly desirable t.o maintain anaerobic

Condt 1 ot M ot B S B KRR TGt ob oy BPER ok St such

condi t i omSaigéran&ecoabitiansd @kempary axanpt eondtyonk hivgtbespaddssgitieg ptusigdhdim Wi t h

nitrqgen and fhen sealing the flasks with a.seg%rn1and,cri&¥-ca§: For
obf ¢

strais ey s R TR n S aR AR NA Ga BT LF eI gy ondi ti ons
can be appicieeh RyeiRehid 0F atscigkdl RE e ERIPIIM VISt PubdicsiBal20091004 71 R ildd Adgusad
aeration. Exenplary - . . . .
10, 2007. Any of these conditions can be employed with the non-naturally occurring microbial
organisms as well as other anaerobic conditions well known in the art. Under such anaerobic
conditions, the aniline producers can synthesize aniline at intracellular concentrations of 5-10
25 mM or more as well as all other concentrations exemplified herein. It is understood that, even

though the above description refers to intracellular concentrations, aniline producing microbial

organisms can produce aniline intracellularly and/or secrete the product into the culture medium.

In addition to the culturing and fermentation conditions disclosed herein, growth condition for
achieving biosynthesis of aniline can include the addition of an osmoprotectant to the culturing
30  conditions. In certain embodiments, the non-naturally occurring microbial organisms of the
invention can be sustained, cultured or fermented as described herein in the presence of an
osmoprotectant. Briefly, an osmoprotectant refers to a compound that acts as an osmolyte and

helps a microbial organism as described herein survive osmotic stress. Osmoprotectants



25 anaerobi c conditions have been described previously and are wel | -known
in the art. Exenplary aerobic and anaerobic conditions are described, for
exanpl e, WO ?2un/aseir6St at e Pat ent application serial No. PCr8%2010023853i | ed
August 10, 2007. Fernmentations can be QFrforned in a batch, fed-batch or
conti nuous manner, as disclosed hereln | f desired, the pH of the nedium

can be nai i hed at de |red C neu 30. such as a
o of ar gttty daptpfGHop R auto By LS Rl A 0BT 22 2,
as neededximpleBddRbai de IREin€ bdthitd, raiaebathmatdirdetthddetidbl e pH. The growth rate
can be determned by W) 2011/ 050326PCT/ US2010/ 053853 28 measuring optica
density ﬁ@?ﬂ5ﬂ§ﬁ§ﬁ@gﬂ¥%ﬁ%%@dﬁ%*@yS@ﬁﬁﬁ)%Hﬁﬂwgﬁﬁﬂpﬁged¥ﬁﬁﬁgéwﬁbtake rate by

noni t or i AgnGRYIAMINDALELE cHARE At tARiHAY 8d detoi. 11 bR SpQtdRe HRcEADis
i ncl ude, for exanple, an carbohydrate source which can supply a source of

carboR t GLICHE bRGHEn Btitinersipod s eteraf AERAN: vk g hn s fat tS%IHO%G%‘é(EG ?hel ude,

for 59X3%&h&yeé&9ﬁ%ﬁﬁﬁﬂ§@rﬁé&ﬁ&&fﬁ&%nﬁ%ﬂbﬂﬁ%&n@%&%b&ﬂ%%nnﬁ%ﬁﬂﬁh@ﬁ@
mannose, fructose, sucrose and starch. sources of carbohydrates

i ncl ude, sfress “é&émﬁnéon %mm@h@rg@@mwé k@h%mplm oifagproReanpndiy types of
bi omass e%u{npﬁ‘{g c%ﬁ(ﬂtl%ﬁ M6 (2L R lsr{oﬁq&é Hafl b0 W%Moﬁ&ln% tﬁJﬂ%Plélgth Ion

i ncl ude ce osi ¢ bl omass, hem ce€ osl ¢ bi omass and nin ocks or
portionSImMimE@dmﬁmmwbmHSdthbn@n@sghﬂe@ﬁstb@k@dcommxwﬂmnﬂ@mtéQaM$lmz

car boRy dr gt e S BStf 35 e URShalk u A0G3 R0 RO MO R aé%&sa@?aﬁ)é%%?o? xyl ose,

ar abi nose, I%H 0S€, nmahnose, ruc?ose and s teachi ngs and
gui dance tlmncabmdé/d) &L, ed moret thasaoskiOniM oha mort IttHnabQut\ﬁDmM vodersthangbothat

r enewabl st acks nd ot her than those exenplified above al so
can be u?g@nﬁﬂy "edt YU uggﬁﬁigrobial organi sms of the invention for the
production of aniline. In addition to renewabl e feedstocks such as those
exenplifﬂédc@bmweumnhesamﬁmﬂmk for exapiplalliqdiB ovlgan ponsluas as vell anvent i on al so

can be nqgr:l%{szln ep 1on.; f Or o%{e(rjw dree, s2He 2NNFE %rf)cedu}ets SAS gs%ﬁt?edq;ere?nali)aracularh LS SHLII
specific one nore proteins o enzymnmes ar e " expr e n the

ani | iide pieddbudi mhmg)mwgamcspmdum ofp rhevivaati@n dmathabbdined pmehmyrobmror ut ilization
of syngas car on source. Synthesis gas, also known as

syngas oF]%%ﬂﬂﬁ@%?m%aéccﬁgn?ﬁglHﬁT%r product of gasification of coal 20and

of carbonaceous materials such as biomass materials, including agricultural
crops andisrdesdrithelserei Byongasemgarg gmwh uasrelitmnifmeerchieyingbiokﬁltlwsﬂ o€anikmd can be

obt e ned G A% BER K o P Dl PR SR SRARierb Bt o,
Gasi f i catna@rully Scgefigy @lckopidt argahietls ofthe Lhivei@ion@ahbgdustihed, cilburok yigefnahaddi o.
A Loy | LSl ,t2. 308 S0 2ynaes can, el o0y 16l ud, OB and ether gases |1
of gaseousyviehRANdeSHa asyeh) Suian@dEiahd@6ad tonditetRinclude, for example, a

culture, batch fermentation or continuous fermentation such that the dissolved oxygen

concentration in the medium remains between 0 and 10% of saturation. Substantially anaerobic

conditions also includes growing or resting cells in liquid medium or on solid agar inside a

25  sealed chamber maintained with an atmosphere of less than 1% oxygen. The percent of oxygen
can be maintained by, for example, sparging the culture with an N»/CO, mixture or other

suitable non-oxygen gas or gases.

The culture conditions described herein can be scaled up and grown continuously for
manufacturing of aniline. Exemplary growth procedures include, for example, fed-batch

30 fermentation and batch separation; fed-batch fermentation and continuous separation, or
continuous fermentation and continuous separation. All of these processes are well known in
the art. Fermentation procedures are particularly useful for the biosynthetic production of

commercial quantities of aniline. Generally, and as with non-continuous culture procedures, the



The Wbod-Lj ungdahl pathway catal yzes the conversion of CO and H2 to

acetyl - CoA and ot her products such as acetate. O gani sns capabl e of

utilizi ngvG@oarmdo¢ngas al so generally have the capabi | PCF/UsSR010105385ZI ng CO2
and CO2/H2 m xtures through the sane bgfi c set of enzynmes and 30
transformations enconpassed by the Wod-Ljungdahl pathway. H2-dependent

conver si on_ of 0 acetate by cr.oor I sns re ni zed | ong before
¢ s r GBSt PHbE e LGOS YSBRTBYH HE g, ARTEPRUI ¢ hat
the sane cpalrANBatslindgi@lutiny ofdeitn oVeRYnveWid i L1/ RACRHRGT L8R UMN0D3853 29
acet ogens have been shown to grow in the presence of CO2 and produce
conpou ndSUER ANUY nepdt %‘f‘t“éma%o‘f’@ﬁ@ alh%XPﬁW‘%]d@]ﬁs‘i sCOBP‘é‘?é‘ﬁ?UIEUBG ‘é‘\&%‘bﬁ“ﬁh t he
necessar Yof @EME IcRgineRIud, Ya R ihSle (388hfrer 1 &xammp 8,5, PoakaaysAsalorgenesi s, pp.
3-60 Chapman and Hal |, New York, (1994)). This can be summarized by the
fol | owi ng\digarlivepentimpouseplture ganipcluge lapgor timg priods of EpEeloRHs. 4 o SKpoiore n ATP
Hence, nQReR&dLBkd é’ev%ﬁ%ﬁth@ %lf@nﬁ%&@&& IR SR o@%siﬁk%%h&gcah% R4 fel ungdahl
pat hway can utilize CO2 and m xtures as well for the production of
acetyl - C@Auranﬁsmahléuformmcear mpéléfu@ps It igteebengeerstopdihgdihtongaedenasd/ers vel |
known i n Eé}ecoﬁ{ oﬁmlnﬁférb%g&tﬁnsoaﬁso%é En%gbﬁé b ﬁle‘(\f!é&ﬁs &ad%t\Pe% ffparated into
two branc ranch car bonyl branch. e net hyl branch
10 converetcgnﬁw@asoctso Itrmfdmlybr urléemn@hoj' thaotho limt ef (umtlhg/theﬁHﬁ))ngfemn othe
car bony!l T i.n the

et holia brt%nlg ecflgilglg ggalfz{ ﬁtu?flc”eg'ltt Pyn 'tzlme?o &%ﬁ&% faO Fﬁfb‘ient %oun?gfcr%é&g?bﬁ IQO teins:
ferredoxuhmmﬁmdmmsﬂuctase fornate dehydrogenase formyl tetrahydrofol ate
synt het ase, nethenyltetrahydrofol ate cycl odehydr at ase,
met hyl en f te
reduct as gj%ﬁ%lmﬁﬁe&gﬁu?%ﬁged‘?ﬂyt g&gg %ﬁty ?ﬂbﬁg %ﬁleﬁ@ﬁ&%%t'} g.{gilﬁgdesggtﬁ‘%ﬁor der by
t he fol | gwdogticand ynigise cnnqﬂruohmdns Honekylet fetlbatkly drofwhi@hnend darh noi d pr otein
et hyl tr %Q Safra lr()gsfed {)at fe%%(lgn 101’1 ‘an On%}lflo C%r ralrart]19)| dOI‘I r1’1 1n Q SL{JGI‘ taPl(gl’(ljgln
ni ckel -protein assenﬁ ern %for exanﬂT Ac ﬁ? HErr 8dERIMS acetyl CoA
synt hase comambﬂmsepammm dl“ﬁaldplbtyofrtmgﬁma@ eormunﬁbus |fﬁkehtamrmre¢eﬂuﬁssxemllly protein
(for exagg Fol | om ng the teachi ngs and gui dance provi ded herein
for intr ﬂ%%ﬁﬂi%a uf fi ci ent 20number of encodi ng nucleic acids to generate
an aniline pathway, those skilled in the art will understand that the sane
engi neer ilngddigsi tgtheadbs femmnbﬁmpmf:miumdlsmg e anginp potludes dfnitar iodincibmprat

| t th | the. W

ROPEIRH S Ch o R e A I R e RN e e IR R S

eﬂcodi Rg eﬁugéls!sﬁlélﬂ&h%slly rsﬁlgecttdfdteto wh@m?;lﬁls@ﬂth@[sgﬁ(tﬁneamvfgs gfc?%tdg(f thmpagdmhc:t @n fﬁc h

t hat e IT1 € (?Stﬁgfa]? con I NS e Cco e un a a V\B.y
& 13 feecpgniaf

wi |1 Tonfel" SYRGEE YebsfndBistRaaed T I’H’QPS?“OIQ‘E BWaP CREEY ngs

and gui dagsiect@ ©\¢hélgidalRefiveisibn b et Sikd frb@t dorvtitel Cordpduni, kfldesider st and t hat
a non-naturally occurring mcrobial organismcan be produced that secretes

t he bi osynt hesi ound e.inv ntlon when source
TR ettt et i Aty Kl ol R ARSI S B R v A e

any of t h@niefta@siMeihatiBisIQRBE @JhQJVbd B}Smbe[hsbhﬁalﬁiatd dxfectipal iamtiordkdlt t hat i's
required is to engineer in one or more of the required enzyne or protein

activiti égyssaalza%fm (esheigyrp aYchimadradiopt ol e relaniqusy a‘&‘b‘ﬁ%ﬁ‘ﬁﬁ“@? toveriftdi at e

'an| L&@![ Rgtba&@ pro@¥@RRhes ahiNfd, UShPSy Q1SR B indlulic @ fdrM8iHbahR&d salt of a
losyntnetl C
Y Bronsted or Lewis acid. Exemplary acid salts include, without limitation, acetate, aspartate,

benzoate, bicarbonate, carbonate, bisulfate, sulfate, chloride, bromide, benzene sulfonate, methyl
sulfonate, phosphate, biphosphate, lactate, maleate, malate, malonate, fumarate, lactate, tartrate,
borate, camsylate, citrate, edisylate, esylate, formate, fumarate, gluceptate, glucuronate,

30  gluconate oxalate, palmitate, pamoate, saccharate, stearate, succinate, tartrate, tosylate and

trifluoroacetate salts.



WD 2011/ 050326PCT/ US2010/ 053853 30 pat hways. Accordingly, the invention
provides a non-naturally occurring mcrobial organismthat produces and/or
secr et es WOI2DiwWsosxMen grown on a carbohydrate or other eaThise01906386 and
produces and/ or secretes any of the inggrnediate nmet abolites shown in the
ani l i ne pat hway when grown on a carbohydrate or other carbon source. The
ani | i ne oduci ng m crabi al org ni sns_of 5the invention can initiate

Synt hesi 9 CrEe BRI Ae Pt e, QRN PRI WwHige 1€ aPai-S ERpi somitas,

4- am no- 4ER0XY €MQlsoHIREE, to Bsidhr @A RRRAZOBEEddTIDE NPt Mdk wliRkaiyn 6CGHT i Ng
m crobi al organisns of the invention are constructed usin ods. wel |

hod
known i n PRAAREe-AQT SRR P e Brlicalian Ui eRBLiss, Bk B85 et one

nucl ei ¢ agh4o@IcediusRoam0aTI7LE NES BRBINEY792NZY D800I 16R6 St 8h 1S M0Fhdd46k.ent
amounts to produce aniline It is 10understood that the m crobial organisns

of thé i MPeNtY SacaiNo- dUPT-A79d Minglbee ashvels ellarvisreliablq prediglinns poihp pidericen
an"'ne-c@@%b%ﬂﬁ&%hﬁﬂ&g&Eﬁﬁﬁb&ﬂél@QQK@Hkﬂﬁ&ﬁ&eﬁ&ﬁ%hﬁ%%«ﬂ%ﬁﬁh&1 the
non-natural 'y occurring mcrobial organisns of the invention can achieve
bi osynthesis of aniline resulting in intracellular concentrations between
about 0. 2negempwREnalyetod (ggjtepiyfying and designingractaiolie pligratiogn et i on of

ani l i ne ib?os?xﬂﬁé’é’f's% aBGMA pRradals MMopBaldkik E%hﬁtét%ngq;a%%rl@(@%&ar@ét%g5 mM and
15 nore particul arly between about 8-100 mM i ncluding about” 10 mM 20 mM
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occurring mcrobla rgani snms of the I nvention. In so enbodi nent s,

cul ture copgPrerosss Which adepradece thsbhrgetqrodngh stpagificalyl fre drnmewothicgagimowt h or
mai nt enance (L - - [ it - escri bed
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osnnprotgg&gghpﬂﬁgbgfly, an osnoprotectant refers to a conpound that acts
as an osnolyte and hel ps a m crobial organi smas descri bed herein survive
osnotic stress. Osnoprotectants WO 2011/ 050326PCT/ US2010/ 053853 31 i ncl ude,
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ski |l i n infhenaion, anfat DiNdemanaoay expedmeytplelagt. OptKnock also computes solutions to

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

presence of gene additions or deletions. OptKnock computational framework allows the

construction of model formulations that allow an effective query of the performance limits of

metabolic networks and provides methods for solving the resulting mixed-integer linear



osnoprotectant suitable for protecting a m crobial organi smdescribed
herein fromosnotic stress will depend on the m crobial organi smused. The
anmount ofwoapopisei2ect ant in the culturing conditions camCihaS2010/0538ghnpl e,
no nore than about 0.1 mM no nore thap,about 0.5 MM no nore than about
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more t had SBURTS PR SReus trd TonRrone feb e raR BT son
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condi tions can jnclude, cul ture procedures as wel | as
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parti cul aphyossgefdulkiichniealids, @fo7t he bi osynthetic products of the invention
can be obtai ned under anaeroblc or substantially anaerobic culture

condi tions. As descrlb ein, e exe | .ar ondltlon for
achi evi ngAI‘BFhB’éWH’r‘é"énga n}fﬂ iP5 1ﬂ"élt Sl&‘i‘fﬁ%%’ﬁﬁ% [FrafipRs fgyoring
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Briefly, apaaiobi®3k08ehiRi @BSIUnef 182000, 28 iPiREK-P0RE PhieAEV Pl Bh NOXYygen.
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gquantities of aniline. Generally, and as wi th non-continuous cul ture

pr ocedur &§ PIOCRENICRAEPBRANENE 50326 PCT/ US2010/ 053853 32 conti nuous and/ or
near - cont i nuous production of aniline will include culturing a
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particular application., It is to be understood that the continuous and/or
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culturing the crobial organfsmof 10the invention-is for a sufficient
peri od ofph¢rotswetcan by edieted.a suf fi ci ent anount of product for a

Given the teachings and guidance provided herein, those skilled in the art will be able to apply
various computational frameworks for metabolic modeling and simulation to design and
implement biosynthesis of a desired compound in host microbial organisms. Such metabolic
30  modeling and simulation methods include, for example, the computational systems exemplified
above as SimPheny® and OptKnock. For illustration of the invention, some methods are
described herein with reference to the OptKnock computation framework for modeling and

simulation. Those skilled in the art will know how to apply the identification, design and



desired purpose. Fermentation procedures are well known in the art.
Briefly, fernentation for the biosynthetic production of aniline can be
utilized wo,20ficnsokanpl e, fed-batch fernentati on and baPCh/GsSepansissdn
fed-batch fernentation and conti nuous paration, or continuous
fermentati on and 15conti nuous separati oh. Exanpl es of batch and continuous

fermentati on procedyres are we|ll known i e art. | dition to the above
f or mont atBATERSET Een gt St R DoiSeoans b Rt RBabdic on o
cont i NUOuSodRX A isinNatdh cEmpsh@ihhal @dmEtalt dntlin@shoas wamkhdwitin tidwee. ani | i ne
producers al so can be, for exanple, sinultaneously subjected to chem cal

synt hesi rogequres .t onvert th roduct to 20 other conpounds. or the

ot oduct. o mbaodeisrind abe shll ey EabratelieRoEurlPe g e Bhq R v

subj ect edf t@heheidbiCaithit GR\er @ n@lbblic Modiviestiontcherepiloiduciesited paddaeras@pnpounds,
if de ireg, In some embodi nents, neth ﬁ% for r%ducin ani | ine include a
step of i°8Bsuary REpIartideingthe epwth plase REeaRIH 8 Paraytafiic FRFUONE &5 kB @hi eved
by means sofuist @skiveXdpiREdck Probléhh 816 WIIBSrbAfe the @dsbeigey Bérmldr ket i on

t echni ques, and conbi nations of these techniques and those descri bed above.

For 25a BRLIIEgHMeQURPrescnennesshah aitplysrecackyreagion Withinsthe patoZ Be5t9RS-can i ncl ude

the for magdn@fcffondPa &¢ bfred@iohs A BeiBFRRIIAGinG bereS VhDdRE itk enlifEP! ary acid
salts include, without Iimtation, acetate, aspartate, benzoate,

bi car bon&egicipadnyaathercachps islshagrally anaufomaicd neprieesy pgemplithedribdeighbenzene
sul f qpat Qorr@BEINr dRUE{ABAL With PRISPR&LGbasP hMQgPﬁ?&tﬁ%nshhﬂgtv%eﬁ ien%e@ %da’

mal ate, nal onate, fumarate, lactate, tartrate, borate, cansylate, citrate,
edi syl at encadgng|ganes; formate, fumarate, gluceptate, glucuronate, 30gl uconate
oxal ate, palmtate, panpate, saccharate, stearate, succinate, tartrate,

tosyl ate ppd icfeﬁtiiﬁédl,ldé QAL fons ElalE Fre to MQGfhdd BIPR2 @Pﬁ{e}r@&%@dﬁ%ﬁ%ﬁ?? 33 To

generate better producers, netabolic nodeling can be utilized to optimze
gr owt h cdpgietipesiact axbiailldog ted am the taspet jsell ersaghnison kielwngfionglehwuiivookdfut s t hat

pat ent _potrwBEbtee Bl b FEREIL Bed BB GRS GRS s
2004/1607 27188ve Bt 3isQHBOT 9Lthe tﬂ;@;@@@@ﬂ i9 lm Sﬁatbna]lrﬁ dadbsngci@limg/ glaﬁé) Qﬂg\g?vgtB? (r; ﬁ .
U S Pate . 7, Sl.S . .
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ef fi ci entinghudigh) Giriegameé, nanatlonndeletion ef eouiptotyateionaducired proglotesror cddirdidgy i ng

and desi gni net.abolic alterations fayoring biosynthesis of .a desired
oroduct. FUHE ERRREEO R AR TP Sl oo Ay T pumrer OF

Bi ot echnabcatiBisOaRgse 186t Skfral®é, feADDR)ij lesOpiindd keleSorsofmet g@laekdt cammdel i ng
and sjmul ation 10prqgramthat suggests gene del etion or disruptian

st r atdgi éléef‘f‘]hgot‘ e?%%ﬁ‘gt‘”%ieﬁ fa@é#éf‘isgg?nltvfél?ea‘iﬁ’l“@% ASIY S S R IHh I oHen

over pr oduggeit A& ekstngdelesiiRdue becuppeci fical Iy, the framework exam nes the
conpl ete nmetabolic and/ or biochem cal network of a microorganismin order

0, Suaest, SeneLL IR L TR LIS oree Lhe, JepyT et biachon cal ¢
product i ayhioM 14 16 BlrtheBsc@MrRedcidRUG Bistibl @lmRgitont hpdifilatmel that can result in the
biosynthesis, including growth-coupled biosynthesis of a desired product, an optimization
25  method, termed integer cuts, can be implemented. This method proceeds by iteratively solving
the OptKnock problem exemplified above with the incorporation of an additional constraint
referred to as an integer cut at each iteration. Integer cut constraints effectively prevent the
solution procedure from choosing the exact same set of reactions identified in any previous
iteration that obligatorily couples product biosynthesis to growth. For example, if a previously
30  identified growth-coupled metabolic modification specifies reactions 1, 2, and 3 for disruption,
then the following constraint prevents the same reactions from being simultaneously considered
in subsequent solutions. The integer cut method is well known in the art and can be found

described in, for example, Burgard et al., Biotechnol. Prog. 17:791-797 (2001). As with all



15gene del etions or other functional gene disruption, the growh sel ection
pressures inposed on the engineered strains after long periods of tinme in a
bi or eact owOl2eHds50326i nprovenents in performance as a res®CT/USROWINE3SS3

conpul sory growt h- coupl ed bi ochem cal g oduction. Lastly, when gene

del etions are constructed there is a n %Iigible possibility of the designed
strains reverting.to their wld-type states because the n el ected by
Opt Knook S SAEPDBILL A 1t BhoTe R o AL RgeHOHBS ORKRIRY or e, ¢ hi 2
conput at icomphtati@hh@dedvagy fg atetddelidisedklihg agd dilanhtiord etihkyerabi Behat dfve

pat hways that |ead to biosynthesis of a desired product or used in

connect i &FURINE FedUALnAH HLIFERUYF SPTRPIH oA apiNgS HPeraar APPISH AR 4 for furt her
opti m zatch@PuBfion] REYRINRSHA! 18fowa ifl B laf @b IR Bt exarhié, 8fithVhen®t Knock is a
termused herein to refer to a conputational nethod and systemfor 25

nodel i_.ng cel lul ar netabolism The OptKnock programrel ates to a franmework
of model sﬁl&ﬁﬁt i%&?ﬂg?fla'%er?lﬂé %Wé?‘é“‘ﬁ%ﬂoﬁlioéﬁ‘%rﬁn@%é”’t‘lﬁla? B8s into flux

bal ance aralpedtzalfyRoduciadedi®d pldigseincRis iRiobliSatbi ehuligg of bARXBABE £,
qualitative kinetic information, qualitatlve,regujatoré)|nfornatiqn, and/ or
DNA i cr SRR CBIpEriprEEp Seraty of ep e by oreaaisBrneBRyed Ohager beidmdlich
various nRERRA|EGidH OPh&EB e cb@puBXRAIhAhodsid@QLEA] NGeih BV IHdX boundari es
derived through flux 30 bal ance nodel s and.subsequently.Problng.the

per f or mardaatifigaiiop gndimpiemeatigpn ef meiahwiclezodifivations Upt ersddroblied byyara séideli t i ons
or dejpet i g%, RLKDAGK (SHRERILBE §ANRLn ¢ AFRVRL & AUARNS oiSicGRAs Lo iCt i on of
nodel fornulations that "all ow an effective query of the performance limts
of net abatdledenter unnipde, additiqr o winelesmere bivspghdtispadphy prrymehand/aduictiprag

or obi erm. kel SRy iR AR R MATRE ey AR b B SPRET %o e

as Opt Kndektiar.e descri bed in, for exanple, U S. publication 2002/ 0168654,
filed January 10, 2002, in International Patent No. PCT/US02/ 00660, filed
January A i i i 10, 2007.
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al t erlat i emsrobialmtwerys indsemtlheat owaps ddircvmputaginally predidigd makgnuan-getwabol i ¢
nodel i ng i ti t Iy i ny(r) . This tationa
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No. PCT/ 503/ 188 filed June 13, 2003. SinPheny(r) is a c t at i onal
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of a biological systemto define sol ution space that_ coptains any and al
possil e 1&3%@?%“8%8?‘?&%“@@g%‘ﬁ‘f*’r‘i&%ﬁ@ﬁl‘% reﬂ‘é%?é&eéﬂléltlf’%o%té{%@??@mza ter eby
det er m nipaglén MangLoRt tRlskradiagtdcMbdsisedh tharantopembl @bw@isc@liosstem Thi s
approach is referred to as constraints-based nodeling because the sol ution

space i s "efEfinASEVTk QEHEeduss e bisthemicad of IR EiRFRaEt Sick HiiBket Py Biasas- t he

i ncl uded gneaekkpnpoas. well as reaction thernpdynam ¢ and capacity
constraints associated with maxi mum fl uxes through reactions. The space
defined by these constraints can be interrogated to determ ne the.

phenot ypi‘t? B aaBFPictioBstrighe Skl coff MeRPelE B3P 6F sPoMTd ©yidandim sstenttl it s

bi ochgM Gahes GHRANDNE Eath&?l%%%@ LMk @picORdally ARPILEMIE S, BrexaRNS IsEent W th
bi ol ogical realities because biological 20systens are flexible and can
reach t h@asamublieagions Up 0G24 2% ¥ ﬁ@@ﬁfo%é%% UBi 2004024204483,
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fundanental constraints that iving systens nust face. Therefore,
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networ k nodel via the ti constraints results 1n a reduction in
t he si0ze tlpfbitelnd OptKnock problem provides only one set of deletions. To enumerate all meaningful

solutions, that is, all sets of knockouts leading to growth-coupled production formation, an

optimization technique, termed integer cuts, can be implemented. This entails iteratively solving



25sol ution space, thereby enhancing the precision wth which physiol ogical
performance or phenotype can be predicted. G ven the teachings and gui dance
provi ded wereimsoi2iose skilled in the art will be abl e POTA[SRIIY/0§3853 OuS
conput ati onal frameworks for netabolic gndeling and simulation to design
and i npl ement biosynthesis of a desirea conpound i n host m crobi al

organi sns. Such taholic 30 nodelin nd si.mul ati on. nmethods include, for
oxaml o @E R At B (B S anue Butn p i OB S BRan g Py tiing

Opt Knock .cutr@kadhlilettsibh,ak dRusedd dbbe:. 1 nventi on, sone net hods are descri bed
herein with reference to the Opt Knock conputation framework for nodeling

and sinulatjon. Those skilled .in the art. wll. know how to | he
St 11 ARSI oA A T AE s hi G et vaos o Ao BufbE din bl
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the set or netabolic nodification can result in a desired product as an 5
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reacti ongc@i§ Jf ARWynR of Plotdid AA/dr QedrBiRe B InGMAbry@RHKRO L RGN, @B 8 sS the | |
provi de the aSSOCIaged gene or genes encodi ng 6ne or nore enzynes that

cat al yze a@dl of eaegqtiznroghlewrn the set of reactions. ldentification of a set
of reactions and their correspondi ng genes encodi ng the enzynes

par t i@ paideRGet dpiifRalofk fREbl AileSie @SRMRIIRL! Yidfle AMNARRL 8h RIWRSEBSpproach
acconpl i shed through 10correlation of the reactions with a reaction

dat abase Ur¥IvAlcathe 1U9iding KT puisEewdeaclehPyrpecinerne it odeTg igemesand@ice
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achi eve production of a desired product are inplenented in the target cel
or or ganitkedeyglopment epdbimillengingtiop f snsidfe gh-thequghpus seregpeneensgaye ddi Alyveach

met abol i ' i.1:hi i as o]
15achievgm%ﬁﬁ%%#%ﬂgﬁ%%ﬁgQﬁ%gﬁgﬁg%?e%ﬁ%mgggg%%gkﬁééy)?Qﬁﬁghﬁgﬁgpggﬁ of each
encodiSng ngygageneskdomd vaecningriygoatly arstri@noakto affordoareniendyettedptioniadd t o di srupt
t he reacti r etic ' i di ng, f.or tation,
del et | on PBPor By 4 ERy AR PRI A PP ! RO o s R R o

r egul at orasohact tees developtayartdroan sighilfioantlg fredubethe adinbg of enpyerceriats @mpneed a

nunber of Jocations. These latter aberrati s, .resul t.i i | ess . than tota
Geoct on abS fbrapdRng (360, by REEFTH e (RHabE Ry Ben R ot
assessnentos rfﬁ'fevxtsl'@le (Hillbljak | ltieng., @Eon@l.l&’h@dﬂ@t—l@(%)OﬂﬁHggsﬁﬁn and IlMI@rﬂiegEnet ic
reversion.is less li to occur.. To identi addi t] cti

o oD ondioduaie tn s Bt P AR o fevialcogdeianiots: b Bl CPLIRLES ), o
further saispefs; DaaciddMsxt BiostbsEAIT: 09 (T0Bs 2hak isen emdi Ajgati ons that can

result in the biosynthesis, including growth-coupled biosynthesis of a
desi red presdaedionatmedm L3t SR Dbideaacive at srEtE SEgEr B Bbrgen s
i mpl ementgede mihbes IRE PQE sRERGBERSpPlYedi th BleatnbMSbder® O ¥ WRE range of properties
across many enzyme classes. Enzyme characteristics that have been improved and/or altered by
25  directed evolution technologies include, for example: selectivity/specificity, for conversion of
non-natural substrates; temperature stability, for robust high temperature processing; pH
stability, for bioprocessing under lower or higher pH conditions; substrate or product tolerance,
so that high product titers can be achieved; binding (K,,), including broadening substrate binding
to include non-natural substrates; inhibition (K;), to remove inhibition by products, substrates, or
30  key intermediates; activity (kcat), to increases enzymatic reaction rates to achieve desired flux;
expression levels, to increase protein yields and overall pathway flux; oxygen stability, for
operation of air sensitive enzymes under aerobic conditions; and anaerobic activity, for

operation of an aerobic enzyme in the absence of oxygen.



t he Opt Knock probl em exenplified above with the incorporation of an
additional constraint referred to as an integer cut at each iteration.

| nt eger cwWoO 200M80328i nts effectively prevent the sol uti oRCpUSCEHUWOSISSS r om
choosi ng the exact sane set of reacti og% identified in any previous
iteration that obligatorily couples product biosynthesis to growh. For

Cpeor it ed PP et BTG b e RIGhAY P Pt PGk Buon o™ "

const r ai Rkndi@at aestr&eplepdfeesmaﬁdcifmra:az;frﬁ@nsbei gh&dshd Wanaoualy eansi der ed
in subsequent solutions. The integer cut nethod is well known in the art
and can BEIFGERARS HhsARY Yebest fan '?redlrsefbs?éﬂfﬁq aad/opptyaizgthe pctiyity of g gilennol

Prog. 17 th%?Jvai Sifzy (@ Q0 BioteifASSubh nfbrrdlil inc MR, 20idké AR ABAREET EMRA0 153853 36

met hods described herein with reference to their use in conbination wth

t he OFt KABEKUES APYPaTOB! BV aipBRsie T Tedhe HediapdiPRA polyBerasginditdt si nul at i on,

the int eQ&Icu&rHt(Pﬂ%ﬁe{}@Qt A5 7 Tﬁ&‘#@&d’z@ﬁ%@?’@@@%ﬁsﬁ) 'Eﬂo&%?&%'ﬁéﬁm%m}g ational
anal ysis al so can pl i th other conputational frameworks well known

in the arAmpliichtundi (ﬁ@RC bwheiaa&mméar St eReCPy)a WiBTtharcat plagimidéscesaphs f i ed
herein a|t111 Fﬂfé cjﬁ&?% &H%tdl&E‘g@L gg(ﬁluh%%s@@&g%ng@lmg?%h&tg"ﬁfnka% @&%’tﬂé petd cal l'y

produce a product ing t I'i'gat ory coupli producti on
of a tar gletlecbndemre mbegiald applofol Wit plasoni¢y fadinvhd by trayéorpetidn ioto ce}lsga rwheain the

engi nger e L e | g{ﬁﬁ)c&lahhgd At‘?l%géﬂa %P%ﬂs ﬁ%ﬁ?{n af z%ﬁ%eeé ALl 4P 32 C gﬁdb%ﬁané he

conputati-ona descr erern | ot
i npl enmenthafii @nl. dVatnl%b&iDO] 2493 a8V tZOGéL)t),l]DNSWEambaSlmfﬂnthIMéh efglcblg/y an in

ol £ oatrSRE BRSO AT SRS ARl Y ot G ghatt ot ebol €
bi osynt h@m@ata apma/a)y ra@ 0y Magmamdlheararé u:agse]mb]ea.by dy(ﬁd’sld)lﬁhmrﬂllnfgfand BeeMionTOr €

met abol i ¢ reactions | u for exa sruption e etion.

0 scussed i auserct b st it Fotior DBy NS B HR HTER B Ul se t hat
nmut ants 15cad S aisal1: esnoaiss (089);hed Siainee Nd:mwareissd-bEi oz Btkatrednal | y
predi ct ed. maxi F]StE%nowth phenot y Bts when subjected to | ong periods of

growth seEaHPR whtch eptayiieprRlate g ag ilIgwedby Pt aslesef JHgaiRm s

ability t@msRhio@Réd Hazeryunde Huﬁ%rﬁ&ﬁahﬂ&hﬁé/@ﬁ@d&ﬁﬁs(as shBR aOptdEnatiso bt Amrewor k
allows for the exhaustivé enuneration of gene del etion combinations fhat

force a dwhpliendgrpel wleh2dieheriReadonplyaine ticepmbingios éRPR ovkiph Baded on

net wor k- St Qe fddl IRES He ust®o 2QEARNhASGAE DRI RfonRRl BRbIARAGH (6 AR TG
knockouts requires the sol ution of a bi | evel optl m zation problemthat

choos®s tsemengtol gfe tpplaigdShaegt el dvsleueiistRea £6:6hL -0 (1HY)- gr owt h sol uti on
for the resulting network overproduces the biochem cal of interest (Burgard

et al., @&Et%ﬁﬁﬁﬂéthod@ﬁ&ﬁﬂg HeRfod IEX ‘fl@gorﬁtg&%%ﬁ)ln wAkhiifedzbd fRsSil @Al OMBL i C

nodel of E. coli netabolismcan oye to identify essential 25genes

for met ablé@dtef@mhﬂmwp%esehwrﬂ rnemained p PesasseRai(Yolkgs stali Nedeid Acids or
exanpl e, S 1 / 63, US
2004/ 0029 49 U%E]?g%?zl? Wg%l%%é&{ljsﬁ/[%%(o) %@@9%2%3%% 4%%6%?%6%%§§Iﬁand us
2004/ 00094BBeraganesii e UaicnPAtmpitehNRAGLHAY, v@iieh cossoydi %@b@b@@nwetaepmand he

Opt KnQck et i ons

I eadlryrglg tsgg%%&mgu \(/i\jita%f sfng%@ﬁ%%fep#ﬁ\g@ g?ﬁ 5)g(#ocgg’déielé|Nr9ler§)PO @ her , the
sol ution (ﬁJO130Red®albblet1@mehsmmorl(ﬂmowtqmlrtabplem ﬁ?ﬁw)d\ehnclmmtgdlsaﬂeplstet of

del et ons. To e | utions of

et
e oekour S el MG iy o RO st st s bt Shunflisbe®Fe, ot on
t echni quesDNAIfﬂigﬁhentthgaﬁ a poil f tee@mtésemerﬁn hevemoed. CdihlySs 261 Ei- 1259

Iterati V?&(%B?)?bgéerr}grate Oligonucleotide Gene Shuffling (DOGS), in which degenerate primers are
30  used to control recombination between molecules; (Bergquist and Gibbs, Methods Mol.Biol
352:191-204 (2007); Bergquist et al., Biomol.Eng 22:63-72 (2005); Gibbs et al., Gene 271:13-20
(2001)); Incremental Truncation for the Creation of Hybrid Enzymes (ITCHY), which creates a
combinatorial library with 1 base pair deletions of a gene or gene fragment of interest

(Ostermeier et al., Proc. Natl. Acad. Sci. USA 96:3562-3567 (1999); and Ostermeier et al., Nat.



WD 2011/ 050326PCT/ US2010/ 053853 37 the Opt Knock problemw th the

i ncorporation of an additional constraint referred to as an integer cut at
each iterwDi2on/0se6di scussed above. As di scl osed her ei npCa/useelo®sissaci d
encoding a desired activity of an anili fe pat hway can be introduced into a
host organism In sone cases, it can be desirable to nodify an activity of

B RN LR Pt PR REREE PR ol o

enzyme Cahzges (MIOIUCHY),iwHich i gmﬁlraf:@dmgmeé@ it psshofbREUNEPs are
Addi ti onal | é optim zati on nmethods can to 1 ncrease the activity

o onasetio sPRsEBRA N At M iade g RRcEs 2y e SE Bt M sffen

exanpl e, HR6MEAS® hdifoddddrr¥dobiie @&nBEURLITY @nd YA duffling AANE aBUGH..
optim_zation method is directed evol ution, Directed evolution is a powerful

appr oach Natcddn¥a! Yk % hig4p il 5d gt o Ragdonnhitig iMspaenesisy (BOHUY): frowkic peci f i ¢

gene in Qfflont Madd Wk OMR RALFAOwRHbE 5cr&éﬂ?hg%@ﬁ@t?d’ntfbletﬁoééfrelﬁﬁhn%%Mﬁ@ | mpr oved
and/or altered enzynes can be identified through the devel opnent and

i mpl ementgiviyABeRAG S pli. iBiaindi kts- 221%%@;905)) Serleasnd hyuraienlyiagessisal | ow t he
aut omat edg %ﬁmeﬂaﬂ&ﬁfnu@&)é d@%&%ﬁ DARbA RS ago?lrof?meﬂll tl?ﬂ'%gﬁentsluts ative

rounds of mut agenesi s-and screening typically are per orrre to a ord an
enzyne wr@ﬂdompncr(qu@dmmf apkosphabioatCongentide puhdéavagegwhich mmsed et tewahtehel p to

Identlf()fyt(?‘% é}%lﬂ o ees?(%c%%?“f Qe MPUALENES & 1 R1RQ %"%1%118@%% O?EXﬁioglﬁgd and can

si gni i cant! mber  of enzyne vari an
gener at eatoamldmg@omp}amdnt Neereand o bda;enemrp}:datmnmlndl,tqomeqmmm rrmhtm@mems ((Waarg been

s Sht i P SRER oS e i R e AT A o

bi ot echnet ﬂgy\nalnﬂwskerm es1: p@751897(1(7(953)48y1¢tﬁ&ﬁ78)huffl?@g eJhlo(hedes)qveﬁﬁ@ngr ess; Oten

and Quax. _Bio 9 Sen et

31 ochom BIBTRERHU: Sassnad brosbai shahie dyoney Bripdes) virBpver s iy di ver se
vari ant ldiesay if@She s’hﬂﬂ]eﬂ@&%@n}n@leb@éiﬁl hestepibrREMos 20Gess 1285l (Yompp! i ed to the
i nprovenent of a w de range of properties _across many enzyne cl asses.

Enzyme chucketidsixchings apdExcision, bechaelney Norlovhigh sirlpisra combaatian sydUH; r ect ed

evol uti onpdoffelivh @dictRd 'b?@rlaétfi@nt “mlrur@efmmeglycggllﬁeaﬁd/ﬂh&ﬁ/ﬁ ?&ﬁﬁﬁeftbm ty, for
conversion of non-natural substrates; tenperature stabi f or robust

hi gh t emperamendppingoNAdaggentationsiMidier eta)y, Nacdgic A lé%@c&%hlﬁgmﬁaer | ower or

hi gher pH conditions; substrate or product tol erance, so that high product

titers cannhe naekide¥eside BequdhdaH ke gy- nna@ﬂeﬁahnngrotyim&%ﬁibnﬁu@ummm@)

bi nding to include non-natural substrates; inhibition (Ki), to rermve

i nhi BOt i dWBigh aligkrat wed & {Beifitats fagion brtwepitwg dishingy rﬁé@?%%relaée& gepes; ynd

(kcat), taQaﬂg@%'f SRR ERs RIAHIREH GethBALHE AR g'eﬁ&se feshifln d‘éﬁlhlb?é{*%s Qﬁs‘ih%]@ Qro@éo%‘r
expression levels, to increase protein s and overal | pat

oxygen sthabtildsu(t?lyberfebﬁl e Banteadnolot?: ‘éﬁ6r4%>é2\(éqlﬁ)| Géneemeﬁﬁé%atwnc}éwaﬁéﬁ%ﬁ%

conditio in
Che hhsancasand, BNARKPR: CuRak blet AR NGRaL BT SO AR-ARUINR RV

exenpl ar plmtdmglw m@etrand evebwpead whish atcrdegenet e tieesdesiralsge of

diversific e [ r QP fic enzynes.
Such 2§fet hougs Oﬁ?% etZI%Fﬁ ﬁ/[et”%d% jajnz%ﬁ'ols §§§§ 1??2@‘@ @%yh&ﬁ%ﬁ?gl C}%%&Abf t hese can
be used tMutadehedis @itMowhwpinvelvzethe e dchorvoligonodleddide aassdtten@ pplbdwibyitednzy me

or prot elrgglon%'lwcl&l aqg}gg %gélbérnglp(l)]sgl%le amlgo b sercllgénce Ialge]r}ltlo(ljls Efeicﬁaeﬁg&somiaf h
Methods Enzymol. 208:564-586 (1991); and Reidhaar-Olson et al. Science 241:53-57 (1988));
Combinatorial Multiple Cassette Mutagenesis (CMCM), which is essentially similar to CCM

30  and uses epPCR at high mutation rate to identify hot spots and hot regions and then extension by
CMCM to cover a defined region of protein sequence space (Reetz et al., Angew. Chem. Int. Ed
Engl. 40:3589-3591 (2001)); the Mutator Strains technique, in which conditional #s mutator
plasmids, utilizing the mutD5 gene, which encodes a mutant subunit of DNA polymerase 11, to

allow increases of 20 to 4000-X in random and natural mutation frequency during selection and



5 introduces random point nutations by reducing the fidelity of DNA
polynerase in PCR reactions (Pritchard et al., J Theor.Biol. 234:497-509
(2005)); wonerrgspizae Rolling Grcle Anplification (epRCACT/UMR010/053883 simi | ar
to epPCR except a whole circular plasm Q is used as the tenplate and random
6-mers with exonucl ease resistant thi 0|f)1 osphate |inkages on the last 2

nucl eoti des. are used t the plasmd followed b sformation into
o 151 n ik aropibtnppl g bopBSeP B EEaa St outibt PR LRy i 1 e
al ., Nuclagpt EAGrds MRe8bhio 387844342 00M) )); ladvdethall] 7.iM &t Bial 260:N3L368Br ot oC.

1: 2493- 2497 (2006)) DNA or Fam |y Shuffling, which typically involves
di gestio Bt wo or nmore vari ant genes with nucl eases such as Dnase | or
EndoV to generate a pool of random fragnments that are reassenbl ed by cycles
Iof bannealp%dagﬁaﬂctxaxple@sh@mbdigmcudme 1 poleTRidGEh mtams@giwgrms 1§9 ® CB eate 8

I brary of chineric genes t e Proc 15Aca USA 91:10747-10751
(1994)‘5y i EmemyRoal N&%‘iﬁ‘?%s %“?‘g‘ngg’@t BYPSe f@%ﬁ@tﬁ‘mm&% wpoRa R LS 8k
(StEP), whik&ahd &hihakdi8s (RapRl @E, Mok Wandakel bovesh by :sepsay edocysl@seof 2
step PCR with denaturation and very short duration of annealing/extension

(as shor Reggemblyerhich BrdoNashyfling Hméhod Uit spraitpelicd tgrbigde oS (LPOOBYY;
Random Pryj; p &Qaté?@faﬁgmbf@; bpamuﬁgﬁ’ﬁ)mulme WiaB8nsh BNAGRISBGHERGRLRI | MBr'S are

1
used to generate nmany short DNA fragments conpl emeﬂ%ary to different
20segmentgnelfeapssmblyetrpl GRE" (Tsphaglogy seplied Wu¥ prenigmAeirpiyatiag ip 868 Proges
(1998)) . pd htAu%?aJu Dﬂﬁilﬁ&}j%lcﬂ% tllﬂ?}aﬁ()ﬂ’ﬁ Rt (38 GREBHIAL d étﬁ@mréug whi ch
|l ineari zed plasmd Is used to form hete odupl exes that are repaired by
m smat ch dp@lpf&hprfotélv@hﬂ@vnea‘!oS@ISSlng\lumr@‘rlt},ar/f@lﬂc@dR@scheﬁ%qeqrse ¢p098y amaed Vol kov

e e R R

25si ze f rnmst ¢f&navaly)on pbtegisvglheknstvn &netedinﬁfm@or(ai;smmyes((ﬂam eedl., &rac, NiMat .

5 21eE gy 5, 0 o, SRR B g e

strands fifvoimep rusmig ksowladgdehud s@mmellﬁﬁeumf tou:hd)(d;B b &ikély @llffﬁﬂor s&ﬂﬁélmp@gﬁmﬁ S used

as a pool 1(%f te tes Lee ec. Catal ﬁsis 6:{11% es}l %2003))
Degener atf&" G Go 1“5)8 ‘Haegeﬁ%?ffeat §?ﬂ§?‘? ik er’fém% BEES) e CHY

prinmers azlﬁ((aﬁnges@dathghnemhnmégd@&pa&e@mgsemcth@tmlrm)@rwﬁ@sand( lﬁa{ggqui st
and G bbs, Mt hods Nbl Bi ol 352: 1%1 204 (2007); Bergqui t et al

Bi onol . Eh’?jpr??e% (%@‘?ﬁ) oveppigpthersitg pnd COpMpHE TopPRLinzY @%@@Lj‘ﬁtw“y 18

| ncr ementaghievBiURERE &1@N, XQr PRR. @8@18903(7(Q0(§77f) A ekl cENZ WARSy. ChdiHY). Eawhi ch
creates a conbinatori al I|brary with 1 base pair deletions of a gene or
gene Xr ad8ht> 145 WP €¥0)(Ost erneier et al., Proc. Natl. Acad. Sci. USA
96: 3562- 3567 (1999); and OCsterneier et al., Nat. WO

2011/ 05034/ REMH - UEAOHH DaEBRShSR B R EMBMN canbé udodQPonb20Hh dnd 9@ pihation.
Thi o-1 ncrenental Truncation for the Creation of Hybrid Enzynes

(TH O | T&gtionglhyi &y ¢ne of pombiggtionof fhy diigetedevoptiop Risthoghaa MR FtHiiBat e dNTPs
are used cB@ 19&1'8@Rx@tﬁq%d&ﬂulv&@@@ﬂﬁt%&ec@lh%@s Rlde@dribed N4&hei ¢ Acids Res 29: E16
(2001)); CHY, which conbi nes two nmethods for reconbining genes, | TCHY
and DNA shuffl ing (Lutz et al., Proc, 5 Natl. Acad. Sci. USA 98:11248-11253
(2001)): Random Drift Mitagenesis (FMIPLEL which nutations made via epPCR

are fgl | owed by scrggirhdBiosgiRslsiugih fémhﬁﬁéﬁo&@%@k%%c%@' e activity
(Bergquist et al., Bionol. Eng. 22% 72 (2005)); Sequence Saturation

NUtageneS|s SeS random nut agenesi s net hod t hat generat es ool of
random | &R %MES ‘S% fs"?‘llﬁratu%ﬁg%nicﬁ%ar BE%HBIPWPB@& % %ﬁé?lﬁp‘gat e
nucIeot|@gngaﬂﬂgﬁgéwgquﬁwhg@h is used as a tenplate 10to extend in the
presence of unlversal bases such as inosine, and replication of an

i nosi ne- onta ni n | enment glves random hase |ncorgorat|on and,

conseque W”C)Hﬁtc lﬁr’r‘é % alifgeigrenisg) o engipesr epgibway ysihgthe gnaymes 5008y . \Wong

et al., NuGdRb6k A@drgﬁlaiaggsnthé’sa 84 fodedBRAdrisnARMy WO N g a@inoben%mé Bi ochem
341:187-189 (2005 . Synthetic Shuffling, which uses overl appi ng

ol i gofucicabPrdEse astpyRsIEweendoad! Prayiflespesnet hest dpngepasiiing amntnaw&élf/s

al l ows  a o¥&fdnd¥nffoorganism capable of producing aniline. E. coli is amenable to genetic

manipulation and is known to be capable of producing various products, like ethanol, acetic



15di versity for the shuffled progeny (Ness et al., Nat. Biotechnol.
20:1251- 1255 (2002)); Nucl eotide Exchange and Exci sion Technol ogy NexT,

whi ch expWoi20s1/6026nbi nati on of dUTP incorporation fol | eaedspyowsisas ment
with uracil DNA glycosyl ase and then pi geridine to perform endpoi nt DNA
fragnentation (Muller et al., Nuclerc ids Res. 33:ell7 (2005)). Further
met hods |n de. Sequence nol ogy-.| ndependent Protein Reconbi nati

(SH Precr T S Eicgeld mepcyae FOEaTRGREhoin i Grao T BR BerRBen t wo
di st ant | yori@li@lsed or unrel ated genes, and a range of chineras is generated
bet ween t he tmo genes, resulting in libraries of single- crossover hybri ds

(Sieber kﬁﬁ? ot echnol . 9 456- 46 200%)% %k Saturatron
Mut agenesi sg?Rﬁri‘tE%s ! SURIR Rpnegse tﬂé”%dt”&er? PHstca 4oy §nr<rﬁiergd crgymes
super coi lueitlzddah tHeelisstos@deth aNA destsibNPyrefibasyratt cxpRbsall M Agodno idits@kitedand
two prinmers which are degenerate at the desired site of 25nmutations (Kretz
et al 2, MEFRgHLS s ulgr Riglogy [50R1gUCs E5HEPHERBPIC a2 e fHPEL:

Mut agenesist; (Adeel saphid, 0099 RoBkwes at Reps®8of. short ol i gonucl eoti de
cassettes to replace limted regions with a | arge nunber of possr bl e am no
aci d sequence. alterations (Reidhaar son et al. Methods Enz

208: 564- gg“én(‘ti@ﬂ%ymeéh‘ag ?’dfﬁ% m@ﬁh?‘c%rore‘teteé‘rlogﬂgé FRABIES sy ey ‘%ﬁ"?‘“‘(dlt%S))
Conbi nat @rddate dikHitidapl Quabiaes ol banMibagene siethtCiaMinobidrosh ciibo8sgent i al |y
simlar to CCM 30 and uses epPCR at hrrgh mutation rate to identify hot

spots an&dﬁwﬂcﬁeb?ﬁﬁgpgﬁ@ eH%HWé%eeﬁgr ﬁ’ﬂ?n CNERPRIOPTEGR PCSy SHEY 45 'regi on
of prot eiMaRIasHEMGRIHRAGR I RBRIrExyBEnzBicns. TRNGSVS ar@@l%ﬁéd ih@dtihe F851BNGEtor

40: 3589- 3591 (2001)); the Mutator Strains technique, in which conditional

ts nut at SExpEpsayRESzhoimi Grpamg updes tha it/DElagld REomAti e plasaidiisdransimimednt
subuni t g, BARAINIRE 2361 ki phRudthd P RFERBRER AbroOnt Broft¥R0m 10 random
and natural nutation frequency durrng sel ection and

2011/ 050326REF regsized o @8 B85 ngsihirop khisnmewhelitat i on of deleterrous mut at i ons

when selection is not required (Selifonova et al., Appl. Environ.
M crobi ol %uﬁﬁééet@ﬁéﬁly(egggée}éd or Y‘én?fs céllturedr}l oldBle coBlafling B&Ra359- 3680
(1996)). Additional exe ods include Look-Through Mit agenesi s

(LTMLS wHplkhvipgpracasliiss i M@mrndh%ﬂrm &yenaspls, StEbred ot Hatures®8bes and
optim ze i I i t al.
roc | KatTe R aaon g I g bR B A BT AR ARk TARERY (Lo 1
a DNA shlsriﬁtrerrninglgrpebrhqdld@ betressimn obenzapplid @d vity implidingp |fer egemels Mertherre tinme or

to create t ngl e gene
(Tunai ¢ W ERESEALE Bty BBl RLATIOM, b PR Bl B Mgty Bl
Cor por at |eommes iare @nflmmd uFimg tesiys sperifdefor gre mhvldum}lyraoum(ld%DA)le almhlycdﬁ thes an
Opt I I'El Zat I Olﬂee?‘e ltl Iglt?glltl El) I‘O(? r(llg ar(1)1¥1r? 1t I’(;lgl’lﬁSt [ gstl}ljrﬁ é as chromato raoh mnss
backbone Poisess 6 a arﬂ) 1K) “Sedr 5% 88&
am no aCIsﬁecﬁ’dﬁSﬁ’y ((EIEMSTkSr ltqlnﬁitcho@niat@tr@ihwmazesﬁeheorﬁ@ﬂydLam)over aI | pr ot er n
energetics, and generaIIy wor ks nost effectively on proteins w th known
t hr ee-di Structure d Sci . USA
09 16026 VB {asBsa RS bl B et ek by B8R E TSN i ch
15 i nvol viegmemsédiey dpnoaecgor officihr widizaie/df trgtaitonyt Briefpdeenginkérkel y site
for enzyne i rovege%é rfon%a g %Igratron nmut agenesi S gg chosen site
using a NHtASEHESH 'HOU UL REMSE At Agere T KA RGE TSt 4t 4hene;  San
Di eg@5CA)limisES @il Rgfrewloasd intigastO fordes éd7@the PEPRIII € Bw 18k thitShal gmicnpr oved
cl one(s), startbrng15 ver at anqgther site and continue re eatébg until a

8911

desi red A4 thg PHP R (Rreapplarintggductiqel ad@pighah gene sopoAuRss- ( 2007) ;
and Reetz et al., Angew. Chem Int. Ed 20Engl. 45:7745-7751 (2006)). Any of
t he afor araseoxraﬁéraeeettdmtddo&ss irerabomt mq&megissmom tbeptisied grwdtneonditions) any

conbi nat i Addi tion an at i of. the direct evol ution
ot hode. oaeat Saba S el S A e

descri be@adwae(see f@@%ﬂbl% ﬂJSZ@%m umeatﬁrr@mrﬂob%omg@lwmmmmbeogoat e as
t he precursor n of a mcrobial aorgani sm

capable &90‘59(88%9 o ?&Hr/ppr?gzagr%wéweé?@ﬁa%2%%2/91%65&3@6&83?&94/0009466

and in U.S. Patent No. 7,127,379). Modeling analysis allows reliable predictions of the effects

on cell growth of shifting the metabolism towards more efficient production of aniline. One



Escherichia coli is used as a target organismto engi neer the pathway using
t he enzynes am nodeoxychori smate synt hase, am nodeoxychorisnmate |yase, and
4- am nobewgcati@seR2éar boxyl yase as shown in Figure 2. E. PCOIUS20009538ds a

good host for generating a non-natural I4% occurring m croorgani sm capabl e of
producing aniline E. coli is anenable t©0 genetic mani pulation and i s known

to be capabl e of produci.r arious. products. |ike hanol , aceti

2011/ 050 o 5Bl Snt s Bt prigachi Hotffler webechind”
succi ni ¢ BEdngine&f 886476551 (003NH&hicADAHPRKI t6 s€lEct Bbr @3RIt cORGiidlYNs. To
generate an E. coli strain engineered to produce aniline, nucleic acids
encodi ng T¢HY IRPepsTRedustipp pLandine, Adgpiivgicxelpiinetsosan Raksrd lagengakdiclited

previ ouslpyoduddr€ oS kR eREHRE thdinferm&@id, ch&ishiie Hesl frethcbaxtifNt ARG wel |
known nol ecul ar bi ol og% t echni ques (see, for exanple, Sanbrook, supra,

2001; SAustiplationsig ppriormed impreyl dpthrewth gnd prodygien chayggaisticsthengmadi ve enzynes

in E. colp,s6anvhe copdi 6t ©96-965d\@b&f) OARBON 1. 7Y RS 45285 066d PhIAAUSRE: t 0
produce significant quantities of p-am nobenzoate. Further, 4-am nobenzoate

car boxy| yadhke rggHp.\subspqecanropadsi of gendplineagadti¢ engoncetyee apd pdamivegvalyionsauci ng

the appr @prL a8 (IGRES G f"t%f&{ﬁ%?' 10..Cand; L from Sedi nent i bact er
hydroxyben§l [?cué. The 15%%@5 gre C ontlané i?\etc% thté PZE13 vector (Expressys,

Ruel zheim Germany) under the PA1l/lacO pronoter. The plasmd is transformed
i nto t he heelametsicplaptodpctiop of pnikine: diepeqopbingal Bganpnhivic HobehiRGHemenisT BSiRg ess

the ppot &i AR S RRAY MRSl 6 Q%Bé;t()ﬁ%g{vﬁﬁ PRk biARisRYRENSHASHiE QRukidhs$

met abolite. The resulting gene y engineered organismis cultured in

gl ucose demcaiatiopngarerpefamed M5ithe 4 aghnigdhrick etiemésuane njankatownadrebi¢ he art

(see, for I - - : r - i t he

bat iy SOEMATRaF: BRIBEPON et Blaine BLRER Ui onhonFHRE AR Rl |

det er mi nivagelpoly flegks icaebeesepled with @ nepoum endyrivag-ap) ablidrvderabic ¢onditiugk g,  f or

Exanpl e, cyﬁ)gtlﬂﬁ{z?d %lz [())r%?iﬂ% P%m%ﬁ%!)feffér 1af1tli & %er%tion%@ﬂ (%‘EIHenr%b u%ltisI ng.
nzymati c activities o e ‘expressed enzymnes are confirned using assays

specilbi ¢ niabtaibéteatiapdli ofi7chyaliliyiomof dnvictd, agh ad HeS@biThe provol ratdie d2Brnéngi iyeer ed

E. coli strain to. duce aniline i conf i d using HPLC a

Chr omat odtadithe hRul! SRy Sa S0 aBaiES it (T G and e bt g Pk e o

s p_ef:_t ro rreﬁdn)'/tﬁlﬁﬂ.gwﬁ)o_ n s%ﬂuﬁé aﬂ@ne@b? swrﬁims B@'ﬁ@hﬁwefa@g a$ ﬁhdh;ﬁra;aleaﬂq‘oua@,;drguned

ant | I ne sy,nt esl| S, pat way ar urther au nte y. 0 timzati|on or

a1 cf onttidtany Baibars b fe b ataias PR (el Rt nER s S, | s
assessed (BRRASL &4ifd NRIWARE ifex AOVCISH fof f1BcRX MURNISIsARNA RigegXbLSSEd at a
rate 25limting | evel. Expression is increased for any enzynes expressed at

| ow 1%8veloszapisafide drin £f afi Brofastndal Bigeng- RPodgH 7Y FO0Dat hway by, for exanpl e,
i ntroduction of additional gene copy nunbers. To generate better producers,

net abol i orhigdRbuc B dpplitkdoh v@shs pEbIRREINThER: HERWMittee0MN dTRd BRtfosulbehésdy i s
al so used to design gene knockouts that additionally optimze utjilization

1€S1. g : ) y €
of the paRUPNE{odRHerrptireussaippiuding GeaBankand (H npmpgripubliqaiions. ashaglyn/ 0012939,
US 2003/ %ﬂ%@ﬁed l&}geference in this application in order to more fully describe the state of the art to

which this invention pertains. Although the invention has been described with reference to the
25  examples provided above, it should be understood that various modifications can be made

without departing from the spirit of the invention.

Although the invention has been described with reference to the disclosed embodiments, those
skilled in the art will readily appreciate that the specific examples and studies detailed above are
only illustrative of the invention. It should be understood that various modifications can be

30  made without departing from the spirit of the invention. Accordingly, the invention is limited

only by the following claims.



30 2004/ 0029149, US 2004/0072723, US 2003/0059792, US 2002/0168654 and US
2004/ 0009466, and in U. S. Patent No. 7,127,379). Modeling analysis allows
reliabl e woeditspzzns of the effects on cell grow h of siRCUSAELO0R3SS3

met abol i smtowards nore efficient prodggtion of aniline. One WO

2011/ 050326PCT/ US2010/ 053853 42 nodeling nethod is the bilevel optimzation
appr oach, Cptﬁﬂka Burgard et al., Biotechnol. Bioengineer. 84:647-657
(2003)), whi ch 13684 ?gﬁ to sel ect gene knockouts that collectively result
in better production of aniline Adaptive evolution also can be used to
gener at e bett ér Apraachaoeslly @tyrrihgmicataapirgnisih eommtsargradicaba] oghdsismat e or
the product, anilijne. Adaptive.5 eyolution is perfornmed to inprove both
growth and“ps %ﬂ&fﬂ?ed’rﬁ‘thé”ﬁéfg‘é‘l’%ﬁl‘?gﬁti P PESHECAMNG "BEF'S 40 engudine aE;é‘Pfg‘Pe

36: 1056- pab&af 2004k expged inetf suéticient Had @D eeprddide Am6he, 156 8ni(iZ0Rthway Based on
t he r%sults,,subs%%uenh rounds, of rn)delingl,H geneti.c engineerin and

adapt Pve “BPBTHES By 2L PHEOY P pIP eI S AR AN ERIT RO BYE DB 2Rt her

i ncr ease apiRABSH LRHsmERyds@r ge- scal e production of aniline, the reconbi nant
organismis cultured in a fermenter using 10 a nedium known in the art to
support grow t he organi sm under anaer obi c ndi tions. Fernentations
are perfornedqiﬁL%P?%%?mgﬁ%%FBﬁ@gpgﬁp%ﬁﬁgﬁmﬁ?n Fnly SPLCHSOMPEINg Anaer obi ¢
condi t i OMSARP gynimkNt ai ned by first sparging the nediumw th nitrogen and
then sealing culture vessel (e.g., flasks can be sealed with a septum and

crinp-cap). Mycrpaerobic conditions alsp can be utilized b roviding a
SralT hot e 1 of IPRRBR GafEae TeO bR SRRt R R 4R nad at a
pH of107 Ryzyatddiclct @ frof ANdagidquisate Byntigisd1d Skhy drbgui @it OMhRdBAtE a kisikimate
determ ned by neasuring optical density using a spectrophotoneter (600 nm,
and the §F nﬁ5Pé%%m?%ygnﬁymﬁﬂﬁb¥%ﬂﬁﬁﬁed&%ﬂ@ﬁmg5HP8Eaéépletion over

tine. By@h&%ﬁ&ﬂﬁd@&@h4§ﬁm%€@§ﬁﬁﬁﬁﬂhﬁa%h§Qhﬁhﬁnm&kgﬂﬁkﬁ.aCidS, and resi dual
gl ucose can be quantified by HPLC (Shinmadzu) with an HPX-087 col um

(Bi oRad), wusing refractjve index detector for_ glucose and al cohols, and a
UV detector fdr @68?15%W6h>é‘&‘ica’§ln€El?l?ifoé‘ﬁl %E%l{lsrrs?fo‘gaé@ﬂw efe}n&éﬁgm@ 1 75-779
(2005)). oigglh@ﬂlgfbﬁiphsds W6 cRRPhduS alidIAB aMad d208 Sndddiak b aliliR SRy @nBer)

ref erenced. The disclosures of these publications in their entireties,

i ncl udi ng GenBa and G punber. publications, are . here incorporated b
P e, B N (gt SR R G Ry s A S S

the art toegammt‘d@n%hhe@ thrBY & bdds REIdi@hdE. cadd dldedighad Htlidepa@Rial o yirs been
described with reference to the 25 exanpl es provi ded above, it should be

under stood that  yari ous dificatiaons can be made wthout. departing from
Phe spi rit of b HAS P B RBReC kP GG A BERVRRET B hAC HESRUGRER  bed w t h
r ef er encexé@nbideudiealkids extoesioohifBRb Sychbidsfe Skihhicesh amMinbd@x@hbristhdid
readily appreciate that the s%ecific exanpl es and studi es detail ed above
are onl y Y35¢-38¢ p 4 PURPPERZOpI SAPRYAYT-on. It shoul d be understood t hat
various nodifications can be 30nmade wi thout departing fromthe spirit of

the i2oventi on7. Aaeashiaghly odch@ink MMeBbiabstgarssnh bidldied , @Mbigindyidtrhierobial | owi ng
claims. WO 2011/0503%6PCT/U82010/053853 4

organism comprises four exogenous nucleic acids eac}?{ encoding an aniline pathway enzyme.
8. The non-naturally occurring microbial organism of claim 7, wherein said four
exogenous nucleic acids encode a DAHP synthase, an aminodeoxychorismate synthase, an

aminodeoxychorismate lyase, and a 4-aminobenzoate carboxylyase.

25 9. The non-naturally occurring microbial organism of claim 1, wherein said microbial

organism comprises five exogenous nucleic acids each encoding an aniline pathway enzyme.

10. The non-naturally occurring microbial organism of claim 9, wherein said five
exogenous nucleic acids encode, a DAHP synthase, an aminodeoxychorismate synthase, an

aminodeoxychorismate lyase, and a 4-aminobenzoate carboxylyase and an enzyme selected



What is clained is: 1. A non-naturally occurring mcrobial organism
conprising a mcrobial organismhaving an aniline pathway conprising at

| east onewexop#seirs nucl ei ¢ acid encodi ng an aniline paPiRAS2E0053I883
expressed in a sufficient amount to prgguce aniline, said aniline pathway 5
conprising a 4-am nobenzoate carboxyl yase, an am nodeoxychori snate

thase,_and i nod horisnaie | yase. 2. Th _natural |
oecur i ng M aon A BRERaT R e ST foat BRE s Asping i dRepeS

synt hase.or a quinate/Shikihii€: deBidro@intdeah bhkio@eWinad g 3nphosphoitakin@tegiani sm of cl ai m
1, further conprising an 10 enzyne sel ected from a 3-dehydroqui nate

synt hase CAROBVIIAR 565 AR Repspale sYHdse: a shi ki mat e dehydrogenase or a
gui nat e/ shi ki mat e dehydr ogenase, a shi ki nate ki nase, a 3-

phosphoshi ki mat e7he sa@rdoueywi seyhikih g isdretialseganaftbfalad al wWhdreih8aid yiease.

4. The non-naturally aoccurri m _crobi al organismof claim1, wherein said
m cro iaFmﬁ?ﬁ§WW§ﬁP%%ﬁﬁP?§§§' ‘ﬂ%¥ﬁééﬁﬁﬂ%a%€cleic aci ds each encodi ng an
ani | i ne pat hway enzyme. 155. The non-naturally occurring mcrobial organi sm
of claim 1, wher @hdm@aiathriiiycicolirial midrgteinl dgantangiciaady, vhéreia seidagenous
nucl ei c aci ds each encoding an anilijne Eathw@y enzyne. . 6. The

non- nat uP4rAY GECEIRS M PEBMSEN biRgaPLinUa @aﬁﬁoﬁﬂc&?}ﬂt%é}ﬂ@‘iuﬂl said three
exogenous nucl eic aci ds encode an am nodeoxychori smate synt hase, an

am nodeoxychorl8saha@hddfasgrpdaing ilde adonipobiag zdairiag dermboxyluydiseccuzfile The

non-natural |l y. occurring m crobi al or.gani of aim1l erein said
i er ot arnpbaf St ekt ot R i Bt S BRE P RS di ng an
ani |l ie patihway enzyne. 8. The non-naturally occurring m crobial organism
of claim?7, wherein said four exogenous nucl eic acids encode a DAHP

synt hase, an 1 nodeo hori.smat e synt hase 1 nodeoxychori smate |yase,
and a 4-am noggn?@%‘f“@%‘i?%&?@i&@&ﬁ%@?ns’l‘i’%a]ﬁ%ﬁ? FEtE4%1 1y occurring

m crobi al organismof claim1, wherein said nmcrobial organi smconprises
five exogenoud5niibd metbodcl demeacfurtbercodiprigingam anying sdequalt fiway 3enzyne. 10.

The non-naturally occurrin i grobi al .organi sm of . cl ai wherein said
(1ve exoganinarimtirrisd feMuirgRate (AR Praful oot hEL &1

am nodeoxyhesshikimdieddytbbane:, a diikanaianse)xyspaspeakikende/ase, and a
4-anH80ben oat e arggﬁé%ygge and an enzynme selected WO
2011/'95053BPETYEEHI61205 3BE 8PSl YDA yehy dr oqui nat e synt hase, a
3-dehydr oqui nat e dehydr atase, a shi ki mate dehydrogenase or a

qui nat e/ shi ki mat ehdebyiod oyedimsis, whersihiskitl mai-eatkialgs&urrng3nipfobmphgshiskismat e-

1- carboxXVi | transferase, and a.chorisnmate synt hase.
11 a substantially anaerobic ¢ulture medium.

17. The method of claim 13, wherein said microbial organism comprises two exogenous

nucleic acids each encoding an aniline pathway enzyme.

20 18. The method of claim 13, wherein said microbial organism comprises three

exogenous nucleic acids each encoding an aniline pathway enzyme.

19. The method of claim 18, wherein said three exogenous nucleic acids encode a 4-
aminobenzoate carboxylyase, an aminodeoxychorismate synthase, and an

aminodeoxychorismate lyase.

25 20. The method of claim 13, wherein said microbial organism comprises four

exogenous nucleic acids each encoding an aniline pathway enzyme.



11. The non-naturally occurring mcrobial organismof claim1l1, wherein said
at | east 5one exogenous nucleic acid is a heterol ogous nucleic acid.

12. The rmwo-2nat030Rbly occurring mcrobial organi sm of clParS201083858i n sai d
non-naturally occurring m crobial orgaggsnlis in a substantially anaerobic
cul ture nmedi um 13. A nethod for producing aniline, conprising

cul turing the_non-nat ural .occurring mcrobial organi sm.qf clai nder
condi 11 ons and ' 5 2B pidyBrg BTy fo Fraep g drons cuh ohRM § RaH?

14. The nreithad @fanthaiedytBorfsthateR@fith &0 aaranshigod chitdMagypisbame a 4- 15.
The nethod of claim 13, further conprising an enzyne selected froma 3-
dehydr oq@MRabenzeyiR cHALYaSe-3- dehydr oqui nat e dehydr at ase, a shi ki mat e
dehydr ogenase or a qui nate/ shi ki mate dehydrogenase, a shi ki mate ki nase, a

3- phosphoshi kinatke thethdd oatlaox y3/ inhytein Anshefddse oreaiich @o@pck @t € synt hase.
16. The method of claim 13, wherein said non-naturally occurring mcrobial

or ganPs merEeNRPsAUgigls e pach enspding 48 PBINE PRV DU e di um 17. The

met hod of claim 13, wherein said microbial organi smconprises two exogenous
nucl ei ¢ aci ds 2eathe aabodongaimr2awhdrein aif dity b wage iz yii®eic 20dLencddeer IDeiIRod of
claim13, erein said mcrobial organi sm.conprises three expgenous nucleic
aci ds eachn %86‘&aﬁﬁnagﬁo’%{ﬁﬁlqr}sﬂléteﬁéi‘ﬂth%ﬁfné‘ﬁ}%’ggxyc orismaedyasgyft-pt hod of

cl ai m 18,amifiBe@okite $abox ik EerdenRY IR 10KE OhCa REIYErogliaQdeyrRhae, a 3-

am nobenzoat e car box ase, an .am nodeoxychorismate synthase, and an

|
ami nodeoXGerBETHesty s, o Fusmale Tk dsRBE bt dunsls/ ikpmaic ehyEoEenes; d

”iPrgbiahsﬁ&ﬁﬁﬂéﬁﬁh@Pﬁpbh$@§mﬁﬁﬁﬁm@¥Qgﬁegﬁﬁnmﬁﬁaﬁhgz%&iQ&uﬁ@ﬁﬁe@ﬂﬁ&gkng an
ani | i ne pat hway enzyne. 2011/ 050326PCT/ US2010/ 053853 45 21. The

met hod of claiim 20, wherein said four exogenous nucl eic acids encode a DAHP
synthase, an affi hBTRERYE NS F ket WhaginsHd dbleash AneaoRBRRbRIFAiiat e | yase,
and a 4-1@M§dm%gg@g&ﬁg¢%d§grboxylyase. 22. The nmethod of claim 13,
wherein said mcrobial organismconprises five 5 exogenous nucleic acids
each encodi ng _an anilinﬁgﬁathma enaéy?. , 23.. The netﬂgﬂ of .claim 22,
wherei n said £Pve ORIGEHINOCHIT P& ETbE! qeRapiNEothanRaisHA @ ASY SN

ani nodeonyGhOn Siifdceatal REmErisiA bt AILAC SR AAR MuEBB hed k¥@IBe a8 afiline

am nobenzoat e carboxyl yase and an enzyne sel ected from a 3-dehydroqui nate
synt Has e PARWSY CRIYH GRIGFh B ASUHIRPH RS & Pradush piiipm sdd aeiiyoridyetiase or a
qui nat e/ $BinkidRE £ S HRRISAASE and an anthranilate decarboxylase.

26. The non-naturally occurring microbial organism of claim 25, further comprising a

DAHP synthase.

27. The non-naturally occurring microbial organism of claim 25, further comprising an
20  enzyme selected from a 3-dehydroquinate synthase, a 3-dehydroquinate dehydratase, a shikimate
dehydrogenase or a quinate/shikimate dehydrogenase, a shikimate kinase, a 3-

phosphoshikimate- 1-carboxyvinyltransferase, and a chorismate synthase.

28. The non-naturally occurring microbial organism of claim 25, wherein said microbial

organism comprises two exogenous nucleic acids each encoding an aniline pathway enzyme.

25 29. The non-naturally occurring microbial organism of claim 28, wherein said two

exogenous nucleic acids encode an anthranilate synthase and an anthranilate decarboxylase.

30. The non-naturally occurring microbial organism of claim 25, wherein said microbial

organism comprises three exogenous nucleic acids each encoding an aniline pathway enzyme.



10a shi ki mat e ki nase, a 3-phosphoshi ki mat e- 1- car boxyvi nyl transferase, and a
chori smat e synt hase. 24. The nmethod of claim 13, wherein said at

| east onewexopeseirs nucl eic acid is a heterol ogous nucl @CE/UsCH16/053853 25.
A non-naturally occurring mcrobial organism conprising a m crobial
organi sm having an aniline pathway co ising at | east one exogenous

nucl eic acid encodi ng an iline 15 pathway enz .expressed i.n a

SuTT ot ent amgant D B IHBHOBEP ST RF RUTOuE G G S A NES L SHPEFS ng an

ant hr ani leadé@nsysmubidgacidnehcdte aphMPasththadecard@@imk)sh@Bise and an antidbnilakhe
non-natural ly occurring mcrobial organismof claim25, further conprising
a DAHP syfRfaRpxylase. 27. The non-naturally occurring mcrobial organism
of claim 25, further conprising an 20 enzyne selected froma

3- dehydr oqui nat eThyidnhaseallyeocdurdi@l o bl cginandaityahh 26 asierei A sad inkdromile
dehydr.ogenase or a .quinate/shi ki mate dehydrogenase, a_shikjmate ki nase, a
3- phds pERAISRY SEPESYS FQU CROREPHSITYFIEIC4RST BACh SRCOINSEN NERGPIIMARL 28Nt hase.
28. The non-naturally occurring mcrobial organismof claim25, wherein
sai d m cr obi al33 oThaminsinugapiccseiag idoldXlageinsusotliih 82 cwiaediflsai¢amh encodi ng
an aniline pathway enzyme. 2529. The non-natural | curring mcrohial

o gani SrSPRaTISS HCuhgiaet SP T o ma oguhbn MABF SYEhE adn BROOHE. an

ant hr ani lsadtBass Wit iamehratidicaRcapdflaedi | at e decar boxyl ase. WO

2011/ 050326PCT/ US2010/ 053853 46 31. The non-naturally occurring

m cr obi al organi of claim 30, wherein said. three exogenous nucleic acids
encode a DAHP- Sy Rehaeeranii DLaeeiriag iy B yrisinsel T 2R S R 40
decaripoxyhasgenous nucleic acidB.a hEgolo@is Aadléle adilly occurring m crobi al organi sm
of claim 25, wherein said mcrobial 5 organismconprises four exogenous

nucl ei ¢ aci ds ea encodi an anil ine pat hwa . .33. The
non nat ur al |y 350t LG e BB ERe by GRS AFTES, viareip st @ our
exogenouatitidly@ccuiriugd €Rradi otbaniam3s dehybitaguilnaiaerobiy ruIas eredi@amDAHP

synt hase, an anthranil ate synthase and an ant hranil ate decar boxyl ase.

34. The non-natural | curring m.crobial. or ism.of claim?25 wherein
said at least pooderddEnahi Mt coudrst SMRElE e s b R *aci o
35. The muitrohiat arg@lidny oaithr2Si ungertoadiodisahd tsrganifisfnoferioll af i b, prdiee ei n
sai d gon-n@hurally occurring mcrobial organismis in a substantially
anaer'obi @t ur e” medi um 36. A method for producing aniline,
conprising culturing the non-naturally occurring mcrobial organi sm of

cl ai m 25 unden7cohdintihodsf @aioh F6dtrtieer sethpristigenib Ageryabhseof time to produce

15ani |l i ne 37. The nmethod of claim 36 further conprising a DAHP
synt hase. 8. .1h t.h f.claim.36, further .c i SiRg an enzyne
sel ected fronﬁé'§§3%8%9%?%%%P%§t@mgéﬁ?HQE%Sg%“ }&g%§ﬁ?%%ﬁ%ﬁ§?g dehydr at ase,

a shi ki netkeyddepjdrecogathasea Dilecladgiinat etlsldrdisaat shikiedty delygenesss orsa shi ki nmat e

i nase, BB RRRRRSRSHIR Sk ARSI AR YA ANR R RS and @ chorismate
20 carboxyvinyltransferase, and a chorismate synthase.

39. The method of claim 36, wherein said non-naturally occurring microbial organism is

in a substantially anaerobic culture medium.

40. The method of claim 36, wherein said microbial organism comprises two exogenous

nucleic acids each encoding an aniline pathway enzyme.

25 41. The method of claim 40, wherein said two exogenous nucleic acids encode an

anthranilate synthase and an anthranilate decarboxylase.

42. The method of claim 36, wherein said microbial organism comprises three

exogenous nucleic acids each encoding an aniline pathway enzyme.



39. The nethod of claim 36, wherein said non-naturally occurring m crobi al
organismis in a substantially anaerobic culture nmedi um 40. The

met hod ofwol2aims@®s wherein said microbial organi sm compCTAS201RE88X0genous
nucl ei ¢ aci ds each encodi ng an aniline4pathmay enzynme. 2541. The met hod of
cl aim 40, wherein said two exogenous nucl eic acids encode an anthranil ate
synt hase and thrani | ate decal boxyl ase. 42. The. et hod of cl aim
3o, wher el n s el i BFOBH B OPGan T ET R S ORI SR GRG  ef o aci ds
each encasimgsyaihasd)iah b Brapiditd¥yayhag whylae anthdB1d0 ddbaBoRE2LPCT/ US2010/ 053853
47 43. The nethod of claim42, wherein said three exogenous nucleic

i d de g,DAHP synth thranilate synth d thrani| at
decar boxyl ase -+ 1h¢ el O G B wBhe b SRy S o o1 obi al

or gani s meg6J¥AsUsTRSleicQUiks ExBGRMALIS aAuailliat pataeiydszaach encodi ng an aniline
pat hway enzyne. 545. The net hod of claim44, wherein said four exogenous

nucl ei.c aci ds ,encpde P.synt hase, an_.anthranil ate synthase, a
Anthr dni 1t e dscapbos Rk REp Rl (SRt B At 1O TR DA et o
synt hase sym@hae dabhayithi o ki R@idenselah iaihaihase deartekylkdermat an eelyd vadgeabBaenar a
qui nat e/ shi ki mat e dehydr ogenase,. a shikj e kingse, a
3 phosphaskid TS g Rl B e Arao ae Brlshycnspse eyt nase.
1046. TheuiieihattiRde 6haiFhdhise, WoEk@iaf 1§56, 293 plos@fkhiRid@ekogenous nucl ei c
acid is a heterol ogous nucleic acid.

carboxyvinyltransferase, and a chorismate synthase.

10 46. The method of claim 36, wherein said at least one exogenous nucleic acid is a

heterologous nucleic acid.



