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Bl OSYNTHESI S OF P- TOLUATE AND TEREPHTHALATE BACKGROUND OF THE | NVENTI ON

[ 0001] Thewpres@tidiinventi on rel ates general ly to bi osyntoettiseopoomesses,
and nore specifically to organi sns having p-toluate, terephthal ate or

(2- hydr oxy- 3-met hyl- 4- oxobut oxy) phosghonat e bi osynt hetic capability.

[ 0002] Terepht hal ate (al so known as terephthalic acid and PTA) is the

i medi at e precursor of pol yethyl ene terepthal ate PEE%, used to nake

ol ot hi nMIEBOGRCANISHS ANDOETAEORS § QR dM IS BIQS K BIIHESISIRE N BT N
Nearly all PTA is produced froNPaFEREPHITEALATEX| dation in air in a process
known as the Md Century Process. This oxidation is conducted at high
tenperature in an acetic acid solvent with a catal yst conposed of cobalt
and/ or manganese salts. BACKGROEND OF THE INENXTHINpet r ochem cal sources
and is forned by high severity catalytic reform ng of naphtha. Xylene is

al so olpe@ilhed Thegmestitanypyntioh ydatss ggasally nebisgyngdant processegphd tharest eam cr acker

and by tol uene dispr.oportion. [ 000 t-effective hods. f or generating
e dP ST B RHSRS it st o CuPOR Tt O GO AT fone and. of hes
ar omat ingoRIEGSHFIREponatk didddhtHEd dayaldegr aded by sonme bacteria. However, these
degradati on pat hways typically invol ve nonooxygenases that operate

irreversibly in the _q?gr(f\dative di rei‘ti nce. biosynthetic pat hways for

PTA ar 08V er el enhfhalaicilsgknpwa a e Ff@ﬁgéciggn RGhis &bz ymacdiate, pregirsor

[ 0004] A¢ E('Sl? SRt RLBRMESPET) Use AN dRsthifl Uadifs, pRkSOLKIQWRIRFen as a
p- met hyl behzoate. P- Toluate is an internediate in sone industrial

pr oces peslty decdradditiyei Narryoail BTA ps pyptensd fiom RTAXylene by osideieondn ajrnn ar medi at e
for pol il L,z&lsS:, ibCi des, ki ght...sensiti n il feed
upp! SRS R 5p HEM B AR PEICEES T Sy B e R BB Bern AT o1
sol ut i an acquictacidsatvent witlaa sahlyst cainppdey 9if odtadyiandlor inangparcat salte sRaravkllnais

meltin oi of 275C.. M crobial, K catal ysts.for synthesi zi t hi s. conmpound
from sdgare B‘ftHlfggm‘r‘fg{ﬁ&_“%% el OTH‘ééE’V?‘b%‘cer%_}{}ﬁaﬁt@Y“T BYthels, there
exi st s ngpfIRL X {10ke i8hls6 LBt rofPthb BB lysRroa8fling Glréane s RipAHGlcRS EQRBE! Ci al
qguantities of conpounds such as p-toluate or terephthal ate. The present

i nvent iabthby edyose disgroppit¥nneed and provi des rel ated advantages as well. WO
2011/ 094131PCT/ US2011/ 022046

[0003] Cost-effective methods for generating renewable PTA have not yet been developed to
date. PTA, toluene and other aromatic precursors are naturally degraded by some bacteria.
However, these degradation pathways typically involve monooxygenases that operate
irreversibly in the degradative direction. Hence, biosynthetic pathways for PTA are severely

limited by the properties of known enzymes to date.

[0004] A promising precursor for PTA is p-toluate, also known as p-methylbenzoate. P-
Toluate is an intermediate in some industrial processes for the oxidation of p-xylene to PTA. It
is also an intermediate for polymer stabilizers, pesticides, light sensitive compounds, animal feed
supplements and other organic chemicals. Only slightly soluble in aqueous solution, p-toluate is
a solid at physiological temperatures, with a melting point of 275°C. Microbial catalysts for

synthesizing this compound from sugar feedstocks have not been described to date.

[0005] Thus, there exists a need for alternative methods for effectively producing
commercial quantities of compounds such as p-toluate or terephthalate. The present invention

satisfies this need and provides related advantages as well.



2 SUMMARY OF THE | NVENTI ON [ 0006] The invention provides non-naturally
occurring mcrobial organisnms having a (2-

hydr oxy- woebhy481 oxobut oxy) phosphonat e pat hway, p- tolPCatUS2@ateay,

and/ or terephthal ate pathway. The invention additionally provides nethods
of using such organisns to produce (22

hydr oxy- 3- met hyl- 4- oxobut oxy) phosphonat e pat hway, p- toluate pathway or

t erepht hal ate pat hway. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0007] Figure 1
shows a schenmatic depicti oAUMMARYeQEABIEINVEET KWy to (2- hydroxy- 3-

met hy1- 4- oxobut oxy) phosphonat e (2H3MAOP) from gl ycer al dehyde- 3- phosphat e
and pyneboal e. FRRntgh YoolRl AGhNAenL Ty BARSRALRrodiBrdaisms having a (2-

1- deoxy- D- Xyl ul ose- 5- phosphat e and 2NME4P i s

Cret hy hydyosy-gtinethylettoxpbyiess phaspbondte pathway, @r tolyaty paixpays prd/ bitseephthBpteDXP
reduct qi rase; d .2 P dr €. | Fi gur h

enena G B s ol A0 AR Ty u B P i BEG 2-

p- t ol uabéroxEaayeteel-aoaibu{ody)phophbiyde patBwele px ypinasphbhapiraaaplehsyat hase; ( B)
3- dehydroqui nate synthase; (C) 3-dehydroqui nate dehydratase; (D) shikinate
dehydr QQ%Wg}ée (E) Shikimate kinase; (F)

3- phosphoshi ki mat e- 2- car boxyvi nyl transferase; (G chorismate synthase; and
(H chorismate | yase. BRUpPOISECRPTIONOF THE DRAWINGS

(2- hydr oxy- 3- met hyl - 4- oxobut oxy) phosphonate; (2)

2, 4- di hewh7pxy-fHguret RibwSa sdhphasoien@ion by ae bty lax paewdy earoxydate; (3)
1, 3-di hydr oxy4- net hy1- 5- oxocycl oghexane- 1- car boxyl at e;

4
5- hy dr S8Ry X BPbRBEIA GREX MU drom glz%ﬁrﬂeifwdaﬁenh(oér)é)ate and pyruvate.
3, 5= di Rys@riQ ¥ dBitfAY ﬁmfdsﬁmesDixpegq:%ebﬁy;l.lmggyguﬂo%.%phg@h?%ﬂaM&yaécnet hyl 3

l
- (phosphono~oxy) cycl ohex- 1-ene-1-c arbox v ( -c arb oxyeth-| -

en- | - ymatheyD-deyHhetidiyt-ghospleds ployoos yied pe Potfesynthase (B) PXEaedictoxspherase; (8) 3-

[ (1-carb =lsen-1 -vyl)oxy]-4- methylcycl ohexa-1, 5-di ene-1-car boxyl at e;
and (9)an%@)?ﬁu%%lae&&[yéﬁé%fﬁ gure 3 shows an exenpl ary pathway for conversion

of p-toluate to terephthalic acid (PTA). Reactions A, B and C are catal yzed
by p-t ¢0ak] e Mgy R-shownooxhgmatsdepi@nuof as exendplarg alttroxty blekinydte pdthwinolo

dehydr ogepase _and 4-car ybenzyl al dehyd ehydr ogenase, respectively. The
comouRa B oAPPS o AR R o AR RERe 1B & ool + (%) 4.
car box yibgrea|usiel hage -dégideRtmel dety@aiash; iki dehyd ;

2011/ 0334.131(§>dcn ulfws%/gtll/ 65%346 l.g[.@m LED .s?:RF é’% Hcrie—“teTﬁ |T(K§7£§|STG|’85\|)

[ 0010] Phikippte kbwse: (AVERRgspReshikimateBcqaehpxy vy landerascy (O af@ripnetd setthass: of

cells [ i ' hat i ' i .

I o R e e e T R L
The resl 24 didbgdoryedethelr @l (phospliomakntctiat Jormtead airbexyprait; Hday $-doandrdxe-

ot o uar ARt EERT MaPaTe e ST, B S RS LR st S S BT hanac e i n
Escher iceibaylee] (5) a5 dlipidiedy-£ aletts 1961088 BrhS MartBk Pis Nty 6tHyarqkadiethiyon of
p-toluate, terephthal ate or (2- h%dro y- 3-net hyl-4- oxobut oxy) phosphonat e
can be ScBRIPReROEXVGY dehet -eher |-sHPeRYIaer @) Sl HathomyethHernakd Defhdd-wethabol i ¢

genot y B&phdPE&HoNTIFAMxCab iy 1-8A8b088E.88) S8l arRkyQh 93D BYBo@1S0 can be
subj ected to adaptive evolution to further augrren%/ p-tol uate,” terephthal ate
or (2- myethydsyglodexeet hydiend-1-axladxytaox php O pphlvawt e bi osynt hesi s, i ncl udi ng
under conditions approaching theoretical maxi mum grow h.

[0009] Figure 3 shows an exemplary pathway for conversion of p-toluate to terephthalic acid
(PTA). Reactions A, B and C are catalyzed by p-toluate methyl-monooxygenase reductase, 4-
carboxybenzyl alcohol dehydrogenase and 4-carboxybenzyl aldehyde dehydrogenase,
respectively. The compounds shown are (1) p-toluic acid; (2) 4-carboxybenzyl alcohol; (3) 4-
carboxybenzaldehyde and (4) terephthalic acid.



[ 0011] The shi ki mate bi osynthesis pathway in E. coli converts

eryt hrose- 4- phosphate to chorisnmate, an inportant internediate that | eads

to the biweyntiegizs of nmany essential netabolites incl udCmgis2011/022046

4- hydr oxybenzoat e. 4-Hydroxybenzoate is structurally simlar to ptoluate,
an industrial precursor of terephthali3} acid. As disclosed herein,
shi ki mat e pat hway enzynes are utilized to accept the alternate substrate,
(2- hydr oxy- 3-met hyl- 4- oxobut ox hosphonat e (2H3MAOP) and transformit to
bt uate. in add, 1 BRIMLAR MG RISTHRE SH I VESIION he DraMIOP
precursor usi enzynmes fromthe non-neval onate pathway for |sopren0|d

bi osynt¥Hd8i s. Tﬁ@mez]ﬂﬁ iBynger i dseist o hie design @%dégp@sctl%?f EhgPHbIZRRgNS

m cr oof from

Car bonyaray oL RieaERIGPIBIRRUR 1 b Al kAR R A B S

pyr uvaﬁ@xabetonﬁph@ph@dttet OltR-reppdts deogriBedntetrdiny mldac—amdbttunm@))hp metél]wlam@ﬂr@e
(2H3MAQP). | mat i ¢ st RS d e

Sromone sl iSRS p PSR R P BRI b 3 B bR M Ry e i

]Ehe ?]hl(ik-hmhrbey Baiéé:mw é%gtoEy)@h@dpﬁoﬂdte ﬁankcEér%uMcﬁcozz)a,ndBrhE@balBtoe oggaﬂlsble -
urther_converted to PTA by a m croorgani ee Exanple Il and Figure

WO 201ﬁlwﬂ‘stimﬁ%%PEPG@EQT%“&PIPTB@T§]OTZ7$%‘§H%§ WBEYG &@BP to p-toluate

requir %§olﬁﬁ'&<yﬁ;ﬂ%s rc%jb'@!:cﬂﬁlrﬁg&'by 8RR &io NARLR) ﬁsl'ﬁavu%ﬂ% Hé’@ﬁo@@l ecul es of

phosphoenol Ezr uva accord to net reaction bel ow. EP + ATP +2
NAD( P) Hctgbo gmo@zpeoﬂha‘teememb cally ongimeezd AR dP)rganisCORIspI420 bE Oiattctiio

addi ti i r maxi num
Fheor et Sl PR ul Rt SRS R b P B T neiioee i mus
car bon omamxye;dlofsphonetﬁ@mymh&m arclidiver asistegptitions appadacRinATiR®raicel consuned
per p-toluate nol ecul e synthesized, the predicted p-toluate yield from

gl ucos@FEMHNEPYBY / nol (0.46 g/ g) p-toluate. [0015]1f p-toluate is further
converted to PTA by enzymes as described in Exanple I, the predicted PTA

yi el d flomm gl unRsAikisate bAyitdsisPthwd.iBE. 84/8donvérs ér%ﬁos@ﬂ%ﬂlosﬂﬂa% toXi dati on
of ptoluate to PTA generates_an additional net reducing equival ent
accor dichgyisests. pe ipRATtappiatmediate shat fadntoghe biggyntherisof mgnpewentia\aApH + 2 H+

[0016] Mﬁg andigtat @ﬁ¥<fr9§yb%ﬁ£c@t{ey7£ﬂ LG8 @HnSafRs OfudihElPERRAS RS- Pat hways

are described in the t OVl Ng secti ons.
toluate, an industrial precursor of terephthalic acid. As disclosed herein, shikimate pathway

enzymes are utilized to accept the alternate substrate, (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate (2H3M4OP) and transform it to p-toluate. In addition, a pathway is
used to synthesize the 2H3M4OP precursor using enzymes from the non-mevalonate pathway for

isoprenoid biosynthesis.

[0012] Disclosed herein are strategies for engineering a microorganism to produce renewable
p-toluate or terephthalate (PTA) from carbohydrate feedstocks. First, glyceraldehyde-3-
phosphate (G3P) and pyruvate are converted to 2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
(2ZH3M4OP) in three enzymatic steps (see Example I and Figure 1). The 2H3M40P
intermediate is subsequently transformed to p-toluate by enzymes in the shikimate pathway (see
Example II and Figure 2). P-Toluate can be further converted to PTA by a microorganism (see
Example I1I and Figure 3).



[0017] As used herein, the term"non-naturally occurring” when used in
reference to a mcrobial organismor mcroorganismof the invention is

i nt ended WO 20rz094t3hat t he mi crobi al organi sm has at | ea®CTarseo1gonlé C
alteration not normally found in a naturally occurring strain of the
referenced species, including wild-tyge strains of the referenced species.
Cenetic alterations include, for exanple, nodifications introducing
expressi bl e nucl eic acids encodin? nmet abol i ¢ pol ypepti des, other nucleic
aci d ad¥18i onsTherrgryasien aciidP -t pasnisquines/oBe Aothh8Yo fedheing ediYalents  upt i on
of the i i i Lal - | £l i i ncl ude,
For exnpr s MUSASIFRARENS IRARPhScs PR pesoElk TR G Dy,

het er ol ogous, honol ogous or bot h het erol ogous and honol ogous pol ypepti des
for the reféPercll spddl e5NARIBIH i 8dhl Prnivdplupteat4 BirsADRcH 28ADPor+ €Qanpl e,
non-codi ng reguHe#®ory regions in which the nodifications alter expression
of a gene or operon. Exenplary netabolic pol ypeptides include enzynes or
pr ot ei MBI t hiAn addificalaUATR jis tequiegitt badtBdseze@¥3P from glucose. The maximum

(2- hydroxy- 3- et hyl- 4- gxobut ox sphonat e bi osynthetic, pat hway..[0018] A
ot ab o R OES G e ST B ] R RCHTE AP EIEPR o PRt TME Lok or e
fromi tRerBat Unddrlie AEGEHFTINBatSt AT ard B&IsBMOd Ber PHRNrfAhYIEAlIE YyrReSEd, it

m croorgani sns can have genetic WD 2011/094131PCT/ US2011/ 022046 5

nodi f i eEdidtksp-taduaigipicld; feony glugescan@ dmey meb{ Hog/BLrHdafpept i des, or
functional fragnents thereof. Exenplary netabolic nodifications are

di scl oggfl STer q.TB-:tol[lgg}Sqllllﬁﬁeﬂb%ﬁger{%@&@i’fAtﬁngz%rﬁ{s@s"dies%?‘ilb@d RExaMpRITHERA 10

reference to a mcrobial organismis inténded to mean an organismthat is
subst amtddadt¢dPFA gwldfromtglicesss Odrendong ¢hé® &/ cas It the cpsf theemslatiomdicr-obi al

or gani 311 1:3 f FHRGeA DAL U oTE of S DS A ALOR! L ngrdaghem that i's
renoved From sone of a1 conmponents as 94 Foard 70 1°t's” hat tral
environnment. The term al so includes a nmicrobial organismthat is renoved
from some op-talubte cODPONAD 'SDATA heNADHrabHAI organismis found in
non-naturally occurring environnments. Therefore, an isolated m crobial

or gani $001ic3 P atzye Qhindiduidl foi @y Aepaichted of tRPrefob&l pasibst anckscragdi t 1S
found in nature or as it is grown, stored or subsisted in non-naturally
occur rithBedPNAYIBHMRSHER: Specific exanpl es of isol ated nicrobial organisnms
include partially pure m crobes, substantially pure m crobes and m crobes
culturgﬁan a ARl Rl hatheit&nireidn Bahwd Bl dbuPiagtivhéibed [[PREQLAS téiged herein,
the terms "mcrobial,” "mcrobial organisn or "mcroorgani snf are intended
t o mearnigeyiabergampy oF trhaporgsisn of de imvoniier taeteprdcd te glchn thabthe inycriopigl uded

W thin o%g&ﬁisﬂl%'a{‘t%as‘?%n@g&{%ﬁgQ‘l’terﬁ?o%tn%'i h&ﬁ%‘il FHIEANY & tﬂ%&%fc%ﬁn Lgapermis

i ntendedto enconpass prokaryotic or eu aryo i'c cel'fs o organ%sns aving a
m cr os tlepeeraicedspends, iimdhdicewilbagtestnms ofithe hafe@namdpeidsa ciaaeii@aleiatming

speci es_as | | as .eukaryot.ic m croorganis such. as. yeast.and fungi. The
o m ardentor SRS ARG NPT BOGR T P aRle S0 X SRR Ry ¢ or
t he pr @dypeptiias, Othed nkilcic hEFaBdtiond, AAdit Asid UsiRBoMi&hBiloRothth@nétenm " COA" or
"coenzyme A" is intended to nmean an organic cofactaor or prosthetic group

(nonpr SisEFNtop of theamcrspiaharsansPriengifoseicitle Supfcmoflificatigs incluies F t he
act1vi fexarﬁﬁl?,%abﬁig%%é{md %ﬁ&%ﬁﬂ%g@%ﬂ@_}he}&ff@f ﬁ@t@rmog%é, M&n%gmf Byt em
unctron

COenzynE In certaln co ens| Nng enzynes, cts I n a ety or ot her
acyl ghotgplegoanaidhonamdzdun pblapeptidasiod theymtchmmsedsspanids. okddiaenabmodfigntionat e

oxi dati.on and in other acetylation. [0022 . d herei.n, the term.

o Dy b or kR RF o 35Tt £ b B AA N N B PR ng R b e
2H3MAORS a Bas drivpeohe Bkaaplafyahsbbolic pslypbsinds ifdluide @hifyened or Srotdinsdwitiinpgund can

al so be described as 3-hydroxy-2-methyl butanal -4-phosphate. .
toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate biosynthetic pathway.

[0018] A metabolic modification refers to a biochemical reaction that is altered from its

naturally occurring state. Therefore, non-naturally occurring microorganisms can have genetic



WO 2011/ 094131PCT/ US2011/ 022046 6 it is understood that p-toluate and
p-toluic acid can be used interchangeably throughout to refer to the
conmpound W0 2amy09ef3li ts neutral or ionized forns, includPog/useyi1s2adoue f or ms
thereof. It is understood by those skilled understand that the specific
formw |l depend on the pH [0024] As uUsed herein, the term"terephthal ate,”
havi ng the nol ecul ar fornula C8H404-2 (see Figure 3, conpound 4) (1 UPAC nane
terephthal ate) is the ionized formof terephthalic acid, also referred to
as p- meaﬁqaaowpau@rlcemAs engedngmgtabolis pelvaensies. oRAnctigad FReRatathereahd

t erephtihalhg &qn&ﬁﬁaﬁﬁg h@gggggﬁngeggly throughout to refer to the
conpound i ny o Its neutr T ionized forms, including any salt forns
thereof. It is understood by those ski |l ed understand that the specific
form W[‘qu%epe‘hﬂus@dl heria, fhiel terro Ot wkeadispeimgeierenchito 4 mronebialbganisnt isal | y
anaer o r ionis

"t endderistRERHE Aol B ENGBiifly B b o R B 0t o
satura&ﬁbmn&ﬂnnﬂnﬁsmbm@dwmmygﬁmdmnnmmﬂuﬂﬁenﬁmuaﬂu&hermembmabgpnmmrhmhended
to include al ed chamhers of urd or solid ne unrnaint%rned wi.th an

at mos p R <G L o aBwaEeuA diy Gad 1 GO DEPRERDYERTERY 1R 14l ysed

her ei n idctudedh @NEBHiat SroMAR KA Al rembeed B8 KORE 8al NRInGRMERs & tht AecroBhEr enced
activity is |ntroduce§ into the host mcrobial organism The nol ecul e can
be i nt cepaseds fqumd iprempatarally pequatingoenysergenty f Thancterse arlisplgtedweirwbil aci d
into t t

chr oo it is GG o EolFbRl) Fha il RoBfotdh ALEREEL PR i Rafiilras i

Ther ef oy gpw‘nh@omé pnsudsistict in sondsettafly ocoafrargame gotmendx rﬂmsrfucemamlblemf encodi ng

nucl ei ¢ i refers to.intr ction of the enco cl ei ¢ .acj an
ooy os GBS Sy S e b B bk i bt Lo
bi osynthigobs @tifediih ¥ metifigh thef iBnoeh@uslly @camriget i vity that is introduced

into the host reference organism The source can be, for exanple, a

honol o @§§ or heterglogo s encodi.ng nucl ejc aerd t hat, expresses .the

r ef er eWeEd] actAFES e BiitHgsi AiTBRIaE T i BT bt SRS 6B i R e

or gani $fikndtled LA Sy drlidS iR e;ﬁﬁ%&?ﬁ%&scoﬁl@tﬁ[ fhat iQ 1&11[(1%3 Qifncad nol ecul e
or activity that is'present in the host. Simlarly, the termwhhen used in

r ef er edemamg obxphass shagigriaor a#aéﬁc&diﬁl‘rﬁ?@rndbfr i ispfeddedtbeneomppsexpr essi on of
an enc n i The term
"heter%ﬂ%%@magg%g%LP%I%gd% aﬂ% 5“%%ﬁgcﬁ%§§ﬁ%b§g%?fgg]$P%%$g§%%hrce ot her
than t rae:hacmfzeldenbmibrmpaéa]l elsecvdses e/aH a8 hﬂazrqlomgaueroorgerﬁlems sich aa yomst &elul e or
activit de he Q%Ptlnlcr bi al g@grsnr WD d

2011/ 0 Bttt b RS of ERNEESS BRUGE N G8 Mg 4R RRdwsFionn
encodi@gaauﬁh@hﬁmacrd of the invention can utilize either or both a

het er ol ogous or honol ogous encodi ng nucleic acid. [0027]1t is understood

t hat when nore than one exogenous nucleic acid is included in a mcrobial

or gani $P4hat AheschBriaing MEACTBhd WX Rje AATLYHEA df BRdsd PLNSPLTERHIG he
refere@ﬁﬁ@m?@&&@hﬂngH &ﬂhﬁmﬁ8k9u&ﬁu&1&%MQ%Q&&&Qmﬁﬁéb%kéﬁeuﬁémﬁkﬁQ&Ssed
above. Is further stood, as disclosed herein, that such nore than
one ex dgaeawculey plloirei @me@hmemmehtorfodu @e dctr\r@teezxrhfesmwgt Grcoryhe Al

or ganl %llm %onssln%g{teﬁﬁeor?décélgl (e: aCIC(S:i acts 11’1 ac ﬁl é&: %{15 al’lSrfl an(rlul'lr?%aﬁl ¢ aCI d
nol ecul' €8, 01 ot hat't on“tHeradt Yeondr dére re than
one exeglersgam,tﬁesmmideiximaem,@ynﬁ@fe OQKBH‘@II\ end 1&8)tldalr sedtyasﬁdl. herei n a m crobi al
organi sm can be engineered to express two or nore exogenous nucleic acids

encodi desj red ath enzy rote . In th case whereg two

exogen @éﬁhu ﬁ%wggﬁﬁ?' ﬁg%ﬁaaégrHgghgﬁ%Pyﬁpﬁmﬁﬁgoﬂﬁ?P%&uced into a
host maBHSI@Wat%H h@rfeﬁﬁd%%IBlM4®P ihgs the ABEBcOIadmhklaks sHoentiMPigxoDesins nucl ei c
acids can be introduced as single nucleic acid, for exanple, on a single

pl asm GoMppHngean plip 8c ér%reh‘r%@ 3-bahoe2-msthed puired-4rhosphaffe host chr onosome

at a single site or nultiple sites, and still be considered as two

exogenggsnucl gl &se@ﬁér‘éﬁl th%'téﬂﬂ ‘G- 'Jo}hate' 1 hﬁ%lé{ﬂgﬁlB%ﬂgpfornﬁﬁfra dIPLG, [dan two
exogenous nuclei ¢ aci ds can be ‘i ntroduced into a host organismin any

desi r edfigyondiceawpwrd IXIGIP Adxrany € medhyllengeatg)livthp iepzaddormp af Béqdeie a¢id, and

pl asm ds, can be integrated into the host chronobsone at a single site or
multiple sites, and still be considered as two or nore exogenous nucleic
acids, for exanple three exogenous nucleic acids. Thus, the nunber of

ref erenced exogenous nucleic acids or biosynthetic activities refers to the
nunber of encodi ng nucl eic acids or the nunber of biosynthetic activities,
not the number of separate nucleic acids introduced into the host organism
[ 0028] The non-naturally occurring mcrobial organisnms of the invention can
contarn stable genetrc aIteratrons mhrch refers to nlcroorganrsns t hat can

o o

e



[ 0029] Those skilled in the art will understand that the genetic
alterations, including netabolic nodifications exenplified herein, are
descri bedwai2oti/m9ef3gr ence to a suitabl e host organi sm suebTas2E1/0ewM4é and
their correspondi ng netabolic reactions or a suitable source WO

2011/ 094131PCT/ US2011/ 022046 8 organi m for desired genetic material such
as genes for a desired netabolic pathway. However, given the conplete
genome sequencué&hof a w de variety of organisns and t he hi gh | evel of

ski || iitis ppderdoedhtheiip-gliatsmnd - tofipacad e hefused inferehaagenbty tioqueheus iirefsf be

abl e 't g, ARRLMpbiHa 1B%ﬁfbf1w§euﬁ5‘1dor%1%%ﬁns°§&lﬂ ﬂ%]% g%él?fd?mg heeszentd al ly all
ot her organlsﬁs For ‘exanpl e E. coli alterations exenplified
here|nuuénmp@huYﬂ@ﬁh&ﬂ&ﬁpmdeﬂmn®ﬂmtﬁesmwghdbesWD&dﬂnmdppdﬁaﬂing t he sane or
anal ogous encodi ng nucleic acid from species other than the referenced
speci e I d e 11§,k ratlons
of speiqgg?hoﬁgf&ga?&E%'h% éhlqgégh%ﬁ&% ?mV?gﬁﬁvéﬁgﬂggyfgﬁggg (? g?ogs or
nonor t Fduogdusnmpemel 4h([EPAAC eamentesphfhADR) jsAhe amided @t éfseraplgbaie aard genes

that are re| ated erti.cal descent and ar res e for supbstantjally
ML Y BT AT Pt A Al WA R S
epoxi deahyehiet afercRidcAbT R0 RROX t6l o fhiytd HRd @)ﬁﬁ)oﬁﬁd\m%y%@ its hélraesr iBhiz&Pl 0gs

for the biological function of hydrolysis of epoxideS. Genes are rel ated by
verti caprngesiedmeine palt fopns tieenpl kb is ttrldélsﬁw@ﬁ évéh<§@q198¢ﬂ:@d§rsﬁﬁnﬂéhat the of

suffi cig 2BH t hey are honol ogous, or related by evolution
froma @%ﬁ%nn aﬁﬁggﬁ%%a%ggﬂéﬁlcan al so be considered orthologs if they
share three-di nensional structure but not necessarily sequence simlarity,
of a sUfG25¢i ents esadbereing theitmn‘ ‘ésab&tzarttilaldlf andqegpidy avl@newm wedfefononioa @dinreon
ancestor to the tent t a u nce Si r 0Ok ¢

Mont 1 o1 gisrah O It o bt RS POR BBk b Hedmatel BB e quence
3|nlIa&mﬁym@ﬁﬁﬁﬂﬂ@&v&ﬁ&@@@nﬁﬂm&h@ﬂm@@ Eﬁe&nﬁQQMemm&mﬂdamhnMy&:ﬁbmes
encoding pr ot ej harh n am no aC|d S|nllar|t ?ss t ha 25%§can al so
be. condlBrayOt BiLYof e Rmhpaipiynadgih edgsph cferol 5 Hnehpdd i mensi onal
struct ykesal so shoms simlarities. Menbers of the serine protease fam |y of
enzynes, 1 ncluding tissue plasm nogen activator and el astase, are
considered to have arisen by vertical descent froma comobn ancestor.

[ 0031] 2801 ogExpeiroutes gieipBscddieraim siinterdsd de axgagy abthe referigaecs melggule ofr ough,
for examkRrciRUPhUA O infaNRedineHe Hur MR bl Gk SOVl A b VI LY. FOr
exanpl e, ere one specl es encodes a gene product exhibiting two functions
and \Ahmts)dscﬂﬂhfcfrt@nmnplo,risf ihawdicherof epaodbgdudlet acidimgo ihedtostgenets i n a
second s hr ee ene their correspondin rodu

const daBa §tbat BY s he R oS ah P b el A il
those skdhl dsedlasmid. hEhe’iéﬁore\MHehelﬁﬂéiﬂf BlugditintrbRient @ R picbOb OIS nERNIR:
harboring the netabolic activity to be introduced or disrupted is to be
chosen nfl%ﬁw@@ﬁsrﬁﬁeﬁé? P dygstion e ﬂefof‘ﬁwﬁ(a%?%ﬂliﬂgf age dpt ?Wﬁesﬁ‘P]c?rfB’{S’il ganthsm  An
exanp!l eniohnQl &akiads wthuRid i RAPAI AN Ssyftkeli heivitS, the toMRELrsdb §h 1 NCt
activities have been separated into distinct gene pfoducts between two or
nor e speltiigghagns mirpdnqqd antg thedlost rsfmncegrgamsmV\@hQ@cmrﬁ@@mhﬂmxm@m/ 022046
9 SpeCI b IS rhe ercﬁo Oh]l%‘ CISICe anr antulcf% ac1d t‘laiataesxt rae%see H{eortefeerenxsd act1v1q
plasnlnogengpro eo‘ P’ ﬁ% p Ot €8s 6 act] vity, Yinto
dlStLh&&&ﬁﬂh@ﬁﬂb&&x?ﬁuﬁbﬁ&ﬂkﬂﬂg&ﬂﬂﬁﬂkﬁgﬁkﬁf’?ﬁdﬁﬁkﬂ&%&ﬁﬁf%ﬁ&ﬁﬁ?@ﬂd exanpl e
is the separatlon of mycoplasma 5'-3' exonucl ease an ila

pol ynerds 19 f f¢ are{lqesl.neglew%@ W%%Wﬁ@%%lrf&sﬁwhélm Rt ;5%1 %@Nn?an be
consi d%E&ﬂn%’fel‘%ﬁ&éﬁ't‘aleQEreEs@or?éftaﬂ%hc&ﬁnMcﬁl@icﬂ F&?er@ﬁpékg&ls§§§ 8f & ercb&in

pol ynerase fromthe second species and vice versa 032]In contras%

par al ogyclaicacisrplegd widinthe mi¢rpbiak geanistanpheterm i bfttftr@hntgp ' iefsrsitoned by

evol ut LR, A RRNGRC ARG S LMl Rn B (FRITIED, sl ARLAden | cal
functions can orrginate or derive rom rexanp e t he sane
speci eShanolbgant’ &fel's ftd emtetcu]speactte/sty dEQVah”xamﬂieehostrmErmsaimganspom de
hydr ol ase (epoxi de hydrol ase I) and sol ubl e epoxi de hydrol ase (epoxide
hydrol ase 11) can be considered paral ogs because they represent two

di stinct enzynes, co-evolved froma comon ancestor, that catal yze distinct
reactions and have distinct functions in the sanme species. Paral ogs are
proteins fromthe sane species with significant sequence simlarity to each
ot her suggesting that they are honol ogous, or related through co-evol ution
froma comon ancestor. G oups of paral ogous protein famlies include Hi pA
honol ogs, |uciferase genes, peptidases, and others.



[ 0033] A nonort hol ogous gene di spl acenent is a nonorthol ogous gene from one
species that can substitute for a referenced gene function in a different
speci es. @ohstivmutsion i ncl udes, for exanpl e, being abl ePCo/UsestioLIni6
substantially the sane or a simlar function in the species of origin
conpared to the referenced function i the different species. Although
general ly, a nonorthol ogous gene displacenent will be identifiable as
structurally related to a known gene encodi ng the referenced function, |ess
st r uct dresPIdinge ReESHOWEPRETR Pioanrydiag pialas agd ABe ANENEMESan YEH7S espondi ng
gene. PLARGE BoRSURIAGLSES 3r ohblogbiddneddihd nitidiftkdta  he meani ng of the ter m
as it is used herein unctional "simlarity requires, for exanple, at |east
some structural simlarity in the active site or bindi reqlon.of a

nonor t B2d¢oudt geméerptp@@d@t whanparcdban enegxggameu st wg(? tshieclidgddrron sought
to be f exanpl e,
"par arhgogiet Sl IEHERGE na ERLleIRARR SRR A RTS8l

const r gatdding riukkzina@i asrédlwyaihletyc Ativity rds ralg;cmsed aﬂnival Itas fyathesumglesfooti e

i nventi.on havi ate, terephthal ate o 3- et hyl - 4-

oxobut SRy RSB U B AT e Cakmat M Kidhicn SRR Hothe ar

W T umd@nsitRBrhI Wighfism \OR séfhkdié 99&&8%?@%&@2&%1&@3@ oh ARRiYddY the
teaching and gui dance provided herein to a particular species that the

i dent i Madepuicsrrrgfeopdingeon therashand selhbs eansideted ap moreidian prerstroReIANIEGRICand

i ncl US'aS’IB ®br LR gﬁé %&hikq se8fhe1%h} J‘&Hc‘?&ﬁal ol anﬁﬁ’?c%e%&m%?@& to"&ﬁsﬂ% gnd/ or
nonort hol ogous g di splacenents are present In the erenc
nlcroomgmaesnmhhmtménmmddsamxﬂn@ym@sn@imﬁ@mmmguansDmmbanldhtbu@s¢whh&alIy
simlar_nmetabolic reaction, those, ski n t.he so can.uti.lize these
ovol ut ISREN s rat B iR Baeo S e st B it B RIS N ogous
gene diofhREL B HRIcFRsbdRBat AR ©oHxD&Sho BY nibRli H&EEs 0l iltrsaBed 2 atshég&e skilled
in the art. For exanple, |nspect|on of nucleic acid or. amno acid sequences
for twiugsicysidpfor xunmie.on asiigdap! a@f@du@ht@@aﬁaﬂéﬂwws sidbssinteEratgd infodhe pet ween
the CORBAIRRNTRAHERCPSna BaRE lﬁﬁm@@ S bl deidfile doﬁﬁd 180 ol dbecholit the art
can determne 11 the simlarit Tficientl l'y to indicate the

pr ot e| myclaicacide| Sumebirly hit augllde@mgd that mnrefiharmvep @@gumus awdas rads catltgor i t hns

wel | killed.in t BLAST a W and
ot her "o MR G E bR e e LSO Db o8 R I N

al so detpidit pRshide, dah 88 eneRatod isé GRihbstGARMRsOMe gBPSingld sithér BelfGprRRaes, whi ch
can be aSS|Pned a weight or score. Such algorithps also are known in the
art and"&ptal g sanpideieyd aéﬁfﬂ PIERYE éX?%?POWé%Uélﬁﬂﬁ Hidigion GEanaRle fhes Segeotee

i m | anidi¥icQtids deMls, k- nuﬁ@é%f@&@fe%cé@éxogéﬁohé ﬁﬂl&él& aéﬂmlj lﬁ(’is'yh‘bheﬁ@a&iﬁh%g m ne
rel at edness are conputed based on wel nown net hods for cal cul ating

st at i stréferito tiemuget efyenceding imslahandseordhe lﬁunrimr afbiasyitheitic aetiviagschotithe a
random RRLYRARLLIS. 180 W08 B AR GARGE 104 S OGR! on deterined. A

optim zed V|sually by those skllled |n the art. Rel ated gene products or

pr ot ei H028&N bﬁleenopexatlm‘llyt @ciame n&ctbbighorghm'tmaoﬁ thg/ jnvémionmea ophtein sRH¥% t o
100% se ugncg iFen | { @rotelns t hat. ar& unré %? e anéjdentlty
whi ch B5MEE SERAIAR YhEAECTERAR MULOMSHT YR e ctedt °6§Efii‘ TR dHSnce, if a
dat abagenétiohs With6i@ids o kizalicftiss. a(}&%ﬂal(yabl@bll% goidtic aBegtenGedudet ween 5% and

24% may or _may not represent sufficient hOﬂD|O? to conclude that the
conpar &difigtienscdbal psrsest epigt Ban | Agenaritiona pagicylarlysiablemedifisajionswilb

det er mp@l%lsjé Hl% d&hﬁﬂéﬁoﬁ?%f‘%‘:ﬁeﬁiloﬁy G %{e%%uwrffle k1P gen%itié hoffichBighsd@iia set
can be carried out to erm ne the rel'evance of thése sequences.

[ 0036] Bx grpicathan p8izamettams, ihdndidgirekefmitilng r el at edness of two or nore
sequences using the BLAST al gorithm for exanpl e, can be as set forth

bel ow. flyg ' i ' t usi ng

o aste 30T onsSE B M EEGHERE R AR S BRUBRL MM R . o
BL C)SUMﬁibtabghpnmri&"matidrm exgapilﬁaadtheresm Qr: de.‘scrlbeddmﬁpefeienCSm a ﬁnqabzleﬂmstlo 0;
wordsize: 3; filt % glclelc aci d seqL Hce alignment.s can be perforned
usi ng SEiagiG Ve & oD S SFE PRI TSR LR O WA AP Aot or o
Match: 1; msmatch: -2; gap open: WO 2011/094131PCT/U82011/022046 11 5;
gap extension: 2; X dropoff: 50; expect: 10.0; wordsize: 11; filter: off.
Those skilled in the art will know what nodifications can be nade to the
above paraneters to either increase or decrease the stringency of the
conparison, for exanple, and determ ne the rel atedness of two or nore
sequences. [0037] The invention provides a non-naturally occurring mcrobial
organi sm conprising a



m crobi al organi sm having a (2-hydroxy-3-net hyl-4-oxobut oxy) phosphonat e
pat hway conprising at | east one exogenous nucleic acid encoding a

(2- hydr oxyo2enmomsl- 4- oxobut oxy) phosphonat e pat hway enry¢maSexiprnesged in a
sufficient anount to produce (2- hydroxy-3-nethyl-4-oxobut oxy)phosphonat e,
t he (2-hydroxy-3-net hyl-4- oxobut oxy) @hosphonate pathway conpri sing
2-C-methyl -D-erythritol-4-phosphate dehydratase (see Exanple | and Figure
1, step ©. A non-naturally occurring mcrobial organismconprising a

( 2- hy diosseisBLigpdenEd gensiio Blatesiel ushas srnsmitra dsairaingiakois PrivENe HovsHYr i se 1-
deoxyx I

reduet o Som PR IS B SRR KRR IO o R B RS

( 2- hyd nroﬂrya&amégmolmas, thoxo Butlokip)thhot pHbreadity bﬁeablectorappllyslee achings and

D er |tol 4- ehydr.at a
deoxy st riareY AR RN AL B SuE O EbE s el obs Escepipsphelce
reduct aits@ti®@isasemplifd3B}clh ean RYERtYPpRddSo olﬂfe@b’pedfés b intefpoRaing tiad dayhe
occurring mcrobial. organism_ conprising a_ mcrobjal organi sm havi
p- t ol u&t BNAREHNERFOLBEFRFISicRGIdLFom gRestes GHST BB HEBTEnAtIPEFIES: atich g@l‘f‘g’ﬁdi ng a
p- t0|U%Réa@&kh&ﬁ&kﬁﬁ%%%ﬁmﬁé&kﬁéﬁﬁﬂwhﬁmﬂséN%E&&Mﬁﬂkﬂ&ﬁDMan&QlQ&PQNCE
ptol uate, the p-tofluate pathway conprising
2- dehy@ﬁ@wﬁbdedhﬁpﬂbywhbmeptmna@bObgmmhas@dwﬁammEMVdrqu|nate synt hase;
3-dehydr oqui nat e dehydr at ase; shi ki mate dehydrogenase; shi ki mate ki nase;

3- phos i ki i

ohort SRORRR L AEb S RLIAKYY R AN RIARFY FARL SERLR Y RIERGOE |
occurr |fq;rg;uhstmtmﬂy dle samg anidenidah finagors 1 difehand vezapambwByr axampleumbhser

conprise a hydr ox met - 4- but ox hosphqgn ath . F re 1).
S5 hobeBes et g b T Tt sk PSR N S BE o b G, &
exanpl @unchiofoNBidayysiSoLdpokides. t@éneéaﬁh@ﬁ&ﬁ%&eﬂﬁbﬁ/@@@ilﬁﬁfﬁen for example

1- deoxyxyl ul ose-5- phosphat e synt hase or 1-deoxy- D-xyIquse 5- phosphate

r educt AYShFasBops fofaitypf Sl[fﬁeﬂs@] aant tgyedieatd Her gt homsiegors: opFditrdies a
non- ”a“ogr %ﬂanmPﬁﬁ’alr aldoRGn A a‘ﬁE&l%rabe%sgc%H'aEmbe %&EH?Je'réd ShofbeTifGhQPIAle OF gani sm

havi ng a terephthal ate pathway conprising at |east one exogencus nucl eic
aci d erﬂuoﬁdimg:nalonzdrsafpﬁuﬂ@éduamﬁ npetskandy sespenoesineiguite o4 e dufifinicat gudunit m ent WO

2011/094 2011 12 anpunt L9 uce tere t hal a

Cer epht Ly BRGHTRUG ccannt raf s Rl bR e RisbEEER0S BBk ralilhs ase.
4-car b@xmm@zwnoaidemhmbled ehynds mgeﬁaSﬁhologouéc@@éMacnymfsl widtl gghistde
dehydrogenase éﬁge Exanple 111 and Figure 3).. Such an qﬁ§$n|5n1contalnlng a
t er ephtHalENOTRO Ry @awoe(ﬁ%fplﬂlp éﬁlélsF‘iPeB?ﬁwlﬁ?Ii‘t% GeReseBrQUSPTBISN RARINE

wher ei gy taﬂl%looacicpélﬁﬁﬁﬁﬁty@@sg MYS%QHR his§ 68 cc?nsﬁf%ﬂ:\ﬂ% favd- ARGXMPRIgRIabeRignat e
synt hase; 3-dehydroquinate synthase; 3-dehydroquinate dehydratase;

shi ki mghear tHeshydanoggemaksrucging dinshows Iglnmkpg]éles Members of the serine protease family

2hg?|0§ %g?ﬁ‘z%nlgs qﬁé@%ng?}%% )épvrlquy)l (—[r' t1 atﬁll‘ %Sdeel%f?ﬁgl G arc’eo (ggltsﬁelsex écg %Q/%%gsenhby

non- natvumahll@s@ﬁcﬂomlamgmmmmb@sairorganl sm having a terephthal at e pat hway
and a p-toluate pathway can further conprise a (2-hydroxy-3-nethyl-4-

oxobut ) phosphonat e pat hwa e Exanple | and Fi e 1). . A

O D A G R e o G Bt e PR ot erasmples o
exanpl @yoldtie, KBt Wb erEinktristite@t vderaP BasRRAES: Seplly, athdne species

1- deoxyxylulose 5- phosphate s nthase or 1-deoxy-D- xyl ul ose-5- hosgéate

r educt SNEWRE? 83K nredist Ehatimevo Hpgions @m@h% Suthfeﬂ%ﬂopﬁh%’ﬁ bserPPRG
enmbodi %thsnhé}gehé“s\{ﬁ% &Bﬂd RP R} Cﬁéthﬁ}%e@ﬁfdﬁi@ﬂ ééﬁe%}?&fdﬁf sr{?Qdd&s(‘a"ré’b' al

or gani sm havi n uate, tereph te or oxy-3- net hy1l- 4-
oxobut @m)dﬂmbtpl’m@nahelog@tﬂm@l}e proghetien nf hleclrmncfd@tqﬁuatl tly>S®$i@Mndrln iz art

m crobi al. o es_at exogenous .nucl ei i d ncodlng
o enzy b BTG ARTRI GRS keI P BRI TPRSIR S S e P R ARl
in a (shypdedxyo Be ¢idbdtyfbr éor@mmwﬁ)epms;ﬁhﬁmgfc@cmh@\ﬁaymoighﬁlsﬁlub\si rates
and products can be se|ected framthe group consisting

gl yceréFﬁ%ﬂ?Bg PSRRI SRRATIRIT RIS ioVhery léwte@tmlw%gf*eb@nphosphat e:
1- deox Xeﬂ%ﬁféd%ﬂﬁ&stﬁm%&é %m@tstb@tv@em@ ¥ mbrep ¥y driadifta RHOERARI&; aand
C-nethyl-D-erythritol-4- phosphate to

(2- hydr oxy- 3- et hyl - 4- oxobut oxy) phosphonate (see Exanple | and Figure 1).
I n anot her enbodi nent, a p-toluate pathway can conprise substrates and
products selected from (2- hydroxy-3-nmnet hyl-4-oxobutoxy)phosphonate to

2, 4-di hydr oxy-5-net hyl- 6- [(phosphonooxy) net hyl ] oxane- 2-car boxyl at e;

di hydr oxy-5- net hyl- 6- [ (phosphonooxy) net hyl ] oxane-2-carboxylate to

i hydr oxy- 4- net hyl- 5- oxocycl ohexane- 1car boxyl at e;

|hydroxy 4 nethyl 5 oxocyclohexane 1 carboxylate to

2, 4-
1, 3-
1 3

Q.Q.
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nmet hyl - 6- [ (phosphonooxy) net hyl ] oxane- 2- car boxyl at e,

1, 3-di hyowoxytidowsthy1- 5- oxocycl ohexane-| - car boxyl at e, PCT/US2011/022046

5- hydr oxy- 4- net hyl - 3- oxocycl ohex- 1- ene- 1- car boxyl ate, 3, 5-

di hydr oxy- 4- net hyl cycl ohex- 1- ene- 1- cardboxyl at e, 5-hydroxy-4-net hyl - 3-
(phosphonooxy) cycl ohex-1- ene-1 -carboxylate, 5- [(1l-carboxyeth-1
-en-1-yl)oxy]-4-nethyl -3 - (phosphonooxy)cycl ohex-1-ene-|-carboxyl ate, or
3- [ ( 1sessifsopels-ip thepenaratign)of glastase praisphyyis ayé plgsiaiogeen moigplypis-twe types

- car DOXyLah® prdilfsl B&fviry! o HHRNLRCWAIA L ARALY BEQNARS RN nat ural ly
occurring nlgro I al ofganlsnlcontalnlng t er epht hal at e pat hway enzyne,
wher e stmndiceangié &l thosaaniismphnpadptesad’ Becapbtlhae ané Dpetopivdy DNdt er nedi at e,

for exanple, 4- carboxybe | cohol .or 4-gcarboxybenzal dehyde 0042]1t is
under s eoBarRal SRS PRI pRESES ral BE B3 A R ROTIE  8ha  h ¢t he
Exanpl eshélogd texeapbi ddtiedf the et di@icleh@ Wi &, polyisdridifgn thageqvat Rp&ys aafl vickgur es
1-3, can be utilized to generate a non-naturally occurring m crobi al

or gani §f%t-hat produces any pat hway internediate or product, as desired. As
di scl osed herein, such a mcrobial organismthat produces an internediate
can begmed | Nneembish phiaRiys Wt HonRINeYs REhte LG BPERIMPRY, daRNIEHdERMORES bNT
downst ream pat hway enzymes to produce a desired product. However, it is
under sevdutienaat digcrgenrenad have spilycs gpmnmey. it aplodenicaldupetivng nParplags gitoduces
a p-tol R hal - r - 3- : OXY, nat e
pathmafﬂgﬁﬁgf%gglaténggﬁ}%gﬂﬁ%éﬁFﬁegw$§¥%$5gﬁ%gx%ﬁ§%¥%?§%%§%i%$EQ%§&§

desi r edhiprosatuad tepoyiGORIrdlhe (Epoxadtiydrolass [H@sicolubidpoeide hpdrelasd(egende al
referenc 0 e t abal.i c . reaction, reactant or product thereof, or with
Cpect 1 Madiplebfd oS paabis Sauiedhs Slkud off QLT Yy an enzyme
associ at@dedMrén aQon@RInanY&skd?OthatQUatady R QkiBE e AHSRCInAtA: Wikt filldBodsaher enced
nmet abol i c reaction, reactant or product. Unless otherw se expressly stated
her ei nhasaEsereaisst IParrlags apaotging figny the siaesnseish i ith significantareifaec to a

react] Qi ROABPbht Uk ESiR FRPAELakRohBRGbRACH Atk ARoRLOLVGPT  he
reaction. Simlarly, unlFéss ot herw se expré%s y stated hgreln, reference to
a r eacti@nt a gymippwoanrestonl Swupedigrenemss plutcin fawticsongludndipeh@ndnge t o any of
t hese net%bolic cons}&tuenn§tglso ref erences the gene or genes encoding the
enzymeddFIEPC BAICHRTRUIASES, BIDRRT Rs i nvol ved in the referenced reaction,
reactant or product. Likew se, given the well known fields of netabolic

bi ochef®@s8ty, Anaywnbbhgyusagule daphnmst iseimoahdeghi ennfrém oac geoes drat
encodi ng nycleic. acid al sQ constitutes reference_to the correspondi ng
encode sy HlteREN 19 Chead fteoinsiondn A IS EY SHES SHoY bt dRERPRd wit n
the reagdrh®p, RngWBld to erfbMesubeRtliAR e Mk RaQsHE I TuRtioh hethe8p&hds@r. WO
2011/094131PCT/682011 022046 15 [0044] The non-naturally occurring m crobial
or gani $AsingPmpREditehenefcnceddingwngn SWkideremyppeaiess ddtheglyeexllssi bl e

| ei . . o . Ccipat i
e PR ERSE0C 0 R0G, 0 RO . ENSATERIG RLOLE) RogRpgbcr ot
oxobut ergodpteabpteberateed Hiresymtléss sirectpatiyh wanted bibdépendnally simildrtpendsost] their

o Oy BT ST GPRRE o PRl S g e aSL Sl iR, or 21
( 2- hy diagetyheBeiBFibelioda] @xa RuhOXYNiIRROfp BRI 1€, D lcas\sbinb etri@uiPdifViayty G@thebe

expressed. For exanple, if_a chosen host is deficient in one or nore
enzymedcHic sie 8 binAggregionofpaineeholpgeis grrhRelect sempaigd to & r8p cesadingdhs bl e
nucl el Gy RabfSodR rolRSublEhIEd, et @BRY IR Rl Blop AL ReRlic@ R dithpRAyced i nt o
the host for s&bsequent exogenous expression. Alternativély, 1f the chosen
host exyhialigts ap noetpeiagese.expr essi on of sone pat hway genes, but is deficient
in others, then an encoding nucleic acid is needed for the deficient

i n(s) i - t t J .
(o hy ot PRk B oS Bl B i Sion LR AP oyt
non- natbugaalsing of delnvdntign havingptabatgngaptitbaiatobr Chleydronyehircdiyl-dan be produced

by i ntroduci ng exaqgenoys enzyme or. .protein activities to qbtain a desired
b7 05y nPRELIEO S Dot HEdt s @i spRsafed i Moy oAb @O ned by

i ntroduci ng one or nore exogenous enzynme or protein activities that,
together with one or nore endogenous enzynes or proteins, produces a
desired product such as p-toluate, terephthal ate or

(2- hydr oxy- 3- met hy1l- 4- oxobut oxy) phosphonat e. [ 0045] Host m crobi al organi sns
can be selected from and the non-naturally occurring m crobial organisns
generated in, for exanple, bacteria, yeast, fungus or any of a variety of
ot her m croorgani sns applicable to fernentati on processes. Exenpl ary
bacteria include species selected from Escherichia coli, Kl ebsiella

oy FrU N -



16 [ 0046] Dependi ng on the p-toluate, terephthal ate or

(2- hydr oxy- 3-net hyl- 4- oxobut oxy) phosphonat e bi osynt heti c pat hway

consti t uewmbo0ofovaidsel ect ed host m crobial organi sm thePoomsS@EiLOeRlé y
occurring mcrobial organisns of the invention will include at |east one
exogenously expressed p-toluate, terephthal ate or (2-hydroxy-3-nethyl-4-
oxobut oxy) phosphonat e pat hway-encodi ng nucleic acid and up to all encoding
nucl eic acids for one or nore p-toluate, terephthal ate or . . .

( 2- hy d By INg thsepapingand ey sl sxyy PHuSigA A e ratiedyppass hatdhe apyficatipy
exanpl ¢ ReblURAb&ifichifin A Mehal RicRtifidafioM¥el iB¥Msish PRl afton of orthqlogs.
oxobut oxy) phosphonat e bi osynt hesi s can be estabflshed I'n a host deflcient
in a pdbhhagxten tharparelogpast/ @inonoitiadegpus exwghsphassmextp pegsésont infthet he

corres di ng encoding nucleic . acid. In host def.jcient in.all.enzynes or
orot o ReUsrd Bl iRe e s arnl a0 o Gkl b SMpaly ik
oxobut exyybeh e sabRa R sOaKi Mty theex g enmSitidixPrhessdvetiohal Bl tklagidzyna. or
proteins in the pathway can be included, although it is understood that al

enzynme Ir_ proteins of at hway can be expressed even if the ho cont ai ns
ot eadtPishe. diiesppi B e YD oS Eo ke L Gh S B AT ERDgeous
expr es she@bd9 fvehilkno®RZY KBS RillcANPHRIAXS Hof cxdanipd, i@Yctfodlof REAEY &L @R aino

ptol uate, terephthal ate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate can

be i ncleidsequerens fendsigmodpepiides il yaveal seapcacqidersity andsipaleniggpetrgen e
i nclud = d ro- Q ; r

" Gehy SO mEAHE ks IRIEAL R i HEMURR R RACRLRELR SV RLOBAR: e,
dehydr egehaiseis ssffickinflmhehko nelsm@fe the proteins are related through evolution from a

3- phosphoshi ki nat e- 2- car,boxyvi hyl t r ansf er ase; . chori smt e nt . and
chor s <o aEBer; ATGaTET Kl R @RBHAERELIhe b ST kit BB Ry can
be i nclaughed W SHEBhas cBmbat Uad BetbRtikyh ra«m&g@éey:g ehdkeity @AU&HAS nd also

4- car box benz¥l al cohol derdrogenase; and 4-carboxybenzyl al dehyde
dehydr g@ m@_hem@spﬁ@r%fg@} icgnge (&gﬂ}%§hq ss9gence which’can be assigned a weight or

(2- hydrosy- SadieliibHmis %@QMM pasen %ﬂﬁ&ﬁ sHﬁiﬁJ?@@ﬁbpﬁ@a‘Blebt%r hQGhiifigd. such
as 2-C-nethyl D-erythritol-4-phosphate dehydratase,

1- deox yr¢lcefidsseqisnghosghaty or slentitya Peraarvtird fod swiyicDikynni iy do Betpinosphat e

e O OTEAET R coh BV b b R SRARSE s DR BB g e

nucl ei ehcathiafls dfdintdidigraQiiiita rhaiclain aaXRioas polPptifiqraml Wel signifddant €@he mpahal | el
the p-toluate, terephthal ate or (2-hydroxy-3-nethyl-4-aoxobutoxy)phosphonate
pat hwaylCERNE]- oA CPBBUISE cqupparisen) fcivedT M9ss Seqpencshsart if degjiedi dpn bRtz e, a
non- natis iy iy A6 &I MeGHOREBIcd QEAERLEMOS: JriiBink BYMERE LQBcCAR HIgVE one,
two, three,” four, five, six, seven, or eight, depending on the particular
pat hwayightsiratlaritg, fougrampla PP %riad P¢oscaushesidenrtndPotpingtbatanzyarelgted capr ot ei ns
const i i n -t ol ua ht hal r(.2- hydraxy- 3- net hy1- 4
oxoout 489 BRgE hBleH % Fanl BIERE LB Rolly e SO SR BT N e
enbodi netabsse of hieficion-sizeVsA0AL (88t 3AURPCTéJuSRrErs b2 4% dhd 2483 mbaybl yiay
occurring mcrobial. organisns als aﬂ i ncl ude ot her geneti quifications
cgléqceé at ed.

that fAeTTCPiestne syficisptTamoleeydo cor sy OPFHAFS) Sgauengss are relat

(2- hy drQiiMioRalNRtRN il 4ndhPbidtaRiyh R ASPRARAER O OIYNIARSESi 06 thB3e 6PMEEr
ot her useful functions onto the host m crobial organism One such ot her

f unct i gptalsptopn bakarriag puide deteaning fgrrplewance afesrsagicdacsof t he synt hesis of
one or nore of the p-toluate, terephthal ate or

(2- hydg 3- =4 =h, as

ol ycor é@?ﬂyd%%hhgggﬁg%@sgﬁ%@%@@ﬁgF@ét@dﬂ%?st MR oPRREM R e SUGTL

( 2- hy ditloxdyL.8S Fretgyithng foxaxbup bxgangieas pétdorh below. BricBy Lratino adidistduenavor e, as

di scl osed herein, nultiple pat can be.inclu IN.a, sl e .organi sm
such adTEHBTE s AR TR [Der Eeiibts o0 aPu BT RE O gur e
3) and ph@mechydrxtyix36 BEOSYIMER; @%p bpdno X Y dap esehgmatie x (drbguT: s01ldxpeaxs1@esi r ed.
[0048]GEQ§raIIy a host nicrogial org?nisn1is sel ected such that it

pr oduc 8OTdYE: dridlicr @ Nysfeigacid sequenge aligpmaenis s psefarmpsd using BLASTN
(2'hyd&&&%h%ﬂ%@hﬂ%Liéﬂ9%9QHH9%%%@&%%%%&%%&%%@@%@%@&@pﬁhhﬁ@&-ﬁﬁmﬁoﬁéiura||y
produced nol ecul e or as an engi neered product that either provides de novo
production of a desired precursor or increased production of a precursor
natural ly produced by the host m crobial organism For exanple,

gl ycer al dehyde- 3- phosphat e and phosphoenol pyruvate are produced naturally
in a host organismsuch as E. coli. A host organismcan be engineered to

i ncrease production of a precursor, as disclosed herein. In addition, a

m crobi al organi smthat has been engineered to produce a desired precursor
can be used as a host organismand further engineered to express enzynes or

. . o - o,



endogenous gene or genes, or through exogenous expression of the

het er ol ogous gene or genes. Therefore, naturally occurring organi sns can be
readi |y gwoenrtmdidio be non-naturally occurring m crobi @CTasg@niozzegs of t he
i nvention, for exanple, producing p-toluate, terephthalate or (2-

hydr oxy- 3- met hy1- 4- oxobut oxy) phosphonat e, through overexpression of one,
two, three, four, five, and so forth, that is, up to all nucleic acids
encodlng p- toluat terephthalate or

( 2- hy dPOSIPFNREERY 12,4 diepiit Bk yyrsiet d PRoratdsizei bsyikenetti dhpsaskilleyd R fgyres or
prot ei Ay khil 34} ﬂhb&mcat 000 DARHIAD ki BECURLNGRIBRIS MAAT: heagRags at ed
by nutagenesis of an endogenous gene that results in an increase in
act i vi ttlgﬂ sofinggncyerizhereomparistie for-dxempkt @d detarmpistthatckdtalness qf 2whypdmorey - 3-

nmet hyl-4 oxobutoxy)phosphonate bi osynthetic pathway. [0050]In particularly
usef ul *E58d@ nents, exogenous expression of the encoding nucleic acids is
enpl oyed. Exogenous expression confers the ability to customtailor the
expr es$003m] andﬂmnnW£@umpﬂmﬂ&sehaﬂamhﬂmy@c@hﬁn@mmﬂdﬁmdwgpmmieampnmnge

achi eve .a ired e r.essi eve ontro t he user. However,
endoge PSP ER ST GV 862 DUroBE e et PROSy RLp S URBELRHERTS such ac. by
renmovi @Qmﬁnﬂﬁ@@ttlbééﬁoﬂeee%%@doﬁé Wudit 86l ehcdding NAUKHIRR-Phethhr4gENE’ S pronot er
when |inked to an inducible pronoter or other regulatory elenment. Thus, an
endogeﬁé@@t‘@@ﬁﬂ@loﬁﬁtﬂnh@ pathiay graimecxpessendrin aguifiswacimowt jrsadice2can be
up-reg B¢ 0 r nt, or the regulatory
reglon%%@%gg en gﬁéﬁ%ﬂ%mggkgﬁ°§mgﬁgpéﬁ%?ﬁ?@?gﬁqtgg?ﬁg%rporate an i nduci bl e
regulabamyuehemmhmummh@aébyyabmpmmmgz{hewm@gDHﬂﬁhﬂh&éHMqumEakhﬂhmmgreSS|on

of an eno e at,a desired tine.,.Simlarl n,i nduci bl e pronoter
can' be g ged a0 BB L REP Sy Aotue b e oy SR ST b eq
into aammyat@kyusahétuytar-@xubtltdstg)pﬂtb@h@mtabat%gﬁwn%hhe{r%%htet1 {'s under st ood
that, in nethods of the |nvent|on of the one or nore exogenous nucleic

aci ds daeryByl uhﬁtﬂﬁd&l@aé@tei Hehase i cfte@m -B-x4plgsthr-Photrhatp restigosonierase (see

non- ”afE’tEtﬁhﬂeX aﬁ&‘FPgE]&é f‘gte L aroRis)! t‘ﬁﬁ.&l%’&b %?al%y %Hﬁethyrlvzﬁnt' on. The nucleic
aci ds can e I ntroduce 0O as t conf er, or exanp a p-t0| uat e,

ter ephphebta@@)}dmsléh@nhtyctalmR@Inlﬁimét%Qinﬂhﬂ%buﬁMyyﬁhmhmnelchydmt@s,yht hetic

pat hway, ont o he m,cr rgan er t|v nucl ei ¢ aci ds
an be U ouEa G R e b A ee R BB b B LRI ngt he
bi osynthetic capability to catal yze sone of the required reactions to

conf er [@3180] uadkhe,inteariep hikd ploatdes o hof-Rathiatly @xyrB3ag microbial organism,

net hy1l- 4- oxabut ox hos honat e .bi osy thetl capabi l.i.t For exa a
on haUP TS bR G R BV & BYGHE SHUNAL PGP B 11 L cRopencls

tereph%ﬁ@k@h&d%bm&%yb&ﬁ&&ﬁMe§mﬂﬁ%ﬁ¥&9ﬂmeﬁﬁ@ﬁ%ﬂQ%yhﬁh@éﬂh@ﬂ%hﬁmQh&ﬁM@bhetlC
pat hway can conprise at | east two exogenous nucl eic acids

2011/ 09 484.HETP-Uspad pHDY 20BN Gingrc deyAty- %réngebpseh@y:mat@rsmhwé ns For
exanpl I atihvay,
conangtF%ﬁo P&%hﬁ%eﬁ%¥§e%hg§%$é%g%gd§é éQ%M%@%@ |§%%%%’£ te

2- C- netkinpbe; B—Iﬂloyﬁﬂmshlkmila{@ﬂ-Q-phnﬂ)smm}étrmfeya:tleaﬂmssma’mdynthase or chorismate lyase

% _ g_e%&% l Osfﬁ:;}fﬁﬁf glgreit ﬁ@s&%ﬁ? 2\ I&Oé]ﬁlgﬁ&frgl[l%g%ug% microbial organism having

1- deoxmpnohmtetﬂaﬂﬁeyiaﬂhﬁﬂi@h@d@rrsedtq%wm%@r@aeyt -4-8xdbufoxt Phogghenpat hway, a
conbi nati on of the enZénes expressed can be a conbi nati on of

2- dehy @rBway §agwy dhos @Mé@%ﬁdﬂ@h&lﬁwﬁ%@%}n@@h@eﬁattbaay FRHY @mprise,
dehydr I%htblfﬁ@&ltb'e?gﬁﬁt@@h hate dehydratase, |-d lulgse-5-phosphat

3- phos%hoshl |nate 2 garb vanyqt? ngfefééeaaghikf%ﬁ?euﬁﬁﬁageoghae

shi ki maywhabe oy thdoganRse lded; S-pindphdterddikeisoiBimid @iduys 1) n a ter epht hal ate
pat hway, a conbi nation of the expressed enzynes can be p-toluate

or 2. cXBaTy ey o E LA GaR ARG S REh RRIS U, SROR (TN e

dehydr eg@paseg a andobihkorgarken hél'\hnlga teirép httel atnpkeligdyo@aniris alg aah:yst(mabi nati on of
two or nore e S 0 telns b|o nt hetic ath be i ncl uded
1 nGROAPGTIAR 5 ELTRPTAG T SRGEAY POR PGS O M eirgr

Simlarly, it is understood that any conbination of three or nore enzynes
or proteins of a biosynthetic pathway can be included in a non-naturally
occurring mcrobial organismof the invention, for exanple,
3-dehydr oqui nat e synt hase, shi ki mate dehydrogenase and shi ki mat e ki nase;
shi ki mat e ki nase, chorismate synthase and chorismate | yase;
3-dehydr oqui nat e dehydr atase, chorisnate synthase and chorisnate |yase, and
so forth, as desired, so long as the conbination of enzymes and/or proteins
of the de5|red blosynthetlc pathmay results |n productlon of the

Y r r -



WO 2011/ 094131PCT/ US2011/ 022046 21 [0054] G ven the teachings and gui dance
provi ded herein, those skilled in the art wll understand that a w de
vari ety ovOoconiiomsstti ons and pernutations exist for the momArsatinadoly
occurring mcrobial organisns and net hods of the invention together with
other mcrobial organisms, with the co2culture of other non-naturally
occurring mcrobial organisns having subpat hways and wi th conbi nati ons of
ot her chem cal and/or biochemn cal procedures well known in the art to

pr oduc@meuptdp geadace &eepbﬁbﬁkawarh&tteeﬂrth%{@e R§EPax gompigngRrfaluate methyl-

oxobut gxy) Qggé §9ﬁ% | or a
p-tol uate, lg%ﬁt ?g%iqg:rgﬁ]o gﬁzdi@fﬂo%rrg&%g%agw gtgggrtbgg}%é%%s phonat e
pat hmyldehwmhyxhomsee(sw Epalmnlmﬁl adldigdro r3) e&laqhmh@;fgaalwn @m@@mmg awhere the

encode IS cataly 1€ ref ren tion. Such
epec e UTUBE PRy 1P RRD8Y R iRt ARl B8 O RS TRl g b
not |i phthedy t:@mplla@@tzerehyadroemﬂompbmgpmheﬂim @Iﬂﬁlagd-jbaﬁh?(ﬂrb@nna&adyrﬁhdsa;r yot es,
i ncl udi_ng, yeast, plant, insect, anjpmal, and i ncl udi ng. human.

Exenpl ar hg(ﬂi@&liﬂe@e flehydigiase; %ﬂ%@&ehm?wese ?%kmei@éﬂmse 3-phosRbeshikinafer ol | |
My cobaot i RihREAGULRS bl%nsﬁﬁfe%?%&&f b RotiARE A€ (8e Eﬁﬁﬁﬁllaé HendHPLAd IS,
Synechocysti S speci es, Arabi dopsi's thaliana, Zynmononas nobilis, Kl ebS|eIIa
oxyt oc &jgu8zl Znamded)! éucth@mrmﬂtmralrhy owtrmictcévlalgrgmlsm hadngbterhthaate

col I'i nqi | neunng pym G trobacter
freund$<%3%¥o§{gggw§n1 <@§§?8ﬂhﬁg@%§%%%®%a Ejﬁﬁfﬁﬁi%SE% LJrSulfolobus

sol f at @Kd)lﬁlﬂ@;y)mmm@IpathWaﬁ%Ea,ExﬁimpIathnd Etguusrn)f rAe(dau lnydrdanL} -aphgtier pylori,
Pyroco Fbeno hilus influenzae, Er t m,

St aphy|°6§a% (7t PEINAY AT FUNRILE; 5exa§tnlf‘e5% ME) %faf@'awgrﬁ ae,
Sacchanpasphes d@l%fd@éfhs%' AcoxfRPRIEEL PhesphaRul flfSse JPIRIDOREDSEYISIo&AS- Ni i,
Streptonyces coelicolor, species fromthe genera Burkhol deria, Al caligenes,
Pseudo@b%@@meSﬁWﬁ@@ﬁﬁﬁﬁ@e@ﬁ@EE%ﬁﬂﬁéﬁ@%F%ﬂ@ﬂ)exanple Comanonas
testosteroni, as well as other exenplary species disclosed herein or

avai | a?dmozs SRR G8iRbURBRBER LAY 1RIAVARACAU IS SRELSyHRYSYGhrin th t he

conpl ete nome sequence avail able for now nmore than 550 Species (with nore
t han haﬁﬁnbmlmuessn@vangabhemah @u@h&abdandbé$@®X$ﬁamﬂaﬁ4&he NCBI)

i ncludin Cr,0or n |et , pl ant,
and masngra BloRaLe BET JERRIT iR et e S RBt ol o't o
p-t ol uab@pridcehitlohdt bad etogeus &laclhlydbﬂwc&hﬂgeaﬂ’eﬂzylﬁe @K?ﬂ@ﬂfﬁl@?ﬁ}dﬁ @hosphonat e

bi osynthetic activity for one or nore genes in related or distant species,

i ncl udihRyiRsio a REASFe FoReTING ded (2- BY(%rﬂef S B8 * BRBCSRBIRHS hol ogous
gene d?%ﬂ%a{} R QIRrAts AAPAURERNES be 8k tdd Eorh 'ﬂ{eﬂ‘%‘ Gﬁ}?élﬂl‘é‘ls@ﬁ genetic
al terations” bet ween organi sns 1S routi ne and known |nthe art.
Accor dighgespldehyde-Trehesboite en(hwrevaéft fodndeoay{lbwi Intpshid obgsphhtes | dleedy-Ip- t ol uat e,
t er eph h qr X t ox h escri bed

p tx%l Ll(%g &, i osﬁhatek%%r 191 ar {T‘?'%tlﬁ?/ ol ﬂ d:)h% %91{‘] Ry éj;r)n g@ﬁ%ﬁ 13/&}%1‘591 46\0

herein erence AN st such

2011/ 0@14683)]]18@1'05 @SQ}Q]idﬂl g@ﬂ%ﬂ@'l Z%Xebtﬁoi)}ep}li(ﬁﬁldlﬂaye (@eﬁ:ﬂhaﬁiﬂ)ld IandtHi@tre 1) In

i t t i G
B A T T N
know t Imro@ymapﬁu Gx@luﬁo%y%bgmoeafem i gigdrdxP-omethrgani sm can be applied
equal |y to ot her organlsns In sone instances, such as when an
al t er naPhowhpnqazy agtiey]] qxeme%mba&d@te B-dihydroyeiriongthyl-6-
3- et h{@gé@%&&‘ig%&ﬂﬁ Qsphenak, @t er)éﬁ%]@ %'Ei%yd?oxi}ai PoaY1-§26k S8R 1dnBx AR- 1-

unrel a ecl e ptol uat e, ate or
(2- hydmm&ymﬂmagthﬁﬂg@ﬂmxebmbmxyjphmsphha@helhmdxyphhae5dmdamybbmcmyﬁé{red

oar ol oGEoREBhEE Re el B B S RSy SeS e Tr i CapRp e 2 09 1
non- i deaits 3)s-dRi@GeLl- iSRS IRk -1 @né-2RaAkly ke Sefig/ens e -8Rt Phex-

Because certain di fferencés among metabol i c networks exist befween

di f f er drinedrepabiglte tohpsleoxyrd-mety!-B iphgsshepopx yapydlohgndetnst lagrabasylate; he

act ual Efrar r iven

t he teggﬁggég%g% 1@@&) Og&k% h’ﬁ%%@?%§ﬂ?ﬁg@§wgi ﬂﬁeﬁﬂ$%&gﬁg’g}? al so
will urydexys]tébnndthlyha{(phdsphaneazthyvgﬁleaﬂdenﬁdt troldscybifte; HEL -tarbentiboherdn be
applied to all mcrobial organisns using the cognate netabolic alterations
to those exenplified herein to construct a microbial organismin a species
of interest that will synthesize p-toluate, terephthal ate or

(2- hydr oxy- 3- net hy1- 4- oxobut oxy) phosphonate. [0057] Met hods for constructing
and testing the expression levels of a non-naturally occurring p-toluate-,
t erepht hal ate- or (2-hydroxy- 3-nethyl-4- oxobut oxy) phosphonat e- pr oduci ng
host can be perforned for exanple, by reconblnant and detectlon nethods

- o,
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WO 2011/ 094131PCT/ US2011/ 022046 23 | eader sequence |led to increased
expression in E. coli (Hoffneister et al., J. Biol. Chem 280:4329-4338
(2005)). Wonomxogsmous expression in yeast or other eukacyaiseaioedohs, genes
can be expressed in the cytosol wthout the addition of |eader sequence, or
can be targeted to mtochondrion or oither organelles, or targeted for
secretion, by the addition of a suitable targeting sequence such as a

m t ochondri_al targeting or secretion signal suitable for the host cells.

Thus, PDo¥E-umgysecelwseivaconpprper dr@Crioairpexeits Brsl(t sarRoRie-gice-laci d

S equeng,g,();( -4—&1@@1‘[(/1%?/915héx!391|,51-9f%n@-llcﬁfb%%/l!ai%,@larﬁﬁﬁg‘?-r&ﬁ%oﬁ henl lrlgl?é;@i—&@t ed into
an exogenous nuclfefc acid’sequence to i npart desirable properties.

Fur t hemmoindgyclpbres 1.6 alicnod -subpxebited p-oleodort opiiphkd #atd brguw 2)h It gdhni ques
wel I kno in.the art to ieve.optimzed expression of th ot ei ns.

[ S0s0] ARt By st b PRS0 € FE Y M R BRRR Dt Larobl% Bifle "one o
nmor e p-fioal pradlaate toet-eabdiydLddyealoshol; 4-carboxybenzyl alcohol to 4-carboxybenzaldehyde;

(2- hydr oxy- 3- et hyl - 4- oxobut oxy) phosphonat e bi osynt heti ¢ pat hway encaodi ng
nucl ei @n%éca@%s_ébe@&@éﬁ%&w? foerd ierRthilis perddpicyPrmpked and Fagsr ek SPRskeltsHdt r ol
Sequengee faHh%h'uBQ@thaﬁ(ptlhtatﬂtﬁesQ%% m@feHAX RN ari 4R BSSG s Mﬁ%h%ll%.teggghl%cg ?b| e

for use in the mcrobial host organi'sns of the invention inclu .

exanpl eairpisdedicdSerephraigedly exprodece adesiadd weducoryl foephgbme sppnedriate péthiiyi al

chr omosoRES. b1k RSl déo%ger‘s’i%ﬁ LPRR <Ak RGh BN O, P &%F .r%ga%?lx‘%lhe%{n‘é% L oQper abl e
for stable integration into a host chronosone. di t1ond y, the’ expression
vect or skitladhin the hit dascd ve tiar teabings dededc tThnk, eh¢vmr keiongpenedesandnappicdpr | at e
expressi on .contraol. seggﬁnces..Selectable mar ker ggges al.so can be included
that, CEFTRRRIHYAISTSAR TYeCIEUNEE AHEST PB° SREPHUSIHTEC 8P 48N 3% onpl ement
auxot r @RRInte A9fbtEinEREEE $he AbyBEBPhYtch ¢dnlv &R th WidstrRBS $ndBbducks dthg-cul ture
medi a. EXpression control sequences can include constitutive and i nducible
pr onot éelsate ttergplybalateor Ghhydipranarcthyldraxabetexpphesphenatornatiayays sichapehat he | ke
whi ch [ vp in the art. Wien two or nore exogenous encodi ng
nucleigﬁﬁﬁl gﬁgéggrg'be co- expressed, both nucleic acids can be inserted,
for exanple, into a single expression vector or in separate expression
vect or $004Ebr sWhig¢ geneedlly dlescetbpd bgsinen 2 mibwbiehergdinimg tha comhios apitdsatean be

operational ly |inked tao e co n expressign control sequence, ar .linked to
arFT or AT VT PP B LD AR L TR A R T B R Bl o B
one cotisdintdition @dditienmly @koviddia dohansikalyRmtinding aficrokapagoisn buepedisg &ci d
sequences involved in a nmetabolic or synthetic pathmag can be confirmed

usi ng NEEHIGSXORIMPUSAHISC e %W@digg@.p-tsﬁgﬁa FEPRBERLS GidPhydoxy ormetdnd e,

nucl ei gx&@&itckyastdk Stc DB afS d BFRs iR SuPleicRCANNEBE gQaiap reaction
(PCR) aﬁplfficati%ﬁhOE%nRNﬁ? %5%?§%§no%létti%chor exprgégfon gf gene

pr oductierndiagt ¢ferp-siliata irephardity o1 @iy dmetyhotsthy b4 ossiuteryepherphaasisi on of an
under sP a0 By FrbEuREh PEERRERE a4 vl FRR AN e Ot B Gl 12
expr es petiwiap isexsnibfified @itigaen st Bxampledyl UTierefdd, in addition to a microbial
S LR 0 ShsGE PPt o Sf L
expr es$»- Q04 2y-DandR} 1 oS bRk | ) pk NN dtd) thdigvaiibn aidiesaldipsslidsadioher ei n.

[ 0060] h;yhpventyon addgﬁtgnaLly provydeséa Pethod for pz&%rih?g i

( 2- hy dmatkialls-ogeurkpd microiglglyEansay FFRRIASHHDH Agast onsepeanegpcal ¢ Fregdinge

non- na i i { [ i - -

(2 yar e R bR Bby BEARCL AT SO A, Daf e misrolil, s and
for a eufahisoi nducpes (B blydbxyt-3 -methyd-4prxotiutory )phosphonate pathway intermediate, for

(2- hydr oxy- 3- et hyl - 4- oxobut ox osphonat Such m. crobj al_. organi,sm can
have o TOMH G R SRR b Ay S BrroH AR AT e SUBIALE HE ot

| east QRRNEHRPYSNEYSIABYIEhS-Rat@@il¢ o QUEREH Mlrddidl drdBOeontadrin®h Pitdiude
oxobut oxy) phosphonat e pat hway enzyne expressed in_a sufficient anpunt to

pr oduc @afhway Hipg prodyces priphupig Whcrgindbir@xyayabs prryriganicigbgal organism

(2- hydr = 3 -4 : : i S

7 e T P R s AR, b AT Bl Whera s 01

1, st emi@pbialorg2nikygraiyes3r pratiimyd pathwaointetoxdi) tphfos pluomdd, 8, 4edihydueyy-6an
optionally further conprise 1-deoxyxyl ul ose-5-phosphate synthase and/ or

1- deoxyD- xyl ul ose-5- phosphat e reduct oi sonerase (see Exanple | and Figure 1
steps A and B). [0061] 1 n another enbodi nent, the invention provides a

nmet hod for producing p-toluate, conprising culturing the non-naturally
occurring mcrobial organismconprising a p-toluate pathway under
conditions and for a sufficient period of time to produce p-toluate. A
p-tol uate pathway can conprise at | east one exogenous nucleic acid encodi ng

o, S o o r r " v



conditions and for a sufficient period of tinme to produce terephthal ate.
Such a terephthal ate pathway can conprise at | east one exogenous nucleic
aci d encoaprguizndtsinepht hal at e pat hway enzyme expressed PoTAISSUftfemient
amount to produce terephthal ate, the terephthal ate pathway conpri sing
p-tol uate nethyl - nonooxygenase reduct &¢e; 4-carboxybenzyl al cohol

dehydr ogenase; and/or 4-carboxybenzyl al dehyde dehydrogenase. Such a

m cr obi al orﬁsnlsntcan further conprise a p-toluate path wherein the

p t ol udiedh P}@@ﬁ?ﬁﬁ)@é@ylzh’@@ﬁ*}maﬂmsyla@eb)?yb%@s?iﬁ’o‘héﬁf}bfirét e synt hase;
dEhyggi&?dloﬂ@)Ea%e SYaiha fztte 3 g&t&x?&oﬁ&hﬂai Bx SV AHLAT 2381 - Sk IAR £5-

dehydr ogenase; ki mat & ki na
3-phos@ﬂo@hmkﬂmmﬂéy@ydahbekywihymboaﬂaéeibﬂboﬁcﬁoﬁﬂsméte synt hase; and/ or

choris te | yase and I ot her
it b5 B L S R e R R R S RS TN ALYl
conpr i ﬁaloap}(ozmo;tw@rcmhyxa dﬁetlhaaibtﬁ(ym@bﬂtmydaﬂdmwhqnﬁt eypatway (see
Exanple | and Figure | ar enbodi ment, the invention

provi d&¥ Y IEIPhREr h?é‘llqnfr‘ lo%aétﬁxafiatﬁg Fﬁﬁf@%ﬂiedPVf‘élFl@%ﬁtlds‘PRf&Hﬁ PFRYIJF8AL0BF use,
in “h'%thﬂ@cﬁhﬁﬁﬁ&hﬁhoﬁﬁﬁﬁg&ﬁﬁﬁE&ﬂ&ﬁm,%taeﬁﬁhﬂﬁk%mhk%%@&%@ﬂﬁkﬁ&%tﬁﬁd (2-
hydr oxy- 3- met hy1- 4- oxobut oxy) phosphona hway s ui tabl e

purifi @atmObtal engaion paskiayss t@@phtéslatefmthwahentpmmlw@t, |fQIrf:X@mpb 4ol uat e,
terephth 2r ydr,0x oxobutoxy)phosphonate can be
perforne k)%nédafc?(;]’(94\/%%0%1ﬂ%%ﬁ&%'§wtable replicates such as triplicate
cultures can be grown for each engineered strain to be tested. For exanple,
productf0@ad byiprsendettobd thansnyorf thenpettllnmyerd@ictmefaﬂmdeip,rasaﬂamﬂbodtinhbst can be

nonitored. The final .product _and i.nter.ne ot her or

Conpoutaaip iRt EiniRed B s HBUGIEs i Tal il B pRGR  Berro e i qui o
Chr omat@gday? noﬁ;ﬁﬁ@uy CosirGY AR e MasSH r SRRES sSRaRmy, LC M5

(Li quid Chromat ogr Mass Spectroscopy), and LTV-visible spectroscopy or
ot her duipimeH|aEe %Pa@(ﬁw?/ dafesirsd hHadiselopsddicrdnsheies piGRRigmeRis®MRt known | n
the ar%nxﬁ@%z%ﬁh%%%ﬁd% £¥&ﬂﬂ&hﬂd&ﬁ&ﬁ&&ﬁ%ﬂﬁ%h&h&ﬁﬂwﬁﬂﬁhEJ%?BHP|50 be

tested'wth the culture supernatant. Byproducts and resi gl ucose can be
quant|txmﬁ%bgcmﬁuenummn@hmeHEEmanwumwhaeaéﬁaaﬁﬁrmﬁwtdﬁEWW@eméstor for

gl ucose_an nd,a UV det ect for .

3 ot conrntod) RS TerRisulonbrTSyBE M brhnRREP el ik kil “and

det ect it@ephimilfie ds(2vwBldroxlyrmRthy R4 oRebasty) phbsphdnardipatheitag intemzydime @h ter ot ei n
activities fromthe exogenous DNA sequences can al so be assayed using
nethod§“%€1ﬁOPHﬁHWFthﬁ“FﬁEKQFﬁea%@ﬂ£“€¥5ﬁﬁ¢§; pt ol uat e net hyl - nonooxygenase
activity can be assayed by incubating purified enzyme with NADH, Fe504 and
the p- {@4gat e BiBEEMALR sl dRs@iDA@h&EinbAkNgenS a0 RIFérBigkeltd theRASH01I0 ReddMon,
preC|p|tat|on of the proteins, and analysis of the products in the

super nagagtant %prmbwt:f hereat l9g itk spegific refore@a éq e gsimorg Taelgy a4idsgugnes 991) ) .

VO 201 QIARCTINEAOIL022040, 26, LONGA) TR, et lala v e UEADKgLaY © or
(2- hydroxy- - et - 0X0 utoxy nat € can be separate rom ot her
conponmettabohmretabtmom tda’ctante)rqm'»dmgt eUn,lesrsmﬁteywrsé exmeéskydmmblhdrelk,rtbm skilled lve art.

Such s n e cl ud ex tr rocedures as well
botling o R e e R R S SRV RS ot R e
menbr a[@ﬁ)dﬁJbﬂs fof Beir@iRtioMESIRAIRFS, GRRALMEHAR expRMSIH SRUAHIRSH, Sefehestor0di al ysis,
distillation, stallization, centrlfugatlon extractive filtration, ion
exchang&c@nt ‘?frPét)%JgF alphiefergicse theeaction oRd saferenestte graphifiescapigolici on

chr Omk%lﬁ%ﬁbéals%@ e{‘élnt:e]rsatflé éetnre%} %%s eﬁ!oldlr%fthé Pﬁyfh@?tﬁﬁt 55?&1?2% g?tft nvel |

known in the art. [0065] Any of the non-natura occurring m I al
organ|ynmhdésmﬂwb@ﬁmhewbﬁmxmanfmwnmotmmdad L@wpmwdgaer@n&kﬁ&nswufekb t he
blosyntE rod ts of t he nventlon &, 4 2
t er epht’ %‘le ghe o r8nZ>¥“§’ O%taﬂyfe%‘% 06% TSQ%%%%%%@ ot 6?°°8t?§ers can
l(ag ﬁ uljtnudileldgﬁﬂrals‘r(])h?nﬁitﬁsymft)dfﬁéﬂ(ﬁ)t@Eﬁ@bﬁédp@ﬁdlﬁé elgmgtggﬂ gﬁ:@rﬁwﬁh@ft&ﬂaﬁchah ate ?r
ydr ox met - 0xobut oxy) phosphonat e or e pro uction o
p-t ol uaﬁtél\/YZtSeqrélp’ﬁ?tﬁWétOél%eﬂ V(lﬂltﬁ' ar6%3n -t w[te r@acte% FRMYSHI<phonat e,
the regophimnant strains are cultured in a mediumw th carbon source and
ot her essential nutrients. It is sonetines desirable to maintain anaerobic
conditions in the fernenter to reduce the cost of the overall process. Such
conditions can be obtained, for exanple, by first sparging the mediumwth
nitrogen and then sealing the flasks with a septum and cri np-cap. For
strains where growh is not observed anaerobically, mcroaerobic conditions
can be applied by perforating the septumwith a snall hole for limted
aeration. Exenplary anaerobic conditions have been described previously and
are mell-knomn |n the art Exenplary aeroblc and anaeroblc condltlons are
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for exanple, sugars such as glucose, xylose, arabinose, gal actose, nannose,
fructose, sucrose and starch. O her sources of carbohydrate include, for
exanpl e, wornewAbkBs1f eedst ocks and bi omass. Exenpl ary types/ustoibioozvasses
that can be used as feedstocks in the nethods of the invention include
cel l ul osi c bi omass, hem cel |l ul osic bi éfrass and |ignin feedstocks or
portions of feedstocks. Such biomass feedstocks contain, for exanple

car bohydrat e substrates useful as carbon sources such as gl ucose, | ose,

ar abi nd¥¥4] ga|Té@tr@§élat%me§@’rms muerpb@boraﬁasrﬁ% alr e INVERtBFap Re PrasH hYgs and

gui dan %OQ{P%Z}% 2 Oes@ﬁ)rleehl.g:’lelé m&eenégdlh r}n(grg of ﬁ{etenynlle!s &?ﬂﬁélﬁg and t hat

renewabl e cks and bi onmass oth an t hose exenplified above al so
can bepaBEUMﬁEgHnmkpunmngwﬂﬂwnﬂﬂ@tmhmﬂmeor@dn@swwIbﬁwﬂhb41nvent|on for the
product i

n_ of e al ate
52 by ey St Giosh B SRR S BREsrging 5o A mIETARP) SV  enewabi o
f eedst @Bdsn waibs@ﬁthtash@ saclexeoiak fdrisetic abOIV 6f a pdigcipartLlotiate rerdphiiapid ial at e or
(2-hydr oxy- 3-nmet hy1-4- oxobutox¥)phosp onate m crobial organisns of the

i nvent (ORYHPES 3 dagih - orodrorsiphp phoRato ey ngis tis pAgEEY s8 lvet XPESHde dobf

car bon exd it hfé c1§d%€&h$§t s RARRA 1%'3& or 1%% e‘ﬂEyrH&rd% pPStEhEe RS REir@NZyMes are
expressed i n the p-toluate, terephthalate or (2

hydr ox 9@4(8ymtb¢ttvypﬁlwadxthbm @mys)sw&mlgpman@s fpr thd d@ﬁ@@t@n@@m(s)rm ptaeipspyicde a
Fgg?gf |§I§/ i« tdﬁ(gesdl 1\rsll\%ythe Rt F tr'shl%(s%@ien?exo%gnoﬁﬁg Glpe?natlgglge?ﬂlse c%?%e%%osts ource.
prod ucﬁlmbngagln@amai &xpiession ©6 aimeamlh\oéy gzaam:sb cbnal@ deﬁmcﬂrm ethtd] theisarch as

bi omass terials clud ricultural crops and residu as is a
m xt ur & 'Il%ef’r“icleif’ %9?‘{11926%{*?3%%@% %f%e%efﬁéﬁﬁb%r ) FotPna‘(Ele%Veg%\Eq ‘f%gf‘cat i on of
any or gaaphal8€ 88006k roxy ¥ hndthy NG-RUSutHEH plosPRdnel thRyRPadis. BRA!la /., natural
gas, biomass, and waste organic matter. Gasification is generally carrled
out un@éwraélymcg}ﬁrlflgn aticrpbjakprgapam phithi g1venfiethandi preduged By igodusingcO, syngas
can al %90 'ﬂ&!ls% n%)g e}?ﬂ%l O&C'ﬁ@[tleg?os(%%alh? d§ﬂpe|d b%sy&ﬂ@tgb Oﬂattﬂvgazf or-gm'é%gdsynt hesi s

gas provi es a c I've source of gaseous-carbon su and

addi t i balhticticGathwdyQad b¢ dhreindd byl irtjod ngoabihe q&aﬁdsmyogeadm;l onz@se dbihgotein
conver si on. of a to acet A and ot her uct s uch .acet at e.
o oet S oS Rer i e Bk iR R o P oBPOEr B agRe e

capabi IpkddvicQuchihd p-tothag t&tFhtiRdste GRLIRrdRyX3-HicBs1- n%@blﬁ@xyt)ﬂﬁ)sﬁlﬂiﬁﬁtebaﬁ c set

of enzymes and transformations enconpassed by the Wod-Ljungdahl pathway.

Hz- dependent conver5|on of CO2 to _acetate by m croorgani sps was .recogni zed
|l ong bé¥é i tHemaucaRiakaredniymspandosdrde! fom thdfee nebrpplly Recvusiig
or gani $i1Bro PR} BuRYste, Wakirid, Juat iithus Ma MQariety of
S0%ar oo eBfolifil AcRATn PR BIRYS ogenslhgve s S o ey o 1 the
pr esenothcoficazamngnprptioddc wopouttion purhssas Rxsatrdire bagerizongludssivgids ogen
|s pre n he ne ducj ui val ent s e for exanple,

C S BBl B R R oL B R B R CA S R BT el TP s o
be Sur’rm&fmdlﬁzdllfﬂysztchmogﬂiek dbﬂzrﬁ@eﬁﬂdﬂ@zﬁdcﬁfblp@dwﬁ@h%bmm - BB 23 CO0H 2

H20- kn%& ance -natural ]y occurring m ¢roorganis possessi ng t he
Wood- LjCSRgEaHIep4 ﬁ&’éﬂ?’ 59 %“Wy%ﬁ’d YR upeLlisd anpacocqp factine

pr oductyi,ems&fnAGREMb G @Yr@;ﬂgmfktep 85l BI6B ) I @Bs AHRFMEL B budy B HE ]P-Egbﬁiomonas

Wbod- Lj ungdahl pat h is we known in the art and consists of 12

react i dreraieetang é’ﬁebt%m%@dwélﬂédlii(%ﬂl@ialﬂ’v}@a%“r efrfengignclyde) sppeeshiglectsd diosh and
(2) car ch};)ﬂlf %r %ehfws-wee (9% #X%ah%@g}%? o%vek;u ve%%ﬁﬁ%? lc;c?)s Kl%t[yverom ces

nethyl ate ereas t nc onverts
nmet hyl m‘ﬁHﬁaﬁm Agetrgdluﬂeﬁceus‘l'h@argﬂm nigays Pidhid pveronidt Jﬂlg/tkoﬂw an@kzuarl%méﬂal yzed

in order b th enz or e ferredaxin o or educt ase,
o ot et B e & D R Rl bR R R et ol IRLERHEF

met henyﬁ&@bm&g@m%@hl@db@e oy g&&d@ giﬁ@rnaFeOtmbeﬁw gdchampstrod Mlisaise
dehydrogenase and net hyl enetetrahydrof ol ate reductase. The reactions in the

car bony#clsieaisesh suhes Saeadiryoreges o7 oiivies by uHersoed fhemyguepbly regopipl host
prot ei %?ganﬁﬁgm'b%%&édat%ﬂg%% AbG&H ?U dnlaRP! Qna%%o%lh shxg JRABSE Sésﬁ%ng (for
exanpl e corrinoid 1ron-su r protein, tein asse

pr ot ei prdduor exanpl e, AcsF), ferredoxin, acetyl CDA synthase car bon
nonoxi de dehydr ogenase and nickel-protein assenbly protein (for exanple,
CooC). Followi ng the teachi ngs and gui dance provi ded herein for introducing
a sufficient nunber of encoding nucleic acids to generate a p-toluate,
terephthal ate or (2-hydroxy-3-nethyl- 4-oxobutoxy)phosphonate pathway,
those skilled in the art will understand that the sane engi neering design
al so can be performed with respect to introducing at |east the nucleic
aci ds encodi ng the Wod-Ljungdahl enzynes or proteins absent in the host



WO 2011/ 094131PCT/ US2011/ 022046 29 aconitase, isocitrate dehydrogenase,
al pha- ket ogl ut arat e: f erredoxi n oxi doreduct ase, succi nyl CoA synt het ase,
succi nyl -woAotwemsier ase, fumarate reductase, fumarase, PORIGSRE@E 1/022046
dehydr ogenase, NAD(P)H: ferredoxi n oxi doreduct ase, carbon nonoxi de
dehydr ogenase, and hydrogenase. Specifécally, the reduci ng equival ents
extracted from CO and/ or H2 by carbon nonoxi de dehydr ogenase and

hydr ogenase are utilized to fix CO2 via the reductive TCA cycle into

acet yl €¥Robr dRwpendiag opndwinaioliatea fergpbithabis er@dydiogy dceey-€oA by enzynes
such a = i - and
ety S PGP b ANSpE] Y afinim.

t er epatheaicatefurally ¢@uinngmoxspbid pegatiyins 4f b obghoonyphoslptostdeast greecur sor s,

gl ycer al dehyde- 3- phosphat e hosphoenol pyr uvat apd, pyruvate, by

oy VAt B Da R BaFLsa e B Tl BSE R Loaneogenesis.

Fol | owioR@but 618 )pioastvintg patindy Guédiancaichioaidad WienallrRné@ind Micteddatédstgr a
suf ficient nunber of encoding nucleic acids to generate a p-toluate,

t er ephttR&PRTE Y ofish iFarroRplate orletiy oy kBBl ok p y prtp ke e gat hway, those
ski Il eqidsPnthhie Afdwadh! FortRIBHRE Aidudtb alrephiRilik |o§‘{2-§ﬂﬂb>!ﬁ?-¥ﬂeﬂﬂzlﬁ_es' gn also
can be perfornmed w th respect to introducing at [edst the nucleic acids
encodi rgotutexynpivspitongte biGanthesishaeapeeptahlimbed pra msbddicrent mpsmtitwiyrengyrae host
or gani h fore, intro ti.on ef on I [ i.ng. nucl ej i ds
"nto t ROPrS @b ok ki ey 8 ol E0EnRhalRE SuROFR b O U, b F 2

or gani siafidemti@hlhsndyhes oopipteaiserfagaiohiaicy @rchbthapad dru@shyidoky-3eaeth@r4-syngas

utilization ability. [0074] Accordi ngly, give he teachi ngs an uj dance
provi d QHOHEPR] Rﬂosﬁ%&%% Péigl"‘%ab’ee&og‘??o?g@?lpé‘?sglowof pl %EP&TQFR#P%%H%SM way
non- natchi gd in)élu_@&ﬁ lal[tliciu%ﬁ itk GhaRdtadd t%tgﬁlrﬁnﬂ}ﬁl@s?d} pP&eiBE @ﬂ#ﬁzﬁﬁw&ﬁ@e{n wRecretes

t he bi osynt hesi zed conpounds of the invention when grown on a carbon source
such asxpressad bomyifithghest couteins ebleprd apeiel thepathway cizymegpaprpicens. Fot ol uat e,

t ereph e - XY - 3- -4 _any of
the Tt ok iaBlebs BN P BRI of AR QR BIP RE PR BBl

( 2- hy drtauate 3enaptithylhte 4 xjalnd:oxY-hpitodghooantex pahdsplyhateAlah bt afuded. Fequi r ed
is to engineer, in one or re of the required,en rr grofein activities
Lo achiEURPIb HPRTRBENS R it ey cah S ORBEtha g S e evHsaat e | ncl udi ng.
for exasplyphodpR6hdpsingfd sOhthsRIME delydddduiie dyRtaf olddRy @oqliRfteddHybakate or
(2- hydr oxy- 3- net hyl - 4- oxobut oxy) phosphonat e bi osyntheti c pat hways.

Accor dishilinate d¢fydioggrase;i saarklrpaté{qraées 3zpheenhopikinrad-Pyagernimilispstiraseobi al

or gani - e -1.0 r
2y B B R LERaRh A Bl fmed B CRR AT RN ate or
ot her car bomclhded, sechamn@-phetusebylandioory seescatdstanyt-olibdxyberizyt dcotetli at e
oxobut DT EHEE oM SRR kgt BB R httPise BT SR I car bon
sour ce (2-hfdroRy-0imiak@,4-6:0beRY pabphéndd pathway can be included, such as 2-C-methyl-

(2- hydr oxy- 3- net hyl - 4- oxobut oxy) phosphonat e_ pr oduci ng m cr obi al

VWO
2011/ odraythotat Arsnhatoddudntasd lofegaimdngscot-Phesahaty vayhase At kHeexyri at e
synt hesi g dst SRMREpHaR SlRsi @ GascFOr exanple, a (2- _
hydr oxy- 3- met hy1-'4- oxobut oxy) phosphonat e pat hway i nternedi ate can be
1- deoxy- D- xyl ul ose5- phosphate or C-nethyl-D-erythritol-4-phosphate (see
Exanpl ¢9047and ®veuthe tepphings gndt gyidgaeepipuidpdvasgs cinnthesoskdlcdtie theart Wwél,  f or
[ez(ggg!s glﬁ%%sotgr}(%%ﬁ%gﬁ%@gﬁgﬁ%}ﬁ@g%glg% agitdg ,to introduce in an expressible form will, at
1, 3- di taast; paryHel timep-topdatS toxmdtleddto ei@aner dayal-methyl-dtog pbutoxy )phosphonate
rSrE,[] KS{ %gté]wg% g%qqg%ﬁg_oﬁﬁgégl%g%@ ﬁgs[t é}i&ggiallor%gr{igg.x ¥Leafte ore, %’n?)n-%gtrlll}laqlryoxy 4
S5- hydr @xmﬂnmadmial%r@mmél %N EY@h BReXonk: BRE thkee, € Y bidl RverRor
[ (1-carboxyeth-1 -en-T-yl)oxy] -4-nethyl-3-(phosphonooxy)cycl ohex-1- ene-1
- car bt derendpye op-thg particylagsdwast that is.ap-tp aﬁ ygigiglacids pRooripe dhecshiaga- 1, 5
-di ene- 1.- - . Ei 2 \,t er epht hal at e
i nt er me épra(t)? %@ﬁ%k@%% ?cgglfg%(rqu{%{)}ﬁ%%létg g?%o@y(%%{ zy ﬁ‘)efa yﬁ\g hol or
4- car boxytheezaphdephodete bssgnthxtanmittevdyl dischsdd kérgmr én )me oo diig the non-
non-naturally occurring mcrobial organisns of the invention are
constructed using nethods well known in the art as exenplified herein to
exogenously express at |east one nucleic acid encoding a p-toluate,
t erepht hal ate or (2-hydroxy-3-nmethyl-4- oxobutoxy)phosphonate pat hway
enzyme or protein in sufficient amounts to produce p-toluate, terephthal ate
or (2-hydroxy-3-nethyl-4-oxobutoxy)phosphonate. It is understood that the
m crobi al organisns of the invention are cultured under conditions

o T T a T T




[0077]In addition to the culturing and fernentation conditions disclosed
herein, growh conditions for achieving biosynthesis of p-toluate,

t er epht havet2e11094132- hydr oxy- 3- net hy1- 4- oxobut oxy) phospircmatseoiaaeeoiséecl ude
the addition of an osnoprotectant to the culturing conditions. In certain
enbodi nents, the non-naturally occurrihg m crobial organisns of the

i nvention can be sustained, cultured or fernented as descri bed herein in
the presence of an osnoprotectant. Briefly, an osnmoprotectant refers to a
conpourdiahlyocauting gacrabialyy aplispselanenpegls otherigengitsingdifigagams thah as

descri ~her e n i i r r t i are
e R e Ml i A kb

Non- | i friasymtesexartit esnfof otheralscfal finglignsion® thehest negropipbdrgmast.eOat mech

di met hyl .t hetin et hyl sl f eni opr gpri onat e, 3- .

ai ot et na o bk st B RBRAR A Gog'francpgpesis of one o more or e

di met hyltslhfcoRtpatehat @ ,(2-bhdbokNg,métbAM-biddbatocanphheghohaepathRappeci@sgect , the
osnoprotectant is glycine betaine. It is understood to one aof ordinary

ski |l Shehaseleialdehyde-{-RROSRAMERYTARE- (A Pelrety- 8Pl GraePHAYY BRSSPAIE f or

pr ot ectoyl Ao iBatl FHARIAbreOsLRARIHIY daSH! HARBINSHRIAsLLPM PeARLd & Shfgss Wil
depend on the m crobial organi smused. The anount of osnoprotectant in the
cul t ur iorggnisorsgich hoihs pathwap &, produceextampicd Figwee Doteecphihalatealbeavre §).abdiid4 no
nore than u 1D [ han ty1.Q.r1 no nore than about 1.5
m no RN ?? hréer%%élb%g{gbﬂggy%f@r}%mﬁ%@E@E:}1?1 aaggsg@té/h 2.5 MM no nore than
about 3.0 "M no nore than about 5.0 MM no nore than about 7.0 MM no nore
t han alpe48] 10rddneradly nphest trhanbialbw pdnisd isivelentod smrhah4thgprodiwosithe p@ndsboof no

nore than about 5 0078],The .cul ture caondi tions can include, for

il & PG b BD e P ety aotabiiE FoAE -y P RBaRs BRENHE SHhords o ar ge
scal e eplutdlly§refueeEaiblcesle of\8s HeSSMhcBRed phRiued tRat cRAPrGHl@Ide Yok Slotthctivhel ds
of the biosynthetic products of the invention can be obtai ned under

anaer oBSf & deyired prstignt grangryasst BOHBEI B of gIPEasHsotiidRtly Brpgducedyy the host

2011/0 1 S i i | ary
gr owt h%é%ﬁgﬁigﬁ- I{%hﬁ%{g} i;glg i g@i&hg%‘%@ﬁﬁﬁ?@*ﬁiﬁw@?ﬁ% ol er e% fﬁﬁgl ate or
( 2- hy dpoxdye @l magtrhijyl indx o odrgerosy ppdhas ghoelat & hosteirgriesn candereopineereditat ur e or
fermentation cgn itigns. I n certaHn %qpodimpntgu t he nqg;qaturalh%t

occur riTREEART BPSBION 58 SR ST RE Y ASTER i NgH P LR QIHaE™ BE t ur ed
or fermedbed chfideredidgdesdit ¢ dired pReiiabt taaldeynsahaer aht ergeantiahd Anter

Briefly, anaerobic conditions refers to an environnent devoid of oxygen.
Subst aSPEBFISA QEXBIESHIEY eSS of mertelyae. eisphtBxlaor &-hydrexy-g vyl pat ch
f er menuadd 8o 8F)ph& B&ﬁgﬁ&@nﬁg{nentation such that the dissol ved oxygen
concentration 1n the nediumremins between 0 and 10% of saturation.
Substantially anaerobic conditions also includes growing or resting cells
in i ql?Yhedilnnrse conodisienty, agparnityrgibyeccarygnist beth arggaismmadithn avendignwi t h
an at 0 : n be
i nt At et £ G WRF RO Amal L CaRBIEE W BN BIEED et ure or
ot her sareplaltpllac no@@-loxyger -gathyb#-ogalsesxy ) plEegdindtee I thit yeefic ombodiimentsit

descri bed herein can be, scal.ed. up and grown.continuously.fo ufacturing
of p-t ST Eer & EEeRanE PR (g B R B KEYAC.ARREBHS & Bhosphonat e.
Exenpl agrogy-0whdthAr0ebutors)phbgihuaiRe pitBiaeybmt €, fhesaples rifeas-toinat i on

and batch separation; fed-batch fernmentation and continuous separation, or

cont i néGerRMhaHeanZadEnyahtebyhf-oxoRiiexydipspanpis pathray rectiprdewaidivcesses
are we i g AN IuC ‘heu usef ul
For 1 e B e o Bl G S o R rORINLE Bl

t er ephtshethesiseor@ccypityodroan e dcavetphsticd by ofon bxenay, Jop bres prhassinat & nu@eivexcals | vy,

d i th -cont | | £ ' /
a2 SR PR, B S SRR SRR A
(2- hyd [om;mlft&yr)@iobmibnl _étecpmlwtay {amy%ﬁelmfpﬁmiﬂgt ﬁ)olmr tkkprbsa(ﬂnuﬁkeerﬁyinte WF by s
non- nat ur a ccurri -T1Oolu e, er alate oOr

( 2- hy drPBY9L @r-%wgvc Wypreta{r]lgfe Blﬁtpotf?@‘)aﬁhﬁgeﬁhglg feePr e BAORYg B Bert-sm of the
| nvent ip@ButdkyaHobpon8@tpathhay icgrn@&uﬁ@& é%@ﬁ(%}énzhmgﬁt&&@wu@a%eﬁo@s%ky

sustain growh in an exponential phase. ntinuous cul ture under such
conditions can be include, for exanple, growh for 1 day, 2, 3, 4, 5, 6 or
7 days or nore. Additionally, continuous culture can include |onger tine
periods of 1 week, 2, 3, 4 or 5 or nore weeks and up to several nonths.
Alternatively, organisns of the invention can be cultured for hours, if
suitable for a particular application. It is to be understood that the
conti nuous and/or near-continuous culture conditions also can include al
time intervals in between these exenplary periods. It is further understood

g, M y" - Y Y b1 . - r



(2- hydr oxy- 3- met hy1l- 4- oxobut oxy) phosphonat e producers of the invention for
conti nuous production of substantial quantities of p-toluate, terephthal ate
or (2-hydwoxytidvmsihyl- 4- oxobut oxy) phosphonat e, the p- POTABLE,1/022046
terepht hal ate or (2-hydroxy-3-net hyl-4- oxobut oxy)phosphonate producers

al so can be, for exanple, sinmultaneou$8y subjected to chem cal synthesis
procedures to convert the product to other conmpounds or the product can be
separated fromthe fernmentation culture and sequentially subjected to
chemi c&NdQgsPRNSIRENGRF ecT ShEIEh CRRZSHPEURIRTEsHiAN B the PCleiREauheNe of Bengdsi r ed.
[ 0083] TR QRREI kLol REIk GinD oARHERL Ban BEIARR LéicRASL bBHLARuRAY Beddriged €O
optim ze growth condition eling can al be used design gene

knoc komlsmbiahorgaldstm pighalrvgnigmt fariexenplt. frodumtnggntobfate, Itﬁeeg@ataﬂmayr @see, for

oo 00sDs5 - BASThaRgi S iR SOk R E5 P Seon Be TR0 EB AR I L
2004/ 06199460 so #drth, thaSis, adoaiitnubdRic abids2hccNe) p-tdvinale kdreghtiaanat y(2shyalk dxaws

reli abI e predl ctions of the effects on cell grow h of shifti ng t he

met abol reﬁhtlo‘w%t%}péoeﬁlppef BIEY RS PRt eatynbeseapts)étl%s lpgfdigptRal ate or

(2- hyd%@f%aﬁra"i‘?‘y%&’tﬁnﬂ LR QXY b@@&%&ﬁ&f@ futap GRS NELRPBILELLRAR) met hod

for identifying and deS| gning netabolic alterations favoring birosynthesis

of a desulten goriodeast in activie oOpt ¢TvER lmthnmdph@teowmphfha@mz\m+hy(1®w1§ar d et
al ., Bj 7 Opt Knock is a netabolic

nmodel i %R@q%'&()bu aﬁ?ﬂ&phgngte?bé%ygﬁiae it Qgézegts gene del etion or disruption

strategies that result in genetically st abI e m croorgani sns which

over pr ¢eltsee t He pmaicgkatly psadaenibod By, £xagehdug expieesidir alfitbevarckdieg antloies t he

conpl et e. et ab nd/ or bi ochem cal t wor f a m croorgani smin order

o Sugdedt MyBrdpied R DOrHPEISOh P SeB kg wbil BUSOREEMRRe ©o

becone aadooRkhgRHEYMEME EOHE Gbst @hd §ilicat@nAvhibhicBYs E&QHE] éxpeeshibR edverthgal

production with cell growh through strategically placed gene del etions or

ot her fLGfEtPRehly heHesTdHergpti S1oSsIeEs GHEweIn slsp &1 bopfilizpgin other

2011/ 0AbSHRIH R0k G2RBAR §%e%§fpv§§%éﬁﬁ§or&gﬁ9§&dor9f?d&cﬂ§n 6L peRred strains

after long periods of "‘tine i Ioreactor lead to I nprovenents in

per f or rpmtwerasheaa Imgsditat anghduchtde pomptdroo ptlleglreeu]@tmrxdalpbmd Thiipehem cal

pr oductel(? %/ when 2%ﬂenﬁy del et i ans ane con truc%} the{e

negl i gi'B Oege%"ufs%% Paene BRIV AedTfiee it rl%tPrr?éno BVl T Ny 8 ei%le yr wi | d-type

st at es phat@ns thetapprogamne sndaeingagan, dyhGrimoskegiod of an belogaiik géel ganbenoved

fromthe genope. Therefore, this conputational methodol oglﬁ can be used to
ei t her SPEBFATSG 9 ingorparafs ep Pidugiblofaanjaontelsment fherely #loydpmibhasguiation of desi r ed
Pr oducCtn @fasitb&GrdsHiof 8PRESTdLQhot Edhelah € 109RY BdeU rs%hhéﬂﬁﬁﬁ WdhEiBR éﬁ’br%@]b' al
organi sms for further optimzation of biosynthesis of desire roduct .

[ 0085] Be bf inglud@paskivggilatosy ¢ement fonAned ogrmons gﬁnmntrceitle@d ity @@mﬁpualé}t i onal
met hod eling cellular netabolism The OptKnock program
rel at esg(fugm;é/%s(%%lal Or%arrrl? ‘nodel s and nethods that incorporate particul ar
constraints into flux bal ance anal ysis (FBA) nodels. These constraints

i ncl ud¢Qosflpr dxamplestoqd diat, taticthedkofitet ingentivhoanyadfitomonequandrt etdgesous

regul ato informati.o and/ or DN roarra erlrrenta tKnock
i 50 conftieab S BRea BETYR ¢ BleoTafaBaing Y mBRE By Ry &

ti ght emi@biaherghhishs obeHenghamties T dueksk 4didsaidd Be ilnvdudralsans & dmee] Br and
subsequent | y probi ng the perfornmance limts of netabolic networks in the

pr esen€sBple gehtoludd ’fqrmmlsaltst ot draxys3-mefhy kiog RO QPRSP BAKI  f r amewor k

al 1 oS bideyEARSHAH AR GE nffBdSh & grﬁtﬂlamt%autétﬁten@adntgflt‘@ttmeatct&%hts@ query
of the pert nce N'nmts of netabolic networks and I des net hods for
sol vi nglttdnlecerdes thdungannnxcemedlmtteelgeuobial ongamisiprhoging hhei bngsypthom enpsbilifhe

met abol | 81 node] i a% on me ho S| refterr%g tf hg%g% as th Knock
are deg%?yﬁee%"meo P rrqulr%ntﬁf‘c 1ongFOSLONSH BriP At P08 e 68854 OXY Pl ed January
10, 20G@thyil#a-dxdbetoRg@bhespadnakaliedinti¥ic cﬁﬁfﬂ_{h@SQ%r@Qﬁﬁlﬂe 4 ndnethtulaimuary 10,
2002, and U.S. publication 2009/0 7719 %ed August 10, 2007.

[ 0086] ARGYTHRY MiGARYoAEaNGHAPaVIRE B t‘%?a t?ra%lﬁ glgty ioﬁéz RO MGHINNG et abol i ¢
al ter abk@&ﬁoﬁy@ﬁ&%ﬁbﬂbﬂa@'b%yﬂh&?éﬂa%\wy%éﬁ%ﬁrgﬁﬂse% le%st%@k'&éenbl%s ot /Rl 1 C
nodel i ng and“si mul ation systemtermed Si enyt hi s conput ati onal nethod
and systemis described in, for exanple, U S pubI i cation 2003/0233218,
filed June 14, 2002, and in I nternational Patent Application No.

PCT/ US03/ 18838, filed June 13, 2003. SinPhenyt is a conputational system
that can be used to produce a network nodel in silico and to sinulate the
flux of mass, energy or charge through the chem cal reactions of a

bi ol ogi cal systemto define a solution space that contains any and all

possi bI e functl onal iti es of the chem cal reactl ons | n the system t her eby

I T o Y 1 = - r e



[ 0087] These conput ati onal approaches are consistent with biol ogical
realities because biol ogical systens are flexible and can reach the sane
result irwoeny/ififierent ways. Bi ol ogical systens are desirgisediokoaagh
evol uti onary nechani snms that have been restricted by fundanental
constraints that all living systenms nmigt face. Therefore, constraints-based
nodel i ng strategy enmbraces these general realities. Further, the ability to
conti nuous|y |npose further restrictions on a network nodel via the

ti ght esneRgingrdesisesezsmat & rreisinpt Kon grampleeduc@rioaxy-Tmethyl-4e of the

SOl ut | QRoSRAGSphosARNER Yo FRARNELADi A Bfﬂféleﬁ%%s\@ég@sgefa'cslbb@énmh@hawnca'
perfornanc phenot ype ca be predicted 088] G ven the teachings and
gui danoé2i-oxeihge®-dethaia4-phHosgatesdchy dradsd andtlhéeoamyh»bisd S-phospbate symshappl y

i K b
desi on ohd RS LRERTgl A RLER I Br AR e BT SUR PRMEUT cr o o
or gani s¢ctoSdaleradet mop- t@udﬁ@pkelhwm a@b@bmbiidd étthomzylchediedsariande,a f or

exanpl e, the coqputatlonal systens exenpl i fled above as Si nPhenyt and
Opt Kno&Rmbizgtion ¢ %%qhﬂéﬁor%ﬁe%ﬁ’m?%éh?}%@ﬁ%tl@ éYPt hagg Ad Frdepiauinag descri bed

her ei n gwhfdmch &l SfiERGR Kifast REd SPhEPRGHIGRTRUL @e{rbcg&vfnzﬁﬁﬁyi@fage fs&'iqn'i‘é%éie' ing
and sinmulation. Those skilled in the art wl know how to a

ply t
i dent i kinesgt a@mhlkdeemgnhmenmlaedr@mdahq leke. Simildrty, nea‘atﬁplhtmlam naéhveem Bns

usi ng n h I|n | at |
conput e% i !glrrlla éfglrlreg\/\%j S af an%ymg% ?12‘%5’ S Py tE)F)JIQ%)GKno}\}\%‘nqnl nt % %as[e ra?%g%nlcﬁg
met hOdSaldiesyifen:k}&dlc&hﬂ\dehwdrbgenm’eg)w 4earboreybsedy aitolit tethakogenaseand #ons to

di srupt. Elim nat h reacti thin the set or t abol i c
modi T 1 CEPPOPeRAH 2 lde@(ﬂ%tdeﬁﬁag%%% ?Iéﬁtﬂﬁ%u usgid I %iopﬁaaﬁv pr oduct

duri ng cbABingh V6 MwBRaROfnz kﬁl@s O [S81In3 ¥ a BREAUB&I LA WaSREH bOMRIAEEinkNOWN,  a
solution to the bilevel nock problemalso wll provide the aSSOCIated

gene omogapsllymesuiing rrmrebl@lrorm%n ehthy mventi¢natSige ey, e vedastoedhet angn

Wi thin CB 1n§t%n &fthlreg%f: ﬁl y%ﬂsecﬂr grgteﬁ;@Bf 9 Blo?}tl’lﬂ?etl%ﬁ thWa cgr?‘&t fﬁ&ﬂﬁe % their
correspondi ng genes enco nzymes parti ci pati ng /i each reaction is
generahbyn&muﬂgmoanhﬂgnmnd@ehﬁgmﬁnmoﬁ@bMthanﬁﬁ@ughmeWEHdwmnqmnMe

2011/094 /USZO 2046 c reIa ion qf. react i ons th a

Feaot | o1 Bt BT AGIGOE 100 S KD B TR o BRASBHESHIRG® genes.
[ 0090] Ghg endridgitei 1fdsed-dé@rcy@InaRfdech@asthiQBiorishate sfhfadcinl@heHihiddplyast, i n
order to achieve production of a desired product are inplenented in t he

t ar get aB&pe fogth, ardgairgds pe lope pothe cpBhBRtiQN erapgymesmngfor grot¢ippefithedwsigdne
encodi : | i OoR Wit Ri c ful
moans. CRsSARH RNRER L EFFRUERtF Mol Roifhe dCHEd BRI 52 on
of eackomhimetomef fgenéve, oweawen or mrcsorpMEs@tpaoicies of a biosanhdsie pb‘émaﬁu cial to

di srupt, th reac et|c aber.r di f or. _exanpl e,
mut ot | RS R R Sl R RS daR p Rt DY gr bR S hg
sites MdtrobRbotgatian Y fiRGh@htion, @k dByretly 36n6@t dsahe fmbilaioadicngniegu@oce at
any of a nunber of |ocations, These latter aberrati ons, resultlng in less
than t BFUFnge t8e desiredpiopyihgjismathawy resyhs pepradustion of the corsssapmsling dspitedh r api d
assess §t. of the coupling of a product are deS|red or when genetic
reversion is less likely to occur. [0091]To identify additional productive
solutions to the above described bil evel OptKnock problemwhich |ead to

furt her[OQcﬁéﬂ s dnaddiien foghe brogymdhesisud p-teluateeicegpbihpleters d? hy draky-drisethfat can
result f a
desire %ﬁ%@k) cﬁhk%gg§§3§&gﬁmﬂggﬁog&Pw%@ﬁg Hg%teéﬁkggﬁgg%ﬁ%hﬁng
inplenmndeﬁﬁmﬁhm&hﬂnnhmﬂnmﬂ@nmeﬁeubymﬂnewammmebmmsmmmmngﬂtmwhGnmkmmbk
probl em. d above wit e |n oratlon of addi ti onal

onst r AitodeeBe! St i kR e o e RO ager cut
const r aiddysh&lid BCdthatebited rm@ﬂémﬁlb Qm%@lté&hht‘i% tB pRIRELIp-Lolh At EHARFABGr t he
exact sane set of reactions identified in any previous iteration that

obl i gat&RYpxedupited-fosiucry phopharaiether tfl%ﬁ @ﬁeé\mﬁ: P-dtatee Scaeppthalatg ¢r o

previo f ifies
Feact | oo B B S TR B € PR AR a3
prevenmmmmhel@@msmneambknﬁsdﬂaﬂmgnm%@maenutmahémnstylbﬂmsudbneﬁwﬂﬁ-
subsequent solutions. The integer cut nethod is well known in the art and
can be found described in, for exanple, Burgard et al., Biotechnol. Prog.
17:791-797 (2001). As with all nethods described herein with reference to
their use in conbination wth the Opt Knock conputational framework for
nmet abol i ¢ nodel i ng and sinulation, the integer cut nethod of reducing
redundancy in iterative conmputational analysis also can be applied with
other conputatlonal franemorks mell knomn in the art |nclud|ng, for

o o - P~ o I 1 Y T o " I B 1 o



[ 0093] As di scussed above, the OptKnock net hodol ogy was devel oped on the
prem se that nutant m crobial networks can be evol ved towards their

conput at iwoabiyopr3edi ct ed maxi num growt h phenot ypes whemrCsaisp@aem4¢ o | ong
periods of growth selection. In other words, the approach | everages an
organism s ability to self-optimze ul@er sel ective pressures. The Opt Knock
framework allows for the exhaustive enuneration of gene deletion

conbi nati ons that force a coupling between bi ochem cal production and cell

gr owt h OBQEBKYaRhosRtoRate wa%lway HHETEIRE RS 10 PTIRBlafcERPhhialagg 1dA- My drogBer nal
gene/r “r‘@e‘%ﬁﬁll Q%%B%%WB% B&H&H r(§*n°e duPEpoRkdid RR1LAEs, ?or%kérﬁ%l%'th@?érfn@h%ﬁéﬂ on
probl em t hat chooses t 8 acti ge reactions such at an opti nal

gr owt h o @hu¢robial drganisrh ghat ewdhctqs R@-toblteotckepbthetapr @dRdwdrokhd-betbelrem cal  of

i nt t Bi ot.echnol 84:.647- 0 0094] A
o oot E A e e ey B EERARe. B b R SRl Rk ro

i dent i frnetlg&&&fkbb@bx@jah&@hcﬁrme ﬁmivéﬁ@ﬂhleﬁnﬂﬁithwyt‘heﬁse exenphkibsegcpseyvi ousl y
and described in, for exanp nt publications US 2002/ 0012939, US
2003/ 039436 F1cToRAbeEAYIHY ﬁ@iﬂ@wewhﬁc@dmuemt@mthalae Fio3yBosy7gpcthyish-

2002/ 0168Gmok gt spdnal ﬂt’h%9%%edﬁ&dto'pntofda§ tePe%ﬁﬂﬁﬁfatm 211%/&1%1 y379. As

di scl osed herein, the t Knock mat hemati cal franmework can be applied to

g| npoi gtetW@méutle:KY)ph@ph@ath ﬁ@letpototua@, ga:cr@rﬂwthalaé@w%ddw?ﬁum@nhw-o; | a
esire ur on n em

or ovi acu i ea ik G gb By el 2ot ol oY B ap QNS AP s,
t hat i secoall brggeist @fthdkerbgkao utilsurt et ngoh@tegtremqvhﬂhalamml(ﬁ-ﬂydrb@ﬁ-@ahetbﬁ 4-

formatio an tim zation techni rrredl can

i npl emoReR °§P}€Hf“§|PF‘§‘W3¥ étft%fﬁeabaff‘yprg HGTSkgn gﬁggﬁﬁf"&ﬂﬁg‘%eﬁ?lﬁmﬁ?’@}n with the
i ncor pe@msﬁﬁ b9f foR Bx ML, (b 1P BdaraEi8A Sl A tsub Lh &k 88Uitich &Sh@%cbi §98KisAUL at
each iteration, as discussed above. WD 2011/094131PCI/ US2011/ 022046 38 a
host ottqthaifermentation bivth eradattilived toprodvec thedinebmpéuct withpetiintgraadiatet i vity of
a p-toly 1§amo£§{e§§’ht hal at e or (2-hydroxy- 3-net hyl - 4- oxobut oxy) phosphonat e
pat hvvay enzynme of protein to increase production of p-toluate,

t erepht hal ate or (2-hydroxy-3-nethyl-4- oxobutoxy)phosphonate. For exanple,
known m@A581 i ors otlitatmbediments.gh¢ hen-patuially bs)cuoﬁn@mi@r@ﬁzéiomamsnemn@mﬂmdm be

i ntrodu ucl ei

opt | m SL o nEehSaStaSiDE T 5 P RGP LRI e B b o b2y e
or pr off@i dka@pld pol G, t@dstehAite bn(D-Bidreyy3-attiy-htokobitoty)phkapRimic. decr ease
the activity of a negative regulator. [0096] One such optim zation nmethod is
di r ect SFSeBPAITEHS: h?i’sb’e@?%lp Bensdoin qsgedaprﬁe\wépf the YsHHOMER Behat i nvol ves
the i nitQabed 19!8» Rffer@t RPN ol ALIRE, eﬂdtﬂ% (ﬁffé&ﬁﬁhfch%leg%%nlsﬁls%ﬁ@é cd-0

i nprove and/or alter the properties of an enzyne |Inproved and/or altered
enzymesulgand teprpdiathe firadi prodrgu ghsuche biwyethefimeshemarits pregictéencat i on of
sensi t Irr\lllgrog gor E\nlsrgtilsgtaglslﬁbsﬁgte%g ne{ s%? R0 r%%yosolalhgan%l l\%@’l queﬁn%}j]{)r%g&tt?s
screening o of' n’& ?'o I've rounds of
mut agergmhéslzaddFszemplengletbyqsyﬁtaédlyofar ®lpe, femaspmiﬂﬂlatt@ow(fzﬂgrﬂﬂ)xam ®othyl® W th
optim ze rties utatio orithnms that can help to identify
ar eas 8?‘% @@Wépffoaﬁteﬁm"ﬁ@%eepg%@%%ﬂ%% %m&é%ﬁaﬁeausgh afc%?ﬁtams

si gni f ibgRGkthdtic RENESs FRRoMIREE 0RdncGRTNWIE iMeiul Ak Stolandthe NGy dy0

generated and screened. Nunerous directed evol ution technol ogies have been

devel opernietigie erah pigducts ddteapdy.t-tetuatg, terepbihglag Erg-hydroxy-31methplehs)

bi ot oohPol ey ey LRl Bkl Ny ROBEIRARY T or@ims troueh o o

and Quax-cuBire wotd=figm2@atlerbusfiR0Bo)organdund ibehe wineakssel, Appte tBt Hichamr&iat echnol

and ¢ nEGa BN hADEoBEe eTt b E i VR P bl TR o BbembiiSr 5

wi de 1 giteencafatPiARBE $dcbisd ARK S NBAKNEAYHRs Gk aiSBRdiakNE pBluakar act eri stics
t hat have been |g§r oved and/or altered by directed evolution technol ogi es

i ncl udérephshalag ghigthydragt Beethyl-#yprebierpphoseRpnateor conver si on of

non- nat ural substrates; tenperature stability, for robust high tenperature
processing; pH stability, for bioprocessing under |ower or higher pH
conditions; substrate or product tol erance, so that high product titers can
be achi eved; binding (Km, including broadening substrate binding to

i ncl ude non-natural substrates; inhibition (K, ), to renove inhibition by
products, substrates, or key internediates; activity (kcat), to increases
enzymatic reaction rates to achieve desired flux; expression levels, to

i ncrease protein yields and overall pathway flux; oxygen stability, for
operation of air sensitive enzynmes under aerobic conditions; and anaerobic
activity, for operation of an aerobic enzyme in the absence of ~oxygen. WO
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WO 2011/ 094131PCT/ US2011/ 022046 40 271:13-20 (2001)); Increnental
Truncation for the Creation of Hybrid Enzynmes (I TCHY), which creates a
conbi nat owpabiadr3ary with 1 base pair del etions of a gen@/useoigepm®4é r agnent
of interest (Osterneier et al., Proc. Natl. Acad. Sci. USA 96: 3562- 3567
(1999); and Osterneier et al., Nat. BRbtechnol. 17:1205-1209 (1999));

Thi o-I ncrenental Truncation for the Creation of Hybrid Enzynes
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and DNA shuffling YLutz et al., Proc. Natl. Acad. Sci. USA 98:11248-11253
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random | engt h_fragnents using random i ncorparation of a phosphot hi oate
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perform endpoi nt DNA fragnentation (Miuller et al., Nucleic Acids Res.
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at hig t [ £ - h i

et oot St el Shohf igin:Yor Mo RRRe BT Ponk o6, SN 1RAmEIET,
( Reet z getonad sequeiieg evailatledon nowninoreEtarERgl spedd € (6B3n@S Han(lBT®T JHese t he Mut at or

Strains t. ni que,. i,n which condit]j l. ts.mu or plasmds, utilizing the
it 05 et BB e e it ey o N it B DB R S SRS Eswottir s | o
i ncr eassetPbf 2st, g PAmX ahd nfadiieldigh %ﬁd)nﬁb@ltﬁé @lenfilidatibh @ﬂgefnreﬁél%ﬂﬁa? tietur i ng
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Corporation), in Silico Protein Design Automation (PDA), which is an
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t hree-di nensional structures (Hayes et al., Proc. Natl. Acad. Sci. USA
99: 15926- 15931(2002)); and lterative Saturation Mitagenesis (I1SM, which

o r S o o . o



42 provided herein. Accordingly, the follow ng exanples are intended to
illustrate but not limt the present invention. EXAMPLE | Exenpl ary Pat hway
for ProdwOngiif@4tydr oxy- 3- met hyl - 4- oxobut oxy) phosphonareT[i3204/Thite
exanpl e descri bes an exenplary pathway for producing the terephthalic acid
(PTA) precursor (2-hydroxy-3-nethyl-42dxobut oxy) phosphonate (2H3MAOP).

[ 0105] The precursor to the p-toluate and PTA pathways is 2H3MAOP. This
chemi cal can be derived fromcentral netabolites glyceral dehyde-3-phosphat e
(G3P) &t W?ﬁiﬂb’a%@h%tot%]?f‘éénléﬁwmltsm& ig¢ladiag agok@wemandﬁw@e%féorgammé first
two stegpg. a(ﬁlpveﬂ]ﬁlte't Lhinds da.'ncfﬁ%vfﬁ%@ﬁéreﬁﬁr 91%5]5! Q{'ﬁ?edtlﬁ'%e alljtt\kf Iy laq%wttﬁﬁ a

met hyl erythritol phosp ate non- neval onat e) pat hway f i soprenoi d

bi osyntiegsbol¢ alRyatipnatxemphiicd3d Pna przafismgian bo aptéwé@dua:lky tb othgr organisms.

1- deoxy- nyl ul ose 5-phosphate (DXP) by DXP synthase. Subsequent reduction
and re ge o P

Feduct &S her agaomBinlFest AR 0, BAF §PARGRe BB p A or o-hydrony-

2-C neBhyétE)ﬂM—yid’hmtdxg)]phésghbma bﬁ)&ﬁlt]ﬁ@lctplaﬂlmytemstsa]ﬁ en piretedspeciAHHVAOP.

[ 0106] | ul 03 XP nt hase. vate and G3P are
ondon 4t derPaR I er (5 e ARG h PP e BT HEE a1 wpeq
the fi rc§ﬁfeﬁé&@ntb fhetHost JpeéledBY @L&@%ﬁlep@&g&@ws @iprbs%%r&ﬁ@hﬁl(%' &%Mﬁldg@SI S.

The enzyne requires thiam ne di phosphate as a cofactor, and al so requires

r ﬁduceéromﬁllbe utclarsl fpRcieiBricatalyZana pigtilar, ddooncHemiigal mpabelipgeastion fq igplagt e of
(2007) (arRER AR, MPMTEUES PRRRe RorBlgandipollt Aol %%%y%ﬁlﬁhiﬁiz

been c Iddftedlt arg&nrshmrthoieesklllzédn thia al will bedarsthnds that t(lBa¢th:d)gemet usape between

Glycobl o) 12:813-820 and Agr gbact r| um f aci ens

RS LT R P gaF 36 esTings ] HuTo08 V‘fleé bffeln

10 101@dse ki1t Gh2RO8lsd FilDQRerttaid)that B Re ShRTH a8 MeMBYNBEthE MBAtRN Grbti i s
and Synechocystis sp. PCC 6803 were cloned into E. coli (Harker and

Br am ey¢ 2pEd to all picrabigl orgmusmousinegtbo yesisic: mueolic sY 3oy 08E0- 9, pi). WO
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p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate.

[0057] Methods for constructing and testing the expression levels of a non-naturally
occurring p-toluate-, terephthalate- or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate-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 York (2001); and
Ausubel et al., Current Protocols in Molecular Biology, John Wiley and Sons, Baltimore, MD
(1999).

[0058] Exogenous nucleic acid sequences involved in a pathway for production of p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate can be introduced stably or
transiently into a host cell using techniques well known in the art including, but not limited to,
conjugation, electroporation, chemical transformation, transduction, transfection, and ultrasound
transformation. For exogenous expression in E. coli or other prokaryotic cells, some nucleic acid
sequences in the genes or cDNAs of cukaryotic nucleic acids can encode targeting signals such
as an N-terminal mitochondrial or other targeting signal, which can be removed before

transformation into prokaryotic host cells, if desired. For example, removal of a mitochondrial



AAC73523.1 1786622 Escherichia coli dxs POA554.1 61222979 M tubercul osi s
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leader sequence led to increased expression in E. coli (Hoffmeister et al., J. Biol. Chem.
280:4329-4338 (2005)). For exogenous expression in yeast or other eukaryotic cells, genes can
be expressed in the cytosol without the addition of leader sequence, or can be targeted to
mitochondrion or other organelles, or targeted for secretion, by the addition of a suitable
targeting sequence such as a mitochondrial targeting or secretion signal suitable for the host
cells. Thus, it is understood that appropriate modifications to a nucleic acid sequence to remove
or include a targeting sequence can be incorporated into an exogenous nucleic acid sequence to
impart desirable properties. Furthermore, genes can be subjected to codon optimization with

techniques well known in the art to achieve optimized expression of the proteins.

[0059] An expression vector or vectors can be constructed to include one or more p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate biosynthetic pathway encoding
nucleic acids as exemplified herein operably linked to expression control sequences functional in
the host organism. Expression vectors applicable for use in the microbial host organisms of the
invention include, for example, plasmids, phage vectors, viral vectors, episomes and artificial
chromosomes, including vectors and selection sequences or markers operable for stable
integration into a host chromosome. Additionally, the expression vectors can include one or
more selectable marker genes and appropriate expression control sequences. Selectable marker
genes also can be included that, for example, provide resistance to antibiotics or toxins,
complement auxotrophic deficiencies, or supply critical nutrients not in the culture media.
Expression control sequences can include constitutive and inducible promoters, transcription
enhancers, transcription terminators, and the like which are well known in the art. When two or
more exogenous encoding nucleic acids are to be co-expressed, both nucleic acids can be
inserted, for example, into a single expression vector or in separate expression vectors. For
single vector expression, the encoding nucleic acids can be operationally linked to one common
expression control sequence or linked to different expression control sequences, such as one
inducible promoter and one constitutive promoter. The transformation of exogenous nucleic acid
sequences involved in a metabolic or synthetic pathway can be confirmed using methods well
known in the art. Such methods include, for example, nucleic acid analysis such as Northern
blots or polymerase chain reaction (PCR) amplification of mRNA, or immunoblotting for
expression of gene products, or other suitable analytical methods to test the expression of an
introduced nucleic acid sequence or its corresponding gene product. It is understood by those

skilled in the art that the exogenous nucleic acid is expressed in a sufficient amount to produce



1652165 Synechocystis sp. PCC 6803 [0107]B. 1-Deoxy-D xyl ul ose-5-phosphate
reduct oi sonerase (EC 1.1.1.267). The NADP)H dependent reduction and

rear r angewor11a4m1deoxy- D- xyl ul ose- 5- phosphat e (DXP) t ®@CT/US2011/022046
2-C-methyl-D-erythritol-4-phosphate is catal yzed by DXP reduct oi sonerase
(DXR, EC 1.1.1.267) in the second step4of the non-neval onate pathway for

| soprenoi d bi osynthesis. The NADPH dependent E. coli enzyne is encoded by
dxr (Takahash| et al., Proc. Arad Acad. Sci. USA 95:9879-9884 é1998)) A
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t hal i
hydroxy 3-methyl-4-oxobutoxy)phosphonate, the (2-hydroxy-3-methyl-4-

oxobutoxy)phosphonate pathway comprising 2-C-methyl-D-erythritol-4-phosphate dehydratase
(see Example I and Figure 1, step C). A (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway can optionally further comprise 1-deoxyxylulose-5-phosphate synthase and/or 1-deoxy-
D-xylulose-5-phosphate reductoisomerase (see Example I and Figure 1, steps A and B).

[0061] In another embodiment, the invention provides a method for producing p-toluate,
comprising culturing the non-naturally occurring microbial organism comprising a p-toluate
pathway under conditions and for a sufficient period of time to produce p-toluate. A p-toluate
pathway can comprise at least one exogenous nucleic acid encoding a p-toluate pathway enzyme
expressed in a sufficient amount to produce p-toluate, the p-toluate pathway comprising 2-
dehydro-3-deoxyphosphoheptonate synthase; 3-dehydroquinate synthase; 3-dehydroquinate
dehydratase; shikimate dehydrogenase; shikimate kinase; 3-phosphoshikimate-2-
carboxyvinyltransferase; chorismate synthase; and/or chorismate lyase (see Example IT and
Figure 2, steps A-H). In another embodiment, a method of the invention can utilize a non-
naturally occurring microbial organism that further comprises a (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate pathway (see Example I and Figure 1). Such a (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate pathway can comprise 2-C-methyl-D-erythritol-4-phosphate
dehydratase, 1-deoxyxylulose-5-phosphate synthase and/or 1-deoxy-D-xylulose-5-phosphate

reductoisomerase (see Example I and Figure 1).

[0062] The invention further provides a method for producing terephthalate, comprising

culturing a non-naturally occurring microbial organism containing a terephthalate pathway under
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Gene %H matep‘s%/%ﬁl%& (de/%{Q chogsmal\lg lyase (see Examples 2 and 3 and Figures 2 and 3). In
another embodiment, the non-naturally occurring microbial organism can further comprise a (2-
hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway (see Example I and Figure 1). Thus, ina
particular embodiment, the invention provides a non-naturally occurring microbial organism and
methods of use, in which the microbial organism contains p-toluate, terephthalate and (2-

hydroxy-3-methyl-4-oxobutoxy)phosphonate pathways.

[0063] Suitable purification and/or assays to test for the production of p-toluate, terephthalate
or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate can be performed using well known methods.
Suitable replicates such as triplicate cultures can be grown for each engineered strain to be
tested. For example, product and byproduct formation in the engineered production host can be
monitored. The final product and intermediates, and other organic compounds, can be analyzed
by methods such as HPLC (High Performance Liquid Chromatography), GC-MS (Gas
Chromatography-Mass Spectroscopy), LC-MS (Liquid Chromatography-Mass Spectroscopy),
and UV-visible spectroscopy or other suitable analytical methods using routine procedures well
known in the art. The release of product in the fermentation broth can also be tested with the
culture supernatant. Byproducts and residual glucose can be quantified by HPLC using, for
example, a refractive index detector for glucose and alcohols, and a UV detector for organic
acids (Lin et al., Biotechnol. Bioeng. 90:775-779 (2005)), or other suitable assay and detection
methods well known in the art. The individual enzyme or protein activities from the exogenous
DNA sequences can also be assayed using methods well known in the art. For example, p-
toluate methyl-monooxygenase activity can be assayed by incubating purified enzyme with
NADH, FeSO, and the p-toluate substrate in a water bath, stopping the reaction by precipitation
of the proteins, and analysis of the products in the supernatant by HPLC (Locher et al., J.
Bacteriol. 173:3741-3748 (1991)).
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[0064] The p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate can be
separated from other components in the culture using a variety of methods well known in the art.
Such separation methods include, for example, extraction procedures as well as methods that
include continuous liquid-liquid extraction, pervaporation, membrane filtration, membrane
separation, reverse osmosis, electrodialysis, distillation, crystallization, centrifugation, extractive
filtration, ion exchange chromatography, size exclusion chromatography, adsorption

chromatography, and ultrafiltration. All of the above methods are well known in the art.

[0065] Any of the non-naturally occurring microbial organisms described herein can be
cultured to produce and/or secrete the biosynthetic products of the invention. For example, the
p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate producers can be
cultured for the biosynthetic production of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate.

[0066] For the production of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate, the recombinant strains are cultured in a medium with carbon source
and other essential nutrients. It is sometimes desirable to maintain anacrobic conditions in the
fermenter to reduce the cost of the overall process. Such conditions can be obtained, for
example, by first sparging the medium with nitrogen and then sealing the flasks with a septum
and crimp-cap. For strains where growth is not observed anaerobically, microacrobic conditions
can be applied by perforating the septum with a small hole for limited acration. Exemplary
anacrobic conditions have been described previously and are well-known in the art. Exemplary
acrobic and anacrobic conditions are described, for example, in United State publication
2009/0047719, filed August 10, 2007. Fermentations can be performed in a batch, fed-batch or

continuous manner, as disclosed herein.

[0067] If desired, the pH of the medium can be maintained at a desired pH, in particular
neutral pH, 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 measuring optical density using a spectrophotometer (600 nm), and the glucose uptake rate by

monitoring carbon source depletion over time.

[0068] The growth medium can include, for example, any carbohydrate source which can

supply a source of carbon to the non-naturally occurring microorganism. Such sources include,
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for example, sugars such as glucose, xylose, arabinose, galactose, mannose, fructose, sucrose and
starch. Other sources of carbohydrate include, for example, renewable feedstocks and biomass.
Exemplary types of biomasses that can be used as feedstocks in the methods of the invention
include cellulosic biomass, hemicellulosic biomass and lignin feedstocks or portions of
feedstocks. Such biomass feedstocks contain, for example, carbohydrate substrates useful as
carbon sources such as glucose, xylose, arabinose, galactose, mannose, fructose and starch.
Given the teachings and guidance provided herein, those skilled in the art will understand that
renewable feedstocks and biomass other than those exemplified above also can be used for
culturing the microbial organisms of the invention for the production of p-toluate, terephthalate

or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate.

[0069] In addition to renewable feedstocks such as those exemplified above, the p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate microbial organisms of the
invention also can be modified for growth on syngas as its source of carbon. In this specific
embodiment, one or more proteins or enzymes are expressed in the p-toluate, terephthalate or (2-
hydroxy-3-methyl-4-oxobutoxy)phosphonate producing organisms to provide a metabolic

pathway for utilization of syngas or other gascous carbon source.

[0070] Synthesis gas, also known as syngas or producer gas, is the major product of
gasification of coal and of carbonaceous materials such as biomass materials, including
agricultural crops and residues. Syngas is a mixture primarily of H, and CO and can be obtained
from the gasification of any organic feedstock, including but not limited to coal, coal oil, natural
gas, biomass, and waste organic matter. Gasification is generally carried out under a high fuel to
oxygen ratio. Although largely H, and CO, syngas can also include CO, and other gases in
smaller quantities. Thus, synthesis gas provides a cost effective source of gascous carbon such

as CO and, additionally, CO,.

[0071] The Wood-Ljungdahl pathway catalyzes the conversion of CO and H; 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 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
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acetogens have been shown to grow in the presence of CO; and produce compounds such as
acetate as long as hydrogen is present to supply the necessary reducing equivalents (see for
example, Drake, Acetogenesis, pp. 3-60 Chapman and Hall, New York, (1994)). This can be

summarized by the following equation:
2CO;+4 Hy +n ADP +n Pi — CH;COOH + 2 H,O + n ATP

Hence, non-naturally occurring microorganisms possessing the Wood-Ljungdahl pathway can

utilize CO, and H, mixtures as well for the production of acetyl-CoA and other desired products.

[0072] The Wood-Ljungdahl pathway is well known in the art and consists of 12 reactions
which can be separated into two branches: (1) methyl branch and (2) carbonyl branch. The
methyl branch converts syngas to methyl-tetrahydrofolate (methyl-THF) whereas the carbonyl
branch converts methyl-THF to acetyl-CoA. The reactions in the methyl branch are catalyzed in
order by the following enzymes or proteins: ferredoxin oxidoreductase, formate dehydrogenase,
formyltetrahydrofolate synthetase, methenyltetrahydrofolate cyclodehydratase,
methylenetetrahydrofolate dehydrogenase and methylenetetrahydrofolate reductase. The
reactions in the carbonyl branch are catalyzed in order by the following enzymes or proteins:
methyltetrahydrofolate:corrinoid protein methyltransferase (for example, AcsE), corrinoid iron-
sulfur protein, nickel-protein assembly protein (for example, AcsF), ferredoxin, acetyl-CoA
synthase, carbon monoxide dehydrogenase and nickel-protein assembly protein (for example,
CooC). Following the teachings and guidance provided herein for introducing a sufficient
number of encoding nucleic acids to generate a p-toluate, terephthalate or (2-hydroxy-3-methyl-
4-oxobutoxy)phosphonate pathway, those skilled in the art will understand that the same
engineering design also can be performed with respect to introducing at least the nucleic acids
encoding the Wood-Ljungdahl enzymes or proteins absent in the host organism. Therefore,
introduction of one or more encoding nucleic acids into the microbial organisms of the invention
such that the modified organism contains the complete Wood-Ljungdahl pathway will confer

syngas utilization ability.

[0073] The reductive tricarboxylic acid cycle coupled with carbon monoxide dehydrogenase
and/or hydrogenase activities can also allow the conversion of CO, CO, and/or H, to acetyl-CoA
and other products such as acetate. Organisms capable of fixing carbon via the reductive TCA

pathway can utilize one or more of the following enzymes: ATP citrate-lyase, citrate lyase,
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CoA or acetate. Acetate can be converted to acetyl-CoA by enzymes such as acetyl-CoA
transferase, acetate kinase/phosphotransacetylase, and acetyl-CoA synthetase. Acetyl-CoA can
be converted to the p-toluate, terepathalate, or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
precursors, glyceraldehyde-3-phosphate, phosphoenolpyruvate, and pyruvate, by
pyruvate:ferredoxin oxidoreductase and the enzymes of gluconeogenesis. Following the
teachings and guidance provided herein for introducing a sufficient number of encoding nucleic
acids to generate a p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway, those skilled in the art will understand that a similar engineering design also can be
performed with respect to introducing at least the nucleic acids encoding the reductive TCA
pathway enzymes or proteins absent in the host organism. Therefore, introduction of one or
more encoding nucleic acids into the microbial organisms of the invention such that the modified

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

[0074] Accordingly, given the teachings and guidance provided herein, those skilled in the
art will understand that a non-naturally occurring microbial organism can be produced that
secretes the biosynthesized compounds of the invention when grown on a carbon source such as
a carbohydrate. Such compounds include, for example, p-toluate, terephthalate or (2-hydroxy-3-
methyl-4-oxobutoxy)phosphonate and any of the intermediate metabolites in the p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate 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 p-
toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate biosynthetic pathways.
Accordingly, the invention provides a non-naturally occurring microbial organism that produces
and/or secretes p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate when
grown on a carbohydrate or other carbon source and produces and/or secretes any of the
intermediate metabolites shown in the p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate pathway when grown on a carbohydrate or other carbon source. The p-

toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate producing microbial
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organisms of the invention can initiate synthesis from an intermediate. For example, a (2-
hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway intermediate can be 1-deoxy-D-xylulose-
S-phosphate or C-methyl-D-erythritol-4-phosphate (see Example I and Figure 1). A p-toluate
pathway intermediate can be, for example, 2,4-dihydroxy-5-methyl-6-
[(phosphonooxy)methyl]oxane-2-carboxylate, 1,3-dihydroxy-4-methyl-5-oxocyclohexane-1-
carboxylate, 5-hydroxy-4-methyl-3-oxocyclohex-1-ene-1-carboxylate, 3,5-dihydroxy-4-
methylcyclohex-1-ene-1-carboxylate, 5-hydroxy-4-methyl-3-(phosphonooxy)cyclohex-1-ene-1-
carboxylate, 5-[(1-carboxyeth-1-en-1-yl)oxy]-4-methyl-3-(phosphonooxy)cyclohex-1-ene-1-
carboxylate, or 3-[(1-carboxyeth-1-en-1-yl)oxy]-4-methylcyclohexa-1,5-diene-1-carboxylate
(see Example II and Figure 2). A terephthalate intermediate can be, for example, 4-

carboxybenzyl alcohol or 4-carboxybenzaldehyde (see Example III and Figure 3).

[0075] The non-naturally occurring microbial organisms of the invention are constructed
using methods well known in the art as exemplified herein to exogenously express at least one
nucleic acid encoding a p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate pathway enzyme or protein in sufficient amounts to produce p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate. It is understood that the
microbial organisms of the invention are cultured under conditions sufficient to produce p-
toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate. Following the
teachings and guidance provided herein, the non-naturally occurring microbial organisms of the
invention can achieve biosynthesis of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate resulting in intracellular concentrations between about 0.1-200 mM or
more. Generally, the intracellular concentration of p-toluate, terephthalate or (2-hydroxy-3-
methyl-4-oxobutoxy)phosphonate is between about 3-150 mM, particularly between about 5-125
mM and more particularly between about 8-100 mM, including about 10 mM, 20 mM, 50 mM,
80 mM, or more. Intracellular concentrations between and above each of these exemplary ranges

also can be achieved from the non-naturally occurring microbial organisms of the invention.

[0076] In some embodiments, culture conditions include anacrobic or substantially anacrobic
growth or maintenance conditions. Exemplary anaerobic conditions have been described
previously and are well known in the art. Exemplary anaerobic conditions for fermentation
processes are described herein and are described, for example, in U.S. publication

2009/0047719, filed August 10, 2007. Any of these conditions can be employed with the non-
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naturally occurring microbial organisms as well as other anaerobic conditions well known in the
art. The p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate producers
can synthesize p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate at
intracellular concentrations of 5-10 mM or more as well as all other concentrations exemplified
herein under substantially anacrobic conditions. It is understood that, even though the above
description refers to intracellular concentrations, p-toluate, terephthalate or (2-hydroxy-3-methyl-
4-oxobutoxy)phosphonate producing microbial organisms can produce p-toluate, terephthalate or
(2-hydroxy-3-methyl-4-oxobutoxy)phosphonate intracellularly and/or secrete the product into

the culture medium.

[0077] In addition to the culturing and fermentation conditions disclosed herein, growth
conditions for achieving biosynthesis of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate can include the addition of an osmoprotectant to the culturing
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 include,
but are not limited to, betaines, amino acids, and the sugar trehalose. Non-limiting examples of
such are glycine betaine, praline betaine, dimethylthetin, dimethylslfonioproprionate, 3-
dimethylsulfonio-2-methylproprionate, pipecolic acid, dimethylsulfonioacetate, choline, L-
carnitine and ectoine. In one aspect, the osmoprotectant is glycine betaine. It is understood to
one of ordinary skill in the art that the amount and type of osmoprotectant suitable for protecting
a microbial organism described herein from osmotic stress will depend on the microbial
organism used. The amount of osmoprotectant in the culturing conditions can be, for example,
no more than about 0.1 mM, no more than about 0.5 mM, no more than about 1.0 mM, no more
than about 1.5 mM, no more than about 2.0 mM, no more than about 2.5 mM, no more than
about 3.0 mM, no more than about 5.0 mM, no more than about 7.0 mM, no more than about

10mM, no more than about 50mM, no more than about 100mM or no more than about 500mM.

[0078] The culture conditions can include, for example, liquid culture procedures as well as
fermentation and other large scale culture procedures. As described herein, particularly useful
yields of the biosynthetic products of the invention can be obtained under anaerobic or

substantially anacrobic culture conditions.
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ddr A devoid of oxygen. Substantially anaerobic conditions include, for example, a culture, batch
fermentation or continuous fermentation such that the dissolved oxygen concentration in the
medium remains between 0 and 10% of saturation. Substantially anaerobic conditions also
includes growing or resting cells in liquid medium or on solid agar inside a sealed chamber
maintained with an atmosphere of less than 1% oxygen. 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.

[0080] The culture conditions described herein can be scaled up and grown continuously for
manufacturing of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate.
Exemplary growth procedures include, for example, fed-batch 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 p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate. Generally, and as with non-
continuous culture procedures, the continuous and/or near-continuous production of p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate will include culturing a non-
naturally occurring p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
producing organism of the invention in sufficient nutrients and medium to sustain and/or nearly
sustain growth in an exponential phase. Continuous culture under such conditions can be
include, for example, growth for 1 day, 2, 3, 4, 5, 6 or 7 days or more. Additionally, continuous
culture can include longer time periods of 1 week, 2, 3, 4 or 5 or more weeks and up to several
months. Alternatively, organisms of the invention can be cultured for hours, if suitable for a
particular application. It is to be understood that the continuous and/or near-continuous culture
conditions also can include all time intervals in between these exemplary periods. It is further
understood that the time of culturing the microbial organism of the invention is for a sufficient

period of time to produce a sufficient amount of product for a desired purpose.
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[0081] Fermentation procedures are well known in the art. Briefly, fermentation for the
biosynthetic production of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate can be utilized in, for example, fed-batch fermentation and batch
separation; fed-batch fermentation and continuous separation, or continuous fermentation and
continuous separation. Examples of batch and continuous fermentation procedures are well

known in the art.

[0082] In addition to the above fermentation procedures using the p-toluate, terephthalate or
(2-hydroxy-3-methyl-4-oxobutoxy)phosphonate producers of the invention for continuous
production of substantial quantities of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate, the p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate producers also can be, for example, simultancously subjected to
chemical synthesis procedures to convert the product to other compounds or the product can be
separated from the fermentation culture and sequentially subjected to chemical conversion to

convert the product to other compounds, if desired.

[0083] To generate better producers, metabolic modeling can be utilized to optimize growth
conditions. Modeling can also be used to design gene knockouts that additionally optimize
utilization of the pathway (see, for example, U.S. patent publications US 2002/0012939, US
2003/0224363, US 2004/0029149, US 2004/0072723, US 2003/0059792, US 2002/0168654 and
US 2004/0009466, and 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 p-toluate, terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate.

[0084] One computational method for identifying and designing metabolic alterations
favoring biosynthesis of a desired product is the OptKnock computational framework (Burgard
et al., Biotechnol. Bioeng. 84:647-657 (2003)). OptKnock is a metabolic modeling and
simulation program that suggests gene deletion or disruption strategies that result in genetically
stable microorganisms which overproduce the target product. Specifically, the framework
examines the complete metabolic and/or biochemical network of a microorganism in order to
suggest genetic manipulations that force the desired biochemical to become an obligatory
byproduct of cell growth. By coupling biochemical production with cell growth through

strategically placed gene deletions or other functional gene disruption, the growth selection
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in connection with the non-naturally occurring microbial organisms for further optimization of

biosynthesis of a desired product.

[0085] Briefly, OptKnock is a term used herein to refer to a computational method and
system for modeling cellular metabolism. The OptKnock program relates to a framework of
models and methods that incorporate particular constraints into flux balance analysis (FBA)
models. These constraints include, for example, qualitative kinetic information, qualitative
regulatory information, and/or DNA microarray experimental data. OptKnock also computes
solutions to various metabolic problems by, for example, tightening the flux boundaries derived
through flux balance models and subsequently probing the performance limits of metabolic
networks in the presence of gene additions or deletions. OptKnock computational framework
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
programming problems. The metabolic modeling and simulation methods referred to herein as
OptKnock are described in, for example, U.S. publication 2002/0168654, filed January 10, 2002,
in International Patent No. PCT/US02/00660, filed January 10, 2002, and U.S. publication
2009/0047719, filed August 10, 2007.

[0086] Another computational method for identifying and designing metabolic alterations
favoring biosynthetic production of a product is a metabolic modeling and simulation system
termed SimPheny®. This computational method and system is described in, for example, U.S.
publication 2003/0233218, filed June 14, 2002, and in International Patent Application No.
PCT/US03/18838, filed June 13, 2003. SimPheny® is a computational system that can be used
to produce a network model in silico and to simulate the flux of mass, energy or charge through
the chemical reactions of a biological system to define a solution space that contains any and all
possible functionalities of the chemical reactions in the system, thereby determining a range of

allowed activities for the biological system. This approach is referred to as constraints-based
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modeling because the solution space is defined by constraints such as the known stoichiometry
of the included reactions as well as reaction thermodynamic and capacity constraints associated
with maximum fluxes through reactions. The space defined by these constraints can be
interrogated to determine the phenotypic capabilities and behavior of the biological system or of

its biochemical components.

[0087] These computational approaches are consistent with biological realities because
biological systems are flexible and can reach the same result in many different ways. Biological
systems are designed through evolutionary mechanisms that have been restricted by fundamental
constraints that all living systems must face. Therefore, constraints-based modeling strategy
embraces these general realities. Further, the ability to continuously impose further restrictions
on a network model via the tightening of constraints results in a reduction in the size of the
solution space, thereby enhancing the precision with which physiological performance or

phenotype can be predicted.

[0088] 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
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
implementation of the metabolic alterations using OptKnock to any of such other metabolic

modeling and simulation computational frameworks and methods well known in the art.

[0089] The methods described above will provide one set of metabolic reactions to disrupt.
Elimination of each reaction within the set or metabolic modification can result in a desired
product as an obligatory product during the growth phase of the organism. Because the reactions
are known, a solution to the bilevel OptKnock problem also will provide the associated gene or
genes encoding one or more enzymes that catalyze each reaction within the set of reactions.
Identification of a set of reactions and their corresponding genes encoding the enzymes

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

when genetic reversion is less likely to occur.

[0091] To identify additional productive solutions to the above described bilevel OptKnock
problem which lead to further sets of reactions to disrupt or metabolic modifications that can
result in the biosynthesis, including growth-coupled biosynthesis of a desired product, an
optimization method, termed integer cuts, can be implemented. This method proceeds by
iteratively 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 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 methods described herein with reference to their use in combination with the
OptKnock computational framework for metabolic modeling and simulation, the integer cut
method of reducing redundancy in iterative computational analysis also can be applied with other

computational frameworks well known in the art including, for example, SimPheny®.

[0092] The methods exemplified herein allow the construction of cells and organisms that

biosynthetically produce a desired product, including the obligatory coupling of production of a
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include, for example, addition of one or more biosynthetic pathway enzymes and/or functional
disruption of one or more metabolic reactions including, for example, disruption by gene

deletion.

[0093] As discussed above, the OptKnock methodology was developed on the premise that
mutant microbial networks can be evolved towards their computationally predicted maximum-
growth phenotypes when subjected to long periods of growth selection. In other words, the
approach leverages an organism's ability to self-optimize under selective pressures. The
OptKnock framework allows for the exhaustive enumeration of gene deletion combinations that
force a coupling between biochemical production and cell growth based on network
stoichiometry. The identification of optimal gene/reaction knockouts requires the solution of a
bilevel optimization problem that chooses the set of active reactions such that an optimal growth
solution for the resulting network overproduces the biochemical of interest (Burgard et al.,

Biotechnol. Bioeng. 84:647-657 (2003)).

[0094] An in silico stoichiometric model of E. coli metabolism can be employed to identify
essential genes for metabolic pathways as exemplified previously and described in, for example,
U.S. patent publications US 2002/0012939, US 2003/0224363, US 2004/0029149, US
2004/0072723, US 2003/0059792, US 2002/0168654 and US 2004/0009466, and in U.S. Patent
No. 7,127,379. As disclosed herein, the OptKnock mathematical framework can be applied to
pinpoint gene deletions leading to the growth-coupled production of a desired product. Further,
the solution of the bilevel 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 the OptKnock problem with the incorporation of an additional constraint

referred to as an integer cut at each iteration, as discussed above.

[0095] As disclosed herein, a nucleic acid encoding a desired activity of a p-toluate,

terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway can be introduced into
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a host organism. In some cases, it can be desirable to modify an activity of a p-toluate,
terephthalate or (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway enzyme or protein to
increase production of p-toluate, terephthalate or (2-hydroxy-3-methyl-4-
oxobutoxy)phosphonate. For example, known mutations that increase the activity of a protein or
enzyme can be introduced into an encoding nucleic acid molecule. Additionally, optimization
methods can be applied to increase the activity of an enzyme or protein and/or decrease an

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

[0096] One such optimization method is directed evolution. Directed evolution is a powerful
approach that involves the introduction of mutations targeted to a specific gene in order to
improve and/or alter the properties of an enzyme. Improved and/or altered enzymes can be
identified through the development and implementation of sensitive high-throughput screening
assays that allow the automated screening of many enzyme variants (for example, >10%.
Iterative rounds of mutagenesis and screening typically are performed to afford an enzyme with
optimized properties. Computational algorithms that can help to identify areas of the gene for
mutagenesis also have been developed and can significantly reduce the number of enzyme
variants that need to be generated and screened. Numerous directed evolution technologies have
been developed (for reviews, see Hibbert et al., Biomol. Eng 22:11-19 (2005); Huisman and
Lalonde, /n Biocatalysis in the pharmaceutical and biotechnology industries pgs. 717-742
(2007), Patel (ed.), CRC Press; Otten and Quax. Biomol.Eng 22:1-9 (2005).; and Sen et al., App!/
Biochem.Biotechnol 143:212-223 (2007)) to be effective at creating diverse variant libraries, and
these methods have been successfully applied to the improvement of a wide range of properties
across many enzyme classes. Enzyme characteristics that have been improved and/or altered by
directed evolution technologies include, for example: selectivity/specificity, for conversion of
non-natural 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 (Kj), to remove inhibition by products, substrates, or
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.



48 [0116] The chem cal structure of p-toluate closely resenbles

p- hydroxybenzoate, a precursor of the electron carrier ubiquinone.

4- Hydr oxywenaoavelsits synt hesi zed from central netabol i cPprasarisoe®4ey
enzynmes in the shikimate pathway, found in bacteria, plants and fungi. The
shi ki mate pathway is conprised of sevdh enzymatic steps that transform
D-erythrose-4- phosphate (E4P) and phosphoenol pyruvate (PEP) to chorismate.

Pat hway enzynes include 2- dehydro- 3-deoxyphosphohept onate (DAHP) synt hase,
dehydr d¢fif7hat €A DpRbY of yremRlay, Matheds dars/erch daedored HpidhpnigaehipdPdgenase,

shi ki | S I 1 shi ki seandd P and
e R A S B G

phos ph&hewatdthpseakpled emthie pytr Unatod thesecgndiensed tyyal ©AMIFR/ @yoptitneehe actifvay m

3- deoxy+D- arabi nohe | 0so e:7-phosphate. This ¢ und i s then

dephos ShoPI PR oo R R R ORGP SRR ConPBle Ry BT BRI e eums | s
conver toefrotdn. CohiBiTRé®B iludehButacd h@mismiefl (¢ BpRER enFiyiESod&dth kindaheokit nase,
3- phosphoshi ki mat e- 2- car boxyvi nyl transferase_and chori smate synt hase.

Subs equiBlittioas RY B3der g therfidel rqfsfi/%ft\@Olyalea%ﬁya?%&y%ﬁ%%!’@t%rd@ tlayzed by

choris WE@’.A’ib’ﬁ§?4:4§'ﬁ§d97(]26@§);%1b‘?&ie%&ﬁn§cﬁ&k WSS ARAREAEHRCAR viHicigal ogous
manner as shown in Figure 2. The pathway originates wth PEP and 2H3MAOP, a
conpounanitn & adéiRscxcoptarhald eincudar miatsimyd 1s gsaslay thatepipbateanfrandoen G-nkeysir oxy |
group of..E4P. The hydr | ar f. EAP Lrectl! tic ein
Phe- ohaniSApychSs RS Hlon B BB R LTS A b A REL W BTG URBLE, L U e
2H3MA O thqayrlesinid $alfowicd bgxpeasbethtion ifteaclls iasvhach tht pesmatierseibstarateat D rect ed

or adaptive evol ution can_be use 0 ] v reference for 2H3MAOP and
downst Faélé?ﬁﬁndéﬁﬁiatfg}ngﬁalag‘f%w‘i’gié%?: SEHHY Godhand EHIEShaLy Na AERIFE- n t he
art. [Q:321@1;-§H§ﬁ{2@o€ﬁ,€lﬂ>ﬂ@%iFfalQli@tS'hﬁffﬁﬂg',%icfh%]laiicﬂw AVAING dih&isd bf Glogpcy of

flux through shi ki mate pathway enzgges are al so ‘applicable here. The
avai | abidre variapt genge wghmheolagsepsush @p BopscPOPEadeV bregdngeafeaped opiandemer j ng

(2008) (b Pby RO TB ol Bt onpeil AL SR Ehs oI pAR e BURAA 1 i s

wer e empgiyneerset treate aibeveof dhinded digaatgSténnacrs Ri-dd Mt gcquatchwdy byl OfEans of

over ex | of f eedback- i itive | nme of . .

3" deoxy Vi3 e T meHER S ITGE A e ALTaR b SR MGy s ioBAMER WHiEh Fr ost
Bi ot eckp@lls teBipRROEHmING FTEvRIAY epLU)dyeles ofiDstdPPEREVith debd@fhtioRland very

Addi tionally, expression |evels of shikimte pathway enzynmes and chorisnate

| yase weered@peieieancabngrextansian (g shayt s seah(Zheo etrbt 8y §idrergols16:394126 or

over pr (N} ; . : 1R /

2~ Doy ot B B S A e ifted St on
of D egytdiato seny siphoBphafreznamts qhpdqpinmémy tqpdiffarcat eginsnts af thk yanplatoyShao
2-dehydr g- 3: deoxy Sphe (DAHP) synthase ( EC 2.5.1.54). Three
isozyn@gﬁo u C§£§%§§ﬁ§%§§§3§§?§§§3~in the E. coli genone by aroG aroF and
aroH and are subject to feedback inhibition by phenyl al anine, tyrosine and
trypt opbems] r esqiiddaVekthodd incintl¢ Heteytplapee Rlesorgtsioationpim wihich Hedarinedi um t he

o 0, SRR L BT PSS Bog UL B0, SRGenE UG DO
100 1085cARS KR40 (190520 aBAGLSANI2088us Dy THER BSSAGHIER00]; Ar 0O

were found to relieve inhibition by phenyl al ani ne (Ki kuchi et al.,

Envi r oianggre Chbnespeengds g Trapgiont Teowiags (Rwd I daapekemplayoPriseh of AroF by
i g i . - Dai o
Blcs or MRS IISH oo phARL AR SRR DROSRGENIMENEo ARV T IR

was ov&i@xqmes $2d54-85a(200hydR@xyibenrd dateasion en firodeted ngnadtea(RETAT), \Ehick ol |
(Barker and Frost, Biotechnol Bioeng. 76:376-39 . .

(5001 CRRTS FEP 0T IR PP i 3hea OB PEISES I EPTENERHOR o
accept yaidvdétiodblssDN b @hdhdd @edas APbl of &APPA (LBELAD., $UBSLE B RSy (Shef | yan
et al., J. Am Chem Soc. 120(43):11027-11032 (1998); WIllianmson et al.,
Bi oor g 20Neo-1280198)) L Regenenty: Qhgpauicloatidy Gong Ghy{flaeg (DSYO8H irgghikh dsymentes- 8,
pii;10.1 ' - doi . - Moy with
(35) - 2P e R St HCo By PR AL R RS Snf L. b

D er yt M Fed-3pRd8 plaa4 00UY; Beagskishe d.hBioaloé 6hgP2:638-72 [12002);dabbs é¢tah, Gene

Wl lianson et al., supra 2005). Enzymes from Heli cobacter pylori and
Pyrococcus furiosus also accept this alternate substrate (Schofield et al.,
Bi ochem stry 44:11950-11962 (2005) (doi: 10.1021/ bi 050577z, doi; Webby et
al ., Biochem 1 390:223-230 2005) (doi: BJ20050259, pii; 10.1042/BJ20050259,
doi ) and have been expressed in E. coli. An evolved variant of DAHP

synt hase, differing fromthe wild type E. coli AroG enzyme by 7 am no
acids, was shown to exhibit a 60-fold inprovenent in Kcat/Km (Ran and

p— . ~ o A PNEN IS APNIN IS A NN P e——— A PN AN A T " NSNS LN




AAC73841.1 1786969 Escherichia coli aroF AAC75650.1 1788953 Escherichia
coli aroH AAC74774.1 1787996 Escherichia coli aroF Q@ZMJ 81555637
Hel i cobacwenopyidersit PF1690 N121579419.1 PCT/US2011/022046

40

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.
Biotechnol. 17:1205-1209 (1999)); Thio-Incremental Truncation for the Creation of Hybrid
Enzymes (THIO-ITCHY), which is similar to ITCHY except that phosphothioate INTPs are
used to generate truncations (Lutz et al., Nucleic Acids Res 29:E16 (2001)); SCRATCHY, which
combines two methods for recombining genes, ITCHY and DNA shuffling (Lutz et al., Proc.
Natl. Acad. Sci. USA 98:11248-11253 (2001)); Random Drift Mutagenesis (RNDM), in which
mutations made via epPCR are followed by screening/selection for those retaining usable activity
(Bergquist et al., Biomol. Eng. 22:63-72 (2005)); Sequence Saturation Mutagenesis (SeSaM), a
random mutagenesis method that generates a pool of random length fragments using random
incorporation of a phosphothioate nucleotide and cleavage, which is used as a template to extend
in the presence of “universal” bases such as inosine, and replication of an inosine-containing
complement gives random base incorporation and, consequently, mutagenesis (Wong ct al.,
Biotechnol. J. 3:74-82 (2008); Wong et al., Nucleic Acids Res. 32:¢26 (2004); and Wong et al.,
Anal. Biochem. 341:187-189 (2005)); Synthetic Shuffling, which uses overlapping
oligonucleotides designed to encode “all genetic diversity in targets” and allows a very high
diversity for the shuffled progeny (Ness et al., Nat. Biotechnol. 20:1251-1255 (2002));
Nucleotide Exchange and Excision Technology NexT, which exploits a combination of dUTP
incorporation followed by treatment with uracil DNA glycosylase and then piperidine to perform

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

[0100]  Further methods include Sequence Homology-Independent Protein Recombination
(SHIPREC), in which a linker is used to facilitate fusion between two distantly related or
unrelated genes, and a range of chimeras is generated between the two genes, resulting in
libraries of single-crossover hybrids (Sieber et al., Nat. Biotechnol. 19:456-460 (2001)); Gene
Site Saturation Mutagenesis™ (GSSM™), in which the starting materials include a supercoiled
double stranded DNA (dsDNA) plasmid containing an insert and two primers which are
degenerate at the desired site of mutations (Kretz et al., Methods Enzymol. 388:3-11 (2004));
Combinatorial Cassette Mutagenesis (CCM), which involves the use of short oligonucleotide
cassettes to replace limited regions with a large number of possible amino acid sequence
alterations (Reidhaar-Olson et al. Methods Enzymol. 208:564-586 (1991); and Reidhaar-Olson et
al. Science 241:53-57 (1988)); Combinatorial Multiple Cassette Mutagenesis (CMCM), which is
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mutation frequency during selection and block accumulation of deleterious mutations when
selection is not required (Selifonova et al., Appl. Environ. Microbiol. 67:3645-3649 (2001));
Low etal., J. Mol. Biol. 260:359-3680 (1996)).

[0101]  Additional exemplary methods include Look-Through Mutagenesis (LTM), which is a
multidimensional mutagenesis method that assesses and optimizes combinatorial mutations of
selected amino acids (Rajpal et al., Proc. Natl. Acad. Sci. USA 102:8466-8471 (2005)); Gene
Reassembly, which is a DNA shuffling method that can be applied to multiple genes at one time
or to create a large library of chimeras (multiple mutations) of a single gene (Tunable
GeneReassembly™ (TGR™) Technology supplied by Verenium Corporation), in Silico Protein
Design Automation (PDA), which is an optimization algorithm that anchors the structurally
defined protein backbone possessing a particular fold, and searches sequence space for amino
acid substitutions that can stabilize the fold and overall protein energetics, and generally works
most effectively on proteins with known three-dimensional structures (Hayes et al., Proc. Natl.
Acad. Sci. USA 99:15926-15931 (2002)); and Iterative Saturation Mutagenesis (ISM), which
involves using knowledge of structure/function to choose a likely site for enzyme improvement,
performing saturation mutagenesis at chosen site using a mutagenesis method such as Stratagene
QuikChange (Stratagene; San Diego CA), screening/selecting for desired properties, and, using
improved clone(s), starting over at another site and continue repeating until a desired activity is
achieved (Reetz et al., Nat. Protoc. 2:891-903 (2007); and Reetz et al., Angew. Chem. Int. Ed
Engl. 45:7745-7751 (2006)).

[0102]  Any of the aforementioned methods for mutagenesis can be used alone or in any
combination. Additionally, any one or combination of the directed evolution methods can be

used in conjunction with adaptive evolution techniques, as described herein.

[0103] It is understood that modifications which do not substantially affect the activity of the

various embodiments of this invention are also provided within the definition of the invention
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2011/ 094131PCT/ US2011/ 022046 51 CGene GenBank Accession No. @ No. Organism
aroD [0105]  The precursor to the p-toluate and PTA pathways is 2H3M4OP. This chemical can be

derived from central metabolites glyceraldehyde-3-phosphate (G3P) and pyruvate in three
enzymatic steps as shown in Figure 1. The first two steps are native to E. coli and other
organisms that utilize the methylerythritol phosphate (non-mevalonate) pathway for isoprenoid
biosynthesis. Pyruvate and G3P are first condensed to form 1-deoxy-D-xylulose 5-phosphate
(DXP) by DXP synthase. Subsequent reduction and rearrangement of the carbon backbone is
catalyzed by DXP reductoisomerase. Finally, a novel diol dehydratase transforms 2-C-methyl-
D-erythritol-4-phosphate to the p-toluate precursor 2H3M4OP.

[0106] A. 1- Deoxyxylulose-5-phosphate (DXP) synthase. Pyruvate and G3P are
condensed to form DXP by DXP synthase (EC 2.2.1.7). This enzyme catalyzes the first step in

the non-mevalonate pathway of isoprenoid biosynthesis. The enzyme requires thiamine
diphosphate as a cofactor, and also requires reduced FAD, although there is no net redox change.
A crystal structure of the E. coli enzyme is available (Xiang et al., J. Biol. Chem. 282:2676-2682
(2007)(doi:M610235200, pii;10.1074/jbc.M610235200 doi). Other enzymes have been cloned
and characterized in M. tuberculosis (Bailey et al., Glycobiology 12:813-820 (2002) and
Agrobacterium tumefaciens (Lee et al., J. Biotechnol. 128:555-566 (2007)(doi:S0168-
1656(06)00966-7, pii;10.1016/.jbiotec.2006.11.009, doi). DXP synthase enzymes from B.
subtilis and Synechocystis sp. PCC 6803 were cloned into E. coli (Harker and Bramley, FEBS
Lett. 448:115-119 (1999)(doi:S0014-5793(99)00360-9, pii).
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Gene GenBank Accession No. GI No. Organism
dxs AAC73523.1 1786622 Escherichia coli
dxs POAS54.1 61222979 M. tuberculosis
disll AAP56243.1 37903541 Agrobacterium tumefaciens
dxs P54523.1 1731052 Bacillus subtilis
sl11945 BAA17089.1 1652165 Synechocystis sp. PCC 6803

[0107] B. 1-Deoxy-D-xylulose-5-phosphate reductoisomerase (EC 1.1.1.267). The

NAD(P)H-dependent reduction and rearrangement of 1-deoxy-D-xylulose-5-phosphate (DXP) to
2-C-methyl-D-erythritol-4-phosphate is catalyzed by DXP reductoisomerase (DXR, EC
1.1.1.267) in the second step of the non-mevalonate pathway for isoprenoid biosynthesis. The
NADPH-dependent E. coli enzyme is encoded by dxr (Takahashi et al., Proc. Natl. Acad. Sci.
USA 95:9879-9884 (1998)). A recombinant enzyme from Arabidopsis thaliana was functionally
expressed in E. coli (Carretero-Paulet et al., Plant Physiol. 129:1581-1591
(2002)(doi:10.1104/pp.003798 (doi). DXR enzymes from Zymomonas mobilis and
Mycobacterium tuberculosis have been characterized and crystal structures are available (Grolle
et al., FEMS Microbiol. Lett. 191:131-137 (2000)(doi:S0378-1097(00)00382-7, pii); Henriksson
et al., Acta Crystallogr. D. Biol. Crystallogr. 62:807-813 (2006)(d0i:S0907444906019196,

pii; 10.1107/S0907444906019196, doi). Most characterized DXR enzymes are strictly NADPH
dependent, but the enzymes from A. thaliana and M. tuberculosis react with NADH at a reduced
rate (Argyrou and Blanchard, Biochemistry 43:4375-4384 (2004)(doi:10.1021/b1049974k, doi);
Rohdich et al., FEBS J. 273:4446-4458 (2006)(doi:EJB5446, pii;10.1111/j.1742-
4658.2006.05446.x, doi.

Gene GenBank Accession No. GI No. Organism
dxr AAC73284.1 1786369 Escherichia coli
dxr AAF73140.1 8131928 Arabisopsis thaliana
dxr CAB60758.1 6434139 Zymomonas mobilis
dxr NP _217386.2 57117032 Mycobacterium tuberculosis

[0108] C. 2-C-Methyl-D-erythritol-4-phosphate dehydratase. A diol dehydratase is required

to convert 2-C-methyl-D-erythritol-4-phosphate into the p-toluate precursor (Altmiller and
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[0122] D. Shi ki mat e dehydrogenase (EC 1.1.1.25). Shikinmate dehydr ogenase

cat al yzeswOhe11M8D(3P) H dependent reducti on of 3-dehydr osirCkiusatia/oem46

shi ki mat e, anal ogous to Step D of Figure 2. The E. coli genone encodes two
shi ki mat e dehydr ogenase paral ogs with44ifferent cofactor specificities. The
enzyme encoded by aroE is NADPH specific, whereas the ydiB gene product is
a qui nat e/ shi ki mat e dehydr ogenase which can utilize NADH (preferred) or
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doi ) have been functionally expressed in E. coli. Gene GenBank Accession
No. G [N®9] O Pevlidshydrstede oApEOpEBEIT0l HeAyiBR&Bseenzymes (EC 4.2.1.28) capable of

converting the secondary diol 2,3-butanediol to 2-butanone are excellent candidates for this
transformation. Adenosylcobalamin-dependent diol dehydratases contain alpha, beta and gamma
subunits, which are all required for enzyme function. Exemplary gene candidates are found in
Klebsiella pneumoniae (Tobimatsu et al., Biosci. Biotechnol. Biochem. 62:1774-1777 (1998);
Toraya et al.,. Biochem. Biophys. Res. Commun. 69:475-480 (1976)), Salmonella typhimurium
(Bobik et al., J. Bacteriol. 179:6633-6639 (1997)), Klebsiella oxytoca (Tobimatsu et al., J. Biol.
Chem. 270:7142-7148 (1995)) and Lactobacillus collinoides (Sauvageot et al., FEMS Microbiol.
Lett. 209:69-74 (2002)). Methods for isolating diol dehydratase gene candidates in other
organisms are well known in the art (see, for example, U.S. Patent No. 5,686,276).

Gene GenBank Accession No. GI No. Organism

pddA BAA08099.1 868006 Klebsiella oxytoca
pddB BAA08100.1 868007 Klebsiella oxytoca
pddC BAA08101.1 868008 Klebsiella oxytoca
pduC AABg4102.1 2587029 Salmonella typhimurium
pduD AABg4103.1 2587030 Salmonella typhimurium
pduE AABg4104.1 2587031 Salmonella typhimurium
pduC CACS82541.1 18857678 Lactobacullus collinoides
pduD CAC82542.1 18857679 Lactobacullus collinoides
pdul CADO01091.1 18857680 Lactobacullus collinoides
pddA AAC98384.1 4063702 Klebsiella pneumoniae
pddB AAC98385.1 4063703 Klebsiella pneumoniae
pddC AAC98386.1 4063704 Klebsiella pneumoniae

[0110]  Enzymes in the glycerol dehydratase family (EC 4.2.1.30) can also be used to
dehydrate 2-C-methyl-D-erythritol-4-phosphate. Exemplary gene candidates encoded by
gldABC and dhaB123 in Klebsiella pneumoniae (WO 2008/137403) and (Toraya et al., Biochem.
Biophys. Res. Commun. 69:475-480 (1976)), dhaBCE in Clostridium pasteuranum (Macis et al.,
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FEMS Microbiol Lett. 164:21-28 (1998)) and dhaBCE in Citrobacter freundii (Seyfried et al., J.
Bacteriol. 178:5793-5796 (1996)). Variants of the B12-dependent diol dehydratase from K.
prneumoniae with 80- to 336-fold enhanced activity were recently engineered by introducing
mutations in two residues of the beta subunit (Qi et al., J. Biotechnol. 144:43-50
(2009)(doi:S0168-1656(09)00258-2, pii; 10.1016/j.jbiotec.2009.06.015, doi). Diol dehydratase

enzymes with reduced inactivation kinetics were developed by DuPont using error-prone PCR

(WO 2004/056963).
Gene GenBank Accession No. GI No. Organism
gldA AAB96343.1 1778022 Klebsiella pneumoniae
gldB AAB96344.1 1778023 Klebsiella pneumoniae
gldC AAB96345.1 1778024 Klebsiella pneumoniae
dhaB1 ABR78884.1 150956854 Klebsiella pneumoniae
dhaB?2 ABR78883.1 150956853 Klebsiella pneumoniae
dhaB3 ABR78882.1 150956852 Klebsiella pneumoniae
dhaB AAC27922.1 3360389 Clostridium pasteuranum
dhaC AAC27923.1 3360390 Clostridium pasteuranum
dhaE AAC27924.1 3360391 Clostridium pasteuranum
dhaB P45514.1 1169287 Citrobacter freundii
dhaC AAB48851.1 1229154 Citrobacter freundii
dhak AAB48852.1 1229155 Citrobacter freundii

[0111]  Ifa B12-dependent diol dehydratase is utilized, heterologous expression of the
corresponding reactivating factor is recommended. B12-dependent diol dehydratases are subject
to mechanism-based suicide activation by substrates and some downstream products.
Inactivation, caused by a tight association with inactive cobalamin, can be partially overcome by
diol dehydratase reactivating factors in an ATP-dependent process. Regeneration of the B12
cofactor requires an additional ATP. Diol dehydratase regenerating factors are two-subunit
proteins. Exemplary candidates are found in Klebsiella oxytoca (Mori et al., J. Biol. Chem.
272:32034-32041 (1997)), Salmonella typhimurium (Bobik et al., J. Bacteriol. 179:6633-6639
(1997); Chen et al., J. Bacteriol. 176:5474-5482 (1994)), Lactobacillus collinoides (Sauvageot et
al., FEMS Microbiol. Lett. 209:69-74 (2002)), and Klebsiella pneumonia (WO 2008/137403).
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[0112]  Bl12-independent diol dehydratase enzymes utilize S-adenosylmethionine (SAM) as a

cofactor, function under strictly anaerobic conditions, and require activation by a specific

activating enzyme (Frey et al., Chem. Rev. 103:2129-2148 (2003)). The glycerol dehydrogenase

and corresponding activating factor of Clostridium butyricum, encoded by dhaB1 and dhaB2,
have been well-characterized (O'Brien et al., Biochemistry 43:4635-4645 (2004); Raynaud et al.,
Proc. Natl. Acad. Sci USA 100:5010-5015 (2003)). This enzyme was recently employed in a

1,3-propanediol overproducing strain of E. coli and was able to achieve very high titers of
product (Tang et al., Appl. Environ. Microbiol. 75:1628-1634 (2009)(doi: AEM.02376-08,
pii;10.1128/AEM.02376-08, doi). An additional B12-independent diol dehydratase enzyme and

activating factor from Roseburia inulinivorans was shown to catalyze the conversion of 2,3-

butanediol to 2-butanone (US publication 2009/09155870).

Gene GenBank Accession No. GI No. Organism

dhaB1 AAMS54728.1 27461255 Clostridium butyricum

dhaB?2 AAMS54729.1 27461256 Clostridium butyricum

rdhtA ABC25539.1 83596382 Roseburia inulinivorans

rdhtB ABC25540.1 83596383 Roseburia inulinivorans
[0113]  Dihydroxy-acid dehydratase (DHAD, EC 4.2.1.9) is a B12-independent enzyme

participating in branched-chain amino acid biosynthesis. In its native role, it converts 2,3-

dihydroxy-3-methylvalerate to 2-keto-3-methyl-valerate, a precursor of isoleucine. In valine

biosynthesis, the enzyme catalyzes the dehydration of 2,3-dihydroxy-isovalerate to 2-

oxoisovalerate. The DHAD from Sulfolobus solfataricus has a broad substrate range, and

activity of a recombinant enzyme expressed in E. coli was demonstrated on a variety of aldonic
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have been cl.oned and functionally expressed in E. co
170 (1970)) and Salmonella typhimuriuin (Armstrong et al., Biochim. Blophys Acta 498:282-293

(1977)).
Gene GenBank Accession No. GI No. Organism
ilvD NP 344419.1 15899814 Sulfolobus solfataricus
ilvD AAT48208.1 48994964 Escherichia coli
ilvD NP _462795.1 16767180 Salmonella typhimurium
ilvD XP_958280.1 85090149 Neurospora crassa

[0114]  The diol dehydratase myo-inosose-2-dehydratase (EC 4.2.1.44) is another exemplary
candidate. Myo-inosose is a six-membered ring containing adjacent alcohol groups. A purified
enzyme encoding myo-inosose-2-dehydratase functionality has been studied in Klebsiella
aerogenes in the context of myo-inositol degradation (Berman and Magasanik, J. Biol. Chem.
241:800-806 (1966)), but has not been associated with a gene to date. The myo-inosose-2-
dehydratase of Sinorhizobium fredii was cloned and functionally expressed in E. coli (Y oshida et
al., Biosci .Biotechnol. Biochem. 70:2957-2964 (2006)(doi:JST.JSTAGE/bbb/60362, pii). A
similar enzyme from B. subtilis, encoded by io/E, has also been studied (Yoshida et al.,

Microbiology 150:571-580 (2004)).

Gene GenBank Accession No. GI No. Organism

iolE P42416.1 1176989 Bacillus subtilis

iolE AAX24114.1 60549621 Sinorhizobium fredii
EXAMPLE II

Exemplary Pathway for Synthesis of p-Toluate from (2-Hydroxy-3-methyl-4-
oxobutoxy)phosphonate by Shikimate Pathway Enzymes

[0115]  This example describes exemplary pathways for synthesis of p-toluate using shikimate

pathway enzymes.
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[0116]  The chemical structure of p-toluate closely resembles p-hydroxybenzoate, a precursor
of the electron carrier ubiquinone. 4-Hydroxybenzoate is synthesized from central metabolic
precursors by enzymes in the shikimate pathway, found in bacteria, plants and fungi. The
shikimate pathway is comprised of seven enzymatic steps that transform D-erythrose-4-
phosphate (E4P) and phosphoenolpyruvate (PEP) to chorismate. Pathway enzymes include 2-
dehydro-3-deoxyphosphoheptonate (DAHP) synthase, dehydroquinate (DHQ) synthase, DHQ
dehydratase, shikimate dehydrogenase, shikimate kinase, 5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase and chorismate synthase. In the first step of the pathway, D-erythrose-4-
phosphate and phosphoenolpyruvate are joined by DAHP synthase to form 3-deoxy-D-arabino-
heptulosonate-7-phosphate. This compound is then dephosphorylated, dehydrated and reduced
to form shikimate. Shikimate is converted to chorismate by the actions of three enzymes:
shikimate kinase, 3-phosphoshikimate-2-carboxyvinyltransferase and chorismate synthase.

Subsequent conversion of chorismate to 4-hydroxybenzoate is catalyzed by chorismate lyase.

[0117]  The synthesis of p-toluate proceeds in an analogous manner as shown in Figure 2.
The pathway originates with PEP and 2H3M4OP, a compound analogous to E4P with a methyl
group in place of the 3-hydroxyl group of E4P. The hydroxyl group of E4P does not directly
participate in the chemistry of the shikimate pathway reactions, so the methyl-substituted
2H3M4O0P precursor is expected to react as an alternate substrate. Directed or adaptive
evolution can be used to improve preference for 2H3M4OP and downstream derivatives as

substrates. Such methods are well-known in the art.

[0118]  Strain engineering strategies for improving the efficiency of flux through shikimate
pathway enzymes are also applicable here. The availability of the pathway precursor PEP can be
increased by altering glucose transport systems (Yi et al., Biotechnol. Prog. 19:1450-1459
(2003)(d0i:10.1021/bp0340584, doi). 4-Hydroxybenzoate-overproducing strains were
engineered to improve flux through the shikimate pathway by means of overexpression of a
feedback-insensitive isozyme of 3-deoxy-D-arabinoheptulosonic acid-7-phosphate synthase
(Barker and Frost, Biotechnol. Bioeng. 76:376-390 (2001)(doi:10.1002/bit.10160, pii).
Additionally, expression levels of shikimate pathway enzymes and chorismate lyase were

enhanced. Similar strategies can be employed in a strain for overproducing p-toluate.
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medium, the aroG, aroF and aroH gene products contributed 80%, 20% and 1% of DAHP

synthase activity, respectively (Hudson and Davidson, J. Mol. Biol. 180:1023-1051
(1984)(d0i:0022-2836(84)90269-9, pii). Two residues of AroG were found to relieve inhibition
by phenylalanine (Kikuchi et al., Appl. Environ. Microbiol. 63:761-762 (1997)). The feedback
inhibition of AroF by tyrosine was removed by a single base-pair change (Weaver and
Herrmann, J. Bacteriol. 172:6581-6584 (1990)). The tyrosine-insensitive DAHP synthase was
overexpressed in a 4-hydroxybenzoate-overproducing strain of E. coli (Barker and Frost,
Biotechnol. Bioeng. 76:376-390 (2001)(doi:10.1002/bit.10160, pii). The aroG gene product was
shown to accept a variety of alternate 4- and 5-carbon length substrates (Sheflyan et al., J. Am.
Chem. Soc. 120(43):11027-11032 (1998); Williamson et al., Bioorg. Med. Chem. Lett. 15:2339-
2342 (2005)(doi:S0960-894X(05)00273-8, pii;10.1016/j.bmcl.2005.02.080, doi). The enzyme
reacts efficiently with (3S)-2-deoxyerythrose-4-phosphate, a substrate analogous to D-erythrose-
4-phosphate but lacking the alcohol at the 2-position ( Williamson et al., supra 2005). Enzymes
from Helicobacter pylori and Pyrococcus furiosus also accept this alternate substrate (Schofield
et al., Biochemistry 44:11950-11962 (2005)(doi:10.1021/b1050577z, doi; Webby et al., Biochem.
J. 390:223-230 2005)(doi:BJ20050259, pii;10.1042/BJ20050259, doi) and have been expressed
in E. coli. An evolved variant of DAHP synthase, differing from the wild type E. coli AroG
enzyme by 7 amino acids, was shown to exhibit a 60-fold improvement in Kcat/Ky; (Ran and

Frost, J. Am. Chem. Soc. 129:6130-6139 (2007)(doi:10.1021/ja067330p, doi).

Gene GenBank Accession No. GI No. Organism
aroG AAC7T3841.1 1786969 Escherichia coli
arol AAC7T5650.1 1788953 Escherichia coli
aroH AAC74774.1 1787996 Escherichia coli
aroF Q9ZMU5 81555637 Helicobacter pylori
PF1690 NP 579419.1 18978062 Pyrococcus furiosus
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Gene GenBank Accession No. GI No. Organism

aroB AACT6414.1 1789791 Escherichia coli
aroB NP _390151.1 16079327 Bacillus subtilis

aroB CAB06200.1 1781064 Mycobacterium tuberculosis

[0121] €. 3-Dehydroquinate dehydratase (EC 4.2.1.10). 3-Dehydroquinate dehydratase, also

termed 3-dehydroquinase (DHQase), naturally catalyzes the dehydration of 3-dehydroquinate to
3-dehydroshikimate, analogous to step C in the p-toluate pathway of Figure 2. DHQase enzymes
can be divided into two classes based on mechanism, stereochemistry and sequence homology
(Gourley et al., Nat. Struct. Biol. 6:521-525. (1999)(d0i:10.1038/9287, doi). Generally the type 1
enzymes are involved in biosynthesis, while the type 2 enzymes operate in the reverse
(degradative) direction. Type 1 enzymes from E. coli (Kinghorn et al., Gene 14:73-80.
1981)(doi:0378-1119(81)90149-9, pii), Salmonella typhi (Kinghorn et al., supra 1981; Servos et
al., J. Gen. Microbiol. 137:147-152 (1991)) and B. subtilis (Warburg et al., Gene 32:57-66
1984)(doi:0378-1119(84)90032-5, pii) have been cloned and characterized. Exemplary type 11
3-dehydroquinate dehydratase enzymes are found in Mycobacterium tuberculosis, Streptomyces
coelicolor (Evans et al., FEBS Lett. 530:24-30 (2002)) and Helicobacter pylori (Lee et al.,
Proteins 51:616-7 (2003)).
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cofactor specificities. The enzyme encoded by aroE is NADPH specific, whereas the ydiB gene

product is a quinate/shikimate dehydrogenase which can utilize NADH (preferred) or NADPH as
a cofactor (Michel et al., J. Biol. Chem. 278:19463-19472 (2003)(doi:10.1074/jb¢.M300794200,
doi;M300794200, pii). NADPH-dependent enzymes from Mycobacterium tuberculosis (Zhang
et al., J. Biochem. Mol. Biol. 38:624-631 (2005)), Haemophilus influenzae (Ye et al., J.
Bacteriol. 185:4144-4151 (2003)) and Helicobacter pylori (Han et al., FEBS J. 273:4682-4692
(2006)(doi:EJB5469, pii;10.1111/5.1742-4658.2006.05469.x, doi) have been functionally

expressed in E. coli.
Gene GenBank Accession No. GI No. Organism
arok AAC76306.1 1789675 Escherichia coli
vdiB AAC74762.1 1787983 Escherichia coli
arok NP _217068.1 15609689 Mycobacterium tuberculosis
arokE P43876.1 1168510 Haemophilus influenzae
arok AAW22052.1 56684731 Helicobacter pylori
[0123]  E. Shikimate kinase (EC 2.7.1.71). Shikimate kinase catalyzes the ATP-dependent

phosphorylation of the 3-hydroxyl group of shikimate analogous to Step E of Figure 2. Two

shikimate kinase enzymes are encoded by aroK (SK1) and aroL (SK2) in E. coli (DeFeyter and
Pittard, J. Bacteriol. 165:331-333 (1986); Lobner-Olesen and Marinus, J. Bacteriol. 174:525-529
(1992)). The Km of SK2, encoded by aroL, is 100-fold lower than that of SK1, indicating that

this enzyme is responsible for aromatic biosynthesis (DeFeyter et al., supra 1986). Additional



G No. Organi sm AROM P07547.3 238054389 Aspergillus nidul ans AROM P08566. 1
114166 Saccharonyces cerevi siae AROM P07547. 3 238054389 Asperqgillus
ni dul ans WBCGM1(p2B8%9. 1 2492977 PCT/US2011/022046
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shikimate kinase enzymes from Mycobacterium tuberculosis (Gu et al., J. Mol. Biol. 319:779-
789 (2002)(doi:10.1016/S0022-2836(02)00339-X, doi;S0022-2836(02)00339-X, pii); Oliveira et
al., Protein Expr. Purif- 22:430-435 (2001)(doi:10.1006/prep.2001.1457, doi;S1046-
5928(01)91457-3, pii), Helicobacter pylori (Cheng et al., J. Bacteriol. 187:8156-8163
(2005)(doi: 187/23/8156, pii;10.1128/1B.187.23.8156-8163.2005, doi) and Erwinia chrysanthemi
(Krell et al., Protein Sci. 10:1137-1149 (2001)(doi:10.1110/ps.52501, doi) have been cloned in

E. coli.
Gene GenBank Accession No. GI No. Organism
aroK YP 026215.2 90111581 Escherichia coli
arolL NP 414922.1 16128373 Escherichia coli
aroK CAB06199.1 1781063 Mycobacterium tuberculosis
aroK NP _206956.1 15644786 Helicobacter pylori
SK CAA32883.1 42966 Erwinia chrysanthemi

[0124]  F. 3-Phosphoshikimate-2-carboxyvinyltransferase (EC 2.5.1.19). 3-

Phosphoshikimate-2-carboxyvinyltransferase, also known as 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS), catalyzes the transfer of the enolpyruvyl moiety of
phosphoenolpyruvate to the 5-hydroxyl of shikimate-3-phosphate. The enzyme is encoded by
aroA in E. coli (Anderson et al., Biochemistry 27:1604-1610 (1988)). EPSPS enzymes from
Mycobacterium tuberculosis (Oliveira et al., Protein Expr. Purif. 22:430-435
(2001)(doi:10.1006/prep.2001.1457, doi;S1046-5928(01)91457-3, pii), Dunaliella salina (Y1 et
al., J. Microbiol. 45:153-157 (2007)(doi:2519, pii) and Staphylococcus aureus (Priestman et al.,
FEBS Lett. 579:728-732 (2005)(do1:S0014-5793(05)00012-8, pii;10.1016/.febslet.2004.12.057,

doi) have been cloned and functionally expressed in E. coli.

Gene GenBank Accession No. GI No. Organism

aroA AAC73994.1 1787137 Escherichia coli

aro4 AAA25356.1 149928 Mycobacterium tuberculosis
aroA AAAT1897.1 152956 Staphylococcus aureus
aroA ABM68632.1 122937807 Dunaliella salina

[0125]  G. Chorismate synthase (EC 4.2.3.5). Chorismate synthase is the seventh enzyme in

the shikimate pathway, catalyzing the transformation of 5-enolpyruvylshikimate-3-phosphate to
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Gene GenBank Accession GI No. Organism
No.
aroC NP 416832.1 16130264 Escherichia coli
aroC ACHA47980.1 197205483 Streptococcus pneumoniae
U25818.1:19..1317 AAC49056.1 976375 Neurospora crassa
ARO?2 CAA42745.1 3387 Saccharomyces cerevisiae

[0126] H. Chorismate lyase (EC 4.1.3.40). Chorismate lyase catalyzes the first committed

step in ubiquinone biosynthesis: the removal of pyruvate from chorismate to form 4-
hydroxybenzoate. The enzymatic reaction is rate-limited by the slow release of the 4-
hydroxybenzoate product (Gallagher et al., Proteins 44:304-311 (2001)(doi:10.1002/prot. 1095,
pii), which is thought to play a role in delivery of 4-hydroxybenzoate to downstream membrane-
bound enzymes. The chorismate lyase of E. coli was cloned and characterized and the enzyme
has been crystallized (Gallagher et al., supra 2001; Siebert et al., FEBS Lett. 307:347-350
(1992)(d0i:0014-5793(92)80710-X, pii). Structural studies implicate the G90 residue as
contributing to product inhibition (Smith et al., Arch. Biochem. Biophys. 445:72-80
(2006)(do1:S0003-9861(05)00446-7, pii;10.1016/1.abb.2005.10.026, doi). Modification of two
surface-active cysteine residues reduced protein aggregation (Holden et al., Biochim. Biophys.
Acta 1594:160-167 (2002)(doi:S0167483801003028, pii). A recombinant form of the
Mycobacterium tuberculosis chorismate lyase was cloned and characterized in E. coli
(Stadthagen et al., J. Biol. Chem. 280:40699-40706 2005)(doi:M508332200,

pii; 10.1074/j6¢.M508332200, doi).
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Gene GenBank Accession No. GI No. Organism
ubiC AAC77009.2 87082361 Escherichia coli
Rv2949c NP 217465.1 15610086 Mycobacterium tuberculosis

[0127]  B-F. Multifunctional AROM protein. In most bacteria, the enzymes of the shikimate
pathway are encoded by separate polypeptides. In microbial eukaryotes, five enzymatic
functions are catalyzed by a polyfunctional protein encoded by a pentafunctional supergene
(Campbell et al., Int. J. Parasitol. 34:5-13 (2004)(doi:S0020751903003102, pii). The
multifunctional AROM protein complex catalyzes reactions analogous to reactions B-F of Figure
2. The AROM protein complex has been characterized in fungi including Aspergillus nidulans,
Neurospora crassa, Saccharomyces cerevisiae and Pneumocystis carinii (Banerji et al., J. Gen.
Microbiol. 139:2901-2914 (1993); Charles et al., Nucleic Acids Res. 14:2201-2213 (1986);
Coggins et al., Methods Enzymol. 142:325-341 (1987); Duncan, K., Biochem. J. 246:375-386
(1987)). Several components of AROM have been shown to function independently as
individual polypeptides. For example, dehydroquinate synthase (DHQS) forms the amino-
terminal domain of AROM, and can function independently when cloned into E. coli (Moore et
al., Biochem. J. 301 ( Pt 1):297-304 (1994)). Several crystal structures of AROM components
from Aspergillus nidulans provide insight into the catalytic mechanism (Carpenter et al., Nature

394:299-302 (1998)(doi: 10.1038/2843 1, doi).

Gene GenBank Accession No. GI No. Organism
AROM P07547.3 238054389 Aspergillus nidulans
AROM P08566.1 114166 Saccharomyces cerevisiae
AROM P07547.3 238054389 Aspergillus nidulans
AROM Q12659.1 2492977 Pneumocystis carinii

EXAMPLE III

Exemplary Pathway for Enzymatic Transformation of p-Toluate to Terephthalic Acid

[0128]  This example describes exemplary pathways for conversion of p-toluate to

terephthalic acid (PTA).

[0129]  P-toluate can be further transformed to PTA by oxidation of the methyl group to an
acid in three enzymatic steps as shown in Figure 3. The pathway is comprised of a p-toluate

methyl-monooxygenase reductase, a 4-carboxybenzyl alcohol dehydrogenase and a 4-
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(2-hydmaxymﬁwnenh&m>Muﬁwbbwhmhyhphﬂ@phuﬁa%EmpathwéyMEHBymehﬁmmrmgiedl|n a
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2- C- netaltpholls ﬁfb}s’édﬁéhtlﬁdon4cﬂ&fd&8 ph atdehydelby/chr @&&S@benzyl alcohoEdeh-{}bﬁ)genase
non-natural ly occurring mcrobial organismof claim]l, wherein said

( 2- hy dlis%y3-Thstaiiehyde teﬁ@@dfaéﬁfwrb%@;m%%{Y@d&at%%ékgvab?%@?hwérrpr. ses
1- deoxm&w&&ég&a&%&bp%ﬁ%& émkfhﬁg Ehell re%ctf!ﬁ%aé f%awlwma%ap}@%h%w

r educt ol soner ase he non-naturally occurring m crobial organi sm
of cl ailrd.2n owtrersai epeldi df mzhzmgcp tolyege arethhgole mtms@dtf@mbw)apfh@@pg}ddmﬂ@r plat hway
further c r =ph S

et AR AL IR oA PSR SRR s conte

non- natfeunaltyyse@eack idrgogy, o p(bnaﬂarao gandobastofia @lthé gantra Ahekdidricsai d

m cr obi al orga sm conpri ses three genous ei ¢ cij h oding a
(2 hydrseg et ok sy U B DO (A Rt "oy RaSes nf U8 5, "Thg
non- naty@latiyn OEBUI1708%)! ”U%ﬁ%k%enﬁﬁ@@@bs%@?aféﬁ \ﬁﬂlathé’ftﬂma%%setleﬁoﬁébﬁz three
exogenous nucl ei ¢ aci ds encode 2-C nethyl-D-erythritol-4-phosphate

dehydr ghasess afe lisiRddeJory| ul ose- 5- phosphat e synt hase and

1- deoxy- D-xyIquse 5- phosphate reduct0|sonerase 6. The

non- n@tuar oCC Crobi orga crarm I, _whererm sai dat

| east me@éﬂ%g&&o %ﬂ%[gc@sséo@l ils ﬁhﬁmr 8 ol ofous nucPEERISEE ¢ 7.
The non- natds al ||y occamcnmgsnlcrot|al109@ﬁa|sn1of Chiadninds resd¥@F @i N gai d
non- ngtural ty occurrim biat—org im a_substantial ty anderobic
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(2- hydr oxy- 3- net hyl - 4- oxobutoxy)phosphonate. WO
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disclosures of these pubhcatlons in their entireties, including GenBank and GI number
publications, are hereby incorporated by reference in this application in order to more fully
describe the state of the art to which this invention pertains. Although the invention has been
described with reference to the examples provided above, it should be understood that various

modifications can be made without departing from the spirit of the invention.



10. The method of claim@8, wherein said mcrobial organismconprises three
exogenous nucl ei ¢ aci ds each encoding a

(2- hydr oxyo2enmeomsl- 4- oxobut oxy) phosphonat e pat hway enzye®/US2011/02204d1. The
met hod of claim 10, wherein said three exogenous nucl eic acids encode
2-Cnet hyl -D-erythritol-4-phosphate debh§dratase, 1-deoxyxyl ul ose-5-phosphate

synt hase and 1- deoxy- D xyl ul ose-5-phosphat e reduct oi soner ase. 12.
The nethod of claim8, wherein said at | east one exogenous nucleic acid is
a heterologSﬂ@tﬁdoﬂ@@@waC|d 13. A non-naturally occurring nicrobial

organi sm conprising a mcrobial organismhaving a p-toluate pathway

conprising at A fAshat@Afy SXASENOHR bl loBlahisAE cmFMGROA RekrEbilr &rgdrﬁ@ﬁ e pat hway
enzyne expressed in a sufficient anmount to produce p-toluate, said

p- t ol uarengathirdroxoAprdtieylrigoxpbuierythespBoriéorathiaseatisgoh et ogynt hase;
3-deh

Seh ;’ dygg%gg@%%ﬁ%&d‘%%ﬁmga éf' ﬁ%ﬁ%ﬁos pﬁ%@;sl% %%%X@&%ﬁ&%m&% KlefRLP
carboxymnmﬁhkm&m&ﬂenaseﬁkﬁhomn&mmkqms&ntma$9¢n®ySQhﬂhthate | yase.

14. The n t.ur occ nlcro anl of claim 13, wherein
sai d moéﬁr’]%?xé’ p @?Hg@ %yr&g &@Eéé’éﬂ %tfoélatﬁé’laﬁ‘y%ach encodi ng

a p- t0|cb|1%f)ﬁs1ﬂ,§ikj®ﬂﬁ]¥t ?noy@hmol -4- phos;;lh‘éte d-EH?drBt@Qf natural 'y occurring
m crobi al organi smof claim 13, wherein said mcrobial organismconprises

t hree exogenous nucl ei c_aci ds .each encodi ng E tol uate pathmgy enzyne.

16. The non-2ndignarMyustl deFyTHEe MieEPRpy %gar{%a ¢laim bfvherdn pid hsm@%u n

sai d mihghahyial- o%ba?d}ymﬁ%mté PERWLOHIHEXQARHELS |AURL S Bl03E5 dho

encoding a p-toluate Zy e The non- nat ur al y occurrlng
m cr obisgithase gahidsonyoP- M@OW&@OSM mdnctglaordermiecr obi al organi sm conpri ses
five exogenous nucleic acids each encoding a p-toluate pathway enzyne.

18. The nonxn We ! i i SLein

sai d nlcrob?a?%§%§2h¥gﬁﬁg%%%#ﬁg%ghggggéﬁz%%%gﬁgh%§% &?%kgég%%é%é»ﬁ éhcodlng
a p-t oI3uaéthﬂpﬁhbk%;oxy);ﬁymhonat&/\&tﬁ®a31ﬁﬁ&éﬂ@hﬁﬁﬁédﬁﬁﬁﬂx&kﬂﬁ&@ds -ph8sphate 19.

The non- n tura occ croblal rgani smof claim 13, wherein said
mi cr obiP Al %?Ggihy o Yngf 3@53“%&6%3%8ﬁ@ﬂﬁﬂ¥Teic acids each encoding a

p-tol uate pat hway enzyne. 20. The non-naturally occurring mcrobia
or gani sm of 4cITai mibﬂ,aatuvﬂm@roeémlﬁ@hﬁcroﬁ)lalr@@énadm of gaini BWHRedipEdis ﬁﬁchlﬁHE n
exogenous nucl ei ¢, aci ds each encodin p-tol uate pathmay enz

21.  ThETSHBRMOSEY tyr%@éeﬁfeppwglwe& SEPCIbFFAtNG (Y EPEY- ﬁhni@hylvﬂher ein

sai d elgagtgﬁggggﬁﬂﬁ auehel ihls encode 2-dehydr o- 3-deoxyphosphohept onat e
synthage 3 droau%natgygeﬁihase 3- dehydr oqui nat e dehydr at ase;

shi ki mat e dehydrogenase shi ki mat e ki nase;
3- phosphoshidk |Tr1?ﬁﬂlén‘23@é?fllﬁo>ﬁ9lwlﬁ& igrabigk @gaden OE%lm Sridicecia gaid fEee:  and
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erelrn sal ani sm er conpri ses a

(2- hydIdewgyxgmlrmtﬁﬂﬂ}oélpmmuﬂl@sqﬂ)lﬁﬂabphwﬁh@dulpsﬂ ﬁmhgsphate reducto8meitlhe
non-naturally occurring m cr obi al organisn1of claim?22, wherein the

(2 oy S i S el L A PIRSBORNALE BRL YR FRIRKGR ERd atcast one

1-deoxyx%kquSEmEnpth@hak&nﬂmnmbaaamomma deoxy D- xyl ul ose-5- phosphat e
r educt oi soner ase.

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

occurring microbial organism is in a substantially anaerobic culture medium.

8. A method for producing (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate, comprising
culturing the non-naturally occurring microbial organism of claim 1 under conditions and for a

sufficient period of time to produce (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate.



24. The non-naturally occurring mcrobial organismof claim23, wherein the
(2- hydr oxy3- net hy1- 4- oxobut oxy) phosphonat e pat hway conpri ses

2- C- met hywoDRorwopstsni t ol- 4- phosphat e dehydr at ase, PCT/US2011/022046

1- deoxyxyl ul ose-5- phosphat e synt hase and 1-deoxy-D- xyl ul ose-5-phosphate
reduct oi soner ase. 25. The non-faturally occurring mcrobial organism
of claim 13, wherein at | east one exogenous nucleic acid is a heterol ogous
nucl ei ¢ aci d. 26. The non-naturally occurring mcrobial organjism of
claim 13, wierldemesiadptslHm Sarherain spidgwadirriraly eecerBBinEFroBlhgPRRIS I n a
subst antj;gdd nfia AN &Sl AR Coufttle HEGu e di UM 27. A nethod for producing
p-toluate, conprising culturing the non-naturally occurring m crobial

organi smof claim 13 under conditions and for a sufficient period of tine
to produce |d90 ﬂhan@thodwbclzm 3/ b dia 3RE LSRR argeRPn4emBYses three exopgnoufhe
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claim 27, vvherel n sai d m crobl al organi sm conpri ses seven exogenous nucl eic
aci ds each dmcdte ngthadpf tielmd.evtpatinvay theezgrmgenous nucleic 30ids divedar2tCthod of

cl aim 29 rei.n. sajd seven en snucllca S code, 2-
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3- dehy de@gubnghgosdehyidipliaseiduabisdheaiee dehydrogenase; shi ki mate ki nase;
3- phosphoshi ki nat e- 2- car boxyvi nyl transferase; chorisnate synthase; and
chorismate | l)éaz,s The net hlg f claim 27, wherein said mcrobial
or gani sm f ur'th ee&%ﬁ&é&l@%whefﬂya? @egstﬁafﬁweaowablawm pRosphonat e
pat hwaeterolosous nideic a&18. Met hod of claim 31, wherein the

(2- hydr oxy- 32% met hyl - 4- oxobut oxy) phosphonat e pat hway conpri ses

2-C-nmethyl -D-erythritol-4-phosphat e dehydratase, 1-deoxyxyl ul ose-5-
phosphat e syt Adwa-TgrrallyREHYNRINGIODIb IS HSSHRAING arfé’@[%)ﬂ@é PEGREMase.

33. Th
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acid i selydi@uiriatd (Mle‘étaw@hﬁlrﬁaté‘ldﬂ@drogenase shd®matd kitaBe; 3aihessHok ik deeaer i ng
m crobi al organis co ising a mcrobial organism havi ng a terephthal ate
pat hwa;?ar@B%‘bﬁ’r“i‘ §rHY ea%sean@aglfm@ﬁé%%aeqwhgﬂwﬁ BP¥-aci d encoding a

t erepht hal ate pat hway enzyne expressed in a sufficient anmount to produce

t erepht hal ati ¢, TE&@hsh- ﬁe@ﬁ@nﬁbmm{gemmedbfma aﬁ@ﬁmﬂcﬁuﬂgwwh&lcﬁﬁbﬂ microbial
met hyl - nonooxygenase reduct ase; carboxf%enzyl al cohol dehydrogenase; or

4- car b@WB@WZWPéIS@FéchéO%@WmW&‘é%%@? caghh gnaRHBE &) mtobwicPaHvesHEENS-or gani sm
further conprises a p-toluate pathway, wherein said p-tol uate pathway

conprises 2qs d?ﬂ&%&nﬁuﬁﬁ?&’dﬁh@%ﬁm%@ﬁ% hESAUHANE; wiadBRYANRYHDAL €

synt hase; 3-dehydroqui nate dehydr at ase, | Ki mat e deh?/dr ogenase; shikimate
ki nas e or@nphompinoses tkrmx%ﬂzousamcmw ¢th ermndihe p asteluatsipethiveyeneymy nt hase;
or chorismate |yase. WO 2011/ 094131PCT/ Us2011/ 022046

16. The non-naturally occurring microbial organism of claim 13, wherein said microbial

organism comprises four exogenous nucleic acids each encoding a p-toluate pathway enzyme.

17. The non-naturally occurring microbial organism of claim 13, wherein said microbial

organism comprises five exogenous nucleic acids each encoding a p-toluate pathway enzyme.

18. The non-naturally occurring microbial organism of claim 13, wherein said microbial

organism comprises six exogenous nucleic acids each encoding a p-toluate pathway enzyme.



60 36. The non-naturally occurring m crobial organismof claim 35,
wherein said mcrobial organismconprises two exogenous nucl eic acids each
encodi ng woerigphthal at e pat hway enzyne. 37. ThePoDrrSo@t owemké vy
occurring mcrobial organismof claim35, wherein said mcrobial organism
conprises three exogenous nucleic aci 88 each encoding a terephthal ate

pat hway enzyne. 38. The non-naturally occurring m crobial organism
of claim 37, wherein said three exogenous nucl ei ¢ acids encode p-tol uate
met hyl - nonod%y genaaenzwally pecverinemicbig pyEsernAT ciiwdRoMheeRyailonernisd: and
4-car b% Qﬁﬁlzéﬁlmgﬁi ?seo@égieex%g%q ﬁgﬁ&éﬁﬁds each encodit a -ﬂﬁuzﬂ@?atﬁ]\%}”é by
occurring mcro or gani claim 35, wherein said | uat e pat hway
conpri ses 2-dehydro- 3-deoxyphosphohept onate synt hase; 3-dehydroqui nate
synt hase; 32aeﬁ§@n@qnﬁtwakhe ograirydr miceedeal ommsrrh@t@lmelﬁywh@g@ﬂa@emcmbﬂk| mat e
ki nase; 0 [ se hase
g Chg{g%nl%ﬂ} cso%fb‘i’%?é KLIPLGEek %B&&}%@X aér})gén &%g{%ﬁér gilufgy %to%?a‘?é ba%ﬁ%raﬁ? Szlg

or gani sm of cIa|n135 wherein said m crobi al organlsn1further conprlses a
(2- hydr oxy- 31nﬁhmym}mamxﬁbuummy%phmsﬂhﬂn&@empaﬁhwmm19 wherein s4ill. cigfite

non- nat ur al | urri i al ani f cl a| 40 wheyein the
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2- C- metdblystdrdueiayd @htfia&l%%ﬂﬂﬁﬁ@hﬁét@dﬁ@ﬁt@ﬂﬂs@l@ﬂ@mate dehydrogenase shikimate
1-deox¥§ylulose 5-phosphat e synt hase or 1-deoxy-D xyl ul ose-5- phosphat e

r educt &itggrerphgephoshikimate-Zsarbypeindimansiriseathoyspee éymhaﬁa dehobinate or gani sm
of claiyné4l, wherein the (2-hydroxy3-methyl-4-oxobutoxy)phosphonate pathway
conprlses 2-C-methyl -D-erythritol-4-phosphate dehydrat ase,

1- deoxyxyl ul ose- 5- phosphat e synt hase and 1-deoxy-D-Xxyl ul ose-5-phosphat e
reduct oi sonm@g-adlke non-naturally gecutming ttsrebid pigaaismofstdnrldi wherainspdanigrobsd gani sm
of cl ai, t t S a

het er ol a%ﬁgy%@ﬁ%ﬁ#ﬁmEQ%%(ﬁ}whﬁ§§31§@ﬁ¥ﬁe8%%ﬁ.n é%%h&e %ﬁg? ‘ng mcrobia
organi sm of cl aim 35, wherein said non-naturally occurrlng m cr obi al

or gani sm i s28.nThe subsdtantly a¢c|uyri®1ai@r®ml@rgauistrmfetlaim@uwheremmle (2-hydroxy-
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to produce terephthal ate. 46. The net hod of claim45, wherein said
non- nat ¢fSIIYMSESer ri ng microbial organismis in a substantially anaerobic
cul ture medi um 47. The nethod of claim45, wherein said mcrobial

or gani sm conpr Tﬁ@ﬁoﬂmt@@uyzzs&gﬂﬂ%wm&mk@n@ﬁi sfe1gach, @H&@ﬁit&g(]zahydroxy-
terephthalate pat hway enzyne he nmethod of claim47, wherein
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25. The non-naturally occurring microbial organism of claim 13, wherein at least one

exogenous nucleic acid is a heterologous nucleic acid.

26. The non-naturally occurring microbial organism of claim 13, wherein said non-

naturally occurring microbial organism is in a substantially anaerobic culture medium.

27. A method for producing p-toluate, comprising culturing the non-naturally occurring
microbial organism of claim 13 under conditions and for a sufficient period of time to produce p-

toluate.



49. The nethod of claim45, wherein said p-toluate pathway conprises

2- dehydr o- 3- deoxyphosphohept onate synt hase; 3-dehydroqui nate synt hase;
3- dehydr oyoi2nat®4B3¢hydr at ase; shi ki mat e dehydr ogenase; ®hirRiso@ti®2idcase;
3- phosphoshi ki mat e- 2- car boxyvi nyl transf erase; chori smate synt hase; and

chorismate |yase. 50. The neth6® of claim 45, wherein said m crobial
organi sm further conprises a (2- hydroxy-3-nethyl-4-oxobut oxy) phosphonat e
pat hway. he met hod of claimb50, wherein the

(2- hydr oxy- 38 n@b%@ﬂﬁtmd B eIBR Sy 1SFros pitih Pit-Batratly RespriaREpicr e organism is
2- C‘”EMPX&ﬂEﬁﬁﬁMgn&h&BﬁwguRE%%Rﬂﬁh? dehydr at ase, 1-deoxyxyl ul ose-5-

phosphat e synt hase eoxy- D xyl ul ose-5- phosphat e reduct oi soner ase.
52. The nmethod of claimb51, wherein the

( 2- hydr oxy- 39.nghdppthad ofeobin Sk yyhsreos prid magrebipladraagm egnprises esyen

2- G- met, r deoxyxyl ul ose- 5-
phospha?ékgg%fﬁégg”gﬁg%ﬁéhﬁgg&ﬂggi%Pﬁﬁgég&gyg @m%ate r educt oi soner ase.

53. The nethod of claim45, wherein said at Ieast one exogenous nucleic
acid is a héfeilbt mghuod ofwlailrreﬂﬁl; vaeia said seven exogenous nucleic acids encode 2-

dehydro-3-deoxyphosphoheptonate synthase; 3-dehydroquinate synthase; 3-dehydroquinate
dehydratase; shikimate dehydrogenase; shikimate kinase; 3-phosphoshikimate-2-

carboxyvinyltransferase; chorismate synthase; and chorismate lyase.

31. The method of claim 27, wherein said microbial organism further comprises a (2-

hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway.

32. The method of claim 31, wherein the (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway comprises 2-C-methyl-D-erythritol-4-phosphate dehydratase, 1-deoxyxylulose-5-

phosphate synthase or 1-deoxy-D-xylulose-5-phosphate reductoisomerase.

33. The method of claim 32, wherein the (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway comprises 2-C-methyl-D-erythritol-4-phosphate dehydratase, 1-deoxyxylulose-5-

phosphate synthase and 1-deoxy-D-xylulose-5-phosphate reductoisomerase.

34. The method of claim 27, wherein said at least one exogenous nucleic acid is a

heterologous nucleic acid.

35. A non-naturally occurring microbial organism, comprising a microbial organism
having a terephthalate pathway comprising at least one exogenous nucleic acid encoding a
terephthalate pathway enzyme expressed in a sufficient amount to produce terephthalate, said
terephthalate pathway comprising p-toluate methyl-monooxygenase reductase; 4-carboxybenzyl
alcohol dehydrogenase; or 4-carboxybenzyl aldehyde dehydrogenase; and wherein said microbial
organism further comprises a p-toluate pathway, wherein said p-toluate pathway comprises 2-
dehydro-3-deoxyphosphoheptonate synthase; 3-dehydroquinate synthase; 3-dehydroquinate
dehydratase; shikimate dehydrogenase; shikimate kinase; 3-phosphoshikimate-2-

carboxyvinyltransferase; chorismate synthase; or chorismate lyase.
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36. The non-naturally occurring microbial organism of claim 35, wherein said microbial

organism comprises two exogenous nucleic acids each encoding a terephthalate pathway enzyme.

37. The non-naturally occurring microbial organism of claim 35, wherein said microbial
organism comprises three exogenous nucleic acids each encoding a terephthalate pathway

enzyme.

38. The non-naturally occurring microbial organism of claim 37, wherein said three
exogenous nucleic acids encode p-toluate methyl-monooxygenase reductase; 4-carboxybenzyl

alcohol dehydrogenase; and 4-carboxybenzyl aldehyde dehydrogenase.

39. The non-naturally occurring microbial organism of claim 35, wherein said p-toluate
pathway comprises 2-dehydro-3-deoxyphosphoheptonate synthase; 3-dehydroquinate synthase;
3-dehydroquinate dehydratase; shikimate dehydrogenase; shikimate kinase; 3-phosphoshikimate-

2-carboxyvinyltransferase; chorismate synthase; and chorismate lyase.

40. The non-naturally occurring microbial organism of claim 35, wherein said microbial

organism further comprises a (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway.

41. The non-naturally occurring microbial organism of claim 40, wherein the (2-hydroxy-
3-methyl-4-oxobutoxy)phosphonate pathway comprises 2-C-methyl-D-erythritol-4-phosphate
dehydratase, 1-deoxyxylulose-5-phosphate synthase or 1-deoxy-D-xylulose-5-phosphate

reductoisomerase.

42. The non-naturally occurring microbial organism of claim 41, wherein the (2-hydroxy-
3-methyl-4-oxobutoxy)phosphonate pathway comprises 2-C-methyl-D-erythritol-4-phosphate
dehydratase, 1-deoxyxylulose-5-phosphate synthase and 1-deoxy-D-xylulose-5-phosphate

reductoisomerase.

43. The non-naturally occurring microbial organism of claim 35, wherein said at least one

exogenous nucleic acid is a heterologous nucleic acid.

44. The non-naturally occurring microbial organism of claim 35, wherein said non-

naturally occurring microbial organism is in a substantially anaerobic culture medium.
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45. A method for producing terephthalate, comprising culturing the non-naturally
occurring microbial organism of claim 35 under conditions and for a sufficient period of time to

produce terephthalate.

46. The method of claim 45, wherein said non-naturally occurring microbial organism is

in a substantially anaerobic culture medium.

47. The method of claim 45, wherein said microbial organism comprises three exogenous

nucleic acids each encoding a terephthalate pathway enzyme.

48. The method of claim 47, wherein said three exogenous nucleic acids encode p-toluate
methyl-monooxygenase reductase; 4-carboxybenzyl alcohol dehydrogenase; or 4-carboxybenzyl

aldehyde dehydrogenase.

49. The method of claim 45, wherein said p-toluate pathway comprises 2-dehydro-3-
deoxyphosphoheptonate synthase; 3-dehydroquinate synthase; 3-dehydroquinate dehydratase;
shikimate dehydrogenase; shikimate kinase; 3-phosphoshikimate-2-carboxyvinyltransferase;

chorismate synthase; and chorismate lyase.

50. The method of claim 45, wherein said microbial organism further comprises a (2-

hydroxy-3-methyl-4-oxobutoxy)phosphonate pathway.

51. The method of claim 50, wherein the (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway comprises 2-C-methyl-D-erythritol-4-phosphate dehydratase, 1-deoxyxylulose-5-

phosphate synthase or 1-deoxy-D-xylulose-5-phosphate reductoisomerase.

52. The method of claim 51, wherein the (2-hydroxy-3-methyl-4-oxobutoxy)phosphonate
pathway comprises 2-C-methyl-D-erythritol-4-phosphate dehydratase, 1-deoxyxylulose-5-

phosphate synthase and 1-deoxy-D-xylulose-5-phosphate reductoisomerase.

53. The method of claim 45, wherein said at least one exogenous nucleic acid is a

heterologous nucleic acid.



