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The use of microorganisms to make omega- and/or omega-
1-functionalized products through an iterative carbon chain
elongation pathway that we call a reverse beta oxidation
pathway. The pathway uses omega-functionalized CoA thio-
esters as primers and acetyl-CoA as the extender unit in a
non-decarboxylative Claisen condensation, and then uses
beta oxidation or fatty acid synthesis enzymes to complete
the cycle, via reductase, dehydratase and reductase reac-
tions. Various termination enzymes that act on the function-
alized beta-keto acyl-CoA intermediates of the pathway and
produce omega or omega-1 functionalized products. The
action of termination enzymes on such intermediates yield a
large variety of products.
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FIGURE 17 A
A recombinant microorganism comprising overexpressed enzymes including 1) thiolase catalyzing a non-decarboxylative
Claisen condensation between an omega-functionalized primer and acetyl-CoA, 2) a hydroxyacyl-CoA dehydrogenase, 3) an
enoyl-CoA hydratase, 4) an enoyl-CoA reductases and 5) a termination enzyme(s).
A recombinant microorganism being a bacteria comprising overexpressed enzymes including 1) a thiolase catalyzing a non-
decarboxylative Claisen condensation between an omega-functionalized primer and acetyl-CoA, 2) a hydroxyacyl-CoA
dehydrogenase, 3) an enoyl-CoA hydratase, 4) an enoyl-CoA reductases and 5) a termination enzyme(s), preferably TE.
A recombinant microorganism being £. coli comprising inducible expression vector or inducible integrated sequences for
overexpressing enzymes including 1) a thiolase catalyzing a non-decarboxylative Claisen condensation between an omega-
functionalized primer and acetyl-CoA, 2) a hydroxyacyl-CoA dehydrogenase, 3} an enoyl-CoA hydratase, 4) an enoyl-CoA
reductases and 5) a termination enzyme(s) preferably TE.
Preferably overexpressed enzymes are under the control of an inducible promoter, and can be either integrates or on an
expression vector. Most preferred, the expression is coordinated, e.g., by organization in an operon.
A genetically engineered microorganism comprising means for:

a) an overexpressed activation enzyme(s) able to produce an omega-functionalized CoA thioester primer, wherein said
activation enzyme is selected from:

i) an acyl-CoA synthase which generates the omega-functionalized CoA thioester primer from an omega-
functionalized acid;

ii) an acyl-CoA transferase which generates the omega-functionalized CoA thioester primer from an omega-
functionalized acid;

i)y aphosphotransacylase and a carboxylate kinase which generates the omega-functionalized CoA thioester
primer from an omega-functionalized acid;

iv) other one or muitiple enzymes that allow the production of the omega-functionalized CoA thioester primer from
the carbon source without proceeding via the omega-functionalized acid;

b) an overexpressed thiolase enzyme that catalyzes the condensation of an omega-functionalized acyl-CoA primer with
acetyl-CoA to form an omega-functionalized beta-ketoacyl-CoA;

c) an overexpressed 3-hydroxyacyl-CoA dehydrogenase or 3-oxoacyl-[acyl-carrier-protein} reductase enzyme that
catalyzes the reduction of said omega-functionalized beta-ketoacyl-CoA to produce an omega-functionalized beta-~
hydroxyacyl-CoA;

d) an overexpressed enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydratase, or 3-hydroxyacyl-[acyl-carrier-protein}
dehydratase enzyme that catalyzes the dehydration of said omega-functionalized beta-hydroxyacyl-CoA to an
omega-functionalized trans-enoyl-CoA;

e) an overexpressed acyl-CoA dehydrogenase, trans-enoyl-CoA reductase, or enoyl-[acyl-carrier-protein] reductase
enzyme that catalyzes the reduction of said omega-functionalized trans-enoyl-CoA fo an omega-functionalized acyl-
CoA;

f)  anoverexpressed termination enzyme(s) able to use as a substrate the omega-functionalized beta ketoacyl-CoA-~
thioester product generated in step b, wherein said termination enzyme(s) is selected from:

i)  the group consisting of a thicesterase, or an acyl-CoA transferase, or a phosphotransacylase and a carboxylate
kinase catalyzing the conversion of the CoA moiety of the omega-functionalized beta-ketoacyl-CoA thioester to
a carboxylic acid group and a decarboxylase catalyzing the conversion of the beta-keto-acid to a methyl-ketone;

i)y the group consisting of a thioesterase, or an acyl-CoA transferase, or a phosphotransacylase and a carboxylate
kinase catalyzing the conversion of the CoA moiety of the omega-functionalized beta-ketoacyl-CoA thioester to
a carboxylic acid group and a decarboxylase catalyzing the conversion of the beta-keto-acid to a methyl-ketone
and a keto-dehydrogenase catalyzing the conversion of a methyl-ketone to a 2-alcohol;

i) the group consisting of a thioesterase, or an acyl-CoA transferase, or a phosphotransacylase and a carboxylate
kinase catalyzing the conversion of the CoA moiety of the omega-functionalized beta-ketoacyl-CoA thioester to
a carboxylic acid group and a decarboxylase catalyzing the conversion of the beta-keto-acid to a methyl-ketone
and a transaminase catalyzing the conversion of a methyl-ketone to a 2-amine;

g) optionally reduced expression of fermentation genes leading to reduced production of lactate, acetate, ethanol and
succinate; and

wherein said microorganism has a reverse beta-oxidation pathway beginning with said omega-functionalized CoA thiocester
primer and running in a biosynthetic direction.

Any microorganism herein described, wherein said omega-functionalized primer is an acyl CoA thioester whose omega group
is selected from the group consisting of hydrogen, alkyl group, hydroxyl group, carboxyl group, aryl group, halogen, amino
group, hydroxyacyl group, carboxyacyl group, aminoacyl group, ketoacyl group, halogenated acy! group, and any other
functionalized acyl groups.

Any microorganism herein described, wherein said omega-functionalized acid is the acid form of omega-functionalized primer
whose omega group is selected from the group consisting of hydrogen, alkyl group, hydroxyl group, carboxyl group, aryl group,
halogen, amino group, hydroxyacy! group, carboxyacyl group, aminoacyl group, ketoacy! group, halogenated acyl group, and
any other functionalized acyl groups.

Any microorganism herein described, wherein said omega-functionalized acid is supplemented in the media or supplied
through the intracellular pathway from the carbon source.

Any microorganism herein described, wherein said microorganism produces a product selected from the group consisting of
methyl ketones, 2-alcohols and 2-amines whose omega group is selected from the group consisting of hydrogen, alkyl group,
hydroxyl group, carboxyl group, aryl group, halogen, amino group, hydroxyacyl group, carboxyacyl group, aminoacy! group,
ketoacy! group, halogenated acyl group, and any other functionalized acyl groups.
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FIGURE 17 B
Any microorganism herein described, utilizing an omega-carboxylated CoA thioester primer and further comprising:

h) an overexpressed activation enzyme(s) able to convert an omega-carboxylated methyl ketone, namely an omega-1
ketoacid, to an omega-1 ketoacyl-CoA, wherein said activation enzyme is selected from: i) an acyl~CoA synthase; ii)
an acyl-CoA transferase; iii) a phosphotransacylase and a carboxylate kinase; and,

i) anoverexpressed CoA-dependent product modification pathway able to use a substrate omega-1 ketoacyl-CoA
generated in step a, wherein said CoA-dependent product modification pathway is selected from:
iy  aketo~dehydrogenase catalyzing the conversion of an omega-1 ketoacyl-CoA to an omega-~1 hydroxyacy-CoA

and the group consisting of a thioesterase, or an acyl-CoA transferase, or a phosphotransacylase and a
carboxylate kinase catalyzing the conversion of the CoA moiety of the omega-~1 hydroxyacyl-CoA to a carboxylic
acid group; and,

i} atransaminase catalyzing the conversion of an omega-1 ketoacyl-CoA to an omega-1 aminoacyl~-CoA and the
group consisting of a thicesterase, or an acyl-CoA transferase, or a phosphotransacylase and a carboxylate
kinase catalyzing the conversion of the CoA moiety of the cmega-1 aminoacyl-CoA to a carboxylic acid group.

Any microorganism herein described, wherein said microorganism produces a product selected from the group consisting
omega-1 ketoacids, omega-1 hydroxyacids and omega-1 amino acids.

Any microorganism herein described, utilizing an omega-carboxylated CoA thioester primer and further comprising an
overexpressed lactonase that converts an omega-carboxylated 2-alcohol, namely an omega-1 hydroxyacid, to a lactone.
Any microarganism herein described, wherein said microorganism produces a lactone.

Any microorganism herein described, utilizing an omega-carboxylated CoA thioester primer and further comprising an
overexpressed amidohydrolase that converts an omega-carboxylated 2-amine, namely an omega-~1 amino acid, to a lactam.
Any microorganism herein described, wherein said microorganism produces a lactam.

Any microorganism herein described, further comprising:

j}  anoverexpressed aldehyde-forming acyl-CoA reductase enzyme catalyzing the conversion of the CoA moiety of a
substrate selected from the group consisting omega-1 ketoacyl-CoAs, omega-1 hydroxyacyl-CoAs and omega-1
aminoacyl-CoAs to an aldehyde group; and,

k) an overexpressed aldehyde modification enzyme(s) able to use an aldehyde generated in step a, wherein said
aldehyde modification enzyme is selected from:

i) an alcohol dehydrogenase enzyme that converts an aldehyde generated in step a to an alcohol;

i) atransaminase enzyme that converts an aldehyde generated in step a to an amine.

Any microorganism herein described, wherein said microorganism produces a product selected from the group consisting
omega-hydroxy methyl ketones; omega-amino methy! ketones; alpha, omega-1 diols; omega-amino-2-alcohals; alpha, omega-
1-diamines; and omega-amino-1-alcohols.

Any microorganism herein described, wherein said overexpressed acyl-CoA synthase is encoded by a gene(s) selected from
the group consisting of E. cofi sucC, E. coli sucD, E. coli paaK, E. coli prpE, E. coli menE, E. coli fadK, E. coli fadD, Penicillium
chrysogenum phi, Salmonelia typhimurium LT2 prpE, Bacillus subtilis bioW, Cupriavidus basilensis hmfD, Rhodopseudomonas
palustris badA, R. palustris hbaA, Pseudomonas aeruginosa PAD1T pgsA, Arabidopsis thafiana 4¢/ and homologs.

Any microorganism herein described, wherein said overexpressed thiolase is encoded by a gene(s) selected from the group
consisting of E. coli atoB, E. coli yqeF, E. coli fadA, E. coli fadl, Ralstonia eutropha bktB, Pseudomonas sp. B13 catF, E coli
paad, Rhodococcus opacus pcaF, Pseudomonas putida pcaF, Streptomyces sp. pcaF, P. putida fadAx, P. putida fadA,
Ralstonia eutropha phaA, Acinetobacter sp. ADP1 dcaf, Clostridium acetobutylicum thiA, Clostridium acetobutylicum thiB and
homologs.

Any microorganism herein described, wherein said overexpressed 3-hydroxyacyl-CoA dehydrogenase or 3-oxoacyl-[acyl-
carrier-protein] reductase is encoded by a gene(s) selected from the group consisting of £. coli fabG, E. coli fadB, E. coli fadJ,
E. cofi paaH, P. putida fadB, P. putida fadB2x, Acinetobacter sp. ADP1 dcaH, Ralstonia eutrophus phaB, Clostridium
acetfobutylicum hbd and homologs.

Any microorganism herein described, wherein said overexpressed enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydratase, or 3-
hydroxyacyl-{acyl-carrier-protein] dehydratase is encoded by a gene(s) selected from the group consisting of £. coli fabA, E.
coli fabZ, E. coli fadB, E. coli fadJ, E. coli paaF, P. putida fadB, P. putida fadB1x, Acinetobacter sp. ADP1 dcaE, Clostridium
acetobutyticum crt, Aeromonas caviae phaJ and homologs.

Any microorganism herein described, wherein said acyl-CoA dehydrogenase, trans-enoyl-CoA reductase, ar enoyl-[acyl-carrier-
protein] reductase is encoded by a gene(s) selected from the group consisting of E. cofj fadE, E. coli ydiO, Euglena gracilis
TER, Treponema denticola TER, Clostridium acetobutylicum TER, E. colfi fabl, Enterococcus faecalis fabK, Bacillus subtilis
fabL, Vibrio cholerea fabV and homologs.

Any microorganism herein described, wherein said overexpressed thioesterase is encoded by a gene(s) selected from the
group consisting of E. coli tesA, E. coli tesB, E. coli yciA, E. coli fadM, E. coli ydit, E. coli ybgC, E. coli paal, Mus musculus
acot8, Alcanivorax borkumensis tesB2, Fibrobacter succinogenes Fs2108, Prevotella ruminicola Pr655, Prevotella ruminicola
Pr1687, Lycopersicon hirsutumn f glabratum mks2 and homologs.

Any microorganism herein described, wherein said overexpressed acyl-CoA transferase is encoded by a gene(s) selected from
the group consisting of E. coli atoD, E. coli scpC, E. coli ydiF, E. coli atoA, E. coli atoD, Clostridium acetobutylicum ctfA, C.
acetobutylicum ctfB, Clostridium kluyveri cat2, C. kluyveri cat1, P. putida pcal, P. putida pcaJ, Megasphaera elsdenii pct,
Acidaminococcus fermentans gctA, Acidaminococcus fermentans getB, Acetobacter aceti aarC and homologs.

Any microorganism herein described, wherein said overexpressed phosphotransacylase is encoded by a gene(s) selected from
the group consisting of Clostridium acetobutylicum ptb, Enterococcus faecalis pth, Salmonelia enterica pdul. and homologs.
Any microorganism herein described, wherein said overexpressed carboxylate kinase is encoded by a gene(s) selected from
the group consisting of Clostridium acetobutylicum buk , Enterococcus faecalis buk, Salmoneila enterica pduW and homologs.
Any microorganism herein described, wherein said overexpressed keto-acid decarboxylase is encoded by a gene(s) selected
from the group consisting of Clostridium acetobutylicum adc, Lycopersicon hirsutum { glabratum mks1 and homologs.

Any microarganism herein described, wherein said overexpressed keto-dehydrogenase is encoded by a gene(s) selected from
the group consisting of Clostridium beijerinckii adh, Acidaminococcus fermentans hgdH, E. coli serA, Gordonia sp. TY-5 adh1,
Gordonia sp. TY-5 adh2, Gordonia sp. TY-5 adh3, Rhodococcus ruber adh-A and hamologs.

Any microorganism herein described, wherein said overexpressed transaminase is encoded by a gene(s) selected from the
group consisting of Arabidopsis thaliana At3g22200, Alcaligenes denitrificans aptA, Bordetella bronchiseptica BB0869,
Bordetella parapertussis BPP0784, Brucella melitensis BAWG_0478, Burkholderia pseudomaiiei BP1026B_10669,
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FIGURE 17 C
Chromobacterium violaceum CV2025, Oceanicola granulosus 0G2516_07293, Paracoccus denitrificans PD1222 Pden_3984,
Caulobacter crescentus CC_3143, Pseudogulbenkiania ferrooxidans w-TA, Pseudomonas putida w -TA, Ralstonia
solanacearum w -TA, Rhizobium meliloti SMc01534, Vibrio fluvialis w -TA, Bacillus megaterium SC68394 w —TA, Mus musculus
abaT, Flavobacterium lutescens lat, Streptomyces clavuligerus fat, E. coli gabT, E. coli puuk, E. coli ygiG and homologs.
Any microorganism herein described, wherein said overexpressed lactonase is encoded by a gene(s) selected from the group
consisting Xanthomonas campestris XCC1745, Homo sapiens PON1, Mesorhizobium loti Mir6805, Pseudomonas sp. P51
{cbE, Comamonas testosteroni pmdD and homologs.
Any microorganism herein described, wherein said overexpressed amidohydrolase is encoded by a gene(s) selected from the
group consisting Flavabacterium sp. KI72 nylB, Arthrobacter sp. KI72 nylA, Homo sapiens DPYS, Brevibaciilus agri pydB, E.
coli pyrC, Pseudomonas putida cmA, Pseudomonas fluorescens puuE and homologs.
Any microorganism herein described, wherein said overexpressed aldehyde-forming acyl-CoA reductase is encoded by a
gene(s) selected from the group consisting Acinetobacter calcoaceticus acr1, Acinetobacter sp Strain M~1 acrM, Clostridium
beijerinckii ald, E. coli eutE, Salmonella enterica eutE, E. coli mhpF, Clostridium kluyveri sucD and homologs.
Any microorganism herein described, wherein said overexpressed alcohol dehydrogenase is encoded by a gene(s) selected
fram the group consisting E. cofi betA, E. coli dkgA, E. coli eutG, E. coli fucO, E. coli ucpA, E. coli yahK, E. coli ybbO, E. coli
ybdH, E. coli yiaY, E. coli yjgB, Clostridium kluyveri 4hbD, Acinetobacter sp. SE19 chnD and homologs.
Any microorganism herein described, wherein said reduced expression of fermentation enzymes are AadhE, (Apta or AackA or
AackApta), ApoxB, AldhA, and AfrdA and less acetate, lactate, ethanol and succinate are thereby produced.
Any microorganism herein described, comprising one or more of the following mutations: fadR, atoC(c), AarcA, Acrp, crp®.
A method of making omega functionalized products, comprising growing any microorganism herein described in a nutrient broth
under conditions such that said enzymes are overexpressed, said microorganism producing omega functionalized product
using said overexpressed enzymes, and isolating said omega functionalized product.
A method of making omega functionalized products, comprising growing any microorganism herein described in a nutrient broth
under conditions such that said enzymes are overexpressed, said microorganism producing omega functionalized product
using said overexpressed enzymes, and isolating said omega functionalized product.
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FIGURE 30A

A genepioally sagineersd micrdorganism comprinng a reverse butn oxidation pathway

weing an omegs-pheayd privess, saxd mcvocszanisi comprsing:

A3 a overexpressed thicduse that catalyzes e rondeosation of 2 omega-phendd syl
Cad Huosster prauer and scenyi-Cad 1o s su onega-phenyd B-kawsaoyti-Cok;

b} an overexpressed 3hedronyacyl-Cod delrpdropensss v Foxoanyl-AUP reductane
that catalyzes e reduction of smd onwgr-pherd Bhstosoyi-Cod 1o produce an
omsga-phenyt Bdpdeanyaayi-lod,

€3 an overexpresved eaovi-Cod hvdratase, hydeowvacyi-Col dobvdratave, or 3-
hvdroxyaoyb- ACE debordoatase that catalyees the dehydration of sasd emeps-phenyl
H-hvdroxreoyi-Cod 1o an cmegs-pheay! tass-enovl-Tod;

&% an gverenprevsed aoyl-Cod debvrdrogenmse, tany-canyt-Coll sedactnss, or snovl-ACP
sedoctass that cutalveey the reduction of vaid soega-pheny! traas-snovi-Cod 1o an
amepa-pheayl wovi-Cod amd

€} o overexpressed teomination enzyewis) bl to scton saed omega-phenyl thhoester
spermaodintes of wreps v, b, ¢, or 4 1o produce an swmeen-phenyt product,

A prastically sogineered aRCrROrEABSN CONPTINING.

&) ope or mws oversxpressed activation enzyewis} able fo produce an wnsga-pheayl
anyi-Uod dunesisy primer, wheretn said activation sneymeds) 13 selected from:

£y anacvi-Uod venthase, an sovi-Uod wansforane, of & phosphotssascyldse sud
# earboxvinte kinase whish osdulves the conversion of an exogenously added
omega-phony? anid o o cuegs-phenyt aoyl-Ued tavester primey,

#) one or miore cuzyees as depicted e FHG. 25 that allows the production of said
wnega-phenyd aoyb-Uod thiovster prisoes Hown a carbon sowree sech as
ghvovsol or sugan without the exozonons addition of sad onega-pheed aond;

By o overexpressed thuedase that catalyzes the vondemxation of savd vonepa phenyl
sovb-Codl tnosster prawsy sad acetyb-Cod e oo sa owega-phenyd B-deicaayt-
ol

¢y oo oversrpressnd 3-hydasvaoyi-Coll debydiogenese or J-oxmsovbinoyi come
pratend redimiase that catalyzes the redoction of sord amsga-phenyd B-hetoanyl-
Lol to produce s owmege-phenyi S-dvdroxvacyi-Uolk;

33w overexpressed snovi-Col boedontass, 3-hyvdroxyaoybCod debivdeatase, or 3-
hvdeoxyacyi-faovi-casner-protein] debvdeatine that cotabvaes the debydratton of
swid omega-phenyl BhvdronvseyiCod o an aoega-phend trany-enoel-Cod;

£} an overespressed soviCod debvdrogonate, ruas-enoyi-Uod reductase, or enoylh

faoyhoareie-protein] reduniase thet catalyzes the reduction of said snege-phenyl
trans-enovi-Ood to an cmega-phenyl sovi-flod

£ iterations of steps b do &, wheress smd Seration i ackueved by wilizing s omega-

pheared sovi-Cod-finosster prodhsct gonesated in step o of e Tust oo as the
promer naxt of step b o the nesnt tue of derationy

¥y an gverexpressed fermingiion suzyvawisy able fo act on said omega-pheayl

thisester interoediates of steps b, o, 4, ov o, wheeeis swid foemination pathany s

setected T

13 the grovp consisting of o thivediermse, or ag sovbCod namborase, o3
vhosphotramsacyiese and 3 carhonylate inase catadysing the conversion of
omegy-pheary] thioester nennedides of stepa b, v 4, or ¢ 0w cavbosoelic aud;

1} a6 sloohed-fonming soyl-Codl reductase catalvzing the converstm of omegs-
phanyl duoester mtenmsdistes of steps b o, 4 ot 2 1o sn gloohed;

#43 an dddehvde-fornung sl Ol reductnse cotabvzing the conversion of omsga-
pheayl thucester wiepmedaates of weps b, o, 4w & ae sldebyde and an
alvohol debiydrogenase catalyzing the comvergon of said sldebyde to an
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FIGURE 30B

sheohal;

w3 an aldehyde-formmng myiCod reduciase natalying the rosversion of cmega-
phiesv! thinestor imtermediates of weps b, ¢, 4, or e o aldehyde and sa
sidedrede decarbonyinse catabvzing the conversion of said sidednde toan
aikane;

%y s aidehyde-fornaag sovl-Cod reductave catalyring de conversion of smega-
vhey! thioester intersoedintes of steps b, o 4, or 2 to s aldehyde and w
ransuninase catalvemy the convession of saed aldelyyde B an anune;

&y opicsatly redured expressions of fepventation socyaes leading to reduced
production of lactate, avetate, sthaoed sad succionte; amd
whevein saad nucroorgaasns bas 3 reverse beta oxelation pathway beguunng wath sd
omega-pheayd aoyl-Ued thieser primer aed vmning in the bivvynthetio drsction.

A genencally soginesred microvrpantsm comprising:

2} oversypressed activation snreme{s) able to prodece s sseega-phenyt aoyl Cod
thioester primes, whersin said achivation enzyne i seleoted fonn
1 an aovh-Cod syvathese which converty the voawga-phenyt aoviCod thigester

priner frons wn cmege-phenyd acid;

i} anaovl-Codd trasslormss which converty the suega-pheny! sovBCol thivester
peisrer frons an venega-phenyl acd;

1} 3 phosphoirsnsascviase snd 2 carboxylnte inase which copverts the omegs-
phenyl soyi-CUlod thicester pranse Bom an cmega-pheay! sond;

3 e o sre ereyiees St alows the production of the saega-phenyd sk
Cnd shicester prigses owm the carbon source withowt via the omepa-pheayl
sk

by axoverexpressed thiclase that catalyzes the vondessatnn of omega-pheay? sovl-
Cod thicester priter and anetyiCod to Porm an susga-phenyt B-hetoacyi Lol

0% an oversapressed Mdvdeoracet-Un A debvdeogenase or S-oxoacybfaovlicmies
protes} radacisss that catabvzey the reduction of vaid sasega-pheny! B-ketoasyl-
ol to produes an cowge-phenyt BhvdronyaoyiCof;

& an overexprewsed caodi-Uod hydrstase, T-hydesxvacyb-Cod debydratase, or 3-
hysbrozyaeyb-foyvowrrr-protein] dehydratase that catalyses the dehylration of
saed capepa-pheny! Blredroxvaoyd-UnA fo s omega-phenyl tns-enovk- Cod

e} an oversepressed aovb-Und debivdropenace, tras-snovi-Codl reductase, o spovl

{avyl-carewr-protein] soducinse thw ontalyzes the rediretion of said vsega-phenyl
tears-saoyi-Uod to an omeza-pheayl aoyl-Cod

£ derations of steps b o, wherstn saad Seeating s aclueved by ptilizang an cmese
pheayt sorl-Col thinester product peperated so wiep v of de lost tors as the
pramey unit of stop b o the next tue of desation;
gi anoverseprevsed fenmination enzymefs) abde t wse a2y 2 sobarae selected from
she group consisting omega-phenyl Bhetosoyi-Cod-thdosster products generated
wn giep b, omsga-phenyl B-hyvdiomyuovi-Cod-tuovster products gonenmted m step
o, omegr-pheayl tass-enod-Ued thiosster products gonersied 1o step 4 amd
omegs-pheayd syl tlioester products generated 10 step &, whersis sad
terpmoation pathavay s selocted frome
w3 the geoup conseting of s teoesterse, or an syl -Ued tanfernse, ara
shosphutoansacrase and & carboxylate kuase catalvetng the copversion nf the
Do piowery of subsirate ol ducester o w carboselic acsd groug;
i an aldebvde-formung aovi-Cod reducinse vatalvaing the vonversion of the
Cod mowty of 2 wbsiis 1o an aldebyde group and an aleobol debydrogenase
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FIGURE 30C
catalvzing the cowesesion of se aldeboede o an adoshed;
13} an aldedrede-forming avyb-Coll reductase ontabvring the conversion of the
Cod morety of & substoate to an aldebyvde grooyy vnd & tansanunase catalveing

the comversion of so aldedoede o o smine;

By redoced swprassons of frmentaton saevess leadiag to reduned production of
factate, sootwte, sthaned wod secctsate; and

wherssn sand mcroongmesn: bys 2 reverse beia oxidaton pathweay begumnng with said an
sovi-Uod duester prisey aud omegs-fouctinnakzed Cod thisevter sxtonder vast and
vunning 1o 3 bueyvathene divechion.
A method of moduciog a produdt comprising prowsg any mwroorgassn: herem
desvebed i a cubluge broth contatmng slveercd or 2 sugar, sud extending 2 generated
sepa-pheard sod-Cod diosster privasr using son-decarbanyviative condensation sad
heta-reduciios reactions fo produce su omega-phenyd produnt &t least two corbons longer
tian vaid priveer, wd seoleting suid swvga-pheny! product. The smega-phenyl privsgr ova
prevursor thereod can be added to the media, o 3 o be mads, or partialby made 1 the
migrovrpaningy.
A morhod of prodoviay s vmega-phenyt product, conpristag growing o micruorgaaisg
a5 hersan descrshed 10 8 veliues oot contamang an cmegs-pheayl alkansic ael or & -ond
acttvated for thereof, and emtending o amega-pheayl syl lod thicesier primer using
ao-derarborvintive condensanon wud betraraduction rexctions to produce ag oRegs
pheay! product ot lesst oo carbons lonper than said primes, sad isolating seid omega-
phenyt produet,
Any pcmoorganing hersin desonbed, comprising one o more omination easyaies fom
Tabde 3.
Kawy sicroorganiso hevesn devortbed, conupristng oue of more, preferabdy off, of die
fellvwing wutations: fadB atoCi) Swecd, dop, sp®
Any minrocrgantsn berein descnbed, saud omega-phenyl anid & the acid forre of inegs-
pheoy? soel-Uod ducesior primer whose omiens group s a phenyl group,
Any microorganiun hersn desonbed, wheeetn sud aovi-Usd debredrogenase, inuw-enoyl
Lol redusiase, or eavl {aw*»em:'i&f proten] veductase s encoded by o goneds) selected
from the group consisting of B, coli fudE, £ voli vadiQ, E;sgfmm gracilis TER, Treponens
danticols TER, {losseidinm acoioburyliveon TER, E. voli fabl, Ewmterococons faevalls
Jabk, Bacilbe sibeiliz fabl, Fibrip cholerva £o5¥ sud bomologs of sume,
Ry wvovoorganisey bevein descrtbed, wherem said genetically sngisesved microssganing
»gm:ssiuwc ?f{iﬁi?&f selected Hom the group conssiing of %«%em acids, 3 kem alvobuls, 3
heto mm&sﬂ 3-dydroxy acids, §3-dinls, 3-bopdvony amines, A%Sxtry acids, A% Baey
slenbols, A% anunss, fatiy avsds, sloohols, slkuaes, sllene, sud anunes whose omegn
group 15 & pheny] group.
Ry wocroorganisns herein descrhed, whersin said pepeticatly snginesred milcroorgaaium
produces an wners-oheavd nedliy! betone,
Any pucreorgasim bereer desortbed, wherein sid gensticadly sogowernnd murecrganism
wroduces 3 product selected fons de group cossisting of Bkt acids, ;:'“k%ﬁii aluohels, v
ket momey, Bhydioxy saxds, 1.3 -duods, vhondvony ameees, 47 Hity sonls, &% 5ty
alochals, AN -anunes, faty auxé&.ﬁ sheobols and snunes whose o grovp 152 pheayd
groug.
Any aucworgamss berear desprtbed, wherein smd omega-phenyi sad o canegs sheayd
albrenste anid 5 supplemented i the media or gesersted tntraceliclady fomn 3 given
cachon source such as sueses o glyoerol
f"&m xmﬂm}t am«m hﬁ 243 {iwx ﬂh@{& whee ?m sad a}mega ;é}exwi CoA thiosster prames 18
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FIGURE 30D
Saye maorovganss hevewn desonbed, wheren sasd oversapressed 3hvdroxyvacredUod
debydrogenase o 3-oxmorbinovi-comireprntan] reductase s epoded by o g@m{&}
selected Som the group vonsisting of B coli 680 K. cofi fuiB, E. onll fad, E. coll pun¥,
P putidd fodB, F. potide fodB 2y, Acinerebacter sp. ADPY doaff, Rulvronia suvegpdus
phal, Ulostridhen acetebhutvlicun 3bd, or bomokogpes,
Have motvromgarss boren desonbed, whersan savd sversapressed soyvb Ol syoathase s
socreded by & genels) selocted Sroms the group vomssting of £ voll T B ool sucld &
ol paakl £, coli prpk, E. coli menE, E. onli fnd¥, E. coli #2583 Powicd
chrysagenum ph, Selmonelly toplivuwivm LT3 prpE, Reciflus subtilis 5o, Capriavidus
fasiferisiz fonfD, Rbodoprendomonss palustriz bodd, B pobusteis bbad, Pesudomeonas
aernginoze PAOH pusd, dewbidopsis thaliona 4of, or homwologues,
Any saicroorgansns hevetn described, wherety suid overaxprevsed aovdb-Cod rassloruse iu
envoded by 5 goneds) selevtnd from the group consuting of B codf ateld, £ coli apC £
ool yidiF B voli wiod, E. coli atnld, Clostridiny acetelutylicwn otfd, € goatobutvlicwm
i, Clowtrictihem ayverd coid, O Huyverdoml, . putide pral, P paids prad,
Mogasphowra vlsdpii pey, dcldominecsccus formentans gotd, doidaviinscpeens
Jermentans potB, deefobacter ocell sl o bomolognes.
Ay moreurgaman berens desonbed, wherean saxd vversapressed aovbCol synthase 1
spowded by ¢ genels) selocted &oan the provp comsssting of £ ool suel, £, coli sncld £
”{m ,f.««'z(*?\, E, vodi pepk, B coli menk, E. coli fndE, E. coli fulld Powivillinm
v phd, Selmonella npf?zmmzfm LT3 popE, Baciling subfilis bioW, Coprievidus
Sasilensic bnil, Bhodoprendomonas painst

siviz bodd, B palusteis Bhad, Pyewdomenas

geruginose PAO pasd, dralidopsis thalione 4of and homsdogs of same.

Any puicroorgamse bevesn desortbed, wherstn sasd oversxprevsed sldelorde-foroving syl

Cad eodoctase w envoded by & gonels) seleciod Hom the group consisting dobe

calvoacetions sord, dobetobocier sp Bivain M1 aord, Clostridiom befiaringds
soff e, Sofmonvlio enterica wuk, Movinohacter nynaeniel VT8 magu 33

wsapf-" feridives Blayverd sucl, vr howologaes.

;‘fam mxcfmmmsm herﬂm é&%{:ﬁi‘e&iﬁ s%hewm susd mefaxpfﬂ §f2ti aiwimi d&hvdmk\m':w

g
37, Clogrridiven Muyvers x‘%’ﬁwﬂ, z%ﬁz.rzsamm{:m;’ ag;. &Eiiﬁ cézm{}, oy }mmf,}iuweg..
chersan saxd oversxpressed aldshyds
alected from the group comsisting of
S o 83, Novtor punctiforms POCTII02

BEGgn
Aave sowrovrganiss hevsm desonbed,

Fvmevhwococsis vlongatus PCLTALS
span BI1T1Y Prochiorocoeons marinug MITO313 pret1 230, or bomologass,

Any nucroorgmisn: hovein descnbed, wheretn ssed ovesexpressed carbosyluie kinas
envoded by 2 gensds) selented froo the group onnssting of Clashridinos aceivbubydficnes
buk | Entervovocus faevaliz buk, Selvonells wawrics pde®, vr homologues,

Amy suicroorganisn heredn described, wheretn sasd oversnprevsed snovi-Col bvdostase,
Shvdooencyt-Coll debedeatase, or 3-dnvdrosvaryi-facvi-varder-protein] debhydeatase
snomied by a genels) selocted Hom the pooup consisting o . coli fbd, £ conli fadd B
cofi fodl, B, onli fadd E. ooli paaF, P. putida 2dB, P, putids fodBix, deinetobactor sp.
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SYNTHESIS OF OMEGA FUNCTIONALIZED
PRODUCTS

PRIOR RELATED APPLICATIONS

[0001] This application claims is a Continuation-in-Part
and claims priority and benefits under 35 U.S.C. § 119, 120
or 371 to U.S. Ser. No. 15/784,691, filed Oct. 16, 2017
(pending), titled SYNTHESIS OF OMEGA FUNCTION-
ALIZED PRODUCTS, which claims priority to:

[0002] U.S. Ser. No. 62/148,248, filed Apr. 16, 2015, and
a continuation of PCT/US16/27903 filed Apr. 15, 2016,
SYNTHESIS OF OMEGA FUNCTIONALIZED METH-

YLKETONES, 2-ALCOHOLS, 2-AMINES, AND
DERIVATIVES THEREOF;
[0003] U.S. Ser. No. 62/154,397, filed Apr. 29, 2015, and

a Continuation of PCT/US16/29592, filed Apr. 27, 2016,
SYNTHESIS OF OMEGA-1 FUNCTIONALIZED PROD-
UCTS AND DERIVATIVES THEREOF; and

[0004] 62/154,010, filed Apr. 28, 2015, and is a Continu-
ation of PCT/US16/29583, filed Apr. 27, 2016, SYNTHE-
SIS OF OMEGA-PHENYL PRODUCTS AND DERIVA-
TIVES THEREOF;

FEDERALLY SPONSORED RESEARCH
STATEMENT

[0005] This invention was made with government support
under Grant Nos. EEC-0813570, CBET-1134541, and
CBET-1067565 awarded by the National Science Founda-
tion. The government has certain rights in the invention.
[0006] each incorporated by reference herein in its entirety
for all purposes.

FIELD OF THE DISCLOSURE

[0007] The disclosure generally relates to the use of
microorganisms to make omega- or omega-1-functionalized
chemicals and fuels.

BACKGROUND OF THE DISCLOSURE

[0008] Reactions that catalyze the iterative formation of
carbon-carbon bonds are instrumental for many metabolic
pathways, such as the biosynthesis of fatty acids,
polyketides, and many other molecules with applications
ranging from biofuels and green chemicals to therapeutic
agents. These pathways typically start with small precursor
metabolites that serve as building blocks that are subse-
quently condensed and modified in an iterative fashion until
the desired chain length and functionality are achieved.
[0009] Most iterative carbon-carbon bond forming reac-
tions in natural biological systems take place through a
Claisen condensation mechanism in which the nucleophilic
a-anion of an acyl-thioester, serving as the extender unit,
attacks the electrophilic carbonyl carbon of another acyl-
thioester, serving as the primer. Depending on how the
nucleophilic a-anion is generated, the Claisen condensation
reaction can be classified as decarboxylative or non-decar-
boxylative.

[0010] Many natural iterative carbon chain elongation
pathways, like fatty acid and polyketide biosynthesis path-
ways, utilize decarboxylative Claisen condensation reac-
tions with malonyl thioesters as extender units. Their poten-
tial products include fatty acids, alcohols, polyketides,
esters, alkanes and alkenes with diverse chain lengths,
structures and functionalities due to usage of functionalized
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primers, usage of a-functionalized malonyl thioesters as
extender units and diverse pathways for termination of
carbon chain elongation and subsequent product modifica-
tion.

[0011] However, despite the structural and functional
diversity of these products, the use of malonyl thioester as
C2 extender unit requires the ATP-dependent activation of
acetyl-CoA to malonyl-CoA, which in turn limits the energy
efficiency of these pathways. Furthermore, owing to the
decarboxylation mechanism, the f-site of extender units of
the decarboxylative Claisen condensation must be a car-
boxylate group, restricting the range of extender units and
potentially limiting the diversity of products that can be
generated through these carbon chain elongation pathways.
[0012] In order to overcome this limitation, we have
recently implemented a novel approach by driving beta-
oxidation in reverse to make fatty acids instead of degrading
them (see US20130316413, W02013036812, each incorpo-
rated by reference in its entirety for all purposes).

[0013] Unlike the fatty acid biosynthesis pathway, the
reversal of the 3-oxidation cycle operates with coenzyme-A
(CoA) thioester intermediates and uses acetyl-CoA directly
for acyl-chain elongation (rather than first requiring ATP-
dependent activation to malonyl-CoA). In these pathways,
thiolases catalyze the non-decarboxylative Claisen conden-
sation in which acetyl-CoA, instead of malonyl thioesters,
serves as the extender unit, and subsequent f-reduction
reactions by hydroxyacyl-CoA dehydrogenases (HACDs),
enoyl-CoA hydratases (ECHs) and enoyl-CoA reductases
(ECRs) enable iteration, although enzymes of the fatty acid
synthesis pathway can be also used to catalyze these f3-re-
duction reactions. See e.g., W02015112988,
US20160340699. Compared to pathways beginning with a
decarboxylative Claisen condensation, these reverse beta
oxidation (R-BOX) pathways are more energy eflicient due
to less ATP consumption for the supply of extender unit
acetyl-CoA than malonyl thioesters.

[0014] However, to date the thiolases have only utilized
acetyl-CoA as the extender unit, thus limiting the function-
ality of synthesized products. A novel non-decarboxylative
Claisen condensation reaction able to accept wider range of
functionalized primers and proceed in an iterative or cyclic
manner is required to diversify the product range of carbon-
chain elongation.

[0015] Thus, what is needed in the art are variations on the
reverse beta oxidation pathways that allow the production of
a broader range of chemicals.

SUMMARY OF THE DISCLOSURE

[0016] The disclosure generally relates to the use of
microorganisms to make omega-functionalized and
omega-1 functionalized chemicals and fuels by an iterative
carbon chain elongation pathway that uses omega- or
omega-1-functionalized CoA thioesters as primers and
acetyl-CoA as the extender unit, in combination with various
termination enzymes that act on the omega-functionalized
intermediates of the pathway. The action of these termina-
tion enzymes on such intermediates yields a wide variety of
functionalized products.

[0017] The engineered pathway consists of five core enzy-
matic steps that generate omega-functionalized or omega-1
functionalized R-BOX intermediates of different carbon
chain lengths. These will be abbreviated as “w” and “w-1"
herein, together as “w/w-1 or just “omega functionalized.”
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[0018] In the first step, w/m-1-functionalized CoA thio-
esters to be used as primers are generated, mainly by
activation of their acid form, which can be either supple-
mented in the media or derived from carbon sources. Alter-
natively, these primers can be derived from carbon sources
without this step.

[0019] Second, thiolase catalyzed non-decarboxylative
Claisen condensation between w/m-1-functionalized primer
and acetyl-CoA yields an w/w-1-functionalized -keto acyl-
CoA.

[0020] Further carbon chain elongation is achieved by
subsequent dehydrogenation catalyzed by HACDs, dehydra-
tion catalyzed by ECHs and reduction catalyzed by ECRs
and iterations of these reactions, which taken together gen-
erate w/w-1-functionalized intermediates of different carbon
chain lengths.

[0021] These w/w-1-functionalized intermediates are then
used as substrates for enzymes that convert them to different
products. For example, coA can be removed from any of the
pathway intermediates, and the resulting product collected
as is or then can be further modified. Products can thus
include:

[0022] omega-functionalized methyl ketones, 2-alco-
hols, 2-amines, and their derivatives, including
lactams, lactones, o.,w-1-diamines, w-1-amino-1-alco-
hols, w-amino methyl ketones, w-hydroxy methyl
ketones, w-amino-2-alcohols,

[0023] omega-1-functionalized carboxylic acids, alco-
hols, hydrocarbons, amines, and their beta-functional-
ized derivatives; and

[0024] omega-phenyl carboxylic acids, alcohols, ami-
nes, hydrocarbons, methyl ketones and their beta-func-
tionalized derivatives

[0025] The process involves performing traditional fer-
mentations using industrial organisms (such as E. coli, S.
cerevisiae) that convert different feedstocks into longer-
chain products. These organisms are considered workhorses
of modern biotechnology. Media preparation, sterilization,
inoculum preparation, and fermentation are the main steps
of the process, once the requisite strains have been created.
[0026] As used herein, a “reverse beta oxidation pathway”
is one that grows hydrocarbons by two carbon units and uses
acetyl-CoA directly for acyl-chain elongation (rather than
first requiring ATP-dependent activation to malonyl-CoA),
and thus uses a non-decarboxylative Claisen condensation.
Subsequent enzymes in the pathway can vary, and can
include fatty acid synthesis enzymes as well as beta-oxida-
tion enzymes. Repetitions of the pathway may be called
cycles.

[0027] As used herein, a “primer” is a starting molecule
for the iterative cycle to add two carbon donor units to a
growing acyl-CoA thioester. The “initiating primer” can be
any kind of omega-functionalized acyl-CoA. As the chain
grows by adding donor units in each cycle, the primer will
accordingly increase in size by 2C. In some cases, the
bacteria can also be provided with larger initiating primers,
e.g., C4 primers, etc. added to the media or obtained from
other cell pathways. In this invention, non-traditional prim-
ers are used in which the terminal or penultimate carbon has
been functionalized (i.e., omega methylated primers,
omega-hydroxylated primers, omega-1-methylated primers,
omega-1-hydroxylated primers, etc.). The w/w-1-function-
alized initiating primers are either provided to the cell in the
media, or made in the cell by the addition of appropriate
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enzymes, or combinations thereof (e.g., adding an omega-
1-functionalized acid substrate that can be converted to its
-CoA form in the cell).

[0028] As used herein, the “extender unit” is the donor of
the 2 carbon units of each cycle of carbon elongation. In this
disclosure, the extender unit is acetyl-CoA.

[0029] As used herein, the “omega” position is the last
carbon in a straight chain, wherein the first position is
determined by the -CoA activator. We do not change the
nomenclature even after the -CoA is removed, where the
nomenclature might otherwise change. An “omega-1-func-
tionalized” group refers to a functional group (e.g. hydroxyl
group) on the carbon one position over (closer to the -CoA)
from the last carbon (e.g., the penultimate carbon in the
straight chain or omega minus 1) in the straight chain, as
referenced as the end opposite from where the -CoA is or
was. As noted above, when we refer to omega and omega-1
together, we have used the abbreviation w/w-1 to include
both positions.

[0030] As used herein “type II fatty acid synthesis
enzymes” refer to those enzymes that function indepen-
dently, e.g., are discrete, monofunctional enzymes, used in
fatty acid synthesis. Type II enzymes are found in archaea
and bacteria. Type I systems, in contrast, utilize a single
large, multifunctional polypeptide. Type II enzymes can be
used in the invention here for steps after the first conden-
sation (e.g. beta-reduction steps).

[0031] Thiolases are ubiquitous enzymes that have key
roles in many vital biochemical pathways, including the
beta-oxidation pathway of fatty acid degradation and various
biosynthetic pathways. Members of the thiolase family can
be divided into two broad categories: degradative thiolases
(EC 2.3.1.16), and biosynthetic thiolases (EC 2.3.1.9). The
forward and reverse reactions are shown below:

(@]
CoA 4+
)]\S/

Acetyl-CoA
Biosynthesis
(0] CoA—SH
M ALoA —
R f 5
CoA
R-(Cp)-Acyl-CoA Degradation
] 0]
CoA
R 57

n

R-(C,;12)-p-Ketoacyl-CoA

[0032] These two different types of thiolase are found both
in eukaryotes and in prokaryotes:acetoacetyl-CoA thiolase
(EC:2.3.1.9) and 3-ketoacyl-CoA thiolase (EC:2.3.1.16).
3-ketoacyl-CoA thiolase (also called thiolase I) has a broad
chain-length specificity for its substrates and is involved in
degradative pathways such as fatty acid beta-oxidation.
Acetoacetyl-CoA thiolase (also called thiolase II) is specific
for the thiolysis of acetoacetyl-CoA and involved in biosyn-
thetic pathways such as poly beta-hydroxybutyric acid syn-
thesis or steroid biogenesis.



US 2021/0002677 Al

[0033] Furthermore, the degradative thiolases can be made
to run in the forward direction by building up the level of left
hand side reactants (primer and extender unit), thus driving
the equilibrium in the forward direction and/or by overex-
pressing same or by expressing a mutant of same.

[0034] As used herein, native or engineered “thiolases”
able to use functionalized primers and extender units is an
enzyme that catalyzes the condensation of w/w-1-function-
alized acyl-CoA thioester with acetyl-CoA as the 2-carbon
donor for chain elongation to produce an omega-function-
alized B-keto acyl-CoA in a non-decarboxylative condensa-
tion reaction (R represents the functional group, here at
omega-1, but it could also be in the omega position):

R @]
M i )
i SCoA )I\S /COA CoA

An o—-1-functionalized

acyl-CoA An acetyl-CoA
R (0] (0]
CoA
WS/
An o-1-functionalized p-ketoacyl-CoA
[0035] As used herein a “hydroxyacyl-CoA dehydroge-

nase” or “HACD?”, is an enzyme that catalyzes the reduction
of an w/w-1-functionalized B-keto acyl-CoA to a f-hy-
droxyacyl-CoA:

R (0] (0]

W _CoA NAD(P)H
n S :

An o-1-functionalized p-ketoacyl-CoA
R OH (o}

CoA
n S/

An w-1-functionalized p-hydroxyacyl-CoA

[0036] As used herein, “enoyl-CoA hydratase or “ECH” is
an enzyme that catalyzes the dehydration of an w/mw-1-
functionalized p-hydroxyacyl-CoA to an omega-functional-
ized enoyl-CoA:

An o-1-functionalized p-hydroxyacyl-CoA
R

o

\ /COA

n S

An w-1-functionalized enoyl-CoA

[0037] As used herein, an “enoyl-CoA reductase” or
“ECR” is an enzyme that catalyzes the reduction of an
w/w-1-functionalized trans-enoyl-CoA to an omega-func-
tionalized acyl-CoA:
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R (€]

CoA NADP)H
)\M s z
An w-1-functionalized enoyl-CoA
CoA
Ws -

An w-1-functionalized acyl-CoA

[0038] As used herein “termination pathway” refers to one
or more enzymes (or genes encoding same) that will pull
reaction CoA thioester intermediates out of the iterative
cycle and produce the desired end product.

[0039] By “primary termination pathway” what is meant is
a CoA thioester intermediate from the iterative cycle is
pulled out of the iterative cycle by one (which can have more
than one activity) or more termination enzymes and results
in 1) carboxylic acids, ii) primary alcohols, iii) hydrocar-
bons, iv) primary amines, or v) derivatives thereof from
CoA thioesters intermediates.

[0040] By “secondary termination pathway” what is
meant is that the intermediate pulled out of the iterative
cycle by a primary termination pathway enzyme is further
modified by one or more enzymes.

[0041] Many microbes do not make significant amounts of
free fatty acids, but can be made to do so by adding a gene
coding for an acyl-ACP thioesterase (called a “TE” gene
herein), which are promiscuous enzymes that also work on
-CoA activated intermediates, as well as ACP-carried inter-
mediates in many cases. It is also known to change the chain
length of the FFAs by changing the TE: 1) Class I acyl-ACP
TEs act primarily on 14- and 16-carbon acyl-ACP sub-
strates; 2) Class II acyl-ACP TEs have broad substrate
specificities, with major activities toward 8- and 14-carbon
acyl-ACP substrates; and, 3) Class III acyl-ACP TEs act
predominantly on 8-carbon acyl-ACPs.

[0042] For example, most thioesterases exhibit the highest
specificities in the C16-C18 range, including A. thaliana
FatA (18:149), Madhuca longifolia FatB (16:0, 16:1, 18:0,
18:1), Coriandrum sativum FatA (18:149), A. thaliana FatB
(16:0, 18:1, 18:0, 16:1), Helianthus annuus FatA (18:1,
16:1), and Brassica juncea FatB2 (16:0, 18:0), among
numerous others. Medium-chain acyl-ACP thioesterases
include Cuphea palustris FatB1 and C. hookeriana FatB2
(8:0, 10:0), C. palustris FatB2 (14:0, 16:0); and Umbellu-
laria californica FatB (12:0, 12:1, 14:0, 14:1). Arecaceae
(palm family) and Cuphea accumulate large quantities of
fatty acids that are shorter (between 8 and 12 carbon atoms),
and several enzymes are also available in bacteria. Thou-
sands of such sequences are available.

[0043] As used herein, the expressions “microorganism,”
“microbe,” “strain” and the like may be used interchange-
ably and all such designations include their progeny. It is
also understood that all progeny may not be precisely
identical in DNA content, due to deliberate or inadvertent
mutations. Mutant progeny that have the same function or
biological activity as screened for in the originally trans-
formed cell are included. Where distinct designations are
intended, it will be clear from the context.
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[0044] As used herein, reference to a “cell” is generally
understood to include a culture of such cells, as the work
described herein is done in cultures having 10°*° cells.
[0045] As used herein, “growing” cells is used in its art
accepted manner, referring to exponential growth of a cul-
ture of cells, not the few cells that may not have completed
their cell cycle at stationary phase or have not yet died in the
death phase or after harvesting.

[0046] As used in the claims, “homolog” means an
enzyme with at least 40% amino acid identity to one of the
listed sequences and also having the same general catalytic
activity, although of course K,,, K ,, and the like can vary.
While higher identity (60%, 70%, 80%) and the like may be
preferred, it is typical for bacterial sequences to diverge
significantly (40-60%), yet still be identifiable as homologs,
while mammalian species tend to diverge less (80-90%).
[0047] Reference to proteins herein can be understood to
include reference to the gene encoding such protein. Thus,
a claimed “permease” protein can include the related gene
encoding that permease. However, it is preferred herein to
refer to the protein by standard name per ecoliwiki or HUGO
since both enzymatic and gene names have varied widely,
especially in the prokaryotic arts.

[0048] Once an exemplary protein is obtained, many addi-
tional examples of proteins with similar activity can be
identified by BLAST search. Further, every protein record is
linked to a gene record, making it easy to design overex-
pression vectors. Many of the needed enzymes are already
available in vectors, and can often be obtained from cell
depositories or from the researchers who cloned them. But,
if necessary, new clones can be prepared based on available
sequence information using RT-PCR techniques. Thus, it
should be easily possible to obtain all of the needed
enzymes/genes for overexpression.

[0049] Another way of finding suitable enzymes/genes for
use in the invention is to consider other enzymes with the
same EC number, since these numbers are assigned based on
the reactions performed by a given enzyme. An enzyme that
thus be obtained, e.g., from AddGene or from the author of
the work describing that enzyme, and tested for functionality
as described herein. In addition, many sites provide lists of
proteins that all catalyze the same reaction. If necessary,
substrate specificity can be confirmed by testing a needed
enzyme against a w/w-1-functionalized substrate in a bench
top assay.

[0050] Understanding the inherent degeneracy of the
genetic code allows one of ordinary skill in the art to design
multiple nucleotides that encode the same amino acid
sequence. NCBI™ provides codon usage databases for
optimizing DNA sequences for protein expression in various
species. Using such databases, a gene or cDNA may be
“optimized” for expression in E. coli, yeast, algal or other
species using the codon bias for the species in which the
gene will be expressed.

[0051] Initial cloning experiments have proceeded in E.
coli for convenience since most of the required genes are
already available in plasmids suitable for bacterial expres-
sion, but the addition of genes to bacteria is of nearly
universal applicability. Indeed, since recombinant methods
were invented in the 70’s and are now so commonplace,
even school children perform genetic engineering experi-
ments using bacteria. Such species include e.g., Bacillus,
Streptomyces,  Azotobacter,  Irichoderma,  Rhizobium,
Pseudomonas, Micrococcus, Nitrobacter, Proteus, Lactoba-
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cillus, Pediococcus, Lactococcus, Salmonella, Streptococ-
cus, Paracoccus, Methanosarcina, and Methylococcus, or
any of the completely sequenced bacterial species. Indeed,
hundreds of bacterial genomes have been completely
sequenced, and this information greatly simplifies both the
generation of vectors encoding the needed genes, as well as
the planning of a recombinant engineering protocol. Such
species are listed along with links at http://en.wikipedia.org/
wiki/List_of_sequenced_bacterial_genomes.

[0052] Additionally, yeasts, such as Saccharomyces, are a
common species used for microbial manufacturing, and
many species can be successfully transformed. Indeed, yeast
are already available that express recombinant thio-
esterases—one of the termination enzymes described
herein—and the reverse beta oxidation pathway has already
been achieved in yeast. Other species include but are not
limited to Candida, Aspergillus, Arxula adeninivorans, Can-
dida boidinii, Hansenula polymorpha (Pichia angusta),
Kluyveromyces lactis, Pichia pastoris, and Yarrowia
lipolytica, to name a few.

[0053] It is also possible to genetically modify many
species of algae, including e.g., Spirulina, Apergillus, Chla-
mydomonas, Laminaria japonica, Undaria pinnatifida, Por-
phyra, Eucheuma, Kappaphycus, Gracilaria, Monostroma,
Enteromorpha, Arthrospira, Chlorella, Dunaliella, Aphani-
zomenon, Isochrysis, Paviova, Phaeodactylum, Ulkenia,
Haematococcus, Chaetoceros, Nannochloropsis, Skel-
etonema, Thalassiosira, and Laminaria japonica, and the
like. Indeed, the microalga Paviova lutheri is already being
used as a source of economically valuable docosahexaenoic
(DHA) and eicosapentaenoic acids (EPA), and Cryptheco-
dinium cohnii is the heterotrophic algal species that is
currently used to produce the DHA used in many infant
formulas.

[0054] Furthermore, a number of databases include vector
information and/or a repository of vectors and can be used
to choose vectors suitable for the chosen host species. See
e.g., AddGene.org, which provides both a repository and a
searchable database allowing vectors to be easily located
and obtained from colleagues. See also Plasmid Information
Database (PlasmID) and DNASU having over 191,000
plasmids. A collection of cloning vectors of E. coli is also
kept at the National Institute of Genetics as a resource for the
biological research community. Furthermore, vectors (in-
cluding particular ORFS therein) are usually available from
colleagues.

[0055] The enzymes can be added to the genome or via
expression vectors, as desired. Preferably, multiple enzymes
are expressed in one vector or multiple enzymes can be
combined into one operon by adding the needed signals
between coding regions. Further improvements can be had
by overexpressing one or more, or even all of the enzymes,
e.g., by adding extra copies to the cell via plasmid or other
vector. Initial experiments may employ expression plasmids
hosting 3 or more ORFs for convenience, but it may be
preferred to insert operons or individual genes into the
genome for long-term stability.

[0056] Still further improvements in yield can be had by
reducing competing pathways, such as those pathways for
making e.g., acetate, formate, ethanol, and lactate, and it is
already well known in the art how to reduce or knockout
these pathways. See e.g., the William Marsh Rice University
patent portfolio by Ka-Yiu San and George Bennett (U.S.
Pat. Nos. 7,569,380, 7,262,046, 8,962,272, 8,795,991) and
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patents by these inventors (U.S. Pat. Nos. 8,129,157 and
8,691,552) (each incorporated by reference herein in its
entirety for all purposes). Many others have worked in this
area as well.

[0057] In calculating “% identity” the unaligned terminal
portions of the query sequence are not included in the
calculation. The identity is calculated over the entire length
of the reference sequence, thus short local alignments with
a query sequence are not relevant (e.g., % identity=number
of aligned residues in the query sequence/length of reference
sequence). Alignments are performed using BLAST homol-
ogy alignment as described by Tatusova TA & Madden TL
(1999) FEMS Microbiol. Lett. 174:247-250, and available
through the NCBI website. The default parameters were
used, except the filters were turned OFF.

[0058] “Operably associated” or “operably linked”, as
used herein, refer to functionally coupled nucleic acid or
amino acid sequences.

[0059] “Recombinant” is relating to, derived from, or
containing genetically engineered material. In other words,
the genetics of an organism was intentionally manipulated
by the hand-of-man in some way.

[0060] “Reduced activity” is defined herein to be at least
a 75% reduction in protein activity, as compared with an
appropriate control species (e.g., the wild type gene in the
same host species). Preferably, at least 80, 85, 90, 95%
reduction in activity is attained, and in the most preferred
embodiment, the activity is eliminated (100%). Proteins can
be inactivated with inhibitors, by mutation, or by suppres-
sion of expression or translation, by knock-out, by adding
stop codons, by frame shift mutation, and the like. All
reduced activity genes or proteins are signified herein by
[0061] By “null” or “knockout” what is meant is that the
mutation produces undetectable active enzyme. A gene can
be completely (100%) reduced by knockout or removal of
part of all of the gene sequence. Use of a frame shift
mutation, early stop codon, point mutations of critical resi-
dues, or deletions or insertions, and the like, can also
completely inactivate (100%) gene product by completely
preventing transcription and/or translation of active protein.
All null mutants herein are signified by A.

[0062] “Overexpression” or “overexpressed” is defined
herein to be at least 150% of protein activity as compared
with an appropriate control species, or any detectable
expression in a species that normally lacks that enzyme.
Preferably, the activity is increased 100-500% or even
ten-fold. Overexpression can be achieved by: mutating the
protein to produce a more active form or a form that is
resistant to inhibition, by removing inhibitors, or adding
activators, and the like. Overexpression can also be achieved
by removing repressors, adding multiple copies of the gene
to the cell, or up-regulating the endogenous gene, and the
like. All overexpressed genes or proteins are signified herein
by “+”.

[0063] In certain species it is possible to genetically engi-
neer the endogenous protein to be overexpressed by chang-
ing the regulatory sequences or removing repressors. How-
ever, overexpressing the gene by inclusion on selectable
plasmids or other vectors that exist in hundreds of copies in
the cell may be preferred due to its simplicity and ease of
exerting externals controls, although permanent modifica-
tions to the genome may be preferred in the long term for
stability reasons.
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[0064] The term “endogenous” or “native” means that a
gene originated from the species in question, without regard
to subspecies or strain, although that gene may be naturally
or intentionally mutated, or placed under the control of a
promoter that results in overexpression or controlled expres-
sion of said gene. Thus, genes from Clostridia would not be
endogenous to Escherichia, but a plasmid expressing a gene
from E. coli or would be considered to be endogenous to any
genus of Escherichia, even though it may now be overex-
pressed.

[0065] “Expression vectors” are used in accordance with
the art-accepted definition of a plasmid, virus or other
propagatable sequence designed for protein expression in
cells. There are thousands of such vectors commercially
available, and typically each has an origin of replication
(ori); a multiple cloning site; a selectable marker; ribosome
binding sites; a promoter and often enhancers; and the
needed termination sequences. Most expression vectors are
inducible, although constitutive expression vectors also
exist.

[0066] As used herein, “inducible” means that gene
expression can be controlled by the hand-of-man, by adding
e.g., a ligand to induce expression from an inducible pro-
moter. Exemplary inducible promoters include the lac
operon, inducible by IPTG, the yeast AOX1 promoter induc-
ible with methanol, the strong LAC4 promoter inducible
with lactate, and the like. Low level of constitutive protein
synthesis may occur even in expression vectors with tightly
controlled promoters.

[0067] As used herein, an “integrated sequence” means
the sequence has been integrated into the host genome, as
opposed to being maintained on an expression vector. It will
still be expressible, and preferably is inducible as well.
[0068] The use of the word “a” or “an” when used in
conjunction with the term “comprising” in the claims or the
specification means one or more than one, unless the context
dictates otherwise.

[0069] The term “about” means the stated value plus or
minus the margin of error of measurement or plus or minus
10% if no method of measurement is indicated.

[0070] The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alter-
natives only or if the alternatives are mutually exclusive.
[0071] The terms “comprise”, “have”, “include” and “con-
tain” (and their variants) are open-ended linking verbs and
allow the addition of other elements when used in a claim.
[0072] The phrase “consisting of” is closed, and excludes
all additional elements.

[0073] The phrase “consisting essentially of” excludes
additional material elements, but allows the inclusions of
non-material elements that do not substantially change the
nature of the invention, such as instructions for use, buffers,
background mutations that do not affect the invention, and
the like.

[0074] The following abbreviations are used herein:

ABBREVIATION  TERM

ACP Acyl carrier protein

ACR Acyl-CoA reductase

ACT Acyl-CoA thioesterase or Acyl-CoA transferase or
phosphotransacylase + kinase

ADH Alcohol dehydrogenase

CoA Coenzyme A
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-continued
ABBREVIATION TERM
DC Decarboxylase
ECH Enoyl-CoA hydratase
ECR Enoyl-CoA reductase
FAS Fatty acid biosynthesis
HACD Hydroxyacyl-CoA dehydrogenases
R-Box or Box-R Reverse Beta oxidation pathway
B-hydroxy beta-hydroxy
o) Omega, ultimate carbon at end opposite CoA
-1 Omega minus 1, penultimate carbon
w/w-1 Omega or omega-1

BRIEF DESCRIPTION OF THE DRAWINGS

[0075] FIG. 1A-B. (81): Platform for the synthesis of
w/m-1-functionalized products, where the w/w-1-function-
alized primer is mainly activated from its acid form, which
can be either supplemented in the media or derived from
carbon sources, catalyzed by CoA-synthase, CoA transfer-
ase or phosphotransacylase+kinase. Primer can also be
derived from carbon sources without this step. Condensation
between w/m-1-functionalized primer and acetyl-CoA cata-
lyzed by thiolase forms w/w-1-functionalized (-keto acyl-
CoA. Further carbon chain elongation is achieved by sub-
sequent reactions by dehydrogenase, dehydratase and
reductase and iterations of the cycle.

[0076] Termination pathways are quite diverse, but exem-
plary termination pathways include CoA removal by thio-
esterase or CoA transferase and phosphotransacylase+kinase
and decarboxylation by decarboxylase generate w/m-1-func-
tionalized methyl ketone from w/m-1-functionalized -keto
acyl-CoA. Subsequent dehydrogenation by keto-dehydroge-
nase and amino group transfer by transaminase convert
w/w-1-functionalized methyl ketone into w/w-1-functional-
ized 2-alcohol and 2-amine respectively.

[0077] R means functional group and n means length of
primers, intermediates and products. Dashed line means
multiple reaction steps or iteration. Here, we showed only
the w functional groups, but it is understood that the figure
applies to both w and w-1 functionalized primers, interme-
diates and products.

[0078] FIG. 2A-B (81): Synthesis of w-1-carboxylated
methyl ketones, 2-alcohols and 2-amines, namely -1
ketoacids, hydroxyacids and amino acids, through the plat-
form depicted in FIG. 1 (R in FIG. 1=—COOH). Omega-
carboxylated acyl-CoA, which is activated from a,w-diacid,
serves as the primer.

[0079] FIG. 3A-B (81): Derivatives of w-1 ketoacids,
hydroxyacids and amino acids, which could be synthesized
through additional enzymatic and metabolic reactions. Prod-
ucts shown include omega-functionalized methyl ketones,
2-alcohols, 2-amines, and their derivatives, including
lactams, lactones, o,w-1-diamines, w-1-amino-1-alcohols,
w-amino methyl ketones, w-hydroxy methyl ketones,
w-amino-2-alcohols, a,w-1-diols.

[0080] FIG. 4 (81): Example of synthesis of levulinic acid
(4-oxopentanoic acid) through the proposed platform with
succinyl-CoA as the primer. Succinyl-CoA is activated from
succinate by Catl. Levulinic acid is produced after subse-
quent condensation between succinyl-CoA and acetyl-CoA
catalyzed by Paal, CoA removal catalyzed by Pcall and
decarboxylation by Mks1/Adc.
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[0081] FIG. 5 (81): Titers of levulinic acid synthesized
through the platform depicted in FIG. 4 with different
enzymes catalyzing the first four steps. JSTO6(DE3) AsdhB,
an E. coli strain deficient of mixed-acid fermentations,
thioesterases and TCA cycle, served as the host strain. The
engineered strains were grown for 48 hours at 37° C. in 20
mL LB-like MOPS media supplemented with 20 g/L glyc-
erol and 20 mM succinate.

[0082] FIG. 6A-B (81): The pathway to validate and
demonstrate the iterative carbon elongation platform utiliz-
ing thiolase-catalyzed non-decarboxylative Claisen conden-
sation which accepts omega-functionalized acyl-CoA prim-
ers. The validation is through analyzing whether omega-
functionalized carboxylic acids or omega-functionalized
alcohols are produced after adding termination pathways
acyl-CoA thioesterase/transferase (ACT) or acyl-CoA
reductase+alcohol dehydrogenase (ACR+ADH) respec-
tively at the acyl-CoA node of the platform. Omega-func-
tionalization was demonstrated (see FIG. 7-11): omega-
phenylation (R=-Ph); omega-carboxylation (R=——COOH);
omega-hydroxylation (R=—OH) and omega-1-methylation
(R——CH(CH,),).

[0083] FIG. 7 (81): Titers of omega-phenylalkanoic acids
produced with phenylacetyl-CoA (R=Phenyl) as the primer.
Utilized host strain and enzymatic components are listed in
the bottom part. “Endogenous” refers to native enzymes
without overexpression. The engineered strain was grown
for 48 hours at 30° C. in 20 mL LB-like MOPS media
supplemented with 20 g/L. glycerol and 5 mM phenylacetic
acid.

[0084] FIG. 8 (81): Titers of dicarboxylic acids and
omega-hydroxy acids produced with succinyl-CoA and glu-
taryl-CoA (R=—COOH) as the primer, and omega-1-methyl
fatty acid and omega-1-methyl alcohol with isobutyryl-CoA
(R=—CH(CH;),) as the primer. Utilized host strain and
enzymatic components are listed in the bottom part. “Endog-
enous” herein refers to native enzymes without overexpres-
sion. The engineered strains were grown for 48 hours at 37°
C. (when using succinyl-CoA or glutaryl-CoA as the primer)
or 30° C. (when using isobutyryl-CoA as the primer) in 20
mL LB-like MOPS media supplemented with 20 g/L glyc-
erol and 20 mM succinate or glutaric acid or isobutyric acid.
[0085] FIG. 9 (81): Total ion GC-MS chromatogram
showing peak of 4-hydroxybutyric acid synthesized with
glycolyl-CoA (R=—OH) as the primer. The following
enzymes provided the individual components of the path-
way: BktB (thiolase) and PhaB1 (HACDH) from Ralstonia
eutropha, Aeromonas caviae Phal (ECH), Treponema den-
ticola TdTer (ECR) with native enzymes catalyzing the
acid-forming termination and Megasphaera elsdenii trans-
ferase Pct activating glycolic acid to glycolyl-CoA.
MG1655 (DE3) AgleD served as the host strain. The engi-
neered strain was grown for 96 hours at 30° C. in 50 mL LB
media supplemented with 10 g/l glucose and 40 mM
glycolic acid.

[0086] FIG. 10 (81): Improvement of adipic acid synthesis
and synthesis of dicarboxylic acids of different chain lengths
through the iterative system depicted in FIG. 6 (81) with
succinyl-CoA priming and specified pathway enzymes listed
in the bottom part. The engineered strains were grown for 48
hours at 37° C. in 20 mL, LB-like MOPS media supple-
mented with 20 g/L glycerol and 20 mM succinate.

[0087] FIG. 11 (81): Adipic acid production from glycerol
through the pathway depicted in FIG. 6 priming from
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succinyl-CoA without the addition of primer precursor suc-
cinic acid in either shake flasks or controlled bioreactors.
[0088] FIG. 12A-B (81): Synthesis of omega-phenyl
methyl ketones, 2-alcohols and 2-amines, through the plat-
form depicted in FIG. 1(R=-Phenyl). Omega-phenylacyl-
CoA, which is activated from omega-phenylalkanoic acid,
serves as the primer.

[0089] FIG. 13A-B (81): Synthesis of omega-1-methyl
methyl ketones, 2-alcohols and 2-amines, through the plat-
form depicted in FIG. 1 (R=—CH(CHj;),). Omega-1-methyl
acyl-CoA, which is activated from omega-1-methylated
carboxylic acid, serves as the primer.

[0090] FIG. 14A-B (81): Synthesis of w-hydroxy methyl
ketones, a,m-1-diols and w-1-amino-1-alcohols, through the
platform depicted in FIG. 1 (R=—OH). Omega-hydroxya-
cyl-CoA, which is activated from omega-hydroxyacid,
serves as the primer.

[0091] FIG. 15A-B (81): Synthesis of w-amino methyl
ketones, w-amino-2-alcohols and a,w-1-diamines, through
the platform depicted in FIG. 1 (R=—NH,). Omega-amino
acyl-CoA, which is activated from omega-amino acid,
serves as the primer.

[0092] FIG. 16A-B (81): Synthesis of w-halogenated
methyl ketones, w-halogenated 2-alcohols and w-haloge-
nated 2-amines, through the platform depicted in FIG. 1
(R=X). Omega-halogenated acyl-CoA, which is activated
from omega-halogenated carboxylic acid, serves as the
primer.

[0093] FIG.17 A-C (81): A partial listing of embodiments,
any one or more or which can be combined with any other,
even if not yet so combined.

[0094] FIG. 18A-B (1-84): Platform for the synthesis of
omega-1-functionalized carboxylic acids, alcohols, amines,
hydrocarbons, and methyl ketones. The platform is com-
posed of thiolase, dehydrogenase, dehydratase and
reductase. Thiolase(s) catalyzes the condensation between
omega-1-functionalized primer and extender unit acetyl-
CoA and generates omega-1-functionalized p-keto acyl-
CoA. Dehydrogenase converts omega-1-functionalized
B-keto acyl-CoA to omega-1-functionalized -hydroxy acyl-
CoA. Dehydratase converts omega-1-functionalized f-hy-
droxy acyl-CoA to omega-1-functionalized enoyl-CoA.
Reductase converts omega-1-functionalized enoyl-CoA to
omega-1-functionalized acyl-CoA. The platform can be iter-
ated by using synthesized omega- 1-functionalized acyl-CoA
as the primer for the next turn of the platform.

[0095] Termination pathways starting from four omega-
1-functionalized CoA thioester intermediates terminate the
platform and generate various omega-1-functionalized car-
boxylic acids, alcohols and amines with different (3-reduc-
tion degrees. There are four types of termination pathways:
1) thioesterase/CoA-transferase/phosphotransacylase+ki-
nase which generates carboxylic acids; 2) alcohol-forming
acyl-CoA reductase or aldehyde-forming acyl-CoA
reductase and alcohol dehydrogenase which generates alco-
hols; 3) aldehyde-forming acyl-CoA reductase and aldehyde
decarbonylase which generates hydrocarbons (not pictured);
and 4) aldehyde-forming acyl-CoA reductase and transami-
nase which generates amines.

[0096] Secondary termination pathways are also possible.
For example, omega-1-functionalized methyl ketone can be
generated by subsequent decarboxylation of omega-1-func-
tionalized P-keto acid. Omega-1-functionalized acyl-CoA
thioester primers be generated from their acid form, which
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can be either supplemented in the media or derived from
other carbon sources, or directly synthesized through addi-
tional cellular pathways.

[0097] R means functionalized group of primers, interme-
diates and products. n means length of primers, intermedi-
ates and products. Dashed line means multiple reaction steps
or iteration.

[0098] FIG. 19A-B (2-84): Proposed platform and its
products utilizing omega-1-methyl acyl-CoA as the primer
(R=—CH3).

[0099] FIG. 20A-B (3-84): Example pathway of synthesis
of 4-methylpentanoic acid and 4-methylpentanol through
the proposed platform with isobutyryl-CoA as the primer
and acetyl-CoA as the extender unit. Isobutyryl-CoA is
activated by Pct from isobutyric acid. The platform is
composed of thiolase BktB, which catalyzes the condensa-
tion between primer isobutyryl-CoA and extender unit
acetyl-CoA to form 4-methyl-3-oxopentanoyl-CoA; dehy-
drogenase and dehydratase FadB, which catalyzes the con-
version of 4-methyl-3-oxopentanoyl-CoA to 4-methyl-3-
hydroxypentanoyl-CoA and the subsequent dehydration of
4-methyl-3-hydroxypentanoyl-CoA to 4-methyl-2-pen-
tenoyl-CoA; reductase Fabl, which reduces 4-methyl-2-
pentenoyl-CoA to 4-methylpentanoyl-CoA. Termination
reaction by endogenous thioesterases or overexpressed Ydil
converts 4-methylpentanoyl-CoA to the product 4-methyl-
pentanoic acid. Acyl-CoA reductase and alcohol dehydro-
genase Maqu_2507 terminates the platform and catalyzes
the termination reaction of reduction of 4-methylpentanoyl-
CoA to 4-methylpentanal and the subsequent reduction of
4-methylpentanal to the product 4-methylpentanol.

[0100] FIG. 21A-B (6-84): Proposed platform and its
products utilizing omega-1-amino acyl-CoA as the primer
(R=—NH?2).

[0101] FIG. 22A-B (7-84): Proposed platform and its
products utilizing omega-1-hydroxy acyl-CoA as the primer
(R=—O0H).

[0102] FIG. 23A (8a-84) Derivatization reaction of
omega-1 amino acid, one of the products of the platform
depicted in FIG. 21A-B, to lactam, catalyzed by amidohy-
drolase.

[0103] FIG. 23B (8b-84) Derivatization reaction of
omega-1 hydroxy acid, one of the products of the platform
depicted in FIG. 22A-B, to lactone, catalyzed by lactonase.
[0104] FIG. 24 A-G (9-84) A partial listing of preferred
embodiments, and one or more of which can be combined
with any other one or more shown here.

[0105] FIG. 25A-B (2-85): Example pathways for the
generation of omega-phenyl acyl-CoA thioester primers
benzoyl-CoA, phenylacetyl-CoA and phenylpropionyl-CoA
from carbon sources such as glucose or glycerol via choris-
mate, the intermediate of biosynthesis of aromatic amino
acids phenylalanine and tryptophan.

[0106] FIG. 26A-B (3-85): Example pathway of synthesis
of 4-phenylbutyric acid and 6-phenylhexanoic acid through
the proposed platform with phenylacetyl-CoA as the primer
and acetyl-CoA as the extender unit. Phenylacetyl-CoA is
activated by F. coli enzyme PaaK from phenylacetic acid.
The platform is composed of thiolase FadA from Pseudomo-
nas putida, which catalyzes the condensation between
primer phenylacetyl-CoA and extender unit acetyl-CoA to
4-phenylacetoacetyl-CoA; dehydrogenase and reductase
FadB from P. putida, which catalyzes the conversion of
4-phenylacetoacetyl-CoA to 4-phenyl-3-hydroxybutyryl-
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CoA and the subsequent dehydration of 4-phenyl-3-hy-
droxybutyryl-CoA to 4-phenylcrotonyl-CoA; reductase
Fabl from E. coli or Ter from Treponema denticola (tdTER),
which reduces 4-phenylcrotonyl-CoA to 4-phenylbutyryl-
CoA. Termination by an acid forming reaction, such as those
catalyzed by thioesterases, can convert the intermediate of
one-turn of the pathway, 4-phenylbutyryl-CoA, to the prod-
uct 4-phenylbutyric acid. Pathway iteration using the gen-
erated 4-phenylbutyryl-CoA as a primer with similar thio-
lase, dehydrogenase, dehydratase and reductase steps results
in 6-phenylhexonyl-CoA, which can be converted to 6-phe-
nylhexanoic acid through acid forming termination path-
ways.

[0107] FIG. 27A-C(6-85): Maps of vectors overexpress-
ing required enzymes for the production of even chain
omega-phenyl products, such as 4-phenylbutyric acid and
6-phenylhexanoic acid, through the proposed platform
depicted in FIG. 26A-B with phenylacetyl-CoA as the
primer.

[0108] FIG. 28A-B (7-85): Example pathway of synthesis
of 5-phenylpentanoic acid through the proposed platform
with phenylpropionyl-CoA as the primer and acetyl-CoA as
the extender unit. Phenylpropionyl-CoA is activated by
Penicillium chrysogenum enzyme Phl from phenylpropionic
acid. The platform is composed of thiolase FadA from
Pseudomonas putida, which catalyzes the condensation
between primer phenylpropionyl-CoA and extender unit
acetyl-CoA to 5-phenyl-3-oxopentanoyl-CoA; dehydroge-
nase and reductase FadB from P. putida, which catalyzes the
conversion of 5-phenyl-3-oxopentanoyl-CoA to 5-phenyl-3-
hydroxypentanoyl-CoA and the subsequent dehydration of
5-phenyl-3-hydroxypentanoyl-CoA to  5-phenyl-2-pen-
tenoyl-CoA; reductase Fabl from E. coli or TdTer, which
reduces 5-phenyl-2-pentenoyl-CoA to 5-phenylpentanoyl-
CoA. Termination by an acid forming reaction, such as those
catalyzed by thioesterases, converts S5-phenylpentanoyl-
CoA to the product 5-phenylpentanoic acid.

[0109] FIG. 29A-C (8-85): Maps of vectors overexpress-
ing enzymes for the production of odd chain omega-phenyl
products, such as S-phenylpentanoic acid, through the pro-
posed platform depicted in FIG. 28A-B with phenylpropio-
nyl-CoA as the primer.

[0110] FIG. 30A-E (9-85): A partial listing of preferred
embodiments, and one or more of which can be combined
with any other one or more.

[0111] [text missing or illegible when filed]

[0112] TABLE 1 ACTIVATION ENZYMES

[0113] TABLE 2 REACTIONS OF THE PLATFORM
[0114] TABLE 3 PRIMARY & SECONDARY TERMI-

NATION ENZYMES

[0115] TABLE 4 STRAINS & PLASMIDS
[0116] TABLE 5 OLIGONUCLEOTIDES
[0117] TABLE 6 HOST STRAINS AND PLASMIDS

ENABLING OMEGA-FUNCTIONALIZED SMALL
MOLECULE SYNTHESIS WITH LISTED PRIMER/EX-
TENDER UNIT COMBINATIONS

DETAILED DESCRIPTION

[0118] The disclosure generally relates to the use of micro-
organisms to make omega- and omega-1-functionalized
products. The method entails developing a new pathway that
is based on native or engineered thiolases capable of cata-
lyzing the condensation of omega-functionalized acyl-CoA

Jan. 7, 2021

primers with an acetyl-CoA as the extender unit. This has
been reported in neither the scientific, peer-reviewed litera-
ture nor the patent literature.

[0119] The first enzyme needed in the new pathway are
activation enzymes. TABLE 1 lists several activation
enzymes. Once the functionalized initiating primer is ready,
it must be condensed with another Acetyl-CoA by a thiolase.
Thiolases that will work with these functionalized primers
are listed in TABLE 2. The remaining reactions in the
platform tend to be less fussy about substrates, so many
known enzymes will work with functionalized intermedi-
ates. These are also listed in TABLE 2. TABLE 3 shows
various termination pathways, including both primary path-
ways and secondary pathways, and exemplary enzymes that
can be used therein.

[0120] The following description provides additional
details, any one of which can be subject to patenting in
combination with any other. The specification in its entirety
is to be treated as providing a variety of details that can be
used interchangeably with other details, as the specification
would be of inordinate length if one were to list every
possible combination of genes/vectors/enzymes/hosts that
can be made to enable carbon source conversion into omega-
or omega-1-functionalized products.

Methods

[0121] Initial demonstration of the engineered pathway
was conducted in E. coli for convenience. Enzymes of
interest where expressed from vectors such as pETDuet-1 or
pCDFDuet-1 (MERCK, Germany), which makes use of the
DE3 expression system. Genes can be codon optimized
according to the codon usage frequencies of the host organ-
ism and synthesized by a commercial vendor or in-house.
However, thousands of expression vectors and hosts are
available, and this is a matter of convenience.

[0122] Pathway enzymes can also be inserted into the host
chromosome, allowing for the maintenance of the pathway
without requiring antibiotics to ensure the continued upkeep
of plasmids. A large number of genes that can be placed on
the chromosome, as chromosomal expression does not
require separate origins of replication as is the case with
plasmid expression.

[0123] Engineered strains expressing pathway compo-
nents can be cultured under the following or similar condi-
tions. Overnight cultures started from a single colony can be
used to inoculate flasks containing appropriate media. Cul-
tures are grown for a set period of time, and the culture
media analyzed. The conditions will be highly dependent on
the specifications of the actual pathway and what exactly is
to be tested. For example, the ability for the pathway to be
used for omega-1-functionalized product synthesis can be
tested by the glycerol or sugars as a substrate in MOPS
minimal media, as described by Neidhardt et al (1974),
supplemented with appropriate antibiotics, and inducers.
Depending on the strain chosen, primers or precursors for
primers can be added to the medium, or they can be
internally generated.

[0124] Wild-type K12 Escherichia coli strain MG1655
was used as the host for all genetic modifications. All
resulting strains used in this study are listed in TABLE 4.
Gene deletions were performed using P1 phage transduction
with single-gene knockout mutants from the National
BioResource Project (NIG, Japan) as the specific deletion
donor. The ADE3 prophage, carrying the T7 RNA poly-
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merase gene and laclq, was integrated into the chromosome
through ADE3 lysogenization kit (Novagen, Darmstadt, Ger-
many). All strains were stored in 32.5% glycerol stocks at
-80° C. Plates were prepared using LB medium containing
1.5% agar, and appropriate antibiotics were included at the
following concentrations: ampicillin (100 m/mL), spectino-
mycin (50 pg/mL), kanamycin (50 pg/mL), and chloram-
phenicol (34 m/mL).

[0125] All plasmids used in this study and oligonucle-
otides used in their construction are listed in TABLE 5 and
TABLE 6. Plasmid based gene overexpression was achieved
by cloning the desired gene(s) into either pETDuet-1 or
pCDFDuet-1 (Novagen, Darmstadt, Germany) digested with
appropriate restriction enzymes using In-Fusion PCR clon-
ing technology (Clontech Laboratories, Inc., Mountain
View, Calif.). Cloning inserts were created via PCR of ORFs
of interest from their respective genomic or codon-opti-
mized DNA with Phusion polymerase (Thermo Scientific,
Waltham, Mass.) E. coli genes were obtained from genomic
DNA, while heterologous genes were synthesized by Gen-
Script (Piscataway, N.J.) or GeneArt (Life Technologies,
Carlsbad, Calif.) with codon optimization except for bktB,
phaB 1, pct, cbjALD and mks1, which were amplified from
genomic DNA or ¢cDNA of their source organisms. The
recognition site of Ndel in the paaH sequence was elimi-
nated via overlap PCR. The resulting In-Fusion products
were used to transform E. coli Stellar cells (Clontech Labo-
ratories, Inc., Mountain View, Calif.) and PCR identified
clones were confirmed by DNA sequencing.

[0126] The minimal medium designed by Neidhardt et al.
with 125 mM MOPS and Na,HPO, in place of K,HPO,
(1.48 mM for fermentations in flasks; 2.8 mM for fermen-
tations in bioreactors), supplemented with 20 g/L. glycerol,
10 g/L tryptone, 5 g/L yeast extract, 100 uM FeSO,, 5 mM
calcium pantothenate, 5 mM (NH,),SO,,, and 30 mM NH,,C1
was used for all fermentations unless otherwise stated.

[0127] Neutralized 5 mM phenylacetic acid or 20 mM
succinic acid, glutaric acid, isobutyric acid, glycolic acid, or
propionic acid was supplemented as needed. Antibiotics (50
pug/ml carbenicillin and 50 pg/mL spectinomycin) were
included when appropriate. All chemicals were obtained
from Fisher Scientific Co. (Pittsburgh, Pa.) and Sigma-
Aldrich Co. (St. Louis, Mo.).

[0128] Unless otherwise stated, fermentations were per-
formed in 25 mL Pyrex Erlenmeyer flasks (narrow mouth/
heavy duty rim, Corning Inc., Corning, N.Y.) filled with 20
mL fermentation medium and sealed with foam plugs filling
the necks. A single colony of the desired strain was culti-
vated overnight (14-16 h) in LB medium with appropriate
antibiotics and used as the inoculum (1%). After inoculation,
flasks were incubated in a NBS 124 Benchtop Incubator
Shaker (New Brunswick Scientific Co., Inc., Edison, N.J.) at
200 rpm and 37° C., except fermentations supplemented
with phenylacetic acid or isobutyric acid in which the
temperature was 30° C. When optical density (550 nm,
ODs5,) reached ~0.3-0.5, 5 uM isopropyl [3-p-1-thiogalac-
topyranoside (IPTG) was added for plasmid based gene
expression in all cases except the following: 1 uM IPTG was
used for adipic acid production from glycerol without suc-
cinic acid supplementation and 10 uM IPTG was used
during production of w-phenylalkanoic acids. For induction
of controlled chromosomal expression constructs, 0.1 mM
cumate and 15 ng/ml anhydrotetracycline were also added
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when appropriate. Flasks were then incubated under the
same conditions for 48 h post-induction unless otherwise
stated.

[0129] Additional fermentations were conducted in a Six-
Fors multi-fermentation system (Infors HT, Bottmingen,
Switzerland) with an air flow rate of 2 N L/hr, independent
control of temperature (37° C.), pH (controlled at 7.0 with
NaOH and H,SO,), and stirrer speed (660 rpm for adipic
acid production and 720 rpm for tiglic acid production).
Fermentations for adipic acid production used the above
fermentation media with 45 g/L. glycerol, the inclusion of 5
uM sodium selenite, and 1 uM IPTG. Pre-cultures were
grown in 25 mL Pyrex Erlenmeyer flasks as described above
and incubated for 24 h post-induction. An appropriate
amount of this pre-culture was centrifuged, washed twice
with fresh media, and used for inoculation (400 mL initial
volume).

[0130] Fermentations with glycolyl-CoA as a primer were
conducted in 250 mL Erlenmeyer Flasks filled with 50 mL
LB media supplemented with 10 g/LL glucose and appropri-
ate antibiotics. The cultivation of inoculum was same as
above but 2% inoculation was used. After inoculation, cells
were cultivated at 30° C. and 250 rpm in a NBS 124
Benchtop Incubator Shaker until an optical density of ~0.8
was reached, at which point IPTG (0.1 mM) and neutralized
glycolic acid (40 mM) were added. Flasks were then incu-
bated under the same conditions for 96 h for production of
4-hydroxybutyric acid.

[0131] For analysis of dicarboxylic acids and w-hydroxy
acids, extractions were performed as previously described
(Clomburg et al. 2015), with 12-hydroxydodecanoic acid as
the internal standard and diethyl ether as the organic solvent.
With the exception of 4-methylpentanol analysis, extraction
of all other analysis samples was conducted as previously
described (Kim et al. 2015), with tridecanoic acid as the
internal standard and hexane:MTBE (1:1) as the organic
solvent.

[0132] Extracted products were then derivatized by
BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) as pre-
viously described (Clomburg et al. 2015) for GC-MS or
GC-FID analysis. For GC-FID analysis of 4-methylpenta-
nol, extraction was performed with hexane:MTBE as
described above with tridecanol as the additional internal
standard. Acetylation was then conducted by adding a 1:1
pyridine:acetic anhydride mixture, following the previously
described method (Kim et al. 2015). For GC-MS analysis of
4-methylpentanol, samples were extracted with hexane, with
1-heptanol as the internal standard, with subsequent BSTFA
derivatization

[0133] GC-MS metabolite identification: Except for iden-
tifications of 4-hydroxybutyric acid, metabolite identifica-
tion was conducted via GC-MS as previously described in
an Agilent 7890A GC system (Agilent Technologies, Santa
Clara, Calif.), equipped with a 5975C inert XL mass selec-
tive detector (Agilent) and Rxi-5Sil column (0.25 mm
internal diameter, 0.10 um film thickness, 30 m length;
Restek, Bellefonte, Pa.). The sample injection amount was 2
ul with 40:1 split ratio. The injector and detector were
maintained at 280° C. The column temperature was held
initially at 35° C. for 1 min and increased to 200° C. at the
rate of 6° C./min, then to 270° C. at the rate of 30° C./min.
That final temperature was maintained for 1 min before
cooling back to initial temperature. The carrier gas was
helium (2.6 mL/min, Matheson Tri-Gas, Longmont, Colo.).
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[0134] Identification of 4-hydroxbutyric acid was con-
ducted by the Baylor College of Medicine Analyte Center
(www.bcm.edu/research/centers/analyte, Houston, Tex.). An
Agilent 6890 GC system (Agilent Technologies, Santa
Clara, Calif.), equipped with a 5973 mass selective detector
(Agilent Technologies) and HP-5 ms column (Agilent Tech-
nologies) was used. Sample extraction was conducted using
Agilent Chem Elut liquid extraction columns (Agilent Tech-
nologies) according to manufacturer protocols.

[0135] Product quantification was conducted using previ-
ously reported gas chromatography methods. Quantification
was performed in Varian CP-3800 gas chromatograph (Var-
ian Associates, Inc., Palo Alto, Calif.), equipped with a flame
ionization detector (GC-FID) and an Agilent HP-5 capillary
column (0.32 mm internal diameter, 0.50 pm film thickness,
30 m length. Agilent). The temperature was initially 50° C.,
held for 3 min, then increased to 250° C. at 10° C./min, and
finally 250° C. was held for 10 min. Helium (1.8 mIl/min,
Matheson Tri-Gas) was used as the carrier gas. The injector
and detector temperatures were 220 and 275° C., respec-
tively. The sample was injected at 1 plL without splits.
[0136] The concentration of glycerol, adipic acid, 6-hy-
droxyhexanoic acid, 7-hydroxyheptanoic acid and 4-meth-
ylpentanoic acid were determined via ion-exclusion HPLC
using a Shimadzu Prominence SIL 20 system (Shimadzu
Scientific Instruments, Inc., Columbia, Md.) equipped with
an HPX-87H organic acid column (Bio-Rad, Hercules,
Calif.) with operating conditions to optimize peak separation
(0.3 ml/min flow rate, 30 mM H,SO, mobile phase, column
temperature 42° C.).

Omega Functionalized Products

[0137] We first validated the iterative operation of the
proposed carbon chain elongation platform consisting of
thiolase accepting various w-functionalized primers, along
with HACD, ECH and ECR, and achieved synthesis of
various m-functionalized carboxylic acids and alcohols after
termination at the acyl-CoA node by ACT and ACR+ADH
respectively (FIG. 6A-B).

[0138] The aromatic primer phenylacetyl-CoA, with
acetyl-CoA as the extender unit, was used to achieve itera-
tive pathway operation and synthesis of corresponding aro-
matic products. Pseudomonas putida thiolase FadA (pp-
FadA) was used, with P. putida FadB (ppFadB) providing
HACD and ECH activities, Escherichia coli Fabl as the
ECR, and E. coli acyl-CoA synthetase PaaK to activate
externally supplied phenylacetic acid.

[0139] These and subsequent enzymes for all of the path-
ways described herein were selected on the basis of litera-
ture reports of the specific enzymes’ and organisms’ ability
to function with the required intermediates. When expressed
in mixed-acid fermentation-deficient E. coli MG1655
AldhAApoxBAptaAadhEAfrdA  (JCO1), these enzymes
enabled the synthesis of 4-phenylbutyric acid (177 mg/L)
and 6-phenylhexanoic acid (49 mg/L) (FIG. 7). These prod-
ucts result from the action of endogenous termination path-
ways, possibly native ACTs, on acyl-CoA’s that are gener-
ated by one and two turns of the pathway, respectively.
[0140] Omega-carboxylated primers can support the syn-
thesis of products such as w-hydroxyacids and dicarboxylic
acids. In this context, we selected succinyl-CoA and glu-
taryl-CoA, which can be generated from corresponding
acids by the Clostridium kluyveri CoA transferase Catl.
Overexpression of E. coli Paal (thiolase), PaaH (HACD),
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and PaaF (ECH), with Treponema denticola trans-enoyl-
CoA reductase (TdTer) as the ECR in JCO1 led to production
of C6 (adipic, 170 mg/L)) and C7 (pimelic, 25 mg/L)
dicarboxylic acids from endogenous acid-producing termi-
nation enzymes following succinic or glutaric acid supple-
mentation, respectively (FIG. 8).

[0141] The system’s modularity was exploited to achieve
the synthesis of w-hydroxyacids by manipulation of termi-
nation pathways. Minimizing activity of endogenous acid-
producing termination reactions (by deletion of native thio-
esterases) and using Clostridium beijerinckii ACR cbjALD
(with native ADH enzymes) in combination with the other
pathway components enabled the synthesis of 6-hydroxy-
hexanoic acid (34 mg/L.) and 7-hydroxyheptanoic acid (87
mg/L) following supplementation with exogenous succinic
or glutaric acid, respectively (FIG. 8). This strategy used the
thioesterase-deficient strain JSTO06 Jdco1
AyciAAybgCAydilAtesAAfadMAtesB), as w-hydroxyacids
were not observed when JCO1 was used as the host strain.
This demonstrates the importance of engineering the termi-
nation pathway(s) for product selectivity, and it represents
an area in which further optimization could improve target
product synthesis and reduce byproduct formation via non-
specific and/or endogenous enzymes.

[0142] Usage of w-hydroxylated primer glycolyl-CoA can
lead to the synthesis of w-hydroxyacid 4-hydroxybutyric
acid through the proposed pathway (FIG. 6 A-B, FIG. 9). The
following enzymes provided the individual components of
the pathway: BktB (thiolase) and PhaBl1 (HACD) from
Ralstonia  eutropha, Aeromonas caviae Phal (ECH),
Treponema denticola TdTer (ECR) with native enzymes
catalyzing the acid-forming termination and Megasphaera
elsdenii transferase Pct activating glycolic acid to glycolyl-
CoA. MG1655 (DE3) AgleD served as the host strain.
[0143] The use of functionalized primers and termination
pathways enables the synthesis of a wide range of products,
albeit at relatively low titers. One potential cause of low
product titers is the intracellular concentrations of primers
and/or extender units available for condensation. To deter-
mine whether low primer concentrations affected product
synthesis, we attempted to maximize succinyl-CoA avail-
ability by deleting sdhB (encoding a subunit of succinate
dehydrogenase), thereby reducing succinate consumption
through the tricarboxylic acid (TCA) cycle. This deletion
was introduced into JST06 to reduce undesirable hydrolysis
of priming (succinyl-CoA) and extending units (acetyl-
CoA) by native thioesterases, with Mus musculus dicarbox-
ylic ACT Acot8 then overexpressed as the termination
enzyme. This re-engineered strain produced a higher adipic
acid titer (334 mg/L. compared to 170 mg/L in the JCO1
background) in the presence of succinic acid (FIG. 10).
[0144] Further product diversification from the use of
succinyl-CoA can be achieved through iterative pathway
operation. Replacement of the thiolase (Paal); HACD
(PaaH) and ECH (PaaF) pathway components with the
Acinetobacter sp. ADP1 enzymes DcaF, DcaH, and DcaE
resulted in the production of suberic (34 mg/L.) and sebacic
(13 mg/L) acids in addition to adipic acid (95 mg/L) (FIG.
10). These C8 and C10 diacids, products of two and three
turns of the pathway, respectively, were not observed when
using PaaJHF, demonstrating how selecting individual path-
way components with desired specificity can control product
synthesis. This type of approach could be used to further
increase product diversity, as well as overall performance,
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through the selection and engineering of enzymes with
required specificity and efficiency for desired functionaliza-
tion.

[0145] Although our system can synthesize functionalized
products, primer precursor supplementation and low overall
titers need to be overcome to achieve industrial scale viabil-
ity. To show the potential for higher product titer from a
single carbon source, improvement in adipic acid production
was targeted, given the industrial importance of this com-
pound. The intracellular generation of succinic acid/succi-
nyl-CoA was accomplished using strain MG1655
AldhAApoxBAptaAadhE (MB263), which retains the reduc-
tive branch of the TCA cycle, along with the overexpression
of Paal, PaaH, PaaF, TdTer, Catl, and Acot8, resulting in
0.24 g/L adipic acid from a single carbon source (glycerol,
FIG. 11). Maximization of primer availability through dele-
tion of sucD, which encodes a subunit of succinyl-CoA
synthetase, part of the TCA cycle, was again used to improve
product titer (0.35 g/L, FIG. 11). When grown in a controlled
bioreactor with a higher initial glycerol concentration, this
strain produced 2.5 g/ adipic acid (4.1% mol/mol glycerol)
(FIG. 11). Further improvement is envisioned through mini-
mizing acetate formed directly through the transferase for
primer activation. Acetate recycling (to acetyl-CoA) or use
of an acetyl-CoA-independent activation enzyme offers a
potential solution to improve adipic acid titer, a strategy that
can also be applied to other combinations of primer and
extenders.

[0146] Once we demonstrated the iterative operation of
the proposed platform and its acceptance of various w-func-
tionalized primers, we then utilized this platform to dem-
onstrate the synthesis of w-functionalized methyl ketone.
We chose w-carboxylated succinyl-CoA as the primer, and
w-carboxylated methyl ketone levulinic acid, the product
from first cycle of B-ketoacyl-CoA node and a key building
block for the chemical industry. Levulinic acid production
was observed in JSTO6 AsdhB strain overexpressing Paal,
and Catl along with P. putida CoA transferase Pcall which
generates 3-oxoadipic acid from 3-oxoadipyl-CoA, the
product of condensation between succinyl-CoA and acetyl-
CoA (48 mg/L) (FIG. 5). 3-oxoadipic acid was believed to
be spontaneously decarboxylated to levulinic acid in this
strain. Additional overexpression of the decarboxylases
Solanum habrochaites Mks1 or Clostridium acetobutylicum
Adc increased levulinic acid titers to 71 mg/L and 159 mg/L,
respectively (FIG. 5). All the strains were grown with
glycerol and succinic acid for the synthesis of levulinic acid.

Omega-1 Products

[0147] For these experiments, isobutyrate (precursor for
the initiating omega-1 methyl (—CH,) primer) was added to
a concentration of 20 mM in the medium. Isobutyryl-CoA
priming (FIG. 20A-B) was assessed with the following
individual pathway components: Megasphaera elsdenii Pct
(transferase for isobutyric acid activation), Ralstonia eutro-
pha BktB (thiolase), E. coli FadB (HADCH and ECH), and
Euglena gracilis EgTer (ECR). Overexpression of these
enzymes in mixed-acid fermentation-deficient E. coli
MG1655 AldhA ApoxB Apta AadhE AfrdA (JCO1), enabled
the synthesis of 4-methylpentanoic acid (FIG. 8). This
product, representing a one-turn reversal with isobutyryl-
CoA priming, resulted from endogenous termination path-
ways. Overexpression of £. coli Ydil (thioesterase) resulted
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in slight increases to 4-methylpentanoic acid titer (FIG. 8),
indicting the value of overexpressing termination enzymes.
[0148] The use of different termination pathways enables
the production of products with varying functionality, even
when exploiting the same initial omega-1-functionalzied
primer. For example, engineering termination pathways
through replacing Ydil with the Marinobacter aquaeolei
alcohol-forming acyl-CoA reductase Maqu2507, along with
the use of host strain with deletion to native thioesterases
(JCO1 AyciA AybgC Aydil AtesA AfadM AtesB AfadE),
enabled production of 4-methylpentanol (FIG. 8). Whereas
the production of 4-methylpentanoic acid results from an
acid forming termination pathways from 4-methylpen-
tanoyl-CoA, 4-methylpentanol is the result of the 2-step
reduction of this omega-1-methylated intermediate to form
the corresponding alcohol. As such, the modular nature of
the engineered pathway provides the opportunity to produce
a wide range of products through the combinatorial engi-
neering of the primers and termination pathway utilized.

[0149] Iterative pathway operation using primers such as
omega-1-methyl- (FIG. 19A-B), omega-l-amino- (FIG.
21A-B)), and omega-1-hydroxyl-acyl-CoA thioesters (FIG.
22A-B) as the initiating primer, in combination with various
termination pathways) enables the engineered pathway to
synthesize various omega-1-functionalized carboxylic acids,
alcohols, hydrocarbons, and amines with different degrees of
B-reduction and carbon chain length as described herein.

Omega Phenyl Products

[0150] Generation of the required omega-phenyl acyl-
CoA thioester primer can make use of externally supplied
phenylalkanoic acids or -CoA form thereof or can be accom-
plished from a carbon source such as glycerol or sugars
through the pathways depicted in FIG. 25A-B. Exploiting
components of pathways for the biosynthesis of aromatic
amino acids phenylalanine and tryptophan, the generation of
omega-phenyl acyl-CoA thioester primers benzoyl-CoA,
phenylacetyl-CoA and phenylpropionyl-CoA can be accom-
plished via chorismate, enabling the synthesis of required
omega-phenyl primers, and subsequent omega-phenyl prod-
ucts, from industrially relevant single carbon sources such as
sugars or glycerol.

[0151] Combining the core engineered pathway with
enzymes/pathways for the generation of the initial omega-
phenyl acyl-CoA thioester primer provides a route for the
generation of omega-phenyl acyl-CoA intermediates with
varying beta-functionality. These intermediates can then be
converted to numerous products of interest through action of
various termination pathways. For example, the use of acid
forming termination pathways, such as thioesterases,
enables the synthesis of omega-phenyl carboxylic acids,
while alcohol forming termination pathways, such as acyl-
CoA reductases/alcohol dehydrogenases, provides a route to
various omega-phenyl alcohols. The combinatorial expres-
sion of core pathway components with termination pathways
allows the synthesis of omega-phenyl products, including
omega-phenyl carboxylic acids, alcohols, hydrocarbons,
amines, methyl ketones and their beta-functionalized deriva-
tives.

[0152] Initial demonstration of the engineered pathway
was conducted in E. coli for convenience, and focused on the
synthesis of omega-phenyl carboxylic acids. Enzymes of
interest where expressed from vectors such as pETDuet-1 or
pCDFDuet-1 (MERCK, Germany), which makes use of the
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DE3 expression system. Genes can be codon optimized
according to the codon usage frequencies of the host organ-
ism and synthesized by a commercial vendor or in-house.
However, thousands of expression vectors and hosts are
available, and this is a matter of convenience. The vectors
used in initial demonstration of the engineered pathway are
shown in FIG. 27A-C and FIG. 29A-C.

[0153] For these experiments, phenylacetate or phenylpro-
pionate was added to the growth medium at a concentration
of 5 mM to provide the starting substrate. The aromatic
primer phenylacetyl-CoA, with acetyl-CoA as the extender
unit, was used to achieve pathway operation and demon-
strate the synthesis of phenylalkanoic acids.

[0154] Pseudomonas putida thiolase FadA, P. putida
FadB (providing both HACD and ECH activities) was tested
with either E. coli Fabl or T. denticola TER as the ECR, and
E. coli acyl-CoA synthetase PaaK to activate externally
supplied phenylacetic acid. Overexpression of either com-
bination of enzymes in mixed-acid fermentation-deficient E.
coli MG1655 AldhA ApoxB Apta AadhE AfrdA (JCO1),
enabled the synthesis of 4-phenylbutyric acid (FIG. 7). This
product resulted from the action of endogenous termination
pathways, possibly native thioesterases, on phenylbutyryl-
CoA generated by one turn of the pathway. In addition to
demonstrating overall pathway functionality, the use of
either T. denticola TER or E. coli Fabl with FadA and FadB
for 4-phenylbutyric acid synthesis also demonstrates how
both f-oxidation enzymes and fatty acid biosynthesis
enzymes acting on the required CoA intermediates can be
used in this context.

[0155] Iterative pathway operation (e.g. the use of the
omega-phenyl acyl-CoA generated from a turn of the path-
way as a primer for the next round) was also demonstrated
through the use of P. putida thiolase FadA, P. putida FadB
(providing HACD and ECH activities), E. coli Fabl (ECR),
and E. coli acyl-CoA synthetase PaaK in the JCO1 strain
background. Varying induction levels by altering IPTG
concentration (10 uM) as well as incubation at 30° C.,
resulted in the synthesis of 6-phenylhexanoic acid in addi-
tion to higher levels of 4-phenylbutyric acid, compared to
the above results with the same set of enzymes (FIG. 7). This
demonstrates the ability to synthesize omega-phenyl prod-
ucts of various chain length through the iterative addition of
2 carbon units (via acetyl-CoA as the donor) to the growing
omega-phenyl acyl-CoA primer.

[0156] Combination of iterative pathway operation using
any of benzoyl-CoA (FIG. 25A-B, phenylacetyl-CoA (FIG.
25A-B and FIG. 26A-B) and phenylpropionyl-CoA (FIG.
25A-B) and FIG. 28A-B) as the initial primer with various
termination pathways enables the engineered pathway to
synthesize various omega-phenyl carboxylic acids, alcohols,
hydrocarbons, and amines with different degrees of f3-re-
duction and carbon chain length as described herein.
[0157] In addition, pathway and process optimization, in
line with industrial biotechnology approaches, can improve
performance for a specific target product, as the underlying
carbon and energy efliciency enables the feasibility of fur-
ther advancing product titer, rate, and yield. Important areas
of optimization include generating and balancing pools of
priming and extender units and optimization of required
pathway enzymes for a given target product. The former can
exploit previously developed pathways for primers and
extender units, whereas the latter includes identifying and
engineering enzymes that may be flux limiting due to
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suboptimal enzyme specificity or activity. These approaches
will be continually aided by developments in protein and
metabolic engineering and synthetic and systems biology.

Other Species

[0158] The above experiments are repeated in Bacillus
subtilis. The same genes can be used, especially since
Bacillus has no significant codon bias. A protease-deficient
strain like WB80ON is preferably used for greater stability of
heterologous protein. The E. coli-B. subtilis shuttle vector
pMTLBS72 exhibiting full structural stability can be used to
move the genes easily to a more suitable vector for Bacillus.
Alternatively, two vectors pHTO1 and pHT43 allow high-
level expression of recombinant proteins within the cyto-
plasm. As yet another alternative, plasmids using the theta-
mode of replication such as those derived from the natural
plasmids pAMB1 and pBS72 can be used. Several other
suitable expression systems are available. Since the FAS
genes are ubiquitous, the invention is predicted to function
in Bacillus.
[0159] The above experiments are repeated in yeast. The
same genes can be used, but it may be preferred to accom-
modate codon bias. Several yeast E. coli shuttle vectors are
available for ease of the experiments. Since the FAS genes
are ubiquitous, the invention is predicted to function in
yeast, especially since yeasts are already available with
exogenous functional TE genes and the reverse beta-oxida-
tion pathway has also been made to run in yeast.

[0160] Each of the following is incorporated by reference

herein in its entirety for all purposes:

[0161] 61/440,192, filed Feb. 7, 2011, W02012109176,
filed Feb. 7, 2012, and US20130316413 Reverse beta-
oxidation pathway

[0162] 62/140,628, Mar. 31, 2015, W02017020043 Bio-
synthesis of polyketides

[0163] 61/932,057, filed Jan. 27, 2014, WO2015112988,
US20160340699, TYPE 1I FATTY ACID SYNTHESIS
ENZYMES IN REVERSE beta-OXIDATION.

[0164] 62/069,850, filed Oct. 29, 2014, W02016069929,
SYNTHETIC PATHWAY FOR BIOSYNTHESIS FROM
1-CARBON COMPOUNDS

[0165] 61/531,911, filed Sep. 7, 2011; 61/440,192, filed
Feb. 7, 2011; W0O2013036812, US20140273110 Func-
tionalized carboxylic acids and alcohols by reverse fatty
acid oxidation

[0166] 62/011,465, Filed Jun. 12, 2014; W0O2015191972,
WO02015191972, Omega-hydroxylated carboxylic acids

[0167] 62/012,113, filed Jun. 13, 2014;
WO2015191422A1, WO2015191972, W0O2016007258,
Omega-aminated carboxylic acids

[0168] 62/011,474, filed Jun. 12, 2014;
WO02015191422A1, WO02015191972 Omega-carboxy-
lated carboxylic acids and derivatives

[0169] 62/154,397, filed Apr. 29, 2015, WO2016176347,
SYNTHESIS OF OMEGA-1 FUNCTIONALIZED
PRODUCTS AND DERIVATIVES THEREOF (herein
referred to as “817);

[0170] 62/148,248, filed Apr. 16, 2015, W0O2016168708,
SYNTHESIS OF OMEGA FUNCTIONALIZED METH-
YLKETONES, 2-ALCOHOLS, 2-AMINES, AND
DERIVATIVES THEREOF (herein referred to as “84”);
and
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[0171] 62/154,010, filed Apr. 28, 2015, WO2016176339,
SYNTHESIS OF OMEGA-PHENYL PRODUCTS AND
DERIVATIVES THEREOF (herein referred to as “85”)

[0172] Cheong, S., et al.,, Energy- and carbon-efficient
synthesis of functionalized small molecules in bacteria
using non-decarboxylative Claisen condensation reac-
tions. Nat. Biotechnol. 34 (5) (2016).

[0173] Choi, K. H,, et al., f-Ketoacyl-Acyl Carrier Protein
Synthase I1I (FabH) Is a Determining Factor in Branched-
Chain Fatty Acid Biosynthesis. J. Bacteriol. 182, 365-370
(2000).

[0174] Clomburg, J. M. et al. Integrated engineering of
p-oxidation reversal and w-oxidation pathways for the
synthesis of medium chain w-functionalized carboxylic
acids. Metab. Eng. 28, 202-212 (2015).

[0175] Clomburg, J. M., et al., A Synthetic Biology
Approach to Engineer a Functional Reversal of the 3-Oxi-
dation Cycle. ACS Synthetic Biology 1, 541-554 (2012).

[0176] Dellomonaco, C., et al., Engineered reversal of the
[-oxidation cycle for the synthesis of fuels and chemicals.
Nature 476, 355-359 (2011).

[0177] Haapalainen, A. M., et al., The thiolase superfam-
ily: condensing enzymes with diverse reaction specifici-
ties. Trends in Biochemical Sciences 31, 64-71 (2006).

[0178] Heath, R. J. & Rock, C. O. The Claisen conden-
sation in biology. Nat. Prod. Rep. 19, 581-596 (2002).

[0179] Jiang, C., et al., Divergent evolution of the thiolase
superfamily and chalcone synthase family. Molecular
Phylogenetics and Evolution 49, 691-701 (2008).

[0180] Kim, S., Clomburg, J. M. & Gonzalez, R. Synthesis
of medium-chain length (C6-C10) fuels and chemicals via
p-oxidation reversal in Escherichia coli. J. Ind. Microbiol.
Biotechnol. 42, 465-475 (2015).

[0181] Lan, E. 1., et al., Metabolic engineering of 2-pen-
tanone synthesis in Escherichia coli. Aiche J. 59, 3167-
3175 (2013).

[0182] Lian J. & Zhao, H., Reversal of the $-Oxidation
Cycle in Saccharomyces cerevisiae for Production of
Fuels and Chemicals, ACS SYN. BIOL. 4, 332-341
(2015).

[0183] Neidhardt, F. C., et al., Culture medium for entero-
bacteria. J. Bacteriol. 119, 736-747 (1974).

[0184] Pfleger, B. F.,, et al., Metabolic engineering strate-
gies for microbial synthesis of oleochemicals. Metab.
Eng. 29, 1-11 (2015).

[0185] Vick, J. E. etal. Escherichia coli enoyl-acyl carrier
protein reductase (Fabl) supports efficient operation of a
functional reversal of the f-oxidation cycle. Appl. Envi-
ron. Microbiol. 81, 1406-1416 (2015).

[0186] The following claims are provided to add addi-

tional clarity to this disclosure. Future applications claiming

priority to this application may or may not include the
following claims, and may include claims broader, narrower,
or entirely different from the following claims. Furthermore,
any detail from any claim may be combined with any other
detail from another claim, even if not yet so combined.
1) A genetically engineered microorganism, comprising:
a) an overexpressed activation enzyme(s) able to produce
an omega-1-(w-1) functionalized CoA thioester primer,
wherein said activation enzyme is selected from:
i) an acyl-CoA synthase that generates an w-1-func-
tionalized CoA thioester primer from an w-1-func-
tionalized acid;
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ii) an acyl-CoA transferase that generates the w-1-
functionalized CoA thioester primer from an w-1-
functionalized acid;

iii) a phosphotransacylase and a carboxylate kinase that
generates the -1-functionalized CoA thioester
primer from an w-1-functionalized acid;

iv) one or more enzymes that generates the w-1-
functionalized CoA thioester primer from a carbon
source without proceeding via an w-1-functionalized
acid;

b) an overexpressed thiolase that catalyzes the condensa-
tion of said w-1-functionalized acyl-CoA primer with
acetyl-CoA to form an w-1-functionalized beta-ketoa-
cyl-CoA;

¢) an overexpressed 3-hydroxyacyl-CoA dehydrogenase
or 3-oxoacyl-[ ACP] reductase that catalyzes the reduc-
tion of said w-1-functionalized beta-ketoacyl-CoA to
produce an w-1-functionalized beta-hydroxyacyl-CoA;

d) an overexpressed enoyl-CoA hydratase, 3-hydroxya-
cyl-CoA dehydratase, or 3-hydroxyacyl-[ACP] dehy-
dratase that catalyzes the dehydration of said w-1-
functionalized beta-hydroxyacyl-CoA to an -1-
functionalized trans-enoyl-CoA;

e) an overexpressed acyl-CoA dehydrogenase, trans-
enoyl-CoA reductase, or enoyl-[ACP] reductase that
catalyzes the reduction of said w-1-functionalized
trans-enoyl-CoA to an w-1-functionalized acyl-CoA;

f) an overexpressed termination enzyme(s) able to remove
w-1-intermediates from steps b-e and produce an w-1-
functionalized product;

g) optionally reduced expression of fermentation genes
leading to reduced production of lactate, acetate, etha-
nol and succinate; and

h) wherein said microorganism has a reverse beta-oxida-
tion pathway beginning with said w-1-functionalized
CoA thioester primer and running in a biosynthetic
direction.

2) The microorganism of claim 1, wherein said w-1-
functionalized CoA thioester primer is functionalized with a
group selected from alkyl group, hydroxyl group, carboxyl
group, aryl group, halogen, amino group, hydroxyacyl
group, carboxyacyl group, aminoacyl group, ketoacyl group,
halogenated acyl group, and a functionalized acyl group.

3) The microorganism of claim 1, wherein said termina-
tion pathway comprises one or more of:

a) a thioesterase, or an acyl-CoA transferase, or a phos-
photransacylase and a carboxylate kinase catalyzing a
conversion of an omega-1-functionalized thioester
intermediate of steps b, ¢, d, or e to a carboxylic acid,

b) an alcohol-forming acyl-CoA reductase catalyzing a
conversion of said omega-1-functionalized intermedi-
ates of steps b, ¢, d, or e to an alcohol;

c) an aldehyde-forming acyl-CoA reductase catalyzing a
conversion of said omega-1-functionalized thioester
intermediates of steps b, ¢, d, or e to an aldehyde, and
an alcohol dehydrogenase catalyzing a conversion of
said aldehyde to an alcohol;

d) an aldehyde-forming acyl-CoA reductase catalyzing a
conversion of said omega-1-functionalized thioester
intermediates of steps b, ¢, d, or e to an aldehyde, and
an aldehyde decarbonylase catalyzing a conversion of
said aldehyde to an alkane; or

e) an aldehyde-forming acyl-CoA reductase catalyzing a
conversion of said omega-1-functionalized thioester
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intermediates of steps b, ¢, d, or e to an aldehyde, and
a transaminase catalyzing a conversion of said alde-
hyde to an amine;

1) an overexpressed [3-keto acid decarboxylase catalyzing

a conversion of an omega-1-functionalized 8-keto-acid
to an omega-1-functionalized methyl ketone;

g) an overexpressed amidohydrolase catalyzing a conver-

sion of an omega-1 amino acid to a lactam; or

h) an overexpressed lactonase catalyzing the conversion

of an omega-1 hydroxy acid to a lactone.

4) The microorganism of claim 1, wherein said activation
enzyme is encoded by a gene(s) selected from E. coli paaK;
E. coli sucCD; E. coli fadK; E. coli fadD; E. coli prpE; E.
coli menE; Penicillium chrysogenum phl; Salmonella typh-
imurium UI2 prpE; Bacillus subtilis bioW; Cupriavidus
basilensis hmfD; Rhodopseudomonas palustris badA; R.
palustris hbaA; Pseudomonas aeruginosa PAO1 pqsA; Ara-
bidopsis thaliana 4cl; E. coli atoD; E. coli atoA; E. coli
scpC; Clostridium kluyveri catl; Clostridium kluyveri cat2;
Clostridium acetobutylicum ctfAB; Pseudomonas putida
pcall; Megasphaera elsdenii pet, Acidaminococcus fermen-
tans gctAB; Acetobacter aceti aarC; E. coli ydiF,
Clostridium acetobutylicum ptb; Enterococcus faecalis ptb;
Salmonella enterica pdul; Clostridium acetobutylicum buk,
Enterococcus faecalis buk and Salmonella enterica pduW.

5) The microorganism of claim 1, wherein said overex-
pressed thiolase is encoded by a gene(s) selected from the
group consisting of E. coli atoB, E. coli yqeF, E. coli fadA,
E. coli fadl, Ralstonia eutropha bktB, Pseudomonas sp. B13
catF, E coli paal, Rhodococcus opacus pcaF, Pseudomonas
putida pcal, Streptomyces sp. pcaF, P. putida fadAx, P.
putida fadA, Ralstonia eutropha phaA, Acinetobacter sp.
ADP1 dcaF, Clostridium acetobutylicum thlA, and
Clostridium acetobutylicum thiB.

6) The microorganism of claim 1, wherein said overex-
pressed 3-hydroxyacyl-CoA dehydrogenase or 3-oxoacyl-
[acyl-carrier-protein] reductase is encoded by a gene(s)
selected from the group consisting of E. coli fabG, E. coli
fadB, E. coli fadB, E. coli paaH, P. putida fadB, P. putida
fadB2x, Acinetobacter sp. ADP1 dcaH, Ralstonia eutrophus
phaB, and Clostridium acetobutylicum hbd.

7) The microorganism of claim 1, wherein said overex-
pressed enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehy-
dratase, or 3-hydroxyacyl-[acyl-carrier-protein] dehydratase
is encoded by a gene(s) selected from the group consisting
of E. coli fabA, E. coli fabZ, E. coli fadB, E. coli fadl, E. coli
paal, P. putida fadB, P. putida fadBlx, Acinetobacter sp.
ADP1 dcaE, Clostridium acetobutylicum crt, and Aeromo-
nas caviae phal.

8) The microorganism of claim 1, wherein said acyl-CoA
dehydrogenase, trans-enoyl-CoA reductase, or enoyl-[acyl-
carrier-protein| reductase is encoded by a gene(s) selected
from the group consisting of . coli fadE, E. coli ydiO,
Euglena gracilis TER, Treponema denticola TER,
Clostridium acetobutylicum TER, E. coli fabl, Enterococcus
faecalis fabK, Bacillus subtilis fabl,, and Vibrio cholerea
fabV.

9) The microorganism of claim 1, wherein said termina-
tion enzymes are selected from one or more enzymes
encoded by a gene(s) selected from E. coli tesA; E. coli tesB;
E. coli yciA; E. coli fadM; E. coli ydil; E. coli ybgC; E. coli
paal; Mus musculus acot8; Lycopersicon hirsutum f glabra-
tum mKs2; Alcanivorax borkumensis tesB2; Fibrobacter
succinogenes Fs2108; Prevotella ruminicola Pr655; Pre-
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votella ruminicola Pr1687; E. coli atoD; E. coli atoA; E. coli
scpC; Clostridium kluyveri catl; Clostridium kluyveri cat2;
Clostridium acetobutylicum ctftAB; Pseudomonas putida
pcall; Megasphaera elsdenii pct; Acidaminococcus fermen-
tans gctAB; Acetobacter aceti aarC; E. coli ydiF,
Clostridium acetobutylicum ptb; Enterococcus faecalis ptb;
Salmonella enterica pdul; Clostridium acetobutylicum buk,
Enterococcus faecalis buk, Salmonella enterica pduW;
Lycopersicon hirsutum { glabratum mksl; Clostridium
acetobutylicum adc; Arabidopsis thaliana At3g22200;
Alcaligenes denitrificans AptA; Bordetella bronchiseptica
BBO0869; Bordetella parapertussis BPP0O784; Brucella
melitensis BAWG_0478;  Burkholderia  pseudomallei
BP1026B_10669; Chromobacterium violaceum CV2025;
Oceanicola granulosus OG2516_07293; Paracoccus deni-
trificans PD1222 Pden_3984, Pseudogulbenkiania ferrooxi-
dans o-TA; Pseudomonas putida o-TA; Ralstonia solan-
acearum -TA; Rhizobium meliloti SMc01534; Vibrio
Sfuvialis w-TA; Mus musculus abaT; Flavobacterium lute-
scens lat, Streptomyces clavuligerus lat; E. coli gabT; E. coli
pwE; E. coli ygjG; Clostridium beijerinckii adh; E. coli
sera; Gordonia sp. TY-5 adhl; Gordonia sp. TY-5 adh2;
Gordonia sp. TY-5 adh3; Rhodococcus ruber adh-A;
Acidaminococcus fermentans hgdH; Comamonas testos-
teroni pmdD; Xanthomonas campestris XCC1745; Homo
sapiens PON1; Mesorhizobium loti M1r6805; Pseudomonas
sp. P51 tcbE; Flavobacterium sp. K172 nylB; Arthrobacter
sp. K172 nylA; Homo sapiens DPYS; Brevibacillus agri
pydB; E. coli pyrC; Pseudomonas putida crnA; Pseudomo-
nas fluorescens puul; Acinetobacter calcoaceticus acrl,
Acinetobacter sp Strain M-1 actM; Clostridium beijerinckii
ald; E. coli eutE; Salmonella enterica entE; E. coli mhpF;
Clostridium kluyveri sucD; E. coli betA; E. coli dkgA; E.
coli entG; E. coli fucO; E. coli ucpA; E. coli yahK; E. coli
ybbO; E. coli ybdH; E. coli yiaY; E. coli yjgB; Saccharo-
myces cerevisiae ADHG6; Clostridium kluyveri 4hbD; Aci-
netobacter sp. SE19 chnD; Arabidopsis  thaliana
At3g22200; Alcaligenes denitrificans AptA; Bordetella
bronchiseptica BBO869; Bordetella parapertussis BPP0784;
Brucella melitensis BAWG_0478; Burkholderia pseudomal-
lei BP1026B_I10669; Chromobacterium violaceum CV2025;
Oceanicola granulosus OG2516_07293; Paracoccus deni-
trificans PD1222 Pden_3984; Pseudogulbenkiania ferrooxi-
dans o-TA; Pseudomonas putida w-TA; Ralstonia solan-
acearum o-TA; Rhizobium meliloti SMc01534; Vibrio
Sfuvialis o-TA; Mus musculus abaT; Flavobacterium lute-
scens lat; Streptomyces clavuligerus lat; E. coli gabT; E. coli
ygjG; and E. coli puuE.

10) The microorganism of claim 1, wherein said reduced
expression of fermentation enzymes are AadhE, (Apta or
AackA or AackApta), ApoxB, AldhA, and AfrdA.

11) The microorganism of claim 1, comprising the fol-
lowing mutations: fadR, atoC(c), AarcA, Acrp, crp*.

12) A recombinant microorganism, said microorganism
having a reverse beta oxidation pathway running in a
biosynthetic direction and comprising overexpressed
enzymes including 1) a thiolase catalyzing a non-decarboxy-
lative Claisen condensation between an w-1-functionalized
primer and acetyl-CoA, 2) a hydroxyacyl-CoA dehydroge-
nase, 3) an enoyl-CoA hydratase, 4) an enoyl-CoA reductase
and 5) a termination enzyme(s) catalyzing conversion of
intermediates of said reverse beta oxidation pathway to one
or more w-1-functionalized product(s).
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13) The recombinant microorganism of claim 12, said
microorganism being a bacteria.

14) The recombinant microorganism of claim 12, said
microorganism being E. coli.

15) A method of making w-1-functionalized products,
comprising growing a microorganism of claim 1 in a nutrient
broth under conditions such that said enzymes are overex-
pressed, said microorganism producing w-functionalized
product using said overexpressed enzymes, and isolating
said w-functionalized product or a derivative of said w-func-
tionalized product.

16) The method of claim 15, said nutrient broth being
supplemented with an w-1-functionalized acid.

17) The method of claim 15, wherein said microorganism
is a microorganism of claim 3.

18) The method of claim 15, wherein said microorganism
a microorganism of claim 4.

19) The method of claim 16, wherein said microorganism
a microorganism of claim 4.

20) The method of claim 16, wherein said microorganism
a microorganism of claim 9.

* * * * &



