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BACTERIA ENGINEERED FOR ESTER PRODUCTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.
61/871,799, filed August 29, 2013, which is incorporated herein by reference in its entirety
for all purposes.

FIELD OF THE INVENTION

[0002] The present disclosure provides recombinant bacteria with elevated 2-keto acid
decarboxylase and alcohol transferase activities. Some recombinant bacteria further have
elevated aldehyde dehydrogenase activity. Some recombinant bacteria further have reduced
alcohol dehydrogenase and/or isobutyraldehyde reductase activity. Methods for the
production of the recombinant bacteria, as well as for use thereof for production of various

esters are also provided.
BACKGROUND OF THE INVENTION

[0003] Long term economic and environmental concerns with the current petroleum-
based economy have driven the development of approaches that convert renewable sources to
organic chemicals to replace those derived from petroleum feed stocks. Production of
biofuels, such as ethanol or butanol, through microorganisms has been a research focus in
recent years, and significant progress has been made in this area. At the same time, there
remains a great need for development of biorefining processes that utilize microorganisms to

convert renewable sources into industrially useful chemicals.

[0004] Esters, in particular, are in great demand for a variety of industrial and cosmetic
applications. Isobutyl isobutyrate is a popular retarder solvent for a variety of lacquers and
thinners, and it can be found in numerous painted coatings. It is also used as an insect
repellant. The estimated United States annual production of isobutyl isobutyrate is
approximately four thousand metric tons. Isobutyl acetate, ethyl isobutyrate, isoamyl acetate,
and phenethyl acetate are also used as lacquer solvents. In addition to their industrial uses,
acetate and isobutyrate esters are naturally found in plants, and they are used in various
cosmetics, fragrances, and food products for their fruity and/or floral aromas. For example,

isobutyl isobutyrate smells like pineapple, and isoamyl acetate has a strong, banana-like odor.
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[0005] The current method of producing these esters involves individually producing the
constituent alcohols and carboxylic acids, then esterifying them through chemical synthesis
or enzymatic reactions. This two-step process requires individual production and purification
steps to generate each constituent and further processing and purification steps to yield the
final ester. Much of the production of the constituent alcohols and carboxylic acids depends
heavily upon petroleum, which is increasingly expensive and associated with global health

and environmental concerns.

[0006] In view of these facts and the growing global demand for acetate and isobutyrate
esters, a significant need exists for esters produced from renewable sources. Specifically,
recombinant bacteria are needed for cost-efficient biosynthesis of acetate and isobutyrate

esters.
BRIEF SUMMARY OF THE INVENTION

[0007] The present disclosure provides recombinant bacteria with elevated 2-keto acid
decarboxylase and alcohol transferase activities. Some recombinant bacteria further have
elevated aldehyde dehydrogenase activity. Some recombinant bacteria further have reduced
alcohol dehydrogenase and/or aldehyde reductase activity. Methods for the production of the
recombinant bacteria, as well as for use thereof for production of various esters are also

provided.

[0008] In particular, the present disclosure provides bacteria comprising a recombinant
polynucleotide encoding an alcohol transferase (ATF) and either a 2-keto acid decarboxylase
(KDC) or a 2-ketoisovalerate dehydrogenase enzyme complex (KIVDH), wherein expression
of the ATF and either the KDC or the KIVDH results in an increase in production of an ester
as compared to corresponding bacteria (e.g., same genus and species) lacking the
recombinant polynucleotide. In some embodiments, the recombinant polynucleotide further
encodes an aldehyde dehydrogenase (ALDH), wherein expression of the ALDH, the ATF,
and either the KDC or the KIVDH results in an increase in production of an ester as
compared to corresponding bacteria (e.g., same genus and species) lacking the recombinant
polynucleotides. In some embodiments, the recombinant polynucleotide comprises one, two
or three recombinant polynucleotides. In some embodiments, the ATF is ATF1. In other
embodiments, the ATF is a homolog of ATF1 having at least 85%, at least 90% or at least
95% sequence identity to ATF1 encoded by ATF of S. cerevisiae. In some embodiments, the

ester comprises an acetate ester. In some embodiments, the acetate ester comprises one or
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more of ethyl acetate, isobutyl acetate, isoamyl acetate, propyl acetate, amyl acetate, and 2-
pheneethyl acetate. In specific embodiments, the acetate ester comprises one or more of ethyl
acetate, isobutyl acetate, and isoamyl acetate. In specific embodiments, the acetate ester
comprises one or more of propyl acetate, amyl acetate, and 2-pheneethyl acetate. In some
embodiments, the ATF is EHT1. In other embodiments, the ATF is a homolog of EHT1
having at least 85%, at least 90% or at least 95% sequence identity to ATF encoded by EHT]
of 8. cerevisiae. In some embodiments, the ester comprises an isobutyrate ester. In some
embodiments, the isobutyrate ester comprises one or more of ethyl isobutyrate, isobutyl
isobutyrate, 3-methylbutyl isobutyrate, and phenethyl isobutyrate. In specific embodiments,
the isobutyrate ester comprises one or more of ethyl isobutyrate and isobutyl isobutyrate. In
specific embodiments, the isobutyrate ester comprises one or both of 3-methylbutyl
isobutyrate, and phenethyl isobutyrate. In some embodiments, the ester is a butyrate ester. In
a specific embodiments, the butyrate ester comprises butyl butyrate. In some embodiments,
the KDC is Kivd. In other embodiments, the KDC is a homolog of Kivd having at least 85%,
at least 90% or at least 95% sequence identity to Kivd encoded by kivd of L. lactis. In some
embodiments, the KIVDH is Kivdh. In other embodiments, the KIVDH is a homolog of
Kivdh having at least 85%, at least 90% or at least 95% sequence identity to Kivdh encoded
by kivdh of P. putida. In some embodiments, the ALDH is MhpF. In other embodiments, the
ALDH is a homolog of MhpF having at least 85%, at least 90% or at least 95% sequence
identity to MhpF encoded by mhpF of E. coli. In some embodiments, the bacteria comprises a
further recombinant polynucleotide encoding an acetolactate synthase (ALS), an
acetohydroxy acid isomeroreductase (AHIR), and a dihydroxy acid dehydratase (DHAD),
wherein expression of the ALS, AHIR and DHAD results in an increase in production of
isobutyraldehyde as compared to corresponding bacteria (e.g., same genus and species)
lacking the further recombinant polynucleotide. In some embodiments, the ALS is AlsS. In
other embodiments, the ALS is a homolog of AlsS having at least 85%, at least 90% or at
least 95% sequence identity to AlsS encoded by als$ of L. lactis. In some embodiments, the
AHIR is IlvC. In other embodiments, the AHIR is a homolog of IlvC having at least 85%, at
least 90% or at least 95% sequence identity to IlvC encoded by ilvC of E. coli. In some
embodiments, the DHAD is IlvD. In other embodiments, the DHAD is a homolog of IlvD
having at least 85%, at least 90% or at least 95% sequence identity to IlvD encoded by ilvD
of E. coli. In some embodiment, the further recombinant polynucleotide further encodes an
alcohol dehydrogenase and wherein expression of the alcohol dehydrogenase along with the

\D results in an increase in production of the ester as compared to a

3



WO 2015/031859 PCT/US2014/053587

corresponding bacterium lacking the recombinant polynucleotide and the further recombinant
polynucleotide. In some embodiments, the bacteria further comprise a mutation in an alcohol
dehydrogenase gene, wherein the mutation reduces alcohol dehydrogenase (ALD) activity of
a product of the gene. In specific embodiments, the alcohol dehydrogenase gene comprises
adhE. In some embodiments, the bacteria further comprise a mutation in an isobutyraldehyde
reductase gene, wherein the mutation reduces isobutyraldehyde reductase (IBR) activity of
the product of the gene. In specific embodiments, the isobutryaldehyde reductase gene
comprises one or any combination of the yghD, adhP, eut(G, yjgB, and fucO genes. In some
embodiments, the mutation is a functional deletion of each of adhFE, yghD, adhP, eutG, yia¥,
vjgB, betA, and fucO genes. In one aspect, the bacterium further comprises a functional
deletion in each of fur, IdhA, frdBC, pfIB, and pta genes. In yet other embodiments, the
bacteria further comprise a functional deletion in each of eutFE, yahK, ybbO, gldA, dkgAlyghE,
and yghA genes. In one aspect, one or both of the recombinant polynucleotide and the further
recombinant polynucleotide are stably integrated into the genome of the bacteria. In some
embodiments, the bacteria is E. coli. In other embodiments, the bacteria is an
enterobacterium. In yet other embodiments, the bacteria is an Escherichia sp. The present
disclosure also provides bacteria comprising a recombinant polynucleotide encoding an
alcohol transferase (ATF) and a LuxCDE enzyme system, wherein expression of the ATF and
the LuxCDE enzyme system results in an increase in production of an ester as compared to a
corresponding bacterium lacking the recombinant polynucleotide. In further embodiments,
the present disclosure provides bacteria comprising a recombinant polynucleotide encoding
an acetyl transferase (AcTF) and either a 2-keto acid decarboxylase (KDC) or a 2-
ketoisovalerate dehydrogenase enzyme complex (KIVDH), wherein expression of the AcTF
and either the KDC or the KIVDH results in an increase in production of an ester as
compared to a corresponding bacterium lacking the recombinant polynucleotide.
Additionally, the present disclosure provides bacteria comprising a recombinant
polynucleotide encoding a) an alcohol transferase (ATF) or acetyl transferase (AcTF); b) a 2-
keto acid decarboxylase (KDC) or a 2-ketoisovalerate dehydrogenase enzyme complex
(KIVDH); and c) an acetolactate synthase (ALS), an acetohydroxy acid isomeroreductase
(AHIR), and a dihydroxy acid dehydratase (DHAD), wherein expression of the ATF or the
AcTF, the KDC or the KIVDH, and the ALS, AHIR and DHAD results in an increase in
production of an ester as compared to a corresponding bacterium lacking the recombinant
polynucleotide. Moreover, the present disclosure provides bacteria comprising a recombinant

ing acetate kinase A (AckA) and phosphate acetyltransferase (Pta),
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wherein expression of AckA and Pta permits the bacterium to grow in culture medium
comprising acetate. In some embodiments, the bacterium further comprises a mutation in a
pyruvate dehydrogenase complex (PDHC) gene, wherein said mutation reduces pyruvate

dehydrogenase activity of a product of said gene.

[0009] In addition, the disclosure provides methods for producing an ester. The methods
include a) providing the bacteria as described in the preceding paragraph; and b) culturing the
bacteria of (a) in culture medium comprising a substrate under conditions suitable for the
conversion of the substrate to an ester, wherein expression of the ATF and either the KDC or
the KIVDH results in an increase in production of the ester as compared to corresponding
bacteria (e.g., same genus and species) lacking the recombinant polynucleotide, when
cultured under the same conditions. In some embodiments, the methods further include
substantially purifying the ester. In some embodiments, the ester is substantially purified by
gas stripping. In other embodiments, the ester is substantially purified by siphoning. In yet
other embodiments, the ester is substantially purified by organic extraction followed by
distillation. In some embodiments, the ester comprises one or both of an acetate ester and an
isobutyrate ester. The method of Claim 27, wherein the substrate comprises one or more of
the group consisting of glucose, a 2-keto acid and a C2-C10 straight chain alcohol. In some
embodiments, step (b) comprises use of an alkane hydrocarbon to remove the ester produced
by the bacterium. In specific embodiments, the ester is an acetate ester comprising isobutyl
acetate, and step (b) comprises use of hexadecane to remove the isobutyl acetate produced by

the bacterium.

[0010] A bacterium comprising a recombinant polynucleotide encoding an alcohol
transferase (ATF) and a LuxCDE enzyme system, wherein expression of the ATF and the
LuxCDE enzyme system results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

[0011] A bacterium comprising a recombinant polynucleotide encoding an acetyl
transferase (AcTF) and either a 2-keto acid decarboxylase (KDC) or a 2-ketoisovalerate
dehydrogenase enzyme complex (KIVDH), wherein expression of the AcTF and either the
KDC or the KIVDH results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

[0012] A bacterium comprising a recombinant polynucleotide encoding
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[0013] a) an alcohol transferase (ATF) or acetyl transferase (AcTF);

[0014] b) a 2-keto acid decarboxylase (KDC) or a 2-ketoisovalerate dehydrogenase
enzyme complex (KIVDH); and

[0015] c¢) an acetolactate synthase (ALS), an acetohydroxy acid isomeroreductase

(AHIR), and a dihydroxy acid dehydratase (DHAD),

[0016] wherein expression of the ATF or the AcTF, the KDC or the KIVDH, and the
ALS, AHIR and DHAD results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

[0017] A bacterium comprising a recombinant polynucleotide encoding acetate kinase A
(AckA) and phosphate acetyltransferase (Pta), wherein expression of AckA and Pta permits

the bacterium to grow in culture medium comprising acetate.

[0018] Wherein the bacterium the bacterium further comprises a mutation in a pyruvate
dehydrogenase complex (PDHC) gene, wherein said mutation reduces pyruvate

dehydrogenase activity of a product of said gene.

[0019] Furthermore the present disclosure provides methods for producing isobutyl
isobutyrate. The methods include a) providing bacteria encoding an alcohol transterase (ATF)
and a 2-ketoisovalerate dehydrogenase enzyme complex (KIVDH); and b) culturing the
bacterium of (a) in culture medium comprising isobutanol under conditions suitable for the
conversion of the isobutanol to isobutyl isobutyrate, wherein expression of the ATF and the
KIVDH results in an increase in production of isobutyl isobutyrate as compared to
corresponding bacteria (e.g., same genus and species) lacking the recombinant
polynucleotide, when cultured under the same conditions. In some embodiments, the ATF is
ATFI. In other embodiments, the ATF is a homolog of ATF1 having at least 85%, at least
90% or at least 95% sequence identity to ATF1 encoded by ATFI of S. cerevisiae. In some
embodiments, the ATF is EHT1. In other embodiments, the ATF is a homolog of EHT1
having at least 85%, at least 90% or at least 95% sequence identity to ATF encoded by EHT]
of S. cerevisiae. In some embodiments, the KIVDH is Kivdh. In other embodiments, the
KIVDH is a homolog of Kivdh having at least 85%, at least 90% or at least 95% sequence
identity to Kivdh encoded by kivdh of P. putida.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 demonstrates the production of isobutyraldehyde and isobutanol, by the
recombinant E. coli strain AL626 (JCL16 with dadhE Afnr-AldhA AfrdBC ApflB Apta AyghD
AadhP AeutG AyiaY AyjgB AbetA AfucO).

[0021] FIG. 2 illustrates the enzymatic production of branched chain alcohols and acetate
esters from sugars. Abbreviations: KDC (2-keto-acid decarboxylase); ALDH: (aldehyde
dehydrogenase); and ATF (alcohol transferase).

[0022] FIG. 3A illustrates the enzymatic production of esters from constituent alcohols.
FIG. 3B provides the chemical structures of representative acetate and isobutyrate esters

produced by recombinant bacteria.

[0023] FIG. 4 illustrates the enzymatic production of an isobutyrate ester from

isobutyraldehyde.

[0024] FIG. 5 provides a GC-MS spectrum identifying esters produced by recombinant

bacteria.

[0025] FIG. 6 illustrates the production of acetate esters from glucose by recombinant
bacteria engineered to express AlsS-1lvCD and Kivd in the presence of one or both of an
acylating aldehyde dehydrogenase (MhpF) and an alcohol transferase (ATF1). The asterisk

(**) indicates inclusion of a codon-optimized gene.

[0026] FIG. 7 illustrates two pathways for the production of isobutyryl-CoA and the
subsequent production of isobutyl isobutyrate by recombinant bacteria. Exogenous genes of

various enzymes are indicated along with their species of origin.

[0027] FIG. 8A illustrates that expression of atf/, but not eht/, leads to production of
isobutyl acetate in recombinant bacteria equipped with either the kivd-mhpF or the kivdh
metabolic pathway for isobutyryl-CoA production. FIG. 8B illustrates that expression of eht]
leads to production of ethyl isobutyrate in recombinant bacteria equipped with the kivdh
metabolic pathway for isobutyryl-CoA production. FIG. 8C illustrates that expression of eht/
or atfl leads to production of isobutyl isobutyrate in recombinant bacteria equipped with the

kivdh metabolic pathway for isobutyryl-CoA production.

[0028] FIG. 9A illustrates a scheme for enzymatic ester synthesis by combining alcohols

and acyl-CoA. FIG. 9B illustrates a matrix of esters by combinations of alcohols and acyl-

Mo A T a4 1.1

-~ ks indicate that the corresponding ester was synthesized herein.
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[0029] FIG. 10A shows a diagram of acetate ester production from 2-keto acid in
bacteria. 2-keto acid is converted to alcohol, then acetate ester is synthesized by combining
the alcohol and an acetyl-CoA. FIG. 10B provides a graph showing in vivo production of a
mixture of acetate esters from glucose. FIG. 10C provides a graph showing in vivo
conversion of individually fed 2-keto acids to acetate esters. FIG. 10D provides a graph
showing production of acetate ester by feeding individual straight chain alcohols (C2-C10).
In all graphs, strains were induced at ODggo ~0.4 with 1 mM IPTG. Error bars are SD (n = 3).

[0030] FIG. 11A shows a diagram of isobutyl acetate synthesis from glucose in bacteria.
FIG. 11B shows isobutyl acetate and isobutanol concentrations in culture layer during
microbial production with a hexadecane layer. Cells were grown in 20 mL media in 250 mLL
screw-cap flasks at 37°C until ODggy ~0.4, then 1 mM IPTG was added. Hexadecane (20 mL)
was added 1 h after induction. Production was performed at 30°C in a rotary shaker at 250

rpm. Errors are SD (n = 3).

[0031] FIG. 12A provides a graph of production of isobutyl acetate in JCL88 with
introduced isobutanol pathway. FIG. 12B provides a graph of production of isobutyl acetate
in JCL260 with introduced isobutanol pathway. FIG. 12C provides a graph of production of
isobutyl acetate in strain with the isobutanol pathway on a high-copy plasmid and ATFI on a
medium-copy plasmid. FIG. 12D provides a graph of production of isobutyl acetate from
glucose in strain with the isobutanol pathway on a high-copy plasmid and ATF/ on a
medium-copy plasmid. In all panels, concentrations of isobutyl acetate and isobutanol are as
labeled, and all strains were induced at OD¢yo ~0.4 with 1 mM IPTG. Error bars are SD (n =
3).

[0032] FIG. 13 shows the effect of isobutyl acetate on E. coli growth. JCL260 was grown
at 30°C in 5 mL. M9P media containing 50 g L’ glucose in 15 mL screw-cap tubes. Black
Arrow indicates the time point when isobutyl acetate: none (light gray), 1 g L (black), or 3
g L" (dark gray) was added into culture. Error bars are SD (n = 3).

[0033] FIG. 14A shows a diagram of tetradecyl acetate synthesis from glucose in
bacteria. LuxCDE complex produces tetradecyl aldehyde from tetradecyl-ACP in the fatty
acid biosynthesis cycle. E. coli Adh converts the tetradecyl aldehyde to tetradecanol. FIG.
14B provides a graph of production of tetradecyl acetate from glucose in AL1050 with
LuxCDE enzyme system from V. harveyi along with Atfl. FIG. 14C provides a graph of

production of tetradecyl acetate from glucose in AL1050 with LuxCDE enzyme system from
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V. harveyi in the absence of Atfl. All strains were induced at OD¢y ~0.4 with 1 mM IPTG.
Error bars are SD (n = 3).

[0034] FIG. 15A illustrates the biosynthesis pathways for higher chain esters. FIG. 15B
provides a graphs showing production of isobutyl isobutyrate. FIG. 15C provides a graph
showing production of isobutyl acetate. FIG. 15D provides a graph showing production of
ethyl isobutyrate. Higher chain ester production was measured in cells using 2-keto acid via
the Kdc-MhpF pathway or the KDHC pathway. Cells were grown in MOP media containing
10g L’ glucose in 5 mL M9P media in 15 mL screw-cap tubes at 37°C until ODggy ~0.4.
Then, 1 mM IPTG was added and cultures were transferred to 30°C. After 1 h of induction, 3

g L 2-ketoisovalerate and 3 g L™ of isobutanol were added. Error bars are SD (n = 3).

[0035] FIG. 16A provides a graph showing KDHC activity for 2-keto acids in vivo, while
FIG. 16B provides a graph showing KDHC activity for 2-keto acids in vitro. FIG. 16C
provides a graph showing the production of isobutyl isobutyrate by strains expressing Eebl,
Ehtl, or Cat, grown in M9P media containing 3 g L 2-ketoisovalerate and 3 g L™ isobutanol
for 24h, as compared to negative control. All strains were induced at ODgpp ~0.4 with 1 mM

IPTG. Error bars are SD (n = 3).

[0036] FIG. 17A-C shows production of higher chain esters in bacterial strains expressing
Ehtl or Cat grown in M9P media containing various substrates: 3 g L 2-ketoisovalerate and
3 g L' 3-methyl-1-butanol (FIG. 17A); 3 g L™ 2-phenylethanol (FIG. 17B); or 3 g L 2-
ketovalerate and 3 g L 1-butanol (FIG. 17C) for 24 h. NC denotes a negative control strain.
FIG. 17D shows a diagram of the production of isobutyl isobutyrate from glucose, by
expression of alsS, ilvCD, KDHC, and ATF (EHTI or cat) in same cell. FIG. 17E provides a
graph showing the production of isobutyl isobutyrate by strains expressing Ehtl or Cat, when
grown in M9P media containing 10 g L’ glucose for 24 h. All strains were induced at ODggo

~0.4 with 1 mM IPTG. Error bars are SD (n = 3).

[0037] FIG. 18 A-B shows the functions of Ehtl and Cat as acetyl-CoA transferases. Cells
were grown in 5 mL M9P media containing 10 g L’ glucose in 15 mL screw-cap tubes at
37°C until ODggo ~0.4. Then, 1 mM IPTG was added. After 1 h of induction, 3 g L!o2-
ketoisovalerate and 3 g L’ 3-methyl-1-butanol (FIG. 18A)or3 g L’ 2-phenylethanol (FIG.
18B) were added, and ester production was allowed to progress at 30°C for 24 h at 250 rpm

in a rotary shaker. Error bars are SD (n = 3).
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[0038] FIG. 19 shows a diagram of an isobutyl acetate production pathway using acetate

and glucose.

[0039] FIG. 20A shows a diagram of three acetate assimilating pathways. FIG. 20B
shows growth of recombinant bacteria in the presence of glucose, while FIG. 20C shows
growth of recombinant bacteria in the presence of acetate. Overnight cultures of JCL260 were
grown in 3 mL Luria Broth containing appropriate antibiotics. The overnight cultures were
inoculated 1% in 5 mL. M9 minimal media (containing appropriate antibiotics and 1 mM
IPTG) with 10 g/L glucose or 10 g/L acetate in 15-ml screw-cap tubes. Cells were grown at

37°C on a rotary shaker (250 rpm), and ODgq of these cultures was measured.

[0040] FIG. 21A-D shows the growth of recombinant bacteria in the presence (JCL260)
or absence of aceEF (AL2045), and in the presence or absence of an acetate assimilating
pathway (ackA-pta). Growth of strains in culture medium containing 10 g/L glucose, 10 g/
acetate, or 10 g/L glucose and 10 g/L acetate was compared. Cells were grown at 37°C on a
rotary shaker (250 rpm). Overnight cultures were grown in 3 mL Luria Broth containing
appropriate antibiotics. The overnight cultures were inoculated 1% in 5 mL. M9 minimal
media (containing appropriate antibiotics and 1 mM IPTG) and labeled carbon source in 15-

ml screw-cap tubes.

[0041] FIG. 22A-C shows isobutyl acetate production from glucose and acetate by
recombinant bacteria in the presence or absence of an acetate assimilating pathway (ackA-
pta), in the presence (JCL260) or absence of aceEF (AL2045). Overnight cultures were
grown in 3 mL Luria Broth containing appropriate antibiotics. The overnight cultures were
inoculated 1% in 3 mL. M9 production media (containing 5 g/L yeast extract and appropriate
antibiotics) with 10 g/L glucose, 10 g/L acetate, and 10 g/L glucose and 10 g/L acetate (as
labeled) in 15-ml screw-cap tubes. Cells were grown to an ODgg of 0.4 at 37°C, followed by
adding 1 mM IPTG and 3 mL hexadecane. The cultures were allowed to produce at 30°C on a
rotary shaker (250 rpm) for 24 h.

DETAILED DESCRIPTION OF THE INVENTION

[0042] The present disclosure provides recombinant bacteria with elevated 2-keto acid
decarboxylase and alcohol transferase activities. Some recombinant bacteria further have
elevated aldehyde dehydrogenase activity. Some recombinant bacteria further have reduced

alcohol dehydrogenase and/or aldehyde reductase activity. Methods for the production of the

10
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recombinant bacteria, as well as for use thereof for production of various esters are also

provided.

[0043] In particular, the present disclosure provides cost-effective and environmentally-
friendly approaches for producing esters. Ester production is ideally suited for microbial
production because of the hydrophobic nature of these molecules. Due to the limited water
solubility of esters, when recombinant bacteria cultured in an aqueous medium produce an
appreciable quantity, the esters separate from the medium forming a bilayer. This allows for
continuous ester production with limited toxicity to the host cells, and further simplifies ester

purification.
Bacteria Engineered For Ester Production

[6044] The present disclosure provides recombinant bacteria for use in the production of
an ester (e.g., acetate and/or isobutyrate esters). The bacteria contain a recombinant
polynucleotide encoding an alcohol transferase (ATF) and either a 2-keto acid decarboxylase
(KDC) or a 2-ketoisovalerate dehydrogenase enzyme complex (KIVDH). Expression of the
ATF and either the KDC or the KIVDH results in an increase in production of an ester by the
bacteria as compared to corresponding bacteria lacking the polynucleotide (e.g., same genus
and species) when cultured under the same conditions. In some bacteria, the recombinant
polynucleotide further encodes an aldehyde dehydrogenase (ALDH), and expression of
ALDH along with the ATF and either the KDC or the KIVDH results in an increase in
production of an ester by the bacteria as compared to corresponding bacteria lacking the
polynucleotide (e.g., same genus and species). In some embodiments, the recombinant
polynucleotide comprises one, two or three polynucleotides, each encoding at least one of the
ATF, either the KDC or the KIVDH, and optionally the ALDH. In some preferred
embodiments, the bacteria contain a further recombinant polynucleotide encoding an
acetolactate synthase (ALS), an acetohydroxy acid isomeroreductase (AHIR), and a
dihydroxy acid dehydratase (DHAD). Expression of the ALS, the AHIR and the DHAD
results in an increase in production of isobutyraldehyde by the bacteria as compared to
corresponding bacteria lacking the further recombinant polynucleotide. Some bacteria further
have a mutation (e.g., functional deletion) in a gene encoding an alcohol dehydrogenase
(ADH) and/or an isobutyraldehyde reductase (IBR), which decreases activity of the ADH
and/or the IBR, respectively. Also provided are recombinant vectors, expression cassettes and

polynucieotides comprising coding sequences of one or more of the ATF, the KDC or the
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KIVDH, and the ALDH. In some embodiments, the nucleic acid constructs are used to

produce recombinant bacteria for biosynthetic production of an ester.

Enzymes

[0045]

Table I provides accession numbers of genes that have been mutated (physically

or functionally deleted) from various recombinant bacteria of the present disclosure, while

Table II provides accession numbers of the genes that have been inserted in various

recombinant bacteria of the present disclosure.

Table 1. Mutated Genes

Mutated Gene(s) EcoGene No. Enzyme NCBI No. IBR

ldhA (hipH, hsll, hisii) EG13186 NP_415898 -
JrdABCD EG10330 YP_4922409 1 -

EG10331 YP_ 4597798 .1

EG10332 YP 4922971

EG10333 YP 4922961
pta EG20173 YP_450539.1 -
Jnr ({rdB, mirA, nirR, 0s34, oxvA} EG10325 Y¥P_4RU504.1 -
pfIB (ptl} EG10701 YP 4891751 -
adhl (adh{, ana} EG10031 NP_415757 -
yghD EG13014 NP_417484 +
adhP (yddN) EG12622 NP_415995 +
eutG (yffV) EG14183 NP_416948 +
viaY EG12293 YP_026233 -
vjgB (ahr) EG11436 NP_418257 +
beta EG10109 NP_414845 -
fucO EG10351 NP_417279 +
eutE (vffX) EG14185 NP_416950 -
yahK EG13595 NP_414859 +
ybbO EG13262 NP_415026 +
dkgA (yghE, AKR5(2) EG13015 NP_417485 +
gldA EG11904 NP_418380 +
yghA EG11292 NP_417476 +
acekl EG10024 NP_414656
acel’ EG10025 NP_414657
Ipd EG10543 NP_414658
Table I1. Inserted Genes

Inserted Gene Source EcoGene No. Enzyme NCBI No.
kivd L. lactis - CAG34226.1
mhplF E. coli EG13625 NP_414885
ATF1 S. cerevisiae - NP_015022.3
alsS B. subtilis - CAB07802.1
e E. coli EG10495 NP_418222
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Inserted Gene Source EcoGene No. Enzyme NCBI No.
ilvD E. coli EG10496 YP_026248
leuA E. coli EG11226 YP _4BE380.1
leuCD E. coli EG11576 P 4883781

EG11575 YP_488377.1
leuB E. coli EG11577 YP_4RK3A7S.1
ilvA E. coli EG10493 YP_ 4916661
pheA E. coli EG10707 YP 4908221
tyrA E. coli EG11039 YP_490823.1
kivdh (KDHC)

(BCKD Complex): P. putida F1 -

Pput_1450 (bkdAl) YP_001266792.1
Pput_1451 (bkdA2) YP_001266793.1
Pput_1452 (bkdB) YP_001266794.1
Pput_1453 (IpdV) YP_001266795.1
EEB S. cerevisiae - NP_15230.1
EHTI S. cerevisiae - NP _OUR736.3
mrfp Discosoma sp. - AAMS4544 1
adhA L. lactis - WP _00313G326.1
luxC V. harveyi - ABX76844 .1
luxD V. harveyi - ABXTOE4AS 1
luxE V. harveyi - ABXTER48.1
cmR C. scindens - WP 0623615671
ackA E. coli EG10027

pta E. coli EG20173 YP_4G05339 .1
aldB E. coli EG12292

edgl L. monocytogenes - NP_464704.1
[0046] Several classification schemes exist to enable one of skill to identify homologous

genes, or proteins with homologous functions or enzymatic properties, across various
bacterial species. Enzymatic reactions can be classified according to their Enzyme
Commission (EC) number. The EC number associated with a given enzyme specifies the
classification of the type of enzymatic reaction that a given enzyme is capable of catalyzing.
EC numbers do not specify identities of enzymes, but instead specify the identity of the
chemical reaction that a given enzyme catalyzes. Similarly, proteins can also be assigned
Gene Ontology (GO) terms. GO terms attempt to further define the given role and/or function
of a protein in a living organism by specifying protein function in terms of a cellular
component, a biological process, and/or a molecular function. For example, two enzymes
from two different species of organisms that catalyze the same chemical reaction could be
assigned the same EC classification and GO term annotation, despite that the respective
enzymes are endogenous to different organisms. EC and GO term classifications are helpful

art in identifying the molecular function and/or activity of a given
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protein outside of knowing its unique identifying classification with regard to the organism it
came from, such as its NCBI (National Council for Biotechnology) identifier. EC and GO
term classifications may encompass broad or very narrow enzymatic activities and functions,
and many proteins are classified under several often overlapping EC and GO terms. The
classifications listed in this disclosure are included to describe enzymes and genes that could
be utilized in certain embodiments. They are provided to help those skilled in the art
understand the enzymatic activity or class of interest and are not meant to limit or restrict

choice of enzymes in the embodiments.
Enzymes for Ester Production

[0047] 2-keto acid decarboxylase (KDC) activity converts 2-ketoisovalerate to
isobutyraldehyde and also generates the precursors for branched chain alcohols (including
isobutanol, isoamyl alcohol, and phenyl ethanol). Aldehyde dehydrogenase (ALDH) activity
converts isobutyraldehyde into isobutyryl-CoA. Similarly, 2-ketoisovalerate dehydrogenase
(KIVDH) activity converts 2-ketoisovalerate into isobutyryl-CoA. Alcohol transferase (ATF)
activity combines various alcohols (including branched chain alcohols) with acetyl-CoA or
isobutyryl-CoA to yield the corresponding esters. Thus these enzymatic activities catalyze
sequential chemical reactions that ultimately convert 2-ketoisovalerate into esters. While
certain microbes are able to generate a few acetate esters, these esters are produced as side
products only in trace amounts (and therefore unsuitable for industrial production). For
example, during beer brewing, various yeasts are known to produce ethyl, isoamyl, and
phenethyl acetate, but only up to an approximate concentration of 60 ppm, or 0.0062%
(Smart, Brewing Yeast Fermentation Performance, 2™ ed. Hoboken: Wiley-Blackwell;
2002). The expression of an ATF and either a KDC or a KIVDH in bacteria confer the ability
to produce high titers of acetate esters. Further expression of an ALDH in bacteria confer the
ability to produce high titers of isoamyl acetate. Likewise, the expression of an ATF and a
KIVDH in bacteria confer the ability to produce high titers of isobutyrate esters. Thus in
some embodiments, bacteria having elevated 2-ketoisovalerate dehydrogenase (KIVDH) and
alcohol transferase (ATF) activities are provided. In other embodiments, bacteria having
elevated 2-keto acid decarboxylase (KDC), aldehyde dehydrogenase (ALDH), and alcohol

transferase (ATF) activities are provided.

[0048] In some embodiments, the 2-keto-acid decarboxylase (KDC) is encoded by a
polynucleotide comprising a kivd gene from Lactococcus lactis, or homolog thereof. Kivd

:nzymes called 2-keto acid, or branched chain alpha-ketoacid,
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decarboxylases. Specifically, Kivd is a non-oxidative thiamin disphosphate (ThDP)-
dependent 2-keto acid decarboxylase (de la Plaza et al., FEMS Microbiol Lett 238: 367-74,
2004). 2-keto acid decarboxylases catalyze the chemical conversion of a 2-keto carboxylate
into a corresponding aldehyde and carbon dioxide. This enzymatic reaction belongs to the
classifications EC 4.1.1.1, EC 4.1.1.72, or EC 4.1.1.74. 2-keto acid decarboxylases share the
molecular function of GO term IDs GO: 0016831 (decarboxylase activity) and/or GO:
0004737 (2-keto-acid decarboxylase activity). Any protein characterized with these EC
classifications and/or GO terms may possess catalytic 2-keto-acid decarboxylase activity.
Other KDCs known in the art include but are not limited to:

gil428770248Irefl YP_007162038. 1| pyruvate decarboxylase [Cyanobacterium aponinumy;
2il470462934IreflYP_007629245.11 pyruvate decarboxylase [Edwardsiella tarda C07-087];
£il325106918IreflYP_004267986.1| pyruvate decarboxylase [Planctomyces brasiliensis];
gil203851911gblAAM21208.11AF368435_1 pyruvate decarboxylase [Acetobacter
pasteurianus]; gil506381688IreflIWP_015901407.1| pyruvate decarboxylase [Staphylococcus
carnosus); gild759884051gblIEMU49652.11 pyruvate decarboxylase [Acinetobacter baumannii
ABNIH24]; gil1673747811gblABZ79223.1| pyruvate decarboxylase [Prunus armeniacal;
gil4530621651gblEMF03157.11 pyruvate decarboxylase [Serratia marcescens VGH107];
gil496457580IrefIWP_009166425.11 pyruvate decarboxylase [Lactobacillus florum]; and
£11493981100IreflWP_006924020.11 pyruvate decarboxylase [Bacillus sp. GeD10].

[0049] In some embodiments, the 2-ketoisovalerate dehydrogenase enzyme complex
(KIVDH) is encoded by a polynucleotide comprising a bckd gene complex from P. putida, or
a homolog thereof. KIVDH complexes refer to multienzyme complexes that catalyze the
oxidative decarboxylation of branched chain or 2-oxo keto acids. The terms branched-chain
a-ketoacid dehydrogenase complex (BCKD or BCKDC) and 2-oxo acid dehydrogenase
complex may be used interchangeably. Generally, these complexes may include enzymes
belonging to three functional classes: an E1 oxoglutarate dehydrogenase (belonging to the
classification EC 1.2.4.2 and the molecular function of GO term ID GO: 0004591), an E2
dihydrolipoamide succinyltransferase (belonging to the classification EC 2.3.1.61 and the
molecular function of GO term ID GO: 0004149), and an E3 lipoamide dehydrogenase
(belonging to the classification EC 1.8.1.4 and the molecular function of GO term ID GO:
0004148). Any complex characterized with these EC classifications and/or GO terms may
possess catalytic KIVDH activity. KIVDH complexes catalyze the reaction converting a

branched chain a-ketoacid and a coenzyme A moiety into an acid-CoA thioester, generating
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carbon dioxide and NADH. KIVDH complexes may be found in many types of organisms,
including bacteria, plants, and animals, and they participate in many biochemical pathways,
including for example the catabolism of branched chain amino acids and the synthesis of

branched hydrocarbons and branched long chain fatty acids.

[0050] Many KIVDH complexes contain four types of subunits: Ela, E1B, E2, and E3. In
some embodiments, the KIVDH complex is encoded by individual polynucleotides taken
from the same species of origin. In other embodiments, the KIVDH complex is encoded by
individual polynucleotides taken from different species of origin. Genes encoding the
subunits of a KIVDH complex may be part of the same polynucleotide controlled by the
same regulatory sequence (as with a bacterial operon), or they may be encoded by separate
polynucleotides and/or controlled by different regulatory sequences. The bckd gene complex
in Pseudomonas putida includes the genes bkdA (encoding an Ela subunit), bkdA2 (encoding
an E1f subunit), bkdB (encoding an E2 subunit), and bkdC (encoding an E3 subunit).

Other E1 subunits known in the art include but are not limited to:
£il15600208IrefINP_253702.1| pyruvate dehydrogenase subunit E1 [Pseudomonas
aeruginosal; gil31618030lemblCAD94141.11 (Alpha-ketoglutarate dehydrogenase)
[Mycobacterium bovis]; gil218896295IreflYP_002444706.11 2-oxoglutarate dehydrogenase
El [Bacillus cereus G9842]; gil26246693IrefINP_752733.11 2-oxoglutarate dehydrogenase E1
[Escherichia coli CFT073]; gil1255985847IreflYP_354049.3] 2-oxoglutarate dehydrogenase
E1 [Rhodobacter sphaeroides]; and gil328951361IreflYP_004368696.1| 2-oxoglutarate
dehydrogenase, E1 [Marinithermus hydrothermalis DSM 14884].

Other E2 subunits known in the art include but are not limited to:
gil16128702IrefINP_415255.1I dihydrolipoyltranssuccinase [Escherichia coli K-12,
MG1655]; gil15892149IrefINP_359863.11 dihydrolipoamide succinyltransferase [Rickettsia
conorii]; gil332659867IgblAEE85267.1| dihydrolipoamide succinyltransterase [Arabidopsis
thalianal; gil21220655IrefINP_626434.11 dihydrolipoamide succinyltransferase [Streptomyces
coelicolor]; and gil3394682891gblIEGP83390. 1| dihydrolipoamide succinyltransferase
[Zymoseptoria tritici].

Other E3 subunits known in the art include but are not limited to:
2il255767526lrefINP_390286.2| dihydrolipoamide dehydrogenase [Bacillus subtilis];
£il488605715IreflYP_007921292.1I dihydrolipoyl dehydrogenase [Burkholderia
thailandensis]; gil428683469IgblAFZ52936.11 Dihydrolipoyl dehydrogenase
[Cyanobacterium aponinum]; gil427988196/gblAFY68451.1| Dihydrolipoyl dehydrogenase
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[Pseudanabaena sp. PCC 7367]; and gil332658304IgblAEE83704.1| dihydrolipoyl
dehydrogenase [Arabidopsis thalianal.

[0051] In some embodiments, the aldehyde dehydrogenase (ALDH) is encoded by a
polynucleotide comprising a mhpl” gene from E. coli, or homolog thereof. MhpF belongs to a
class of enzymes known as acylating acetaldehyde dehydrogenases. Acylating acetaldehyde
dehydrogenases catalyze the chemical conversion of an aldehyde and a coenzyme A moiety
into a corresponding acid-CoA thioester (for example, acetyl-CoA or isobutyryl -CoA), using
NAD+ as a cofactor. This enzymatic reaction belongs to the classification EC 1.2.1.10.
Acylating acetaldehyde dehydrogenases share the molecular function of GO term ID GO:
0008774 (acetaldehyde dehydrogenase (acetylating) activity). Any protein characterized with
these EC classifications and/or GO terms may possess catalytic aldehyde dehydrogenase
activity. One endogenous function of mhpF in E. coli is participating in the meta-cleavage
pathway for the catabolism of aromatic compounds, including phenols. Other acylating
acetaldehyde dehydrogenases known in the art include but are not limited to:
2i1445966456IrefIWP_000044311.11 acetaldehyde dehydrogenase [Shigella boydii];
gil4899275911refIWP_003830924.11 acetaldehyde dehydrogenase [Citrobacter freundiil;
gil493736596IrefIWP_006685798.11 acetaldehyde dehydrogenase [Citrobacter youngae];
£il491266892IreflWP_005125029.11 acetaldehyde dehydrogenase [Shigella flexneri];
£1l481848664IreflYP_007873104.1I acetaldehyde dehydrogenase [Raoultella ornithinolytica
B6]; 2i1490220834IreffWP_004119206.11 acetaldehyde dehydrogenase [Klebsiella oxytocal];
£i1490308019IrefIWP_004203053.11 acetaldehyde dehydrogenase [Klebsiella pneumoniael;
and gil495204152lreffWP_007928933.11 acetaldehyde dehydrogenase [Pseudomonas sp.
GM17].

[0052] Some embodiments include the use of a polynucleotide encoding an alcohol
transferase (ATF). In some embodiments, the alcohol transferase (ATF) is encoded by a
polynucleotide comprising an ATFI gene from S. cerevisiae, or homolog thereof. ATF1
belongs to a class of enzymes known as alcohol O-acetyltransferases. Alcohol O-
acetyltransferases catalyze the chemical conversion of an acid-CoA thioester (for example,
acetyl-CoA or isobutyryl -CoA) and an alcohol into a corresponding ester. This enzymatic
reaction belongs to the classification EC 2.3.1.84. Alcohol O-acetyltransferases share the
molecular function of GO term ID GO: 0004026 (alcohol O-acetyltransferase activity). Any
protein characterized with these EC classifications and/or GO terms may possess catalytic

aleohol O-acetvitrancferase activity. Atf1p catalyzes the formation of volatile ester
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compounds in trace amounts during fermentation; these esters are known to contribute
distinctive aromas to wine and beer. Other alcohol O-acetyltransferases known in the art
include but are not limited to:

£11344855721gblAAP72991.11 alcohol acetyltransferase I [Saccharomyces pastorianus];
gil4018415521gblEJT43925.11 ATF1-like protein [Saccharomyces kudriavzevii IFO 1802];
£11406602085lemblCCH46328.11 alcohol O-acetyltransferase 1 [ Wickerhamomyces ciferriil;
21l448521835IrefIXP_003868581.11 Atf1 alcohol acetyltransferase [Candida orthopsilosis];
21l68465463IrefIXP_723093.1| possible alcohol acetyltransferase [Candida albicans
SC5314]; gil255712859IrefIXP_002552712.11 KLTHOC11440p [Lachancea thermotolerans];
and gil401623456lgblEJS41554.11 atf1p [Saccharomyces arboricola H-6].

[0053] In other embodiments, the alcohol transferase (ATF) is encoded by a
polynucleotide comprising an EHT1 gene from S. cerevisiae, or homolog thereof. EHT1
belongs to the subclass of ATF enzymes known as alcohol O-butanoyltransferases that
catalyze the chemical conversion of a butanoyl-CoA thioester and an alcohol into a
corresponding butyl ester. Alcohol O-butanoyltransferases share the molecular function of
GO term ID GO: 0034319. Any protein characterized as having this GO term may possess
catalytic alcohol O-butanoyltransferase, and hence alcohol transferase, activity. EHT1 is

known to contribute to the formation of medium chain fatty acid ethyl esters in S. cerevisiae.
Enzymes for Aldehyde Production

[0054] In some embodiments, bacteria having elevated acetolactate synthase (ALS),
acetohydroxy acid isomeroreductase (AHIR), and dihydroxy-acid dehydratase (DHAD)
activities are provided. These enzymes function in the bacterial biosynthetic pathways that
produce the amino acids valine and isoleucine. The valine and isoleucine biosynthesis
pathways in E. coli and other bacteria share the same metabolic enzymes and can be utilized
to enhance the production of 2-ketoisovalerate from pyruvate. To increase the activity of
valine biosynthesis pathway and isoleucine biosynthesis pathway, recombinant bacteria can
be engineered to have elevated expression or activity of acetolactate synthase (;),
acetohydroxy acid isomeroreductase, and dihydroxy-acid dehydratase. In some
embodiments, bacteria having elevated expression or activity of AlsS, IlvC, and IlvD, or

homologs thereof, are provided

[0055] In some embodiments, the acetolactate synthase (ALS) is encoded by a

polynucleotide comprising an alsS gene from Bacillus subtilis. Acetolactate synthases,
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including AlsS, catalyze the conversion of pyruvate into acetolactate and carbon dioxide.
This enzymatic reaction belongs to the classification EC 2.2.1.6. Acetolactate synthases share
the molecular function of GO term ID GO: 0003984. Any protein characterized with these
EC classifications and/or GO terms may possess catalytic acetolactate synthase activity. In
addition to participating in the synthesis of branched chain amino acids, acetolactate
synthases may also be involved in acetoin synthesis. Other acetolactate synthases known in

the art include but are not limited to:

gi13326449091gblAEE78430.1| acetolactate synthase [Arabidopsis thalianal;
gil4282683131gblAFZ34254.11 Acetolactate synthase [Stanieria cyanosphaera PCC 7437];
gil4282389811gblAFZ04767.11 Acetolactate synthase [Oscillatoria nigro-viridis PCC 7112];
2il427988202IgblAFY68457.11 Acetolactate synthase [Pseudanabaena sp. PCC 7367];
2il3112245671gblADP77423.11 Acetolactate synthase [Methanothermus fervidus DSM 2088];
gil3637166531gblEHMO00051.11 acetolactate synthase [Acetobacteraceae bacterium AT-
5844]; and gil3575472241gblEHJ29116.11 acetolactate synthase [Lactobacillus rhamnosus].

[0056] In some embodiments, the acetohydroxy acid isomeroreductase (AHIR) is
encoded by a polynucleotide comprising an i/lvC gene from E. coli. Acetohydroxy acid
isomeroreductases (also known as ketol-acid reductoisomerases), including IlvC, catalyze the
conversion of (R)-2,3-dihydroxy-3-methylbutanoate to (§)-2-hydroxy-2-methyl-3-
oxobutanoate. This enzymatic reaction belongs to the classification EC 1.1.1.86.
Acetohydroxy acid isomeroreductases share the molecular function of GO term ID GO:
0004455. Any protein characterized with these EC classifications and/or GO terms may
possess catalytic acetohydroxy acid isomeroreductase activity. In addition to participating in
the synthesis of branched chain amino acids, acetohydroxy acid isomeroreductases may also
be involved in the synthesis of CoA and pantothenate. Other acetohydroxy acid
isomeroreductases known in the art include but are not limited to:
2il386347434IreflYP_006045683.11 AHIR [Spirochaeta thermophila DSM 6578];
gil251771676I1gblEES52251.11 AHIR [Leptospirillum ferrodiazotrophum];
2il1582806711gblIEDP06428.11 AHIR [Chlamydomonas reinhardtiil;
£1l6491802lemblCAB61890.11 acetohydroxy acid isomeroreductase [Pisum sativumy;
£1l6426651gblAAA93100.11 acetohydroxy acid isomeroreductase [Streptomyces avermitilis];
£1149532082lemblCAG69794.11 acetohydroxy acid isomeroreductase [Acinetobacter sp.
ADP1]; and gil409247592IreflYP_006888288.1| Ketol-acid reductoisomerase [Salmonella

ontovirnl
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[0057] In some embodiments, the dihydroxy-acid dehydratase (DHAD) is encoded by a
polynucleotide comprising an i/lvD gene from E. coli. Dihydroxy-acid dehydratases, including
[lvD, catalyze the conversion of 2,3-dihydroxy-3-methylbutanoate to 3-methyl-2-
oxobutanoate. This enzymatic reaction belongs to the classification EC 4.2.1.9. Dihydroxy-
acid dehydratases share the molecular function of GO term ID GO: 0004160. Any protein
characterized with these EC classifications and/or GO terms may possess catalytic
dihydroxy-acid dehydratase activity. In addition to participating in the synthesis of branched
chain amino acids, dihydroxy-acid dehydratases may also be involved in the synthesis of
CoA and pantothenate. Other dihydroxy-acid dehydratases known in the art include but are
not limited to:

gi1330838997Irefl YP_004413577.11 Dihydroxy-acid dehydratase [Selenomonas sputigenal;
£1l4282443141gblAFZ10100.1| Dihydroxy-acid dehydratase [Oscillatoria nigro-viridis];
2il427988966IgblAFY69221.11 Dihydroxy-acid dehydratase [Pseudanabaena sp. PCC 7367];
gil361057512IgblAEV96503.11 Dihydroxy-acid dehydratase [Niastella koreensis GR20-10];
211325297988 Irefl YP_004257905.11 Dihydroxy-acid dehydratase [Bacteroides salanitronis];
£11325282609IreflYP_004255150.11 Dihydroxy-acid dehydratase [ Deinococcus
proteolyticus]; and gil328450793IgblAEB11694.11 Dihydroxy-acid dehydratase

[Marinithermus hydrothermalis].
Enzymes with Alcohol Dehydrogenase and/or Isobutyraldehyde Reductase Activities

[0058] In some embodiments, bacteria with mutations reducing alcohol dehydrogenase
(ADH) and/or isobutyraldehyde reductase (IBR) activities are provided. Enzymes having
these catalytic activities promote both the forward and reverse chemical reactions that
interconvert alcohols and their corresponding aldehydes or ketones. ADH and IBR gene
products may be identified as having EC classification 1.1.1.1 and/or GO term ID GO:
0004022. Bacteria comprising mutations in multiple, specific ADH/IBR genes are able to
produce higher amounts of isobutyraldehyde than wild type bacteria of the same species
because the conversion of isobutyraldehyde to isobutanol is substantially reduced. This in
turn allows for higher production of isobutyraldehyde-derived esters by the methods of the

present disclosure.

[0059] Bacterial alcohol dehydrogenase and isobutyraldehyde reductase enzymes share a
high degree of redundancy, and multiple genetic mutations are required to obtain a strain with
substantially reduced alcohol dehydrogenase and/or isobutyraldehyde reductase activity. E.

 example, have six different isobutyraldehyde reductases (IBRs), adhF,
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yghD, adhP, eutG, yjgB, and fucO, which contribute to most of the endogenous
isobutyraldehyde reductase activity. Furthermore, E. coli have six different alcohol
dehydrogenases (ADHs), adhE, yghD, adhP, eutG, yiaY, and yjgB, which contribute to most
of the endogenous alcohol dehydrogenase activity. Therefore, E. coli lacking adhE, yghD,
adhP, eutG, yiaY, yjgB, betA, and fucO have substantially reduced alcohol dehydrogenase
and/or isobutyraldehyde reductase activity as compared to wild type E. coli. The bacterium
may further include the deletion or inhibition of expression of ldh (e.g., an IdhA), frd (e.g., an
JfrdB, an frdC or an frdBCQ), fur, ilvE, ilvA, poxB, pfiB, leuA or pta gene, or any combination

thereof, to reduce the activity of competing pathways.

[0060] In addition to the aforementioned ADH and/or IBR genes, E. coli and other
bacteria contain yet more enzymes with isobutyraldehyde reductase activity. Further genes
encode enzymes with isobutyraldehyde reductase activity, including but not limited to yahK,
ybbO, gldA, dkgA (yghE), and yghA. When mutated in combination in recombinant bacteria,
their loss results in a reduction in IBR activity and in the decreased production of isobutanol
as compared to bacteria comprising functional IBR genes. Therefore, these mutations even
further reduce isobutanol production in a strain lacking adhE, yghD, adhP, eutG, yiaY, yjgB,
betA, and fucO. In some embodiments, recombinant bacteria additionally contain mutations
in eutE, yahK, ybbO, gldA, dkgAlyghE, and yghA or homologs thereof. Therefore, in some
embodiments, recombinant bacteria may contain mutations in adhE, yghD, adhP, eutG, fucO,
vjgB, adhE, yghD, adhP, eutG, fucO, yjgB eutE, yahK, ybbO, gldA, dkgAlyghE, and yghA or

homologs thereof.

[0061] In some embodiments, the acetolactate synthase (ALS) is encoded by a
polynucleotide comprising an alsS gene from Bacillus subtilis. Acetolactate synthases,
including AlsS, catalyze the conversion of pyruvate into acetolactate and carbon dioxide.
This enzymatic reaction belongs to the classification EC 2.2.1.6. Acetolactate synthases share
the molecular function of GO term ID GO: 0003984. Any protein characterized with these
EC classifications and/or GO terms may possess catalytic acetolactate synthase activity. In
addition to participating in the synthesis of branched chain amino acids, acetolactate
synthases may also be involved in acetoin synthesis. Other acetolactate synthases known in

the art include but are not limited to:

[0062] Methods for introducing recombinant polynucleotides into various bacterial
species are known in the art (Current Protocols in Microbiology. Hoboken: Wiley, 2013;

" erichia coli and Salmonella: Cellular and Molecular Biology. 2™ ed.
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Washington, D.C.: ASM Press, 1996). Coding sequences or genes encoding recombinant
proteins may be present within exogenous vectors (for example, a plasmid or bacterial
artificial chromosome) that are introduced into the host bacterial cell. Alternatively, coding
sequences or genes may be added directly to the host bacterial chromosome through
techniques such as homologous recombination and recombineering. Polynucleotides
engineered into the recombinant bacteria may further contain additional elements for the
expression and/or regulation of expression of these genes, e.g. promoter sequences. Each
recombinant gene may be regulated by its own promoter, or multiple recombinant genes may
be controlled by the same promoter. Many methods for introducing exogenous vectors into
bacteria are known in the art and include without limitation transformation by heat shock,
DNA damage, electroporation, or phage infection. Similarly, methods for introducing
mutations (including deletions) into genomes of a variety of bacterial species are known in
the art. Mutations can be introduced by molecular biology means, such as homologous
recombination, recombineering, gene replacement, or by chemical means, such as treatments
with radiation or chemical agents followed by a secondary screening step wherein the strains

are selected for the desired mutation.

[0063] Although E. coli genes are listed as exemplary enzyme-encoding genes, this
choice of species is intended in no way to be limiting. If a different bacterium is used as the
host, the homolog(s) of the E. coli gene(s) are mutated. Many tools common in the art exist to
identify homologous genes in different species, including without limitation BLAST
searching and alignment, EC classifications, and GO term annotations. As a further resource,
the online PortEco project contains not only an annotation of the E. coli genome, but for each
gene it also provides a table of homologous genes in other organisms, as well as further
online tools to identify homologous genes in a variety of other organisms (Mclntosh et al.,

Nucleic Acids Res, 40:D1270-7, 2013).
Bacterial Cells

(00641 The present disclosure provides recombinant bacteria. Any culturable bacteria are
suitable for use in the compositions and methods described herein. The term “bacteria” refers
to a domain of prokaryotic organisms. Bacteria include at least 11 distinct groups as follows:
(1) Gram-positive (gram+) bacteria, of which there are two major subdivisions: (1) high G+C
group (Actinomycetes, Mycobacteria, Micrococcus, others) (2) low G+C group (Bacillus,
Clostridia, Lactobacillus, Staphylococci, Streptococci, Mycoplasmas); (2) Proteobacteria,

‘hetic +non-photosynthetic Gram-negative bacteria (includes most
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"common" Gram-negative bacteria); (3) Cyanobacteria, e.g., oxygenic phototrophs; (4)
Spirochetes and related species; (5) Planctomyces; (6) Bacteroides, Flavobacteria; (7)
Chlamydia; (8) Green sulfur bacteria; (9) Green non-sulfur bacteria (also anaerobic
phototrophs); (10) Radioresistant micrococci and relatives; (11) Thermotoga and

Thermosipho thermophiles.

[0065] “Gram-negative bacteria” include cocci, nonenteric rods, and enteric rods. The
genera of Gram-negative bacteria include, for example, Neisseria, Spirillum, Pasteurella,
Brucella, Yersinia, Francisella, Haemophilus, Bordetella, Escherichia, Salmonella, Shigella,
Klebsiella, Proteus, Vibrio, Pseudomonas, Bacteroides, Acetobacter, Aerobacter,
Agrobacterium, Azotobacter, Spirilla, Serratia, Vibrio, Rhizobium, Chlamydia, Rickettsia,

Treponema, and Fusobacterium.

[0066] “Gram positive bacteria” include cocci, nonsporulating rods, and sporulating rods.
The genera of gram positive bacteria include, for example, Actinomyces, Bacillus,
Clostridium, Corynebacterium, Erysipelothrix, Lactobacillus, Listeria, Mycobacterium,

Myxococcus, Nocardia, Staphylococcus, Streptococcus, and Streptomyces.

[0067] Although E. coli was utilized in exemplary embodiments, the present disclosure is
not limited to this genus and species of bacteria. it is understood that mauny bactenial species
can be modified to possess elevated alcohol transferase activity and either elevated 2-keto
acid decarboxylase or 2-ketoisovalerate dehydrogenase activity. Many bacterial species can
also be utilized for the production of various esters. It is further understood that various
FICroorganists can act as “sources” for genetic material encoding target enzyrmes {(e.g., 2-
keto acid decarboxylases, 2-ketoisovalerate dehydrogenases, aldehyde dehydrogenases, and

alcohol transferases) suitable for use in recombinant bacteria provided herein.

[0068] Exemplary embodiments use E. coli as the host bacterial species because of the
extensive expertise and reagents available for this common model bacterium. However,
protocols and reagents for recombinantly expressing proteins in a wide variety of bacterial
host species are known in the art (Current Protocols in Microbiology. Hoboken: Wiley, 2013;
Neidhardt, F.C. Escherichia coli and Salmonella: Cellular and Molecular Biology. 2™ ed.
Washington, D.C.: ASM Press, 1996). Furthermore, because of the physiological similarities
between bacterial species, existing protocols and reagents for recombinantly expressing a
polypeptide in one species (e.g., E. coli) may readily function without undue experimentation

in another species.
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Methods of Producing and Purifying Esters

[0069] The present disclosure provides methods of producing an ester (e.g., acetate
and/or isobutyrate esters). These methods involve providing recombinant bacteria with one or
more recombinant polynucleotides and culturing the recombinant bacteria in a culture
medium with a substrate under conditions that enable the bacteria to convert the substrate into
an ester, thereby producing an ester in higher amounts or at a higher rate than bacteria of the
same species lacking the recombinant polynucleotides. In some embodiments, the
recombinant bacteria may further contain functional deletion(s) in one or more genes. The
methods of the present disclosure may be used to produce individual esters, or they may be

used to produce mixtures of different esters.

[0070] In some embodiments, the methods for producing an ester include a culture
medium for culturing the recombinant bacteria. “Culture medium” as used herein refers to
any composition or broth that supports the growth of the bacteria of the present disclosure.
Suitable culture media may be liquid or solid and contain any nutrients, salts, buffers,
elements, and other compounds that support the growth and viability of cells. Common
nutrients of a culture medium may include sources of nitrogen, carbon, amino acids,
carbohydrates, trace elements, vitamins, and minerals. These nutrients may be added as
individual components (as in a defined culture medium) or as constituents of a complex
extract (for example, yeast extract). A culture medium may be nutrient-rich to support rapid
growth or minimal to support slower growth. A culture medium may also contain any agent
used to inhibit the growth of or kill contaminating organisms (e.g., an antibiotic). A culture
medium may also contain any compound used to control the activity of an inducible promoter
or enzyme (as one example, IPTG may be included to induce expression of any
polynucleotides controlled by a lac operon or functionally similar promoter). Many examples
of suitable culture media are well known in the art and include without limitation M9

medium, Lysogeny Broth (LB), Terrific Broth (TB), and YT broth.

[0071] In some embodiments, recombinant bacteria are cultured. Culturing bacteria refers
to providing the bacteria with a suitable nutrient source (such as a culture medium of the
present disclosure) under conditions that allow for bacterial growth. These conditions may
include pH, temperature, gas levels (e.g., oxygen and carbon dioxide), pressure, light, and
cell density. Suitable ranges for each of these parameters may differ depending upon the

particular bacteria, desired metabolic state of the bacteria, or the activity of any enzymes
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expressed by the bacteria. Culturing conditions and methods suitable for a wide range of

bacterial species are well known in the art.

[0072] In some embodiments, the culture medium contains a substrate that is converted
by the recombinant bacteria to an ester. Suitable substrates may include any carbon source
used by bacteria to produce acetyl-CoA, isobutyryl-CoA, pyruvate, an aldehyde, an ester, or
an alcohol. In some embodiments, the substrate may be a reduced carbon source that is
metabolized by the bacteria via glycolysis into pyruvate or acetyl-CoA (e.g., glucose,
glycerol, sugars, starches, and lignocellulosics, including glucose derived from cellulose and
Cs sugars derived from hemicellulose, such as xylose). In some embodiments, the substrate
may be an amino acid (e.g., valine or isoleucine) or a compound involved in an amino acid
biosynthesis pathway. In preferred embodiments, the substrate may be isobutanol or
ketoisovalerate. A substrate may be a constituent of the culture medium, or it may be
exogenously supplemented to the culture medium. A substrate may be continuously present
in the culture medium, or it may be supplemented during bacterial growth. A substrate may
be present in any desired amount in the culture medium, depending upon the metabolic

activity and/or output of the bacteria or their tolerance of the substrate.

[0073] In preferred embodiments, recombinant bacteria are used to produce isobutyl
isobutyrate. In some embodiments, the bacteria contain polynucleotides encoding an alcohol
transferase (ATF) and a KIVDH complex. Exemplary ATF-encoding genes include without
limitation S. cerevisiae ATF1 (or homologs thereof) or, preferably, S. cerevisiae EHTI (or
homologs thereof). In some embodiments, the recombinant bacteria may further contain
elevated expression or activity of acetolactate synthase, acetohydroxy acid isomeroreductase,
and dihydroxy-acid dehydratase, thereby promoting the biological production of 2-
ketoisovalerate. The genes encoding the ATF and the KIVDH components may be part of the
same polynucleotide, or separate polynucleotides. They may be regulated by shared or
distinct regulatory elements, such as promoters. In some embodiments, the ATF and KIVDH
genes may be controlled by an inducible promoter (e.g., the lac operon or a functionally
similar element). In an exemplary embodiment, bacteria may be grown in the absence of ATF
and KIVDH expression, then induced to express the ATF and KIVDH at the same time a
suitable substrate for isobutyl isobutyrate production is added to the culture medium.
Alternatively, the ATF and KIVDH may be expressed constitutively. In a preferred
embodiment, the substrate for isobutyl isobutyrate production is isobutanol. Other suitable

enhetratee mav inclnde without limitation ketoisovalerate.
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[0074] In other preferred embodiments, recombinant bacteria are used to produce
isobutyl acetate. In some embodiments, the bacteria contain polynucleotides encoding an
alcohol transferase (ATF) and a KIVDH complex. In other embodiments, the bacteria contain
polynucleotides encoding an alcohol transferase (ATF) and a 2-keto-acid decarboxylase
(KDC). Exemplary ATF-encoding genes include without limitation S. cerevisiae ATF1 (or
homologs thereof) or S. cerevisiae EHT1 (or homologs thereof). In some embodiments, the
recombinant bacteria may further contain elevated expression or activity of acetolactate
synthase, acetohydroxy acid isomeroreductase, and dihydroxy-acid dehydratase, thereby
promoting the biological production of 2-ketoisovalerate. The bacteria may also contain
mutations reducing endogenous alcohol dehydrogenase (ALD) and/or isobutyraldehyde
reductase (IBR) activities, thereby enhancing the levels of available isobutyraldehyde. The
genes encoding the ATF and the KIVDH or the KDC may be part of the same
polynucleotide, or separate polynucleotides. They may also be regulated by shared or distinct
regulatory elements, such as promoters. They may be controlled by inducible or constitutive
promoter(s). In some embodiments, the substrate used to generate isobutyl acetate is a
reduced carbon source, for example a sugar (preferably, glucose). In other embodiments,
isobutanol and/or ketoisovalerate may be added as the substrate for isobutyl acetate

production.

[0075] In some embodiments, the methods of the present disclosure may include a step of
substantially purifying the ester produced by the recombinant bacteria. In some embodiments,
an ester is evaporated using any gas stripping method known in the art, for example by using
a Graham condenser. Since esters are relatively volatile, a gas (e.g., oxygen) may be bubbled
through the culture medium containing the recombinant bacteria, and an ester may be
collected as it evaporates. Suitable gas stripping methods need not include a heating step. In
other embodiments, an ester is collected from the culture medium containing the recombinant
bacteria by siphoning. This procedure takes advantage of the relatively low aqueous
solubility of esters. When an ester is produced by the recombinant bacteria in the culture
medium (particularly at concentrations higher than its limit of aqueous solubility), it may
form a bilayer on top of the culture medium. Siphoning may be used to purify an ester
separating from the culture medium, e.g., in a bilayer. In other embodiments, an ester may be
distilled from the culture medium. An ester may also be extracted from the culture medium
using a solvent (for example, hexane or ethyl acetate) and distilled from the extract. In some

embodiments, a single ester product is purified. In other embodiments, multiple ester
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products are purified. In preferred embodiments, the ester to be purified is isobutyl

isobutyrate or isobutyl acetate.

[0076] Esters may be purified at any step in the culturing process. Many methods for
product generation and purification from bacterial cultures are known in the art (for example,
see Villadsen ef al. Bioreaction Engineering Principles. 39 ed. Springer; 2011). Ester
purification may be performed continuously during culturing, as in a continuous culture
method, or it may be performed separately from or after culturing, as in a batch or fed-batch
culture method. For example, gas stripping may be used to purifying esters in situ during
production. In another example, siphoning may be used to purify an ester bilayer from the

culture medium during production or after production has been stopped.
Supplemental Information

[0077] The practice of the present disclosure will employ, unless otherwise indicated,
conventional techniques of molecular biology (including recombinant techniques),
microbiology, cell biology, biochemistry and immunology, which are within the skill of the
art. Such techniques are explained fully in the literature, such as, Molecular Cloning: A
Laboratory Manual, second edition (Sambrook et al., 1989); Oligonucleotide Synthesis (Gait,
ed., 1984); Animal Cell Culture (Freshney, ed., 1987); Handbook of Experimental
Immunology (Weir & Blackwell, eds.); Gene Transfer Vectors for Mammalian Cells (Miller
& Calos, eds., 1987); Current Protocols in Molecular Biology (Ausubel et al., eds., 1987);
PCR: The Polymerase Chain Reaction, (Mullis et al., eds., 1994); Current Protocols in
Immunology (Coligan et al., eds., 1991); The Immunoassay Handbook (Wild ed., Stockton
Press NY, 1994); Bioconjugate Techniques (Hermanson, ed., Academic Press, 1996); and
Methods of Immunological Analysis (Masseyeff, Albert, and Staines, eds., Weinheim: VCH
Verlags gesellschaft mbH, 1993).

[0078] The present disclosure identifies specific polynucleotides/genes useful in the
methods, compositions and organisms of the disclosure. However, it should be recognized
that absolute identity to such genes is not necessary, as substantially similar
polynucleotides/genes that perform substantially similar functions can also be used in the
compositions and methods of the present disclosure. For example, changes in a particular
gene or polynucleotide containing a sequence encoding a polypeptide or enzyme can be made
and screened for expression and/or activity. Typically such changes include conservative

and/or silent mutations.
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[0079] Due to the inherent degeneracy of the genetic code, polynucleotides which encode
substantially the same or functionally equivalent polypeptides can also be used to clone and
express the same polypeptides (e.g., enzymes). As will be understood by those of skill in the
art, it can be advantageous to modify a coding sequence to enhance its expression in a
particular host. The genetic code is redundant with 64 possible codons, but most organisms
typically use a subset of these codons. The codons that are utilized most often in a species are
called optimal codons, and those not utilized very often are classified as rare or low-usage
codons. Codons can be substituted to reflect the preferred codon usage of E. coli, a process
sometimes called “codon optimization” (See, e.g., Murray et al., Nucl Acids Res, 17:477-508,

1989).

[0080] Those of skill in the art will recognize that, due to the degenerate nature of the
genetic code, a variety of DNA compounds differing in their nucleotide sequences can be
used to encode a given enzyme of the disclosure. The native DNA sequence encoding the
biosynthetic enzymes described above are referenced herein merely to illustrate an
embodiment of the disclosure, and the disclosure includes DNA compounds of any sequence
that encode the amino acid sequences of the polypeptides and proteins of the enzymes
utilized in the methods of the disclosure. In similar fashion, a polypeptide can typically
tolerate one or more amino acid substitutions, deletions, and insertions in its amino acid
sequence without loss or significant loss of a desired activity. The disclosure includes such
polypeptides with different amino acid sequences than the specific proteins described herein
so long as they modified or variant polypeptides have the enzymatic anabolic or catabolic
activity of the reference polypeptide. Furthermore, the amino acid sequences encoded by the

DNA sequences shown herein merely illustrate embodiments of the disclosure.

[0081] In addition, homologs of enzymes useful for generating metabolites are
encompassed by the microorganisms and methods provided herein. The term "homologs"
used with respect to an original enzyme or gene of a first family or species refers to distinct
enzymes or genes of a second family or species which are determined by functional,
structural or genomic analyses to be an enzyme or gene of the second family or species which
corresponds to the original enzyme or gene of the first family or species. Most often,
homologs will have functional, structural or genomic similarities. Techniques are known by
which homologs of an enzyme or gene can readily be cloned using genetic probes and PCR.

Homologs can be identified by reference to various databases and identity of cloned
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sequences as homolog can be confirmed using functional assays and/or by genomic mapping

of the genes.

[0082] A protein has “homology” or is “homologous” to a second protein if the nucleic
acid sequence that encodes the protein has a similar sequence to the nucleic acid sequence
that encodes the second protein. Alternatively, a protein has homology to a second protein if
the two proteins have “similar” amino acid sequences. Thus, the term “homologous proteins”

is defined to mean that the two proteins have similar amino acid sequences.

[0083] As used herein, two proteins (or a region of the proteins) are substantially
homologous when the amino acid sequences have at least about 50% 60%, 65%, 70%, 75%,
80%, 85%, 90%., 91%, 92%., 93%, 94%, 95%, 96%, 97%, 98%, or 99% identity. To
determine the percent identity of two amino acid sequences, or of two nucleic acid sequences,
the sequences are aligned for optimal comparison purposes (e.g., gaps can be introduced in
one or both of a first and a second amino acid or nucleic acid sequence for optimal alignment
and non-homologous sequences can be disregarded for comparison purposes). In one
embodiment, the length of a reference sequence aligned for comparison purposes is at least
50%, typically at least 75%, and even more typically at least 80%, 85%, 90%, 95% or 100%
of the length of the reference sequence. The amino acid residues or nucleotides at
corresponding amino acid positions or nucleotide positions are then compared. When a
position in the first sequence is occupied by the same amino acid residue or nucleotide as the
corresponding position in the second sequence, then the molecules are identical at that
position (as used herein amino acid or nucleic acid “identity” is equivalent to amino acid or

nucleic acid “homology™).

[0084] The percent identity between the two sequences is a function of the number of
identical positions shared by the sequences, taking into account the number of gaps, and the
length of each gap, which need to be introduced for optimal alignment of the two sequences.
For sequence comparison, typically one sequence acts as a reference sequence, to which test
sequences are compared. When using a sequence comparison algorithm, test and reference
sequences are entered into a computer, subsequence coordinates are designated, if necessary,
and sequence algorithm program parameters are designated. Default program parameters can
be used, or alternative parameters can be designated. The sequence comparison algorithm
then calculates the percent sequence identities for the test sequences relative to the reference
sequence, based on the program parameters. When comparing two sequences for identity, it is

sequences be contiguous, but any gap would carry with it a penalty that
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would reduce the overall percent identity. For blastn, the default parameters are Gap opening
penalty=5 and Gap extension penalty=2. For blastp, the default parameters are Gap opening

penalty=11 and Gap extension penalty=1.

[0085] A "comparison window", as used herein, includes reference to a segment of any
one of the number of contiguous positions selected from the group consisting of from 20 to
600, usually about 50 to about 200, more usually about 100 to about 150 in which a sequence
may be compared to a reference sequence of the same number of contiguous positions after
the two sequences are optimally aligned. Methods of alignment of sequences for comparison
are well-known in the art. Optimal alignment of sequences for comparison can be conducted
using known algorithms (e.g., by the local homology algorithm of Smith and Waterman, Adv
Appl Math, 2:482, 1981; by the homology alignment algorithm of Needleman and Wunsch, J
Mol Biol, 48:443, 1970; by the search for similarity method of Pearson and Lipman, Proc
Natl Acad Sci USA, 85:2444, 1988; by computerized implementations of these algorithms
FASTDB (Intelligenetics), BLAST (National Center for Biomedical Information), GAP,
BESTFIT, FASTA, and TFASTA in the Wisconsin Genetics Software Package (Genetics

Computer Group, Madison, WI), or by manual alignment and visual inspection.

[0086] A preferred example of an algorithm that is suitable for determining percent
sequence identity and sequence similarity is the FASTA algorithm (Pearson and Lipman,
Proc Natl Acad Sci USA, 85:2444, 1988; and Pearson, Methods Enzymol, 266:227-258,
1996). Preferred parameters used in a FASTA alignment of DNA sequences to calculate
percent identity are optimized, BL50 Matrix 15:-5, k-tuple=2; joining penalty=40,
optimization=28; gap penalty-12, gap length penalty=-2; and width=16.

[0087] Another preferred example of algorithms suitable for determining percent
sequence identity and sequence similarity are the BLAST and BLAST 2.0 algorithms
(Altschul et al., Nuc Acids Res, 25:3389-3402, 1977; and Altschul et al., ] Mol Biol,
215:403-410, 1990, respectively). BLAST and BLAST 2.0 are used, with the parameters
described herein, to determine percent sequence identity for the nucleic acids and proteins of
the disclosure. Software for performing BLAST analyses is publicly available through the
National Center for Biotechnology Information website. This algorithm involves first
identifying high scoring sequence pairs (HSPs) by identifying short words of length W in the
query sequence, which either match or satisfy some positive-valued threshold score T when
aligned with a word of the same length in a database sequence. T is referred to as the

core threshold. These initial neighborhood word hits act as seeds for
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initiating searches to find longer HSPs containing them. The word hits are extended in both
directions along each sequence for as far as the cumulative alignment score can be increased.
Cumulative scores are calculated using, for nucleotide sequences, the parameters M (reward
score for a pair of matching residues; always >0) and N (penalty score for mismatching
residues; always <0). For amino acid sequences, a scoring matrix is used to calculate the
cumulative score. Extension of the word hits in each direction are halted when: the
cumulative alignment score falls off by the quantity X from its maximum achieved value; the
cumulative score goes to zero or below, due to the accumulation of one or more negative-
scoring residue alignments; or the end of either sequence is reached. The BLAST algorithm
parameters W, T, and X determine the sensitivity and speed of the alignment. The BLASTN
program (for nucleotide sequences) uses as defaults a word length (W) of 11, an expectation
(E) of 10, M=5, N=-4 and a comparison of both strands. For amino acid sequences, the
BLASTP program uses as defaults a word length of 3, and expectation (E) of 10, and the
BLOSUMBG62 scoring matrix (Henikoff and Henikoff, Proc Natl Acad Sci USA, §9:10915,
1989) alignments (B) of 50, expectation (E) of 10, M=5, N=-4, and a comparison of both

strands.

[0088] The BLAST algorithm also performs a statistical analysis of the similarity
between two sequences (See, e.g., Karlin and Altschul, Proc Natl Acad Sci USA, 90:5873-
5787, 1993). One measure of similarity provided by the BLAST algorithm is the smallest
sum probability (P(N)), which provides an indication of the probability by which a match
between two nucleotide or amino acid sequences would occur by chance. For example, a
nucleic acid is considered similar to a reference sequence if the smallest sum probability in a
comparison of the test nucleic acid to the reference nucleic acid is less than about 0.2, more

preferably less than about 0.01, and most preferably less than about 0.001.

[0089] Another example of a useful algorithm is PILEUP. PILEUP creates a multiple
sequence alignment from a group of related sequences using progressive, pairwise alignments
to show relationship and percent sequence identity. It also plots a tree or dendogram showing
the clustering relationships used to create the alignment. PILEUP uses a simplification of the
progressive alignment method (Feng and Doolittle, J Mol Evol, 35:351-360, 1987),
employing a method similar to a published method (Higgins and Sharp, CABIOS 5:151-153,
1989). The program can align up to 300 sequences, each of a maximum length of 5,000
nucleotides or amino acids. The multiple alignment procedure begins with the pairwise

alionment of the two most similar sequences, producing a cluster of two aligned sequences.
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This cluster is then aligned to the next most related sequence or cluster of aligned sequences.
Two clusters of sequences are aligned by a simple extension of the pairwise alignment of two
individual sequences. The final alignment is achieved by a series of progressive, pairwise
alignments. The program is run by designating specific sequences and their amino acid or
nucleotide coordinates for regions of sequence comparison and by designating the program
parameters. Using PILEUP, a reference sequence is compared to other test sequences to
determine the percent sequence identity relationship using the following parameters: default
gap weight (3.00), default gap length weight (0.10), and weighted end gaps. PILEUP can be
obtained from the GCG sequence analysis software package, e.g., version 7.0 (Devereaux et

al., Nuc Acids Res, 12:387-395, 1984).

[0090] Another preferred example of an algorithm that is suitable for multiple DNA and
amino acid sequence alignments is the CLUSTALW program (Thompson et al., Nucl Acids.
Res, 22:4673-4680, 1994). Clustal W performs multiple pairwise comparisons between
groups of sequences and assembles them into a multiple alignment based on homology. Gap
open and Gap extension penalties were 10 and 0.05 respectively. For amino acid alignments,
the BLOSUM algorithm can be used as a protein weight matrix (Henikoft and Henikoff, Proc
Natl Acad Sci USA, 89:10915-10919, 1992).

[0091] Polynucleotides of the disclosure further include polynucleotides that encode
conservatively modified variants of the polypeptides of Tables I and II. “Conservatively
modified variants” as used herein include individual mutations that result in the substitution
of an amino acid with a chemically similar amino acid. Conservative substitution tables
providing functionally similar amino acids are well known in the art. Such conservatively
modified variants are in addition to and do not exclude polymorphic variants, interspecies
homologs, and alleles of the disclosure. The following eight groups contain amino acids that
are conservative substitutions for one another: 1. Alanine (A), Glycine (G); 2. Aspartic acid
(D), Glutamic acid (E); 3. Asparagine (N), Glutamine (Q); 4. Arginine (R), Lysine (K); 5.
Isoleucine (I), Leucine (L), Methionine (M), Valine (V); 6. Phenylalanine (F), Tyrosine (Y),
Tryptophan (W); 7. Serine (S), Threonine (T); and 8. Cysteine (C), Methionine (M).

[0092] The terms “derived from™ or “of”” when used in reference to a nucleic acid or
protein indicates that its sequence is identical or substantially identical to that of an organism
of interest. For instance, “a KDC derived from L. lactis” or “a 2-keto acid decarboxylase of
L. lactis” refers to a 2-keto acid decarboxylase enzyme having a sequence identical or

1 to a native 2-keto acid decarboxylase enzyme of L. lactis. The terms
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“derived from™ and “of”” when used in reference to a nucleic acid or protein do not indicate
that the nucleic acid or protein in question was necessarily directly purified, isolated or
otherwise obtained from an organism of interest. Thus by way of example, an isolated nucleic
acid containing a KDC coding region of L. lactis need not be obtained directly from this
species, instead the isolated nucleic acid may be prepared synthetically using methods known

to one of skill in the art.

[0093] As used herein in the context of introducing a nucleic acid sequence into a cell,
the term "introduced" refers to any method suitable for transferring the nucleic acid sequence
into the cell. Such methods for introduction include but are not limited to protoplast fusion,
transfection, transformation, conjugation, and transduction. As used herein, the term
"transformed" refers to a cell that has an exogenous polynucleotide sequence integrated into

its genome or as an episomal plasmid that is maintained for at least two generations.

2% <<

[0094] The terms “coding region,” “open reading frame” and “ORF” refers to a sequence
of codons extending from an initiator codon (ATG) to a terminator codon (TAG, TAA or

TGA), which can be translated into a polypeptide.

[0095] In some embodiments of the disclosure, the coding sequences of the
polynucleotides are operably linked to a promoter. In some embodiments, the promoter is an
inducible promoter. In some embodiments, the promoter is a constitutive promoter. As used
herein, “inducible promoter” refers to a promoter that drives expression of a polynucleotide
to which it is operably linked upon cellular perception of a stimulus. Likewise, inducible
promoters can terminate expression of a polynucleotide to which it is operably linked upon
removal of a stimulus. An example of an inducible promoter in the present disclosure is the
isopropyl-B-D-thiogalactoside (IPTG) inducible promoter, in which this promoter drives
expression of a polynucleotide to which it is operably linked upon perception of IPTG, an
exogenous chemical. Constitutive promoters are those promoters that are substantially
insensitive to regulation by external stimuli and promote expression of a given polynucleotide

in an essentially constant manner.

[0096] As used herein, "recombinant” or “heterologous” or “heterologous
polynucleotide” or “recombinant polynucleotide™ refers to a polynucleotide wherein the exact
nucleotide sequence of the polynucleotide is foreign to (i.e., not naturally found in) a given
host. These terms may also refer to a polynucleotide sequence that may be naturally found in

a given host, but in an unnatural (e.g., greater than or less than expected) amount, or
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additionally if the sequence of a polynucleotide comprises two or more subsequences that are
not found in the same relationship to each other in nature. For example, regarding the latter, a
recombinant polynucleotide could have two or more sequences from unrelated
polynucleotides or from homologous nucleotides arranged to make a new polynucleotide.
Specifically, the present disclosure describes the introduction of a recombinant vector into a
microorganism, wherein the vector contains a polynucleotide coding for a polypeptide that is
not normally found in the microorganism or contains a foreign polynucleotide coding for a
substantially homologous polypeptide that is normally found in the host organism. With
reference to the host cell's genome, then, the polynucleotide sequence that encodes the
polypeptide is recombinant or heterologous. “Recombinant” may also be used to refer to an

organism that contains one or more heterologous polynucleotides.

[0097] As used herein, the term "vector" refers to a polynucleotide construct designed to
introduce nucleic acids into one or more cell types. Vectors include cloning vectors,
expression vectors, shuttle vectors, plasmids, cassettes and the like. As used herein, the term
"plasmid" refers to a circular double-stranded DNA construct used as a cloning and/or
expression vector. Some plasmids take the form of an extrachromosomal self-replicating
genetic element (episomal plasmid) when introduced into a host cell. Other plasmids
integrates into a host chromosome (integrative plasmid) when introduced into a host cell, and
are thereby replicated along with the host cell genome. Moreover, certain vectors are capable
of directing the expression of coding regions to which they are operatively linked. Such
vectors are referred to herein as "expression vectors." Thus expression vectors cause cells to
express polynucleotides and/or polypeptides other than those native to the cells, or in a

manner not native to the cells).

[0098] Genetic modifications that result in an increase in gene expression or function can
be referred to as amplification, overproduction, overexpression, activation, enhancement,
addition, or up-regulation of a gene. More specifically, reference to increasing the action (or
activity) of enzymes or other proteins discussed herein generally refers to any genetic
modification of the host cell in question which results in increased expression and/or
functionality (biological activity) of the enzymes or proteins and includes higher activity or
action of the proteins (e.g., specific activity or in vivo enzymatic activity), reduced inhibition
or degradation of the proteins, and overexpression of the proteins. For example, gene copy
number can be increased, expression levels can be increased by use of a promoter that gives

hicher levele of exnregsion than that of the native promoter, or a gene can be altered by
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genetic engineering or classical mutagenesis to increase the biological activity of an enzyme

or action of a protein. Combinations of some of these modifications are also possible.

[0099] Genetic modifications which result in a decrease in gene expression, in the
function of the gene, or in the function of the gene product (i.e., the protein encoded by the
gene) can be referred to as inactivation (complete or partial), deletion, interruption, blockage,
silencing, or down-regulation, or attenuation of expression of a gene. For example, a genetic
modification in a gene which results in a decrease in the function of the protein encoded by
such gene, can be the result of a complete deletion of the gene (i.e., the gene does not exist,
and therefore the protein does not exist), a mutation in the gene which results in incomplete
or no translation of the protein (e.g., the protein is not expressed), or a mutation in the gene
which decreases or abolishes the natural function of the protein (e.g., a protein is expressed
which has decreased or no enzymatic activity or action). The term “functional deletion” as
used herein refers to a genetic modification of a gene that serves to substantially eliminate
transcription, translation or activity of any resulting gene product. More specifically,
reference to decreasing the action of proteins discussed herein generally refers to any genetic
modification in the host cell in question, which results in decreased expression and/or
functionality (biological activity) of the proteins and includes decreased activity of the
proteins (e.g., decreased enzymatic activity), increased inhibition or degradation of the
proteins as well as a reduction or elimination of expression of the proteins. Combinations of

some of these modifications are also possible.

[00100] The terms “decrease,” “reduce” and “reduction” as used in reference to biological
function (e.g., enzymatic activity, production of compound, expression of a protein, etc.)
refer to a measurable lessening in the function by preferably at least 10%, more preferably at
least 50%, still more preferably at least 75%, and most preferably at least 90%. Depending
upon the function, the reduction may be from 10% to 100%. The term “substantial reduction”

and the like refers to a reduction of at least 50%, 75%, 90%, 95% or 100%.

[00101] The terms “increase,” “elevate” and “elevation” as used in reference to biological
function (e.g., enzymatic activity, production of compound, expression of a protein, etc.)
refer to a measurable augmentation in the function by preferably at least 10%, more
preferably at least 50%, still more preferably at least 75%, and most preferably at least 90%.
Depending upon the function, the elevation may be from 10% to 100%; or at least 10-fold,
100-fold, or 1000-fold up to 100-fold, 1000-fold or 10,000-fold or more. The term
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“substantial elevation” and the like refers to an elevation of at least 50%, 75%, 90%, 95% or

100%.

[00102] The terms “isolated” and “purified” as used herein refers to a material that is
removed from at least one component with which it is naturally associated (e.g., removed
from its original environment). The term "isolated," when used in reference to a
biosynthetically-produced ester, refers to an ester that has been removed from the culture
medium of the bacteria that produced the ester. As such an isolated ester is free of extraneous

or unwanted compounds (e.g., substrate molecules, bacterial components, etc.).

[00103] As used herein, the singular form “a”, “an”, and “the” includes plural references

unless indicated otherwise. For example, “an” ALD includes one or more ALDs.

[00104] The phrase “comprising” as used herein is open-ended, indicating that such
embodiments may include additional elements. In contrast, the phrase “consisting of” is
closed, indicating that such embodiments do not include additional elements (except for trace
impurities). The phrase “consisting essentially of” is partially closed, indicating that such
embodiments may further comprise elements that do not materially change the basic
characteristics of such embodiments. It is understood that aspects and embodiments described
herein as “comprising” include “consisting” and/or “consisting essentially of” aspects and

embodiments.
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EXAMPLES

[00105] To better facilitate an understanding of embodiments of the disclosure, the
following examples are presented. The following examples are merely illustrative and are not

meant to limit any embodiments of the present disclosure in any way.

[00106] Abbreviations: ADH (alcohol dehydrogenase); AHIR (acetohydroxy acid
isomerase); ADH (alcohol dehydrogenase); ALDH (aldehyde dehydrogenase); ALS
(acetolactate synthase); ATF (alcohol transferase); DHAD (dihydroxy acid dehydratase); IBR
(isobutyraldehyde reductase); and KDC (2-keto-acid decarboxylase).

Materials and Methods
Reagents and Bacterial Strains

[00107] All enzymes were purchased from New England Biolabs. All synthetic
oligonucleotides were ordered from Integrated DNA Technologies. DNA sequencing services
were done by Davis Sequencing. All chemicals for gas chromatography (GC) standards
except for ethanol (VWR) and tetradecyl acetate (Ark Pharm, Inc.) were purchased from
Sigma Aldrich. 2-Keto acids (pyruvate (=99%), 2-ketobutyrate (=95%), 2-ketovalerate
(>98%), 2-ketoisovalerate (>95%), 2-keto-3-methylvalerate (>98%), 2-keto-4-methylvalerate
(>98%), phenylpyruvate (=98%)) were purchased from Sigma Aldrich.

[00108] Restriction enzymes and antarctic phosphatase were from New England Biolabs
(Ipswich, MA, USA). Rapid DNA ligation kit was from Roche (Mannheim, Germany). KOD
DNA polymerase was from EMD Chemicals (San Diego, CA). Oligonucleotides were from
Integrated DNA Technologies (San Diego, CA).

Table 1: E. coli Strains and Plasmids

Strain / Plasmid | Description

BWwW25113 rrnBT14 AlacZWJ16 hsdR514 AaraBAD 533 ArhaBAD; ¢
JCL16 BW25113 F[traD36 proAB" lacl"ZAM15 Tn10(tet")]
JCL88 Same as JCIL16 but with AadhE Afrd AldhA Apta Afnr
JCL260 Same as JCIL16 but dadhE Afrd-IdhA Apta ApflB Afnr
AL80 Same as JCI.260 but AyghD

AL275 AL80 with plasmids pSA69 and pSA129

AL287 Same as JCL.260 but AyghD AadhP

AL288 Same as JCL.260 but AyghD AeutG

AL289 Same as JCL.260 but AyqhD AyiaY

AT 200 Same as JCL.260 but AyghD AyjgB
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Strain / Plasmid | Description

AL293 AL287 with plasmids pGRO3 and pSA129

ALL294 AL288 with plasmids pGRO3 and pSA129

AL295 AL289 with plasmids pGRO3 and pSA129

AL296 AL290 with plasmids pGRO3 and pSA129

ALL312 Same as JCL.260 but AyghD AadhP AeutG

AL313 AL312 with plasmids pGRO3 and pSA129

ALL322 Same as JCL.260 but AyghD AadhP AeutG AyiaY
AL328 AL322 with plasmids pGRO3 and pSA129

AL331 Same as JCL.260 but AyghD AadhP AeutG AyiaY AyjgB
AL332 AL331 with plasmids pGRO3 and pSA129

AL345 JCL260 with plasmids pGRO3 and pSA129

ALS555 Same as JCL.260 but AyghD AbetA

AL556 Same as JCL.260 but AyghD AadhP AeutG AyiaY AyjgB AbetA
ALG615 Same as JCL.260 but AyqhD AfucO

AL616 Same as JCI.260 but AyghD AeutE

Same as AL.704 with tetracycline and kanamycin resistance =

AL626
Same as JCL.260 but AyghD AadhP AeutG AyiaY AyjgB AbetA AfucO

AL627 AL626 with plasmids pGR03 and pSA129

Same as ALL626 with tetracycline resistance but not kanamycin resistance

ALTO4 ~ JCL260 but AyqghD AadhP AeutG AyiaY AyjgB AbetA AfucO
ALT707 Same as JCL.260 but AyghD AadhP AeutG AyiaY AyjgB AbetA AfucO AeutE
AL1050 F- lambda- ilvG- rfb-50 rph-1 lacl tetR spec®

AL2045 Same as JCI.260 but with AaceEF

AL1448 Same as ALL626 but deutE AyahK AybbO AgldA AdkgA AyghA
pSA40 p15A ori; Kan®; PlacO;:

PSA69 p15A ori; Kan® ; PilacO;: alsS-ilvCD

pSA129 ColE1 ori; Amp"; PylacO,: kivd

PSA138 ColE1 ori; PrlacOy: kivd-yghD

pGRO3 Same as pSAG9 but Cm"*

pAL217 ColE1 ori; Amp®; P;lacO,: kivd-adhP

pAL218 ColE1 ori; AmpR; PrlacOy: kivd-eutG

pAL219 ColE1 ori; Amp®; PylacO,: kivd-yiaY

pAL220 ColE1 ori; AmpR; PrlacOq: kivd-yjgB

pAL221 ColE1 ori; Amp®; P;lacO,: kivd-betA

pAL222 ColE1 ori; AmpR; PrlacOq: kivd-fucO

pAL223 ColE1 ori; Amp®; PilacO,: kivd-eutE

pZE12-luc ColE1 ori; AmpR; PrlacOq: luc(VF)

nAT 147 ("olE1 ori; AmpR; PilacO;: adhP
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Strain / Plasmid | Description
pAL158 ColE1 ori; Amp®; PilacO,: eutG
pAL157 ColE1 ori; Amp®; PilacO,: yiaY
pAL156 ColE1 ori; AmpR; PrlacOy: yjgB
pAL213 ColE1 ori; Amp®; PilacO: beta
pAL214 ColE1 ori; AmpR; PrlacOq: fucO
pAL215 ColE1 ori; Amp*; PilacO,: eutE
pAL495 p15A ori; Cm®; PilacO,: mrfp
pAL497 p15A ori; Cm®; PilacO,: luxCDE
pAL603 ColE1 ori; AmpR; PrlacO: alsS-ilvCD, P;lacOy: kdc-adhA
pAL609 ColE1 ori; AmpR; PrlacOq: kdc-mhpF
pAL622 ColE1 ori; Kan®; ATFI
pAL633 ColE1 ori; AmpR; PrlacO,: bkdA1-bkdA2-bkdB-ipdV
pAL670 p15A ori; Cm®; PilacO,: EHTI
pALG675 p15A ori; Cm"®; PrlacOy: EEBI
pAL676 p15A ori; Cm®; PilacO,: ATFI
pALG679 ColE1 ori; AmpR; PrlacOy: kdc-ATF 1
pAL682 p15A ori; Kan®; PilacO;: mrfp
pALG683 p15A ori; Kan®; P;lacO;: EEBI
pALG6G84 p15A ori; Kan®; P;lacO,: EHTI
pAL685 p15A ori; Kan®; PilacO,: ATFI
pALG689 p15A ori; Kan®; P;lacO;: car
pAL692 ColE1 ori; AmpR; PrlacOy: EHTI, PrlacO;: bkdA1-bkdA2-bkdB-IpdV
pALG693 ColE1 ori; AmpR; PrlacOq: cat, PrlacO: bkdA1-bkdA2-bkdB-IpdV
pAL723 ColE1 ori; Kan®; P;lacO,: ATFI
pAL953 Cola ori; KanR; PrlacO;: ackA-pta
pAL954 Cola ori; KanR; PrlacO;: acs
pAL9S55 Cola ori; Kan®; PrlacO;: edgE-aldB
pAL956 Cola ori; Kan®; P;lacO;: sfGFP
pALB9S p15A ori; Spec®; PlacO,: mRFPI
pAL991 p15A ori; SpeCR; PrlacOq: ATF1

Plasmid Construction and Cloning

[00109] All plasmids and oligonucleotides are listed in Table 1 and Table 2 (below),

respectively. The target gene(s) and vector fragments were amplified with the pairs of

primers from the templates listed in Table 3 below. The resulting fragments were combined

by sequence and ligation-independent cloning (SLIC) (Machado et al. Metab. Eng. 14:504-
11, 2012). Vector PCR product was treated with Dpnl for 1 h at 37°C. A 10 uL reaction
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containing 1xNEB Buffer 2, 100-1000 ng of vector and insert fragments, and 0.75 U of T4
DNA Polymerase (NEB) was incubated at room temperature for 10 min, then placed on ice to
stop the reaction. 2.5 UL of the solution was used for transformation of E. coli. Plasmids were

verified by colony PCR, by digestion with restriction enzymes, and by sequencing

Table 2: Oligonucleotides

SEQ
Name | ID NO: SEQUENCE
GR387 2 TCTAGAGGCATCAAATAAAACGAAA
GR388 3 GTGACCTTTCTCCTGCATGC
GR689 4 GCATGCAGGAGAAAGGTCACATGAGTAAGCGTAAAGTCGCCATTATC
GR698 5 TCTAGAGGCATCAAATAAAACGAAAGGC
GR699 6 GGTACCTTTCTCCTCTTTAATGAATTCGG
GR701 7 TTTTATTTGATGCCTCTAGATCATGCCGCTTCTCCTGCCTT
GR720 8 GCATGCAGGAGAAAGGTCACATGAACGAAATCGACGAAAAGAATCA

AG

GR721 9 TTTTATTTGATGCCTCTAGATTACGGACCCAGCAGCAGTG

GR724 10 TTAAAGAGGAGAAAGGTACCATGAACGAGTACGCCCCCCTG

GR725 11 TTTTATTTGATGCCTCTAGATCAGATATGCAAGGCGTGGC

SD67 12 GAACGCCGTACGCGAGCGGTATCAGCTCACTCAAA

SD68 13 GCCTCGTCCTAGGTCTAGGGCGGCGGATTTGTC

SD69 14 CGCCGCCCTAGACCTAGGACGAGGCCCTTTCGTCTTCACCTCGAG

SD70 15 GAGCTGATACCGCTCGCGTACGGCGTTCACCGACAAACAACAGAT

YTOI8 16 TAAACGCGTGCTAGAGGCATCAAAT

YTO040 17 CATGGTACCTTTCTCCTCTTTAATGAATTCGGTCA

YTO87 18 CATTGTACCTTTCTCCTCTTTAATGAATTC

YT193 19 CATTAAAGAGGAGAAAGGTACCATGGCTTCCTCCG

YT194 20 TTATTTGATGCCTCTAGAGTCATTAAGCACCGGTGGAGT

YT253 21 CATTAAAGAGGAGAAAGGTACAATGGAAAAACACTTACCTTTAATAA
TAAAT

YT255 22 ATCGTTTAAACGAACATTTCCTTATTTGTTGGTATTAC

YT256 23 TAAGGAAATGTTCGTTTAAACGATGCTGAAG

YT257 24 ATTTGATGCCTCTAGCACGCGTTTAGTTGCCTCCTTCATTCTTAG

YT438 25 CATTAAAGAGGAGAAAGGTACAATGTTTCGCTCGGGTTACTATCCAA
C

YT439 26 ATTTGATGCCTCTAGCACGCGTTTATAAAACTAACTCATCAAAGCTGC
CCAAGA

YT440 27 CATTAAAGAGGAGAAAGGTACAATGTCAGAAGTTTCCAAATGGCCAG

YT441 28 TTTGATGCCTCTAGCACGCGTTTATACGACTAATTCATCAAACTTAGT
GAAAAATTCTGC

YT442 29 CATTAAAGAGGAGAAAGGTACAATGAACGAAATCGACGAAAAGAAT
CAAG

YT443 30 ATTTGATGCCTCTAGCACGCGTTTACGGACCCAGCAGCAGTG

YT466 31 TCTCACCAATAAAAAACGCCCGGCGAATTGTGAGCGGATAACAATTG
ACATT

YT467 32 GGATTTGTTCAGAACGCTCGGTTGCCTAGCACGCGTTTATACGACTAA
TTCATCA
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SEQ
Name | ID NO: SEQUENCE

YT468 33 GCAACCGAGCGTTCTGAACAAATC

YT469 34 CGCCGGGCGTTTITTATTGGT

YT470 35 GAATTCATTAAAGAGGAGAAAGGTACAATGGAGAAAAAAATCACTG
GATATACCACCG

YT471 36 ATTTGATGCCTCTAGCACGCGTTTACGCCCCGCCCTGC

YT479 37 GGATTTGTTCAGAACGCTCGGTTGCCTAGCACGCGTTTACGCCCC

Table 3: Plasmid Construction by Sequence and Ligation-Independent Cloning (SLIC)

Vector PCR Insert PCR
Plasmid | Primer 1 Primer 2 Template® | Primer 1 Primer 2 Template Gene of Interest'
pAL495 | YTO87 YTOI18 pGRO3 YT193 YT194  BBa_E1010° mrfp
YT253 YT255 gDNA luxCD
AL497 YTO87 YTO1 R
PAL4Y 08 018 POROS T se Y1257 V. harveyit luxE
pAL603 SD67 SD68 pSAI138 SD69 SD70 PSA69 alsS-ilvCD
gDNA
pAL609 | GR387 GR388 pSAI138 GR689 GR701 Ecoli ICL16 mhpF
gDNA
pAL633 | GR698 GR699 PSA138 GR724 GR725 P. putida o7 KDHC operon
gDNA
pAL670 | YTOS87 YTO18 pGRO3 YT440 YT441 .. 4 EHTI
S. cerevisiae
gDNA
pALG675 | YTO87 YTOI18 pGRO3 YT438 YT439 .4 EEBI
S. cerevisiae
pALG676 | YTO87 YTOI18 pGRO3 YT442 YT443 pAL622 ATFI®
pAL679 | GR387 GR388 PSA138 GR720 GR721 pALG622 ATFI®
pALG682 | YTO87 YTOI18 PSAG9 YT193 YT194  BBa_E1010° mrfp
pAL683 | YTO87 YTOI18 PSAG9 YT438 YT439 gDNA. d EEBI
S. cerevisiae
gDNA
pAL684 | YTO87 YTOI18 PSAG9 YT440 YT441 .4 EHTI
S. cerevisiae
pAL685 | YTO87 YTOI18 PSAG9 YT442 YT443 pAL622 ATFI®
pAL689 | YTO87 YTOI18 PSAG9 YT470 YT471 pGRO3 cat
pALG692 | YT468 YT467 pALG33 YT466 YT467 pALG684 EHTI
pALG693 | YT468 YT467 pALG33 YT466 YT479 PAL689 cat
pAL723 | YTO040 YTOI18 pSA40 YT442 YT443 pAL622 ATFI®

a. All plasmids and oligonucleotides are listed in Tables 1 and 2, respectively.

b. BBa_E1010 sourced from parts.igem.org

¢. Vibrio harveyi BB120 (ATCC BAA-1116D-5)

d. Saccharomyces cerevisiae BY4741 (ATCC 4040004)

e. Codon optimized ATFI was synthesized by GenScript USA Inc. (Piscataway, NJ).

f. NCBI reference number: mhpF, NP_414885; the KDHC genes (bkdA1-bkdA2-bkdB-IpdV), YP_001266792.1
YP_001266793.1 YP_001266794.1 YP_001266795.1; EHTI, NP_009736.3; EEBI, NP_015230.1; ATF1,
NP_015022.3.
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Cell Culture

[00110] Overnight cultures were grown in 5 mL Luria Broth (LB) (Fisher BioReagents)
containing appropriate antibiotics. Antibiotic concentrations were as follows: kanamycin (50
mng/mL) (IBI Scientific), chloramphenicol (40 pg/mL) (Fisher BioReagents), ampicillin 250
(ug/mL) (Fisher BioReagents), tetracycline (20 pg/mL) (Fisher BioReagents). Production
was carried out with M9 medium (33.7 mM Na,HPO,, 22 mM KH,PO,, 8.55 mM Na(l, 9.35
mM NH4Cl, 1 mM MgSO,, 0.1 mM CaCl,)(BD Bacto), 5 g Lt yeast extract (BD Bacto), 50
g L” or 10 g L’ glucose (Fisher BioReagents), and 1000-fold dilution of A5 trace metal mix
(2.86 g H;BO; (Fisher Chemical), 1.81 g MnCl,*4H,O (MP Biomedicals), 0.222 g
ZnS04*7H,0 (Sigma-Aldrich), 0.39 g Na,;Mo0O4*2H,0 (Alfa Aesar), 0.079 g CuSO4*5H,0
(Sigma-Aldrich), 49.4 mg Co(NOj3),*6H,0 (Sigma-Aldrich) per liter water). In this work, this
media is referred to as M9P. 50 g L’ glucose was used for C2-C10 acetate ester experiments
and 10 g L’ glucose was used for tetradecyl acetate, isobutyrate, and butyrate ester
experiments. Optical densities (OD) were measured at 600 nm with a Synergy H1 Hybrid

Plate Reader (BioTek Instruments, Inc.).

[00111] For standard culturing purposes, E. coli was grown in 5-20mL of LB media
containing any required antibiotics at 37° C with shaking at 250 rpm in a rotary shaker. For
production experiments, E. coli was cultured in 20ml M9 media containing 36g/L glucose
and 5g/L yeast extract. . Cells were induced with 1 mM IPTG at ODgynm 0.4 and allowed to
produce for 24 hours at 30° C in a rotary shaker (250rpm). 3 g/L isobutanol and 3 g/L
ketoisovalerate were added to the culture medium for the isobutyrate ester experiments. Cells
were grown at 30°C instead of 37°C because the optimal temperature for yeast alcohol
transferase activities is about 25-30°C. For kivdh experiments, the P. putida kivdh operon was

subcloned under the PLlacO1 IPTG-inducible promoter.
Substrate Feeding Experiments

[00112] Overnight cultures were inoculated 1% in S mL. M9P in 15 mL screw-cap culture
tubes. Cells were grown to an OD,, of ~0.4 at 37°C in a rotary shaker (250 rpm), followed
by adding 1 mM isopropyl-5-D-thio-galactoside (IPTG) (Promega). The cultures were
incubated for 1 h after induction at 30°C. Then metabolites of interest were added to the
cultures. Production was performed at 30°C in a rotary shaker (250 rpm) for 24 h. Screw-cap

tubes were tightly sealed to prevent evaporation of products. 1.5 mL of culture was taken for

~ a4

"he 1.5 mL of the cultures were centrifuged at 17,000 x g for 3 min, then
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I mL of the supernatants were transferred to 2 mL GC vials for GC analysis. Excretion of
small products such as alcohols and acids by E. coli is well known (see, e.g., Rabinovitch-
Deere et al. Chem. Rev. 113:4611-32, 2013; Bornscheuer er al. Nature 485:185-94, 2012;
and Atsumi et al. Nature 451:86-9, 2008).

Production of Esters from Glucose

[00113] For mixed acetate ester and isobutyl isobutyrate production from glucose,
overnight cultures were inoculated 1% in 5 mL MOP in 15 mL screw-cap tubes. Cells were

grown to an OD,of ~0.4 at 37°C on a rotary shaker (250 rpm), followed by adding 1 mM

IPTG. The cultures were allowed to produce at 30°C on a rotary shaker (250 rpm) for 24 h.

1.5 mL of culture was taken for analysis after 24 h.

[00114] For the isobutyl acetate and tetradecyl acetate production experiments, overnight
cultures were inoculated 1% in 25 mL. M9P in 250 mL baftled flasks or screw-cap flasks.

Cells were grown to an OD, of ~0.4 at 37°C on a rotary shaker (250 rpm), followed by
adding 1 mM IPTG. Then 20 mL of culture was transferred to a 250 mL screw-cap flask. For

hexadecane layer assisted isobutyl acetate production, 20 mL hexadecane (Sigma-Aldrich)
was added to each 250 mL screw-cap flasks. The strong agitation at which the flask was
shaking caused the hexadecane layer to become an emulsion with micelles of culture, but the
majority of the culture layer underneath is discernible. The cultures were allowed to produce
at 30°C on a rotary shaker (250 rpm) for 24-96 h. ImL of culture was taken for analysis every
24 h. For hexadecane layer assisted isobutyl acetate production, ImL of the hexadecane layer

was also taken for analysis every 24 h.
Detection and Purification of Esters

[00115] For purification of esters (e.g., isobutyl isobutyrate), esters were evaporated from
culture medium using standard gas stripping (heating is not required). Gas stripping was
performed during production in sifu. Alternatively, for higher titers (about 5-7 g/L or higher),
esters form a bilayer and can be siphoned from the top of the culture during (or after)
production. Production of various esters was detected using standard gas

chromatography/mass spectrometry (GC-MS) techniques.

[00116] The 1-1.5 mL of the cultures were centrifuged at 17,000 x g for 3 min, then 0.5-1
mL of the supernatants were transferred to 2 mL GC vials for GC analysis. For hexadecane

layer assisted isobutyl acetate production, the centrifugation of the hexadecane samples
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separates the aqueous and hexadecane layer into two clear layers. Then 05-1 mL of the
culture fraction and hexadecane fraction were transferred to a 2 mL GC vial for GC-FID
analysis. The same volume of ethyl acetate (Sigma-Aldrich) as culture was added into the
tubes to extract tetradecyl acetate and isobutyl isobutyrate after production at room
temperature. These samples were mixed for 1 min and settled for 30 min on ice. The each
sample was centrifuged with 20,000 x g for 1 min. Then, 1 mL of supernatant was taken for

GC analysis.

[00117] Concentrations of all products, except glucose, were analyzed by GC equipped
with a flame ionization detector (FID). The GC system is a GC-2010 with an AOC-20 S auto
sampler and AOC-20i Auto Injector (Shimadzu). The column used was a DB-Wax capillary
column (30 m length, 0.32-mm diameter, 0.50-pum film thickness) (Agilent Technologies).
GC oven temperature was initially held at 40°C for 3 min, then increased at a rate of 45°C
min until 235°C and held for 4 min. Injector temperature was held at 225°C and FID detector
was held at 330°C. Injection volume was 0.5 UL, injected at a 15:1 split ratio. Helium was
used as the carrier gas. 1-pentanol was used as an internal standard. In the case of tetradecyl
acetate and butyl butyrate, 1-dodecane was used for internal standard. Retention times from
samples were compared with external standards. Standard curves were prepared by diluting
pure ester or alcohol into water at concentrations of 0.01,0.1,and 1 g L*. 100 mg L” of 1-

pentanol was added to all samples and external standards as an internal standard.

[00118] While GC-FID was used for quantification of all products in the experiments
presented in this study, GS-MS was used to verify the products we produced. 1-2.5 mL GC
grade hexane was used to extract from 5 mL cell culture. The mixture was mixed for 1 min,
then 1.4 mL of the hexane layer was transferred to a 1.5 mL tube. The hexane extract was
centrifuged for 3 min at 17,000 x g, then 0.5-1 mL was filtered with a 0.45 um filter into a
GC vial. Due to the volatility of ethyl acetate and propyl acetate, pentane (Sigma-Aldrich)
was used for extraction instead of hexane. The GC system is a GC-2010 with an AOC-201 S
auto sampler and AOC-20i Auto Injector (Shimadzu). The column used was a SHRSXLB
column (30 m length, 0.25-mm diameter, 0.25-um film thickness) (Shimadzu). GC oven
temperature was held at 40°C for 4 min, then increased at a rate of 45°C per min until 300°C
and held for 3 min. Injector temperature was held at 250°C. Injection volume was 5 uL,
injected at a 10:1 split ratio. Hydrogen was used as the carrier gas. The MS is a GCMS-

QP2010S (Shimadzu). The ion source temperature was 200°C and interface temperature at
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250°C. Solvent cut time was 2 min for hexane and 1 min for pentane. Detector voltage was -
0.1 kV. Start (m/z) was 50 and end (m/z) was 500. Mass spectra and retention times from

samples were compared with external standards.
Glucose Analysis by High-Performance Liquid Chromatography (HPLC)

[00119] To determine isobutyl acetate yield from glucose, final glucose concentration was
done after 96 h by centrifuging the entire culture and hexadecane layer for 10 min at 3,000 x
g. Then, 1 mL of cell supernatant was used for HPLC-RID analysis to obtain final glucose
concentration. Glucose consumption was measured using a 20A HPLC (Shimadzu) equipped
with a differential refractive detector (RID) 10A and an Aminex fast acid analysis column
(Biorad). 5 mM H,SO, served as the mobile phase at a flow rate of 0.6 mL/min at 65°C for
12.5 min. The standard curve for glucose was done by measuring 0.1, 1, and 10 g L’ glucose

by HPLC-RID.
KDHC Activity Assay

[00120] Cells were grown to an OD, of ~0.4 in 5 mL LB medium at 37°C, followed by

adding 1 mM IPTG. Protein expression was performed at 30°C for 2 h. Then 1.8 mL of cells
were centrifuged at 16,000 x g for 10 min, resuspended in 300 pL. BugBuster Protein
Extraction Reagent (Novagen), and incubated at room temperature for 20 min for cell lysis.
Then samples were centrifuged for 20 min, 16,000 x g, at 2°C. The soluble fractions were
transferred to chilled 1.5 mL tubes, and the insoluble fractions were suspended in 200 uL
BugBuster forming a slurry and kept on ice. KDHC activities were measured by following
the conversion of 2-keto acids to acyl-CoA with NAD" at 340 nm at 30°C using a Synergy
H1 Hybrid Plate Reader (BioTek Instruments, Inc.). The assay mixture contained 25 mM 2-
keto acid (pyruvate, 2-ketovalerate, 2-ketoisovalerate, 2-keto-3-methylvalerate, 2-keto-4-
methylvalerate), 50 mM MOPS buffer (pH 7.0), 0.2 mM Tris-Cl (pH 7.00), 0.2 mM NADH
(Sigma-Aldrich), 0.2 mM CoA (Sigma-Aldrich), and 12.5 mM potassium phosphate bufter
(pH 7.5). One unit of activity is defined as the reduction of 1 umol of NAD™ per minute per
mg protein. Protein concentrations were measured using 5x Advanced Protein Assay Reagent
(Cytoskeleton Inc.). Bovine Serum Albumin (BSA) was used to prepare a standard curve. No
activity was observed in the soluble fraction of the cell lysates of either strain. However, the

insoluble fraction was resuspended with the lysis buffer and upon testing, substantial activity

of KDHC was observed.
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Example 1: Engineering Bacteria to Produce Isobutyraldehyde

[00121] Wild type E. coli and other bacteria cannot produce isobutanol or its precursor
isobutyraldehyde because they lack the 2-keto-acid decarboxylase (KDC) that converts 2-
keto-isovalerate to isobutyraldehyde. When kivd, a KDC from L. lactis, was overexpressed in
E. coli together with the valine biosynthesis genes, including alsS$ (B. subtilis), ilvC (E. coli)
and ilvD (E. coli), significant amounts of isobutanol were produced. Overexpression of the
valine biosynthesis genes was not necessary for isobutanol production but it amplified the
endogenous pathway and promoted the efficient conversion of a carbon source to 2-keto-
isovalerate. To optimize production of isobutanol, the E. coli strain JCL260 was used as the
production host. This strain has deletions in fur, ldhA, frdBC, pfiB, pta, all of which are genes
involved in byproduct formation. JCL260 also has a deletion in adhFE, one of E. coli’s six
ADH genes. The other five ADH genes are yghD, adhP, eutG, yiaY, and yjgB. Since these
endogenous ADHs together efficiently convert isobutyraldehyde to isobutanol, very little
isobutyraldehyde was produced.

[00122] The same JCL260 strain described above was further modified for
isobutyraldehyde production. Among the five ADH genes, yghD was known to contribute
significantly to the alcohol dehydrogenase/isobutyraldehyde reductase activity in E. coli
(Atsumi, Appl Microbiol Biotechnol, 8§5:651-7, 2010). In order to examine the function of the
other four ADH genes, JCL260 with AyghD was further modified in a series of multiple
deletion mutants, which were tested for the production of isobutyraldehyde. Alcohol
dehydrogenase/aldehyde reductase activity in E. coli was substantially eliminated and the
production ratio of isobutyraldehyde to isobutanol was significantly increased when all six
ADH genes were deleted (Fig. 1; see Table 1 for genotype of strain AL626). Together, the
data indicate that these six ADH genes contribute to majority of the alcohol
dehydrogenase/isobutyraldehyde reductase activity in E. coli. The data further indicate that
these genes share high degree of redundancy, and multiple deletions or mutations are required
to obtain a strain with substantially reduced alcohol dehydrogenase and/or isobutyraldehyde

reductase activity.
Example 2: Engineering Bacteria to Produce Esters

[00123] The previous example demonstrated the construction of bacterial strains that
produce high amounts of various alcohols and high amounts of isobutyraldehyde (e.g.,

AL626). In order to significantly expand the biosynthetic repertoire of these bacteria, further
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genetic manipulations were undertaken to allow bacteria to produce esters through
fermentation (Fig. 2). Expression of an aldehyde dehydrogenase (ALDH) and a 2-keto-acid
decarboxylase (KDC) led to the formation of several branched chain alcohols, including
isobutanol, isoamyl alcohol, and phenethanol, from compounds derived from amino acid
biosynthesis (Fig. 2). ATF1 catalyzes the formation of esters from constituent acid-CoA
thioesters and alcohols (Fig. 3A). ATF1 was co-expressed in a bacterial strain along with
ALDH and KDC to convert these branched chain alcohols into their corresponding acetate

esters (Fig. 2).

[00124] Aldehyde dehydrogenase activity catalyzes the conversion of an aldehyde into an
acid-CoA thioester. When this activity was added to the high isobutyraldehyde-producing
bacteria of Example 1 through the expression of the E. coli mhpF, these recombinant bacteria
were now able to produce isobutyryl-CoA. In this strain, expression of a 2-keto acid
decarboxylase (encoded by L. lactis kivd), an aldehyde dehydrogenase (encoded by E. coli
mhpl), and an alcohol transferase (encoded by S. cerevisiae ATF1I) allowed the production of
the several acetate and isobutyrate esters (Fig. 3B). For the first time, these useful esters were
produced in significant quantities from a microbial source. Figure 4 provides a schematic of
the enzymatic pathway that led to the production of isobutyrate esters from the high

isobutyraldehyde-producing bacterial strain.

[00125] To further assess recombinant ester production, the culture medium from
recombinant bacteria engineered to express KDC, ALDH and ATF1 was analyzed using gas
chromatography-mass spectrometry (GC-MS). Significant amounts of isobutyl acetate / ethyl
isobutyrate, isoamyl acetate, isobutyl isobutyrate, and phenethyl acetate were detected (Fig.
5). The presence of isobutyl isobutyrate, an important value-added chemical, was further
confirmed by analyzing the sample culture medium against isobutyl isobutyrate from a mass
spectral reference library. Subtraction analysis indicated high similarity between the sample
and library compounds, confirming the production of isobutyl isobutyrate from the

recombinant bacteria.

[00126] As described above, overexpression of Kivd, AlsS, and IIvCD in recombinant
bacteria (e.g., AL626) leads to isobutyraldehyde and isobutanol production (Fig. 1). One or
both of MhpF and ATF1 were expressed in E. coli strain AL626. In this background,
expression of MhpF and ATF]1 led to the production of significant titers of several acetate
esters, such as ethyl acetate, isobutyl acetate, and isoamyl acetate (Fig. 6). In the absence of

were still produced. In contrast, in the absence of ATF1, acetate ester
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production was almost completely abolished. These results indicate that ATF '/, but not mhpF',
is required for acetate ester production in E. coli. This is likely due to the fact that acetate
esters are derived from acetyl-CoA, which is already present in substantial quantities in E.
coli. A high isobutyraldehyde-producing strain, AL626, was utilized in exemplary
embodiments. However, to produce acetate esters, it is not necessary to utilize a high
isobutyraldehyde-producing strain (e.g., not necessary to utilize a bacterial strain with

substantially reduced alcohol dehydrogenase / isobutyraldehyde reductase activities.

[00127] To produce isobutyrate esters, bacteria engineered to produce high levels of
isobutyryl-CoA were utilized. As depicted in Figure 7, two metabolic pathways were used to
generate isobutyryl-CoA. In a first pathway, 2-ketoisovalerate was converted to
isobutyraldehyde by a KDC (Kivd of L. lactis), and isobutyraldehyde was converted to
isobutyryl-CoA by an ALDH (MhpF of E. coli). In a second pathway, the KIVDH complex
(P. putida) was used to directly convert 2-ketoisovalerate into isobutyryl-CoA. The KIVDH
complex consists of four genes that form a 24-subunit enzyme complex that has high
specificity toward 2-ketoisovalerate. The KIVDH operon from P. putida was cloned under
the PLlIacO1 IPTG-inducible promoter. Once isobutyryl-CoA was formed by either pathway,
it was converted to isobutyl isobutyrate by an alcohol transferase (e.g., S. cerevisiae ATF 1,

FEHT], and/or EEB).

[00128] The effect of combinations of isobutyryl-CoA-producing pathways (kivd-mhpF or
kivdh) and alcohol transferase genes (ATF'1, EHTI, EEB) on the production of isobutyrate
esters (isobutyl acetate, ethyl isobutyrate, and isobutyl isobutyrate) was analyzed. Isobutanol
and ketoisovalerate (both at 3 g/L) were fed to the bacterial strain AL704 in culture medium,
and after 24 hours the amounts of each isobutyrate ester produced were measured. Both the
kivd-mhpF and kivdh pathways resulted in the production of isobutyl acetate by bacteria
expressing ATF1 (Fig. 8A), but not bacteria expressing MRFP, EEB, or EHT 1. Because over
1 g/L of isobutyl acetate was produced by bacteria supplemented with 3 g/L isobutanol,
endogenous acetyl-CoA levels were thought to be sufficient to produce significant ester titers
without the need for an acetyl-CoA-generating enzyme such as pyruvate formate lyase (e.g.,
Pf1B). The kivdh pathway resulted in the production of ethyl isobutyrate by bacteria
expressing EHT1 (Fig. 8B). The kivdh pathway also resulted in the production of isobutyl
isobutyrate in bacteria expressing any of the three alcohol transferases (Fig. 8C). Production

of isobutyl isobutyrate was observed upon expression of EHT1 with the kivd-mhpF pathway.
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[00129] These results indicated that novel bacterial strains were able to produce significant
amounts of several acetate and isobutyrate esters. In general, the kivdh pathway was more
effective for ester production than the kivd-mhpl’ pathway. Expression of ATF1 generated
enhanced isobutyl isobutyrate over the negative control (mrfp), but it also led to the
production of greater than 1 g/L isobutyl acetate. This indicates that ATF1 has a preference
for acetate esters. Expression of EHT1, by contrast, resulted in minimal isobutyl acetate
production but significant ethyl isobutyrate and isobutyl isobutyrate production. Thus, EHT1

is considered to be a suitable enzyme for the specific production of isobutyrate esters.

Example 3: Developing Biological Routes to Acetate Esters in Bacteria

[00130] As described above in the previous Examples, using acetyl-CoA, a variety of
acetate esters can be made in combination with alcohol production pathways. Several
alcohols (e.g., ethanol, isopropanol, isobutanol, 1-butanol) have been produced in high yield
and titer (see, e.g., Atsumi et al. Nature 451:86-9, 2008; Shen et al. Appl. Environ.
Microbiol. 77:2905-15, 2011; Bond-Watts et al. Nat. Chem. Biol. 7:222-7, 2011; and
Inokuma et al. J. Biosci. Bioeng. 110:696-701, 2010), in principle allowing for similar yields
of esters using a suitable ATF (Fig. 9a-b). Since wild type E. coli is only naturally capable of
generating a single alcohol, ethanol, a minimal platform was developed to generate several
alcohols as a means to evaluate the potential of acetate ester production. E. coli strain JCL260
(AadhE Afrd AldhA Apta ApfIB Afnr) (Atsumi ef al. Nature 451:86-9, 2008) was used as a
production host, which lacks all major fermentative pathways. This provides increased

pyruvate for acetate ester formation.

[00131] Next, to generate a pool of alcohols, the well-established 2-keto acid based
alcohol biosynthesis was utilized (Atsumi et al. Nature 451:86-9, 2008). A promiscuous keto
acid decarboxylase (Kdc) can be employed to generate the corresponding aldehydes (Fig.
10a). These aldehydes are subsequently converted to alcohols by endogenous NAD(P)H-
dependent aldehyde reductases/alcohol dehydrogenases (Adh)( Rodriguez and Atsumi,
Microb Cell Fact, 11:90, 2012). Thus, kdc from Lactococcus lactis (de 1a Plaza et al. FEMS
Microbiol. Lett. 238:267-74, 2004) was expressed in E. coli to convert pyruvate, 2-
ketobutyrate, 2-ketoisovalerate, 2-keto-3-methylvalerate, 2-keto-4-methylvalerate, and
phenylpyruvate into ethanol, 1-propanol, isobutanol, 2-methyl-1-butanol, 3-methyl-1-butanol,
and 2-phenylethanol, respectively.
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[00132] The kdc gene and a codon optimized ATFI (S. cerevisiae), the minimal set of
genes necessary to produce acetate esters in E. coli, was introduced into JCL260. This strain
was incubated for 24 h in M9 minimal media containing 50 g L’ glucose and 5 g L’ yeast
extract (hereby referred to as MOP). This strain produced all of the expected esters: ethyl
acetate, propyl acetate, isobutyl acetate, 2-methyl-butyl acetate, 3-methyl-butyl acetate, and
2-phenylethyl acetate (Fig. 10b). Roughly 15-20 mg L™ of each ester was detected, totaling
~100 mg L. This demonstrated that Atf1 was active in E. coli and had broad substrate

specificity for alcohols. No esters were detected from a strain lacking Kdc, confirming that

both genes are required for ester formation.

[00133] The sequence of the codon optimized ATF1 is set forth as SEQ ID NO:1:

ATGAACGAAA
GAAAGAAATG
ACCTGTATGT
TATGGTGAAC
GCGCGAAATC
CCCGTTIGGCC
CGCCCGCATC
GICCGGCGTG
AAATCCTIGGA
TTTAAGCTGA
GAGCTGGCGC
AGTTCATCTT
CATTTCTTIC
GAAAAAGCTG
GTAAGCTGCC
CIGITTATCC
TTTCTCATCG
ATGACGTICGT
ATCAAGGCCA
GITICTIGCAT
TCAAACCGCT
TGTCGTTICTIC
CGGCGCCAAT

TCGACGAAAA
ATCCAGAATG
TGCACTGAAC
TGTCGGACTA
TGCCTGAAAA
GAACCACGAA
CGGITCACGA
GITCTGAATG
AGAATTTAAA
CCACGACCCT
CTIGATCTGCC
CGTGTCAAAC
ACGACCTIGCG
GACTACATCT
GGAACCGATT
CGAAAAGTICT
AAGGGTGTGT
GACCGAAATT
ACATCAAGTIC
GICIGITGGT
GAACTTITGAA
AGCTGCCGGA
GIGGGITITA

CAAGGAA

GAATCAAGCC
GTICACGCCCG
CGTCAGAATC
CIGTACGCGT
ACCCGACGCT
AACTACTACC
TTATATTAGT
AACAGCCGGA
AACAGCAAGG
GACGATTCCG
TGCCGGAAGA
CACTGTATGT
CGATGAACTG
TCAAGTACGA
GAAAAAGTGA
GCTGTCCGGC
GCATGCGCAT
ATCAACATTA
TAACATCCAA
TCGTGAGCCT
TGGCTGACGG
TGACGATGAA
TCGATTTCAC
AACTTICTIGGC

50

CCGGTCCAAC
CCGTATGGGC
TGTACCGCAA
GATCAACTGA
GCTGCATATT
GTAGCICTIGA
GICCTGCAAG
ATACAGCGCG
GITCTTACAC
TACTTCGGTC
ACATACCGAA
CGGATGGCCG
AACAATATCA
AGAAGATTAC
TCGATTTTCG
TTTATTTACA
GGATGACGTT
GCCCGACCGA
GGCAAATGCA
GCACAAATGG
ACATTTTCAT
ATGCGTCAAA
CCCGTGGATT
CGCTGATCGA

AAGAATGCCT
TCAGTGGAAG
TTTTTGCACC
CCCIGGCICT
GIGCTGCCGA
ATACTACAGT
AACTGAAACT
GITATGAAGC
GGCCAAAATC
CGACCGGTCC
AAGTGGAAGA
TAGTTCCATC
AGACCCCGCC
CAGCTGCTGC
TCCGCCGTAC
ATCATCTIGCG
GAAAAAACGG
ATTTCAGGCG
CGATCACCCC
GGCAAGTTTT
CCCGGCGGAT
TGTATCGCTA
AGTGAATTIG
ACATTATCAC
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GAAGTTATTT
TTTCAACATC
TGTGTGATCG
GITGGICIGT
CGATCTIGGCT
TGGGCGTICTG
ACCAAAAATG

CCGAAGCGCT
CAGGGTITICG
CGCCATTGGC
TTAATCAGCT
TTTGGCCAGT
TTCTACGAAC
TGGTTGGTAG

GCGTAACAAA
TTCAAAAGTA
AAACGTCGIG
GGAAGAACCG
TCCAAGGTTC
GTGAAGGGTA
CCAAGAATCG

AAGCATCTGC
CGTCAACATC
GCGGCACCCT
GACGCAAAAT
GTIGGCATCAG
TGAATATTGT
CTGGAAGAAC
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ACGGCCTIGGG
GACAAAGTCA
GCTGTCCAAC
ATTCAATTIG
GCATTCAGCC
TGTCGCTTICT
TGTGTAGTAT

CTATAAGGCA CTGCIGCTGG GICCGTAA

[00134] To test the ability of this pathway to convert high concentrations of substrates, 3 g
L of each 2-keto acid was fed into the culture (Fig. 10c). The amount of acetate ester
conversion as well as the remaining alcohol in the medium was measured after 24 h. By
introducing 2-keto acids, 0.5-2 g L™ of each acetate ester was observed (Fig. 10¢). This
indicated that Atf] was capable of converting the alcohols to esters efficiently if increased
flux to the alcohols is provided. This also showed that the strain produced sufficient acetyl-
CoA and, thus, overexpression of acetyl-CoA generating enzymes such as pyruvate
dehydrogenase complex was not necessary for this level of productivity (~2 g L' in 24 h).
These experiments also defined the relative rates for different alcohols; branched chain

alcohols underwent >80% conversion to the acetate ester, while 1-propanol and 2-

phenylethanol only underwent ~50% conversion after 24 h (Fig. 10c).

[00135]
reverse B-oxidation (Dellomonaco er al. Nature 476:355-9, 2011), the specificity of Atfl

Since straight chain alcohols of C4-C10 have been previously generated using

toward these (C2-C10) was explored using a similar feeding experiment (Fig. 10d). Ethyl
acetate formation was relatively low (330 mg L™). Atfl is known to produce ethyl acetate,
but to a lesser extent than Atf2 (Fujii et al., J. Ferment Bioeng, 81:538-542, 1996). Butyl
acetate was formed at a higher rate than propyl acetate (1.7 g L' vs 0.57 mg L. For C6-C10
alcohols, it was only possible to add 500-750 mg L into the culture due to solubility and
toxicity. The E. coli strain was not able to grow in the presence of 500 mg L hexanol and
very little hexyl acetate was produced. Octyl acetate formation was also low (140 mg L™). On
the other hand, ~ 600 mg L’ decyl acetate was formed (>80% conversion) and the culture
was able to grow normally. Thus, it appeared that Atf1 was capable of forming acetate esters
from a broad range of substrates, and the strain was able to provide ample amounts of acetyl-
CoA for the acetate ester formation. These data demonstrate pathways for acetate ester

formation from a variety of substrates.
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Example 4: Optimization of Isobutyl Acetate Production from Glucose

[00136] As the previous Example demonstrates high flux acetate ester conversion from 2-
keto acids by expressing kdc and ATFI in JCL260, efficient acetate ester production from a
single renewable carbon source was next explored. Since isobutanol production was
demonstrated to approach maximal theoretical yields (Bastien ef al., Metab Eng, 13:345-352,
2011) with titers up to 50 g Lt (Baez et al., Appl Microbiol Biotechnol, 90:1681-90, 2011),

the performance of isobutyl acetate production from glucose was evaluated (Fig. 11a).

[00137] The high productivity of isobutanol production created concerns that acetyl-CoA
availability might be limiting for isobutyl acetate production. Thus, two different E. coli
strains were tested as production hosts for their ability to produce isobutyl acetate: JCL260
and JCL88. The difference between the two strains is that JCL88 contains pyruvate formate
lyase encoded by pfIB, which may provide increased availability of acetyl-CoA. The
isobutanol pathway (AlsS of B. subtilis, IlvCD of E. coli, Kdc of L. lactis) and Atf1

(8. cerevisiae) was introduced into JCL88 and JCL260. The previously-used Adh step was
excluded since it has been shown that endogenous Adhs efficiently carry out the reduction of
isobutyraldehyde to isobutanol (Rodriguez and Atsumi Microb. Cell Fact. 11:90, 2012). In
MOP supplemented with MOPS buffer (to maintain pH 7), both strains produced 0.6 g L’
isobutyl acetate after 24 h (Fig. 12a and 12b). However, at 48 h JCL260 produced 1.6 g L™
isobutyl acetate and converted nearly all isobutanol to the ester, while JCL88 did not produce
any additional isobutyl acetate after 24 h. Compared to JCL88, JCL26) exhibited higher titer,
higher ester to alcohol ratio, and better pH stability. Thus, JCL260 was used as a production

host for further analyses.

[00138] Based on the high ester to alcohol ratio, isobutanol production may have been
limiting. To test this, the entirety of the isobutanol pathway (including adhA from L. lactis)
(Atsumi et al., Appl. Microbiol. Biotechnol. 85:651-7, 2010) was introduced onto a high
copy plasmid (with a ColE1 origin of replication, ~40 copies per cell) while moving ATF! to
a medium copy plasmid (p15A, ~15 copies). In principle, this allows high-level expression of
the isobutanol pathway, and also introduces adhA (L. lactis) to further increase flux to

isobutanol.

[00139]  This strain produced 4.5-fold more isobutyl acetate (2.7 g L") in the first 24 h
compared to JCL260 (Fig. 12b-c). This production represents 60% of the theoretical

maximum yield (0.42 g isobutyl acetate/g glucose). However, from 24-48 h the strain only
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marginally increased the titer to 3.0 g L™, while the cell density dropped 20% (ODggo 5.34 to
4.11; Fig. 12¢). This suggested toxicity of isobutyl acetate. Indeed, toxicity experiments
revealed that E. coli was unable to grow in the presence of 3 g L’ isobutyl acetate,

undergoing cell lysis (Fig. 13).

[00140] To alleviate isobutyl acetate toxicity and further increase titer and yield, a
hexadecane layer was incorporated into the production culture to achieve in sifu product
removal. This two-layer method has been successfully used to extract toxic products such as
3-methy-1-butanol from cultures (Connor ef al. Appl. Microbiol. Biotechnol. 86:1155-64,
2010). Hexadecane was selected as it lacks hydrogen-bonding elements. This makes
isobutanol and acetate less soluble in the hexadecane layer, and isobutyl acetate more soluble,
facilitating its removal. Hexadecane is also non-toxic to E. coli, has low miscibility, and
cannot be degraded by E. coli. Thus, production was repeated using added an equal volume

of hexadecane added over the culture.

[00141]  The utilization of a hexadecane layer enabled production of 3.9 g L™ isobutyl
acetate in 24 h (Fig. 12d), an increase of 44% compared to the same strain without the use of
a hexadecane layer (Fig. 12¢). Furthermore, 97% of the isobutyl acetate was extracted into
the hexadecane (Fig. 12d), indicating that the solvent was functioning to remove product
from the culture. In contrast, isobutanol partitioning displayed the opposite behavior; 86%

remained in the culture (Fig. 11b).

[00142] Production continued into 48 and 72 h, accumulating 11.3 g L and 17.5 g L™
isobutyl acetate respectively. Production stopped after 72 h, with the titer remaining stable at
172 ¢ L at 96 h. Final glucose consumption was measured at 96 h, resulting in an isobutyl
acetate yield of 0.334 g/g glucose (17.2 g L’ isobutyl acetate produced/51.6 g L’ glucose

consumed), which is 80% of the theoretical maximum from glucose (Table 4, below).

Table 4: Yield of Isobutyl Acetate from Glucose

Isobutyl Acetate | Glucose Consumed Yield % of Max ODgy at 96 h
(g/L) (g/L) (g Isobutyl Acetate/ 0.42 g/g)
g Glucose)
172 = 04 516 £1.3 0.334 £ 0.016 79.6 = 3.8 6.63 £ 0.22

Errors are SD (n = 3).

[00143] No degradation of isobutyl acetate by E. coli JCL260 was observed when
incubated with isobutyl acetate for 24 h (Table 5). For these experiments, cells were grown in
5 mL MOYP with 50 g Lt glucose in 15 mL screw-cap tubes at 37°C until ODgg ~0.4, then 1

B e laartal

" " and tubes were transferred to 30°C. Then, 1 h after induction, 1 g Lt
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isobutyl acetate was added. Remaining isobutyl acetate and formation of isobutanol was

measured after 24 h by GC-FID analysis. Errors are SD (1 = 3).

Table 5: Lack of Isobutyl Acetate Degradation by Bacteria

Isobutyl acetate Isobutanol
No cell 99.9+£0.031% 0.12+0.031%
JCL260 99.9 £ 0.023% 0.14 £ 0.027%
Strain 4 99.8 £ 0.023% 0.22 £ 0.023%

[00144] These results demonstrate high efficiency production of isobutyl acetate from
glucose. Further, these data may suggest that production of other esters using efficient
pathways (e.g., 1-butanol) will also give high titers and yields of esters such as butyl acetate

or butyl butyrate using this high efficiency production platform.
Example 5: Production of Tetradecyl Acetate from Glucose

[00145] The previous Examples describe platforms for microbial production of acetate
esters. To demonstrate that these methods are applicable to a wide range of acetate ester

products, a system for production of long chain (>C10) alkyl acetate esters was designed.

[00146] In brief, the LuxCDE enzyme system from V. harveyi (Belas et al. Science
218:791-3, 1982; Meighen, FASEB J. 7:1016-22, 1993) along with Atf1 was introduced into
E. coli strain AL1050 (Fig. 14a). The LuxCDE system is known to produce tetradecyl
aldehyde specifically, which is converted to tetradecyl alcohol by E. coli (Meighen, supra,
1993). Strain AL1050 produced 138 mg L’ tetradecyl acetate after 48 h with 95% tetradecyl
alcohol converted to ester (Fig. 14b). With a strain lacking ATF I, only tetradecyl alcohol was
produced (50 mg L") (Fig. 14c).

[00147] These results demonstrate microbial production of tetradecyl acetate. Moreover,
these data indicate that the acetate ester platforms described in Examples 1-4 are applicable to

a wide variety of esters, particularly long chain alkyl acetate esters.
Example 6: Branched-Chain CoA Pathways for Higher Esters

[00148] With a full range of acetate esters produced from native pools of acetyl-CoA,
production of more complex esters necessitates first producing higher (either longer chain or
branched) chain CoA units (Fig. 9b). Production of longer straight chain CoA units has been
achieved by extensive manipulation of E. coli metabolic pathways. For example, reverse -

oxidation was previously used to generate CoA units in lengths from butyryl-CoA up to
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decanoyl-CoA. To expand the functional repertoire of branched chain CoA-generating
pathways, a pathway to generate branched chain CoA molecules from amino acid

biosynthesis was developed.

[00149] Since Kdc already can generate various aldehydes, these aldehydes can be
converted to acyl-CoAs by an acylating aldehyde dehydrogenase such as MhpF (E. coli),
which converts acetaldehyde to acetyl-CoA and generates NADH (Ferrandez et al. J.
Bacteriol. 179:2573-81, 1997; Lee et al. Biochem. Biophys. Res. Commun. 346:1009-15,
2006). It can also act on butanal with lower activity. Thus, with Kdc and MhpF, a 2-keto acid

can potentially be converted to the corresponding acyl-CoA (Fig. 15a).

[00150] Alternatively, in many organisms, branched-chain CoAs such as isobutyryl-CoA,
isovaleryl-CoA, and 3-methylvaleryl-CoA are intermediates in the degradation of L-valine,
L-leucine, and L-isoleucine, respectively (Mooney ef al. Annu. Rev. Plant Biol. 53:357-75,
2002). These products are formed by the branched-chain keto acid dehydrogenase complex
(KDHC) (Fig. 15a), which is analogous to the pyruvate dehydrogenase complex (encoded by
aceEF-lpd).

[00151] The full KDHC operon of P. putida (Hester et al. Method. Enzymol. 324:129-38,
2000; Alonso-Gutierrez ef al. Metab. Eng. 19:33-41, 2013) was introduced into AL704
(JCL260 with AyghD AadhP AeutG AyiaY AyjgB AfucO) (Rodriguez and Atsumi, Microb.
Cell Fact. 11:90, 2012), which exhibits low endogenous aldehyde reductase/alcohol
dehydrogenase activity. The KDHC operon is also referred to herein as KIVDH. By feeding 3
g L of various 2-keto acids into the culture, the resulting products were observed and
compared to a strain without KDHC. The strain bearing the full KDHC operon generated
150-300 mg L isobutanol, 2-methyl-1-butanol, and 3-methyl-1-butanol while only ~75 mgL"
! of 1-butanol was produced (Fig. 16a). No alcohols were detected from the control strain.
This suggested that the KDHC complex from P. putida was active in E. coli. This experiment
also revealed that these branched chain CoA products were being converted to aldehydes and

alcohols by an unknown enzyme(s) since adhE was removed from AL704.

[00152] To confirm the activity of KDHC, cell lysates from each strain were prepared and
activity was tested in vitro with pyruvate, 2-ketovalerate, 2-ketoisovalerate, 3-methyl-
ketovalerate, or 4-methylketovalerate as substrate. Activity was measured by detecting the
reduction of NAD™ in the presence of CoA. Activity of KDHC with each of the 2-keto acid

substrates was similar (~225 nmol NADH/min/mg protein) except for pyruvate (67 nmol
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NADH/min/mg protein) (Fig. 16b). The negative control strain showed nearly identical
activity for pyruvate as the other strains, indicating that activity towards pyruvate was coming
from the endogenous pyruvate dehydrogenase complex. A small amount of activity (30 nmol
NADH/min/mg protein) with 2-ketovalerate was observed from the negative control, perhaps

due to slight promiscuity of the pyruvate dehydrogenase complex (Fig. 16b).

[00153] These results demonstrate the successful production of branched-chain CoA

compounds using amino acid biosynthesis pathways.
Example 7: ATF Enzymes for Isobutyrate Ester Biosynthesis

[00154] Having established a method for production of branched-chain CoAs in Example
6, this method was tested for production of isobutyrate esters. As described above in Example
2, three ATFs (Eebl, Ehtl, and Atf1) were selected for their ability to produce isobutyl
isobutyrate from isobutyryl-CoA and isobutanol in E. coli. 3 g L 2-ketoisovalerate and 3 g
L isobutanol was fed into the cultures of the strains expressing KDHC and either FEBI,
EHTI, ATF 1, or mrfp (negative control). Whether Kdc-MhpF could replace KDHC for
production of isobutyryl-CoA was also tested by measuring isobutyl isobutyrate production

from strains expressing Kdc-MhpF and one of the same ATFs.

[00155] Of the strains harboring Kdc-MhpF, only the strain with Eht] showed production
(~0.5mg L™ of isobutyl isobutyrate (Fig. 15b). In contrast, all strains expressing the KDHC
pathway formed 2-5 mg L’ isobutyl isobutyrate (Fig. 15b), including the negative control.
The strains with EHT] and ATF1 showed the highest production of isobutyl isobutyrate.
However, The Atfl1 strain also produced >1 g L’ isobutyl acetate, indicating a high
preference of Atfl for acetyl-CoA (Fig. 15¢). The Ehtl strain produced only a few mg L” of
isobutyl acetate, suggesting low activity of Ehtl toward acetyl-CoA (Fig. 15c¢).

[00156] The isobutyl isobutyrate formation was unexpectedly detected with the negative
control (Fig. 15b). Coincidentally, the plasmids carrying the ATFs and mrfp genes contained
the chloramphenicol resistance gene (cat) encoding chloramphenicol acetyltransferase, which
is the same class of enzyme as the ATFs, and was also recently shown to have activity toward
some aromatic alcohols (Alonso-Gutierrez et al. Metab. Eng. 19:33-41, 2013). To determine
whether Cat was involved in isobutyl isobutyrate formation, cat was replaced with a
kanamycin resistance (kan") gene. cat was also placed under the P;lacO, promoter to

investigate the formation of ester from a strain with increased car expression.
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[00157] As expected, the new negative control strain did not produce isobutyl isobutyrate,
while the strain with cat under control of PrlacO; showed the highest isobutyl isobutyrate
formation (9.5 mg L™) (Fig. 15¢). The Eht] strain produced 7.4 mg L’ isobutyl isobutyrate in
this condition. Cat showed highest isobutyl isobutyrate formation among the ATFs tested.

[00158] To test the alcohol substrate specificity of Cat and Ehtl with respect to isobutyl-
CoA as a co-substrate, 2-ketoisovalerate and either 3-methyl-1-butanol or 2-phenethanol was
added to cultures and measured the isobutyrate esters produced. Although Cat was the best
ATF for isobutyrate ester production with isobutanol (Fig. 15¢), Ehtl was the best ATF for
isobutyrate ester production with the larger substrates 3-methyl-1-butanol and 2-phenethanol
(Fig. 17a-b). Only a small amount of ethyl isobutyrate was detected from Strain 16, which
contains Ehtl (0.1 mg L") (Fig. 15d). Cat only produced low levels of (4.6 mg L™) 3-
methylbutyl isobutyrate, and did not produce any detectable 2-phenylethyl isobutyrate from
the larger co-substrate isobutyryl-CoA. In contrast, 3-methyl-1-butanol and 2-phenylethanol
were good substrates for Ehtl, allowing production of 10 mg L’ 3-methylbutyl isobutyrate

and 40 mg L™ 2-phenethyl isobutyrate, respectively (Fig. 17a-b).

[00159] Cat and Ehtl both preferred acetyl-CoA over isobutyryl-CoA as a co-substrate,
producing 100-400 mg L™ 3-methyl-1-butyl acetate (Fig. 18a) and 2-phenylethyl acetate
(Fig. 18b). Although Ehtl is known as ethanol hexanoyl transferase (Saerens et al. J. Biol.
Chem. 281-4446-56, 2006), according to the present results, Ehtl preferred larger alcohols as
substrates. These varying titers (5 mg L to 40 mg LY suggested that the activity of these
ATFs with large substrates was limiting, rather than the supply of isobutyryl-CoA from
KDHC. An ATF with higher activity toward C4-C6 CoAs could significantly improve the

titers of these pathways.

[00160] Butyl butyrate is valuable as a solvent and flavoring, and has been successfully
produced from engineered Clostridium acetobutylicum (Van den Berg, et al. Biotechnol.
Bioeng. 110:137-42, 2013). Since the KDHC as described above was able to accept 2-
ketovalerate as a substrate, it suggests an alternative means to effectively generate butyryl-
CoA besides reverse B-oxidation. This would allow application of the biochemical strategy
described herein to produce butyl butyrate, using KDHC as a source of the required straight
chain CoA, butyryl-CoA. Thus, 3 g L each of 1-butanol and 2-ketovalerate was fed into
cultures of E. coli expressing KDHC and either EHT or cat. After 24 h, the strains with
EHTI or cat produced 14.9 mg L™ and 10.6 mg L™ butyl butyrate, respectively (Fig. 17¢).
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Butyl butyrate was not detected from strains without an ATF. These results demonstrate the

microbial production of butyl butyrate.
Example 8: Isobutyl Isobutyrate Production from Glucose

[00161] The previously described Examples illustrate strains capable of isobutyrate ester
production from added alcohols and keto acids. Thus, the next step is to simplify the system
by constructing a strain able to generate complex esters using only simple sugars. Since the
isobutanol pathway is capable of generating high flux to 2-ketoisovalerate, it is ideal for
generating branched chain-CoA in the form of isobutyryl-CoA This, in turn, would allow a
biological route to produce the symmetric ester isobutyl isobutyrate (Fig. 17d). Isobutyl
isobutyrate has a water solubility of just 520 mg L. This would allow for bilayer formation
at high titers, which would simplify product removal during or after production, and limit the

potential toxicity of the ester to E. coli.

[00162] The first half of the isobutanol pathway (AlsS, IlvCD) was introduced on a
medium copy plasmid, with the expected rate limiting steps (KDHC and either Cat or Eht1)
on a high copy plasmid. The above characterization of KDHC indicated that isobutyryl-CoA
was endogenously converted to isobutyraldehyde and isobutanol (Fig. 16a). Thus, an AdhE-
type enzyme, which would convert isobutyryl-CoA to isobutyraldehyde and then isobutanol,

was excluded from the pathway.

[00163] Production was carried out using 5 mL cultures in screw-cap tubes. After 24 h, the
strain bearing Cat produced 27 mg L’ isobutyl isobutyrate, much higher than the strain
bearing Eht1, which only produced 1.4 mg L" (Fig. 17e). A significant amount of isobutanol
remained in the supernatant , suggesting that the ATFs characterized in this work, while
functional, had weak activity towards branched-chain CoAs. There was no degradation of
isobutyl isobutyrate by E. coli after 24 h (Table 6). This strategy provides tools for

production of a range of larger esters from simple substrates using whole-cell catalysts.

Table 6: Lack of Isobutyl Isobutyrate Degradation

Isobutyl isobutyrate Isobutanol

No cell 99.3 £0.22% 0.7 +0.22%
AL704 98.8 £0.18% 1.2+0.18%
Strain 9 98.5 £ 0.48% 1.5+ 0.48%
Strain 16 97.5 £ 0.48% 2.5+0.48%
Strain 18 98.8 + 0.40% 1.2 +£0.40%
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[00164] For the experiments in the above table, cells were grown in 5 mL M9P with 50 g
Lt glucose in 15 mL screw-cap tubes at 37°C until ODgyo ~0.4, then 1 mM IPTG was added
and tubes were transferred to 30°C. One hour after induction, 1 g L’ isobutyl isobutyrate was
added. Remaining isobutyl isobutyrate and formation of isobutanol was measured after 24 h
by GC-FID analysis. Errors are SD (n = 3). Strain 9 = AL704 (JCL260 with AyghD AadhP
AeutG AyiaY AyjgB AfucO) with full KDHC operon of P. putida; Strain 16 = Ehtl strain with

kanamycin resistance (kan") gene; Strain 18 = car under the P1lacO; promoter.
Example 9: Isobutyl Acetate Production from Glucose and Acetate

[00165] As described above, isobutyl acetate (IBA) has been produced in an engineered F.
coli to titers of 17.2 g/L. with 80% of the theoretical maximum yield from glucose. In the cell,
carbon is required to produce isobutanol and acetyl-CoA, and the joining (condensation) of
these two molecules forms IBA. However, when using glucose as the sole carbon source to
make IBA, 1.5 glucose molecules (9 carbons) are required to make the 6 carbon IBA
molecule, and 3 carbons are released as CO-. To increase the yield of IBA production and
decrease the microbial metabolic burden, production of IBA from glucose and acetate is

tested (Fig. 19).

[00166] In this strategy, the production of isobutanol and acetyl-CoA is metabolically
separated to allow for optimal production of each substrate. All available pyruvate is funneled
towards isobutanol by preventing pyruvate conversion into acetyl-CoA. Acetate is supplied
externally to the cell and subsequently converted into acetyl-CoA by the acetate assimilating
pathways. In this method, both glucose and acetate are supplied to E. coli, and an input of §
carbons will make a 6 carbon product with only two carbons released in the form of CO..
Through this pathway there is a greater theoretical yield for IBA production: 75% versus 67%
when using only glucose. Through this process the feeding of the relatively inexpensive and
abundant acetate will allow greater yield and potentially economically feasible IBA

production.

[00167] First, the pyruvate dehydrogenase complex is deleted from E. coli in order to
separate the glucose-to-isobutanol from the acetate-to-acetyl-CoA pathways. Carbon flow
towards pyruvate and acetyl-CoA is separated in the cell by deleting the native pyruvate
dehydrogenase complex (PDHC) genes via a well-established method (Baba ef al. Mol. Syst.
Biol. 2:2006-8, 2006). The PDHC is encoded by aceFE, acel’, and Ipd. Here aceEF is deleted

from the production strain (Atsumi et al. Nature 451:86-9, 2008). This strain does not contain
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pfIB, which codes for a pyruvate formate lyase that converts pyruvate to acetyl-CoA. Thus
the resulting strain does not have any enzymes able to convert pyruvate to acetyl-CoA. For
isobutanol production, pyruvate is converted into 2-acetolacate and subsequently isobutanol.
Funneling pyruvate towards both 2-acetolactate and acetyl-CoA to make IBA is inefficient.
Removal of the PDHC prevents loss of pyruvate towards acetyl-CoA and conserves the cell’s
available pyruvate for isobutanol production. Acetate is externally supplemented to allow the

cell to make the necessary acetyl-CoA without using carbon supplied from glucose.

[00168] PDHC plays the important cellular role of producing acetyl-CoA, the first
intermediate required for the TCA cycle. Wild-type E. coli can survive in the absence of the
PDHC by relying on the native PfIB to convert pyruvate to acetyl-CoA during anaerobic
growth (Murarka et al. J. Biol. Chem. 285:31548-58, 2010; Peebo et al. Appl. Microbiol.
Biotechnol. 98:5131-5143, 2014). E. coli does contain a pyruvate oxidase (PoxB) enzyme,
which aids in pyruvate metabolism during anaerobic growth (Abdel-Hamid et al.
Microbiology 147:1483-98, 2001), and provides another route to convert pyruvate to acetate
and CO,. However, poxB does not appear necessary during glucose fermentation (Murarka et
al. J. Biol. Chem. 285:31548-58, 2010), and is therefore unlikely to play an appreciable role

in pyruvate to acetyl-CoA conversion in the engineered E. coli strains.

[00169] With the deletion of aceEF and pfIB from the host strain, the cell is not be able to
produce acetyl-CoA from pyruvate, which is essential for its survival. Therefore FE. coli is fed

acetate so that it can convert it to acetyl-CoA (Lin et al. Appl. Microbiol. Biotechnol. 71:870-
4, 2006).

[00170] E. coli has three known routes to convert acetate to acetyl-CoA. The first, Acs
(EcoCyc #: EG11448), is an acetyl-CoA synthetase that converts acetate to acetyl-CoA in an
ATP dependent manner. This reaction is irreversible and the most favored for acetate
consumption and acetyl-CoA production (Lin ef al. Appl. Microbiol. Biotechnol. 71:870-4,
2006). Alternatively, acetate is converted to acetyl phosphate by acetate kinase A (AckA,
EcoCyc#: EG10027), which is subsequently converted to acetyl-CoA via phosphate
acetyltransferase (Pta, EcoCyc#: EG20173). This reaction is reversible but has been
identified to aid in acetate recycling into acetyl-CoA (Peebo ef al. Appl. Microbiol.
Biotechnol. 98:5131-5143, 2014). Lastly, acetate can be converted to acetaldehyde by AldB
(EcoCyc#: EG12292) and then to acetyl-CoA by MhpF (EcoCyc#: M014).
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[00171] With three native routes to produce acetyl-CoA from acetate, the cell is thought to
have sufficient acetyl-CoA for survival and for target chemical production (Fig. 20a). Each
of these candidate pathways was overexpressed in E. coli, which were fed 10 g/L acetate.
Acetate consumption was indicated by cell growth. The pathway of AckA-Pta yielded the
best growth rate on acetate and glucose in JCL260 (Fig. 20b-c).

[00172] Next, the growth of JCL260 and AL2045, which contains AaceEF with and
without the acetate assimilating pathway (ackA-pta), was compared (Fig. 21). AL2045 did
not grow without the acetate assimilating pathway (Fig. 21d), but acetate enhanced the
growth of AL2045 with the acetate assimilating pathway (Fig. 21c). Acetate inhibited the
growth of JCL260 without the acetate assimilating pathway (Fig. 21b).

[00173] IBA production was tested by incubation of these strains for 24 h in M9
production medium (containing 5 g/L yeast extract) with 10 g/L glucose, 10 g/L acetate or
both 10 g/L glucose and 10 g/L. acetate. Acetate improved IBA production in JCL260 with
the acetate assimilating pathway in the presence of glucose (Fig. 22b), but acetate did not
significantly improve IBA production in JCL260 without the acetate assimilating pathway
(Fig. 22a). These results indicate that JCL260 with the acetate assimilating pathway was
capable of producing IBA from glucose and acetate without the deletion of aceEF. AL2045
cannot produce IBA well with either glucose or acetate, but co-feeding of both glucose and

acetate enhanced IBA production (Fig. 22c).
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CLAIMS

We claim:

1. A bacterium comprising a recombinant polynucleotide encoding an alcohol
transferase (ATF) and either a 2-keto acid decarboxylase (KDC) or a 2-ketoisovalerate
dehydrogenase enzyme complex (KIVDH), wherein expression of the ATF and either the
KDC or the KIVDH results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

2. The bacterium of claim 1, wherein the recombinant polynucleotide further
encodes an aldehyde dehydrogenase (ALDH), wherein expression of the ALDH, the ATF,
and either the KDC or the KIVDH results in an increase in production of an ester as

compared to a corresponding bacterium lacking the recombinant polynucleotides.

3. The bacterium of claim 2, wherein the recombinant polynucleotide comprises one,

two or three recombinant polynucleotides.
4.  The bacterium of claim 3, wherein the ATF is ATFI.
5. The bacterium of claim 4, wherein the ester comprises an acetate ester.

6.  The bacterium of claim 5, wherein the acetate ester comprises one or more of
ethyl acetate, isobutyl acetate, isoamyl acetate, propyl acetate, amyl acetate, and 2-

pheneethyl acetate.
7.  The bacterium of claim 3, wherein the ATF is EHTI.
8.  The bacterium of claim 7, wherein the ester comprises an isobutyrate ester.

9.  The bacterium of claim 8, wherein the isobutyrate ester comprises one or more of

ethyl isobutyrate, isobutyl isobutyrate, 3-methylbutyl isobutyrate, and phenethyl isobutyrate.
10.  The bacterium of claim 3, wherein the KDC is Kivd.
11.  The bacterium of claim 3, wherein the KIVDH is Kivdh.

12. The bacterium of claim 3, wherein the ALDH is MhpF.
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13.  The bacterium of claim 3, wherein the bacterium comprises a further recombinant
polynucleotide encoding an acetolactate synthase (ALS), an acetohydroxy acid
isomeroreductase (AHIR), and a dihydroxy acid dehydratase (DHAD), wherein expression of
the ALS, AHIR and DHAD results in an increase in production of isobutyraldehyde as

compared to a corresponding bacterium lacking the further recombinant polynucleotide.

14.  The bacterium of claim 13, wherein the ALS is AlsS encoded by als$ of B.
subtilis, the AHIR is IlvC encoded by ilvC of E. coli, and the DHAD is IlvD encoded by ilvD
of E. coli.

15.  The bacterium of claim 13, wherein the bacterium further comprises a mutation in
an alcohol dehydrogenase gene, wherein said mutation reduces alcohol dehydrogenase

(ALD) activity of a product of said gene.

16.  The bacterium of claim 15, wherein the alcohol dehydrogenase gene comprises

adhkE.

17.  The bacterium of claim 13, wherein the bacterium further comprises a mutation in
an isobutyraldehyde reductase gene, wherein said mutation reduces isobutyraldehyde

reductase (IBR) activity of the product of said gene.

18.  The bacterium of claim 17, wherein said isobutryaldehyde reductase gene
comprises one or any combination of the group consisting of yghD, adhP, eutG, yjgB, and

SfucO genes.

19.  The bacterium of claim 15, wherein the mutation is a functional deletion of each

of adhE, yghD, adhP, eutG, yiaY, yjgB, betA, and fucO genes.

20.  The bacterium of claim 15, wherein the bacterium further comprises a functional

deletion in each of fur, IdhA, frdBC, pfIB, and pta genes.

21.  The bacterium of claim 15, wherein the bacterium further comprises a functional

deletion in each of eutFE, yahK, ybbO, gldA, dkgAlyghE, and yghA genes.

22.  The bacterium of claim 13, wherein one or both of the recombinant
polynucleotide and the further recombinant polynucleotide are stably integrated into the

genome of the bacterium.
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23.  The bacterium of claim 1, wherein the bacterium is E. coli.

24. A method for producing an ester, the method comprising:
(a) providing the bacterium of claim 1; and
(b) culturing the bacterium of (a) in culture medium comprising a substrate under
conditions suitable for the conversion of the substrate to an ester,
wherein expression of the ATF and either the KDC or the KIVDH results in an
increase in production of the ester as compared to a corresponding bacterium lacking the

recombinant polynucleotide, when cultured under the same conditions.

25.  The method of claim 24, further comprising step (c) substantially purifying the

ester.

26.  The method of claim 25, wherein the ester is substantially purified by a technique

selected from the group consisting of gas stripping, siphoning, and organic extraction.

27.  The method of claim 26, wherein the ester comprises one or both of an acetate

ester and an isobutyrate ester.

28.  The method of Claim 27, wherein the substrate comprises one or more of the

group consisting of glucose, a 2-keto acid and a C2-C10 straight chain alcohol.

29.  The method of Claim 27, wherein the ester is an acetate ester comprising isobutyl
acetate, and step (b) comprises use of hexadecane to remove the isobutyl acetate produced by

the bacterium.

30. A bacterium comprising a recombinant polynucleotide encoding an alcohol
transferase (ATF) and a LuxCDE enzyme system, wherein expression of the ATF and the
LuxCDE enzyme system results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

31. A bacterium comprising a recombinant polynucleotide encoding an acetyl
transferase (AcTF) and either a 2-keto acid decarboxylase (KDC) or a 2-ketoisovalerate
dehydrogenase enzyme complex (KIVDH), wherein expression of the AcTF and either the
KDC or the KIVDH results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.
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32. A bacterium comprising a recombinant polynucleotide encoding:

(a) an alcohol transferase (ATF) or acetyl transferase (AcTF);

(b) a 2-keto acid decarboxylase (KDC) or a 2-ketoisovalerate dehydrogenase enzyme
complex (KIVDH); and

(c) an acetolactate synthase (ALS), an acetohydroxy acid isomeroreductase (AHIR),
and a dihydroxy acid dehydratase (DHAD),

wherein expression of the ATF or the AcTF, the KDC or the KIVDH, and the ALS,
AHIR and DHAD results in an increase in production of an ester as compared to a

corresponding bacterium lacking the recombinant polynucleotide.

33. A bacterium comprising a recombinant polynucleotide encoding acetate kinase A
(AckA) and phosphate acetyltransferase (Pta), wherein expression of AckA and Pta permits

the bacterium to grow in culture medium comprising acetate.

34.  The bacterium of claim 33, wherein the bacterium further comprises a mutation in
a pyruvate dehydrogenase complex (PDHC) gene, wherein said mutation reduces pyruvate

dehydrogenase activity of a product of said gene.

35. A method for producing isobutyl isobutyrate, the method comprising:
(a) providing a bacterium encoding an alcohol transferase (ATF) and a 2-
ketoisovalerate dehydrogenase enzyme complex (KIVDH); and
(b) culturing the bacterium of (a) in culture medium comprising isobutanol and under
conditions suitable for the conversion of the isobutanol to isobutyl isobutyrate,
wherein expression of the ATF and the KIVDH results in an increase in production of
isobutyl isobutyrate as compared to a corresponding bacterium lacking the recombinant

polynucleotide, when cultured under the same conditions.
36.  The method of claim 35, wherein the ATF is ATFI1.
37.  The method of claim 35, wherein the ATF is EHT1.

38.  The method of claim 35, wherein the KIVDH is Kivdh.

65



WO 2015/031859 PCT/US2014/053587
1/23

S
[
(e8]
i
>
o]
(@]
2
= w
O ~
5 % g
> > =
e
O @
- — o
LL <
[
>
)
>
o o L] o o
O

(00/1/8) uonesusduo)



PCT/US2014/053587

WO 2015/031859

2/23

91e392y |Aylauayd

912392y |Aweos|

91e3192Y |AInqos|

| \_/\o

21e330Y |AY13

<comsdﬂx\

o O O
v0)D-|A190V
“_hq.ﬁ u_bu\u\A u_hcé u_bL. A
eo \DD.A HO
|oueylauayd |oyoo|y |Aweos) _0c83o_0m_ joueyis
HA1V HA1V HA1V
QM A M
SISoyluAsolg pIoy oulwy
Jesng
2 9.nbi14



PCT/US2014/053587

WO 2015/031859

3/23

91esAinqos| |Ayrauayd

91e4Ainqos| jJAweos|

9jesAinqos| jAinqos|

AR

H

%3
i
7%

53

o . e “.e.‘
g o,

?jesAinqos| |AYi3

) .

v0D-|AJAINqOS|

91190y |[Aweos)

Qo

Q.. J.w\
:

91e192y |AInqos|

chﬂ\
0

v0D-|A190y

jouel3 jAuayd

vo) == a”

|OY0D}Y JAWEOS]

8]

aselajsuel| |0yoo|y

H

jouBINQOS|

joueyl3

g¢ ainbi4

vo9os Y
OH
< e
11V d + /__\
0

Ve 2inbi



PCT/US2014/053587

WO 2015/031859

4/23

x
N\
AN

SRR

voo +

S
&
SN

@

19153 91e4A1nqos|

A

(41v)
aseJajsuel] |oyoo|y

TR
&
&

a o m 2,
22,
Y,
o,
o,

N
\\_\
\

N
\\\\\\\\\\\\\\\

AR

|OYoolvy  +

O

v0)-|AJAINQOS]|

%
%,

§
&

2,
2,
e,

(Ha1v SunejAoe)
aseuadoipAyaqg apAyap|y

 8.nbi4

O



PCT/US2014/053587

WO 2015/031859

5/23

910190y
IAuzauayd

91eJ4A1nqos|
|Axnqos|

91e130Y a1esAinqosi |Aya3
|[Aweos| / 918132y |[Ainqos|

G 24nbi4

wnJ323ds SIN-SO



PCT/US2014/053587

WO 2015/031859

6/23

141V

ddyiw

uollonpoud Jnoy ¢
9791V uledls

913130y |[Aweos| [ 93e3190Yy |Anqos| m

91e3120V |AYII &

9500N|H WOJ} SI91ST 918192V JO UOIINPOId

9 8.nbiH

0

q

00T

0

q

T

(009Q0/1/8w)
009Q0 J2d uolleJiuadu0)




PCT/US2014/053587

WO 2015/031859

7/23

91eJ4AInqos| [AInqos|

eIpaW 0} pappe 91eJ3|eA0S|01d)-7 1/8 €
elpaw 01 pappe [ouenqgos| /8 €
9291V Ul UOISIBAUOD INoY §7

e

|oueinqos

V00S x ‘02 ‘HaVN V02S .QVN o
vo0s% i/ AIVK ,Q{
0
o]

(2015102432 °S) 933 (opind o)
(a01s1n2432 *S) TIHI HAADI

(3015108482 °S) T41V Z N
-|JAJAIN Vo 2. ‘ &
v0)-|A1Ainqos| %, & & S
Ve A

apAyap|esAinqos|

91€U9|EeA0SI013)-¢

J 8.nbi4



PCT/US2014/053587

WO 2015/031859

8/23

e TIYya gqo2 dHuw

T L

T

poo3 aJe T41V 40 T1HI + HAAI

ypARI O Jdyw-pA |
91esA1ngos| [AInqos| o)
The TIYya gqo? dHuw

ﬁ

_ -

Poo3 sI TIHI + HAAIM

ypApi O Jdyw-pA |
91esAingos) |Ay3 q

e Tiya gqo? dHw
0’0 — 0
S
- S vo)-1A1e0e 1dadoe i ‘
S'¢ m 1 US20p TIH3 000°T
oS 8 1 000°C
o v0)-|Alo0e 40}
<y 2 aAnoe AlYSIY T41V 4 000‘€
& UpAY O Joyw-pam | oo
00T+ Y
91e192y |AInqos|
00
O
(@]
a
o BlpaW pappe 91es3|eA0sI019) 1/3 €
10 w elpaw 0] pappe |oueingqos| /8 ¢
S ¥0/1V Ul UOISISAUOD JNOY 7
w
3
o
~
ral | Jl

g 2.nbi4

(1/8w) suonesyuaduo)



PCT/US2014/053587

WO 2015/031859

9/23

yoO- Aoy

o, 500
-l

|04O3Y

~  HO,
Y

v6 8inbi-

.A../

-’

>— 9S00N|E)




PCT/US2014/053587

WO 2015/031859

10/23

!

YOI RIngG

Wy AKs]

Bk o]

YOO-IADY

e
o
s N
# /4
sjoyony Ay jouryy Kustid-g OUENG- OURIRG-L-AYRIEE JOURING- LAIOREE  [DUBINgos] jouedold-1 ey
wrey
#o f Hi oy G HO. Ho, \.\mf\ - MO \M«/ HO.. oo, Hir,

g6 84nbi

{OUOdY



WO 2015/031859 PCT/US2014/053587
11/23

B (¥B) voge{uUeUOD 0LOBDSD
i - -
" o L ad <o o &3 <3 Lo
Q § € ¥ L) ¥ ¥
3 e
;:g O
i ?3 g}
. &
& Q5
< Y- & © =
(3 b &5 < 3
o 2 $5 ©0
< 8 £2
faY]
g < 8 o &)
3. I3 3. 3.
— - <3 ] 0N Rl funl
S 2w (B uoneaussuo $ORD
3
< sl =]
o <«
&
()
—
— e 12 @ aSaE
D) Ej’__x" . :
o 2 =
a— &
LL 2
© :
o &
Dm\ E L
QL
=5
<L
i o
O™ o
e
o
ke
5 S %
N © s % “Ty
G:\/ O% — ”@Oé» Q,é”
. x 3 % 5 : [/f‘
£ oy 2 g & @ %

{6} ucs;;enuenuog ;:mpmg




PCT/US2014/053587

WO 2015/031859

12/23

appmoy AINGos) OLBINGNE]

by

Yoo

=N e, < HEL Ji\i.ﬂ o

| v oy _o, \ﬁ

AN 00 z

L1 @b

{4} aw uoyBanOU
8y

96 m;
e s i e Y

DI IBEADSIOION-E

(Al DAl

e ﬁ

e

MQQ mwms. Q 05 w \\\\\\‘\\\
ayeyeay AInoL Bt

SieATiAd
O
gsyy i

00

YO ALBOY »\«

5 YO0

2
Wy

0 =
{VB) vonBIUSALD

g

= es00mD




WO 2015/031859 PCT/US2014/053587

13/23
: I 8
= 2% ® r:)
= ] =
53 JIZ39 82 =
ERCR R
(-y0} uoyEIUBIUDY {/B) uonyBNUBNUON
N
o @ &
| -
cjj) ¥ hot
It ol = S
- 2 “28 e ¥z
~§ =) z% B
EX 58 2§ = 8
=o . o i& B ol
3 e < = o o -
{6} uonenuetLOD {(/6) uonEAUBIUCY
< O




PCT/US2014/053587

WO 2015/031859

14/23

(4) swiy uoiregnoul

£

€ B S
- (1/6) @1€180Y |AINQOS]

g1 8Inbi4

Sg 02 S Ob S 0

N
"ao) Ausueq (190

({}{} 3



WO 2015/031859 PCT/US2014/053587

15/23
= o
@ W ¢
B ¥ E
m AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA Raad
)
238 S e
= 8 T
(el =5 "
g8 = &
5 B o= 5
= = =N
Es 0 = ° ég,J
L 2 X X L . s 3 e by x?{
8 8 8 © 8 8 8 8 8 °
{BW) LORBBRUBTULD {18048} SUOEBAUBOUOD

B

(&

~—
O & |
= < a =
> Iy q o 8 & G
G) st LI o < < T &
R £ O 2 = 5 g
LL 25 SR TR k=
FE /3 2 3 < /%
& =

Tetradecyl Acetate

Acetyt-CoA

A Glucose




WO 2015/031859 PCT/US2014/053587

16/23
fm %
O
”—"\O 3 ElE
(@ i
3.
3.  ond
i = K3
N 23X
< = g
O™ A :
[ [aV] L les]
+ :E < <3 o3
55 (6w sriIngos Anag
< £ _/ o
2
i< =
o <t
<
LO o= 3 i
T—/ X J;O ":;. W=
-] « (5] 1L
() z s = g b
— =y 0
- ' $x
o %*‘.:, < 1 - 2
m ﬁ g ‘\ - i 3 i
%) = o ~¥ % [Q¥] - <
L
r > Z |x (1/6) syere0y JAIAINGOS|
<< .
s 5 -
v = <<
o e tkkkk\\\ TiE
%
o X
X o

o3 N

{/Bw) s1AIngos) Angos;




WO 2015/031859 PCT/US2014/053587
17/23

ATF

5%
RS
9&
R, NF
. G
@ \Qt}? R
8y S A
e S {.’3" ’!}-“;ﬁ- {v;‘.l‘
v%;} ! R ﬁ\f‘gp
q) EO S, ‘ ﬁ:‘} \é&, ::‘\}
3 m ‘%‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R X {?y}r
O) X% B G, ®
O X =N -
LI " . . N
S 3 X "‘i? < &
oM (BB MORYN Ious SIRANNY
ABAROR JOM
S
Ry
v,\':“i
D, @,.»%_&
&,
*‘ﬁ%’,}\ &
B M.
Y
8, Mo ™
“fi}} &
N
%, G
3 W
. x)@t AW
% ¥
3 kf' \,.}) @:&
<3 fﬁz&
& LN

aypasang




WO 2015/031859
18/23

“RTET

3
§
§
b
v:__\ &
3 A
% sy
& L
N N
N 4 £ 2 5 i
‘D = iE = S o
& N = S

{pful sy Aing

Ot

ATE

N
i\

Tt

Figure 17

16
=
W
3. 3.
RS v S QW
s F % &

(B spmidnqosy Wyieusild

BTE

A
Q) o wy o

H;ﬁms apeafingos
HINQALIRN-E

PCT/US2014/053587

{a&f

]
:

“gﬁ@g

o,

=
; 3
wti" 'g?}

N 3
& ke

oo RN

? oot ‘&‘%
L 5

b
o
%
et
% e
&3
2
Ry

N

+

s:i\ ?
2

O
&

2-Ketoiaovalerals

i

{:; -”.‘:
AkaS

e
i
5049

=3
4

Gilunnsge

0h

R 2 -3
fd [ 3 fwd
] G R

P *xﬁ;{}qm ;:’x;f)i} 38

Lt Asat



"ES
O

.

Figure 18

< ("tfﬁw} a1e1e0y uimqsﬂulaw -€

/////////////////

ATF



PCT/US2014/053587

WO 2015/031859

20/23

{o0h 5,054 200y 7+ 2)ee0r ANQos) «— 21180 + 850005
(619} %9 HIWN 7 +°0D € + 8181808 ANGDS] < L7y} 2 + 8800015 2/
piaiA uogqies
CIeourusjueyy
JHIMOID) (BUBIORH .. yory-ifieoy a)EE0Y
o, 3O ~.
/m.._\xmu VOO v annvannn. \W.\Ol
o o

S1E190Y ANqos]

HOYN T BBULIO
~y a/\ﬂf bALY e 140

YOO YOO
@ YO0
OUBINGOS] sppanifg 2800N0)
o HO

YUPY  PAD QAL DA SSIY 0, o
IQ/}.\.\\.#.I » T«Q.fi{q\ﬁhl.« ‘.. . .H\W.. . ....\,.M.; - TO\\ M\.\ .zi“\\\Q, 4

: i 2 SISAOSAIDY 5 b
awn OZdawn 09 © u O

Mo

61 8inbi4



PCT/US2014/053587

WO 2015/031859

21/23

(u) swn uoneqgnou|
(019 0c o]

(u) swn uoneqgnou|

B1d-\y) O Rz
gapre-30pawmyn
SOR e

ONwtyrr

(-) 009a0

aeoe D 2500Nn|3

o0 d-1A180Y dav

e}y

A

I

apAyspielsny v

02 8.nbi4

0l

(-) 009a0



PCT/US2014/053587

22/23

WO 2015/031859

(y) swiy uoneqnoau|

00T 08 09 (0)7 0c¢ 0
f T T T T 100
931E3190E+3500N| 8-
9181908 ey o
o
meUJ_M\\\\\\\\\\\. m
90.Nn0Ss uoqg.ied =
1T
eIcyoe- S0z | d
(y) swiy uoneqnoau|
00T 08 09 (0)7 0c¢ 0
f T T T T 100
) e s
91£1208+9500N|3- mw \\\
, 74710
2181928 wiffres 7 °
“ 2
9S00N|Swetgyrree 7 W 0
7 2
90.Nn0Ss uoqg.ied \\\\ {1 -
) - I
@\\\\M\\\\M\\\M«\\\\\\\\M\\\‘Q\
eid-yyoe-o9z1or | - 8

12 8Inbi-

(y) swiy uoneqnoau|

00T 08 09 oy

eid-yxoe+ Sy021v

(y) swiy uoneqnoau|

(-) oo9ao

(&

ot

00T 08 09 ov 0¢ 0

e1d-yyoe+ 092100

(-) oo9ao

<

- 01



WO 2015/031859 PCT/US2014/053587
23/23

]

0
L 2 -
Q %,
< "
X
O
Q
+
0
<
o
N
—
<
e
S
Q :
N < e
R
oY 3 %,
3 2
(D) +
o
— @
> Y
(@) o
- — -
@@@@@
T4t S v v S )
m S\} [ Xe3 T Y
(N2
£y
*9,
",
%

QQQQQQ
&2 3 ‘(_Z:J CC3 2

{(ufw) :uele0y 1AINgos|



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2014/053587

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - C12P 7/00 (2014.01)
CPC - C12P 7/00 (2014.11)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

CPC - C12P 7/00, 7/06, 7/16; C12N 15/52, 15/70 (2014.11)

Minimum documentation searched (classification system followed by classification symbols)
IPC(8) - C12P 7/00, 7/06, 7/16; C12N 15/09, 15/52, 15/54, 15/70 (2014.01)

US Class - 435/252.31, 252.33, 252.4, 252.5, 253.6

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

CPC - C12P 7/00, 7/06, 7/16; C12N 15/52, 15/70 (2014.11) (keyword delimited)

Electronic data base consulted during the international search (name of

Google Patents, Google Scholar, Google, PubMed

acid dehydratase, isobutyraldehyde, 2keto acid decarboxylase, 2keto!

data base and, where practicable, search terms used)

Search terms used: bacteria, microorganism, producing ester, acetolactate synthase, acetohydroxy acid isomeroreductase, dihydroxy

isovalerate dehydrogenase, LuxCDE, hexadecane, isobutyl acetate

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2012/173658 A1 (DICOSIMO et al) 20 December 2012 (20.12.2012) entire 31,32
Y ’ 35-38
X WO 2012/061653 A2 (CHO et al) 10 May 2012 (10.05.2012) entire document 33,34
Y EP 1 006 190 A1 (VERHOEVEN et al) 07 June 2000 (07.06.2000) entire document 1-30
Y RABINOVITCH-DEERE et al. "Synthetic Biology and Metabolic Engineering Approaches To 1-28
Produce Biofuels,” Chem. Rev. 15 March 2013 (15.03.2013), Vol. 113, Pgs. 4611-4632. entire
document .
Y | pARRACQ et al. "Removal of Hydrophobic Volatile Organic Compounds in an Integrated |29
Process Coupling Absorption and Biodegradation-Selection of an Organic Liquid Phase," HAL
31 May 2013 (31.05.2013) Vol. 223, No. 8, Pg. 4969-499. entire document
Y WO 2001/018195 A2 (CONTAG et al) 15 March 2001 (15.03.2001) entire document 30
Y WO 2012/135789 A2 (BURGARD et al) 04 October 2012 (04.10.2012) entire document 35-38

|:] Further documents are listed in the continuation of Box C.

[]

* Special categories of cited documents:

“A”  document deﬁning the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified) ’

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

01 December 2014

Date of mailing of the international search report

19DEC 2014

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

‘Facsimile No. 571-273-3201

- Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims
	Page 66 - claims
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - wo-search-report

