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METHOQDS FOR PRODUCING 3-HYDROXYPROPIONIC ACID
AND CONMPOUNDS THEREOF

Background of the lnvention

Field of the Invention
The present invention relates to methods for producing 3-hydroxypropionic acid
and compounds thereof,

Description of Related Art

Organic acids have long been used in the food, pharmaceutical, and textile
indusiries, and more recently in the production of bicdegradable plastics. Several
arganic acids such as citric acid and lactic acid {also known as 2-hydroxypropanaic acid)
are produced in large-scale today by microbial fermeniation processes. Other organic
acids, ke fumaric acid and malic acid, can also be produced by microbial processes,
bul currently are not produced commercially in this manner because chemical synthesis
from petreleum-derived precursors is more economical.

Some organic acids are also recognized as potential plalform chemicals, or
building blocks, which can be produced by fermentation from renewable feedstocks, and
then further madified by chemical or enzymatic means 1o produce an array of other
valuable industrial chemicals. One prominent example is lactic acid, which is produced
by fermentation and then converted to ethyl lactate or polylactic acid. Polylactic acidis a
biodegradable plastic that provides an alternative o peiroleum-based plastics and is
expanding into many areas including texiiles, medical implants, drug carriers, food
packaging, and cosmetics. Other examples of organic acids that can be produced by
fermentation and converied to other industrial compounds are suctinic acid and 3-
hydroxypropionic acid {also known as 3-hydroxypropanasic acid or beta-lactic acid and
hereinafter referred o as 3MHP).  Succinic acid can be converted, for example, to
1. 4-butanediof or tetrahydrofuran. 3HP can be cenverted, for example, to acrylic acid or
1.3-propanediol.

Several microorganisms have been developed for industrial production of lactic
acid by fermeniation, including Lactobacillus species, Kluyveromyces species,
Saccharomyres cerevisiae, Rhizopus oryzae, and Escherichia colii.  Due fo its
amenability to genetic engineering, known genome sequence, abilty to metabolize
hexose and peniose sugars, and proven indusinial utility, £ coff has been the focus of
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recent efforts to develop improved and more economical lactic acid producing strains
and fermentation processes {Zhou ef al., 2003, Appl. Environ. Microbiol 89 399-407;
Zhou ef al, 2008, Biotechnology Lelters 27 1891-1888; Zhou ef al, 2006a,
Biotechnology Letters 28: 871-878; Zhou ef al, 2006b, Biotechnology Letters 28 663-
§70; U.S. Published Palent Application No. 2007/00372656;, Shukla ef al, 2004,
Bictechnology Letters 26. 689-883; Purvis ef al, 2005, Appl Environ. Microbiol T1:
3761-37689; Grabar et &, 2008, Biofechnofogy Letters 28: 1527-1535; Miller and ingram,
2007, Biotechnology Lefters 29 213-217).

Two of the key challenges in creating improved, commaercially competitive lactic
acid-producing strains of £, coli were overcoming osmolic stress to the organism caused
by high concentrations of subsirate and preduct, and overcoming the foxicity of lactic
acid {Zhou ef ai , 2006a, supra; Wamecke and Gill, 2005, Microbial Cell Factories 4. 1-8;
van Maris ef al, 2004, Mefabolic Engineering 6. 245-255). To overcome these
obstacies, Ingram and co-workers used a combination of traditional metabolic pathway
engineering, process optimization, and metabolic evolution {0 develop very high lactic
acid producing E. coff strains and fermentation processes {(Zhou ef al, 2003, supra;
Zhou ef al., 2005, supra; Zhou ef al, 20083, supra; Zhou et al, 20068b, supra; U.S.
Published Patent Application No. 2007/0037285; Shukla ef al, 2004, supra, Purvis ef
al., 2005, supra, Grabar f al., 2008, supra; Miller and ingram, 2007, supra}. Metabolic
evolution, as it pertains to the craation of improvedd lactic acid-producing strains, is a co-
selection process for strains with improved growth and laclic acid production (U.S.
Published Patent Application No. 2007/0037285;.

Commercial interest in producing 3HP by fermentation has increased due to its
potential to serve as a chemical building block for the manufacture of acrlic acid,
acrylamide, 1,3-propanedicl, and other compounds. Several potential metabolic routes
from the renewable carbon source D-glucose to 3HP have been proposed {(WQ
2002/042418; WO 2003/062173, WO 2007/042494), and nearly all of the proposed
pathways proceed through pyruvate as the ceniral intermediate (Btraathof of &, 2005,
Appl. Microbiol. Biotechnol. 87.727-734; WO 2002/0424 18, WO 2003/062173). In fact,
some metabolic pathways o 3HP proceed through both pyruvate and lactic acid as
metabolic intermediates (WO 2002/042418). Mowever, high level production of 3HP de
nove from glucose or other renewable feedstocks by metlabolically sngineered
microorganisms has not yet been achieved.

The present invention relates to improved methods for producing 3HP and
compounds derived from 3HP in commercially relevant guaniities using metabolically

engineered £ coff strains.
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Brief Summary of the Invention

The present invention relates (o msthods for producing 3IHP, comprising:
cullivating a metabolically engineered £, cofi strain derived from a strain previously
engineered for high lactic acid or L-alanine production in a cultivation medium.

Brief Description of the Figures

Figure 1 shows a metlabolic pathway for the production of 3-HPF via lactate.

Figure Z shows a metabolic pathway for the production of poly-3HP,

Figure 3 shows a metabolic pathway for the production of 3HP asters via lactate,

Figure 4 shows a metabolic pathway for the production of 3-HP via acetyl-CoA.

Figure 5 shows a melabolic pathway for the production of 3-HP, 3HP esters,
poly-3HP, acrylate, acrylate esters, and polyacrylate.

Figure 8 shows a metabolic pathway for the production of 3-HP via beta-alanine.

Figure 7 shows a melabalic pathway for the production of 3-HP via bata-alanine
and malonate semialdehyde.

Detailed Description of the Invention

The present invention relates to methods for producing 3HP ulilizing E. cofi
strains that have been engineered by redirecting metabolic pathways toward 3HP for
high 3HP production. In one aspect of the present invention., £ cofi strains are
engineered to increase 3HP biosynthesis from glucose, sucrose, or other sugars via
pyruvate through lactate in the presence of g functional idhA gene by incorporating one
or more (several) mutations and/or deletions in the genes adhE, ackA, frdA, pfiB, pox8,
alaD, and afpFH (Causey ef al, 2004, Proc. Natl. Acad. Sci, {USA 101; 2235-2240; Zhou
et al., 2003, supra, Zhou ef al, 2005, supra), and engineering the metabolic steps
leading from pyruvate to 3HP o allow for unimpeded flow of infermediates from pyruvate
fo 3HP. In ancther aspect, E. cofi strains are engineered to increase 3HP hiosynthesis
via pyruvate through acelyl-CoA by incorporating one or more {several} mutations
andior deletions in the genes dhA, alaD, adhE, ackA, frdA, pfB. poxB, and afpFH, and
engineering the meiabolic steps leading from pyruvate o 3HP to allow for unimpeded
flow of intermediates from pyuvate {o 3HP. In another aspect, £ cofi strains are
engineered 10 increase IHP biosynthesis from propionate through propiony-CoA and
acrylyl-CoA by engineering the metabolic steps leading from propionate (o 3HP to allow
for unimpeded flow of intermediates from propionate to 3MHP. in another aspect, £ coff

-3
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strains are engineered fo increase 3MP biosynthesis via phosphoenoclpyruvate or
pyruvate through beta-alanineg and acrylyl-CoA by incorporating one or more (several)
mutations andfor deletions in the genes /dhA, alaD, adhE, ackA, idA, pfiB, poxB, and
atpFH, and engineering the metabolic sleps leading from phosphoenolpyruvate or
pyruvate 1o 3HP to allow for unimpeded flow of infarmediatas from phosphoencipyruvale
or pyruvate {o 3HP. In another aspect, E. cofi sirains are engineered {o increase 3HP
biosynthesis via phosphoenoipyruvate or pyruvate through beta-alanine and maionate
semialdehyde by incorporating one or more {several) mutations and/or deletions in the
genes dhA, alaD, adhE, ackA, fdA, pfiB, poxB, and afpFH, and engineering the
metabolic steps leading from phosphosnoipyruvate or pyruvate to 3HP to allow for
unimpeded flow of intermediates from phosphoenalpyruvate to 3HP.

The methods of the present invention can aiso be used to produce other
compounds derived from 3MP, such as 1.3-propanediol, acrylic acid, polymerized
acrylate, esters of acrylate, polymerized 3HP, and esters of 3HP.

Metabolic Pathways of Producing 3HP

i practicing the methods of the present invention, several metabolic pathways
can be engineered for producing 3HP and compounds derived from 3HP by constructing
various metabolic pathways involving, for example, lactalte, malonyl-CoA, or bsla-
alanine as an inlermediata. Such metabolic pathways useful for production of 3HP are
shown in Figures 1-7.

As shown in Figure 1, lactate can be converted into lactyl-CoA with a polypeptide
having CoA transferase activity (EC 2.8.3.1); the resulting laciyl-CoA can then be
converted into acrylyl-CoA with a polypeptide (or multiple polypeptide complex such as
an activated E2 alpha and E2 beta complex} having lactyl-CoA dehydratase activity (EC
4.2.1.54); the resulting acrylyl-CoA can then be converted into 3-hydroxypropionyl-CoA
{3HP-CoA) with a polypeptide having 3-hydroxypropionyl-CoA dehydratase activity (EC
4.2.1.-%. and finally, the resuiting 3HP-CoA can be converted into 3HP with a polypeptide
having CoA transferase activity or a polypeptide having 3-hydroxypropionyl-CoA
hydrolase activity (EC 3.1.2.-), which may be a polypeptide having 3-hydroxyisobutryl-
CoA hydrolase activity (EC 3.1.2.4).

As shown in Figure 2, lactate can be converted into lactyl-CoA with a polypeptide
having CoA syntheiase activity (EC 6.2.1.-); the resulting lacltyl-CoA can then be
converted into acryly-CoA with a polypeptide {or multiple polypeplide complex) having
faciyl-CoA dehydratase activity; the resulting acrviyl-CoA can then be converied into
3HP-CoA with a polypeptide having 3-hydroxypropionyi-CoA dehydratase activity; and
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finally, the resulting 3HP-CoA can be converied into polymerized 3HP with a polypeptide
having polyhydroxyacid synthase activity (EC 2.3.1.-}.

As shown in Figure 3, lactale can be converled into tactyl-CoA with a polypeptide
having CoA transferase activity or a polypeptide having laciyl-CoA synthetase activity;
the resulting lactyl-CoA can then be converted into acryiyl-CoA with a polypeplide (or
mulliple polypeptide complex} having lactyl-CoA dehydratase activily, the resulting
acrylyl-CoA can then be converted inte 3MP-CoA with & polypeptide having
3-hydroxypropionyl-CoA dehydratase activily, the resulting 3HP-CoA can then be
converted into 3HP with a polypeplide having CoA transferase activity or a polypeptide
having 3-hydroxypropionyl-CoA hydrolase activity, which may be a polypeptide having
I-hydroxyisobutnd-CoA  hydrolase activity, and finally the resulting 3MHP can be
converted into an ester of 3HP with a polypeplide having lipase activity (EC 3.1.1.-).

As shown in Figure 4, acetyl-CoA can be converted into malonyl-CoA with a
polypeptide having acetyi-CoA carboxylase activity (EC 6.4.1.2);, and the resulting
malonyl-CoA can then be converted into 3HP with a polypeplide or polypeptides having
malonyl-CoA reductase activity (EC 1.1.1 and 1.2.1).

Polypeptides having malonyl-CoA reductase activity can use NADPH as a co-
facior. Likewise, polypeptides having malonyi-CoA reductase activity can use NADH as
a co-factor. Such polypeplides can be obtsined by converling a polypeptide that has
malonyl-CoA reductase activity and uses NADPH as a cofactor into a palypeptide that
has malonyl-CoA reductase activity and uses NADH as a cofactor. Any method can be
used to converl a polypeptide that uses NADPH as a cofactor into a polypeptide that
uses NADH as a cofacior such as those described Eppink ef g/, 1988, J. Mol Biol 292;
87-96; Hall and Tomsett, 2000, Microbioiogy 146(Pt 8): 1389-406; and Dobhr ef al., 2001,
Proc. Natl. Acad Sci. USA 98: 81-86.

As shown in Figure 5, propionate can be convered into propionyl-CoA with a
polypeptide having CoA synthetase activily, the resulling propionyl-CoA can then be
converied into acrylyl-CoA with a polypeptide having dehydrogenase activity and finally
the resulting acrylyl-CoA can be converted into (1) acrylate with a polypeptide having
CoA transferase activily or CoA hydrolase activity, (2} 3HP-CoA with a polypeptide
having 3HP dehydratase aclivity (also referred to as acrylyl-CoA hydratase or simply
hydratase), or {3) polymerized acrviale with a polypeplide having polyhydroxyacid
synthase activity. The resuiting acrylate can be converted into an ester of acrylate with
a polypeptide having lipase aclivity. The resulting 3HP-CoA can be converted into (1)
3HP with 3 polypeptide having CoA fransferase activity or a polypeptide having
3-hydroxypropionyi-CoA hydrolase activity {EC 3.1.2.-), which may be & polypeptide
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having 3-hydroxyisobutyryi-CoA hydrolase activity (EC 3.1.2.4), or {2} polymerized 3HP
with a polypepiide having polyhydroxyacid synthase activity (EC 2.3.1.+).

Other pathways can be construcded leading to the produstion of 3HP through a
bela-alanine intermediate. In general, prokaryotes and eukaryoles metabolize glucose
via the Embden-Meyerhol-Parnas pathway to phosphoenolpyruvate (PER), a central
metabolile in carbon metabolism. The PEP generated from glucose can be
carboxylaied io oxaloacetale or converled to pyruvaie. Carboxylation of PEP o
oxaloacetate can be catalyzed by a polypeptide having PEP carboxylase activily (EC
4.1.1.31), a polypeplide having PEF carboxykinase activity (EC 4.1.149), or a
polypeptide having PEPR transcarboxylase activity (EC 4.1.1.-). Pyruvale generated from
PER by a polypeptide having pyruvate kinase activily (EC 2.7.1.40) can also be
converted to oxalpacetate by a polypeptide having pyruvate carboxylase activity (EC
8.4.1.1).

Oxaloacetaie generated either from PEP or pyruvate can act as a precursor for
production of aspartic acid. This conversion can be carried out by a polypeptide having
aspariate aminoiransferase activity (EC 2.6.1.1}, which transfers an aminoc group from
an amino donor such as glutamate to oxalpacatate. The decarboxylation of aspartate 1o
bela-alanine is calalyzed by a polypeptide having aspariate decarboxylase aclivity (EC
4.1.11).

Pyruvate generated from PEP can be convered fo alpha-alanine by a
polypeptide having alanine dehydrogenase aclivity (EC 1.4.1.1) (Zhang ef al, 2007,
Appl Microbiol Biotechnol 77.355-366; WQ 2003/082173) or a polypepiide having
alaning aminotransferase activity (EC 2.6.1.2).  Alpha-alanine produced by alanine
dehydrogenase, alanine aminotransferase, or another polypeptide capable of converting
pyruvate {o alpha-alanine can then be converied {o beta-alaning by a polypeptide having
alanine 2 3-aminomutase aclivity {WQ 2003/082173}.

The biosynthesis of bela-alanine can be accomplished by polypeptides having
enzyme aclivity native {endogenous) to the E. cofi strain that convert PEP or pyruvate to
beta-alanine, or these conversions can be accomplished recombinantly using known
polypeptides such as polypeptides having PEP carboxylase activity (EC 4.1.1.31),
aspartale aminotransferase activily (EC 2.6.1.1}, aspartate decarboxylase activity {(EC
4.1.1.11), alanine dehydrogenase activity (EC 1.4.1.1}, alanine aminotransferase aclivity
{EC 2.6.1.2), and alanineg 2, 3-aminomutase activity .

The heta-alanine produced by any of the biosynthelic routes described above
can be converted to 3MHP by two possible pathways. in the first pathway Figure 8),
beta-alanine can be converted into beta-alanyl-CoA with a polypeptide having CoA
transferase activity (EC 2.8.3.-); the resulling beta-alanyl-CoA can then be converted

-6-



WO 2009/089457 PCT/US2009/030607

10

30

tad
T4

into acryivi-CoA with a polypeptide having beta-alanyl-CoA ammonia lyase activity; the
resuling acryiyi-CoA can then be converied into 3HP-CoA with a polypeptide having
SHP-CoA dehydratase activily; and finaily the resulting 3HP-CoA can be converted into
IMP with a polypeptide having CoA fransferase activity (EC 2.8.3.-}.

in the second pathway (Figure 7), 3HP can be made from beta-alanine by first
converting beta-alanine {0 malonate semisldehyde with a polypeptide having betla-
alanine aminotransferase activity, which may be g polypeplide having 4-aminchutyrate
aminotransferase activity (EC 2.6.1.18); and the resulling maionale semialdehyde can
then be converted info 3HP with a polypeptide having 3HP dehydrogenase activily,
which may be a polypeplide having 3-hydroxyisobutyrate dehydrogenase aclivity (EC
1.1.1.31).

Each step provided in the pathways shown in Figures 1-7 can be performed in
vivo (within a cell} or in vifre {oulside a celf}. Additionally, the organic acid products can
be generated through a combination of jn vivo synthesis and in vifro synthesis.
Moreover, the in vitro synthesis step, or sieps, can be via chemical reaction or
enzymatic reaction.

For example, a cellular extract of an engineered E. coli strain described herein
comprising polypeptides having the indicated enzyme acthilies, or a combination
thereof, can be used to perform the steps described in Figure 1-7. In addition, chemical
freatments can be used {o perform one or more conversions provided in Figures 1-7.
For example, acrylyl-CoA can be converted inlo acrylate by hydrolysis. Gther chemical
treatments include, without lmilation, transesterification to convert acrylale inte an
acrylate ester.

Additionally, intermediate chemical products can be statting points.  For
example, beta alanine can be introduced inlo a fermentation broth, The exogenously
supplied beta-alanine can be imported inle the £ coff celis and converted to 3HP by
either of the pathways shown in Figures 6 and 7. Other useful intermediate chemical
starting poinis can include propionic acid, acrylic acid, lactic acid, and pyruvic acid.

Polypeptides Having Enzyme Activity and Polynucleotides Thereof

in praclicing the methods of the present invention, the polypeptides having
enzyme activity described hergin can be produced individually in an £ colf strain, in
combination in an £ colf strain, or individually and in combination in two or more E. coif
strains. The polypeptides having enzyme aclivity and polynuciectides thereof may be
native or foreign (heterologous) to the £ coff strain. Morsover, the polypeaptides having
a particular enzyme aclivity can be a polypeptide that is either naturally-occcurring or
non-naturaliy-occurning. A naturaliy-occurring polypeptide is any polypeptide having an

-7
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amino acid sequence as found in nature, including wild-type and polymorphic
polypeptides. Such naturally-occurring polypeptides can be obtained from any species
including, withowt limitation, animal {e.g.. mammalian}, plant, fungal, and bacterial
species. A non-naturaliy-oceurring polypeptide is any polypeplide having an amino acid
sequence that is not found in nalure. Thus, a non-naturaily-occurring polypeptide can
be a mutated version of a naturally-ocourring polypeptide, or an engineered polypeplids.
For example, a non-naturally-ocourring polypeptide having alanine 2 3-aminomutase
activily can be a mulated version of a naturatly-ocourring polypeptide having lysing 2.3-
aminomutase activity (WO 2003/062173). A polypeplide can be mulated by, for
example, one or more {severall aminc acid additions, deletions, subslititions, or
combinations thereof,

The term “polypeptide” is not meant herein to refer to a specific length of the
encoded product and, therefore, encompasses peplides, oligopeptides, and proteins.
The iarm “polypeptide” alsc encompasses hybrid polypeptides, which comprise a
combination of parlial or complete polypeptide sequences obtained from at lgast two
different polypeptides wherein one or more may be heterologous to the £ coff strain.
Polypeptides further include naturally occurring allefic and engineered variations of a
polypeplide. The ierm "foreign polypeplide” is defined herein as a polypeptide that is
not native to the host cell; a native polypeptide in which structural modifications have
been made {o alter the native polypeplide, 2.¢., the protein sequence of the nalive
polypeptide; or a native polypeplide whose expression is guantilatively altered as a
result of a manipulation of the DNA encoding the polypeptide by recombinant DNA
techniques, e.q., a stronger promoter. The polypeptide may be an enginesred vaniant of
any polypeptide.

Polypeptides having enzyme adlivity useful for practicing the present invention
inciude, but are not limited 1{o, 3-hydroxypropionyh-CoA  dehydratase, 3-
hydroxypropionyl-GoA hydratase, CoA  transferases, lactyb-CoA  dehydratase,
3-hydroxypropionyl-CoA hydrolase, 3-hydroxyisobutnd-CoA hydrolase, polyhydroxyacid
synthase, CoA synthetase, malonyl-CoA reductase, bata-alanine ammonia lyase, lipase,
PEP carboxylase, PEP carboxykinase, PEP {ranscarboxylase, pyruvale kinase,
pyruvate carboxylase, beta-alanyl-CoA ammonia hease, 3MHP-CoA dehydratase, beta-
alanine aminotransferase, 4-aminobutyrate aminotransferase, 3HP dehydroganase, 3-
hydroxyisobutyrate dehydrogenase, PEP carboxykinase, aspariale aminotransferase,
alanine dehydrogenase, alanine aminotransferase, alanine 2.3-aminomutase, and
aspartale decarboxylase.

The polypeplides having enzyme activity as well as polynuclectides thereof can
be obtained from varous species including, without limitation. Acidianus briereyi,

-8-
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Candida rugosa, Candida fropicaiis, Chioroflexus aurantiacus, Clostridium propionicum,
Clostridium  Kloyveri, Comamonas  acidororans, Escherichia  coli, Chloroflaxus
auranfiacus, Candida rugosa, Megasphaera elsdenii, Fseudomonas fluorescens,
Pseudomonas oleovorans, Ralstonia eutropha, Rhodobacter capsulates, Rhodobacter
sphaeroides, Rhodospiriffum rubrum, Saccharomyces cervisiae, Salmonella enterica.
and Sulfolobus mefacifius. See, for example, WG 2002/42418.

in a preferred aspect, polypeptides having CoA transferase aclivity as well as
polynuclectides thereof are oblained from Megasphaera elsdeni, Clostridium
propionicum, Clostridium Kuyveri, and Escherichia coli. For example, a polynucleotide
that encodes a polypeptide having CoA iransferass aclivity can be oblained from
Megasphaera elsdenii as described in Example 1 of WQ 2002/42418.

in another prefarred aspeci, polypeptides (or the polypeptides of a multiple
polypeptide complex such as an activated E2 aipha and E2 bela complex} having laclyl-
CoA dehydratase aclivity as well as polynucleotides thereof can be oblained from
Megasphaera eisdenit and Clostridium propionicum.  For example, a polynucledtids
encoding an E1 activator, an E2 alpha subunit, and an E2 beta subunit that can form a
mulliple polypeptide complex having lactyl-CoA dehydratase aclivity can be obtained
from Megasphaera elsdenii.

in another preferred aspect, polypeptides having 3-hydroxypropionyl-CoA
dehydratase activity as well as polynuclectides thereof can be obtained from
Chioroflexus auranfiacus, Candida rugosa, Rhodospiriflum rubrum, and Rhodobacter
capsulates.

in another preferred aspecl, polypeptides having 3-hydroxypropionyl-CoA
hydrolase activily as well as polynuclectides thersof can be obtained from Candida
rugosa.

in ancther preferred aspect, polypeplides having 3-hydroxyisobutryl-CoA
hydrodase  activily as well as polynucleotides thereof can be oblained from
Pseudomonas fluorescens, raftus, and homo sapiens.

in another preferred aspect, polypeptides having CoA synthetase activity as well
as polynuciectides therec! can be obtained from Escherichia coli, Rhodobacter
sphaeroides, Saccharomyces cervisiae, and Salmoneila enterica.

in ancther preferred aspact, polypeplides having polyhydroxyacid synthase
activity as well as polynuciectides thereof can be obtained from Comamonas
acidororans, Pseudomonas oleovorans, Ralstonja eutropha, and Rhodobacter
sphaseroides.
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in anocther preferred aspect, polypeptides having lipase activity as well as
polynucleotides thereof can be gbtained from Candida afbicans, Candida rugosa, and
Candida tropicalis.

inn another preferred aspect, polypeptides having acetyl-CoA carboxyiase activity
as well as polynucleotides thereof can be oblained from Escherichia coli and
Chioroflexus aurantiacus.

i another preferred aspect, polypeptides having malonyl-CoA reductase activity
as well as polynucieotides thereof can be oblained from Acidianus brierleyi, Chioroflexus
auranfiacus, and Suffolobus metacilius.

In another preferred aspect, polypeplides having propionyl-CoA  hydrolase
aclivily as well as polynucleotides thereof can be obtained from Chioroflexus
aurantiacus. For example, Chioroffexus aurantiacus cells {ATCC 28365) can be used
as a source of genomic DNA for cloning a polynuclestide encoding a polypeptide having
CoA synthetase aclivily, dehydratase activity, and dehydrogenase activity {propionyl-
CoA  synthetase) and a polynuclectide encoding a polypeplide having 3-
hydroxypropionyl-CoA dehydratase aclivity (also referred 1o as acryiyl-CoA hydratase
activity}.

fn another preferred aspeci, polypeptides having acrylyl-CoA hydrolase actlivity
as well as polynuciectides thereof can be obtained from Chioroflexus aurantfacus. For
example, Chioroflexus aurantiacus calls (ATCC 29385) can be used as a sowrce of
genomic DNA for cloning a polynuclectide encoding a polypeplide having 3
hydroxypropionyi-CoA dehydratase aclivity (also referred 1o as acwivl-CoA hydratase
aciivity}.

Techniques used o isolate or clone a polynuclectide encoding a polypeplide
having enzyme activity are known in the art and include isolation from genomic DNA,
praparation from cONA, or a combination thereof. The cloning of the polynucieotide of
interest from such genomic DNA can be effected, e.g., by using the well known
polymerase chain reaction (PCR). See, for example, Innis ef al., 1980, PCR Protocols:
A Guide to Methods and Application, Academic Hress, New York. The cloning
procedures may involve excision and isolalion of a desired nucleic acid fragment
comprising the nucleic acld seguence encoding the polypeptide, insertion of the
fragment inio a vecior molecule, and incorporation of the recombinant vector into the
mutant £ colf cell where multiple copies or clones of the nucleic acid sequence will be
replicated. The polynucleotide may be of genomic, cDNA, semisynthetic, synthetic
origin, or any combinations thereof.

The nuclectide sequence or a subsequence thereof, as well as the amino acid
sequence or a fragment thereof, of a known enzyme may be used to design nuclsic acid
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probes to identify and clone DNA encoding polypeptides having the same or similar
enzymea activity from strains of different genera or species according to methods well
known in the art.  In particular, such probes can be used for hybridization with the
genamic or cDNA of the genus or species of interest, following standard Southern
blotting procedures, in order to identify and isolate the corresponding gene therein.
Such probes can be considerably shorter than the entire sequence, but shouwld be at
least 14, preferably atl least 25, more preferably at least 35, and most preferably at least
70 nuclectides in length. 1t is. however, preferred that the nucleic acid probe i5 at least
1060 nucleotides in fength. For example, the nucleic acid probe may be at least 200
nuciectides, preferably at least 300 nuclectides, more preferably at least 400
nuclectides, or most preferably al least 500 nucleotides in length. Even longer probes
may be used, e.g.. nucleic acid probes that are preferably at least 600 nucleotides, more
preferably at least 700 nucleolides, even more preferably at Isast 800 nucleotides, or
maost preferably at least 900 nucieotides in length. Both DNA and RNA probes can be
used. The probes are fypically labeled for defecling the corresponding gene (for
example, with “P, *H, ™8, biotin, or avidin). Such probes are encompassed by the
present invention.

A genomic DNA or c¢DNA Bbrary prepared from such other strains may,
therefore, be screened for DNA that hybridizes with the probes and encodes a
polypeptide having enzyme activity. Ganomic or other DNA from such other strains may
be separated by agarose or polyacrylamide gel electrophoresis, or other separation
techniques. DNA from the fibraries or the separated DNA may be fransferred to and
immobilized on nilrocellulose or other sultable carrier material. In order {o identify a
clone or DNA; the carrier material is preferably used in a Southern blot.

For purposes of the present invention, hybridization indicates that the nucleotide
sequance hybridizes 1o a labeled nucleic acid probe under very low to very high
siringency conditions. Molecules 1o which the nucleic acid probe hybridizes under these
conditions can be detected using, Tor example, X-ray film.

For long probes of at least 100 nucleotides in length, very low o very high
siringency conditions are defined as prehybridization and hybridization at 42°C in X
SS8PE, 0.3% SDS, 200 ug/ml sheared and denaturad salmon sperm DNA, and either
25% formamide for very low and low stringencies, 35% formamide for medium and
medium-high stringencies, or 50% formamide for high and very high stringencies,
following standard Southern biotting procedures for 12 1o 24 hours optimally.

For long probes of al lgast 100 nucleotides in length, the carrier material is finally
washed three fimes each for 15 minutes using 2X 88C, 0.2% SDS preferably at 45°C
{very low stringency), more preferably at 50°C (low stringency), more preferably at 55°C
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{(medium stringency), more preferably at 80°C {medium-high stringency), even more
praferably at 65°C (high stringency}, and most preferably at 70°C {very high stringency).

For short probes of about 15 nuclectides o abowl 70 nucledtides in length,
stringency conditions are defined as prehybridization, hybndization, and washing post-
hybridization at about 5°C to about 10°C below the calculated T, using the calculation
according o Bollon and McCarthy (1882, Proceedings of the National Academy of
Sciences USA 48:1390) in 0.9 M NadCl, 0.09 M Tris-HCI pH 7.6, & mM EDTA, 0.5% NP-
4G, 1X Denhardl's solution, 1 mM sodium pyrophosphate, 1 mM sodium monobasic
phosphate, 0.1 mM ATP, and 0.2 mg of yeast RNA per ml following standard Southemn
blotling procedures for 12 {0 24 hours optimally.

Far shorl probes of about 15 nucleotides {0 abowd 70 nucleotides in length, the
carrier material is washed once in 6X SCC plus 0.1% SDS for 15 minutes and twice
each for 15 minutes using 68X 58C at 5°C to 16°C below the calculated T,

Polypeptide sequencing techniques can aiso be used o identify and obtain a
polynuclectide that encodes a polypeplide having enzyme activily. For example, a
purified polypeptide can be separated by gel slectrophoresis, and its amino acid
sequence determinad by, for example, amino acid microsequencing techniques. Once
determined, the amino acid sequence can be used to design degeneratle sligonucleotide
primers. The degenerate oligonucleotide primers can then be used to oblain the
polynucleotide encoding the polypeptide by PCR.

Expression cloning techniques also can be used 1o identify and obtain such a
polynucleatide. For example, a substrate known to interact with a particular enzymatic
polypeplide can be used {o screen a phage display library containing that enzymatic
polypeptide. Phage display libraries can be generated as described elsewhere (Burrift
et al, 1980, Anal Biochem 238; 1-13), or ¢an be obtained from commercial suppliers
such as Novagen {Madison, W, USA).

A polynucieotide encoding a polypeptide having enzyms activily can be mutated
using common molecular cloning techniques {e.g., site-directed mutagenesis). Possible
mutations include, without imitation, a substitution, deletion, and/or insertion of one or
more (or several} amino acids of the polypeplide such that the physico-chemical
properties of the polypeptides are allered. For example, amino acid changes may
improve the thermal stability of the polypeplide, increase specific activity, improve or
alter the substrate specificity, change the pH optimum, and the lke.

Essential amino acids in the parent polypeptide can be identified according 1o
grocedures known in the art, such as site-directed mudagenesis or alanine-scanning
mutagenesis (Cunningham and Wells, 1889, Science 244 1081-1085). In the latter
technigue, single alanine mutations are introduced at svery residue in the molecide, and
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ihe resultant mutant molecules are tested for enzyme activity to identify amino acid
residues that are critical o the activily of the molecule. See also, Hilton ef af, 1886, J
Biol. Chem. 271. 4899-47G8. The active site of the enzyme or other biclogical
interaction can also be determined by physical analysis of structure, as determined by
such techniques as nuclear magnetic resonance, crystaliography, slactron diffraction, or
photoaffinity labeling, in conjunction with mutation of putative contact site amino acids.
See, for example, de Vos ef al., 1882, Science 255; 306-312; 8mith ef al., 1992, J. Mol
Biol. 224 889-804; Wiodaver ef al, 1992, FEBS Left 309 53-64, The ideniities of
essential amino acids can also be inferred from analysis of entities with polypeplides
that are related to a polypeptide,

Single or multiple amino acid substifutions, delefions, andior insertions can be
made and tested using known methods of mutagenesis, recombination, and/or shuffling,
followed by a relevant screening procedure, such as those disclosed by Reidhaar-Olson
and Sauer, 1888, Soence 241 53-57; Bowie and Sauer, 19898, Froc. Nali Acad Sol
U/SA B6: 2152-2156; WO 85/17413; or WO 95/226825. Other methods that can be used
include error-prone PCOR, phage display (e.g., Lowman ef al, 1991, Biochem. 30:
10832-10837; U.S. Patent No. 5223408, WO 092/06204), and region-directed
mutagenesis (Derbyshire ef al, 1986, Gene 48 145; Ner ef al, 1888, DNA 7. 127).

Mutagenesis/shuffling methods can be combined with high-throughput,
automated screening methods to detect activily of cloned, mutagenized polypeplides
expressed by host cells {Ness ef al, 1988, Nafure Bictechnology 17: 893-898).
Mutagenized DNA molecules that encode active polypeptides can be recoverad from the
hosi cells and rapidly sequenced using standard methods in the al. These methods
aliow the rapid determination of the imporiance of individual aming acid residues in a
polypaptide of intarest, and can be applied o polypeptides of unknown structure.

For example, a polypeptide can have three funclional domains: a domain having
CoA synthatase activily, a domain having 3HP-CoA dehydratase aclivity, and a domain
having CoA-reduciase activilty. Such polypeptides can be sslectively modified by
mutating and/or deleting domains such that one or two of the enzyme activities are
reduced. Reducing the dehydralase activity can cause acrylyl-CoA to be obtained from
propionyl-CoA. The acrylyl-CoA then can be coniacted with & polypeptide having CoA
hydrolase activity 1o produce acrviate from propionate (Figure 5). Similarly, acryivl-CoA
can be oblained from 3HP by using, for example, such a polypeptide having reduced
CoA reductase activity.

A polynucleotide encoding a polypeptide having enzyme activity may be
manipulated in a variety of ways to provide for expression of the polynuciestide in an £
cofi host cell. The consiruction of nucleic acid constructs and recombinant exprassion

- 13-



WO 2009/089457 PCT/US2009/030607

10

30

tad
T4

vectors for the polynucleotide encoding a polypeptide of interest can be accomplished
as described herein.

Nucleic Acid Constructs

Nugcleic acid constructs can be prepared comprising an isolated polynucleotide
encoding a polypeptide having enzyme activity operably linked {o one or more {several)
contral sequences that direct the expression of the coding sequence in E cofi under
conditions compatible with the control sequences. The isolated polynuciedtide may be
manipulated to provide for expression of the polypeplide. Manipulation of the
polynucleotide’s sequence prior 1o its insettion inlo a vecior may be desirable or
necessary depending on the expression vecior. The technigues for modifying
polynucleotide sequences utilizing recombinant DNA methods are well known in the art.

The control sequence may be an appropriate promoter sequence, a nuclectide
seguence that is recognized by a host cell for expression of a polynuciectide encoding a
polypeptide of the present invention. The promoler segquence contains transcriptional
control sequences that mediate the axpression of the polypeptide. The promoter may
be any nucleotide sequence that shows franscriptional activity in the host celf of choice
including mutant, truncated, and hybrid promoters, and may be oblained from genes
encoding extraceliular or intraceliular polypeptides either homologous or heterclogous to
the host cell.

Examples of suilable promoters for direcling transcription of the nucleic acid
constructs. especially in an £ cofi host cell, are the lac promoter (Gronenborn, 1978,
Mol Gen. Genet. 148 243-250), fac promoter {DeBoer ef al, 1983, Proceedings of the
National Academy of Sciences USA 80: 21-28), #rc promoter (Brosius ef al, 1885, J
Biol. Chem, 260: 3539-3541}, T7 RNA polymerase promoter {Studier and Moffatt, 19886,
J. Mol Biol 189: 113-130), phage promoter p;, (Elvin ef al, 1990, Gene 87 123-128),
fetA prmoter {Skerra, 1984, Gene 151 131-138), araBAD promooter {Guzman ef af,
1995, J. Bacteriol. 177 4121-4130), and rhaPys promoter (Haldimann ef al, 1998, J.
Bacteriol. 180 1277-1286). Other promoters are described in "Useful proteins from
recombinant bacteria" in Scienfific American, 1980, 242 74-94; and in Sambrook ef &/,
Molecular cloning: a laboratory manual, Cold Spring Harbour Laboratory Press, New
York, USA, second edition {1989).

The conirol sequence may aiso be a suitable transcription terminator sequence,
a sequence recognized by a host cell {o terminate transcription. The terminator
sequence is operably linked {6 the 3 terminus of the nucleotide sequence encoding the
polypeplide. Any terminator thal is functional in an E coff cell may be used in the
present invention.
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it may alsc be desirable to add requlatory sequences that allow regulation of the
expression of the polypeplide relative to the growth of the host cell. Examples of
regulatory systems arg those that cause the expression of the gene o be tumsd on or
off in response to a chemical or physical stimulus, including the pressence of a regulatory
compound. Regulatory systems in prokaryotic systems include the fac, tac, and &p
operator systems.

Expression Vectors

Recombinant expression vectors can be prepared comprising a polynucieotide
described herein, a promoler, and transcriptional and transiational stop signals. The
various nucleic acids and control sequences described herain may be joined together to
produce a recombinant expression vector thal may include one or more {(several)
convenient restriction sites to allow for insertion or substifution of the nuclectide
seguence encoding the polypeptide at such sites.  Allernatively, a polynucieotide
saquence may be expressed by inserting the nucleotide sequence or a nucleic acid
construct comprising the sequence into an appropriate vector for expression. in creating
the expression veotor, the coding sequence is located in the vector so that the coding
sequence is operably linked with the appropriate controf sequences for expression.

The recombinant expression veclor may be any vector (e.¢., a plasmid or
bacteriophage} that can be conveniently subjeciad 1o recombinant DNA procedures and
can bring about expression of the nucieotide segquence. The choice of the vector will
typically depend on the compatibility of the vector with the £. coff into which the vector is
{0 be infroduced. The veciors may be linear or closed circular plasmids.

The veclor may be an autonomously replicating vector, i.e., a vector that exists
as an extrachromosomal entity, the replication of which is independent of chromosomal
replication, & g., a plasmid, an extrachromosomal element, a minichromosame, or an
artificial chromosome. The vector may contain any means for assuring seif-replication.
Alternatively, the vector may be one thal, when introduced into the host call, is
integrated into the genome and replicated together with the chromosome(s) into which it
has been inlegrated. Furthermore, a single vector or plasmid or two of more vectors or
plasmids that together contain the total DNA to be introduced into the genome of the
host cell, or a trangposon, may be used.

The vectors preferably contain one or more (several) selectable markers that
permit easy selection of transformed, transfected, transduced, or the fike cells. A
selectable marker is a gene the product of which provides for biocide or viral resistance,

resisiance to heavy melals, prototrophy to auxotrophs, and the like.
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Exampies of bacterial seleciable markers are markers that confer antibiotic
resistance such as ampiciliin, kanamycin, chloramphenicol, or tetracycline resistance.

The vectors preferably contain an elament(s) that permits inlegration of the
vector info the host cell's genome or autonomous replication of the vector in the cell
independent of the genome.

For integration inlo the host cell genome, the veclor may rely on the
polynucleatide’s sequence encoding the polypeptide or any other element of the vector
for integralion into the genome by homologous or nonhomologous recombination.
Altematively, the vecior may contain additional nucleotide seguences for directing
integration by homologous recombination into the genome of the host cell at a precise
focation(s) in the chromosome(s). To increase the likelihood of integration at a precise
location, the integrational elements should preferably contain a sufficierd number of
nucleic acids, such as 100 {o 10,000 base pairs, preferably 400 to 10,000 base pairs,
and muost preferably 800 to 10,000 base pairs, which have a high degree of identity to
the corresponding larget sequence {o enhance the probability of homologous
recombination. The integrational elements may be any sequence that is homologous
with the target sequence in the genome of the host cell. Furthermore, the integrational
slements may be non-encading or encoding nucleotide sequences. On the other hand,
the vecior may be integrated into the genome of the host cell by non-homologous
recombination.

For aulonomous replication, the vector may further comprise an orngin of
replication enabling the vector 1o replicate autonomously in the host cell in question.
The origin of replication may be any plasmid replicator mediating autonomous
replication that functions in a cell. The term “origin of replication” or "plasmid replicator”
is defined hersin as a nuclectide sequence thal enables g plasmid or vector to replicate
in vivo.

Examples of baclerial origins of replication are the origins of replication of
plasmids pBR322, pUC1E, pACYC1TT, and pACY( 184 permitiing replication in E. ¢ofi.

More than one copy of a polynucieotide encoding a polypeptide having enzyme
aclivity may be inserled inlo a host celf o increase production of the gene product. An
increase in the copy number of the polynuciectide can be obtained by integrating at
feast one additional copy of the segquence into the host celf genome or by including an
amplifiable selectable marker gene with the polynuclectide where cells containing
amplified copies of the selectable marker gene, and thereby additional copies of the
polynucleotide, can be selected for by cultivating the cells in the presence of the

appropriate selectable agent. For example, the E cofi cells described herein can
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comtain a single copy, or muitiple copies {e.g., about 5, 10, 20, 35, 50, 75, 100 or 150
copias), of a patticular polynucleotide.

The grocedures used o ligate the elements described herein to construct the
recombinant expression veclors are well known to one skilled in the art {see, eg.,
Sambrook ef al, 1885, supra).

Host Cells

in practicing the methods of the present invenlion, the host cells are £ coff
strains that have been engineered o redirect a metabolic pathway to production of 3HP
or a campound derved from 3HP in commercial relevant guantities. in addition, the
metabolically engineered £ coff sirains preferably have overcome {1) osmotic stress
caused by high concentrations of substrates and/or products and (2) the toxicity of high
concenirations of products.

In a preferred aspect, a metabolically engineered £. coff strain conlains one or
more foreign polynucieotides that encode polypeplides naceassary o perform one or
more of the steps shown in any of Figures 1-7. Such cells can contain any number of
foreign polynucieotides. The genetically modified £ coff cells are preferably capable of
producing 3HP when grown under a variety of fermentation conditions, so that a high
yield of 3HP resulis from relatively inexpensive raw producis such as glucose or
sucrose.

The melabolically engineered £ cofi strains may also have reduced polypeptide
activty. The term "reduced” as usad herein with respect to a celf and a particular
polypeptide’s activity refers 10 a lower level of aclivity than that measured in a
comparable cell of the same species. For example, a particular £ coff strain tacking an
enzyme activity is considered to have reduced snzymse activity if a comparable E. colf
strain has at least some enzyme aclivily. it is noted that a cell can have the activity of
any iype of polypeplide reduced including, without limitation, enzymes, {ranscription
faclors, transporters, recepiors, signal molecules, and the fke. For example. a csll can
contain a foreign polynucleotide that disrupts a regulatory and/or coding sequence of a
polypeptide having pyruvate decarboxylase activity or sicohol dehydrogenase aclivity.
Disrupting pyruvate decarboxylase and/or aicohol dehydrogenase expression can lead
{0 the accumulation of lactate as well as products produced from laclate such as 3HP,
1.3-propanediol, acrylic acid, polyacrylate, acrylate esters, SHP esters, and poly-3HP.
Reduced polypeptide activities can be the result of lower polypeptide concentration,
fower specific activily of a polypeplide, or combinations thereof. Any method known in
the art can be used {o make a cell having reduced polypeptide activity.
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A cell having reduced activity of a polypeptide can be identified using any
method known in the art. For example, enzyme aclivity assays can be used {o Wentify
cells having a reduced enzyme activity. See Enzyme Nomenclature, Academic Press,
Inc., New York, 2007,

Escherichia ool strains ussatul in the present invention include, but are not limited
to, 8232, 8Z37, 8240, 8758, 8763, LY52, 82110, SZ132, S8Z136, 82162, SZ1886,
SZ194, TG102, TG103, TG105, TG108, TG107, TG108, TG112, TG113, TG114,
TG128, TG129, TG130, XZ103, XZ104, XZ105, XZ106, XZ107, XZ108, XZ109, XZ118,
X211, XZ2412, X213, X215, K212, XZ123, XZ2128, KZ2129, XZ130, XZ131 and
XZ2132 {Zhou ef g/, 2003, 2005, 2006b, 2007; Shukla ef al 2004, Grabar ef al, 2008;
Zhang ef al., 2007}, Strains 8232, SZ37, 5240, 8Z58, SZ&3, 82110, SZ132, 52136,
SZ162, 52186, 52104, TG102, TG103, TG105, TG106, TG107, TG108, TG112, TG113,
TG114, TG128, TG128, TG130 were engineered {o produce increased levels of faclic
acid (Zhou ef al, 2003, 2005, 2006hb, 2007, supra; Shukla ef al, 2004, Grabar ef al,
2008). Strains XZ103, XZ104, XZ105, XZ108, XZ107, XZ2108, XZ109 and XZ110 were
obtained from the high lactic acid-preducing sirain 82184 by replacing the native D-
lactate dehydrogenase gens with the alaD (alanine dehydrogenase) gene from
Geobaciilus stearothermophilus, thereby replacing lactic acid production with L-alanine
production {Zhang ef af,, 2007}, Strains XZ111, XZ2112, XZ115, X215, XZ121, X2123,
XZ126, XZ129, XZ130, XZ131 and XZ132 were obtained from strain XZ105 for
improved alanine production through additional metabolic engingering and metabolic
evolution as described by Zhang ef al., 2007, supra.

£ colf hasts useful in the present invention are available from the Agricultural
Research Service Cullure Collection, 1818 N. University Street, Peoria, il, USA. The
accession numbers are as follows: NRRL B-30861 (82132), NRRL B-30862 (82188),
NRRL B-30883 {S2184), NRRL B-30864 (TG 103), NRRL B-30821 (TG102), NRRL B-
30022 (TG105), NRRL B-30023 (TG106), NRRL B-30824 (TG107), NRRL B-30825
(TG108), NRRL B-30928 (TG112), NRRL B-30927 (TG113), NRRL B-30928 (TG114),
NRRL B-30982 (TG128), NRRL B-30263 (TG 128}, and NRRL B-30964 (TG130).

In one aspect of the present invention, the metabolically engineered E. coff strain
comprises one orf more (several) mutations and/or deletions in the genes adhE, ackA,
frdd, pfiB, poxB, and afpFH.

in another aspect, the native lactate dehydrogenase gene is inactivated.

i another aspect, the native lactate dehydrogenase gene is replaced with the
alal) {(alanine dehydrogenase) gene from Geobacillus stearcthermophiius 1o replace

lactale production with alanine production.
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in another aspect, the E coff strain is metabolically engineered {o increase 3HP
biosynthesis from glucose, sucrose, or other sugars via pyruvate through lactate in the
presence of a functional /dhA gene by incorporating one or more (several} mutations
and/or deletions in the genes adhE, ackA, frdA, plIB, poxB, alaD, and afpFH (Causey ef
al, 2004, FProc. Natl. Acad. Sci. USA 101; 2235-2240; Zhou ef af, 2003, supra; Zhou &t
al., 2005, supra), and engineering the metabolic steps leading from pyruvate o 3HP {o
allow for unimpeded flow of intermediates from pyruvale to 3HP.

in another aspeact, the £ coff strain is meatabolically engineered o increase 3HP
biosynthesis via pyruvate through acetyl-CoA by incorporating one of more {several)
mutations andfor deletions in the genes IdhA, alal, adhE, ackA, FdA, pfiB, poxB, and
atpFH, and engineering the meatabolic steps leading from pyruvate to IHP to aliow for
unimpeded flow of intermediates from pyruvate fo 3HP.

In another aspect, the £ colf strain is metabolically engineered {o increase 3HP
biosynthesis via propionate through propionyl-CoA and acrylyl-CoA by engineering the
metabolic sieps leading from propionate to JHP {o allow for unimpeded flow of
intermediates from propionate to 3HP.

in another aspect, the £ coff strain is metabolically engineered to increase 3HP
biosynthesis via phosphoenolpyruvate or pyruvate through beta-alanine and acryiyl-CoA
by incorporating one or more (several) mutations andior delelions in the genes IdhA,
alalD, adhE, ackA, frdA, pfiB, poxB, and alpFH, and engingering the metabolic steps
feading from phosphoenoipyruvate or pyruvate to 3HF to allow for unimpeded flow of
intermediates from phosphoenolpyruvate or pyruvate to 3HP.

in another aspect. the £ coff strain is metabolically engineered to increase 3HP
biosynthesis via phosphoenolpyruvate or pyruvate through beta-alanine and malonate
semialdehyde by incorporating one or more (several) mutations and/or deletions in the
genes [dhA, alaD, adhE, ackA, fdA, pfiB, poxB, and afpFH, and engineering the
metabolic steps leading from phosphoenoipyruvate or pyruvate 1o 3HP to allow for
unimpeded flow of intermediates from phosphoensipyruvate or pyruvate (o 3HP.

in another aspect, the E colf strain comprises lactyl-CoA dehydratase activity
and 3-hydroxypropionyl-CoA dehydratase activity. In another aspect, the £ coli sirain
produces one or more of the following polypeptides: a polypeptide having E1 activator
activily, an E2 alpha polypeplide that is a subunit of an enzyme having lactyl-CoA
dehydratase achivity, an E2 peta polypeptide thal is a subunit of an enzyme having lacty-
CoA  dehydratase activity, and a polypeplide having 3S-hydroxypropionyl-GoA
dehydratase aclivily. Additionally, the strain can have CoA transferase activily, CoA
synthetase activily, polyhydroxyacid synthase aclivity, 3-hydroxypropionyl-CoA
hydrolase activily, 3-hydroxyisobulrvl-CoA hydrolase aclivity, alaning dehydrogenase,
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alanine aminotransferase, alanine 2,3-aminomutase, andior lipase activity. Moreover,
the £ coff strain can contain at least one foreign polynucleotide that encodes one of
more  polvpeptides that have CoA iransferase activily, S-hydroxypropionyl-CoA
hydrolase activity, 3-hydroxyisobuiryl-CoA hydrolase activity, CoA synthelase activity,
polyhydroxyacid synthase activity, alanine dehydrogenase, alanine aminotransferase,
alanine 2,3-aminomutase, andfor fipase activity.

in ancther aspect, the E cofi strain comprising, for example, lactyl-CoA
dehydratase aclivity and 3-hydroxypropionyl-CoA dehydratase activity produces a
product, for example, 3HP, polymerized 3HP, and/or an ester of 3HP, such as methyl
hydroxypropionate, athyl hydroxypropionate, propyl hydroxypropionate, and/or budyl
hydroxypropionate.  Accordingly, the present invention also provides methods of
producing one or more of these products. These methods involve culturing the £ colf
sirain comprising, for exampie, lactyl-CoA dehydratase activity and 3-hydroxypropionyl-
CoA dehydratase aclivity under conditions that allow the product to be produced. These
strains also can have, for example, CoA synthstase activily and/or polyhydroxyacid
synthase activity.

i another aspect, the £ coli strain comprises CoA synthetase activity, lactyl
CoA dehydratase aclivity, and polyhydroxyacid synthase activity for production of
polymerized acrylate. In some aspects, these cells also can comprise a foreign
polynucleotide that encodes one or more of the following polypeptides: a polypeptide
having E1 activator aclivity, an EZ alpha polypeptide that is a subunit of an enzyme
having lactyl-CoA dehydratase activity, an E2 beta polypeptide that is a subunit of an
enzyme having lactyl-CoA dehydratase activity; 8 polypeptide having CoA synthetase
activity; and a polypeplide having polyhydroxyacid synthase activity.

In ancther aspect of the present invention, the £ cooff strain comprises CoA
transferase activity, lachyl-CoA dehydratase aclivity, and lipase activity. In some
aspecis, the strain also can comprise a foreign polynucleotide that encodes one or more
of the following polypeplides: a polypeplide having CoA transferase activily, a
polypeptide having E1 activator activity, an E2 alpha polypeptide that is a subunit of an
enzyme having lactyl-CoA dehydratase aclivity; an E2 beta polypeptide that is a subunit
of an enzyme having lactyl-CoA dehydratase aclivity; and a polypeptide having lipase
activily. Such a strain can be usad, for example, to produce products such as esters of
acrylate {e.g., methyl acrylate, ethyl acrylate, propyl acryiate, and butyl acrylate).

A foraign polynucieotide can be introduced into an £ coli celf using any methed
known in the art such as protoplast transformation (see, &.¢.. Hanahan, 1983, J Mol
Biof 166 557-580) or slectroporation (see, e.g., Dower ef &l | 1988, Nucleic Acids Res.
16; 6127-6145).
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Methods of Producing 3HP and Compounds Derived from 3HP

The £ coll strains and polypeptides having enzyme aclivity described herein can
be used o produce 3HP and/or other organic compounds derved from 3HP such as
1.3-propanediol, acrylic acid, polymerized acrylate, esters of acrylate, esters of 3HP,
and polymerized 3HP. Consequently, the present invention also relates to methods for
producing 3MP and compounds derived from 3MP via laciate, phosphosnoipyruvats,
pyruvate, acetyl-CoA, propionyl-CoA, or beta-glanine as intermediates. These mgthods
involve culluring an £ cof strain comprising at least one foreign polynucleotide that
encodes at least one polypeptide such that 3HP is produced.

Typically, 3HP is produced by culturing the E coff strain in a culture medium
such that 3HP is produced. In general, the culfure media and/or culture conditions can
be such thal the microorganisms grow io an adequate density and produce 3HP
efficiently. For large-scale production processes, any method can be used such as
those described alsewhere (Manual of Industrial Microbiology and Biotechnology, 2™
Edition, Editors: A L. Demain and J. E. Davies, ABM Press; and Principles of
Fermentation Technology, P. F. Stanbury and A. Whitaker, Pergamon). Briefly, a large
fank {e.g.. a 100 gallon, 200 gallon, 500 gallon, or more fermentation tank} containing
appropriate culture medium with, for example, glucose as a carbon source is inocculated
with a particular microgrganism. After inoculation, the microorganisms are incubated to
allow biomass to be produced. Once a desired biomass is reached, the broth confaining
the microorganisms can be transferred to a second tank. This second tank can be any
size. For exampie, the second tank can be larger, smaller, or the same size as the first
tank. Typically, the second tank is larger than the first such that additional culture
medium can be added to the broth from the first tank.  In addition, the culture medium
within this second fank can be the same as, or different from, that used in the first tank.
For example, the first tank can contain meadium with xylose, while the second iank
conlains medium with glucose.

Once ftransferred, the microorganisms can be incubated to allow for the
production of 3HP. Onoce produced, any method can be used {o isolate the 3HP. For
example, common separation techniques can be used to remove the biomass from the
broth, and common isolation procedures {a.g., extraction, distillation, and ion-exchange
procedures) can be used to obiain the 3HP from the microorganism-free broth, In
addition, 3HP can be isolated while & is being produced, or i can be isolated from the
broth after the produat production phase has been terminated. if 3HP and/or the other

organic compounds derived from 3HP are secreted into the nutrient medium, the
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products can be recovered direclly from the medium. If the products are not secreted
into the medium, they can be can be recovered from cell lysates.

I other aspects of the presant invention, cells are separated and collected from
a culture of transformed cells; processed transformed cells are subjected to acetone
treatment or Iyophilization; a cell-free extract is prepared from such transformed
microorganism cells of processed cells; fraclions such as membrane fractions are
fractioned from such celi-free extract; or immobilized materials can be produced by
immobilizing transformed microorganism cells, processed cells, cell-free axtract and
fractions, any of which independently or combined contacted with sucrose and/or
glicose to produce IHP. The microorganism can consist of one kind of microorganism,
ar ¢an be used as an arhitrary mixture of two or mare kinds of microorganisms.

Growth and preduction of 3HP can be performead in normatl baltch fermeantations,
fed-baich fermentations or conlinuous fermentations. in certain aspects, # is desirable
io perform fermentations under reduced oxygen or anaerobic conditions for certain
hosts. In other aspects, 3HP production can be performed with oxygan; and, oplionally
with the use of air-lit or eguivalent fermentors.

Fermentation parameters are dependent on the £ colf strain used for production
of the recombinant enzyme. Cullivalion of the metabolically engineered £ ool strains of
the present invention is preferably performed under aerobic or anaerobic conditions for
about 0.5 to 240 hours. The cultivation tempearature is preferably conirolled at about
25°C 1o 45°C, and pH is preferably controfled at 5-8 during cultivation. Inorganic or
organic, acidic, or akaline substances as well as ammonia gas or the fike can be used
for pH adjusiment. The pH of the fermentation shouid be sufficiently high encugh o
allow growth and 3HP production by the host. Adjusting the pH of the fermentation
broth may be performed using neulralizing agemnts such as calcium carbonate or
hydroxides. Alternatively, 3HF can be removed continuously during the fermentation
using methods such as membrane {echnology, electro-dialysis, solvent exdraction, and
absorbent resins. The selection and incorporation of any of the above fermentation
methods is highly dependent on the E coli strain and the preferred downsiream
process.

Growth medium may be minimalidefined or complete/complex. Fermentable
carbon sources could include hexose and peniose sugars (e.g. ribose, arabinose,
xylose, and lyxose), starch, cellulose, xylan, oligosaccharides, and combinations
thersof. Examples of carbohydrates that cells are capable of metabolizing to pyruvate
include sugars such as dexdrose, triglycerides, and falty acids. One form of growth
media that can be used in accordance with the subject inveniion includes maodified
L.uria-Bettant (LB) broth {with 10 g Difco tryptons, 5 g Difco yeast extract, and 5 g
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sodium chioride per liter) as described by Miller, 1892, A Short Course in Bacferial
Genetics: A Laboratory Manual and Handbook for Escherichia coli and Related Bacteria,
Cold Spring Harbor Press.  In other aspects of the present invention, cullures of
metabolically engineered £ coff strains of the present invention can be grown in NBS
mineral salts medium (as described by Causey ef al., 2004, Proc. Nall. Acad. S, USA
101: 22356-2248) and supplemented with 2% to 20% sugar (w/v) or either 5% or 10%
sugar (glucose or sucrose). The microorganisms can be grown in of on NBS mineral
salls medium. NBS mineral salts medium comprises, consisis assentially of, or consists
of the following components {per liter): 3.5 g of KHPO, 5.0 g of KbHPQg 3.5 g of
(MM LHPO, 0.25 g of MgSQ, TH.O; 15 mg CaCly2H,0; 8.5 mg of thiamineg; and 1 mi of
frace metal sfock, glucose {e.q., 2% in plates or 3% in broth}, and 1.5% agar (for plates).
The traca metal stock is prepared in 0.1 M HCI and comprises, consists essentially of, or
consisis of {per lifer) 1.6 g of FeCly; 0.2 g of CoCl-6H,0; §.1 g of CuCl;; 0.2 g of
ZnCl-4H,0; 0.2 g of NaMoO,; and 0.05 g of H:BO,. 4-Morphalinopropanesulfonic acid
(6.1 M, pH 7.1) can be added io both liquid and solid media {fiter-sterilized) when
needed for pH condrol (and is optionally included in medium used for 10-iter
fermentations). Minimal medium can also be prepared by using succinate (1 g/tifer) as a
sole source of carbon {nonfermentable subsirate} and can be added as a supplement to
glucose-minimal medium when needed. In certain aspects, antibiotics can be included
as neaded.

In ona aspect of the present invention, the methods produce 3HP via pyruvate
through laciale by engineering the metabolic steps leading from pyruvate to 3HP {o
allow for unimpeded flow of intermediates from pyravate to 3HP as shown in Figura 1.

in another aspect, the methods produce 3HP via pyruvale through acetyl-CoA by
engineering the metabolic sieps leading from pyruvale to 3HP {o allow for unimpedsd
flow of intermediates from pyruvate 1o 3HP as shown in Figure 4.

in another aspect, the methods produce 3HP from propionate through propionyl-
CoA and acryiyl-CoA by engineering the metabolic steps leading from pyruvate {o 3HP
o allow for unimpeded flow of intermediates from propionate 1o 3HP as shown in Figure
5.

in another aspect, the methods produce GHP via phosphoenolpyruvate or
pyruvate through beta-alanine and acrylylCoA by engineering the metabolic steps
teading from phosphoeneipyruvate or pyruvate to 3HP {o allow for unimpeded flow of
intermediates from phosphoenolpyruvate or pyruvate to 3HP as shown in Figure 8.

in another aspeci, the mesthods produce 3HP via phosphoencipyruvate or
pyruvate through beta-alanine and malonate semialdehyde by engineering the metabolic
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steps leading from phosphoenolpyruvate or pyruvate 1o 3HP to allow for unimpeded flow
of intermediates from phosphoenolpyruvate or pyruvate {6 3HF as shown in Figure 7.

I another aspedt, the methods produce 3HP wherein {actate is contacled with a
first polypeptide having CoA trasferase activity or CoA synthetase activity such that
lactyl-CoA is formed, then contacting lactyl-CoA with a secand polypeptide having lactyl-
CoA dehydratase aclivity to form acrylyl-CoA, then contacting acrylyl-CoA with a third
polypeplide  having  3-hydroxypropionyl-CoA  dehydratase  aclivity o form
3-hydroxypropionic acid-CoA, and then contacting 3-hydroxyprapionic acid-CoA with the
first polypeptide to form 3HP or with a fourth polypeptide having 3-hydroxypropionyl-CoA
hydrolass activity or 3-hydroxyisobutryl-CoA hydrolase activity to form SHP.

in another aspect, the methods produce polymerized 3HP, These methods
involve producing 3-hydroxypropionic  acid-CoA as described herein, and then
contacting the 3-hydroxypropionic acid-CoA with a polypeptide having polyhydroxyacid
synthase activity to form polymerized 3HP.

in another aspect, the methods produce an ester of 3HP. These methods
involve producing 3HP as described herein, and then additionally contacting 3HP with a
fifth polypeptide having lipase activity to form an ester.

The organic compounds produced from any of the steps provided in Figures 1-7
can be chemically converted into other organic compounds. For example, 3HP can be
hydrogenated to form 1.3-propanediol, a valuable polyester monomear. Hydrogenating
an organic acid such as 3HP can be performed using any method such as those used to
hydrogenate succinic acid andfor lactic acid. For example, 3HP can be hydrogenated
using a metal catalyst. In another example, 3HP can be dehydrated to form acrylic acid.
Any method can be used to perform a dehydration reaction. For example, 3HP can be
heated in the presence of a calalyst (e.g. a metal or mineral acid catalyst) to form
acrylic  acid. Propanediol aiso can be oblained using polypeptides having
oxidoreduciase activity {e.g.. enzymes is the 1.1.1.- class of enzymes) in vitro or in vivo.

in another aspect, the methods produce polymerized acrylate. These methods
involve culturing a cell that has both CoA synthetase activity, factyl-CoA dehydratase
aclivity, and polyhydroxyacid synthase activity such that polymerized acrylate is
produced. Accordingly, the present invention also provides methods of producing
polymerized acrylate wherein lactate is contacied with a first polypeplide having CoA
synthatase activity to form lactyl-CoA, then contacting lactyl-CoA with a second
polypeptide having lactyl-CoA dehydratase activity 1o form acrylyl-CoA, and then
corlaciing acryivi-CoA with a third polypeptide having polvhydroxyacid synthase activity
ta form polymerized acryiate.
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in another aspect, the methods produce an ester of acrylate. These methods
involve culturing an £ colf cell that has CoA transferase aclivity, lipase activity, and
factyl-CoA dehydratase activily under conditions that allow the teli to produce an ester.

in anocther aspedt, the methods produce an ester of acrylate, wherein acrylyl-
CoA is formed as described harein, and then acrylyl-CoA is contacted with a polypeptide
having CoA transferase activity io form acrylate, and acrylate is contacted with a
polypeptide having lipase activity {o form the ester.

in another aspect, the methods produce 1,3-propanediol, which can be obtained
from either 3HP-CoA or 3HP via the use of polypeplides having enzyme aclivity
described herein, Thess polypeptides can be used sither in vitro or in vive. When
converting 3HP-CoA to 1,3-propanediol, polypeplides having oxidoreductase activilty or
reductase activily (e.g., enzymes from the 1.1.1.-class of enzymes) can be used
Alternatively, when creating 1,3-propanediol from 3HP, 3 combination of (1) a
polypeptide having aldehyde dehydrogenase aclivity {e.g., an enzyme from the 1.1.1.34
class) and {2) a polypeptide having alcohel dehydrogenase activity (e.g., an enzyme
from the 1.1.1.32 class) can be used.

i another aspect, the methods produce 3HP or a compound derived from 3HP
in & concentration of al least about 100 mg per L (e.g., al least about 1 g/, B g/, 10
gil, 25 g/L, BO g/, 75 g/L, 8O g/, 80 g/L, 100 g/L, 120 g/L or 130 giL).

When determining the yield of an organic compound, such as SHP, for a
particular celi, any method can be used. See, e.g., Applied Environmental Microbiology
58 4261-4265 (1993) and Sullivan and Clarke, 1955, J. Assoc. Offic. Agr. Chemists, 38
514-518,

Production of 3HP and Related Products Via in vitro Technigues

The purified polypeptides having enzyme activity described herein can be used
alone or in combination with cells 1o produce 3HP or othar organic compounds such as
1.3-propanediol, acrylic acid, polymerized acrylate, esters of acrylate, esters of 3HP,
and polymerized 3HP. For example, a preparation confaining a substantially pure
polypeptide having 3J-hydroxypropionyl-CoA dehydratase activity can be used fo
catalyze the formation of 3HP-CoA, a precursor to 3HP. Further, cell-free extracts
containing a polypeptide having enzyme activity can be used alone or in combination
with purified polypeptides andfor cells {o produce 3HP. For example, a cell-free extract
containing & polypeptide having CoA transferase aclivily can be used to form lactyl-CoA,
while a microorganism containing polypeptides have the enzyme activities necessary to
catalvze the reaclions needed to form 3HP from laciyl-CoA can be used {o produce
3HP. Any method ¢an be used to produce a celi-free extract. For sxample, osmatic
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shock, sonication, andfor a repeated freeze-thaw cycle followed Dby filtration andfor
centrifugation can be used to produce a cell-free exiract from intact celis.

3HP produced by a meiabolically engineered £ coli strain, purified polypeptide,
and/or cell-free extract can be treated chemically to produce another compound. For
example, a microorganism can be used to produce 3HP, while a chemical process is
used to modify IMP into a derivative such as polymerized 3HP or an ester of 3HP.
Likewise, a chemical process can be used to produce a particular compound that is
converted info 3HP or other organic compound (e.g., 1.3-propanediol, acrylic acid,
polymerized acrylate, esters of acryiate, eslers of 3HP, and polymerized 3HP) using a
cell, subsiantially pure polypeptide, andfor celi-free extract described hersin, For
example, a chemical process can be used fo produce acrylyl-CoA, while a
microorganism can be used convert acryly-CoA into 3HP.

The present invantion is further described by the following examples that should
not be construed as limiting the scope of the invention.

Examples

Al percentages are by weight and all solvent mixiure proportions are by volume
uniess otherwise noted.

Example 1 inactivation of the fdhA gene or the cloned Geobacilius
stearothermophilus alaD gene in high lactic acid-producing or high alanine-
producing strains of E. coli

The starting Escherichia colf strains for further genetic manipulation include, but
are not fimited to, SZ32, SZ37, SZ40, S758, 8263, LY52, SZ110, SZ132, SZ136,
SZ162, SZ186, SZ194, TG102, TG103, TG10S5, TG108, TG107, TG108, TG112, TG113,
TG114, TG128, TG128, TG130, XZ2103, XZ104, XZ105, XZ106, XZ107, XZ108, X2108,
XZN0, XZ111, X212, X213, XZ115, XZ121, XZ123, XZ2126, XZ128, XZ130, XZ131
and XZ132.

To convert the high lactic acid- or alanine-producing £ coff strains listed above
to a high 3HP-producing strain, genstic modification at the IdhA gene locus is required to
gliminate the laciaie dehydrogenase aclivity, thereby increasing the availability of
pyruvate for 3HP biosynthesis. The modifications to the /dh4 gene focus are one of
more mutations, deletions, insertions, or substitutions and are achieved using any of a
number of established £ coli genetic modification methods thal are well known in the
art. For example, delslion of the /dhA gene is achieved using the method of Datsenko
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and Wanner (2000, Proc. Natl Acad. Sci. 97 6640-6645), while insertion or gene
substitution is achieved using essentially the same procedure used by Zhang ef &/,
2007, Appl Microbin! Biotechnol 77 3556-386, io integrate the Geobaciius
stearcthermophilus alaD gene into the idhA gene. In the case of the alanine-producing
strains, the Geobaciliug stearothermophilus alal) gane, which is inserted info the £ coff
native IdhA gene in a way that resulls in the alfal gene being expressad from the native
idhA promoter sequence, is inactivaled using the same well-known E. cofi genstic
methods as used for inactivation of the ihA gene (Datsenko and Wanner, 2008, supra).

The rasulling strains in which the idhA gene or Geobacillus stearothermophilus
alald gene is inactivaled retain all other properties that contribule to high lactic acid or
alanine production when the dhA or Geobadiifus stearothermophilus alalD gene are
functionat.

Example 2: Cloning of genes encoding enzymes involved in conversion of
pyruvate to 3HP

Multiple metabolic routes have been described for the fn vive conversion of
pyruvate {o 3HP (WO 02/042418; WO 03/062173, WO 2007/042494, Siraathof et al,
2008, supray. Any combination of genes that snable biosynthesis of 3HP (WO
02/042418; WO 03/082173, WO 2007/042494, Straathof ef al, 2005, supra) is
introduced into any of the £ colf strains listed in Example 1 or strains derived from the
strains listed in Example 1 by inactivaling the /dhA gene or the Geobacilius
stearothermophilus alal> gene. The resulting 3HP-producing strains retain alt other
propertias that coniributed to high lactic acid or alanine production when the idhA or
Geobacillus stearothermophilus alaD gene are functional and the genes required for
3MP production are not introduced.

Cloning of genes required for 3HP production and introduction of the clonad DNA
into any of the £ coff strains listed in Example 1 is performed using standard techniques
known to one skilled in the art (J. Sambrook, EF. Fritsch, and T. Maniatis, 1989,
Molecular Cloning, A Laboratory Manual, 2d edition, Cold Spring Harbor, New York).
Cloned genes may be infroduced into any of the £ cofi strains listed in Example 1 in the
form of replicating plasmids or may be integrated at any site in the £ cofi genome
{Datsenko and Wanner, 2000, supra), which does not resull in a8 non-vigble strain.
Expression of the cloned genes required for 3HP production in any of the £ coff strains
listed in Example 1 is achieved using any DNA sequence thal promotes expression of
the cloned gene in any of the £ colf strains listed in Example 1. For example,
exprassion of the desired cloned genes may be achieved by cloning the genes under
genetic regulatory control of promoters thal effect gene expression in £. coff such as, but
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not limited to, the lac, fac, araB #p. fre. amyE, spac, or lambda phage PL or PR
promotars. Cloned genes required for 3HP production can also be cloned under control
of native or genstically modified £ coff chromosomal promoter sequences such as the
idhA promoler, as was done for cloning the alalD gene from Geobaciius
stearothermophilus under control of the idhA gene promoter in the high alanine
producing strains listed in Example 1.

Example 3: improving 3HP-producing F. cofi sirains by random or targeted
mutagenesis procedures

JHP-Producing £ coff strains obtained as describad in Exampla 2 are further
improved by random or targeted mutagenesis procedures {Reidhaar-Clson and Sauer,
1888, Science 241. 53-57, Bowie and Sauer, 1888, Froc. Nall Acad. Sci. USA 86
2152-2156; WO 95/17413; WO 95/22825; Lowman ef al, 1991, Biochem. 30: 10832-
10837, U.S. Patent No. 5223 408; WO 92/06204; Derbyshire ef al., 198G, Gene 46:
145: Ner ef al., 1988, DNA 7; 127, Ness ef al., 1999, Nature Bintechnology 17: 893-896;
Cunningham and Wells, 1988, Science 244; 1081-1085; Hilton et al, 1888, J Biol
Chem. 271 4899-4708). Any of the high lactic acid- or alanine-producing strains listed
in Example 1 and modified fo produce 3HP by any of the methods described in Example
2 is treated with chemicals such as N-methyl-N-nitro-N-nitrosoguanidine o ethyl
methane sulfonate, or treated with ultraviolet radiation, {o cause mutations in the strain’'s
genetic material. Alternatively, the £ coli strains are subjecied to, for example,
transposon mutagenesis using methods well known 10 one skilled in the art. Following
the mutagenic freatment, the population of E cofi cells is screened for celis having
improved 3HP production compared to the parental £ colf strain (ie, the
gnmutagenized strain),

The resuliing 3HP-producing mutants retain all properties that contribule to high
jactic acid or alanine production when the /dhA or Geobacillus stearothermophilus alaD
gene is functional compared to when the genes required for 3HP production ars not
infroduced and/or there is no mutagenesis.

Example 4: Growth of 3HP-producing E. coli strains

3HP production using any of the E. coli strains described in Example 2 or 3 is
achisved by cultivating the celis in any medium and under any cultivation conditions that
allow growth of the £. coli strains described in Examples 1, 2 or 3. For example, any of
the £ coli sirains described in Examples 1, 2 or 3 are cullivated in a nutrient-rich
medium such as Luria-Bertani {LB) broth or nulrient broth, or in a chemically defined
medium such as (but not limited 10) NBS mineral salts medium {Caussy ef g/, 2004,
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supra). The carbon source used for growth in any mineral salts medium is glucose,
sucrose, pentoses or any other carbon source that supports the growth of E. coli. The
carbon sowrces may be well established commercially available compositions such as
dexirose syrup, of may be present in mixures obtained following physical, chemical
andfor enzymatic degradation of lignoceliulosic biomass.

The culivation condiions, including but not limiled {o, time, lemperaiure, pH,
oxygen supply {anaercbic, aercbic or minimally aerobic conditions) and stirring, may be
varied in any way provided that the conditions allow growth of the 3HP-producing £ coff
strains. Growth and production of 3HP using any of the £ coli strains described in
Examples 2 or 3 may be performed in batch, fed-batch, or conlinuous cultivation
processes, and may be performed with or without addifion of osmoprotectants such as,
but not imited {o, betaine, to the cultivation medium.

Under suitable cultivation conditions, the £ cofi strains described in Examples 2
and 3 are able produce 3HP in the cullivation medium al concentrations and vields
similar 1o the lactic acid or alanine production in the laclic acid- or alanine-producing
sirains from which they were derived. For example, 3HP concentration in the culfure
broth ranges from 0.5 M to 1.3 M, and the yield of 3HP (based on substrate, eg.,
glucose, consumed) ranges from 80% io 88%. Co-products such as succinic acid,

acelate and ethanol, if produced, are produced at concentrations below 100 mM.

Example 5: Analysis of cell mass, organic acids, sugars and other compounds
present in cultivation broths

Cell mass of any of the £ coli strains described in Example 1, 2 or 3 ave
measured using any of a number of methods well known in the art, such as
measurement of optical density and measurement of cell dry weight. Organic acids,
sugars, and other compounds are measured in the cullures of any of the E. colf strains
described in Example 1, 2 or 3, grown as described in Example 4, using analylical
iechnigues that are well known in the arl. For example, organic acids, and sugars are
measured by high performance liquid chromatography (Zhou ef af., 2003, supra) or by
ultraperformance lquid chromatography-tandem mass spectrometry {Ross ef al, 2007,
Anal. Chem. 79 4840-4844) while ethanol is measured by gas chromatography, as
described, for example, by Zhou et af., 2003, supra.

Example 6 Recovery of 3HP from culture broth

The 3HP present in the culiure broth is recovered by any method known in the
art including, but not limited to, acidification of the broth with a8 mineral acid, such as
sulfaric acid, to allow recovery of the 3HP with calcium sulfate as a byproduct (WO
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2002/090312). extraction of 3MF using organic solvenis (WO 2002/090312, WO
2006/003074, WO 2005/021470), or electrodilaysis.

The invention described and claimed herein is nof to be limited in scope by the
specific aspects herein disclosed, since these aspacts are infended as Hlustrations of
several aspecis of the invention. Any equivalent aspects are intended to be within the
scope of this invention. indeed, various modifications of the invention in addifion {0
those shown and describad herein will become apparent o those skilled in the aft from
the foregoing description. Such modifications are also intended to fall within the scope
of the appendad claims. In the case of conflict, the present disclosure including
definitions will control,

-30-



WO 2009/089457 PCT/US2009/030607
Claims
What is claimed;
1. A method for producing 3-hydroxypropionic acid (3HP), comprising cultivating a
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metabolically engineered E. colf strain derived from a strain previously engineered for
high laclic acid or high L-alanine production in a cullivation medium, wherein the
genstically modified E. coff strain produces 3-hydroxypropionic acid (3HP).

2. The method of claim 1, whersin the previously enginesred £ cofi sirain is
selected from the group consisting of 8232, 8237, 8240, 5258, 5263, LY52, 82110,
SZ132 {(NRRL B30861), 52136, 52162, 82188 (NRKL B-30882), 82184 (NRRL B-
308633, TG102 (NRRL B-30921), TG103, (NRRL B-30864), TG105 (NRRL B-30822),
TG106 (NRRL B-30923), TG107 (NRRL B-30924), TG108 (NRRL B-30825), TG112
{NRRL B-30828), TG113 (NRRL B-30027), TG114 (NRRL. B-30928), TG128 (NRRL B-
30062}, TG129 (NRRL B-30963) TG130 (NRRL B-30864), XZ103, XZ104, XZ108,
XZ106, XZ107, XZ108, XZ108, XZ110, X211, XZ112, XZ113, XZ211b, XZ121, XZ123,
XZ128, XZ2129, XZ2130, XZ131 and XZ132.

3. The method of claim 1, whergin the metabolically engineered £ cofi strain
comprises (@) CoA transferase aclivity, (b) actyl-CoA dehydratase activity, (&) 3~
hydroxypropionyi-CoA dehydratase aclivity, and (d} 3-hydroxypropiony-CoA hydrolase
activity,

4, The method of claim 1. wherein the metabolically engineered E cofi strain
comprises acelyl-CoA carboxylase activity and malonyl-CoA reductase aclivity.

5, The method of claim 1, wherein the metabolically engineered E. coff strain
comprises activities selected from the group consisting of PEP carboxylase activity,
pyruvate carboxylase activily, aspariate aminolransferase activity, aspartale
decarboxylase activity, CoA transferase acltivity, beia-alanyl-CoA ammonia lyase
activily, 3HP-CoA dehydratase aclivity, alanine dehydrogenase activily, alaning
aminotransferase activity, and alanine 2 .3-aminomutase aclivity.

&, The method of claim 1, wherein the metabolically engineered E. coff strain
comprises activities selected from the group consisting of PEP carboxylase activity,

pyrivate carboxylase activity, aspariate aminolransferase aclivity, aspartate
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decarboxylase activity, salanine dehydrogenase activity, alanine aminotransferase
activity, alanine 2 3-aminomutase activity, beta-alanine aminolransferase activity, and
3HP dehydrogenase aclivity.

7. The method of claim 1, wherein the melabolically engineered E ol strain
comprises one or more {several} mulations andior deletions in the genes idhi, alaD,
adhE, ackA, rdA, pfiB. pox8 and alpFH.

8. The method of claim 1, wherein the native lactate dehydrogenase gene in the
metabolically engineered E. cofi strain is inactivated.

8. The method of claim 1, wherein the metabolically engineered E. coff strain does
not produce lactic acid.

18 The method of claim 1, wherein the native lactate dehyrrogenase gene in the
metabolically engineered £ coli strain is replaced with the aiaD {alanine
dehydrogenase) gene from Geohacillus stearothermophilus 10 replace lactate production
with alanine production, and the Geobacilfus stearothermophifus alaD (alanine

dehydrogenase) gens is inactivated.
11. The method of claim 1, wherein the metabolically engineered £ coli strain does
not produce alaning via the alanine dehydrogenase encoded by the cloned Geobacilius

stearothermophiius alaD {(alanine dehydrogenase) gene.

12. The method of claim 1, wherein the metabolically snginsered £ colf sirain is
cultured in a medium comprising a carbohydrate as a carbon source.

13.  The method of claim 12, wherein the carbohydrate is glucose or sucross,

14. The method of claim 1, further comprising recovering the 3HP.

15, The method of claim 1, wherein the 3HP is further convertad to 8 compound

selected from the group consisting of 1, 3-propanediol, acrylic acid, polymerized acrylate,
esters of acrylate, polymerized 3HP, and esters of 3HP.
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16.  The method of claim 15, further comprising recovering the compound selected
from the group consisting of 1, 3-propanediol, acrvlic acid, polymerized acrylate, esters

of acrylate, polymerized 3HP, and ssters of 3HP.

17. The method of claim 1, wherein the metabolically engineered £ coff sirain

(g

comprises one of the pathways described in Figurest-7.
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