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ORGANISMS FOR THE PRODUCTION OF 1,3-BUTANEDIOL

STATEMENT OF RELATED APPLICATIONS

This application claims the benefit of priority of U.S. Provisional Application No. 61/174,473,
5  filed April 30, 2009.

BACKGROUND OF THE INVENTION

The present invention relates generally to biosynthetic processes and organisms capable of
producing organic compounds. More specifically, the invention relates to non-naturally

occurring organisms that can produce the commodity chemical 1,3-butanediol.

10  1,3-butanediol (1,3-BDO) is a four carbon diol traditionally produced from acetylene via its
hydration. The resulting acetaldehyde is then converted to 3-hydroxybutyraldehdye which is
subsequently reduced to form 1,3-BDO. In more recent years, acetylene has been replaced by
the less expensive cthylene as a source of acetaldehyde. 1,3-BDO is commonly used as an
organic solvent for food flavoring agents. It is also used as a co-monomer for polyurethane and

15  polyester resins and is widely employed as a hypoglycaemic agent. Optically active 1,3-BDO is

| a useful starting material for the synthesis of biologically active compounds and liquid crystals.
A substantial commercial use of 1,3-butanediol is subsequent dehydration to afford 1,3-
butadiene (Ichikawa et al., J. of Molecular Catalysis A-Chemical, 256:106-112 (2006); Ichikawa
et al., J. of Molecular Catalysis A-Chemical, 231:181-189 (2005)), a 25 billion 1b/yr

20  petrochemical used to manufacture synthetic rubbers (e.g., tires), latex, and resins. The reliance
on petroleum based feedstocks for either acetylene or ethylene warrants the development ot a

renewable feedstock based route to 1,3-butanediol and to butadiene.

Thus, there exists a need to develop microorganisms and methods of their use to produce 1,3-

BDO. The present invention satisfies this need and provides related advantages as well.
25 SUMMARY OF THE INVENTION

In some embodiments, the present invention is directed to a non-naturally occurring microbial

organism that includes a microbial organism having a 1,3-butanediol (1,3-BDO) pathway having
at least one exogenous nucleic acid encoding a 1,3-BDO pathway enzyme expressed in a
sufficient amount to produce 1,3-BDO. The 1,3-BDO pathway includes an enzyme selected

30 from the group consisting of a 2-amino-4-ketopentanoate (AKP) thiolase, an AKP

CA 2759994 2018-02-16
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dehydrogenase, a 2-amino-4-hydroxypentanoate aminotransferase, a 2-amino-4-
hydroxypentanoate oxidoreductase (deaminating), a 2-oxo0-4-hydroxypentanoate
decarboxylase, a 3-hydroxybutyraldehyde reductase, an AKP aminotransferase, an AKP
oxidoreductase (deaminating), a 2,4-dioxopentanoate decarboxylase, a 3-oxobutyraldehyde
reductase (ketone reducing), a 3-oxobutyraldehyde reductase (aldehyde reducing), a 4-
hydroxy-2-butanone reductase, an AKP decarboxylase, a 4-aminobutan-2-one

aminotransferase, a 4-aminobutan-2-one oxidoreductase (deaminating), a 4-aminobutan-2-one

- ammonia-lyase, a butenone hydratase, an AKP ammonia-lyase, an acetylacrylate

decarboxylase, an acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming), an
acetoacetyl-CoA reductase (CoA-dependent, alcohol forming), an acetoacetyl-CoA reductase
(ketone reducing), a 3-hydroxybutyryl-CoA reductase (aldehyde forming), a 3-
hydroxybutyryl-CoA reductase (alcohol forming), a 4-hydroxybutyryl-CoA dehydratase, and

a crotonase.

In some embodiments, the present invention is directed to a method for producing 1,3-BDO

that includes culturing such a non-naturally occurring microbial organism, under conditions

and for a sufficient period of time to produce 1,3-BDO.

In an embodiment, the invention provides a non-naturally occurring microbial organism,
comprising a set of enzymes that convert acetoacetyl-CoA to 1,3-butanediol (1,3-BDO),
wherein the set of enzymes comprises a ketone reducing acetoacetyl-CoA reductase that
converts acetoacetyl-CoA to 3- hydroxybutyryl-CoA; and (i) an alcohol forming 3-
hydroxybutyryl-CoA reductase that converts 3- hydroxybutyryl-CoA to 1,3-butanediol; or (11)
an aldehyde forming 3-hydroxybutyryl-CoA reductase that coverts 3- hydroxybutyryl-CoA to
3-hydroxybutyraldehyde; and (3) a 3-hydroxybutyraldehyde reductase that converts 3-
hydroxybutyraldehyde to 1,3-butanediol; wherein said microbial organism comprising at least

one exogenous nucleic acid encoding said ketone reducing acetoacetyl-CoA reductase

expressed in a sufficient amount to produce 1,3-BDO.

In another embodiment, the invention provides a method for producing 1,3-butanediol (1,3-

BDO), comprising culturing a non-naturally occurring microbial organism comprising a set of

CA 2759994 2018-02-16
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enzymes that convert acetoacetyl-CoA to 1,3-BDO under conditions and for a sufficient
period of time to produce 1,3-BDO, wherein the set of enzymes comprises a ketone reducing
acetoacetyl-CoA reductase that converts acetoacetyl-CoA to 3- hydroxybutyryl-CoA; and (1)
an alcohol forming 3-hydroxybutyryl-CoA reductase that converts 3- hydroxybutyryl-CoA to
1,3-butanediol; or (i1) an aldehyde forming 3-hydroxybutyryl-CoA reductase that coverts 3-
hydroxybutyryl-CoA to 3-hydroxybutyraldehyde; and (3) a 3-hydroxybutyraldehyde reductase
that converts 3-hydroxybutyraldehyde to 1,3-butanediol; wherein said microbial organism
comprises at least one exogenous nucleic acid encoding ketone reductase said acetoacetyl-

CoA reductase expressed 1n a sufficient amount to produce 1,3-BDO.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows pathways to 1,3-BDO from alanine. Enzymes are: A) AKP thiolase, B) AKP
aminotransferase or AKP oxidoreductase (deaminating), C) 2,4-dioxopentanoate
decarboxylase, D) 3-oxobutyraldehyde reductase (aldehyde reducing), E) AKP decarboxylase,
F) 4-aminobutan-2-one ammonia-lyase, G) Butenone hydratase, H) 4-hydroxy, 2-butanone '
reductase, I) AKP ammonia-lyase, J) acetylacrylate decarboxylase, K) 4-aminobutan-2-one
aminotransferase or 4-aminobutan-2-one oxidoreductase (deaminating), L) AKP
dehydrogenase, M) 2-amino-4-hydroxypentanoate aminotransferase or 2-amino-4-
hydroxypentanoate oxidoreductase (deaminating), N) 2-ox0-4-hydroxypentanoate
decarboxylase, O) 3-oxobutyraldehyde reductase (ketone reducing), and

P) 3-hydro xybutyraldehdye reductase.

Figure 2 shows pathways from acetoacetyl-CoA to 1,3-butanediol. Enzymes are: A)
acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming), B) 3-oxobutyraldehyde
reductase (ketone reducing), C) 3-hydroxybutyraldehyde reductase, D) acetoacetyl-CoA
reductase (CoA-dependent, alcohol forming), E) 3-oxobutyraldehyde reductase (aldehyde
reducing), F) 4-hydroxy, 2-butanone reductase, (G) acetoacetyl-CoA reductase (ketone
reducing), H) 3-hydroxybutyryl-CoA reductase (aldehyde forming), and I) 3-hydroxybutyryl-

CoA reductase (alcohol forming).

CA 2759994 2018-02-16
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Figure 3 shows pathways from 4-hydroxybutyryl-CoA to 1,3-butanediol. Enzymes are: A) 4-
hydroxybutyryl-CoA dehydratase, B) crotonase, C) 3-hydroxybutyryl-CoA reductase (aldehyde
forming), D) 3-hydroxybutyraldehyde reductase, and E) 3-hydroxybutyryl-CoA reductase

(alcohol forming).
Figure 4 shows aldehyde dehydrogenases showing significant activity on 3-hydroxybutyl-CoA.

Figure 5 shows the specific activity of bld from Clostridium saccharoperbutylacetonicum on 3-

Hydroxybutyryl-CoA betfore and after dialysis.

Figure 6 shows 1,3-BDO concentrations when 3-hydroxybutyraldehyde was added as a substrate
and 1n the control samples with no substrate. The GI numbers for the alcohol dehydrogenases

are shown.

Figure 7 shows 1,3-BDO concentrations when 3-hydroxybutyryl-CoA was added as a substrate
and 1n the control samples with no substrate. The GI numbers for the alcohol dehydrogenases

are shown. The GI number for the aldehyde dehydrogenase tested in conjunction 1s 163762382.
DETAILED DESCRIPTION OF THE INVENTION

This invention 1s directed, in part, to non-naturally occurring microorganisms that express genes
encoding enzymes that catalyze 1,3-butanediol (1,3-BDO) production. Pathways for the
production of 1,3-butanediol disclosed herein are based on three precursors: (1) D-alanine, (11)
acetoacetyl-CoA, and (i11) 4-hydroxybutyryl-CoA. Successfully engineering these pathways
entails 1dentifying an appropriate set of enzymes with sufficient activity and specificity, cloning
their corresponding genes into a production host, optimizing fermentation conditions, and

assaying for product formation following fermentation.

The conversion of alanine to 1,3-BDO can be accomplished by a number of pathways 1n about
five enzymatic steps as shown in Figure 1. In the first step of all pathways (Step A), alanine and
acctyl-CoA arc combined by 2-amino-4-ketopentanoate thiolase, a highly selective enzyme.

The product of this reaction, 2-amino-4-oxopentanoate (AKP) can then be transaminated,

reduced, decarboxylated or deaminated as shown in Figure 1. Further synthetic steps for the

production of 1,3-BDO are discussed in detail below. The theoretical yield ot 1,3-BDO from

cach of these pathways 1s calculated to be about 1.09 mole/mole of glucose consumed.

Figure 2 outlines multiple routes for producing 1,3-BDO from acetoacetyl-CoA. Each of these

pathways from acetoacetyl-CoA to 1,3-BDO utilizes three reducing equivalents and provides a
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theoretical yield of 1 mole of 1,3-BDO per mole of glucose consumed. Other carbon substrates
such as syngas can also be used for the production of acetoacetyl-CoA. Gasification of glucose
to form syngas will result in the maximum theoretical yield of 1.09 moles of 1,3-BDO per mole

of glucose consumed, assuming that 6 moles of CO and 6 moles of H, are obtained from glucose
6CO + 6H, =2 1.091 C4H,(00, + 1.636 CO,+ 0.545 H,

4-Hydroxybutyryl-CoA 1s an important starting metabolite from which a number of industrially
useful compounds can be made, including 1,3-BDO as shown 1n Figure 3. Although 4-
hydroxybutyryl-CoA 18 not a highly common central metabolite, methods for engineering strains
that synthesize 4-hydroxybutyryl-CoA have been described previously by Applicants in U.S.
Patent Application No. 2009/0075351. The 4-hydroxybutyryl-CoA to 1,3-butanediol pathway
has a theoretical yield of 1.09 mol/mol product yield assuming glucose as the carbohydrate

feedstock.

This invention 18 also directed, 1n part, to methods for producing 1,3-BDO through culturing of
these non-naturally occurring microbial organisms. Dehydration of 1,3-BDO produced by the
organisms and mecthods described herein, provides an opportunity to produce rencwable
butadiene 1n small end-use facilities obviating the need to transport this flammable and reactive

chemical.

As used herein, the term “non-naturally occurring” when used 1n reference to a microbial
organism or microorganism of the invention 1s intended to mean that the microbial organism has
at least one genetic alteration not normally found 1n a naturally occurring strain of the referenced
species, Including wild-type strains of the referenced species. Genetic alterations include, for
example, modifications introducing expressible nucleic acids encoding metabolic polypeptides,
other nucleic acid additions, nucleic acid deletions and/or other functional disruption of the
microbial genetic material. Such modifications include, for example, coding regions and
functional fragments thereof, for heterologous, homologous or both heterologous and
homologous polypeptides tor the referenced species. Additional modifications include, for
cxample, non-coding regulatory regions in which the modifications alter expression of a gene or
operon. Exemplary metabolic polypeptides include enzymes or proteins within a 1,3-butanediol

biosynthetic pathway.

occurring state. Therefore, non-naturally occurring microorganisms can have genetic
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modifications to nucleic acids encoding metabolic polypeptides or, functional fragments thereof.

Exemplary metabolic modifications are disclosed herein.

As used herein, the term “isolated” when used 1 reference to a microbial organism 1s intended
to mean an organism that 1s substantially free of at least one component as the referenced
microbial organism 1s found in nature. The term includes a microbial organism that 1s removed
from some or all components as 1t 1s found 1n 1ts natural environment. The term also includes a
microbial organism that 1s removed from some or all components as the microbial organism 1s
found n non-naturally occurring environments. Therefore, an 1solated microbial organism 1s
partly or completely separated from other substances as it 1s found 1n nature or as 1t 18 grown,
stored or subsisted in non-naturally occurring environments. Specific examples of 1solated
microbial organisms include partially pure microbes, substantially pure microbes and microbes

cultured in a medium that 1s non-naturally occurring.

As used herein, the terms “microbial,” “microbial organism” or “microorganmism’ 1s intended to
mean any organism that exists as a microscopic cell that 1s included within the domains of
archaea, bacteria or ecukarya. Therefore, the term 1s intended to encompass prokaryotic or
cukaryotic cells or organisms having a microscopic size and mcludes bacteria, archaca and
cubacteria of all species as well as eukaryotic microorganisms such as yeast and fungi. The term
also includes cell cultures of any species that can be cultured for the production of a

biochemical.

As used herein, the term “CoA” or “coenzyme A” 1s intended to mean an organic cofactor or
prosthetic group (nonprotein portion of an enzyme) whose presence 1s required for the activity of
many enzymes (the apoenzyme) to form an active enzyme system. Coenzyme A functions in
certain condensing enzymes, acts 1n acetyl or other acyl group transter and in fatty acid synthesis

and oxidation, pyruvate oxidation and 1n other acetylation.

As used herein, the term “substantially anaerobic™ when used 1n reference to a culture or growth
condition 1s mntended to mean that the amount of oxygen 1s less than about 10% of saturation for
dissolved oxygen 1n liquid media. The term also 1s ntended to include scaled chambers of

liquid or solid medium maintained with an atmosphere of less than about 1% oxygen.

“Exogenous” as 1t 1s used herein 1s intended to mean that the referenced molecule or the
reterenced activity 1s mtroduced into the host microbial organism. The molecule can be
introduced, for example, by introduction of an encoding nucleic acid into the host genetic

material such as by integration into a host chromosome or as non-chromosomal genetic material
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such as a plasmid. Therefore, the term as 1t 18 used 1n reference to expression of an encoding
nucleic acid refers to introduction of the encoding nucleic acid in an expressible form into the
microbial organism. When used 1n reference to a biosynthetic activity, the term refers to an
activity that 1s introduced mnto the host reference organism. The source can be, for example, a
homologous or heterologous encoding nucleic acid that expresses the referenced activity
following introduction into the host microbial organism. Therefore, the term “endogenous™
refers to a referenced molecule or activity that 1s present in the host. Similarly, the term when
used 1 reference to expression of an encoding nucleic acid refers to expression of an encoding
nucleic acid contained within the microbial organism. The term “heterologous” refers to a
molecule or activity derived from a source other than the referenced species whereas
“homologous™ refers to a molecule or activity derived from the host microbial organism.
Accordingly, exogenous expression of an encoding nucleic acid of the invention can utilize

either or both a heterologous or homologous encoding nucleic acid.

The non-naturally occurring microbal organisms of the invention can contain stable genetic
alterations, which refers to microorganisms that can be cultured for greater than five generations
without loss of the alteration. Generally, stable genetic alterations include modifications that
persist greater than 10 generations, particularly stable modifications will persist more than about
25 generations, and more particularly, stable genetic modifications will be greater than 50

generations, including indefinitely.

Those skilled 1n the art will understand that the genetic alterations, including metabolic
modifications exemplified herein, are described with reference to a suitable host organism such
as E. coli and their corresponding metabolic reactions or a suitable source organism for desired
genetic material such as genes for a desired metabolic pathway. However, given the complete
ogenome sequencing of a wide variety of organisms and the high level of skill 1n the area of
genomics, those skilled m the art will readily be able to apply the teachings and guidance
provided herein to essentially all other organisms. For example, the £. coli metabolic alterations
exemplified herein can readily be applied to other species by incorporating the same or
analogous encoding nucleic acid from species other than the referenced species. Such genetic
altcrations include, for example, genctic alterations of species homologs, 1 genceral, and 1n

particular, orthologs, paralogs or nonorthologous gene displacements.

An ortholog 1s a gene or genes that are related by vertical descent and are responsible for
substantially the same or 1identical functions 1n different organisms. For example, mouse

epoxide hydrolase and human epoxide hydrolase can be considered orthologs for the biological



10

15

20

30

CA 02759994 2011-10-25
WO 2010/127319 PCT/US2010/033300

function of hydrolysis of epoxides. Genes are related by vertical descent when, for example,
they share sequence similarity of sufficient amount to indicate they are homologous, or related
by evolution from a common ancestor. Genes can also be considered orthologs if they share
three-dimensional structure but not necessarily sequence similarity, of a sufficient amount to
indicate that they have evolved from a common ancestor to the extent that the primary sequence
stmilarity 1s not identifiable. Genes that are orthologous can encode proteins with sequence
similarity of about 25% to 100% amino acid sequence 1dentity. Genes encoding proteins sharing
an amino acid similarity less that 25% can also be considered to have arisen by vertical descent
1f their three-dimensional structure also shows similarities. Members of the serine protease
family of enzymes, including tissue plasminogen activator and e¢lastase, are considered to have

arisen by vertical descent from a common ancestor.

Orthologs include genes or their encoded gene products that through, for example, evolution,
have diverged 1n structure or overall activity. For example, where one species encodes a gene
product exhibiting two functions and where such functions have been separated into distinct
genes in a second species, the three genes and their corresponding products are considered to be
orthologs. For the production of a biochemical product, those skilled in the art will understand
that the orthologous gene harboring the metabolic activity to be introduced or disrupted 1s to be
chosen for construction of the non-naturally occurring microorganism. An example of orthologs
exhibiting separable activities 1s where distinct activities have been separated into distinct gene
products between two or more species or within a single species. A specific example 1s the
separation of clastase proteolysis and plasminogen proteolysis, two types of serine protease
activity, into distinct molecules as plasminogen activator and clastase. A second example 1s the
separation of mycoplasma 5°-3” exonuclease and Drosophila DNA polymerase III activity. The
DNA polymerase from the first species can be considered an ortholog to either or both of the

exonuclease or the polymerase from the second species and vice versa.

In contrast, paralogs arc homologs related by, for example, duplication followed by evolutionary
divergence and have similar or common, but not identical functions. Paralogs can originate or

dertve from, for example, the same species or from a different species. For example,

hydrolase II) can be considered paralogs because they represent two distinct enzymes, co-
evolved from a common ancestor, that catalyze distinct reactions and have distinct functions in
the same species. Paralogs are proteins from the same species with significant sequence

similarity to cach other suggesting that they are homologous, or related through co-evolution
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from a common ancestor. Groups of paralogous protein families include HipA homologs,

luciferase genes, peptidases, and others.

A nonorthologous gene displacement 1s a nonorthologous gene from one species that can
substitute for a referenced gene function 1n a different species. Substitution includes, for
example, beimg able to perform substantially the same or a similar function in the species of
origin compared to the referenced function in the different species. Although generally, a
nonorthologous gene displacement will be 1dentifiable as structurally related to a known gene
encodmg the referenced function, less structurally related but functionally similar genes and
their corresponding gene products nevertheless will still fall within the meaning of the term as 1t
18 used herein. Functional similarity requires, for example, at least some structural similarity in
the active site or binding region of a nonorthologous gene product compared to a gene encoding
the function sought to be substituted. Therefore, a nonorthologous gene includes, for example, a

paralog or an unrclated gene.

Therefore, 1n 1dentifying and constructing the non-naturally occurring microbial organisms of
the invention having 1,3-BDO biosynthetic capability, those skilled in the art will understand
with applying the teaching and guidance provided herein to a particular species that the
identification of metabolic modifications can include identification and inclusion or mactivation
of orthologs. To the extent that paralogs and/or nonorthologous gene displacements are present
in the referenced microorganism that encode an enzyme catalyzing a similar or substantially
similar metabolic reaction, those skilled 1n the art also can utilize these evolutionally related

genes.

Orthologs, paralogs and nonorthologous gene displacements can be determined by methods well
known to those skilled 1n the art. For example, mspection of nucleic acid or amino acid
sequences for two polypeptides will reveal sequence 1dentity and similarities between the
compared sequences. Based on such similarities, one skilled 1n the art can determine if the
similarity 18 sufficiently high to indicate the proteins are related through evolution from a
common ancestor. Algorithms well known to those skilled 1n the art, such as Align, BLAST,
Clustal W and others compare and determine a raw sequence similarity or identity, and also
determine the presence or significance of gaps in the sequence which can be assigned a weight
or score. Such algorithms also are known 1n the art and are similarly applicable for determining
nucleotide sequence similarity or identity. Parameters for sufficient similarity to determine
relatedness are computed based on well known methods for calculating statistical similarity, or

the chance of finding a similar match 1 a random polypeptide, and the significance of the match
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determmed. A computer comparison of two or more sequences can, 1t desired, also be
optimized visually by those skilled 1n the art. Related gene products or proteins can be expected
to have a high similarity, for example, 25% to 100% sequence identity. Proteins that are
unrelated can have an 1dentity which 1s essentially the same as would be expected to occur by
chance, 1f a database of sufficient size 1s scanned (about 5%). Sequences between 5% and 24%
may or may not represent sufficient homology to conclude that the compared sequences are
related. Additional statistical analysis to determine the significance of such matches given the

s1ze of the data set can be carried out to determine the relevance of these sequences.

Exemplary parameters for determining relatedness of two or more sequences using the BLAST
algorithm, for example, can be as set forth below. Briefly, amino acid sequence alignments can
be performed using BLASTP version 2.0.8 (Jan-05-1999) and the following parameters:

Matrix: 0 BLOSUMG2; gap open: 11; gap extension: 1; x dropoff: 50; expect: 10.0; wordsize:
3; fulter: on. Nucleic acid sequence alignments can be performed using BLASTN version 2.0.6
(Sept-16-1998) and the following parameters: Match: 1; mismatch: -2; gap open: §; gap
extension: 2; x dropoft: 50; expect: 10.0; wordsize: 11; filter: off. Those skilled 1n the art will
know what modifications can be made to the above parameters to either increase or decrease the
stringency of the comparison, for example, and determine the relatedness of two or more

sequences.

In some embodiments, the present invention provides a non-naturally occurring microbial
organism that includes a microbial organism having a 1,3-butanediol (1,3-BDO) pathway with at
least one exogenous nucleic acid encoding a 1,3-BDO pathway enzyme expressed m a sufficient
amount to produce 1,3-BDO. The 1,3-BDO pathway includes an enzyme selected from the
oroup consisting of a 2-amino-4-ketopentanoate (AKP) thiolase, an AKP dehydrogenase, a 2-
amino-4-hydroxypentanoate aminotransferase, a 2-amino-4-hydroxypentanoate oxidoreductase
(dcaminating), a 2-0x0-4-hydroxypentanoate decarboxylase, a 3-hydroxybutyraldchyde
reductase, an AKP aminotransferase, an AKP oxidoreductase (deaminating), a 2,4-
dioxopentanoate decarboxylase, a 3-oxobutyraldehyde reductase (ketone reducing), a 3-
oxobutyraldehyde reductase (aldehyde reducing), a 4-hydroxy-2-butanone reductase, an AKP
decarboxylase, a 4-ammobutan-2-onc aminotransferase, a 4-aminobutan-2-onc oxidoreductase
(deaminating), a 4-aminobutan-2-one ammonia-lyase, a butenone hydratase, an AKP ammonia-
lyase, an acetylacrylate decarboxylase, an acetoacetyl-CoA reductase (CoA-dependent, aldehyde
forming), an acetoacetyl-CoA reductase (CoA-dependent, alcohol forming), an acetoacetyl-CoA

reductasc (ketone reducing), a 3-hydroxybutyryl-CoA reductase (aldchyde forming), a 3-
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hydroxybutyryl-CoA reductase (alcohol forming), a 4-hydroxybutyryl-CoA dchydratase, and a

crotonase.

Any combination and any number of the aforementioned enzymes can be introduced nto a host

microbial organism to complete a 1,3-BDO pathway, as exemplified in Figures 1-3. For
example, the non-naturally occurring microbial organism can include one, two, three, four, five,
up to all of the nucleic acids 1n a 1,3-BDO pathway, each nucleic acid encoding a 1,3-BDO
pathway enzyme. Such nucleic acids can include heterologous nucleic acids, additional copies
of existing genes, and gene regulatory elements, as explained further below. The pathways of
the non-naturally occurring microbial organisms of the invention are also suitably engineered to

be cultured in a substantially anaerobic culture medium.

In some embodiments, the non-naturally occurring microbial organisms having a 1,3-BDO
pathway include a sct of 1,3-BDO pathway enzymes. A sct of 1,3-BDO pathway enzymes
represents a group of enzymes that can convert alanine, acetoacetyl-CoA, or 4-hydroxybutyryl-
CoA to 1,3-BDO, as show 1 Figures 1-3. Exemplary sets of 1,3-BDO pathway enzymes to
convert alanine to 1,3-BDO, according to Figure 1 include (a) (1) a 2-amino-4-ketopentanoate
(AKP) thiolase; (2) an AKP dehydrogenase; (3) a 2-amino-4-hydroxypentanoate
aminotransferase or oxidoreductase (deaminating); (4) a 2-0xo0-4-hydroxypentanoate
decarboxylase; and (5) a 3-hydroxybutyraldehyde reductase; (b) (1) a 2-amio-4-ketopentanoate
(AKP) thiolase; (2) an AKP aminotransterase or oxidoreductase (deaminating); (3) a 2,4-
dioxopentanoate decarboxylase; (4) a 3-oxobutyraldehyde reductase (ketone reducing); and (5) a
3-hydroxybutyraldehyde reductase; (¢) (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an
AKP aminotransferase or oxidoreductase (deaminating); (3) a 2,4-dioxopentanoate
decarboxylase; (4) a 3-oxobutyraldehyde reductase (aldehyde reducing); and (5) a 4-hydroxy-2-
butanone reductase; (d) (1) a 2-amimo-4-ketopentanoate (AKP) thiolase; (2) an AKP
decarboxylase; (3) a 4-aminobutan-2-onc aminotransferase or oxidoreductasc (dcaminating); (4)
a 3-oxobutyraldehyde reductase (ketone reducing); and (5) a 3-hydroxybutyraldehyde reductase;
(e) (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an AKP decarboxylase; (3) a 4-
aminobutan-2-one aminotransferase or oxidoreductase (deaminating); (4) a 3-oxobutyraldehyde
reductasc (aldchyde reducing); and (5) a 4-hydroxy-2-butanone reductase; (f) (1) a 2-amino-4-
ketopentanoate (AKP) thiolase; (2) an AKP decarboxylase; (3) a 4-aminobutan-2-one ammonia-
lyase; (4) a butenone hydratase; and (5) a 4-hydroxy-2-butanone reductase; and (g) (1) a 2-
amino-4-ketopentanoate (AKP) thiolase; (2) an AKP ammonia-lyase; (3) an acetylacrylate

decarboxylasc; (4) a butecnone hydratasc; and (5) a 4-hydroxy-2-butanonc reductasc;
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Exemplary sets of 1,3-BDO pathway enzymes to convert acetoacetyl-CoA to 1,3-BDO,
according to Figure 2 include (h) (1) an acetoacetyl-CoA reductase (CoA-dependent, aldehyde
forming); (2) a 3-oxobutyraldehyde reductase (ketone reducing); and (3) a 3-
hydroxybutyraldehyde reductase; (1) (1) an acetoacetyl-CoA reductase (CoA dependent, alcohol
forming) and (2) a 4-hydroxy-2-butanone reductase; (j) (1) an acetoacetyl-CoA reductase (CoA-
dependent, aldehyde forming); (2) a 3-oxobutyraldehyde reductase (aldehyde reducing); and (3)
a 4-hydroxy-2-butanone reductase; (k) (1) an acetoacetyl-CoA reductase (ketone reducing) and
(2) a 3-hydroxybutyryl-CoA reductase (alcohol forming); and (1) (1) an acetoacetyl-CoA
reductase (ketone reducing); (2) a 3-hydroxybutyryl-CoA reductase (aldehyde forming); and (3)
a 3-hydroxybutyraldehyde reductase;

Exemplary sets of 1,3-BDO pathway enzymes to convert 4-hydroxybutyryl-CoA to 1,3-BDO,
according to Figure 3 include (m) (1) a 4-hydroxybutyryl-CoA dehydratase; (2) a crotonase; and
(3) a 3-hydroxybutyryl-CoA reductasc (alcohol torming); and (n) (1) a 4-hydroxybutyryl-CoA
dehydratase; (2) a crotonase; (3) a 3-hydroxybutyryl-CoA reductase (aldehyde forming); and (4)
a 3-hydroxybutyraldehyde reductase.

The conversion of alanine to 1,3-BDO can be accomplished by a number of pathways involving
about five enzymatic steps as shown 1 Figure 1. In the first step of all pathways (Step A),
alanine and acetyl-CoA are combined by 2-amino-4-ketopentanoate thiolase, a highly selective
enzyme. The product of this reaction, 2-amino-4-oxopentanoate (AKP) can then be

transaminated, reduced, decarboxylated or deaminated as shown 1n Figure 1.

In one route, AKP converted to 2,4-dioxopentanoate, a 2-keto acid similar in structure to alpha-

ketoglutarate, by an aminotransferase or deaminating oxidoreductase (Step B). 2,4-
Dioxopentanoate 1s then converted to 3-oxobutyraldehyde by a 2-ketoacid decarboxylase (Step
C). Reduction of the ketone and aldechyde groups to their corresponding alcohols yields 1,3-
butanediol. These reductions can occur in either order to form the intermediates 3-

hydroxybutyraldehyde (Steps O and P) or 4-hydroxy,2-butanone (Steps D and H).

In another route, the 4-0xo0 group of AKP 1s first reduced to a secondary alcohol by AKP
dehydrogenase (Step L). The product, 2-amino-4-hydroxypentanoate, 1s then converted to 2-
ox0-4-hydroxypentanoate (Step M). The resulting 2-ketoacid 1s decarboxylated to 3-
hydroxybutyraldehyde (Step N). In the final step of this route, the aldehyde of 3-
hydroxybutyraldchyde 18 reduced to a primary alcohol by 3-hydroxybutyraldchyde reductase,
forming 1,3-butanediol (Step P).



10

20

25

CA 02759994 2011-10-25

WO 2010/127319 PCT/US2010/033300
12

Yet another route mvolves decarboxylation of AKP by an amino acid decarboxylase (Step E).
The decarboxylation product, 4-aminobutan-2-one, can either be transaminated or oxidatively
deaminated to 3-oxobutyraldehyde (Step K) or deaminated to butenone (Step F). When 3-

oxobutyraldehyde 1s formed, two alcohol-forming reduction steps are used to form 1,3-

butanediol, as described previously (Steps O and P, or Steps D and H). The deamination
product, butenone, 1s then hydrolyzed to 4-hydroxy,2-butanone (Step G), which 1s reduced to
1,3-butanediol by 4-hydroxy-2-butanone reductase (Step H).

Y et another route mmvolves the deamination of AKP to acetylacrylate (Step I). Acetylacrylate 1s
decarboxylated to butenone (Step J), which 1s then converted to 1,3-butandiol by butenone
hydratase (Step G) and 4-hydroxy,2-butanone reductase (Step H).

Based on the routes described above for the production 1,3-BDO from alanine, 1n some
cmbodiments, the non-naturally occurring microbial organism has a sct of 1,3-BDO pathway
enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an AKP
dehydrogenase; (3) a 2-amino-4-hydroxypentanoate aminotransferase or oxidoreductase
(deaminating); (4) a 2-oxo0-4-hydroxypentanoate decarboxylase; and (5) a 3-
hydroxybutyraldehyde reductase. Any number of nucleic acids encoding these enzymes can be
introduced 1nto a host microbial organism including one, two, three, four, up to all five of the
nucleic acids that encode these enzymes. Where one, two, three, or four exogenous nucleic

acids are mtroduced, such nucleic acids can be any permutation ot the five nucleic acids.

In other embodiments non-naturally occurring microbial organism has a set of 1,3-BDO
pathway enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an AKP
aminotransferase or oxidoreductase (deaminating); (3) a 2,4-dioxopentanoate decarboxylase; (4)

a 3-oxobutyraldehyde reductase (ketone reducing); and (5) a 3-hydroxybutyraldehyde reductase.

organism including one, two, three, four, up to all five of the nucleic acids that encode these
enzymes. Where one, two, three, or four exogenous nucleic acids are mtroduced, such nucleic

acids can be any permutation of the five nucleic acids.

In still other embodiments, the non-naturally occurring microbial organism has a set of 1,3-BDO
pathway enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an AKP
aminotransferase or oxidoreductase (deaminating); (3) a 2,4-dioxopentanoate decarboxylase; (4)
a 3-oxobutyraldchyde reductase (aldchyde reducing); and (5) a 4-hydroxy-2-butanonc reductasc.
Any number of nucleic acids encoding these enzymes can be introduced into a host microbial

organism including one, two, three, four, up to all five of the nucleic acids that encode these
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enzymes. Where one, two, three, or four exogenous nucleic acids are mtroduced, such nucleic

acids can be any permutation of the five nucleic acids.

In yet further embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an
AKP decarboxylase; (3) a 4-aminobutan-2-one aminotransferase or oxidoreductase
(deaminating); (4) a 3-oxobutyraldehyde reductase (ketone reducing); and (5) a 3-
hydroxybutyraldehyde reductase. Any number of nucleic acids encoding these enzymes can be
introduced 1nto a host microbial organism including one, two, three, four, up to all five of the
nucleic acids that encode these enzymes. Where one, two, three, or four exogenous nucleic

acids are introduced, such nucleic acids can be any permutation of the five nucleic acids.

In yet still further embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway cnzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an
AKP decarboxylase; (3) a 4-aminobutan-2-one aminotransferase or oxidoreductase
(deaminating); (4) a 3-oxobutyraldehyde reductase (aldehyde reducing); and (5) a 4-hydroxy-2-
butanone reductase. Any number of nucleic acids encoding these enzymes can be introduced
1into a host microbial organism including one, two, three, four, up to all five of the nucleic acids
that encode these enzymes. Where one, two, three, or four exogenous nucleic acids are

introduced, such nucleic acids can be any permutation of the five nucleic acids.

In still further embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an

AKP decarboxylase; (3) a 4-aminobutan-2-one ammonia-lyase; (4) a butenone hydratase; and
(5) a 4-hydroxy-2-butanone reductase. Any number of nucleic acids encoding these enzymes

can be mtroduced mto a host microbial organism including one, two, three, four, up to all five of

acids are mtroduced, such nucleic acids can be any permutation of the five nucleic acids.

In yet still further embodiments, the non-naturally occurrimg microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) a 2-amino-4-ketopentanoate (AKP) thiolase; (2) an
AKP ammonia-lyase; (3) a an acetylacrylate decarboxylase; (4) a butenone hydratase; and (5) a
4-hydroxy-2-butanone reductase. Any number of nucleic acids encoding these enzymes can be

introduced 1nto a host microbial organism including one, two, three, four, up to all five of the

acids are introduced, such nucleic acids can be any permutation of the five nucleic acids.



10

15

20

25

30

CA 02759994 2011-10-25

WO 2010/127319 PCT/US2010/033300
14

Figure 2 outlines multiple routes for producing 1,3-butanediol from acetoacetyl-CoA. One route
through steps A, B and C utilizes (1) CoA-dependent, aldehyde forming acetoacetyl-CoA
reductase to convert acetoacetyl-CoA nto 3-oxobutyraldehyde (Figure 2, Step A), (1) 3-
oxobutyraldehyde reductase to reduce 3-oxobutyraldehyde to 3-hydroxybutyraldehyde (Figure
2, Step B), and (111) finally, 3-hydroxybutyraldehyde reductase to form 1,3-butanediol (Figure 2,
Step CO).

Alternatively, acetoacetyl-CoA can be reduced via the aldehyde forming acetoacetyl-CoA
reductase to form 4-hydroxy,2-butanone (Figure 2, Step D). 4-hydroxy,2-butanone can also be
formed by the reduction of 3-oxobutyraldehyde by the aldehyde reducing 3-oxobutyraldehyde
reductase (Figure 2, Step E). Eventually, 4-hydroxy,2-butanone can be reduced to form 1,3-
BDO by 4-hydroxy-2-butanone reductase (Figure 2, Step F).

Y et another set of 1,3-BDO forming routes rely on the reduction of acetoacetyl-CoA to 3-
hydroxybutyryl-CoA by the ketone reducing acetoacetyl-CoA reductase (Figure 2, Step G).
This enzyme reduces the ketone function 1n acetoacetyl-CoA to a hydroxyl group. 3-
hydroxybutyryl-CoA can be reduced by the bifunctional alcohol-forming 3-hydroxybutyryl-CoA
reductase to form 1,3-butancdiol (Figure 2, Step I). Alternatively, 1t can first be reduced to 3-
hydroxybutyraldehyde via the aldehyde forming 3-hydroxybutyryl-CoA reductase (Step H) and
3-hydroxybutyraldehyde can then be reduced as shown 1n Step C.

Based on the routes described above for the production 1,3-BDO from acetoacetyl-CoA, m some
embodiments, the non-naturally occurring microbial organism has a set of 1,3-BDO pathway
enzymes that includes (1) an acetoacetyl-CoA reductase (CoA-dependent, aldehyde forming);
(2) a 3-oxobutyraldehyde reductase (ketone reducing); and (3) a 3-hydroxybutyraldehyde
reductase. Any number of nucleic acids encoding these enzymes can be itroduced mto a host
microbial organism including one, two up to all three of the nucleic acids that encode these
enzymes. Where one or two exogenous nucleic acids are introduced, such nucleic acids can be

any permutation of the three nucleic acids.

In other embodiments, the non-naturally occurring microbial organism has a sct of 1,3-BDO
pathway enzymes that includes (1) an acetoacetyl-CoA reductase (CoA dependent, alcohol
forming) and (2) a 4-hydroxy-2-butanone reductase. Any number of nucleic acids encoding
these enzymes can be introduced mto a host microbial organism including one or both of the
nucleic acids that encode these enzymes. Where one exogenous nucleic acid 1s itroduced, such

a nucleic acid can be either of the two nucleic acids.
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In further embodiments, the non-naturally occurring microbial organism has a set of 1,3-BDO
pathway enzymes that includes (1) an acetoacetyl-CoA reductase (CoA-dependent, aldehyde
forming); (2) a 3-oxobutyraldehyde reductase (aldehyde reducing); and (3) a 4-hydroxy-2-
butanone reductase. Any number of nucleic acids encoding these enzymes can be introduced
1into a host microbial organism including one, two up to all three of the nucleic acids that encode
these enzymes. Where one or two exogenous nucleic acids are mtroduced, such nucleic acids

can be any permutation of the three nucleic acids.

In yet further embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) an acetoacetyl-CoA reductase (ketone reducing) and
(2) a 3-hydroxybutyryl-CoA reductase (alcohol forming). Any number of nucleic acids
encodmg these enzymes can be mtroduced 1nto a host microbial organism including one or both
of the nucleic acids that encode these enzymes. Where one exogenous nucleic acid 1s

introduced, such a nucleic acid can be cither of the two nucleic acids.

In still further embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) an acetoacetyl-CoA reductase (ketone reducing); (2) a
3-hydroxybutyryl-CoA reductase (aldehyde forming); and (3) a 3-hydroxybutyraldehyde
reductase. Any number of nucleic acids encoding these enzymes can be introduced nto a host
microbial organism including one, two up to all three of the nucleic acids that encode these
enzymes. Where one or two exogenous nucleic acids are imtroduced, such nucleic acids can be

any permutation of the three nucleic acids.

4-hydroxybutyryl-CoA 1s an important starting metabolite from which a number of industrially
useful compounds can be made. Although 4-hydroxybutyryl-CoA is not a highly common
central metabolite, methods for engineering strains that synthesize 4-hydroxybutyryl-CoA have
been described 1in Burk et al. (US 20090075351). An exemplary method mvolves synthesizing
4-hydroxybutyryl-CoA from succinyl-CoA by employing genes encoding succinic semialdehyde
dehydrogenase (CoA-dependent), 4-hydroxybutyrate dehydrogenase, 4-hydroxybutyrate kinase,

and phosphotransbutyrylase activities.

The first step 1in the pathway involves the dehydration of 4-hydroxybutyryl-CoA (Step A, Figure
3) followed by the hydration of crotonoyl-CoA to form 3-hydroxybutyryl-CoA (Step B). 3-
hydroxybutyryl-CoA then undergoes two reduction steps to form 1,3-butanediol carried out by

cither two enzymes (Steps C and D) or a single dual-function enzyme (Step E).
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Thus, 1n some embodiments, the non-naturally occurring microbial organism has a set of 1,3-
BDO pathway enzymes that includes (1) a 4-hydroxybutyryl-CoA dehydratase; (2) a crotonase;
and (3) a 3-hydroxybutyryl-CoA reductase (alcohol forming). Any number of nucleic acids
encoding these enzymes can be introduced mto a host microbial organism including one, two up
to all three ot the nucleic acids that encode these enzymes. Where one or two exogenous nucleic

acids are mntroduced, such nucleic acids can be any permutation of the three nucleic acids.

In other embodiments, the non-naturally occurring microbial organism has a set of 1,3-BDO
pathway enzymes that includes (1) a 4-hydroxybutyryl-CoA dehydratase; (2) a crotonase; (3) a
3-hydroxybutyryl-CoA reductase (aldehyde forming); and (4) a 3-hydroxybutyraldehyde
reductase. Any number of nucleic acids encoding these enzymes can be introduced 1nto a host
microbial organism including one, two, three up to all four of the nucleic acids that encode these
enzymes. Where one, two, or three exogenous nucleic acids are itroduced, such nucleic acids

can be any permutation of the four nucleic acids.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurrmg microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protem that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amino-4-oxopentanoate to 2-amino-4-hydroxypentanoate, 2-amino-4-hydroxypentanoate to 2-
ox0-4-hydroxypentanoate, 2-0x0-4-hydroxypentanoate to 3-hydroxybutyraldehyde, and 3-
hydroxybutyraldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism

comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a

2-amino-4-oxopentanoate to 2,4-dioxopentanoate, 2,4-dioxopentanoate to 3-oxobutyraldehyde,

3-oxobutyraldehyde to 3-hydroxybutyraldehyde, and 3-hydroxybutyraldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amino-4-oxopentanoate to 2,4-dioxopentanoate, 2,4-dioxopentanoate to 3-oxobutyraldchyde,

3-oxobutyraldehyde to 4-hydroxy-2-butanone, and 4-hydroxy-2-butanone to 1,3-BDO.
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In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amio-4-oxopentanoate to 4-aminobutan-2-one, 4-aminobutan-2-one to 3-oxobutyraldehyde,

3-oxobutyraldehyde to 3-hydroxybutyraldehyde, and 3-hydroxybutyraldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amino-4-oxopentanoate to 4-amimobutan-2-one, 4-aminobutan-2-one to 3-oxobutyraldehyde,

3-oxobutyraldehyde to 4-hydroxy-2-butanone, and 4-hydroxy-2-butanone to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amino-4-oxopentanoate to 4-aminobutan-2-one, 4-aminobutan-2-one to butenone, butenone to

4-hydroxy-2-butanone, and 4-hydroxy-2-butanone to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of alanine to 2-amino-4-oxopentanoate,
2-amino-4-oxopentanoate to acetylacrylate, acetylacrylate to butenone, butenone to 4-hydroxy-

2-butanone, and 4-hydroxy-2-butanone to 1,3-BDO.

Thus, the invention provides a non-naturally occurring microbial organism containing at least
one exogenous nucleic acid encoding an enzyme or protein, where the enzyme or protem
converts the substrates and products of a 1,3-BDO pathway converting alanine to 1,3-BDO, as

exemplified by the pathways shown in Figure 1.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism

comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
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substrate to a product selected from the group consisting of acetoacetyl-CoA to 4-hydroxy-2-

butanone, and 4-hydroxy-2-butanone to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of acetoacetyl-CoA to 3-
oxobutyraldehyde, 3-oxobutyraldehyde to 4-hydroxy-2-butanone, and 4-hydroxy-2-butanone to
1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product sclected from the group consisting of acctoacetyl-CoA to 3-
oxobutyraldehyde, 3-oxobutyraldehyde to 3-hydroxybutryaldehyde, and 3-
hydroxybutryaldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of acetoacetyl-CoA to 3-
hydroxybutyryl-CoA, 3-hydroxybutyryl-CoA to 3-hydroxybutryaldehyde, and 3-
hydroxybutryaldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of acetoacetyl-CoA to 3-

hydroxybutyryl-CoA, and 3-hydroxybutyryl-CoA to 1,3-BDO.

Thus, the mvention provides a non-naturally occurring microbial organism containing at lcast
one exogenous nucleic acid encoding an enzyme or protein, where the enzyme or protein
converts the substrates and products of a 1,3-BDO pathway converting acetoacetyl-CoA to 1,3-

BDO, as exemplitied by the pathways shown 1n Figure 2.

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

organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
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comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of 4-hydroxybutyryl-CoA to crotonoyl-
CoA, crotonoyl-CoA to 3-hydroxybutyryl-CoA, 3-hydroxybutyryl-CoA to 3-
hydroxybutryaldehyde, and 3-hydroxybutryaldehyde to 1,3-BDO.

In an additional embodiment, the invention provides a non-naturally occurring microbial
organism having a 1,3-BDO pathway, wherein the non-naturally occurring microbial organism
comprises at least one exogenous nucleic acid encoding an enzyme or protein that converts a
substrate to a product selected from the group consisting of 4-hydroxybutyryl-CoA to crotonoyl-

CoA, crotonoyl-CoA to 3-hydroxybutyryl-CoA, and 3-hydroxybutyryl-CoA to 1,3-BDO.

Thus, the mnvention provides a non-naturally occurring microbial organism containing at least
one exogenous nucleic acid encoding an enzyme or protein, where the enzyme or protemn
converts the substrates and products of a 1,3-BDO pathway, the pathway converting 4-

hydroxybutyryl-CoA to 1,3-BDO, as exemplified by the pathways shown in Figure 3.

Successfully engineering any of these pathways entails 1dentifying an appropriate set of
cnzymes with sutficient activity and specificity, cloning their corresponding genes 1nto a
production host, optimizing fermentation conditions, and assaying for product formation
following fermentation. To engineer a production host for the production of any of the

aforementioned products, one or more exogenous DNA sequence(s) can be expressed in

microorganisms. In addition, the microorganisms can have endogenous gene(s) functionally

deleted. These modifications will enable the production of 1,3-BDO using renewable

feedstocks.

Below, we describe a number of biochemically characterized genes capable of encoding
enzymes that catalyze each of the steps shown m Figures 1, 2 and 3. Although we describe this
method for E. coli, one skilled in the art can apply these teachings to essentially any other
organism. Specifically, genes are listed that are native to E. coli in addition to genes 1n other
organisms that can be applied to catalyze the appropriate transformations when properly cloned

and expressed.

The invention 1s described herein with general reference to the metabolic reaction, reactant or
product thereof, or with specific reference to one or more nucleic acids or genes encoding an
cnzyme associated with or catalyzing, or a protein associated with, the referenced metabolic
reaction, reactant or product. Unless otherwise expressly stated herein, those skilled 1n the art

will understand that reference to a reaction also constitutes reference to the reactants and
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products of the reaction. Similarly, unless otherwise expressly stated herein, reference to a
reactant or product also references the reaction, and reference to any of these metabolic
constituents also references the gene or genes encoding the enzymes that catalyze or proteins
involved 1n the referenced reaction, reactant or product. Likewise, given the well known fields
of metabolic biochemistry, enzymology and genomics, reference herein to a gene or encoding
nucleic acid also constitutes a reference to the corresponding encoded enzyme and the reaction 1t
catalyzes or a protein associated with the reaction as well as the reactants and products of the

reaction.

All transformations depicted in Figures 1-3 fall into the 8 general categories of transformations
shown in Table 1. Below 1s described a number of biochemically characterized genes 1n each
category. Specifically listed are genes that can be applied to catalyze the appropriate
transformations 1n Figures 1-3 when properly cloned and expressed. Exemplary genes for each

of the steps 1in Figures 1-3 arc provided further below 1n Tables 35-37.

Table 1 shows the enzyme types useful to convert common central metabolic intermediates 1into
1,3-butanediol. The first three digits of each label correspond to the first three Enzyme
Commuission number digits which denote the general type of transtformation independent of

substrate specificity.

Table 1

LABEL FUNCTION

1.1.1.a | Oxiadoreductase (ketone to hydroxyl or aldehyde to alcohol)
1.1.1.c Ox1doreductase (2 step, acyl-CoA to alcohol)
1.2.1.b Oxidoreductase (acyl-CoA to aldehyde)
1.4.1.a Oxidoreductase (deaminating)

2.3.1.b Acyltransferase

2.6.1.a Aminotransferase

4.1.1.a Carboxy-lyasc

4.2.1.a Hydro-lyase

4.3.1.a Ammonia-lyasc

Numerous transformation in Figures 1, 2 and 3 fall into the category of oxidoreductases that
reduce an aldehyde to alcohol. For example, Steps D and P 1n Figure 1 catalyzed by 3-
oxobutyraldehyde reductase (aldehyde reducing) and 3-hydroxybutyraldehyde reductase
respectively fall into this category. Smmilarly, Steps C and E 1n Figure 2 catalyzed by 3-
hydroxybutyraldehyde reductase and 3-oxobutyraldehdye reductase (aldehyde reducing)

respectively are also oxidoreductases that convert the aldehyde functionality to alcohol.
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Pathways 1n Figure 3 mvolve oxidoreductases such as 3-hydroxybutyraldehdye reductase in Step

D.

Exemplary genes encoding enzymes that catalyze the conversion of an aldehyde to alcohol (1.e.,
alcohol dehydrogenase or equivalently aldehyde reductase) include alr4 encoding a medium-
chain alcohol dehydrogenase for C2-C14 (Tan et al., Appl. Environ. Microbiol., 66:5231-5235
(2000)), ADH2 from Saccharomyces cerevisiae (Atsumi ¢t al., Nature, 451:86-89 (2008)),
yghD tfrom E. coli which has preference for molecules longer than C3 (Sulzenbacher et al., J. of
Molecular Biology, 342:489-502 (2004)), and hdh 1 and bdh 11 from C. acetobutylicum which
converts butyraldehyde 1into butanol (Walter et al., J. of Bacteriology, 174:7149-7158 (1992)).
The gene product of yghD catalyzes the reduction of acetaldehyde, malondialdehyde,
propionaldehyde, butyraldehyde, and acrolein using NADPH as the cofactor (Perez et al., J.
Biol. Chem., 283:7346-7353 (2008)). The adhA gene product from Zymomonas mobilis has
been demonstrated to have activity on a number of aldchydes including formaldchyde,
acetaldehyde, propionaldehyde, butyraldehyde, and acrolein (Kinoshita et al., Appl. Microbiol.
Biotechnol, 22:249-254 (1985)). Additional aldehyde reductase candidates are encoded by bd#
in C. saccharoperbutylacetonicum and Chei 1722, Cbei 2181 and Cbei 2421 m C. beijerinckii.

Data related to the sequences for cach of these exemplary gene products can be found using the

following GenBank accession numbers shown in Table 2.

Table 2

Protein GENBANK ID | GI NUMBER | ORGANISM

alrd BAB12273.1 9967138 Acinetobacter sp. stramn M-1

ADH?2 NP 014032.1 | 6323961 Saccharomyces cerevisiae

vghD NP 417484.1 16130909 Escherichia coli

bdh 1 NP 349892.1 15896543 Clostridium acetobutylicum

bdh 11 NP 349891.1 15896542 Clostridium acetobutylicum

adhA YP 162971.1 56552132 Zymomonas mobilis

bdh BAF45463.1 124221917 Clostridium saccharoperbutylacetonicum

Cbei 1722 | YP 001308850 | 150016596 Clostridium beijerinckii

Cbei 2181 | YP 001309304 | 150017050 Clostridium beijerinckii

Cbei 2421 | YP 001309535 | 150017281 Clostridium beijerinckii
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Enzymes exhibiting 3-hydroxybutyraldehyde reductase activity (EC 1.1.1.61) also fall mto this
category. Such enzymes have been characterized in Ralstonia eutropha (Bravo et al., J.
Forensic Sci., 49:379-387 (2004)), Clostridium kluyveri (Woltt ¢t al., Protein Expr. Purif.,
6:206-212 (1995)) and Arabidopsis thaliana (Breitkreuz et al., J. Biol. Chem., 278:41552-41556
(2003)). Yet another gene 1s the alcohol dehydrogenase adhl trom Geobacillus
thermoglucosidasius (Jeon et al., J. Biotechnol., 135:127-133 (2008)). Data related to the
sequences for each of these exemplary gene products can be found using the following GenBank

accession numbers shown 1n Table 3.

Table 3
PROTEIN | GENBANK ID | GI NUMBER | ORGANISM
4hbd YP 726053.1 | 113867564 Ralstonia eutropha H16
4hbd L21902.1 146348486 Clostridium kluyveri DSM 5535
4hbd Q94B07 75249805 Arabidopsis thaliana
adhl AAR91477.1 40795502 Geobacillus thermoglucosidasius M10EXG

Another exemplary enzyme 18 3-hydroxyisobutyrate dehydrogenase which catalyzes the
reversible oxidation of 3-hydroxyisobutyrate to methylmalonate semialdehyde. This enzyme
participates 1n valine, leucine and 1soleucine degradation and has been identified in bacteria,
eukaryotes, and mammals. The enzyme encoded by P§4067 from Thermus thermophilus HBS
has been structurally characterized (Lokanath et al., J. Mol. Biol., 352:905-917 (2005)). The
reversibility of the human 3-hydroxyisobutyrate dehydrogenase was demonstrated using
1isotopically-labeled substrate (Manning et al., Biochem J., 231:481-484 (1985)). Additional
genes encoding this enzyme include 34idh in Homo sapiens (Hawes et al., Methods Enzymol,
324:218-228 (2000)) and Oryctolagus cuniculus (Hawes et al., supra; Chowdhury et al., Biosci.
Biotechnol Biochem., 60:2043-2047 (1996)), mmsB 1n Pseudomonas aeruginosa and
Pseudomonas putida (L1ao et al., US patent 20050221466), and dhat in Pseudomonas putida
(Aberhart et al., J. Chem. Soc., 6:1404-1406 (1979); Chowdhury et al., supra; Chowdhury et al.,
Biosci. Biotechnol Biochem., 67:438-441 (2003)). Data related to the sequences for each of
these exemplary gene products can be found using the following GenBank accession numbers

shown 1n Table 4.
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Table 4
PROTEIN | GENBANK ID | GI NUMBER | ORGANISM
P84067 P84067 75345323 Thermus thermophilus
3hidh P31937.2 12643395 Homo sapiens
3hidh P32185.1 416872 Oryctolagus cuniculus
mmshb P28311.1 127211 Pseudomonas aeruginosa
mmsB NP _746775.1 26991350 Pseudomonas putida
dhat Q59477.1 2342618 Pseudomonas putida

Oxi1doreductases that convert a ketone functionality to the corresponding hydroxyl group are
also synthetic steps 1 the disclosed pathways. Notably, Reactions L, O and H in Figure 1
catalyzed by AKP dehydrogenase, 3-oxobutyraldehyde reductase (ketone reducing), 4-hydroxy-
2-butanone reductase respectively are transformations of this category. The two latter
transformations are also encountered 1in Steps B and F respectively in Figure 2. On similar lines,
the acetoacetyl-CoA reductase m Step G of Figure 2 reduces acetoacetyl-CoA to 3-
hydroxybutyryl-CoA.

The reduction of 4-oxo group of 2-amino-4-oxopentanoate (AKP) by a dehydrogenase yields 2-
amino-4-hydroxypentanoate (Figure 1, step L). This reaction 18 very similar to the NAD(P)H-
dependent reduction of aspartate semialdehyde to homoserine catalyzed by homoserine
dehydrogenase (EC 1.1.13). In many organisms, including £. coli, homoserine dehydrogenase
1s a bifunctional enzyme that also catalyzes the ATP-dependent conversion of aspartate to
aspartyl-4-phosphate (Starnes ct al., Biochemistry, 11:677-687 (1973)). The functional domains
are catalytically independent and connected by a linker region (Sibilli et al., J. Biol. Chem.,
256:10228-10230 (1981)) and both domains are subject to allosteric inhibition by threonine.
The homoserine dehydrogenase domain of the E. coli enzyme, encoded by thrA, was separated
from the aspartate kinase domain, characterized, and found to exhibit high catalytic activity and
reduced mhibition by threonine (James et al., Biochemistry, 41:3720-3725 (2002)). This can be
applied to other bifunctional threonine kinases including, for example, hom! of Lactobacillus
plantarum (Cahyanto et al., Microbiology, 152:205-112 (2006)) and Arabidopsis thaliana. The
monofunctional homoserine dehydrogenases encoded by Zom6 1n S. cerevisiae (Jacques et al.,
Biochem. Biophys. Acta, 1544:28-41 (2001)) and hom?2 in Lactobacillus plantarum (Cahyanto
et al., supra) have been functionally expressed and characterized in £. coli. Data related to the
sequences for each of these exemplary gene products can be found using the following GenBank

accession numbers shown 1in Table 5.
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Table 5
PROTEIN | GENBANK ID | GI NUMBER | ORGANISM
thrA AAC73113.1 1786133 Escherichia coli K12
akthr?2 081852 75100442 Arabidopsis thaliana
homb6 CAARY671 1015330 Saccharomyces cerevisiae
homl CADO64819 28271914 Lactobacillus plantarum
hom?2 CADG63186 28270285 Lactobacillus plantarum

Acetoacetyl-CoA reductase (Step G, Figure 2) catalyzing the reduction of acetoacetyl-CoA to 3-
hydroxybutyryl-CoA participates in the acetyl-CoA fermentation pathway to butyrate 1n several
species of Clostridia and has been studied 1n detail (Jones et al., Microbiol. Rev., 50:484-524
(1986)). The enzyme from Clostridium acetobutylicum, encoded by 2bd, has been cloned and
functionally expressed 1n E. coli (Youngleson et al., .J. Bacteriol., 171:6800-6807 (1989)).

Additionally, subunits of two fatty acid oxidation complexcs 1n E. coli, encoded by fadB and

fadJ, function as 3-hydroxyacyl-CoA dehydrogenases (Binstock et al., Methods Enzymol.,

71C:403-411 (1981)). Yet other genes demonstrated to reduce acetoacetyl-CoA to 3-
hydroxybutyryl-CoA are phbB tfrom Zoogloea ramigera (Ploux et al., Eur. J. Biochem.,
174:177-182 (1988)) and phaB from Rhodobacter sphaeroides (Alber ¢t al., Mol. Microbiol.,
61:297-309 (2006)). The former gene 1s NADPH-dependent, 1ts nucleotide sequence has been
determined (Peoples et al., Mol Microbiol. 3:349-357 (1989)) and the gene has been expressed
in E. coli. Substrate specificity studies on the gene led to the conclusion that 1t could accept 3-
oxopropionyl-CoA as a substrate besides acctoacetyl-CoA (Ploux et al., supra). Additional
oenes include Hbdl (C-terminal domain) and Hbd2 (N-terminal domain) in Clostridium kiuyveri
(Hillmer and Gottschalk, Biochim. Biophys. Acta 3334:12-23 (1974)) and HSD17B810 1n Bos
taurus (Wakal et al., J. Biol. Chem., 207:631-638 (1954)). Data related to the sequences for each
of these exemplary gene products can be found using the following GenBank accession numbers

shown 1n Table 6.

Table 6
Protein GENBANK ID | GI NUMBER | ORGANISM
fadB P21177.2 119811 Escherichia coli
fadJ P77399.1 3334437 Escherichia coli
Hbd?2 EDK34807.1 146348271 Clostridium kluyveri
Hbd ] EDK32512.1 146345976 Clostridium kluyveri
hbd P52041.2 Clostridium acetobutylicum
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HSDI17B10 | 002691.3 3183024 Bos Taurus
phbB P23238.1 130017 Zoogloea ramigera
phaB YP 353825.1 | 77464321 Rhodobacter sphaeroides

A number of similar enzymes have been found m other species of Clostridia and 1n

Metallosphaera sedula (Berg et al., Archaea. Science, 318:1782-1786 (2007)) as shown 1n Table

7.
Table 7
Protein GenBank 1D GI number Organism
Hbd NP 349314.1 | NP 349314.1 | Clostridium acetobutylicum
Hbd AAMI14586.1 | AAMI14586.1 | Clostridium beijerinckii

Msed 1423 | YP 001191505 | YP 001191505 | Metallosphaera sedula
Msed (0399 | YP 001190500 | YP_001190500 | Metallosphaera sedula
Msed 0389 | YP 001190490 | YP 001190490 | Metallosphaera sedula
Msed 1993 | YP 001192057 | YP 001192057 | Metallosphaera sedula

An exemplary alcohol dehydrogenase that converts a ketone to a hydroxyl group 1s the seconday

alcohol dehydrogenase that was shown to convert acetone to 1sopropanol in C. beijerinckii

(Ismaiel et al., J. Bacteriol., 175:5097-5105 (1993)) and 7. brockii (Lamed et al., Biochem. J.,

adhA from Pyrococcus furiosus, which exhibits maximum activity on 2-pentanol and
pyruvaldehyde, was shown to have very broad specificity which includes 1sopropanol and
acetone (Van der et al., Eur. J. Biochem., 263:3062-3068 (2001)). Yet another secondary
alcohol dehydrogenase with activity on 1sopropanol and acetone 1s encoded by the gene product
of adh-A from Rhodococcus ruber (Edegger et al., Chem. Commun. (Camb), 2402-2404 (2006);

below 1n Table K.

Table 8

Protein | GenBank ID | GI number | Organism

adh AAA23199.2 | 60592974 | Clostridium beijerinckii NRRL B3593
adh P14941.1 113443 Thermoanaerobacter brockii HT D4
adhA | AAC25556 | 3288810 Pyrococcus furiosus

adh-A | CAD36475 21615553 | Rhodococcus ruber
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Alternatively, there exist several exemplary alcohol dehydrogenases that convert a ketone to a
hydroxyl functional group. Two such enzymes from £. coli are encoded by malate
dehydrogenase (mdh) and lactate dehydrogenase (IdhA). In additio