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MICROORGANISMS FOR PRODUCING
ORGANIC ACIDS
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This application 1s a continuation-in-part of U.S. patent
application Ser. No. 13/798,835, filed Mar. 13, 2013, and
claims priority under 35 USC §119(e) to U.S. Provisional
Patent Application 61/647,001 filed May 135, 2012, the entire-
ties of which are incorporated herein by reference. This appli-
cation incorporates by reference co-filed U.S. patent applica-
tion Ser. No. 14/200,686, which 1s also a continuation-in-part
of U.S. patent application Ser. No. 13/798,8335, filed Mar. 13,
2013, and claims priority under 35 USC §119(e) to U.S.
Provisional Patent Application 61/647,001 filed May 15,
2012.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This mvention was made with government support under
FA9550-11-1-0038 awarded by the USAF/AFOSR,
DE-FCO02-07ER64494 awarded by the US Department of

Ehergy, and 1240268 awarded by the National Science Foun-
dation. The government has certain rights 1n the invention.

FIELD OF THE INVENTION

The present invention relates to organic acid-tolerant
microorganisms capable of producing organic acids and uses
thereol for producing organic acids.

BACKGROUND

Production of industrially useful chemicals has conven-
tionally focused on the use of petroleum-like compounds as
starting materials. However, various factors have increased
interest 1n the production of such chemicals through micro-
organism-mediated bioconversion of biomass and other
renewable resources.

Accordingly, the U.S. Department of Energy (DOE)
recently 1dentified several “building block™ chemicals to be
produced via microorganism consumption of biomass. The
identified chemicals include 1,4 succinic acid, fumaric and
malic acids, 2,5 furan dicarboxylic acid, 3-hydroxypropionic
acid (3HP), aspartic acid, glucaric acid, glutamic acid, 1ta-
conic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol,
sorbitol, and xylitol/arabinitol. These chemicals can be con-
verted to high-value, bio-based chemicals or materials.

As an example, 3HP can be readily transformed into a
variety ol commodity chemicals such as acrylic acid, methyl
acrylate, and 1,3-propanediol. These commodity chemicals
represent a multi-billion dollar a year industry and are used in
the production of plastics, coatings, and fibers. U.S. demand
for acrylic acid in particular is growing, exceeding 1x10”
kg/year. The current means of synthesizing acrylic acid
include oxidation of propylene. A thermodynamically favor-
able pathway for microbial production of acrylic acid has not
been 1dentified.

One hurdle facing the microbial production of industrially
useiul chemicals 1s that many, including 3HP, are toxic to the
microbes capable of producing them. Recently, efforts have
been made not only to increase microbial output of the chemi-
cals but also to increase microbial tolerance to the chemaicals.
Some of these efforts have focused on the production of 3HP
in the heterotrophic microbe Escherichia coli. See, e.g., U.S.
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Pat. No. 8,048,624 to Lynch, U.S. Pub. 2011/0125118 to
Lynch, U.S. Pub. 2010/0210017 to Gill et al., and Warnecke et

al. Metabolic Engineering (2010) 12:241-250.

While focusing on chemical production 1n heterotrophic
microorganisms 1s a valuable strategy, a potential problem 1s
the availability of carbon and energy sources such as food-
based commodities and/or sugars derived from lignocellu-
losic biomass. An attractive alternative 1s to use phototrophic
microorganisms, such as cyanobacteria. These microorgan-
isms can produce chemical products from CO, and light
energy without relying on consumption of higher-value car-
bon sources that can be used for other purposes, such as
producing food, fuel, or other certain chemicals.

There 1s a need for microorganisms capable of producing
high vields of industrially useful chemicals and having
increased tolerance against those chemicals. There 1s also a
need for microorganisms that use non-food-based feedstock
in such production.

SUMMARY OF THE INVENTION

The present invention addresses the aforementioned needs
by providing microorganisms with increased tolerance to
organic acids. The present invention also provides microor-
ganisms modified to produce organic acids. Methods of pro-
ducing organic acids with the microorganisms described
herein are also provided.

A preferred version of the invention comprises an organic
acid-tolerant microorganism that includes a modification that
reduces or ablates AcsA activity or AcsA homolog activity in
the microorganism. The modification confers an increased
tolerance to organic acids compared to a corresponding
microorganism not comprising the modification.

The modification 1s preferably a genetic modification. The
genetic modification 1s preferably a genetic modification
other than or 1n addition to one resulting 1n a W49L substitu-
tion 1n AcsA or a corresponding substitution in an AcsA
homolog.

The microorganism 1s preferably a bacterium, more prei-
erably a cyanobacterium, and most preferably a cyanobacte-
rium selected from the group consisting of Svrechococcus
sp., Prochlorococcus sp., Synechocystis sp., and Nostoc sp.

The tolerance to the organic acid 1s preferably increased at
least about 25-fold in the microorganism of the mmvention
compared to a corresponding microorganism.

In preferred versions of the invention, the microorganism 1s
further modified to increase production of an organic acid.
The microorganism may be modified to increase production
of 3-hydroxypropionic acid, lactic acid, and/or others.

A microorgamism of the mvention modified to increase
production ol 3-hydroxyprionic acid preferably comprises
one or more recombinant nucleic acids configured to express
an enzyme selected from the group consisting of a malonyl-
CoA reductase and a malonate semialdehyde reductase,
wherein the microorganism produces an increased amount of
3-hydroxypropionic acid compared to a corresponding
microorganism not comprising the one or more recombinant
nucleic acids.

The malonyl-CoA reductase 1s preferably a malonyl-CoA
reductase from Sulfolobus tokodaii or a homolog thereof. The
malonyl-CoA reductase from Sulfolobus tokodaii or the
homolog thereof preferably comprises an amino acid
sequence at least about 80% i1dentical, more preferably at
least about 90% 1dentical, and most preferably at least about
95% 1dentical to SEQ ID NO:13.

The malonate semialdehyde reductase 1s preferably a mal-
onate semialdehyde reductase from Metallosphaera sedula
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or a homolog thereof. The malonate semialdehyde reductase
trom Metallosphaera sedula or the homolog thereof prefer-
ably comprises an amino acid sequence at least about 80%
identical, more preferably at least about 90% i1dentical, and
most preferably at least about 95% identical to SEQ ID
NO:16.

A microorganism of the invention modified to increase
production of lactic acid preferably comprises one or more
recombinant nucleic acids configured to express an enzyme
selected from the group consisting of a lactate dehydrogenase
and a pyridine nucleotide transhydrogenase, wherein the
microorganism produces an increased amount of lactic acid
compared to a corresponding microorganism not comprising
the one or more recombinant nucleic acids.

The lactate dehydrogenase 1s may be a lactate dehydroge-
nase from Bacillus subtilis or a homolog thereof. The lactate
dehydrogenase from Bacillus subtilis or the homolog thereof
preferably comprises an amino acid sequence at least about

80% 1dentical, more preferably at least about 90% 1dentical,
and most preferably at least about 95% i1dentical to SEQ ID
NO:18.

The lactate dehydrogenase 1s may also or alternatively be a
lactate dehydrogenase from Lactococcus lactis or a homolog
thereof. The lactate dehydrogenase from Lactococcus lactis
or the homolog thereof preferably comprises an amino acid
sequence at least about 80% i1dentical, more preferably at
least about 90% 1dentical, and most preferably at least about
95% 1dentical to SEQ ID NO:22.

The pyridine nucleotide transhydrogenase 1s preferably a
soluble pyridine nucleotide transhydrogenase from Escheri-
chia coli or a homolog thereof. The soluble pyridine nucle-
otide transhydrogenase from Escherichia coli or the homolog
thereol preferably comprises an amino acid sequence at least
about 80% 1dentical, more preferably at least about 90%
identical, and most preferably at least about 95% 1dentical to
SEQ ID NO:20.

The 1nvention further provides methods of producing an
organic acid. The methods comprise culturing one of the
microorganisms as described herein.

The objects and advantages of the invention will appear
more fully from the following detailed description of the
preferred embodiment of the mvention made 1n conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A depicts a schema for using acsA or a homolog
thereol as a selection marker for introducing a DNA fragment
ol interest 1nto the acsA or homolog chromosomal locus.

FIG. 1B depicts a schema for using acsA or a homolog
thereot as a selection marker for introducing a DNA fragment
of interest into a locus other than the acsA or homolog chro-
mosomal locus.

FIG. 2A depicts growth of Syrechococcus sp. PCC 7002 at
OD730 as a function of time 1n the presence of 5 mM dim-
cthylsulfoniopropionate (DMSP).

FIG. 2B depicts growth of Syrechococcus sp. PCC 7002 at
OD730 as a function of time in the presence of 5 mM acrylic
acid.

FI1G. 2C depicts growth of a mutant pool of Syrechococcus
sp. PCC 7002 at OD/730 as a function of time in the presence
of 5 mM dimethylsulfoniopropionate (DMSP) and 5 mM
acrylic acid.

FI1G. 3 depicts acrylate production from DMSP as a func-
tion of time for Syrechococcus sp. PCC 7002 and an abiotic
control.
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FIG. 4A depicts growth of BPSyn_ 006 (a AacsA strain of
Synechococcus sp. PCC 7002 having a barcode sequence in
place of the acsA gene (PCC 7002 acsA::BC)) and pH as a
function of time 1 CO,-limited conditions. Cultivation of
BPSyn_ 006 with 5 mM DMSP under CO,-limited condi-
tions results 1n an increase in pH over time.

FIG. 4B depicts acrylic acid accumulation over time from

cultivation of BPSyn_ 006 with 5 mM DMSP and abiotic
controls with 5 mM DMSP at pH 8.0, 8.25, and 8.5. The rate
of DMSP degradation to acrylic acid increases with an
increase in pH.

FIG. 5 depicts plating of wild-type Syrechococcus sp. PCC
7002, a mutant generated from growth in the presence of
acrylic acid, a AacsA mutant, a Aacs A mutant comprising the
pAQI1 plasmid containing acsAW49L, and a AacsA mutant
comprising the pAQ1 plasmid containing acsA on media
containing no organic acid, 5 mM acrylic acid, or 30 mM
3-hydroxypropionic acid (3HP).

FIG. 6 depicts relative acyl-Co A ligase activity of AcsA for
acetate, acrylate, propionate, and 3-hydroxypropionate
(3HP).

FIG. 7 depicts two 3HP-production pathways, wherein 1
represents pyruvate kinase, 2 represents pyruvate dehydroge-
nase, 3 represents acetyl-CoA carboxylase, 4 represents
malonyl-CoA reductase, 5 represents phosphoenolpyruvate
carboxylase, 6 represents aspartate aminotransierase, 7 rep-
resents aspartate decarboxylase, and 8 represents [p-alanine/
a.-ketoglutarate aminotransferase.

FIG. 8 A depicts the percent of colonies positive for yellow
fluorescent protein (YFP) or a barcode sequence resulting
from use of acsA as a counter selection marker upon 1ntro-
ducing the YFP or the barcode sequence into the chromo-
somal acsA locus of Syrechococcus sp. PCC 7002.

FIG. 8B depicts levels of YFP expression from cells 1n
which YFP was introduced into the glpK chromosomal locus
using acsA as a counter selection marker and cells 1n which
YFP was mtroduced into the acsA chromosomal locus using
acsA as a counter selection marker.

FIG. 9A depicts a schema of the production of 3HP from
CQO, and photons (sunlight) in cyanobacteria. F1G. 9B depicts
a schema of the production of 3HP from acetyl-CoA, showing
the malonyl-CoA reductase and the malonate semialdehyde
reductase steps in detail. “AccABCD” represents acetyl-CoA
carboxylase. “MCR” represents malonyl-CoA reductase.
“MSR” represents malonate semialdehyde reductase.
“AcsA” represents acetyl-CoA synthetase.

FIG. 10 depicts an artificial operon construct configured to
express malonyl-CoA reductase and malonate semialdehyde
reductase. “p_, BLacOO” represents a Lacl-regulatable pro-
moter based on the cyanobacterial cpcB gene promoter.
“RBS” represents a ribosome binding site. “MCR” represents
a malonyl-CoA reductase coding sequence. “MSR” repre-
sents a malonate semialdehyde reductase coding sequence.
“Lacl” represents a gene for the lac repressor (Lacl).

FIG. 11 depicts growth 1n the presence and absence of 1
mM IPTG as a function of time for Syrechococcus sp. PCC
7002 lacking acs A and comprising the construct depicted 1n
FIG. 10.

FIG. 12A depicts a schema for the production of lactate
from pyruvate as catalyzed by lactate dehydrogenase (Ldh).

FIG. 12B depicts an equation of the reaction catalyzed by
pyridine nucleotide transhydrogenase.

FIG. 13 depicts growth and lactate production 1n the pres-
ence and absence of 1 mM IPTG as a function of time for
Synechococcus sp. PCC 7002 lacking acsA and comprising
an IPTG-1nducible lactate dehydrogenase gene with a coding
sequence (1dh) trom Bacilllus subtilis.
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FIG. 14 depicts growth and lactate production in the pres-
ence of 1 mM IPTG as a function of time for Syrechococcus
sp. PCC 7002 lacking acsA, comprising an IPTG-1nducible
lactate dehydrogenase gene with a coding sequence (Idh)
derived from Bacillus subtilis, and comprising a soluble pyri-
dine nucleotide transhydrogenase gene with a coding
sequence (udhA) dertved from Escherichia coli.

DETAILED DESCRIPTION OF THE INVENTION

One version of the mvention includes a microorganism
wherein an acsA gene product or homolog thereot 1s func-
tionally deleted. The acsA gene product (AcsA) and
homologs thereol are acetyl-CoA synthetases classified
under Enzyme Commission (EC) number 6.2.1.1. Other
names for these acetyl-CoA synthetases include “acetate-
CoA ligases,” “acetyl-CoA ligases,” and “‘acyl-activating

enzymes.”

“Functional deletion™ or 1ts grammatical equivalents refers
to any modification to a microorganism that ablates, reduces,
inhibits, or otherwise disrupts production of a gene product,
renders the gene product non-functional, or otherwise
reduces or ablates the gene product’s activity. “Gene product™
refers to a protein or polypeptide encoded and produced by a
particular gene. “Gene” as used herein refers to a nucleic acid
sequence capable of producing a gene product and may
include such genetic elements as a coding sequence together
with any other genetic elements required for transcription
and/or translation of the coding sequence. Such genetic ele-
ments may include a promoter, an enhancer, and/or a ribo-
some binding site (RBS), among others. In some versions of
the mvention, “functionally deleted acsA gene product or
homolog thereol” means that the acsA gene 1s mutated to an
extent that an acsA gene product or homolog thereof 1s not
produced at all.

One of ordinary skill in the art will appreciate that there are
many well-known ways to functionally delete a gene product.
For example, functional deletion can be accomplished by
introducing one or more genetic modifications. As used
herein, “genetic modifications™ refer to any differences in the
nucleic acid composition of a cell, whether 1n the cell’s native
chromosome or 1 endogenous or exogenous non-chromo-
somal plasmids harbored within the cell. Examples of genetic
modifications that may result 1n a functionally deleted gene
product 1nclude but are not limited to mutations, partial or
complete deletions, insertions, or other variations to a coding
sequence or a sequence controlling the transcription or trans-
lation of a coding sequence; placing a coding sequence under
the control of a less active promoter; blocking transcription of
the gene with a trans-acting DNA binding protein such as a
TAL eflector or CRISPR guided Cas9; and expressing
ribozymes or antisense sequences that target the mRNA of the
gene of interest, etc. In some versions, a gene or coding
sequence can be replaced with a selection marker or screen-
able marker. Various methods for introducing the genetic
modifications described above are well known 1n the art and
include homologous recombination, among other mecha-
nisms. See, e.g., Green et al., Molecular Cloning: A labora-
tory manual, 4” ed., Cold Spring Harbor Laboratory Press
(2012) and Sambrook et al., Molecular Cloning: A Labora-
tory Manual, 3 ed., Cold Spring Harbor Laboratory Press
(2001). Various other genetic modifications that functionally
delete a gene product are described 1n the examples below.
Functional deletion can also be accomplished by inhibiting
the activity of the gene product, for example, by chemically
inhibiting a gene product with a small molecule inhibitor, by
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expressing a protein that mterferes with the activity of the
gene product, or by other means.
In certain versions ol the invention, the functionally

deleted gene product may have less than about 95%, less than
about 90%, less than about 85%, less than about 80%, less

than about 75%, less than about 70%, less than about 65%,
less than about 60%, less than about 55%, less than about
50%, less than about 43%, less than about 40%, less than
about 35%, less than about 30%, less than about 25%, less
than about 20%, less than about 15%, less than about 10%,
less than about 5%, less than about 1%, or about 0% of the
activity of the non-functionally deleted gene product.

In certain versions of the invention, a cell with a function-
ally deleted gene product may have less than about 95%, less

than about 90%, less than about 85%, less than about 80%,
less than about 75%, less than about 70%, less than about
65%, less than about 60%, less than about 55%, less than
about 50%, less than about 45%, less than about 40%, less
than about 35%, less than about 30%, less than about 25%,
less than about 20%, less than about 15%, less than about
10%, less than about 5%, less than about 1%, or about 0% of
the activity of the gene product compared to a cell with the
non-functionally deleted gene product.

In certain versions ol the invention, the functionally
deleted gene product may be expressed at an amount less than
about 95%, less than about 90%, less than about 85%, less
than about 80%, less than about 75%, less than about 70%,
less than about 65%, less than about 60%, less than about
55%, less than about 50%, less than about 45%, less than
about 40%, less than about 35%, less than about 30%, less
than about 25%, less than about 20%, less than about 15%,
less than about 10%, less than about 5%, less than about 1%,
or about 0% of the amount of the non-functionally deleted
gene product.

In certain versions ol the invention, the functionally
deleted gene product may result from a genetic modification
in which at least 1, at least 2, at least 3, at least 4, at least 5, at
least 10, at least 20, at least 30, at least 40, at least 50, or more
nonsynonymous substitutions are present 1in the gene or cod-
ing sequence of the gene product.

In certain versions of the invention, the functionally
deleted gene product may result from a genetic modification
in which at least 1, at least 2, at least 3, at least 4, at least 5, at
least 10, at least 20, at least 30, at least 40, at least 50, or more
bases are mserted 1 the gene or coding sequence of the gene

product.

In certain versions ol the invention, the functionally
deleted gene product may result from a genetic modification
in which at least about 1%, at least about 5%, at least about
10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about
40%, at least about 50%, at least about 55%, at least about
60%, at least about 65%, at least about 70%, at least about
75%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, or about 100% of the gene product’s
gene or coding sequence 1s deleted or mutated.

In certain versions of the invention, the functionally
deleted gene product may result from a genetic modification
in which at least about 1%, at least about 5%, at least about
10%, at least about 13%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about
40%, at least about 50%, at least about 55%, at least about
60%, at least about 65%, at least about 70%, at least about
75%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, or about 100% of a promoter driving,
expression of the gene product 1s deleted or mutated.
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In certain versions of the invention, the functionally
deleted gene product may result from a genetic modification
in which at least about 1%, at least about 5%, at least about
10%, at least about 15%, at least about 20%, at least about
25%., at least about 30%, at least about 35%, at least about
40%, at least about 50%, at least about 55%, at least about
60%, at least about 65%, at least about 70%, at least about
75%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, or about 100% of an enhancer
controlling transcription of the gene product’s gene 1s deleted
or mutated.

In certain versions of the invention, the functionally
deleted gene product may result from a genetic modification
in which at least about 1%, at least about 5%, at least about
10%, at least about 15%, at least about 20%, at least about
25%, at least about 30%, at least about 35%, at least about
40%, at least about 50%, at least about 55%, at least about
60%, at least about 65%, at least about 70%, at least about
75%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, or about 100% of a sequence con-
trolling translation of gene product’s mRNA 1s deleted or
mutated.

In certain versions of the invention, the decreased activity
or expression of the functionally deleted gene product 1is
determined with respect to the activity or expression of the
gene product 1n its unaltered state as found in nature. In
certain versions of the invention, the decreased activity or
expression of the functionally deleted gene product 1s deter-
mined with respect to the activity or expression of the gene
product 1n 1ts form 1n a corresponding microorganism. In
certain versions, the genetic modifications giving rise to a
functionally deleted gene product are determined with
respect to the gene or coding sequence 1n 1ts unaltered state as
found 1in nature. In certain versions, the genetic modifications
gving rise to a functionally deleted gene product are deter-
mined with respect to the gene or coding sequence 1n 1ts form
in a corresponding microorganism.

Some versions of the invention include a plurality of micro-
organisms, wherein greater than about 1%, about 5%, about
10%, about 15%, about 20%, about 25%, about 30%, about
35%, about 40%, about 50%, about 55%, about 60%, about
65%, about 70%, about 75%, about 80%, about 85%., about
90%, about 95%, or more of the plurality of microorganisms
comprise a functionally deleted acsA gene product or
homolog thereot. In some versions, the plurality of microor-
ganisms 1s a microbial culture.

Genetic modifications that can be introduced into the acsA
gene or homologs thereof to functionally delete the acs A gene
product or homologs thereot, such as generating acs A knock-
outs, are described 1n the examples below.

The acsA gene 1s an acetyl-CoA synthetase gene in the
exemplary cyanobacterium Syrechococcus sp. PCC 7002, the
coding sequence of which can be found 1n GenBank under
accession number NC__010475.1 and 1s as follows:

(SEQ ID NO: 1)

atgtccgaac atccatcctc caggagcagc

aaaacattga

gcctttttte gecctgcacca gactttgcetg ccgaggcecca

gatcaagagc ttagaccagt accaagccct ctacgaccgg

gcgaaaaatg accccgaagyg gaactcgcecg

Cttttggggg

aacaggaatt ggaatggttt acaaggtgct

gagaaatggg

cgattggcaa ccgceccecttcecg ccaaatggtt

tgtcaacggy
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aaaattaaca

aaacctggcy

ggaacccggt

caccacgagg

tgggcgtcaa

aatgatcccyg

cgcattggtyg

gtgccgaagc

caaactggtyg

aaagcggtac

ccgatcacca

tcaacgcacc

gatcactggt

actgtccecge

catcctctat

gttgtccaca

taacgaccaa

gtattggtgt

agttacatta

tcttaatgta

ttgctattygg

ttctatacgyg

tgggtgaagg

gcgectcetta

gcttggatgt

gtcccattgt

tgtgatgatt

cceggcetegy

atgtcgttga

aggcggctac

atgcgtactyg

cctattggga

ttatttcgca

tatttttgga

tttcgggcca

cctegtttec

ggaaagccag

ttgtcaccct

cgtaacggaa

gcgatcgccc

8

-continued

Cttcctacaa

caaaaataaa

gactcccgta

tctgccagtt

aaaaggcgat

gaagccgtcg

cgccccatac

cctcoccgecagt

atcaccgccy

ccctcaagga

tgcccceccage

aaagagcctyg

ggcatgattt

cgagccgatyg

accagcggca

ctacgggcgg

gtggatcttt

ggtgctgatg

cctatggcecc

tgaaggcgca

gaaattattc

cacccacadgc

catcccecaat

ggaaccgtgg

ggtaccaccyg

tgatacatgyg

acgcctttac

caactcgtcc

ccttgatgga

ctggtagtga

tttacggcaa

gcacatcgcc

ggtgacgggyg

ttatgggtcy

tcgceccteggc

caccctgecy

atccggttaa

tgagggcacc

ctcaaggccc

gtccgggaga

ttgcctegac

gccgecoctcea

ccctcaccta

tgccaatgcyg

cgcgtcggga

ttgccctect

ggtgatattt

cgcctcogaag

acgggggctet

tcaagtagat

gttgagaatg

tccacatgga

gcaaaaagaa

gatgccgaag

ccacgggtaa

Ctataatctc

gatctcaaag

tgggttggat

tctatctaac

ccececgtecgt

aaaaatatgg

gattcgggcc

aaatatgaca

gtgaaccgat

ggtcattggt

tggcaaacgy

ccggtgcaac

ttttccgggy

aattccgttyg

aacaaccctg

tcccgaacgc

ccgaaagatyg

cacgccgtga

cgtcgatgat

accatggaag

tcgcecgaagce

gggggaagag

tacagtccga

atgtggtgaa

aatccgtttt

cgtcatctca

tCctgggaagyg

tgcccagceta

atgaaaaagt

tttatatgecc

cgcectgtgec

ggtggcttta

acgctgaagc

ccgcaaagat

gcggegatceg

ttttggtegt

agccyggycedgy

gtctccecgcety

atatgctett

acccaagggc

tacacccata

atgatgacgt

caccggccac

ggggcaacyy

ctaatcccgyg

tgtcaccatt

Cttatcaaaa

tgagttccct

taacccagaa

ggcgaacgtt

aaaccggtygyg

Ccccacaaaa

attgtggcgyg

gtgacaacga

gcctgggatg

ttccggtceta

gacaatacct

ccaagatggc

gtcttaaatyg

tggaatcggce

agcegtggtt

gtgtttgcct

gcgacgatct

agaaattggg

gccgatgtaa
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-continued
tgcccaaaac ccgttcectggg aagatcatgce ggcegtttgtt

gcgaaaccta gccgcaggtce aggaaattgt gggcgacacc
tccacccteg aagaccgcag cgtcecctcecgat caactcecggyg

gctaa

The acsA coding sequence in the exemplary organism Syn-
echococcus sp. PCC 7002 encodes a protein included 1n Gen-

Bank under accession number YP_ 001735082.1, having the
following amino acid sequence:

MSEQONIESIL

AKNDPEGEWG

KINISYNCLD

HHEVCQFANA

RIGAPHTVIF

KAVPLKDQVD

DHWWHDLOQKE

VVHTTGGYNL

SYITYGPLSHN

FYTAPTAIRA

AWMWYHRVIG

PGSATRPFEFPG

MRTVYGNPER

YEFWIMGRVDD

QEQRLEFSPAP

ELAEQELEWEF

RHLKTWREKINK

MKKLGVEKKGD

GGFSAEALRS

AATADHHAPS

VSADCPAEPM

YTHITTKWIF

GATVLMYEGA

FIKMGEGIPN

GERCPIVDTW

IVADVVDLDG

FRSTYWEHIA

VLNVSGHRLG

DFAAEAQIKS

EKWDKVLDWOQ

AALIWEGEPG

RVGIYMPMIP

RLEDAEAKLV

VENVLVVORT

DAEDMLFILY

DLKDDDVYWC

PRPSNPGCYW

KYDMSSLRLL

WOTETGGVMI

NSVGDNEGGY

PKDGOQYLYFA

TMEVESALVS

(SEQ ID NO:

LDOYQALYDR

PPEFAKWEVNG

DSRTLTYAQL

EAVVALLACA

ITADGGEFRKD

KEPVHMEAGR

TSGTTGKPKG

GADVGWITGH

EIIQKYGVTI

GTVGEPINPE

TPLPGATPTK

LVVKOQPWPGM

GDGARRDQODG

HPAVAEAAVY

GKPDPVKGEE VFAEFVTLEGT YSPSDDLVTE LKAHVVKEIG

ATARPGEIREF ADVMPKTRSG KIMRRLLRNL AAGOQEIVGDT

STLEDRSVLD QLRG

Homologs of acsA include coding sequences, genes, or
gene products that are homologous to the acsA coding
sequence, acsA gene, or the acsA gene product, respectively.
Proteins and/or protein sequences are “homologous” when
they are derived, naturally or artificially, from a common
ancestral protein or protein sequence. Sumilarly, nucleic acids
and/or nucleic acid sequences are homologous when they are
derived, naturally or artificially, from a common ancestral
nucleic acid or nucleic acid sequence. Homology 1s generally
inferred from sequence similarity between two or more
nucleic acids or proteins (or sequences thereot). The precise
percentage of similarity between sequences that 1s useful in
establishing homology varies with the nucleic acid and pro-
tein at 1ssue, but as little as 25% sequence similanty (e.g.,
identity) over 50, 100, 150 or more residues (nucleotides or
amino acids) 1s routinely used to establish homology (e.g.,
over the full length of the two sequences to be compared).
Higher levels of sequence similarity (e.g., identity), e.g.,
30%, 35% 40%, 45% 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, or 99% or more, can also be used to establish
homology. Accordingly, homologs of the coding sequences,
genes, or gene products described heremn include coding
sequences, genes, or gene products, respectively, having at
least about 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%.,
70%, 753%, 80%, 85%, 90%, 95%, or 99% identity to the
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coding sequences, genes, or gene products described herein.
Methods for determining sequence similarity percentages
(e.g., BLASTP and BLASTN using default parameters) are
described herein and are generally available. The homolo-
gous proteins should demonstrate comparable activities and,
il an enzyme, participate 1n the same or analogous pathways.
“Orthologs™ are genes or coding sequences thereof 1n differ-
ent species that evolved from a common ancestral gene by
speciation. Normally, orthologs retain the same or similar
function 1 the course of evolution. As used herein
“orthologs” are included 1n the term “homologs”.

For sequence comparison and homology determination,
one sequence typically acts as a reference sequence to which
test sequences are compared. When using a sequence com-
parison algorithm, test and reference sequences are input into
a computer, subsequence coordinates are designated, 11 nec-
essary, and sequence algorithm program parameters are des-
ignated. The sequence comparison algorithm then calculates
the percent sequence 1dentity for the test sequence(s) relative
to the reference sequence based on the designated program
parameters. A typical reference sequence of the invention 1s a
nucleic acid or amino acid sequence corresponding to acsA or
other coding sequences, genes, or gene products described
herein.

Optimal alignment of sequences for comparison can be
conducted, e.g., by the local homology algorithm of Smith &
Waterman, Adv. Appl. Math. 2:482 (1981), by the homology
alignment algorithm of Needleman & Wunsch, J. Mol. Biol.
48:443 (1970), by the search for similarity method of
Pearson & Lipman, Proc. Nat’l. Acad. Sci. USA 85:2444
(1988), by computerized implementations of these algo-
rithms (GAP, BESTFIT, FASTA, and TFASTA 1n the Wis-
consin Genetics Software Package, Genetics Computer
Group, 575 Science Dr., Madison, Wis.), or by visual inspec-
tion (see Current Protocols in Molecular Biology, F. M.
Ausubel et al., eds., Current Protocols, a jomnt venture
between Greene Publishing Associates, Inc. and John
Wiley & Sons, Inc., (supplemented through 2008)).

One example of an algorithm that 1s suitable for determin-
ing percent sequence i1dentity and sequence similarity for

purposes of defining homologs 1s the BLAST algorithm,
which 1s described 1n Altschul et al., J. Mol. Biol. 215:403-

410 (1990). Software for performing BLAST analyses 1s
publicly available through the National Center for Biotech-
nology Information. This algorithm involves first identifying
high scoring sequence pairs (HSPs) by identifying short
words of length W 1n the query sequence, which either match
or satisly some positive-valued threshold score T when
aligned with a word of the same length 1n a database
sequence. T 1s referred to as the neighborhood word score
threshold (Altschul et al., supra). These 1nitial neighborhood
word hits act as seeds for initiating searches to find longer
HSPs containing them. The word hits are then extended 1n
both directions along each sequence for as far as the cumu-
lative alignment score can be increased. Cumulative scores
are calculated using, for nucleotide sequences, the parameters
M (reward score for a pair of matching residues; always>0)
and N (penalty score for mismatching residues; always<0).
For amino acid sequences, a scoring matrix 1s used to calcu-
late the cumulative score. Extension of the word hits 1n each
direction are halted when: the cumulative alignment score
talls off by the quantity X from 1ts maximum achieved value;
the cumulative score goes to zero or below, due to the accu-
mulation of one or more negative-scoring residue alignments;
or the end of eirther sequence 1s reached. The BLAST algo-
rithm parameters W, T, and X determine the sensitivity and
speed of the alignment. The BLASTN program (for nucle-
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otide sequences) uses as defaults a wordlength (W) of 11, an
expectation (E) of 10, a cutoif of 100, M=5, N=-4, and a
comparison of both strands. For amino acid sequences, the
BLASTP program uses as defaults a wordlength (W) of 3, an
expectation (E) of 10, and the BLOSUMG62 scoring matrix
(see Henikoil & Hemkoll (1989) Proc. Natl. Acad. Sci. USA
89:10915).

In addition to calculating percent sequence identity, the
BLAST algorithm also performs a statistical analysis of the
similarity between two sequences (see, e.g., Karlin & Alts-
chul, Proc. Natl. Acad. Sc1. USA 90:5873-5787 (1993)). One
measure of similarity provided by the BLAST algorithm 1s
the smallest sum probability (P(N)), which provides an indi-
cation of the probability by which a match between two
nucleotide or amino acid sequences would occur by chance.
For example, a nucleic acid 1s considered similar to a refer-
ence sequence 1f the smallest sum probability in a comparison
ol the test nucleic acid to the reference nucleic acid 1s less than
about 0.1, more preferably less than about 0.01, and most
preferably less than about 0.001. The above-described tech-
niques are useful 1n 1dentifying homologous sequences for
use 1n the methods described herein.

The terms “1dentical” or “percent 1dentity”, in the context
of two or more nucleic acid or polypeptide sequences, refer to
two or more sequences or subsequences that are the same or
have a specified percentage of amino acid residues or nucle-
otides that are the same, when compared and aligned for
maximum correspondence, as measured using one of the
sequence comparison algorithms described above (or other
algorithms available to persons of skill) or by visual 1nspec-
tion.

The phrase “substantially identical”, in the context of two
nucleic acids or polypeptides refers to two or more sequences
or subsequences that have at least about 60%, about 63%,
about 70%, about 75%, about 80%, about 85%, about 90,
about 95%, about 98%, or about 99% or more nucleotide or
amino acid residue 1dentity, when compared and aligned for
maximum correspondence, as measured using a sequence
comparison algorithm or by visual inspection. Such “substan-
tially 1dentical” sequences are typically considered to be
“homologous™ without reference to actual ancestry. Prefer-
ably, the “substantial 1dentity” exists over a region of the
sequences that 1s at least about 50 residues in length, more
preferably over a region of at least about 100 residues, and
most preferably, the sequences are substantially identical
over at least about 150 residues, at least about 250 residues, or
over the full length of the two sequences to be compared.

Homologs of the acs A gene product include enzymes fall-
ing under Enzyme Commission (EC) number 6.2.1.1. Non-
limiting examples of homologs of the acsA gene product 1n
various microorganisms include the acetyl-coenzyme A syn-
thetase from Fischerella sp. JSC-11 represented by GenBank
Accession No. ZP_08986431.1, the acetyl-coenzyme A
trom Moorea producta 3 L synthetase represented by Gen-
Bank Accession No. ZP_ 0842567°7.1, the acetate/CoA {from
Cyanothece sp. PCC 7822 ligase represented by GenBank
Accession No. YP_ 003886065.1, the acetyl-CoA from
Cyanothece sp. PCC 7424 synthetase represented by Gen-
Bank Accession No. YP__002378472.1, the unnamed protein

product from Thermosynechococcus elongatus BP-1 repre-
sented by GenBank Accession No. NP__681677.1, the
unnamed protein product from Arnabaena variabilis AICC
29413 represented by GenBank Accession No.
YP__321725.1, the acetate-CoA ligase from Cylindrosper-
mopsis raciborskii CS-305 represented by GenBank Acces-
sion No. ZP__ 06308209.1, the acetyl-CoA synthetase from
Nostoc punctiforme PCC 73102 represented by GenBank
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Accession No. YP_001869493.1, the acetate-CoA ligase
trom Microcoleus chthonoplastes PCC 7420 represented by
GenBank Accession No. ZP__ 05030125.1, the acetyl-coen-
zyvme A synthetase from Nodularia spumigena CCY9414
represented by GenBank Accession No. ZP_ 01629204.1, the
acetyl-CoA synthetase from Microcystis aeruginosa NIES-
843  represented by  GenBank  Accession  No.
YP__001660936.1, the acetate/CoA ligase from *Nostoc azol-
lae’ 0708 represented by GenBank Accession No.
YP__003723268.1, the acsA gene product from Microcystis
aeruginosa PCC 7806 represented by GenBank Accession
No. CAO86486.1, the acetyl-coenzyme A synthetase from
Microcoleus vaginatus FGP-2 represented by GenBank
Accession No. ZP_ 08490634.1, the Acetate-CoA ligase
from Raphidiopsis brookii D9 represented by GenBank
Accession No. ZP_ 06304063.1, the acsA gene product from
Acaryochloris marina MBIC11017 represented by GenBank
Accession No.YP__001517064.1, the acetyl-CoA synthetase
trom Acarvochioris sp. CCMEE 3410 represented by Gen-
Bank Accession No. ZP_ 09248274.1, the acetyl-CoA syn-
thetase from Oscillatoria sp. PCC 63506 represented by Gen-
Bank Accession No. ZP_07113076.1, the acetyl-CoA
synthetase from Cyanothece sp. PCC 7425 represented by
GenBank Accession No.YP  002484565.1, the Acetate-CoA
ligase from Lyngbya sp. PCC 8106 represented by GenBank
Accession No. ZP__ 01623739.1, the unnamed protein prod-
uct from Trichodesmium ervthraeum IMS101 represented by
GenBank Accession No. YP_ 722064 .1, the acetyl-CoA syn-
thetase from Arthrospira platensis str. Paraca represented by
(GenBank Accession No. ZP  06383883.1, the acetate/CoA
ligase from Arthrospiva maxima CS-328 represented by Gen-
Bank Accession No. ZP_ 032746735.1, the acetyl-coenzyme
A synthetase from Arthrospira sp. PCC 8003 represented by
GenBank Accession No. ZP_ 09782650.1, the acetate/CoA
ligase from Arthrospiva maxima CS-328 represented by Gen-
Bank Accession No. EDZ93724.1, the acetyl-coenzyme A
synthetase from Arthrospira sp. PCC 8005 represented by
GenBank Accession No. CCE18403.1, the unnamed protein
product from Cyanothece sp. PCC 8802 represented by Gen-
Bank Accession No. YP_003138301.1, the acetate/CoA
ligase from Cyanothece sp. PCC 8802 represented by Gen-
Bank Accession No. ACV01466.1, the acetyl-CoA syn-
thetase from Cyanothece sp. PCC 8801 represented by Gen-
Bank Accession No.YP__002373634.1, the acetyl-coenzyme
A synthetase from Cyanothece sp. ATCC 51472 represented
by GenBank Accession No. ZP_ 08974038.1, the unnamed
protein product from Syrechococcus elongatus PCC 6301
represented by GenBank Accession No. ZP_ 08974038.1, the
acetyl-CoA synthetase from Cyanothece sp. ATCC 51142
represented by GenBank Accession No. YP__ 0018034321,
the acetyl-coenzyme A synthetase from Cyanothece sp.
CCYO0110 represented by GenBank Accession No.
/ZP_01730332.1, the AMP-dependent synthetase and ligase
trom Crocosphaera watsonii WH 8501 represented by Gen-
Bank Accession No. ZP_00514814.1, the acetate-CoA
ligase from Syrechococcus sp. PCC 7335 represented by
GenBank Accession No. ZP_ 05036109.1, the acetyl-coen-
zyvme A synthetase from Syrechococcus sp. WH 8102 repre-
sented by GenBank Accession No. NP__897106.1, the
acetate-CoA ligase from Synechococcus sp. WH 7803 repre-
sented by GenBank Accession No. ZP_ 01123920.1, the

acetate-CoA ligase from Synechococcus sp. WH 8109 repre-
sented by GenBank Accession No. ZP_ 05788236.1, the

acetyl-coenzyme A synthetase from Prochlorococcus mavi-

nus str. MIT 9313 represented by GenBank Accession No.
NP__894222.1, the acetyl-coenzyme A synthetase from
Prochlorococcus marinus str. MIT 9303 represented by Gen-
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Bank Accession No. YP__ 001017906.1, the acetyl-CoA syn-
thetase from Synechococcus sp. WH 7803 represented by
GenBank Accession No. YP_ 001224763.1, the acetyl-coen-
zyme A synthetase from Syrechococcus sp. RS9917 repre-
sented by GenBank Accession No. ZP__ 01080065.1, the
acetyl-coenzyme A synthetase from Syrnechococcus sp. WH
8016 represented by GenBank Accession No.
/ZP_08955323.1, the acetate-CoA ligase from Syrechococ-
cus sp. CC9311 represented by GenBank Accession No.
YP__730758.1, the acetyl-coenzyme A synthetase Ifrom
Prochlorococcus marinus str. MIT 9211 represented by Gen-
Bank Accession No. YP 001550915.1, the acetate-CoA
ligase from Syrechococcus sp. CC9902 represented by Gen-
Bank Accession No. YP_377326.1, the acetate-CoA ligase
from Syrechococcus sp. BL107 represented by GenBank
Accession No. ZP__ 01467683.1, the acetyl-coenzyme A syn-
thetase from Synechococcus sp. RS9916 represented by Gen-
Bank Accession No. ZP__ 01471857.1, the acetyl-coenzyme
A synthetase from Syrechococcus sp. CC9603 represented by
GenBank Accession No. YP_381449.1, the acetyl-coen-
zyvme A synthetase from Syrechococcus sp. CB02035 repre-
sented by GenBank Accession No. ZP__ 07971118.1, the
acetyl-CoA synthetase from Syrechococcus sp. RCC307 rep-
resented by GenBank Accession No. YP__ 001227601.1, the
acetyl-coenzyme A synthetase from Syrechococcus sp.
CB0101 represented by GenBank Accession No.
/ZP__07973216.1, the acetate-CoA ligase from Cyanobium
sp. PCC 7001 represented by GenBank Accession No.
/ZP__05043915.1, the acetate-CoA ligase from Svrechococ-
cus sp. WH 5701 represented by GenBank Accession No.
ZP__01085120.1, the acs gene product from Prochlorococcus
marinus subsp. marinus str. CCMP1375 represented by Gen-
Bank Accession No. NP__ 8734331, the acetyl-coenzyme A

synthetase from Prochlorococcus marinus str. NATL2A rep-
resented by GenBank Accession No. YP_ 291252.1, the

acetyl-coenzyme A synthetase from Gloeobacter violaceus
PCC 7421 represented by GenBank Accession No.
NP_923105.1, the acetyl-coenzyme A synthetase from
cvanobacterium UCYN-A represented by GenBank Acces-
sion No. YP_003421821.1, the acetyl-coenzyme A syn-
thetase from Prochlorococcus marinus str. NATL1A repre-
sented by GenBank Accession No. YP_ 001014503.1, the
acetyl-coenzyme A synthetase from Singulisphaera acid-
iphila DSM 18638 represented by GenBank Accession No.
/ZP_09573232.1, the acetyl-coenzyme A synthetase from
Prochlorococcus marinus subsp. pastoris str. CCMP1986
represented by GenBank Accession No. NP__892737.1, the
acetyl-coenzyme A synthetase from Prochlorococcus mavi-
nus str. MIT 9312 represented by GenBank Accession No.
YP__397116.1, the acetate/CoA ligase from Meiothermus
ruber DSM 1279 represented by GenBank Accession No.
YP__003507084.1, the acetyl-coenzyme A synthetase from
Prochlorococcus marinus str. MIT 92135 represented by Gen-
Bank Accession No. YP_ 001483902.1, the acs gene product
trom Prochlorococcus marinus str. AS9601 represented by
GenBank Accession No. YP__001009068.1, the acetyl-coen-
zyvme A synthetase from Prochlorococcus marinus str. MIT
0515 represented by GenBank Accession No.
YP__001011000.1, the acetate-CoA ligase from Prochloro-
coccus marinus str. MIT 9202 represented by GenBank
Accession No. ZP_ 05137406.1, the acetyl-coenzyme A syn-
thetase from Marinithermus hvdrothermalis DSM 14884 rep-
resented by GenBank Accession No. YP_ 004368660.1, the
acetyl-coenzyme A synthetase from Prochlorococcus mavi-
nus str. MIT 9301 represented by GenBank Accession No.
YP__001090869.1, the unnamed protein product from Nostoc
sp. PCC 7120 represented by GenBank Accession No.
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NP__488297.1, the acetate/CoA ligase from Truepera radio-
victrix DSM 17093 represented by GenBank Accession No.
YP__003703935.1, the acetate/CoA ligase from Haliangium
ochraceum DSM 143635 represented by GenBank Accession
No. YP_ 003269913.1, the acetyl-coenzyme A synthetase
from Gemmata obscuriglobus UQM 2246 represented by
GenBank Accession No. ZP_ 027337777.1, the acetyl-coen-
zvme A synthetase from Isosphaera pallida ATCC 43644
represented by GenBank Accession No. YP_ 004179760.1,
the acetyl-CoA synthetase from Chloroherpeton thalassium
ATCC 35110 represented by GenBank Accession No.
YP__001995147.1, the acetate-CoA ligase from Planctomy-
ces maris DSM 8797 represented by GenBank Accession No.
/P 01856978.1, the acetyl-CoA synthetase from Thermus
thermophilus HB8 represented by GenBank Accession No.
YP_144514.1, the acetate/CoA ligase from Planctomvces
limnophilus DSM 3776 represented by GenBank Accession
No.YP_ 003632128.1, the acetyl-CoA synthetase from 7her-
mus thermophilus HB27 represented by GenBank Accession
No. YP__004853.1, the acetyl-coenzyme a synthetase from
Oceanithennus profundus DSM 14977 represented by Gen-
Bank AccessionNo. YP__004057553.1, the acetyl-coenzyme
A synthetase from Candidatus Koribacter versatilis Ellin345
represented by GenBank Accession No. YP_ 5925931, the
acetate/CoA ligase from Meiothermus silvanus DSM 9946
represented by GenBank Accession No. YP_ 003684983.1,
the acetate-CoA ligase from Verrucomicrobium spinosum
DSM 4136 represented by GenBank Accession No.
/P _02931268.1, the acetate/CoA ligase from Thermus
aquaticus Y 51MC23 represented by GenBank Accession No.
/ZP_03496427.1, the acetyl-coenzyme A synthetase from
Symbiobacterium thermophilum 1AM 14863 represented by
GenBank Accession No. YP 074710.1, the acetate/CoA

ligase from bacterium Ellin 514 represented by GenBank
Accession No. ZP_ 03630513.1, the acetyl-CoA synthetase

from uncultured candidate division OP1 bacterium repre-
sented by GenBank Accession No. BAL56248.1, the acetyl-
coenzyme A synthetase from Blastopirellula marina DSM
3645 represented by GenBank  Accession  No.
/P 01092728.1, the acs2 gene product from 7/ermus scoto-
ductus SA-01 represented by GenBank Accession No.
YP_004201921.1, the acetyl-coenzyme A synthetase from
Avchaeoglobus veneficus SNP6 represented by GenBank
Accession No. YP__004341076.1, the Acetyl-coenzyme A
synthetase from Desulfitobacterium dehalogenans ATCC
51507 represented by GenBank Accession No.
ZP_09634500.1, the unnamed protein product from Candi-
datus Chloracidobacterium thermophilum B represented by
GenBank Accession No. YP_ 004864177.1, the acetate-CoA
ligase from Acidobacterium capsulatum ATCC 51196 repre-
sented by GenBank Accession No. YP_ 002755829.1, the
acetate/CoA ligase from Pirellula staleyi DSM 6068 repre-
sented by GenBank Accession No. YP_ 003369860.1, the
acetyl-CoA synthetase from Chlorobium chlovochromatii
CaD3 represented by GenBank Accession No.
YP_379980.1, the acetate-CoA ligase from Myxococcus
xanthus DK 1622 represented by GenBank Accession No.
YP_ 630789.1, the acetate-CoA ligase from Mvxococcus ful-
vus HW-1 represented by GenBank Accession No.
YP__004667083.1, the unnamed protein product from Can-
didatus Solibacter usitatus Ellin 6076 represented by Gen-
Bank Accession No. YP_ 829106.1, the acetyl-coenzyme A
synthetase from Planctomyces brasiliensis DSM 53035 repre-
sented by GenBank Accession No. YP_ 004268501.1, the
acetyl-CoA synthetase from Escherichia coli UMNO26 rep-
resented by GenBank Accession No. YP_ 002415210.1, the
acetyl-CoA synthetase from FEscherichia coli FVEC1412
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represented by GenBank Accession No. ZP_ 066468035.1, the
acetyl-coenzyme A synthetase from FEscherichia coli
FVEC1302 represented by GenBank Accession No.
/ZP__06988121.1, the acetate-CoA ligase from Lischerichia
coli MS198-1 represented by GenBank Accession No.
ZP__07115900.1, the acetyl-CoA synthetase from Escheri-
chia coli UMNO26 represented by GenBank Accession No.
CAR15720.1, the Acs2p from Saccharomyces cerevisiae
S288¢c  represented by GenBank  Accession  No.
NP__013254.1, the acetyl CoA synthetase from Saccharomy-
ces cerevisiae YIM'789 represented by GenBank Accession
No. EDN59693.1, the K7_Acs2p from Saccharomyces cer-
evisiae Kyokai no. 7 represented by GenBank Accession No.
GAA25035.1, the acetyl CoA synthetase from Saccharomy-
ces cerevisiae RM11-1a represented by GenBank Accession
No. EDV09449.1, the bifunctional acetyl-CoA synthetase
and propionyl-CoA synthetase from Escherichia coli str. K12
substr. W3110 represented by GenBank Accession No.
BAE78071.1, and the acetyl-coenzyme A synthetase from
Pseudomonas fulva 12-X represented by GenBank Accession
No.YP_004473024.1, among others. The coding sequences
encoding these gene products can be found i GenBank
(http://www.ncbi.nlm.nih.gov/GenBank/).

Homologs of acsA and AcsA discussed in the examples
include the acetyl-CoA synthetase from Svrechocystis sp.
PCC 6803 (s110542; GenBank Accession No. NP_442428.1;
SEQ ID NOS:3 and 4) and the unnamed protein product from
Synechococcus sp. PCC 7942 (SYNPCC7942_1342; Gen-
Bank Accession No. YP__400369.1; SEQ ID NOS:5 and 6)

The microorganism of the present ivention preferably
includes any microorganism that harbors an acsA gene or
homolog thereol or expresses an acsA gene product or
homolog thereof that 1s capable of being functionally deleted
to render the microorganism more tolerant of organic acids.
The microorganism may be eukaryotic, such as yeast, or
prokaryotic, such as bacteria or archaea. Among bactena,
gram-positive, gram-negative, and ungrouped bacteria are
suitable. Phototrophs, lithotrophs, and organotrophs are also
suitable. In preferred versions of the invention, the microor-
ganism 1s a phototroph, such as a cyanobacterium. Suitable
cyanobacteria include those from the genuses Agmenellum,
Anabaena, Aphanocapsa, Arthrosprira, Gloeocapsa, Haplo-
siphon, Mastigocladus, Nostoc, Oscillatoria, Prochlorococ-
cus, Scytonema, Synechococcus, and Symnechocystis. Pre-
terred cyanobacteria include those selected from the group
consisting of Syrechococcus spp., spp., Synechocystis spp..
and Nostoc spp. Particularly suitable examples of Syrechoc-
occus spp. mclude Syrnechococcus sp. PCC 7942 and Syn-
echococcus sp. PCC7002. A particularly suitable example of
Synechocystis spp. includes Syrechocystis sp. PCC 6803. A
benelit of phototrophs 1s that they require only CO, as a
carbon source and are not dependent on food-based com-
modities or other types of biomass for which there 1s a grow-
ing high demand.

Functional deletion of the acsA gene product or homolog,
thereot in the microorganism results in increased tolerance of
the microorganism to organic acids compared to a corre-
sponding microorganism. As used herein, “corresponding
microorganism’” refers to a microorganism ol the same spe-
cies having the same or substantially same genetic and pro-
teomic composition as a microorganism of the invention, with
the exception of genetic and proteomic differences resulting,
from the modifications described herein for the microorgan-
isms of the mvention. Such tolerance 1s with respect to any
organic acid present within the organism or its growth
medium, particularly those that may be present 1n high abun-
dance. Non-limiting examples of organic acids to which the
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microorganisms of the present mvention have increased tol-
erance include acetic acid, acrylic acid, aspartic acid, benzoic
acid, butyric acid, citric acid, formic acid, fumaric acid, furan
dicarboxylic acid (2,5-furandicarboxylic acid), glucaric acid,
glutamic acid, heptanoic acid, hexanoic acid, 3-hydroxypro-
pionic acid (3HP), 1sophthalic acid, itaconic acid, lactic acid,
levoascorbic acid, levulinic acid, malic acid, octanoic acid,
oxalic acid, pentanoic acid, phosphoric acid, propionic acid,
pyruvic acid, succinic acid (1,4 succinic acid), and tereph-
thalic acid, among others. The examples show various aspects
of increased tolerance to exemplary organic acids 3-hydrox-
ypropionic acid (3HP), acrylic acid, and propionic acid.

One aspect of the increased tolerance to organic acids 1s an
increase 1n the minimal inhibitory concentration (MIC) of a
particular organic acid compared to a corresponding micro-
organism. MIC 1s the lowest concentration of an agent that
will inhibit growth of a microorganism. An MIC can be deter-
mined by titrating the agent in the growth medium of the
microorganism. The lowest concentration of the agent in
which the microorganism 1s no longer able to grow 1s the
MIC. Methods of culturing microorganisms and of detecting
their growth are well known 1n the art and are not discussed in
detail herein. A relative increase in MIC indicates a higher
tolerance to an agent and indicates that the microorganism
can grow 1n the presence of a higher concentration of the
agent. Conversely, a relative decrease 1n MIC indicates a
lower tolerance to an agent and indicates that the microorgan-
1sm can grow only 1n the presence of a lower concentration of
the agent.

Functional deletion of the acsA gene product or homolog
thereol 1n the microorganism confers an MIC of at least about
10 uM, 25 uM, 50 uM, 75 uM, 100 uM, 250 uM, 500 uM, 1
mM, 25 mM, S0 mM, 70 mM, 100 mM, 125 mM, or 150 mM
to acrylic acid; an MIC of at least about 10 mM, 15 mM, 20
mM, 25 mM, 50 mM, 75 mM, 100 mM, 125 mM, 150 mM,
175 mM, 200 mM, 225 mM, 250 mM, 260 mM, 300 mM, 350
mM, or more to 3HP; and/or an MIC of at least about 250 uM,
500 uM, 1 mM, 50 mM, 100 mM, 200 mM, 300 mM, 350
mM, 400 mM, 450 mM, 500 mM, or more to propionic acid.
Such MICs occur in at least Syrechococcus sp. cyanobacteria,
such as Syrechococcus sp. PCC 7002 and Syrechococcus sp.
PCC 7942, when assayed at a pH of about 8. Such MICs also
occur 1n Syrechocystis sp., such as Svnechocystis sp. PCC
6803, when assayed at a pH of about 8. Such MICs also occur
in any other microorganism described herein, such as
Prochlorococcus sp., Nostoc sp., or others.

Another aspect of increased tolerance 1s increased growth
rate 1n the presence of a certain concentration of an organic
acid or an equal growth rate in the presence of an increased
concentration of an organic acid compared to a corresponding
microorganism.

In various aspects of the mvention, functional deletion of

the acsA gene product or homolog thereof 1n the microorgan-
1sm confers at least about a 1.5-fold, a 5-fold, a 10-fold, a
15-told, a 25-1old, a 50-fold, a 75-1old, a 100-fold, a S00-fold,
a 750-told, a 1.000-1old, 1.250-fold, a 1.500-fold, a 1.750-
fold, a 2.000-fold, a 2.250-1old, a 2.500-fold, a 2.750-1fold, a
3.000-1old, a 3.250-1old, or a 3.500-1old increase 1n tolerance
against an organic acid. The organic acid to which functional
deletion of the acsA gene product confers such MICs may
include acrylic acid, 3HP, propionic acid, or lactic acid,
among others. In some versions of the invention, for example,
functional deletion of the acsA gene product in Syrechococ-
cus sp. PCC 7002 confers at least about a 2.800-1old increase
in MIC for acrylic acid, at least about a 26-fold increase 1n
MIC for 3HP, and at least about a 100-fold increase in MIC for

propionic acid at pH of about 8 (see examples below).
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The increased tolerance to organic acids conterred by func-
tional deletion of the acsA gene product or homolog thereof
renders the microorganism particularly suited for producing
high amounts of organic acids, many of which have industrial
utility. Accordingly, the microorganism in some versions of
the invention 1s capable of producing an organic acid that can
be 1solated for industrial purposes. The microorganism may
be able to naturally make the organic acid, may be genetically
modified to make the organic acid, or may be genetically
modified to make increased amounts of the organic acid that
it already makes. Non-limiting examples of organic acids that
the microorganisms of the present invention can produce
include acetic acid, aspartic acid, benzoic acid, citric acid,
formic acid, fumaric acid, furan dicarboxylic acid (2,5-
turandicarboxylic acid), glucaric acid, glutamic acid, 3-hy-
droxypropionic acid (3HP), 1sophthalic acid, 1taconic acid,
lactic acid, levoascorbic acid, levulinic acid, malic acid,
oxalic acid, phosphoric acid, propionic acid, pyruvic acid,
succinic acid (1,4 succinic acid), and terephthalic acid,
among others. In preferred versions of the invention, the
microorganism 1s capable of making at least 3HP and or lactic
acid.

The microorganism may be modified to express or increase
expression ol one or more genes involved 1n the production of
the organic acid. Moditying the microorganism to express or
increase expression of a gene can be performed using any
methods currently known 1n the art or discovered in the
tuture. Examples include genetically modifying the microor-
ganism and culturing the microorganism 1in the presence of
factors that increase expression of the gene. Suitable methods
for genetic modification include but are not limited to placing
the coding sequence under the control of a more active pro-
moter, increasing the copy number of the gene, and/or intro-
ducing a translational enhancer on the gene (see, e.g., Olins et
al. Journal of Biological Chemistry, 1989, 264(29):16973-
16976). Increasing the copy number of the gene can be per-
formed by introducing additional copies of the gene to the
microorganism, 1.€., by mcorporating one or more eXogenous
copies of the native gene or a heterologous homolog thereof
into the microbial genome, by introducing such copies to the
microorganism on a plasmid or other vector, or by other
means. “Exogenous” used 1n reference to a genetic element
means the genetic element 1s introduced to a microorganism
by genetic modification. “Heterologous” used 1n reference to
a genetic element means that the genetic element 1s dertved
from a different species. A promoter that controls a particular
coding sequence 1s herein described as being “operationally
connected” to the coding sequence.

The microorganisms of the mvention may include at least
one recombinant nucleic acid configured to express or over-
express a particular enzyme. “Recombinant” as used herein
with reference to a nucleic acid molecule or polypeptide 1s
one that has a sequence that 1s not naturally occurring, has a
sequence that 1s made by an artificial combination of two
otherwise separated segments of sequence, or both. This arti-
ficial combination can be achieved, for example, by chemical
synthesis or by the artificial manipulation of 1solated seg-
ments of nucleic acid molecules or polypeptides, such as
genetic engineering techniques. “Recombinant™ 1s also used
to describe nucleic acid molecules that have been artificially
modified but contain the same regulatory sequences and cod-
ing regions that are found in the organism from which the
nucleic acid was 1solated. A recombinant cell or microorgan-
1sm 1s one that contains a recombinant nucleic acid molecule
or polypeptide. “Overexpress” as used herein means that a
particular gene product 1s produced at a higher level 1n one
cell, such as a recombinant cell, than 1n a corresponding cell.
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For example, a microorganism that includes a recombinant
nucleic acid configured to overexpress an enzyme produces
the enzyme at a greater amount than a microorganism that
does not include the recombinant nucleic acid.

In some versions of the mvention, the microorganism 1s
genetically modified to produce or enhance production of
3HP. Such a microorganism can be obtained by expressing or
increasing expression ol a gene for any one or more of the
enzymes catalyzing the various steps 1 a 3HP-production
pathway. Non-limiting examples of suitable enzymes include
pyruvate kinase, pyruvate dehydrogenase, acetyl-CoA car-
boxylase, malonyl-CoA reductase, malonate semialdehyde
reductase, phosphoenolpyruvate carboxylase, aspartate ami-
notransierase, aspartate decarboxylase, and pP-alanine/c-ke-

toglutarate aminotransierase. See FIGS. 7, 9A, and 9B. See
also U.S. Pat. No. 8,048,624 to Lynch, U.S. Pub. 2011/

0123118 to Lynch, U.S. Pub. 2010/0210017 to Gill et al., and
Warnecke et al. Metabolic Engineering (2010) 12:241-250
for additional enzymes.

Accordingly, some microorganisms of the invention
include at least one recombinant nucleic acid configured to
express or overexpress a malonyl-CoA reductase. Malonyl-
CoA reductases include the enzymes classified under EC
1.2.1.75. In some versions, the microorganism 1s modified to
harbor a nucleic acid encoding the malonyl-CoA reductase
trom Chlovoflexus aurantiacus or a homolog thereof. The
coding sequence for the malonyl-CoA reductase from Chlo-
roflexus aurantiacus 1s included 1in GenBank under accession
number AY 3530019 and 1s represented by SEQ 1D NO:7. The
Chloroflexus aurantiacus malonyl-CoA reductase gene prod-
uct 1s included i GenBank under accession number
AAS20429 and has an amino acid sequence represented by
SEQ ID NO:8. The malonyl-CoA reductase from Chlorof-
lexus aurantiacus has been shown to be a bi-functional
enzyme, having activity that converts malonyl-CoA to mal-
onate semialdehyde 1n addition to activity that converts mal-
onate semialdehyde to 3HP.

Exemplary homologs of the Chloroflexus aurantiacus
malonyl-CoA reductase gene product include but are not
limited to the short-chain dehydrogenase/reductase SDR
trom Chloroflexus aggregans DSM 94835 represented by Gen-
Bank AccessionNo.YP_ 002462600.1, the short-chain dehy-
drogenase/reductase SDR from Oscillochloris trichoides
DG6  represented by  GenBank  Accession  No.
/ZP__(07684596.1, the short-chain dehydrogenase/reductase
SDR from Roseiflexus castenholzii DSM 13941 represented
by GenBank Accession No. YP_ 001433009.1, the short-
chain dehydrogenase/reductase SDR from Roseiflexus sp.
RS-1  represented by GenBank  Accession No.
YP_001277512.1, among others. The coding sequences
encoding these gene products can be found in GenBank.

Homologs of the Chlorofliexus aurantiacus malonyl-CoA
reductase also include enzymes having an amino acid
sequence at least about 80%, 85%, 90%, 95%, 97%, 98%.,
99% or more 1dentical to SEQ ID NO:8. Sequences having,
these percent 1dentities can be obtained by aligning SEQ 1D
NO:8 to the sequences of the Chloroflexus aurantiacus malo-
nyl-CoA reductase homologs listed above or otherwise
known 1n the art to determine which residues are amenable to
variation (1.e., substitution, deletion, addition, etc.) and the
identities of the suitably substituted or added residues.

In some versions of the mvention, the microorganism 1s
modified to harbor a nucleic acid encoding the malonyl-CoA
reductase from Sulfolobus tokodaii or ahomolog thereof. The
coding sequence for the malonyl-CoA reductase from Sul-
folobus tokodaii 1s included 1 GenBank under accession

number NC__003106.2 (positions 2170729-2171808; Gene
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ID 1460244) and 1s represented by SEQ ID NO:11. A trun-
cated, codon-optimized version of the coding sequence pre-
terred for expression 1n cyanobacteria 1s represented by SEQ
ID NO:12. The gene product of the malonyl-CoA reductase
from Sulfolobus tokodaii 1s 1included i GenBank under
accession number NP__378167. A truncated gene product
encoded by SEQ ID NO:12 and suitable for use 1n the present
invention has an amino acid sequence represented by SEQ 1D
NO:13. The malonyl-CoA reductase from Sulfolobus toko-
daii has been shown to have activity that converts malonyl-
CoA to malonate semialdehyde. It does not appear to have
activity that converts malonate semialdehyde to 3HP.
Exemplary homologs of the malonyl-CoA reductase from
Sulfolobus tokodaii include but are not limited to the aspar-
tate-semialdehyde dehydrogenase from Acidianus hospitalis
W1  represented by GenBank  Accession  No.
YP__004459517.1, the aspartate-semialdehyde dehydroge-
nase from Metallosphaera sedula DSM 5348 represented by
GenBank Accession No. YP_ 001190808.1, the malonyl-/
succinyl-CoA reductase from Metallosphaera cuprina Ar-4
represented by GenBank Accession No. YP_ 0044100141,
the aspartate-semialdehyde dehydrogenase from Sulfolo-
bales archaeon AZ]1 represented by GenBank Accession No.

EWGO07552.1, the aspartate-semialdehyde dehydrogenase
trom Sulfolobus solfataricus P2 represented by GenBank
Accession No. NP__343563.1, the aspartate-semialdehyde
dehydrogenase from Metallosphaera vellowstonensis repre-
sented by GenBank Accession No. WP__009071519.1, the
aspartate-semialdehyde dehydrogenase from Sulfolobus
islandicus M.16.27 represented by GenBank Accession No.
YP__002844727.1, the aspartate-semialdehyde dehydroge-
nase from Sulfolobus islandicus 1..5.2.15 represented by
GenBank Accession No. YP_ 002833533.1, the aspartate-
semialdehyde dehydrogenase from Sulfolobus 1slandicus
HVE10/4 represented by GenBank Accession No.
YP__005647305.1, the aspartate-semialdehyde dehydroge-
nase from Sulfolobus islandicus Y.N.15.31 represented by
GenBank Accession No. YP__0028419677.1, the aspartate-
semialdehyde dehydrogenase from Sulfolobus acidocal-
darius DSM 639 represented by GenBank Accession No.
YP_256941.1, the aspartate-semialdehyde dehydrogenase
trom Sulfolobus islandicus M.14 .25 represented by GenBank
Accession No. YP_002830793.1, the aspartate-semialde-
hyde dehydrogenase from Sulfolobus acidocaldarius SUSAZ
represented by GenBank Accession No. YP__008948306.1,
the aspartate-semialdehyde dehydrogenase from Sulfolo-
bales archaeon Acdl represented by GenBank Accession No.
WP__020198954.1, the aspartate-semialdehyde dehydroge-
nase from Sulfolobus acidocaldarius DSM 639 represented
by GenBank Accession No. YP_ 256733.1, the aspartate-
semialdehyde dehydrogenase from Sulfolobus acidocal-
darius SUSAZ represented by GenBank Accession No.
YP__008948046.1, the aspartate-semialdehyde dehydroge-
nase from Archaeoglobus profundus DSM 5631 represented
by GenBank Accession No. YP_ 0034013535.1, the aspartate-
semialdehyde dehydrogenase from Candidatus Caldiar-
chaeum subterraneum represented by GenBank Accession
No.YP__008797381.1, the aspartate-semialdehyde dehydro-
genase from Ferroglobus placidus DSM 10642 represented
by GenBank Accession No. YP_ 003435562.1, the aspartate-
semialdehyde dehydrogenase from Methanothermobacter
marburgensis str. Marburg represented by GenBank Acces-
sion No. YP_ 0038350098.1, the aspartate-semialdehyde
dehydrogenase {from Methanothermobacter thermau-
totrophicus Cal2 represented by GenBank Accession No.
BAM69964.1, the aspartate-semialdehyde dehydrogenase

trom Methanothermobacter thermautotrvophicus str. Delta H
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represented by GenBank Accession No. NP__275938.1, the
aspartate semialdehyde dehydrogenase from Archaeoglobus
sulfaticallidus PM'70-1 represented by GenBank Accession
No.YP__007906903.1, the aspartate-semialdehyde dehydro-
genase from Pyrobaculum arsenaticum DSM 13514 repre-
sented by GenBank Accession No. YP_ 001153189.1, the
aspartate semialdehyde dehydrogenase from Methanother-
mus fervidus DSM 2088 represented by GenBank Accession
No. YP_004004235.1, and the aspartate-semialdehyde
dehydrogenase from Methanopyrus kandleri AV19 repre-
sented by GenBank Accession No. NP__614672.1, among
others. The coding sequences encoding these gene products
can be found 1n GenBank.

Homologs of the Sulfolobus tokodaii malonyl-CoA reduc-
tase also 1nclude enzymes having an amino acid sequence at
least about 80%, 85%, 90%, 95%, 97%, 98%., 99% or more
identical to SEQ ID NO:13. Sequences having these percent
identities can be obtained by aligning SEQ ID NO:13 to the
sequences of the Sulfolobus tokodaii malonyl-CoA reductase
homologs listed above or otherwise known 1n the art to deter-
mine which residues are amenable to variation (1.e., substitu-
tion, deletion, addition, etc.) and the identities of the suitably
substituted or added residues.

In some versions of the mvention, the microorganism 1s
modified to express or increase expression of a malonate
semialdehyde reductase. Malonate semialdehyde reductase
converts malonate semialdehyde to 3HP. Such a modification
1s preferred 1n microorganisms modified to express or
increase expression of a malonyl-CoA reductase that does not
convert malonate semialdehyde to 3HP, such as the malonyl-
CoA reductase from Sulfolobus tokodaii. Suitable malonate
semialdehyde reductases can use either NADH (EC 1.1.1.59)
or NADPH (EC 1.1.1.298) as cofactors. Malonate semialde-
hyde reductases that use NADPH are preferred. In some
versions, the microorganism 1s modified to harbor a nucleic
acid encoding the malonate semialdehyde reductase from
Metallosphaera sedula or a homolog thereof. The coding
sequence of the malonate semialdehyde reductase from Met-

allosphaera sedula 1s included 1n GenBank under accession
number NC_009440.1 (Gene ID 35103380; positions

1929295-1930239) and 1s represented by SEQ ID NO:14. A
codon-optimized version of the coding sequence preferred
for expression 1n cyanobacteria 1s represented by SEQ ID
NO:15. The gene product of the malonate semialdehyde
reductase from Metallosphaera sedula 1s included 1n Gen-
Bank under accession number YP__ 001192057 and has an
amino acid sequence represented by SEQ ID NO:16.
Exemplary homologs of the malonate semialdehyde reduc-
tase from Metallosphaera sedula include but are not limited
to the 3-hydroxyacyl-CoA dehydrogenase from Metal-
losphaera sedula DSM 5348 represented by GenBank Acces-
sion No. YP__001192057.1, the malonate semialdehyde
reductase from Metallosphaera cuprina Ar-4 represented by
GenBank Accession No. YP_ 004408885.1, the 3-hydroxya-
cyl-CoA dehydrogenase NAD-binding protein from Acidi-
anus hospitalis W1 represented by GenBank Accession No.
YP__004458285.1, the 3-hydroxyacyl-CoA dehydrogenase
trom Sulfolobales avchaeon AZ]1 represented by GenBank
Accession No. EWG08084.1, the 3-hydroxyacyl-CoA dehy-
drogenase from Metallosphaera yellowstonensis represented
by GenBank Accession No. WP__009075415.1, the 3-hy-
droxyacyl-CoA dehydrogenase from Sulfolobus solfataricus
P2 represented by GenBank Accession No. NP__342162.1,
the 3-hydroxyacyl-CoA dehydrogenase NAD-binding pro-
tein from Sulfolobus islandicus HVE10/4 represented by
GenBank Accession No. YP_ 005646018.1, the 3-hydroxya-

cyl-CoA dehydrogenase NAD-binding protein from Sulfolo-
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bus islandicus REY15A represented by GenBank Accession
No. YP__005648646.1, the 3-hydroxvacyl-CoA dehydroge-
nase from Sulfolobus islandicus 1LALL14/1 represented by
GenBank Accession No. YP_ 007865821.1, the 3-hydroxya-
cyl-CoA dehydrogenase from Sulfolobus islandicus M.14.25
represented by GenBank Accession No. YP__ 002829338.1,
the 3-hydroxyacyl-CoA dehydrogenase from Sulfolobus
islandicus represented by GenBank Accession No.
WP__016732252.1, the 3-hydroxyacyl-CoA dehydrogenase
trom Sulfolobales archaeon Acdl represented by GenBank
Accession No. WP_ 020199213.1, the 3-hydroxybutyryl-
CoA dehydrogenase from Sulfolobus tokodaii str. 7 repre-
sented by GenBank Accession No. NP__377470.1, the 3-hy-
droxyacyl-CoA dehydrogenase from Sulfolobus
acidocaldarius SUSAZ represented by GenBank Accession
No.YP_008947634.1, the 3-hydroxybutyryl-CoA dehydro-
genase from Sulfolobus acidocaldarius DSM 639 repre-
sented by GenBank Accession No. YP_ 256228.1, the 3-hy-
droxyacyl-CoA dehydrogenase from Archaeoglobus fulgidus
DSM 4304 represented by GenBank Accession No.
NP__070034.1, the 3-hydroxyacyl-CoA dehydrogenase from
Burkholderia sp. H160 represented by GenBank Accession
No. WP__ 008917830.1, the 3-hydroxyacyl-CoA dehydroge-
nase represented by hbd-8 from Planctomyces maris repre-
sented by GenBank Accession No. WP__0026455835.1, the
3-hydroxybutyryl-CoA dehydrogenase from Megasphaera
sp. UPII 199-6 represented by GenBank Accession No.
WP__007391670.1, the 3-hydroxyacyl-CoA dehydrogenase
trom Burkholderia pseudomallei 1026b represented by Gen-
Bank Accession No. YP_ 006275221.1, the 3-hydroxyacyl-
CoA dehydrogenase from Burkholderia okliahomensis repre-
sented by GenBank Accession No. WP__010114811.1, and
the 3-hydroxyacyl-CoA dehydrogenase from Burkholderia
pseudomalleit MSHR305 represented by GenBank Accession
No.YP_008340862.1, among others. The coding sequences
encoding these gene products can be found in GenBank.

Homologs of the Metallosphaera sedula malonate semial-
dehyde reductase also include enzymes having an amino acid
sequence at least about 80%, 85%, 90%, 95%, 97%, 98%,
99% or more 1dentical to SEQ ID NO:16. Sequences having
these percent 1dentities can be obtained by aligning SEQ 1D
NO:16 to the sequences of the Metallosphaera sedula mal-
onate semialdehyde reductase homologs listed above or oth-
erwise known in the art to determine which residues are
amenable to variation (1.e., substitution, deletion, addition,
ctc.) and the identities of the suitably substituted or added
residues.

In some versions of the mvention, the microorganism 1s
modified to express or increase expression ol acetyl-CoA
carboxylase, either alone, with a malonyl-CoA reductase,
with a malonate semialdehyde reductase, or with other
enzymes. Such a microorganism can be obtained by introduc-
ing exogenous nucleic acids expressing the acetyl-CoA car-
boxylase subunits into the microorganism, by introducing
highly expressed promoters 1n front of the endogenous
acetyl-CoA carboxylase subunit coding sequences, by
increasing translational efficiency, or by other means. In bac-
teria, acetyl-CoA carboxylase 1s a multisubunit enzyme that
1s encoded by four genes, accA, accB, accC, and accD. Exem-
plary acetyl-coA carboxylase subunit genes for use in the
present mvention can be those found 1 Svrechococcus sp.

PCC 7002 or homologs thereof. The complete genome of
Synechococcus sp. PCC 7002 can be found 1n GenBank under

Accession No. NC__010475. The coding sequence for accA
can be found at positions 2536162-2537139 of NC__010475,
the gene product of which has a sequence represented by

GenBank Accession No. YP__001735676.1. The coding
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sequence for accB can be found at positions 60707-61204 of
NC__ 010475, the gene product of which has a sequence rep-
resented by GenBank Accession No. YP__001733325.1. The
coding sequence for accC can be found at positions 2210473 -
2211819 of NC__010473, the gene product of which has a
sequence represented by GenBank Accession  No.
YP_001735364.1". The coding sequence for accD can be
found at positions 64484-65443 of NC__ 010473, the gene
product of which has a sequence represented by GenBank
Accession No. YP_ 001733331.1. Suitable promoters for
increasing expression of these genes are known 1n the art. In
some versions of the invention, an artificial operon compris-
ing the accD, accA, accB, and accC coding sequences from £,
coli can be mtroduced into the microorganism for expression
or overexpression of acetyl-CoA carboxylase. See, e.g., US
2011/0165637 to Plleger et al., which 1s incorporated herein
by reference.

In some versions of the mvention, the microorganism 1s
genetically modified to produce or enhance production of
lactate. Such a microorganism can be obtained by expressing
or increasing expression of lactate dehydrogenase. Lactate
dehydrogenase catalyzes the conversion of pyruvate to lac-
tate. See FIG. 12A. Lactate dehydrogenases include the
enzymes classified under EC 1.1.1.27 (L-lactate dehydroge-
nases) and 1.1.1.28 (D-lactate dehydrogenases). L-Lactate
dehydrogenases are preferred.

In some versions of the invention, the microorganism 1s
modified to harbor a nucleic acid encoding a lactate dehydro-
genase from Bacillus subtilis or a homolog thereof. The cod-
ing sequence of the lactate dehydrogenase from Bacillus sub-
tilis 1s included mm GenBank under accession number

ALL009126.3 (positions 329774 t0 330739) and 1s represented
by SEQ ID NO:17. The gene product of the lactate dehydro-

genase from Bacillus subtilis 1s included 1n GenBank under
accession number NP_ 388187 and has an amino acid
sequence represented by SEQ ID NO:18.

Exemplary homologs of the lactate dehydrogenase from
Bacillus subtilis include but are not limited to the L-lactate
dehydrogenase from Bacillus subtilis subsp. subtilis str. 168
represented by GenBank Accession No. NP 388187.2, the
[-lactate dehydrogenase from Bacillus subtilis subsp. natto
BESTI195 represented by GenBank Accession No.
YP__005559471.1, the L-lactate dehydrogenase from Bacil-
lus subtilis BSnS represented by GenBank Accession No.
YP__004206262.1, the L-lactate dehydrogenase from Bacil-
lus subtilis subsp. spizizenii TU-B-10 represented by Gen-
Bank Accession No. YP_ 0048758353.1, the lactate dehydro-

genase Irom DBacillus subtilis represented by GenBank
Accession No. WP__017696103.1, the lactate dehydrogenase

trom Bacillus subtilis represented by GenBank Accession
No. WP__0032247788.1, the L-lactate dehydrogenase from
Bacillus subtilis subsp. subtilis str. RO-NN-1 represented by
GenBank Accession No. YP 005555343.1, the L-lactate
dehydrogenase trom Bacillus subtilis XF-1 represented by
GenBank Accession No. YP_ 007425489.1, the L-lactate
dehydrogenase trom Bacillus subtilis represented by Gen-
Bank Accession No. WP__003241205.1, the lactate dehydro-
genase {rom Bacillus subtilis represented by GenBank Acces-
sion No. WP__019257406.1, the lactate dehydrogenase from
Bacillus mojavensis represented by GenBank Accession No.
WP__ 010332943 1, the lactate dehydrogenase from Bacillus

vallismortis represented by GenBank Accession No.
WP__010331365.1, the L-lactate dehydrogenase from Bacil-

lus subtilis subsp. spizizenii str. W23 represented by GenBank
Accession No. YP_ 0038646778.1, the L-lactate dehydroge-
nase from DBacillus atrophaeus represented by GenBank

Accession No. WP__010787568.1, the lactate dehydrogenase
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from Bacillus amyloliquefaciens LFB112 represented by
GenBank Accession No. YP_ 008948730.1, the L-lactate
dehydrogenase from Bacillus licheniformis 9945A repre-
sented by GenBank Accession No. YP_ 008076533.1, the
L-lactate dehydrogenase from Halobacillus halophilus DSM
2266 represented by  GenBank  Accession  No.
YP_006181877.1, L-lactate dehydrogenase from Halobacil-
lus sp. BAB-2008 represented by GenBank Accession No.
WP__008633175.1, the L-lactate dehydrogenase from Geo-
bacillus sp. WCH70 represented by GenBank Accession No.
YP__002948666.1, the lactate dehydrogenase from Geoba-
cillus caldoxylosilvticus represented by GenBank Accession
No. WP__017436539.1, the L-lactate dehydrogenase from
Anoxybacillus flavithermus represented by GenBank Acces-
sion No. WP__003394005.1, the lactate dehydrogenase from
Anoxybacillus kamchalkensis represented by GenBank
Accession No. WP__019416922.1, and the lactate dehydro-
genase Irom Lactococcus lactis represented by GenBank
Accession No. NP_ 267487, among others. The coding

sequences encoding these gene products can be found 1n
GenBank.

Homologs of the Bacillus subtilis lactate dehydrogenase
also include enzymes having an amino acid sequence at least
about 80%, 85%, 90%, 95%, 97%, 98%, 99% or more 1den-
tical to SEQ ID NO:18. Sequences having these percent iden-
tities can be obtained by aligning SEQ ID NO:18 to the
sequences of the Bacillus subtilis lactate dehydrogenase
homologs listed above or otherwise known 1n the art to deter-
mine which residues are amenable to varnation (1.e., substitu-
tion, deletion, addition, etc.) and the identities of the suitably
substituted or added residues.

In some versions, the microorganism 1s modified to harbor
a nucleic acid encoding the lactate dehydrogenase from Lac-
tococcus lactis or a homolog thereof. The coding sequence of
the lactate dehydrogenase from Lactococcus lactis 1s

included in GenBank under accession number NC__ 002662.1
(Gene ID 1114981, complement of positions 1369224-
1370201). A codon-optimized version of the coding sequence
preferred for expression in cyanobacteria 1s represented by
SEQ ID NO:21. The gene product of the lactate dehydroge-
nase from Lactococcus lactis 1s included 1n GenBank under
accession number NP_ 267487 and has an amino acid
sequence represented by SEQ ID NO:22.

Exemplary homologs of the lactate dehydrogenase from
Lactococcus lactis include but are not limited to the L-lactate

dehydrogenase from Lactococcus lactis subsp. cremoris
UC509.9 represented by GenBank Accession No.

YP__006999682.1, the lactate dehydrogenase from Lacto-
coccus lactis represented by GenBank Accession No.
WP__021165426.1, the L-lactate dehydrogenase from Lacto-
coccus lactis represented by GenBank Accession No.
AAB31677.1, the L-lactate dehydrogenase from Lactococ-
cus lactis represented by GenBank Accession No.
AABS51679.1, lactate dehydrogenase from Lactococcus lac-
tis represented by GenBank Accession No. AAA25172.1, the
lactate dehydrogenase from Lactococcus lactis subsp. cre-
moris TIFN6 represented by GenBank Accession No.
EQC54698.1, the L-lactate dehydrogenase from Streptococ-
cus anginosus C238 represented by GenBank Accession No.
YP__0083500777.1, the lactate dehydrogenase from Strepto-
coccus anginosus represented by GenBank Accession No.
WP__003029659.1, the lactate dehydrogenase from Lacto-
coccus garvieae represented by GenBank Accession No.
WP__003135756.1, the lactate dehydrogenase from Strepto-
coccus anginosus represented by GenBank Accession No.
WP__003042963.1, the malate/lactate dehydrogenases from

Streptococcus anginosus represented by GenBank Accession
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No. WP__022525868.1, the L-lactate dehydrogenase from
Streptococcus intermedius C2770 represented by GenBank
Accession No. YP_ 008497003.1, the L-lactate dehydroge-

nase from Lactococcus garvieae AT CC 49156 represented by
GenBank Accession No. YP_ 004779491.1, the lactate dehy-

drogenase from Lactococcus garvieae represented by Gen-

Bank Accession No. WP__0192937709.1, the L-lactate dehy-
drogenase from Streptococcus uberis 0140] represented by
GenBank Accession No. YP 002562208.1, the L-lactate
dehydrogenase from Streptococcus parauberis KCTC 11337
represented by GenBank Accession No. YP_ 004478812.1,
the L-lactate dehydrogenase from Streptococcus intermedius
B196 represented by GenBank Accession No.
YP__008512752.1, the lactate dehydrogenase from Strepto-
coccus pseudoporcinus represented by GenBank Accession
No. WP__007891460.1, the L-lactate dehydrogenase from
Streptococcus iniae SF1 represented by GenBank Accession
No. YP__008056778.1, the L-lactate dehydrogenase from

Streptococcus intermedius JTHOS represented by GenBank
Accession No. YP_ 006469731.1, the lactate dehydrogenase

from Streptococcus anginosus represented by GenBank

Accession No. WP__003069027.1, the lactate dehydrogenase
trom Streptococcus porcinus represented by GenBank Acces-
sion No. WP__003084658.1, the lactate dehydrogenase from
Streptococcus didelphis represented by GenBank Accession
No. WP__018365941.1, the L-lactate dehydrogenase from

Streptococcus pyogenes M1 GAS represented by GenBank
Accession No. NP_ 269302.1, the L-lactate dehydrogenase

trom Streptococcus constellatus subsp. pharyngis C1050 rep-
resented by GenBank Accession No. YP_ 008498899.1, the
L-lactate dehydrogenase from Streptococcus comnstellatus
subsp. pharyngis C232 represented by GenBank Accession
No. YP_008495295.1, the L-lactate dehydrogenase from
Streptococcus equi subsp. zooepidemicus MGCS105635 rep-
resented by GenBank Accession No. YP_ 002123389.1, the

L-lactate dehydrogenase from Streptococcus dysgalactiae
subsp. equisimilis GGS__124 represented by GenBank
Accession No. YP__002996624.1, the L-lactate dehydroge-
nase from Streptococcus equi subsp. equi 404’7 represented
by GenBank Accession No. YP_002746472.1, the lactate

dehydrogenase from Streptococcus marimammalium repre-
sented by GenBank Accession No. WP__018369606.1, the
lactate dehydrogenase from Streptococcus canis represented
by GenBank Accession No. WP__003048552.1, the lactate
dehydrogenase from Lactococcus raffinolactis represented
by GenBank Accession No. WP__003140351.1, the lactate
dehydrogenase from Streptococcus ictaluri represented by
GenBank Accession No. WP 008089442.1, the lactate
dehydrogenase from Streptococcus iniae represented by
GenBank Accession No. WP 017794816.1, the lactate
dehydrogenase from Streptococcus merionis represented by
GenBank Accession No. WP 018372720.1, the L-lactate
dehydrogenase from Streptococcus dvsgalactiae subsp. equi-
similis 167 represented by GenBank Accession No.
YP__008629609.1, and the lactate dehydrogenase irom
Bacillus subtilis represented by GenBank Accession No.
NP__ 388187, among others. The coding sequences encoding
these gene products can be found 1n GenBank.

Homologs of the Lactococcus lactis lactate dehydrogenase
also include enzymes having an amino acid sequence at least
about 80%, 85%, 90%, 95%, 97%, 98%, 99% or more 1den-
tical to SEQ ID NO:22. Sequences having these percent iden-
tities can be obtained by aligning SEQ ID NO:22 to the
sequences of the Lactococcus lactis lactate dehydrogenase
homologs listed above or otherwise known 1n the art to deter-
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mine which residues are amenable to variation (1.e., substitu-
tion, deletion, addition, etc.) and the identities of the suitably
substituted or added residues.

In some versions of the mvention, the microorganism 1s
modified to express or increase expression of a transhydro-
genase. Preferred transhydrogenases are pyridine nucleotide
transhydrogenases, including the enzymes classified under

EC1.6.1.1,1.6.1.2,and 1.6.1.3. Pyridine nucleotide transhy-
drogenases convert NAD and NADPH to and from NADH
and NADP™. See FIG. 12B. Soluble (as opposed to mem-
brane-bound) pyridine nucleotide transhydrogenases are pre-
terred. Other transhydrogenases that produce either NADH
or NADPH as a byproduct are also acceptable. Modifying a
microorganism to express or increase expression of a tran-
shydrogenase 1s preferred when the microorganism 1s modi-
fied to express or increase expression of a lactate dehydroge-
nase. In some versions, the microorganism 1s modified to
harbor a nucleic acid encoding the soluble pyridine nucle-
otide transhydrogenase from E. coli (particularly E. coli K12
MG16353) or a homolog thereotf. The coding sequence of the
soluble pyridine nucleotide transhydrogenase from E. coli
K12 MG1655 1s included in GenBank under accession num-
ber U00096.3 (positions 4159390 to 4160790) and 1s repre-
sented by SEQ ID NO:19. The gene product of the soluble
pyridine nucleotide transhydrogenase from FE. coli K12
MG16355 1s 1included in GenBank under accession number
NP__ 418397 and 1s represented by SEQ ID NO:20.
Exemplary homologs of the soluble pyridine nucleotide
transhydrogenase from . coli K12 MG1655 include but are
not limited to the soluble pyridine nucleotide transhydroge-
nase irom FEscherichia coli HS represented by GenBank
Accession No. YP__001460757.1, the pyridine nucleotide-
disulfide oxidoreductase family protein from FEscherichia
coli  represented by GenBank  Accession  No.
WP__001705589.1, the soluble pyridine nucleotide transhy-
drogenase from FEscherichia coli represented by GenBank
Accession No. WP__001120797.1, the pyridine nucleotide
transhydrogenase from Escherichia coli represented by Gen-
Bank Accession No. WP__024228022.1, the soluble pyridine
nucleotide transhydrogenase from FEscherichia coli repre-
sented by GenBank Accession No. WP__001120803.1, the
soluble pyridine nucleotide transhydrogenase from Shigella
flexneri 2a str. 24577 T represented by GenBank Accession No.
NP__838918.2, the soluble pyridine nucleotide transhydroge-
nase from Escherichia coli CF'T073 represented by GenBank
Accession No. NP__756777.1, the soluble pyridine nucle-
otide transhydrogenase from Escherichia coli represented by
GenBank AccessionNo. WP__023278586.1, the soluble pyri-
dine nucleotide transhydrogenase from Escherichia coli rep-
resented by GenBank Accession No. WP__021576626.1, the
soluble pyridine nucleotide transhydrogenase from Escheri-
chia coli represented by GenBank Accession No.
WP__021541750.1, the soluble pyridine nucleotide transhy-
drogenase from FEscherichia coli represented by GenBank
Accession No. WP__001403311.1, the soluble pyridine
nucleotide transhydrogenase Escherichia coli represented by
GenBank Accession No. WP__001120823.1, soluble pyri-
dine nucleotide transhydrogenase from Escherichia coli rep-
resented by GenBank Accession No. WP__001120830.1, the
soluble pyridine nucleotide transhydrogenase from Escheri-
chia coli represented by GenBank Accession No.
WP__021549795.1, the pyridine nucleotide-disulfide oxi-
doreductase family protein from Escherichia coli represented
by GenBank Accession No. WP__001385008.1, soluble pyri-
dine nucleotide transhydrogenase from Escherichia coli rep-
resented by GenBank Accession No. WP__001120811.1, the
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coli 536 represented by GenBank Accession No.
YP_ 672034.1, the soluble pyridine nucleotide transhydroge-
nase from Escherichia coli represented by GenBank Acces-
sion No. WP__001120808.1, the soluble pyridine nucleotide
5 transhydrogenase from Shigella boydii Sb22'7 represented by
GenBank Accession No. YP_410260.2, the soluble pyridine
nucleotide transhydrogenase from FEscherichia coli repre-
sented by GenBank Accession No. WP__ 02153963351, the
pyridine nucleotide-disulfide oxidoreductase family protein
10 from FEscherichia coli represented by GenBank Accession
No. WP__001546140.1, the soluble pyridine nucleotide tran-
shydrogenase from Escherichia coli represented by GenBank
Accession No. WP_001545096.1, the soluble pyridine
nucleotide transhydrogenase from Siigella sonnei Ss046 rep-
15 resented by GenBank Accession No. YP_ 312883.2, the pyri-
dine nucleotide transhydrogenase from Escherichia coli rep-
resented by GenBank Accession No. WP__024197343.1, the
pyridine nucleotide transhydrogenase from Escherichia coli
represented by GenBank Accession No. WP__ 0241728411,
20 the pyridine nucleotide-disulfide oxidoreductase family pro-
tein from Escherichia coli represented by GenBank Acces-
sion No. WP__001646069.1, the pyridine nucleotide-disul-
fide oxidoreductase family protein from FEscherichia coli
represented by GenBank Accession No. WP__001561736.1,
25 the pyridine nucleotide-disulfide oxidoreductase family pro-
tein from Escherichia coli represented by GenBank Acces-
sion No. WP__001406381.1, the soluble pyridine nucleotide
transhydrogenase from Shigella flexneri represented by Gen-
Bank Accession No. WP__001120814.1, the soluble pyridine
30 nucleotide transhydrogenase from Shigella flexneri repre-
sented by GenBank Accession No. WP__001120826.1, the
soluble pyridine nucleotide transhydrogenase from Shigella
flexneri 1235-66 represented by GenBank Accession No.
E1Q63659.1, the soluble pyridine nucleotide transhydroge-
35 nase from Ischerichia albertii represented by GenBank
Accession No. WP__001120820.1, the soluble pyrnidine
nucleotide transhydrogenase from Shigella flexneri repre-
sented by GenBank Accession No. WP__001120827.1, the
soluble pyridine nucleotide transhydrogenase from Shigella
40 dysenteriae SA197 represented by GenBank Accession No.
YP__ 405233 .2, the soluble pyridine nucleotide transhydroge-
nase from Salmonella enterica represented by GenBank
Accession No. WP_001120792.1, the soluble pyridine
nucleotide transhydrogenase from Citrobacter rodentium
45 1CC168 represented by GenBank Accession No.
YP__003367222.1, the soluble pyridine nucleotide transhy-
drogenase from Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67/ represented by GenBank Accession
No. YP_ 219002.1, the soluble pyridine nucleotide transhy-
50 drogenase from Salmonella enterica subsp. enterica serovar
Heidelberg str. SLL476 represented by GenBank Accession
No.YP_002048124.1, the soluble pyridine nucleotide tran-
shydrogenase from Enterobacter cloacae subsp. dissolvens
SDM  represented by  GenBank  Accession  No.
55 YP__006479868.1, the soluble pyridine nucleotide transhy-
drogenase from Citrobacter represented by GenBank Acces-
sion No. WP__016155291.1, the soluble pyridine nucleotide
transhydrogenase from Shigella flexneri 1235-66 represented
by GenBank Accession No. EIQ78768.1, and the pyridine
60 nucleotide transhydrogenase from FEwnterobacter asburiae
LF7a represented by GenBank  Accession No.
YP__004830801.1, among others. The coding sequences
encoding these gene products can be found in GenBank.
Homologs of the £. coli K12 MG1655 soluble pyridine
65 nucleotide transhydrogenase also include enzymes having an
amino acid sequence at least about 80%, 85%, 90%, 95%.,
7%, 98%, 99% or more identical to SEQ ID NO:20.
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Sequences having these percent 1dentities can be obtained by
aligning SEQ ID NO:20 to the sequences of the £. coli K12
MG1635 soluble pyridine nucleotide transhydrogenase
homologs listed above or otherwise known 1n the art to deter-
mine which residues are amenable to variation (1.e., substitu-
tion, deletion, addition, etc.) and the identities of the suitably
substituted or added residues.

Other genetic modifications of the microorganism of the
present invention include any of those described in U.S. Pat.

No. 8,048,624 to Lynch, U.S. Pub. 2011/0125118 to Lynch,
and U.S. Pub. 2010/0210017 to Gill et al., all of which are
attached hereto. See also Warnecke et al. Metabolic Engineer-
ing (2010) 12:241-250. The genetic modifications in these
references may be to enhance organic acid tolerance and/or
increase organic acid production. The microorganism of the
present invention may also be modified with homologs of any
of the genes, constructs, or other nucleic acids discussed 1n
the above references. Non-limiting examples of the genes that
may be modified or mtroduced include tyrA, aroA, aroB,
aroC, aroD), aroE, aroF, aroG, aroH, aroK, aroL., aspC, entA,
entB, entC, entD, entE, entF, {olA, 1olB, folC, folD, folE,
tolK, folP, menA, menB, menC, menD, menE, menF, pabA,
pabB, pabC, pheA, purN, trpA, trpB, trpC, trpD, trpE, tyrB,
ubiA, ubiB, ubiC, ubiD, ubiE, ubiF, ubiG, ubiH, ubiX, and
ydiB, or homologs thereof. A non-limiting example of a path-
way that may be modified includes the chorismate super-
pathway. These genes and pathways are primarily but not
exclusively related to the production and tolerance of 3HP.

Exogenous, heterologous nucleic acids encoding enzymes
to be expressed 1n the microorganism are preferably codon-
optimized for the particular microorganism 1n which they are
introduced. Codon optimization can be performed for any
nucleic acid by a number of programs, including
“GENEGPS”-brand expression optimization algorithm by
DNA 2.0 (Menlo Park, Calif.), “GENEOPTIMIZER”-brand
gene optimization software by Life Technologies (Grand
Island, N.Y.), and “OPTIMUMGENE”-brand gene design
system by GenScript (Piscataway, N.J1.). Other codon optimi-
zation programs or services are well known and commer-
cially available.

In addition to the microorganism itself, other aspects of the
present invention include methods of producing organic acids
with the microorganisms of the present invention. The meth-
ods involve culturing the microorganism 1n conditions suit-
able for growth of the microorganism. The microorganism
either directly produces the organic acid or acids of interest or
produces organic-acid precursors from which the organic
acid or acids of interest are spontaneously converted. Such
conditions include providing suitable carbon sources for the
particular microorgamsm along with suitable micronutrients.
For eukaryotic microorganisms and heterotrophic bactena,
suitable carbon sources include various carbohydrates. Such
carbohydrates may include biomass or other suitable carbon
sources known 1n the art. For phototrophic bacteria, suitable
carbon sources include CO,,, which 1s provided together with
light energy.

The microorganism of the present invention 1s capable of
being cultured 1n high concentrations of the organic acid or
acids that the organism 1s configured to produce. This enables
increased production of the organic acid or acids of interest.
The microorganism can be cultured in the presence of an
organic acid 1n an amount up to the MIC for that organic acid.
Various MICs for exemplary organic acids are described
herein. Accordingly, the microorganisms of the invention
(1.e., Synechococcus sp., Prochlorvococcus sp., Synechocystis
sp., etc.) can be cultured 1n the presence of at least about 10
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uM, 1 mM, 25 mM, 50 mM, 70 mM, 75 mM, 100 mM, 125
mM, or 150 mM acrylic acid; at least about 10 mM, 25 mM,
S0 mM, 75 mM, 100 mM, 150 mM, 200 mM, 250 mM, 260
mM, 300 mM, or 350 mM 3HP; at least about 250 uM, 500
uM, 750 uM, 1 mM, 25 mM, 50 mM, 75 mM, 100 mM, 1350
mM, 200 mM, 250 mM, 300 mM, 350 mM, 400 mM, 450
mM, or 500 mM propionic acid; and/or at least about 10 uM,
25 uM, 50 uM, 75 uM, 100 uM, 250 uM, 3500 uM, 750 uM, 1
mM, 25 mM, 50mM, 70mM, 75 mM, 100 mM, 125 mM, 150
mM, 200 mM, 250 mM, 300 mM, 350 mM, 400 mM, 450
mM, or 500 mM lactic acid. Such culturing preferably occurs
at a pH of about 8.

The microorganisms of the invention may be modified as
described herein to increase production of any of the organic
acids described herein. The term “increase,” whether used to
refer to an increase 1n production of an organic acid, an
Increase 1 expression ol an enzyme, etc., generally refers to
an increase from a baseline amount, whether the baseline
amount 1s a positive amount or none at all.

The microorganism of the mvention may be configured to
produce 3HP to a concentration of at least about 1 uM, 10 uM,
20 uM, 30 uM, 40 uM, 50 uM, 60 uM, 65 uM, 70 uM, 80 uM,
90 uM, 100 uM or more and/or up to about 10 uM, 20 uM, 30
uM, 40 uM, 50 uM, 60 uM, 65 uM, 70 uM, 80 uM, 90 uM, 100
uM, 200 uM or more. The microorganism of the invention
may be configured to produce 3HP at a rate of at least about
0.01 mg/L/Day, 0.05 mg/L/Day, 0.1 mg/L/Day, 0.25 mg/L/
Day, 0.5 mg/L/Day, 0.75 mg/L/Day, 1 mg/L/Day, 2.5 mg/L/
Day, 5 mg/L/Day, 10 mg/L/Day or more and/or up to about
0.05 mg/L/Day, 0.1 mg/L./Day, 0.25 mg/L/Day, 0.5 mg/L/
Day, 0.75 mg/L/Day, 1 mg/L/Day, 2.5 mg/L./Day, 5 mg/L/
Day, 10 mg/L/Day, 15 mg/L/Day or more. The microorgan-
ism of the mvention may be configured to convert at least
about 0.1%, 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 4.5%, 5%, 10%,
15% or more of consumed carbon to 3HP and/or convert up to
about 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 4.5%, 5%, 10%, 15%.,
20%, 25%, 30% or more of consumed carbon to 3HP.

The microorganism of the mvention may be configured to

produce lactic acid to a concentration of at least about 0.1
mM, 0.5 mM, 1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6 mM, 7

mM, 3 mM, 9 mM, 10 mM, 12 mM, 15 mM, 20 mM, or more
and/or up to about, 0.5 mM, 1 mM, 2 mM, 3 mM, 4 mM, 5
mM, 6 mM, 7mM, 8 mM, 9mM, 10mM, 12 mM, 15 mM, 20
mM, 30 mM or more. The microorganism of the invention
may be configured to produce lactic acid at a rate of at least
about 10 mg/L/Day, 50 mg/L./Day, 100 mg/L/Day, 150 mg/L/
Day, 200 mg/L/Day, 250 mg/L/Day, 260 mg/L/Day, 300
mg/I./Day, or more and/or up to about 50 mg/L/Day, 100
mg/L/Day, 150 mg/L./Day, 200 mg/L/Day, 250 mg/L/Day,
260 mg/L/Day, 300 mg/L/Day, 350 mg/L/Day, or more. The
microorganism of the mmvention may be configured to convert
at least about 1%, 5%, 10%, 15%, 20%, 25%, 30%, 45%, 50%
or more of consumed carbon to lactic acid and/or convert up
to about 5%, 10%, 15%, 20%, 25%, 30%, 45%, 50%, 60% or
more of consumed carbon to lactic acid.

Some versions of the mvention include using acsA or a
homolog thereof as a counter selection marker. The acsA or
homolog thereof provides sensitivity to the organic acids
acrylic acid, 3HP, and propionic acid. By replacing the native
copy of acsA or homolog thereof with a gene of interest
through double homologous recombination, one can select
tfor cells which have gone through the recombination event by
plating on acrylic acid or another organic acid as described
herein. Acrylic acid 1s preferred because 1t has the lowest MIC
value and requires the lowest concentration for selection.
Through this method, one can mtroduce a gene or operon of
interest onto a chromosome without the need for antibiotics.
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Additionally, one can plate on a higher organic acid concen-
tration, 1.e., one closer to the MIC value of the acsA mutant
strain, to cure the strain of 1nterest of any copies of the wild
type chromosome. This 1s of particular interest because i1t can
be diflicult to create a homozygous strain using antibiotics as
the selection agent.

One version comprises using acsA or homolog thereof as a
counter selection marker for introducing DNA fragments of
interest mto the acsA or homolog locus. An exemplary ver-
sion 1s shown 1n FIG. 1A. A host 10 1s transformed with either
linear DNA {ragments or plasmid DNA comprising a
sequence of mterest 12 flanked by an upstream homologous
sequence 14 and a downstream homologous sequence 16. For
introducing the sequence of interest 12 into the acsA locus,
the upstream homologous sequence 14 1s preferably homolo-
gous to a region 15 5' of the acsA or homolog 19 on the host
chromosome 18, and the downstream homologous sequence
16 1s preferably homologous to a region 17 3' of the ascsA or
homolog 19 on the host chromosome 18. The homologous
sequences 14,16 are preferably at least about 25-base pairs
(bp), about 50-bp, about 100-bp, about 200-bp, about 300-bp,
about 400-bp, or about 500-bp long. The transformed culture
1s then plated 1n a concentration of an organic acid sufficient
to select for transformed cells. In preferred versions, the
transformed culture 1s plated 1n a sub-MIC concentration of
an organic acid, such as a concentration greater than 0% the
MIC but less than about 20% the MIC, about 40% the MIC,
about 50% the MIC, about 60% the MIC, or about 70% the
MIC. After colonies appear, the colonies are then plated on a
higher concentration of the organic acid to ensure homozy-
gosity.

Another version comprises using the acsA gene or
homolog thereotf as a counter selection marker to introduce
DNA fragments of interest into loci other than an acsA or
homolog locus without leaving an antibiotic resistance
marker. An exemplary version 1s shown in FIG. 1B. The
version shown in FIG. 1B 1s similar to that shown in FIG. 1A
except that the acsA or homolog thereof 19 1s not at the
normal chromosomal locus. In the specific case of F1G. 1B, a
homolog of acsA, acsA*, 1s included on a non-chromosomal
plasmid 20. The acsA or homolog thereof 19 can also be at a
locus on the chromosome 18 other than the native acsA or
homolog locus. The upstream homologous sequence 14 in
FIG. 1B 1s homologous to a region 15 5' of the acsA or
homolog 19 on the non-chromosomal plasmid 20, and the
downstream homologous sequence 16 1s homologous to a
region 17 3' of the acsA or homolog 19 on the on the non-
chromosomal plasmid 20.

To 1ncrease the utility of acsA as a counter selection
marker, two point mutations can be made, T144C and G150C.
These point mutations maintain the same amino acid
sequence but break up a run of base pairs that create a loss of
function mutation hot spot. By creating these mutations, the
background mutation frequency of this gene 1s reduced. This
mutant version of acsA, acsA*, can be incorporated onto a
non-chromosomal plasmid, such as the endogenous plasmid
pAQI1 of a AacsA strain of PCC 7002. This base strain allows
for incorporating a gene or operon of interest onto the pAQ1
plasmid without the use of antibiotics and quickly creating a
homozygous strain.

The elements and method steps described herein can be
used 1 any combination whether explicitly described or not.

The singular forms “a,” “an,” and “the” include plural
referents unless the content clearly dictates otherwise.

Numerical ranges as used herein are intended to include
every number and subset of numbers contained within that
range, whether specifically disclosed or not. Further, these
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numerical ranges should be construed as providing support
for a claim directed to any number or subset of numbers in that

range. For example, a disclosure of from 1 to 10 should be
construed as supporting a range of from 2 to 8, from 3 to 7,
from 5 to 6, from 1 to 9, from 3.6 to 4.6, from 3.5 t0 9.9, and
so forth.

All patents, patent publications, and peer-reviewed publi-
cations (1.e., “references”) cited herein are expressly incor-
porated by reference to the same extent as 1f each individual
reference were specifically and individually indicated as
being incorporated by reference. In case of contlict between
the present disclosure and the incorporated references, the
present disclosure controls.

It 1s understood that the ivention 1s not coniined to the
particular construction and arrangement of parts herein illus-
trated and described, but embraces such modified forms
thereol as come within the scope of the following claims.

EXAMPLES

Summary ol the Examples

One of the potential applications of metabolic engineering,
1s the use of cyanobacteria to photosynthetically produce
commodity chemaicals traditionally derived from petroleum.
In particular, acrylic acid has been identified as a high-value
product that could be biologically derived. Unfortunately, a
viable metabolic pathway has not previously been 1dentified
for 1ts direct production.

As described in further detail below, a mutation resulting 1n
increased tolerance to 3HP was discovered through nvesti-

gating the metabolism of a sulfur compound, dimethylsulio-
niopropionate (DMSP), by Syrechococcus sp. PCC 7002

(PCC 7002). PCC 7002 was grown 1n the presence of DMSP
to determine if 1t could be metabolized. This surprisingly
resulted 1n the accumulation of acrylic acid, a by-product of
DMSP metabolism, showing that Syrechococcus sp. can pro-
duce acrylic acid. The accumulation of acrylic acid 1n the
growth medium caused a stall in growth of the cyanobacteria,
suggesting 1t had a toxic effect. After an additional incubation
period, growth began to resume. It was originally hypoth-
esized that the ability to grow 1n the presence of acrylic acid
was the result of an adaptation to the stress through altered
gene regulation. This hypothesis was later invalidated after an
experiment was performed involving growing “unadapted”
cells on solid medium containing acrylic acid. The number of
colonies on the plate relative to a control suggested that a loss
of function mutation was occurring that resulted in the ability
to grow 1n the presence of acrylic acid. Additionally, all
mutants obtained through growth 1n the presence of acrylic
acid had increased tolerance levels to 3HP. The increase 1n
tolerance caused by the mutation resulted 1n a strain of cyano-
bacteria constituting a platform for either 3HP or acrylic acid
production.

Steps were taken to i1dentity the site of the mutation. An
RNA sequencing experiment was performed to characterize
differential gene expression 1n the presence of either DMSP
or acrylic acid. This data set was used to i1dentily genes that
had single base pair mutations relative to the wild type strain.
Through this analysis, mutations were 1identified 1n the gene
acsA. In order to determine 1f acsA was mnvolved in acrylic
acid and 3HP toxicity, a strain of PCC 7002 was created that
had a deletion of the acs A gene. This strain, PCC 7002 Aacs A,
had increased MIC values compared to wild type PCC 7002.
These experiments determined that it 1s a loss of function of
acsA that results 1n increased tolerance. The gene acsA was
annotated as an acetyl-CoA ligase.
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In order to demonstrate the utility of the AacsA strain, a
pathway for producing 3HP was introduced mto both the wild
type PCC 7002 and AacsA strains. Several pathways exist for
the production of 3HP from central metabolites. The chosen
pathway involves an enzyme from the CO, fixation pathway
of the thermophilic bacterium Chloroflexus aurantiacus. In
this pathway, malonyl-CoA 1s converted to 3HP through a
two-step reaction catalyzed by the enzyme malonyl-CoA
reductase. Results have shown that expression of malonyl-
CoA reductase conters the ability to produce 3HP on the order
of 50 uM.

The result of these experiments 1s an engineered strain of
PCC 7002 that can produce 3HP and 1s more tolerant to 3HP
than wild type PCC 7002 or other cyvanobacterial species.
Further work will increase the yield of 3HP. The approach to
increasing vield will imnvolve further metabolic engineering
and optimizing of culturing conditions. To further engineer
this strain, expression of the malonyl-CoA reductase will be
optimized and genes related to making malonyl-CoA will be
over-expressed. Additionally, the current and further engi-
neered strains will be cultured 1n a photobioreactor 1n order to
monitor 3HP production under optimal growth conditions,
and culture parameters will be adjusted to increase yields.
The outcome of this work will be a strain of cyanobacteria
with optimized culturing conditions that will result 1n a com-
petitive yield of 3HP.

Background and Significance of Examples
Engineering Bacteria to Produce Commodity Chemicals

A current focus of metabolic engineering and synthetic
biology 1s the development of new methods for producing
commodity chemicals that are traditionally produced from
petroleum [1,2]. Demand for methods of bioconversion of
renewable resources (biomass or CO,) to these compounds
has 1ncreased due to price volatility and reliance on foreign
production of oi1l, concerns of increasing atmospheric CO.,,
and increased consumer demand for “green” and sustainable
products. An example of recent commercial success 1s the
production of 1,3-propanediol (a precursor of nylon-like
materials) by DuPont via Escherichia coli termentation of
corn sugar |3].

Another compound that could be produced from renewable
sources 1s acrylic acid. Acrylic acid, traditionally produced
through the oxidation of propene, 1s used 1n coatings, finishes,
plastics, and superabsorbent polymers [4]. US demand for
acrylic acid continues to grow, exceeding 1x10” kg/year, and
1s outpacing current production [4]. For this reason, non-
petroleum based, sustainable methods for producing acrylic
acid would be of value. Unfortunately, a thermodynamically
tavorable pathway for complete biological production of
acrylic acid has not been 1dentified [5]. An alternative route
would be biological production of 3-hydroxypropionic acid
(3HP), followed by a non-biological catalytic conversion to
acrylic acid. Additionally, 3HP can be converted to other
commodity chemicals including acrylamide and 1,3-pro-
panediol [6]. One company, OPX Biotechnologies, has devel-
oped a bio-based technology for producing acrylic acid, via
Escherichia coli fermentation of sugars to 3HP [7].
Cyanobacteria as an Alternative to Heterotrophic Bacteria

One of the concerns of using heterotrophic bacteria and
yeast for fuel and chemical production 1s the use of food based
commodities as feedstock. As the global population contin-
ues to grow and the cost of agricultural commodities contin-
ues to rise, an alternative route for biological production of
commodity chemicals may be needed. An attractive alterna-
tive 1s to use cyanobacteria to convert CO,, and light energy
directly into chemical products. Using CO, rather than
organic carbon as an mput circumvents the problem of using
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agricultural commodities and could potentially decrease
costs. Species of cyanobacteria are susceptible to genetic
modification and have well studied metabolisms [8,9].
Recently, cyanobacteria have been engineered to produce a
variety of chemicals and fuels including ethanol, hydrogen,
1sobutyraldehyde, 1soprene, sugars, and fatty acids [10-14].
In order for cyanobacteria to be effective host systems for
chemical production, they will have to produce the compound

of interest 1n high titers and have improved resistance to end
product toxicity. As presented below, a mutant strain of
cyanobacteria was 1solated with dramatically increased tol-
erance to acrylic acid and 3HP. This mutation was identified
through exploring the role cyanobacterna play in metabolism
of the marine sulfur compound dimethylsulfoniopropionate
(DMSP).

Metabolism of the Sulfur Compound DMSP

DMSP 1s an organic sulfur compound produced by eukary-
otic algae and plants that accounts for 1-10% of primary
productivity in the oceans [16]. DMSP has been shown to act
as an osmoprotectant, antioxidant, predator deterrent, and a
sink for reduced sulfur in marine eukaryotic algae [17,18].
Upon its release mto the water, DMSP 1s metabolized by
bacterioplankton for use as a carbon and reduced sulfur
source [19]. The catabolism of DMSP has the potential to
supply 1-15% of total carbon demand and nearly all of the
sulfur demand for these bacterial communities [20]. Addi-
tionally, cyanobacteria have been shown to account for
10-34% of total DMSP assimilation in light-exposed waters
[21,22].

DMSP 1s broken down through two major pathways. These
pathways involve either direct cleavage of DMSP 1nto dim-
cthylsulfide (DMS) and acrylic acid or an initial demethyla-
tion followed by a cleavage reaction to form methanethiol and
acrylic acid [16, 23-25]. Methanethiol 1s then used as a
reduced sulfur source in methionine biosynthesis, while
acrylic acid can be further metabolized into 3HP and used as
a carbon source [26,27]. Additionally, release of DMS 1nto
the atmosphere from marine waters has been identified as a
key mtermediate 1in the cycling of terrestrial and marine sulfur
pools [28]. While several genes have been identified in DMSP
metabolism, none have been found 1n cyanobacteria.

Recent studies have shown that two different groups of
cyanobacteria are mmvolved in the metabolism of DMSP.
These studies demonstrated that both Syrechococcus and
Prochlorococcus species are capable of assimilating radio
labeled DMSP and methanethiol. In addition, four pure
strains of Syrechococcus were analyzed for DMSP assimila-
tion. Two of the four strains were able to transport and assimi-
late DMSP, while another produced DMS [22]. Of the species
of cyanobacteria currently being used 1n metabolic engineer-
ing, only one, Svrechococcus sp. PCC 7002, 1s found 1n
marine environments and potentially exposed to DMSP.

Example 1

Acrylic Acid 1s Produced tfrom Incubation of DMSP
with PCC 7002

Metabolism of DMSP can result 1n the accumulation of
several metabolites, including acrylic acid and 3HP, and may
alter growth patterns due to its use as a carbon and sulfur
source. PCC 7002 was cultured in the presence of 5 mM
DMSP and analyzed for the presence of acrylic acid and 3HP.
Growth was determined by monitoring OD730 while meta-
bolic byproducts were measured through high pressure liquid
chromatography (HPLC) and gas chromatography (GC).
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During incubation with DMSP, an increase 1n OD/730 similar

to a control culture was observed for several doubling events,
followed by a delay 1n increased OD730 (FIG. 2A). HPLC
analysis determined that during the initial growth period

acrylic acid was being produced, although not at a rate sig-
nificantly beyond an abiotic control (FIG. 3). However,
extended incubation of PCC 7002 with DMSP resulted in an
increase 1n acrylic acid concentrations beyond the abiotic
control (FIG. 3). PCC 7002 does not contain genes with
homology to those known to be mvolved 1n DMSP metabo-

lism, but DMSP has been previously shown to slowly degrade
to dimethylsulfide and acrylic acid at an alkaline pH [48,49].
The data presented 1n FIGS. 4A-B support a hypothesis that
DMSP breakdown 1s abiotic and 1s enhanced by the increased

pH resulting from cultivation of PCC 7002 under CO, limi-
tation. The cultures 1n this study were not agitated or supple-
mented with bubbled air, creating a CO,, limited environment.

When grown 1n the presence of 5 mM acrylic acid, PCC 7002

exhibited a long lag followed by growth at a rate equal to the
control (FIG. 2B). Both delays 1n increasing OD730 were
linked by the presence of acrylic acid, suggesting that acrylic
acid was causing growth inhibition. The eventual increase 1n
OD730 1n both cultures was due to spontaneous mutants
within the population which were able to grow without inhi-
bition. Sub-culturing of the mutant pool derived from wild
type (WT) PCC 7002 grown with DMSP 1nto medium con-
taining acrylic acid resulted 1n no delay in growth (FI1G. 2C).
From these experiments 1t was concluded that DMSP 1ncu-
bated 1n the presence of PCC 7002 results 1n the production of
acrylic acid, acrylic acid concentrations less than 5 mM are
inhibitory, and spontaneous mutants can arise that are not

inhibited by this concentration of acrylic acid.

Example 2

Acrylic Acid and 3HP Cause Toxicity at Low
Concentrations

Accumulation of organic acid anions 1n the cytoplasm of
bacteria has been shown to block metabolic pathways and
arrest growth [32,33]. In addition to blocking metabolic path-
ways, high concentrations of organic acids have been shown
to reduce the proton motive force through dissociation across
the membrane [34]. Because of this, the toxicity of organic
acids generally increases with the hydrophobicity of the com-
pound [335]. The mimimum inhibitory concentrations (MIC)
tor PCC 7002, Syrechococcus sp. PCC 7942, and Syn-
echocystis sp. PCC 6803 were determined for acrylic acid,
3HP, and propionic acid at a pH of about 8 (Table 1). In all
three species, acrylic acid was significantly more toxic than
propionic acid, which was more toxic than 3HP. Furthermore,
the toxicity of acrylic acid (pKa 4.35) to PCC 7002 was
shown to be pH dependent, with toxicity increasing with
decreasing pH. The low MIC for acrylic acid explains why
cultures grown with DMSP become growth inhibited. Cul-
tures with DMSP only show growth inhibition when the accu-
mulating acrylic acid concentration reaches inhibitory con-
centrations. This suggests that acrylic acid and not DMSP
causes the inhibition of growth. The eventual increase in

OD730 suggests that mutations can arise to overcome this
inhibition.
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Minimum inhibitory concentration of oreganic acids 1n three cvanobacteria.

Species AcrylicAcid  3HP  Propionic Acid
Svunechococcus sp. PCC 7942 3 uM 2 mM 250 uM
Svunechocystis sp. PCC 6803 50 uM No Data 250 uM
Svunechococcus sp. PCC 7002 25 uM 10 mM 4 mM
IPCC 7002 A* 7 mM No Data No Data

Minimum inhibitory concentration 1s defined as the concentration at which no increase in
OD+30 was observed.
Strain A" was isolated from an agar plate containing 5 mM acrylic acid.

Example 3

A Mutation 1n an Acetyl-CoA Ligase Gene Increases
Tolerance to Acrylic Acid and 3HP

When a dense culture of PCC 7002 was plated onto solid
medium containing acrylic acid, colonies resulting from
spontancous mutants uninhibited by acrylic acid were
observed. The mutation frequency when selecting for growth
on 50 uM acrylic acid was 7x107°. When selecting for growth
on 5 mM acrylic acid, the mutation frequency was 4x107°.
The mutation frequency 1s the frequency that a mutant with a
given phenotype 1s found within the population of a culture.
For example a mutation frequency of 1x107° suggests that in
a population of 1x10® cells, there are 100 mutants. The
observed mutation frequencies are suggestive of a loss of
function mutation. All mutants obtained from medium con-
taining 50 uM acrylic acid were able to grow on 5 mM acrylic
acid. In addition, these colonies were able to grow 1n media
containing concentrations of propionic acid and 3HP that
were above the WT PCC 7002 MIC values. One of the
mutants, PCC 7002 A™, was analyzed to determine to what
degree the tolerance to organic acids had increased. MIC

values for this strain are presented in Table 1. Tolerance to
acrylic acid increased about 280-fold over WT PCC 7002

MIC values. Increased tolerance to 3HP and propionic acid
was also observed (data not shown). Due to the increased
tolerance to all three organic acids, the mutation may atiect a
gene that links the metabolism of acrylic acid, 3HP, and
propionic acid.

In addition to looking at gene expression levels, the results
from the RNA-sequencing experiment were used to 1identily
mutations that resulted in increased tolerance to acrylic acid.
An analysis for single nucleotide permutations (SNP) on the
data set for each condition was performed. In order to identity
potential mutation candidates, two basic assumptions were
made. First, growth in cultures containing DMSP and acrylic
acid would require the same mutation. Second, the mutation
1s a base pair change, not a deletion or isertion. From the
SNP analysis, mutations in five candidate genes were 1denti-
fied. One of these candidates was annotated as an acetyl-CoA
ligase (acsA). The mutation resulted in the change of a highly
conserved tryptophan residue to a leucine (W49L) 1n Syn-
echococcus sp. PCC 7002. The mutation changes an FWGE
amino acid sequence 1n Syrechococcus sp. PCC 7002 to an
FLGE amino acid sequence. This mutation was a result of a
(G146T substitution 1n the acsA coding sequence. The muta-
tion was present 1n ~60% of reads that aligned to this segment
of the open reading frame 1n both the DMSP and acrylic acid
cultures. Manual inspection of control alignment data deter-
mined that this allele was only present 1n cultures containing
DMSP and acrylic acid. The correlate of W49 1s conserved 1n
the acsA of Escherichia coli (GenBank NP__ 418493.1) and
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Bacillus subtilis (GenBank NP__390846.1), among others,
suggesting 1t 1s integral to a functional protein See, e.g., Table

2.
TABLE 2
Conservation of W49 and surrounding residues of Synechococcus sp.
PCC 7002 acsA 1n acetyl-CoA ligases of E. coli K12 and P fulva
Organism Gene Protein Sequence SEQ ID NO:
Svnechococcus sp.  acsA F-W-G-E Residues 48-51 of
PCC 7942 SEQ ID NO: 2
E. coli K12 Acetyl-CoA F-W-G-E Residues 39-41 of
ligase SEQ ID NO: 9
P, fulva Acetyl-CoA F-W-G-E Residues 38-41 of
ligase SEQ ID NO: 10

The W49L mutation residue resulted in an insoluble protein
(data not shown) and, therefore, a non-functional protein.
These data led to the hypothesis that loss of function of acsA
would result in the observed increase 1n organic acid toler-
ance.

Without being limited by mechanism, 1t was hypothesized
that the AcsA acetyl-CoA ligase may have a substrate speci-
ficity that would allow it to add a coenzyme A (CoA) to all
three organic acids, and that the CoA bound acids or down-
stream metabolism of these CoA bound acids caused toxicity.

This hypothesis was tested by creating a knockout mutant
of the acsA gene. This knockout was created by transforming
wild type PCC 7002 with a DNA construct that would replace
the acsA gene with an antibiotic resistance marker through
homologous recombination. The resulting mutant, AacsA,
was challenged with concentrations of acrylic acid, 3HP, and
propionic acid above WT PCC 7002 MIC levels. In each case
the AacsA mutant was able to grow without inhibition,
including 1n the presence of >500 mM 3HP. Additionally, the
AacsA mutant did not show any growth defects relative to
wild type. These results show that loss of function of the
acyl-CoA ligase increases the tolerance of PCC 7002 to
acrylic acid and 3HP.

To confirm this phenotype 1s the result of the deletion
mutation, a complementation mutant was created by integrat-
ing a copy of acsA 1nto a plasmid native to PCC 7002 AacsA.
A corresponding mutant harboring a copy of acs A-W49L was
also constructed. In the presence of acrylic acid, no strains
harboring wild-type acsA were capable of growing while
those harboring the mutant acs A were able to grow (FIG. §5).

In addition, the acs A gene was heterologously expressed in
E. coli for protein purification and the substrate specificity
was determined for AcsA 1n vitro (see below).

From these results, several conclusions can be drawn.
DMSP 1s converted to acrvlic acid by PCC 7002. Spontane-
ous mutations occur within the population that results 1n a
drastically increased tolerance to acrylic acid, 3HP, and pro-
pionic acid. One mutation that can result 1n this phenotype 1s
a loss of function or deletion of the acsA gene, which codes
for an acetyl-CoA ligase.

Example 4
Deletion and Complementation Studies

Deletion and complementation studies were performed in
various Syrechococcus spp. and Syrechocystis spp. The
results are shown in Table 3. Replacement of the gene acsA in
Synechococcus sp. PCC 7002 with an antibiotic resistance
marker (aadA) resulted 1n a dramatic 1ncrease 1n tolerance to
acrylic acid, 3-hydroxypropionic acid (3HP), and propionic
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acid. An i1dentical level of increase was observed when acsA
was replaced with a 20 base-pair barcode sequence. This
phenotype was complemented 1n an acsA deletion strain by
expression of acsA under the native promoter in another locus
on the chromosome (glpK). Complementation resulted 1n the
restored sensitivity to both acrylic acid and 3HP. The pheno-
type was only partially complemented upon expression of
acsAW49L from the glpK locus, showing that the AW49L
mutation does not result 1n a complete loss of AcsA activity.

Homologous genes were 1dentified 1n the cyanobacteria
Synechocystis sp. PCC 6803 (s110542; SEQ ID NOS:3 and 4)

and Synechococcus sp. PCC 7942 (SYNPC(C7942_1342;
SEQ ID NOS:5 and 6). Replacement of the gene s110542 1n
PCC 6803 with an antibiotic resistance marker resulted 1n an
increase in tolerance to acrylic acid similar to the deletion of
acsA 1n PCC7002. When selecting for growth of Syrnechocys-
tis sp. PCC 6803 on 50 uM acrylic acid, the mutation fre-
quency was 2x107°.

TABLE 3
Minimum inhibitory concentrations of organic acids
acrylicacid  3-HP  Propionic acid
Species (mM) (mM) (mM)
Svunechococcus sp. PCC 7942 0.003 2 0.25
Svunechocystis sp. PCC 6803 0.050 >33 0.25
PCC 6803 sll0542::KmR 70 <50 No Data
Svunechococcus sp. PCC 7002 0.025 10 4
PCC 7002 acsA::aadA 70 260 >400
PCC 7002 acsA::BC* 70 260 No Data
PCC 7002 acsA:BC glpK:: 0.015 15 No Data
acsA aadA)
PCC 7002 acsA::BC glpK:: 7 No Data No Data
acsSAWA49L aadA)

*BC, 20 base-pawr barcode

Example 5
Substrate Specificity of AcsA

The tolerance of PCC 7002 to acrylic acid and 3HP was

dramatically increased by the deletion of the acetyl-CoA
ligase gene (acsA). To obtain information regarding the
AcsA-dependent toxicity, the substrate specificity of AcsA
was determined.

Acyl-CoA ligase purification: Escherichia coli BL21 con-

taining plasmid pET28b with acsA were grown 1n 50 mL of
LB toan OD,,, . 0f 0.6 and induced with 1 mM IPTG. The

induced culture was shaken at 37° C. for 3 hrs. The culture
was centrifuged and the resulting cell pellet was frozen at
—-20° C. The cell pellet was processed with Novagen Bug-
Buster Protein Extraction Reagent (Part No. 70584-3). The
resulting soluble protein fraction was used for His-tag puri-
fication using Ni1-NTA agarose beads ((Qiagen) and Pierce
0.8-mL centrifugation columns (Part No. 89868). Washes
were done with 50 mM NaH,PO,, 300 mM NaCl, and 30 mM
imidizole pH 8.0. The his-tagged protein was eluted with 50
mM NaH,PO,,300mM NaCl, and 250 mM imidizole pH 8.0.
The 1insoluble fraction from the protein extraction was
washed twice with BugBuster reagent followed by incubation
with 400 uL. 8M urea, 100 mM Tris-HCI, and 100 mM {3-mer-
captoethanol pH 8.2 for 30 min. The resulting solution was
centrifuged at 16,000xg and the supernatant was collected.
Protein fractions were run on a SDS-PAGE gel. His-tag puri-
fied protein fractions used 1n the acyl-CoA ligase assay were
concentrated and buifered exchanged using an Amicon
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Ultra-4 centrifugation column. The buffer used for enzyme
storage contained 0.1M NaH,PO_,, 1 mM EDTA, and 10%v/v
glycerol.

Acyl-CoA ligase activity assay: Acyl-CoA ligase activity
was determined by measuring the loss of free Coenzyme A
(CoA) over time using Ellman’s reagent. (Riddles P W,
Blakeley R L, & Zerner B (1979) Ellman’s reagent: 5,5'-
dithiobis(2-mitrobenzoic acid—a reexamination. Aralytical
Biochemistry 94(1):75-81.) The enzyme reaction contained
10 mM ATP, 8 mM MgC(Cl,, 3 mM CoA, 0.1 M NaH,PO,_, 1
mM EDTA, and 2 mM of the organic acid species. The con-
centration of AcsA 1n the reaction was 500 nM. Relative
activity was determined by the amount of CoA consumed 1n
4 min relative to an acetate control. As shown 1n FIG. 6, AcsA

has an activity towards acetate, acrylic acid, propionate, and
3HP.

Example 6
Use of acsA as a Counter-Selection Marker

The sensitivity of PCC 7002 to acrylic acid due to the
activity of AcsA allows for one to directly integrate DNA
fragments into the acsA locus and select for acrylic acid
tolerance. This method results 1n mtegration into the PCC
7002 without the use of an antibiotic resistance marker. The
use of antibiotic resistance markers 1s limited by the number
of markers available and their tendency to result 1n heterozy-
gous strains. PCC 7002 carries between 4-6 copies of the
chromosome and the use of resistance markers can result 1n
strains with a mixture of native and modified chromosomes.
Use of acsA as a counter-selection marker can quickly pro-
duce homozygous strains.

The acsA gene was used as a counter-selection marker to
introduce DNA fragments of interest into the acs A loci on the
chromosome, thereby deleting acsA without leaving an anti-
biotic resistance marker. Wild type PCC 7002 was trans-
tformed with barcode DNA or DNA encoding yellow tluores-
cent protemn (YFP), each flanked with 500 base-pair
sequences homologous to regions directly 5' and 3' of acsA.
The transformed culture was then plated on 50 uM acrylic
acid. Colonies appeared after 3 days. The colonies were
patched onto plates containing 50 uM acrylic acid and
screened for the presence of the sequence of interest. Integra-
tion of the various sequences resulted 1n 30-50% of colonies
being positive integrations. See F1G. 8A. Positive clones were
streaked onto plates containing 10 mM acrylic acid. Colonies
able to grow in the presence of 10 mM acrylic acid were
homozygous for the imntegration. This method allows for fast
and homozygous chromosomal integrations.

The acs A gene was also used as a counter selection marker
to introduce DNA fragments of interest into other loci on the
chromosome without leaving an antibiotic resistance marker.
In an acsA deletion strain of PCC 7002, acsA along with an
antibiotic resistance marker was introduced onto the chromo-
some 1nto the gene glpK. See, e.g., PCC 7002 acsA:BC glpK::
acsA aadA 1n Table 3. glpK was used as an insertion site
because 1t 1s a pseudogene 1 PCC 7002 due to a frameshiit
mutation. The acs A-resistance marker was then replaced with
yellow fluorescent protein (YFP) under the expression of a
constitutive promoter. This resulted 1n a strain of PCC 7002
with YFP integrated onto the chromosome without a residual
marker. YFP expressed from the glpK locus was shown to
have an equal level of expression to YFP expressed from the
acsA locus. See FIG. 8B. These experiments demonstrate the
one can directly select for integration into the acsA locus and
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use acsA as a counter selection tool to make clean integrations
clsewhere on the chromosome.

Example 7

Production of 3HP with Engineered PCC 7002

While the ultimate goal 1s to produce acrylic acid through
a single biological catalyst, no complete pathway has previ-
ously been demonstrated [3]. As an alternative, 3HP can be
biologically derived and then catalytically converted to
acrylic acid. A 3HP production pathway was introduced into
PCC 7002 AacsA and its ability to produce 3HP from CO, and
light energy was analyzed.

Effect of a Bifunctional Malonyl-CoA Reductase from Clzlo-
roflexus aurantiacus on Production of 3HP

FIG. 7 outlines two pathways for synthesizing 3HP from
phosphoenolpyruvate (PEP). PEP 1s dertved 1n cyanobactena
through the oxidation of glyceraldehyde 3-phosphate, a prod-
uct of CO, assimilation. While both pathways would result in
a colactor imbalance, the route via malonyl-CoA balances out
the NADPH derived from the light reactions of photosynthe-
s1s and results in the net production of 2ATP and 2 NADH per
3HP. In order to introduce this pathway mto PCC 7002, a
malonyl-CoA reductase gene was heterologously expressed.
Malonyl-CoA reductase from Chloroflexus aurantiacus was
cloned into PCC 7002 AacsA [44]. C. aurantiacus 1s a pho-
totrophic bacterium that produces 3HP as an mtermediate in
CO, fixation [45]. The malonyl-CoA reductase from Chlo-
roflexus aurantiacus has been shown to have activity that
converts malonyl-CoA to malonate semialdehyde and, in
addition, activity that converts malonate semialdehyde to
3HP. The C. aurantiacus malonyl-CoA reductase gene was
introduced onto a native plasmid under a highly expressed
promoter [46]. Integration onto a native plasmid rather than
the chromosome ensured a higher copy number of the gene.
The native plasmid 1s required for growth, ensuring that the
plasmid was not lost [46]. After integration was confirmed,
the ability of the strain to produce 3HP was determined
tdrough HPLC. Preliminary results have shown that express-
ing malonyl-CoA reductase 1n wild-type PCC 7002 and PCC
7002 AacsA conters the ability to produce 3HP on the order of
50 uM. Further experiments will be performed to determine 11
the AacsA strain has an advantage with respect to yield and
growth rate. We predict that the AacsA strain has an advantage
with respect to yield and growth rate.

Effect of a Mono Functional Malonyl-CoA Reductase from
Metallosphaerva sedula and a Malonate Semialdehyde
Reductase from Sulfolobus tokodaii on Production of 3HP

As an alternative to producing 3HP by expressing the
malonyl-CoA reductase from Chloroflexus aurantiacus, 3HP
was produced by expressing a mono-functional malonyl-
CoA reductase (MCR) from Sulfolobus tokodaii and a mal-
onate semialdehyde reductase (MSR) from Metallosphaera
sedula. Schemas outlining this strategy are shown 1 FIGS.
9A and 9B.

The acsA 1n Syrechococcus sp. PCC 7002 was replaced
with an artificial operon construct configured to express an
N-terminally truncated version of the MCR from Sulfolobus
tokodaii (SEQ ID NO:13) and the MSR from Metallosphaera
sedula (SEQ ID NO:16) under IPTG-1mnducible conditions.
The operon (lacOOI_MCR_MSR), shown i FIG. 10,
included a Lacl-regulatable promoter based on the cyanobac-
terial cpcB gene promoter (p_,.BLacOO), a truncated,
codon-optimized MCR coding sequence (SEQ 1D NO:12), a
codon-optimized MSR coding sequence (SEQ ID NO:15),
ribosome binding sites (RBSs) upstream of each of the MCR
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and MSR coding sequences, and a lad gene. A strain of
Synechococcus sp. PCC 7002 with acsA replaced with a
barcode sequence (PCC 7002 acsA::BC) was generated as a
control. The engineered PCC 7002 was grown 1n 10-ml vol-
umes at a light intensity of 140 uE/m*/s at 35° C. and bubbled
with air. Cell growth was monitored by measuring the optical
density at 730 nm (OD,,,) using a Spectrophotometer 20
(Milton Roy). The production of 3HP was determined with
cach generated strain through HPLC.

As shown 1n Table 4, the control strain (PCC 7002 acsA::
BC) was incapable of producing 3HP. By contrast, the strain
comprising the artificial operon (PCC 7002 acsA::1acOO-

I MCR_MSR) produced 32 uM and 66 uM in the absence
and presence, respectively, of 1 mM IPTG.

TABLE 4

Production of 3-HP

Strain I[PTG (mM) 3HP (uM)
PCC 7002 acsA::BC (Control) 0 0
PCC 7002 acsA::lacOOI_MCR_MSR 0 32
PCC 7002 acsA::lacOOI_MCR_MSR 1 66

The growth of PCC 7002 acsA::1lacOOI_MCR_MSR 1n both
the absence and presence of 1 mM IPTG 1s shown in FIG. 11.

These data show that PCC 7002 and, more generally,
cyanobacteria can be engineered to produce 3HP.
Further Engineering to Increase 3HP Titers

Several strategies can be employed to increase 3HP pro-
duction. For example, flux through the 3HP production path-
way can be increased by overexpressing the acetyl-CoA car-
boxylase genes, thus increasing the pool of malonyl-CoA.
See FIG. 9A. Furthermore, a genome-scale metabolic model
can be used to predict genetic modifications that would pro-
vide additional flux through the pathway and correct cofactor
imbalances [47]. These strategies will potentially increase

titers of 3HP to be comparable with production systems using
heterotrophic bactenia.

Example 8
Production of Lactate with Engineered PCC 7002

A lactate production pathway was enhanced 1n PCC 7002
AacsA and its ability to produce 3HP from CO, and light
energy was analyzed.

Effect of Lactase Dehydrogenase on Lactate Production

Lactate dehydrogenase catalyzes the conversion from
pyruvate to lactate. See FIG. 12A. The acsA in Syrechococ-
cus sp. PCC 7002 was replaced with a construct configured to
express the lactate dehydrogenase from B. subtilis (1dh, SEQ
ID NOS: 17 and 18) under IPTG-1nducible conditions. The
resulting strain, PCC 7002 acsA::1dh, was grown i 10-ml
volumes with or without 1 mM IPTG at a light intensity o1 140
uE/m*/s at 35° C. and bubbled with air containing ambient
CO,. Cell growth was monitored by measuring the optical
density at 730 nm (OD,,,) using a Spectrophotometer 20
(Milton Roy). Lactate production was determined using
methods known in the art.

Lactate production from PCC 7002 acsA::1dh 1n the pres-
ence and absence of IPTG i1s shown 1n FIG. 13 and Table 3,
and the growth of PCC 7002 acsA::1dh 1n the presence and
absence of IPTG 1s shown 1n FIG. 13. Increasing expression
of lactate dehydrogenase increased production of lactate
without significantly compromising growth.
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Lactate production from PCC 7002 acsA::ldh in the presence and
absence of IPTG

Percent Consumed

Final T.actate Lactate Carbon Converted

IPTG Concentration Production Rate to Lactate
— 0.4 mM (36 mg/L) 12 mg/L/Day 2.4%
0.7 mM (63 mg/L) 21 mg/L/Day 4.5%

Effect of Lactase Dehydrogenase and a Transhydrogenase on
Lactate Production

Pyridine nucleotide transhydrogenases catalyze the con-
version of the reducing equivalents NADH and NADPH. See
FIG. 12B. NADH 1s a co-factor 1n the lactate dehydrogenase
reaction. The acsA 1 Syrnechococcus sp. PCC 7002 was
replaced with an artificial operon construct configured to
express the lactate dehydrogenase from B. subtilis (1dh, SEQ
ID NOS: 17 and 18) and a soluble pyridine nucleotide tran-
shydrogenase from . coli (udhA, SEQ ID NOS: 19 and 20)
under IPTG-1nducible conditions. The resulting strain, PCC
7002 acsA::ldh-udhA, and the PCC 7002 strain replacing
acsA with the 1dh-only construct, PCC 7002 acsA::1dh, were
grown as described above exceptthat 1 mM IPTG was used 1n
all cultures and the cultures were bubbled with air containing
0.5% CO,. Cell growth and lactate production was deter-
mined as described above.

Lactate production from the PCC 7002 acsA::1dh and PCC
7002 acsA::1dh-udhA strains 1s shown in F1G. 14 and Table 6,
and growth of the strains 1s shown 1n FIG. 14. Increasing
expression of lactate dehydrogenase increased production of
lactate without significantly compromising growth. Express-
ing the transhydrogenase along with the lactate dehydroge-
nase was capable of significantly increasing lactate produc-
tion without significantly compromising growth. Notably, the
cells expressing the soluble transhydrogenase 1n addition to
the lactate dehydrogenase were able to produce about 1 g/L
lactate after 5 days. In addition, about 22% of the fixed carbon
was converted to lactate.

TABLE 6

Lactate production from PCC 7002 AacsA ldh with and without
the udhA soluble transhvdrogenase

Percent Consumed

Final Lactate Lactate Carbon Converted
udhA Concentration Production Rate to Lactate
— 44 mM (396 mg/L.) 1153 mg/L/Day 8.8%
+ 8.9 mM (801 mg/L.) 262 mg/L/Day 22%

Effect of the Lactase Dehydrogenase trom Lactococcus lactis
on Lactate Production

Expression constructs comprising a codon-optimized cod-
ing sequence of the lactase dehydrogenase from Lactococcus
lactis (1dhA, SEQ ID NOS: 21 and 22) either alone or with the
soluble pyridine nucleotide transhydrogenase from E. coli
(udhA, SEQ ID NOS: 19 and 20) were generated. The con-
structs will be used to replace the acsA 1n Syrechococcus sp.
PCC 7002. The resulting strains will be grown as described
above. Cell growth and lactate production will be determined
as described above. It 1s predicted that expression of the
lactase dehydrogenase from Lactococcus lactis will increase

lactate production as well as or better than expression of the
lactate dehydrogenase from B. subtilis.
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Conclusions from Examples

Increasing the tolerance to organic acids and engineering,
the production of commodity chemicals makes biological
synthesis of these chemicals from CO, with cyanobacteria
and other microorganisms a viable option.
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gactttgctg ccgaggccca gatcaagagce ttagaccagt accaagccect ctacgaccgg 120
gcgaaaaatg accccgaagg cttttggggg gaactcecgccg aacaggaatt ggaatggttt 180
gagaaatggg acaaggtgct cgattggcaa ccgcccttcg ccaaatggtt tgtcaacggyg 240
aaaattaaca tttcctacaa ttgcctcgac cgtcatctca aaacctggcecg caaaaataaa 300
gccgecctceca tectgggaagg ggaaccceggt gactcecccgta ccectcaccta tgcecccagceta 360
caccacgagg tctgccagtt tgccaatgcg atgaaaaagt tgggcgtcaa aaaaggcgat 420
cgcgteggga tttatatgcece aatgatcccg gaagcececgteg ttgccecctect cgectgtgec 480
cgcattggtg cgccccatac ggtgatattt ggtggcecttta gtgccgaagce cctcecgcagt 540
cgcctcecgaag acgctgaagce caaactggtg atcaccgecg acgggggctt ccgcaaagat 600
aaagcggtac ccctcaagga tcaagtagat gcggcgatcg ccgatcacca tgcccccagc 660
gttgagaatg ttttggtcgt tcaacgcacce aaagagcctg tcecacatgga agceccecgggcegyg 720
gatcactggt ggcatgattt gcaaaaagaa gtctccgcetg actgtceccge cgagccgatyg 780
gatgccgaag atatgctctt catcctctat accagcecggca ccacgggtaa acccaagggc 840



gttgtccaca

gatctcaaag

agttacatta

cceegtecgt

ttctatacgy

aaatatgaca

gcttggatgt

tggcaaacgyg

cceggetegy

aattccgttyg

atgcgtactyg

ccgaaagatyg

tatttttgga

accatggaag

ggaaagccag

tacagtccga

gcgatcgcecc

aagatcatgc

tccaccctcg

<210>
<211>

ctacgggcegy
atgatgacgt
cctatggcecc
ctaatcccygg
cacccacagc
tgagttccct
ggtaccaccyg
aaaccggtygg
caactcgtcc
gtgacaacga
tttacggcaa
gacaatacct
ttatgggtcg
tggaatcggce
atccggttaa
gcgacgatct
gtccgggaga
ggcgtttgtt

aagaccgcag

SEQ ID NO 2
LENGTH :

654

45

ttataatctc
gtattggtgt
tctatctaac
ttgctattygg
gattcgggcc
gcgcctetta
ggtcattggt
tgtgatgatt
ttttccggygy
aggcggctac
tcccecgaacgc
ttatttcgeca
cgtcgatgat
cctegtttec
gyggggaagay
cgtaacggaa
aatccgtttt
gcgaaaccta

cgtcctcecgat

tacacccata

ggtgctgatg

ggdgcaacddy

gaaattattc

tttatcaaaa

ggaaccgtgg

ggcgaacgtt

acgcctttac

attgtggcgg

ctggtagtga

ttccggtcta

ggtgacgggyg

gtcttaaatyg

caccctygecy

gtgtttgcct

ctcaaggccc

gccgatgtaa

gccgcaggtce

caactccggy
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-continued

taacgaccaa

tgggttggat

tcttaatgta

aaaaatatgg

tgggtgaagyg

gtgaaccgat

gtcccattgt

ccggtgcaac

atgtcgttga

aacaaccctg

cctattggga

cacgccgtga

tttcgggcca

tcgccgaagce

ttgtcaccct

atgtggtgaa

tgcccaaaac

aggaaattgt

gctaa

gtggatcttt

caccggccac

tgaaggcgca

tgtcaccatt

catccccaat

taacccagaa

tgatacatgg

Ccccacaaaa

ccttgatgga

gcctgggatg

gcacatcgcc

ccaagatggc

tcgcecteggce

agcegtggtt

tgagggcacc

agaaattggg

ccgttetggyg

gggcgacacc

<212 >
<213>

<400>

TYPE:
ORGANISM:

PRT

SEQUENCE :

Met Ser Glu Gln

1

Ser

Gln

Trp

Lys

65

ATg

Arg

Asn

Tvr

145

Arg

Pro

Gly
50
Val

Ile

Thr
2la
130

Met

Tle

Ala

Gln
35

Glu

Leu

Agn

Agn

Leu

115

Met

Pro

Gly

Pro

20

Ala

Leu

ASP

Ile

Lys
100

Thr

Met

Ala

Synechococcus PCC7002

2

Agh

5

AsSp

Leu

2la

Trp

Ser
85

Ala

Ile

Pro
165

Tle

Phe

Glu

Gln
70

Ala

Ala

Leu

Pro

150

His

Glu

Ala

Asp

Gln

55

Pro

Asn

Leu

Gln

Gly

135

Glu

Thr

Ser

2la

ATy
40

Glu

Pro

Ile

Leu

120

Val

Ala

Val

Tle

Glu

25

Ala

Leu

Phe

Leu

Trp
105

His

Val

Tle

Leu
10

2la

Glu

2la

ASpP
S50
Glu

His

Val

Phe
170

Gln

Gln

Agnh

Trp

Lys

75

AYg

Gly

Glu

Gly

Ala
155

Gly

Glu

Tle

ASDP

Phe

60

Trp

His

Glu

Val

ASpP
140

Leu

Gly

Gln

Pro
45

Glu

Phe

Leu

Pro

Cys

125

Arg

Leu

Phe

Arg

Ser
30

Glu

Val

Gly

110

Gln

Val

Ala

Ser

Leu

15

Leu

Gly

Trp

Agn

Thr
o5

ASP

Phe

Gly

2la
175

Phe

ASDP

Phe

ASp

Gly

80

Trp

Ser

Ala

Tle

Ala
160

Glu

900

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1965

46



Ala

Ala

Val

Leu

225

ASpP

Ala

Gly

Asn

ASpP

305

Ser

Tle

ATrg

Ser

385

Ala

Val

Leu

Pro

ASP

465

Met

Glu

Gly

ASp

Glu

545

Gly

Leu

Leu

ASp

ASpP

210

Val

His

Glu

Thr

Leu

290

ASpP

Glu

Gln

2la

370

Ser

Trp

ASpP

Pro

Gly

450

Agn

Arg

His

ala

ASp
530

Ser

Glu

ATy

Gly

195

2la

Val

Trp

Pro

Thr

275

Val

Tle

Gly

Lys

355

Phe

Leu

Met

Thr

Gly

435

Tle

Glu

Thr

Tle

ATg

515

Val

Ala

Pro

Gly

Ser

180

Gly

Ala

Gln

Trp

Met

260

Gly

Thr

Thr

Ala

340

Tle

ATJg

Trp

Trp

420

Ala

Val

Gly

Val

Ala

500

ATJg

Leu

Leu

ASP

Thr
580

Arg

Phe

Ile

His
245

Asp

His

Trp

Tvr

325

Pro

Gly

Leu

Tyr

405

Trp

Thr

Ala

Gly

Tyvr

485

Pro

Asp

Asn

Val

Pro
565

Leu

ATrg

Ala

Thr

230

ASpP

Ala

Pro

ITle

Cvs

310

Gly

ATrg

Val

Met

Leu

390

His

Gln

Pro

ASpP

Tyr

470

Gly

Gln

Vval

Ser

550

Val

Ser

47

Glu

Asp
215
Leu

Glu

Thr
295
Gly
Pro
Pro
Thr
Gly
375
Gly
Arg
Thr
Thr
Val
455
Leu
Asnh

AsSp

Asp
sSer
535

Hisg

Pro

ASP

ASDP

200

His

Glu

Gln

ASP

Gly

280

Thr

Ala

Leu

Ser

Tle

360

Glu

Thr

Val

Glu

Lys

440

Val

Val

Pro

Gly

Gly

520

Gly

Pro

Gly

Ser

Ala

185

His

Pro

Met
265

Val

ASP

Ser

Agn

345

Phe

Gly

Val

Tle

Thr

425

Pro

ASDP

Val

Glu

Gln
505

His

Ala

Glu

ASDP
585

Glu

2la

2la

Val

Glu

250

Leu

Val

Trp

Val

Agn

330

Pro

Tle

Gly

Gly

410

Gly

Gly

Leu

Arg
490

Phe

Arg

Val

Glu

570

ASp

Ala

Val

Pro

His

235

Val

Phe

His

Ile

Gly

315

Gly

Gly

Thr

Pro

Glu

395

Gly

Gly

Ser

ASpP

Gln

475

Phe

Leu

Trp

Leu

Ala

555

Val

Leu

-continued

Lys

Pro

Ser

220

Met

Ser

ITle

Thr

Phe

300

Trp

Ala

Ala

AsSn

380

Pro

Glu

Val

Ala

Gly

460

Pro

ATrg

ITle

Gly

540

Glu

Phe

Val

Leu

Leu

205

Val

Glu

Ala

Leu

Thr

285

Asp

Ile

Thr

Pro

365

Ile

Arg

Met

Thr

445

ASn

Trp

Ser

Phe

Met

525

Thr

Ala

Ala

Thr

Val

120

Glu

Ala

ASP

Tyr

270

Gly

Leu

Thr

Val

Trp

350

Thr

Agn

Tle

430

Arg

Ser

Pro

Thr

Ala

510

Gly

Met

Ala

Phe

Glu
590

Ile

ASpP

Agn

Gly

Cys

255

Thr

Gly

Gly

Leu

335

Glu

Ala

ASpP

Pro

Pro

415

Thr

Pro

Val

Gly

Tyr

495

Gly

ATrg

Glu

Val

Val

575

Leu
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Thr

Gln

Val

Arg

240

Pro

Ser

ASpP

Hig

320

Met

Ile

ITle

Met

Glu

400

Tle

Pro

Phe

Gly

Met

480

Trp

ASDP

Val

Val

Val

560

Thr

48



Ala Hig Val
KoL

ATrg
610

Arg
625

Ser Thr

Phe 2Ala

Leu Leu

Leu

Val Lys

Asp Val

Glu

Met

49

Ile Gly
600

Pro
615

Arg Asn Leu Ala Ala
630

Glu Asp Arg

645

«<210> SEQ ID NO 3

<211> LENGTH:
«212> TYPERE:

1962
DNA

Ser Val

Ala

Thr Arg

Tle Ala

sSer

Gly Gln Glu

635

Leu Asp Gln

650

<213> ORGANISM: Synechocystis PCC6803

<400> SEQUENCE: 3

atgtcagata

tttagtgagc

gccagcaatc

aaatgggacc

Ctaaatattt

gccattattt

cgggaagtgt

gtagcaattt

atcggtgegc

ttagtggaty

gcgatcgecce

aacgtcatcyg

tggtggcacg

gaagatatgc

cacaccaccd

aaagatacgg

attgtttacg

cccectcoccaacce

aAcCcyCcCcCcCcca

gatttatcct

atgtggtacc

acggaaaccyg

tcttgtacca

gtcgagtcag

gatgtgtacg

gagggacaat

tgggtcatgg

gaaattgaat

ccecgatgaat

cccagtgaag

ccattgaatc

gggcttacgt

cggagaagtt

aggttttgga

cccataactg

gg9gagyggyya

gtcagtttgc

atctgcccat

cccatagtgt

ctgaagccaa

tgaagcagga

tcgtgcaaag

aactccaacc

Cgtttattct

ggggttacaa

acgtttattg

gccceccectgte

ccggttgttt

ccgcecatcecyg

ctcteegttt

accgggtcat

gcggcattat

aaccttttcc

accaagqddgdddy

gcgacaccga

atctctactt

gcegggtgga

cggetttggt

tgactgggga

agttgaaaaa

catcctgcag

gcgtagtggyg

ttggggtgag

ttggcaacct

tttggatcgy

accgggagat

caatgccctyg

gattcccgaa

tgtgtttggt

attggtcata

agtggataag

aactaaagcc

tcaacagtcyg

ctacacctct

cctttacacc

gtgtaccgct

caacggtgca

ttgggacgta

agcctttatt

actgggcact

tggcggeggt

gctcactccec

cggcattgty

ctttttagtg

tcgcecttecgc

tgctggggac

tgatgtgatt

ttcccatceccece

agccattttc

agatttggtc

gaagagcgac
cgggagtatg
ctggcggagce
ccetttgega
cacttaacca
tccecggataa
aaaagtttag
gcggcgatca
gggtttagtg
actgccgacyg
gccctggaac
gatgtgacca
gcccattgcec
ggcagtactyg
cacatgacca
gatgtgggtt
acaacggtaa

attgaaaggt

cgcatggggg

gtgggggaac

aaatgcccca

ctacctggayg

gcggaaattyg

attaaacaac

catacctatt

gygyggCcCcCcygCccC

aatgtctctyg

ctcegtagegy
gcetttgttt

aagcacgtca

US 8,346,354 Bl

-continued

ATYg
605

Gly Lys
620

Tle Val

Leu Arg Gly

tgtttgatcc

agcaactgta

aggaattaca

aatggtttgt

Cﬂtggﬂggﬂg

ttacctatgc

gcgtgcaaaa

ccatgttggce

cggaagccct

gtggtttteg

acggtgcccc

tgacggcggy

cagcggaacc

gaaaccdaddadd

ccaaatggat

ggattacggg

tgtatgaagg

atggggtgaa

aagccgtacc

ccattaaccc

ttgtcgatac

ctatccctac

ttgatttaga

cttggcccag

gggaacatat

gggataaaga

gtcaccgttt

aagcggeggt

ctctggaggyg

ctgaagaaat

Pro Gly Glu Ile

Ile Met Arg

Gly Asp Thr

640

ccctacagaa

cagoccygygycy

ttggtttaaa

ggggggtcag

caataaggcg

ccaactccat

aggtgatcgg

ctgttcecccgt

gcgggatcga

taaagataag

cagcgtggaa

acgggaccac

catagacagt

aggcgtggtc

ctttgacctc

ccacagctac

ggtgccacgc

Cattttctac

caacgccagyg

cgaagcttgg

ctggtggcaa

caaacccggt

tggcaatccc

catgattcgg

tcaacccaag

cggttatttt

aggcactatg

ggtgggtcegce

taacgctgaa

tggggcgatc

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

50



US 8,846,354 Bl
51

-continued

gccaggceccag cggaaatcceg tttcaccgat gtgttaccca aaacccecgttce cggcaaaatt 1860
atgcgtcgte tgttgcggag tttagcectcecec gggcaggaaa tttceccecgggga cacttccacc 1920
ctggaggacc ggacagtgct ggacaaatta cgggagggct aa 1962

<210>
<211>

SEQ ID NO 4
LENGTH: 653

<«212>
<213>

<400>

TYPE :
ORGANISM: Synechocystis PCC6803

Met Ser Asp

1

Pro

Gly

Val

65

Leu

ATrg

Tle

Ala

Leu

145

Tle

Leu

ASP

ASp

Val

225

Trp

Pro

Thr

Val
305

Tle

Gly

Pro

Glu

Glu

50

Leu

Agn

Agn

Tle

Leu

130

Pro

Gly

Arg

Gly

Lys

210

Gln

Trp

Tle

Gly

Thr
290

Val

Val

Thr

Gln

35

Leu

ASP

Tle

Thr
115

Met

Ala

ASP

Gly

195

Ala

ATrg

His

ASP

Lys

275

His

Trp

Pro

PRT

SEQUENCE :

Thr

Glu

20

Leu

Ala

Trp

Ser

Ala

100

Ser

Ile

Pro

ATg

180

Phe

Leu

Thr

Glu

Ser
260

Pro

Met

Gly

ATrg

4

Tle
5

Phe

Glu

Gln

His

85

Ala

Ala

Leu

Pro

His

165

Leu

ATy

Glu

Leu
245

Glu

Thr

Thr

Pro

325

Pro

Glu

Ser

Ser

Gln

Pro

70

Agn

ITle

Gln

Gly

Glu

150

Ser

Val

His

Ala
230

Gln

ASpP

Gly

Thr

Ala

310

Leu

Ser

Ser

Glu

Arg

Glu

55

Pro

Ile

Leu

Val

135

Ala

Val

AsSp

Asp

Gly

215

AsSp

Pro

Met

Val

Lys

295

Asp

Ser

ASn

Tle

ATy

Ala

40

Leu

Phe

Leu

Trp

His

120

Gln

2la

Val

Ala

Lys

200

Ala

Val

Gln

Leu

Val

280

Trp

Val

Agh

Pro

Leu

Ala

25

Ala

His

Ala

ASDP

Glu
105

Ile

Phe

Glu

185

Ala

Pro

Thr

Gln

Phe
265

His

Tle

Gly

Gly

Gly

Gln

10

Ser

Trp

Arg

50

Gly

Glu

Gly

Thr

Gly

170

2la

Ile

Ser

Met

Sexr

250

Tle

Thr

Phe

Trp

Ala
330

Glu

Val

Asnh

Phe

Trp

75

His

Glu

Val

ASpP

Met

155

Gly

Ala

Val

Thr
235

Ala

Leu

Thr

ASpP

Ile

315

Thr

Phe

Glu

ATYJ

Pro

Lys

60

Phe

Leu

Pro

AYg

140

Leu

Phe

Leu

Leu

Glu

220

Ala

His

Gly

Leu

300

Thr

Thr

Trp

Arg

Ser

Glu

45

Lys

Val

Thr

Gly

Gln

125

Vval

Ala

Ser

Val

Lys

205

AsSn

Gly

Thr

Gly
285

Gly

Val

Asp

Leu

Gly

30

Trp

Gly

Thr

ASP

110

Phe

Ala

Ala

Tle

190

Gln

Val

ATrg

Pro

Ser
270

ASP

His

Met

Val

Phe

15

Arg

Phe

ASpP

Gly

Trp

55

Ser

Ala

Tle

Ser

Glu

175

Thr

Glu

Tle

ASpP

Ala

255

Gly

AgSh

Thr

Ser

Tyr

335

Tle

ASDP

Glu

Trp

Gln

Gln

80

Arg

ATrg

Agh

ATrg

160

Ala

b2la

Val

Val

His

240

Glu

Ser

Leu

ASDP

Tyr

320

Glu

Glu



ATrg

Phe

Leu

385

Met

Thr

Gly

Ile

Gln

465

ASp

ITle

Arg

Val

Ala

545

Pro

Gly

Val

Thr

Leu

625

Leu

<210>
<211>
<212>
<213>

<400>

Ile

370

Arg

Trp

Trp

2la

Val

450

Gly

Val

Gln

Arg

Tle

530

Leu

ASpP

Agn

Thr

ASpP

610

Arg

Glu

Gly
355

ATrg

Leu

Trp
Ile
435

Ala

Gly

Pro

ASP

515

Agn

Val

Glu

Ala

Glu

595

Val

Ser

ASP

340

Val

Met

Leu

His

Gln

420

Pro

Glu

Phe

Gly

Lys

500

Val

Ser

Leu

Glu

580

Glu

Leu

Leu

ATrg

SEQUENCE :

AsSn

Gly

Gly

Arg

405

Thr

Thr

Ile

Leu

AsSp

485

Glu

Asp

Ser

Hig

Thr

565

Pro

ITle

Pro

Ala

Thr
645

SEQ ID NO b5
LENGTH :
TYPE: DNA

ORGANISM: Synechococcus PCC7942

1971

5

Tle

Glu

Thr

390

Val

Glu

Val

Val

470

Thr

Gly

Gly

Gly

Pro

550

Gly

Ser

Gly

Ser
630

Vval

53

Phe
Ala
375
Val
Tle
Thr
Pro
Asp
455
Ile

AsSp

Gln

Hisg
535
Leu
Glu
Glu

Ala

Thr
615

Gly

Leu

Tyr

360

Val

Gly

Gly

Gly

Gly

440

Leu

Phe

520

ATrg

Val

2la

Glu

Tle

600

ATrg

Gln

ASDP

345

Thr

Pro

Glu

Gly

Gly

425

Ser

ASP

Gln

Phe

Leu

505

Trp

Leu

Ala

Tle

Leu

585

Ala

Ser

Glu

2la

Agn

Pro

Gly

410

Ile

Gly

Pro

Arg

490

Val

Gly

Glu

Phe

570

Arg

Gly

Ile

Leu
650

Pro

Ala

Ile

395

Met

Thr

Agnh

Trp

475

His

Phe

Met

Thr

Ala

555

Ala

Pro

Ser
635

Arg

-continued

Thr
ATYJ
380

Agnh

Leu

Pro

460

Pro

Thr

Ala

Gly

Met

540

Ala

Phe

ASDP

Ala

Tle
620

Gly

Glu

Ala

365

Asp

Pro

Pro

Thr

Pro

445

Val

Ser

Gly

Arg

525

Glu

Val

Vval

Leu

Glu

605

Met

Asp

Gly

350

Tle

Leu

Glu

Tle

Pro

430

Phe

Glu

Met

Trp

ASP

510

Val

Tle

Val

Ser

Val

590

Tle

ATrg

Thr

ATrg

Ser

Ala

Val

415

Leu

Pro

Ser

Ile

Glu

495

Gly

ASpP

Glu

Gly

Leu

575

Arg

Arg

Ser

US 8,346,354 Bl

Ala

Ser

Trp

400

ASp

Pro

Gly

ASpP

Arg

480

His

2la

ASp

Ser

ATrg

560

Glu

His

Phe

Leu

Thr
640

atgagccagc

gaatttgcca

gcggccgatce

ccttggcaac

aaactcaata

gcggcgatta

caacgatcga

gtgcggcegceyg

cggtggcettt

agacgctgga

tttcccacaa

tctgggaagg

gtcgatcctce

aatcaatccc

ttggggcgaa

ctggagcaat

ctgcctecgat

cgaacccggt

caagagaagc

gaagcgtacyg

ttggcagctc

ccgecegttty

cgccacttga

gactcacgga

gggtttttcce

aagcgctcetyg

aggagctgga

cgaagtggtt

cgacttggcg

cgctgaccta

tcccecteggea

ccagaaagcyg

ctggtttgag

tgtcggtggc

caaaaataaa

cgcgcaactyg

60

120

180

240

300

360

54



catcgcgagyg
gtcgttggceg
cggattggcg
cgettggtgyg
gcgatcgtgce
gtccagcatyg
gaccattggt
gacagcgaag
gtcgtccaca
gacctgcagy
agctacatcg
ccceccgegett
ttctacacag
gctcgcegacc
gcttggatct
tggcagaccg
ccgggcectetyg
cgatcggtgce
atgcgcacygg
ccgcaaaatg
tatttcetggy
acgatggaaa
ggtcggcecty
attgagactg
gcgatcgetce
aagattatgc

tccaccttgy

tctgtcagtt

tttacatgcc

cagtgcatag

atggccaagc

ccctcaagga

tcectegtggt

ggcatgagct

atctgctett

ccaccggcegyg

ataccgatgt

tctacgggcec

ctaatcccgy

ccccaacayc

tctcctcatt

ggtatcaccyg

daacqddqdgcddy

ccactaaacc

cggataacga

tctacggcga

gccagtatcet

tgatggggcy

ttgagtcggc

acgatctcaa

gcgatgagtt

gtcccecgatga

gccgtetgtt

aagatcgctc

<210> SEQ ID NO o

<211> LENGTH:

656

3

cgccaacgtg
gatgattccc
cgttgtettt
caagctggtt
ttctgttgat
gdaacggacyd
gcaacagacc
cgtgctctac
ctacaacctc
ctactggtgt
gctctcecaac
ttgcttetygy
gatccgcgcc
gcgactgttyg
cgtcattggt
ccatatgatt
tttccecgggce
aggtggctac
tccecgatcge
ctacttcgcce
cgtcecgatgac
cttggtctcc
aggtgaaggc
agttaaagac
aattcgcttc
gcgcagtcetce

ggtgctcgat

ctcaaatcct

gdagcggceygda

gggggcttta

gtcacggcgg

caagccctgy

aagcaagaca

gtcagcgcta

acctccecggta

tacgcccaca

acqdygcygygacyg

ggtgcgacca

gatgtgattg

ttcatcaaaa

ggcaccgtcyg

ggcgatcget

acgtcgctgc

atcttggcag

ttggtgattc

ttccgtegea

ggcgatggceyg

gtgatcaatg

catccggcag

attgttgett

ctgaagaaac

agtgaggcgc

gccgcetggte

aagctgcgtc

US 8,346,354 Bl

-continued

tgggcattca

tcgccatget

gtgcggaagc

atggtggctg

aaggcaatgc

tccacatgga

cctgtecgygc

gcaccggcaa

tcaccaccca

tcggctggat

cactgatgta

aaaagtatgg

tgggtgagca

gagagcccat

gcccgattgt

cgggagccgt

acgttgtcga

gccatcctty

cctattggga

cgcgecgcega

tctcaggtca

ttgccgaagce

tcatcacgct

acgtcgccca

tgcccaaaac

aagaagtttc

aaggcactta

aaaaggtgat

ggﬂﬂtgtgﬂg

actgcgcgat

gcgcaaagat

ctgcccecagce

ACCgyggCcygcC

ggagccgatg

acccaagggt

gtggactttt

taccggtcac

tgagggtgcc

cgttacgacc

gcatccagcec

caatcccgaa

cgatacctgg

gccgaccaaa

tctggatggyg

gccaggcatyg

gcatattcct

tgccgatggce

ccgtetegyge

tgcagttgtc

ggaatcgggc

agaaattggc

gcgatcgggc

gggcgacact

9

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1971

«212> TYPE:

<213>

PRT

ORGANISM:

<400> SEQUENCE:

Met Ser Gln

1

Pro

Gly

Thr
65

Pro

Glu

Glu

50

Leu

Leu

Ser

Ala

35

Leu

ASP

Agn

Pro

Ala
20

Leu

Ala

Trp

Tle

Synechococcus PCC7942

6

Thr
5

Glu

2la

Ser

Ser
85

ITle

Phe

Gln

Gln

AsSn

70

His

Glu

Ala

Glu
55

Pro

Asn

Ser

Ser

Ala
40

Leu

Pro

Ile

Ala

25

Ala

ASP

Phe

Leu

Leu
10

ala

2la

Trp

ala

ASp
S50

Gln

AYg

ASp

Phe

Lys

75

Arg

Glu

ITle

Pro

Glu

60

Trp

Hig

Asn

val
45

Pro

Phe

Leu

ATg

Pro

30

Ala

Trp

Val

Thr

Val
15

Glu

Phe

Gln

Gly

Thr
o5

Phe

Ala

Trp

Gln

Gly
80

Trp

56



ATy

Arg

Asn

Tyr

145

ATrg

Ala

Ala

Val

Leu

225

ASp

Ala

Gly

Asn

Thr

305

Ser

Tle

ATrg

Ser

385

Ala

Val

Leu

Pro

ASpP

465

Met

Glu

Thr

Val

130

Met

Tle

Leu

ASp

ASpP

210

Val

His

Glu

Sexr

Leu

290

ASpP

Glu

Glu

2la

370

Ser

Trp

ASpP

Pro

Gly

450

Agn

ATy

His

Agn
Leu
115

Leu

Pro

Gly

Gly

195

Gln

Val

Trp

Pro

Thr

275

Val

Tle

Gly

Lys

355

Phe

Leu

Tle

Thr

Gly

435

Tle

Glu

Thr

Tle

Lys
100

Thr

Met

Ala

ASP

180

Gly

Ala

Glu

Trp

Met

260

Gly

Ala

Val

Ala
240

Tle

ATg

Trp

Trp

420

Ala

Leu

Gly

Val

Pro
500

Ala

Ser

ITle

Val

165

Arg

Trp

Leu

Arg

His

245

Asp

His

Trp

Tyr

325

Pro

Gly

Leu
Tyvr
405

Trp

Val

2la

Gly

485

Pro

Ala

Ala

Leu

Pro

150

Hisg

Leu

ATrg

Glu

Thr

230

Glu

Ser

Pro

Tle

Cys

310

Gly

ATrg

Val

Met

Leu

390

His

Gln

Pro

ASpP

470

Gly

Gln

S7

ITle
Gln
Gly
135
Glu

Ser

Val

Gly
215

Leu

Glu

Thr
295
Thr
Pro
Ala
Thr
Gly
375
Gly
Arg

Thr

Thr
Val
455
Leu

Asp

Asn

Ile

Leu

120

Ile

Ala

Val

ASP

ASDP

200

Agn

Gln

Gln

ASP

Gly

280

Thr

Ala

Leu

Ser

Thr

360

Glu

Thr

Val

Glu

Lys

440

Val

Val

Pro

Gly

Trp

105

His

Gln

Ala

Val

Gly

185

Ala

Ala

ASP

Gln

Leu

265

Val

Gln

ASP

Ser

Agn

345

Phe

Gln

Val

Tle

Thr

425

Pro

ASDP

Tle

ASP

Gln
505

Glu

Arg

Tle
Phe
170

Gln

Tle

Ile

Thr

250

Leu

Val

Trp

Val

Agn

330

Pro

His

Gly

Gly

410

Gly

Gly

Leu

Arg

Arg
490

Gly

Glu

Gly

Ala

155

Gly

Ala

Val

Pro

His

235

Val

Phe

His

Thr

Gly

315

Gly

Gly

Thr

Pro

Glu

395

Gly

Gly

Ser

ASp

His

475

Phe

Leu

-continued

Glu

Val

ASDP

140

Met

Gly

Pro

Ser

220

Met

Ser

Val

Thr

Phe

300

Trp

Ala

Ala

Ala

380

Pro

ASDP

Hig

Ala

Gly
460

Pro

ATYJ

Pro

Cys

125

Val

Leu

Phe

Leu

Leu

205

Val

Glu

Ala

Leu

Thr

285

Asp

Ile

Thr

Phe

Pro

365

Ala

Ile

Arg

Met

Thr

445

Arg

Trp

Arg

Phe

Gly

110

Gln

Val

Ala

Ser

Val

120

Gln

Pro

Thr

Tyr

270

Gly

Leu

Thr

Thr

Trp

350

Thr

ATrg

Agn

Tle
430

Ser

Pro

Thr

Ala
510

ASP

Phe

Gly

2la

175

Val

ASpP

His

Gly

Cys

255

Thr

Gly

Gln

Gly

Leu

335

ASpP

Ala

ASP

Pro

Pro

415

Thr

Pro

Val

Gly

Tyr

495

Gly

US 8,346,354 Bl

Ser

Ala

Val

Ala

160

Glu

Thr

Ser

Val

Arg

240

Pro

Ser

ASp

Hig

320

Met

Val

ITle

Leu

Glu

400

ITle

Ser

Phe

Pro

Met

480

Trp

ASp

58



Gly

ASpP

Glu

545

Gly

Leu

ATg

Arg
625

Ser

2la

ASpP
530

Ser

Arg

Glu

His

Phe

610

Leu

Thr

Arg

515

Val

Ala

Pro

Ser

Val

5905

Ser

Leu

Leu

ATg

Ile

Leu

ASP

Gly

580

Ala

Glu

ATrg

Glu

AsSp

Asn

Vval

Asp

565

Ile

Gln

Ala

Ser

AsSp

Ala

Val

Ser

550

Leu

Glu

Glu

Leu

Leu

630

ATrg

59

AsSp
ser
535

Hisg

Thr

Tle

Pro

615

bAla

Ser

Gly

520

Gly

Pro

Gly

Gly

Gly

600

Ala

Val

Tyr

His

Ala

Glu

ASP

585

Ala

Thr

Gly

Leu

Phe

Arg

Val

Gly

570

Glu

Tle

Arg

Gln

ASp

Trp

Leu

A2la
555

Ile

Leu

Ala

Ser

Glu

635

Lys

-continued

Val

Gly

540

Glu

Val

Val

AYg

Gly

620

Val

Leu

Met Gly Arg

525

Thr

Ala

Ala

Pro
605

Ser

Arg

Met

Ala

Phe

ASP

590

ASP

Ile

Gly

Gln

Glu

Val

Ile

575

Leu

Glu

Met

ASpP

Gly
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Val

Ile

Val

560

Thr

Tle

ATrg

Thr
640

Thr

645

<210> SEQ ID NO 7

<211> LENGTH:
<212> TYPERE:

3898
DNA

650

<213> ORGANISM: Chloroflexus aurantiacus

<400> SEQUENCE: 7

aacatcatgg

atggcgacgg

accggtggcg

acggtcatta

gcagaggcay

gtcgcecggtac

gtcaacaatg

gctgaattag

atgggatggc

aatgtctcga

aaagctgctc

cgcgttaata

cgtatggatc

atgcgattgt

gatgtggcag

acgattgagy

cgtactgatc

cagattgaag

atcggcettcec

cggctggccg

gcaacaattg

gcggtgattce

tatactatac

gggagtccat

ccggcaatat

ttagtggacy

gagtgcceggce

gtgccggtat

caggaagtgc

gccctggegce

atctgatgcy

cCcatcttttc

ttaatgctct

cgatctttcc

agctcaaggy

gtcgtgccaa

acgccgcetgt

ttacgcacygy

tgcgcacgat

aggtgatggc

gttcggctgce

gcgcagactt

acgctgtcett

tgcctgcetac

ctatcgataa

gagcggaaca

cggcagtgaa

gaatcgggcg

aaagcgcatc

cgaagcgatt

cggtgcoccayg

cgaagagacyg

tattgcggca

acgggctgag

atctcaactt

cggcccgatt

gcggcoccgaa

cgaccagggc

ctttctggcec

aatggagttyg

tgatgccagt

gctcaccggt

ggﬂgﬂtggﬂﬂ

tacgcctccce

cgattggggg

cagtcacgaa

CtCcttcaact

ggacgactgg

ttgacacgtc

aagttgaccyg

gatctcgaag

gtggcccgtce

cgtcecgtetgy

cttcatgcca

cctcatatgc

tactacgggc

gctgegegtyg

gaaagtgatc

ggcgacacag

gcgcttgaac

agtgccgaat

ccggectgcea

ggccgcacga

atgttgcgta

cagttcgagc

attgccttgce

gccdgygcgada

ccggcaccgt

aattgcataa

caggaaagat

gctttctcegc

cactggccga

tcatggatgg

acggccagat

ccgagattec

gcatcgccaa

cggtaggaag

ggattccgta

agttaggtgc

gcatccgtac

cgcaccattt

gtcggttccc

ccgecgetet

gtgagaccag

cgctcatctyg

cctgtgggag

aggcagtcaa

cactcgatcc

ataccggcgyg

gcgtgattga

655

cagaacagcg

tgcgttaatt

agagggaged

acggatgcag

gagtgatccyg

cgacattctg

actcactgaa

tttacttggt

tgcggtcatce

tgtcacccct

acgtggcatc

agtgttccag

tttgaacacc

ctccgteggt

ctccggtgag

cctgetggec

cgccocggcegac

tgaagtgatc

tgagagtcgyg

acgcgatccyg

gattcatgca

ggttgatgat

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

960

1020

1080

1140

1200

1260

1320

60



gagcgggtgce

ctggcccegtt

gtcattttte

gccgctatceg

gccagcgccyg

gctaaccgca

agtcaacgcc

ggcgcacgca

gttgccttga

ttgagtggcy

gcgatgatcc

attgcaccgy

ctgtcagctt

gagatggtta

agcaactact

atccttaacg

cgtgccgatt

ttccttggec

ttgcgceggta

aacaagcggc

tctatgcacy

ccogcecagcac

gcggcatcat

ttgcataatyg

gatcccttcet

atggggatgc

tattaccttyg

tacgaacgca

gagctggtceg

cttgccegty

gaaaccdgddgdy

atgactattyg

ggtcgcccag

gggcgtaaag

gaacaccagc

agtctcgegc

gctaacttca

agaactgctc

gagccgegtyg

ctggtcactyg

tgaattttct

actggcagtc

tctcgaacgy

gtcagctcat

ccggtgatca

gccttgaagyg

atatcaatga

gtgcatcggt

ttaccggtgy

cgcgcegtgat

aatctgagcet

gctgcgatgt

ttggcaccgt

tcgatatgcec

cgttgatgcyg

tctcatcata

acgccgtcetc

cggagataca

ccggtgaacy

tgaatgagct

aactggttga

ctaccgecgtt

caagcagtgc

gtggctatgt

tcacccgagc

tctacctgca

ccgaccgcaa

ccectaccegy

gaagcacggt

cgtacctcga

cagagacaat

tggccggtga

ggccggtcegt

acagtgactyg

tcacccacca

tggtcactcc

tcaaaacgac

agcgcattcet

atccgcacga

caccactccc

61

ggccgatgaa
gcaacggctt
tgccgatcaa
tcgtgtgtgg
tgtgctgccy
gttagaattt
gattaccctc
cggatgggcy
cagcgccggt
gctggcagcc
ggctgaggtyg
gagtagcgaa
cgattatctyg
agttgaggga
caaactggcy
ctttggcggt
gaaggctggt
gatcaatgcc
tccecggectc
tcacgctgcet
actgctctta
gcgtgaactyg
gctgctgaac
gttgcctgcce
ccagattgat
acggatgccyg
tgtcagtggt
tggcgaactc

ctatctgata

acgttacggg
gcgtcegetty
tcagatcgaa

ctgtaccccc
gagcacagtg
tttccgggta
cgaaactacyg
ccttcacgcet
gatcaatcaa
gcgtcaacaa

gcctgaagcc

atcaccggga

accccaggcy

aatgggaatyg

cgtcacgagy

ccggtatggg

gcctgtgect

aacatccctg

gaaagcctga

attggtgggc

cgtgatcggc

gggtataccy

gcgcagcetty

atcaacaacg

tggcgccata

ccgttgatga

gaaaaagatg

cagcgggcaa

attgcgccgy

tttgccegtc

cttatcgegy

cccaatgatyg

gcacgacgtt

cgttcaattyg

gacatctttg

cgcgaggctc

actgagtttyg

gagacattcc

ttcggcecttgc

ggtgaacatc

gcacgtcagyg

ctccacgatc

gccgcectateg

ttceggecac

ttgagtgagg

gcgcgcaaga

gctacctcaa

tttacggcta

gtcgatctga

gaactggaac

gatacccgtt

US 8,346,354 Bl

-continued

caattgtgat

cacgtgcgcyg

tttacggacg

ctgaacttga

ccaatcagat

ggacagctca

ccaacattag

tcgggttgca

agatcgggcg

ataagctcga

atgtcgaaga

cggatcttgt

ccgggatcegce

CCCtCtthC

aaaaacaggyg

cggccattec

tggccgaagt

gtccggtcecga

gggcgcegget

ctgcgegcac

tggccgcact

ttcgcagcga

ccgctaaatt

caaacctgcc

gcaaggttcyg

atgtcgcaat

acccatcagyg

cctcaccgga

tgactgaaca

tagtgatgat

acgtcgaggce

accaggctat

tgccgacggt

ctgaatttgce

ttgccctgag

ctaccgagca

cgattggtgt

cceggegtygce

gttttatcga

ACHCCygygyCcy

tgccagtcgce

tgggﬂﬂgﬂgt

cattcaaagt

ctatcagcgt

tgtgcgcttce

attgctccat

cgccaccacc

tttggggaaa

cctectgget

acagatgcag

tcgcecgtecac

tgaacgtacc

cggtgtcgaa

caatctgatc

tagcggttac

ctaccccaac

ctttgocgcgce

aggtgatcgc

gattttggayg

cgatgagcga

agagcagaat

aggcgatccg

gctggctcgt

AddCCCCCC

tgacggcatc

ggccaccagtc

tggtttgegt

acggctggcg

ccttaacctg

tgttgagaca

tcggtcggctg

cactcgcetac

accactggtc

cgagttgtgce

tgatggtgcc

atttgctetg

cgagagcgaa

gcgtgcocgaa

ggcagtcttyg

gattcatcgc

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

62
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-continued

ggacgggcga ttaccgtgta aattctacgc cacaggaacc actaccaaac cagcatagta 3780
agagaacgat agagacgttg caatgcgacg tctctatcat atttccecggec ccccecctagac 3840
aaacccccac gtcttcecgtgt agactagaaa caggaggcectg tatgcacgtc caacaaga 3898

<210> SEQ ID NO 8

<211>
<«212>
<213>

<400>

LENGTH :
TYPE :
ORGANISM: Chloroflexus aurantiacus

PRT

SEQUENCE :

Met Ser Gly Thr

1

Gly

Gly

Leu

ASpP

65

Tle

Asn

Thr

Tle

Pro

145

Ser

Ala

Gly

Tle

Gly

225

ASh

Ala

Gly

Glu

Gly

305

Ala

Phe

ala

2la

2la

50

Leu

Glu

2la

Glu

2la

130

His

Arg

Leu

Ile

Arg

210

ASpP

ASp

ASpP

Glu

Thr

290

Arg

Leu

ATrg

Gly

Thr

35

Glu

Glu

Ala

Gly

Ala

115

Agn

Met

Ala

Agn

ATg

195

Thr

Thr

Gln

Ala

Thr

275

Ser

Thr

Thr

Ser

Agn

20

Val

ATg

Val

Tle

Ser

100

Glu

Leu

Pro

Glu

Ala

180

Val

Val

Ala

Gly

Ala
260

Tle

Leu

Thr

Gly

Ala

1220

8

Gly

5

Ile

Tle

Met

Met

Vval

85

Ala

Leu

Leu

Val

Tyr

165

Leu

Asn

Phe

His

Ala

245

Vval

Glu

Leu

Leu

Met

325

Ala

ATrg

Gly

Tle

Gln

ASP

70

Ala

Gly

Gly

Gly

Gly

150

Tyr

Ser

Thr

Gln

Hisg

230

Leu

Phe

Val

Ala

ITle

310

Leu

Ala

Leu

Ser

Ser

Ala

55

Gly

Arg

Ala

Pro

Met

135

Ser

Gly

Gln

ITle

Arg

215

Phe

Glu

Leu

Thr

Arg
295

Arg

Leu

2la

Glu

Gly

40

Glu

Ser

His

Gln

Gly

120

Gly

2la

Arg

Leu

Phe

200

Met

Leu

Arg

2la

His

280

Thr

2la

Thr

2la

Gly

Leu

25

Arg

Ala

ASP

Gly

ATrg

105

Ala

Trp

Val

Tle

Ala

185

Pro

ASDP

Agn

Arg

Ser
265

Gly

ASDP

Gly

Gln

Lys

10

Thr

Agn

Gly

Pro

Gln

50

Arg

Glu

His

Ile

Pro

170

2la

Gly

Gln

Thr

Phe

250

2la

Met

Leu

ASpP

Gly

330

Phe

ITle

ATg

Arg

Val

Val

75

Tle

Leu

Glu

Leu

Agnh

155

ATrg

Pro

Leu

Met

235

Pro

Glu

Glu

ATrg

Gln
315

Ser

Glu

Ala

ATYJ

Ala

Pro

60

Ala

ASD

Ala

Thr

Met

140

Val

Val

Glu

ITle

Lys

220

ATYg

Ser

Ser

Leu

Thr

300

Ile

Glu

Gln

Leu

Phe

Lys

45

Ala

Val

Tle

Glu

Leu

125

Arg

Ser

Thr

Leu

Glu

205

Gly

Leu

Val

Ala

Pro

285

Tle

Glu

Val

Ala

Tle
Leu
30

Leu

ATrg

Leu

Ile

110

His

Tle

Thr

Pro

Gly

190

Ser

ATrg

Gly

Ala
270

Ala

ASP

Glu

Tle

Val

Thr

15

ala

Thr

Arg

2la

Val

55

Pro

Ala

2la

Ile

Lys

175

2la

ASP

Pro

Arg

ASpP

255

Leu

2la

Val

Tle

335

Agn

Gly

Glu

Ala

Tle

Gly

80

Agn

Leu

Ser

Ala

Phe

160

Ala

ATrg

ATrg

Glu

b2la

240

Val

Ser

Ser

Ser

Met

320

Gly

Glu



Ser

Leu

Ala

385

Thr

Val

Ser

ATrg

AsSn

465

Tle

Ala

Arg

Thr

AsSn

545

Val

Leu

Leu

Gly

625

Val

Ala

Val

Leu

Pro

705

ASP

Ala

ATy

ASpP

370

Gly

Ser

Leu

ATrg

2la

450

Gly

ATrg

2la

Phe

2la

530

Ile

Gly

Ile

Ala

Leu

610

Ser

Phe

Glu

Phe
690

Leu

Phe

Arg

ATrg

355

Pro

Glu

His

Agn

Leu

435

ATrg

Agn

Val

Gly

Ala

515

Gln

Pro

Trp

Thr

Leu

595

Glu

Thr

Ser

Gly

Glu
675

Ala

Met

Gly

Ala

Phe
755

340

Leu

ATg

Agnh

Glu

Phe

420

Ala

Gly

Val

Trp

ASP

500

Agn

Leu

Ala

Ala

Gly

580

Ser

Gln

ASP

Glu

Thr

660

Met

Agn

Gly

Val
740

Leu

Ala

Asp

Thr

Pro

405

Leu

Arg

Pro

Arg

485

Hig

Arg

Leu

Asn

Glu

565

Gly

Gly

Met

Val

2la

645

Val

Val

Leu

Glu
725

Ser

Gly

Gly

Pro

Gly

390

Ala

Ala

ATg

Gly

470

His

Val

Ser

Hisg

ITle

550

Ser

Ser

Ala

Gln

Glu

630

Gln

ASpP

ITle

ITle

Gln
710

Pro

65

Ala
Ala
375
Gly
Pro
Asp
Trp
Val
455
Arg
Glu
Leu
Leu
Ser
535
Ser
Leu
Ala
Arg
Ala
615

Asp

Leu

Asp

Ser
695
Gly
AsSp

Ala

Glu

ASP
360
Thr

Tle

Glu

Gln

440

Ile

Ile

2la

Pro

Glu

520

Gln

Ala

Tle

Gly

Val

600

Met

ATy

Ala

Leu

Met
680

Agn

Ser

Ala

Gly

Tle
760

345

Phe

Ile

His

Val

Ile

425

Ser

Phe

Gln

Glu

Pro

505

Gly

Thr

Gly

Ile

585

Met

Tle

Val

ASDP

Tle

665

Pro

Gly

Ala

Gln

745

Gln

Thr

ASpP

Ala

Tle

410

Thr

Gln

Leu

Ser

Leu

490

Val

Leu

His

Thr

Leu

570

Gly

Leu

Gln

His

Leu

650

Agn

Val

Ser

Tle
730

Arg

Tle

Pro

Ala

Ala

395

Glu

Gly

ATrg

Ser

Ala

475

ASpP

Trp

Glu

ITle

Gly

555

His

Gly

Ala

Ser

Ile

635

Val

Agn

Glu

Leu

Tle
715

Pro

Ala

Asnh

-continued

Pro

Val

380

Val

Val

Thr

Leu

Asn

460

Ala

Ala

Phe

AsSn

540

Ala

Leu

Gln

Ala

Glu

620

Ala

Glu

Ala

Gly

Met
700

Leu

Met

Ala

Tle

365

Phe

ITle

Asp

Ile

Thr

445

Gly

Ile

Gln

Asn

Ala

525

Glu

Arg

Gly

Ile

Arg

605

Leu

Pro

Arg

Gly

Trp

685

Arg

AsSn

Pro

Ala

Tle
765

350

Ala

ASP

Leu

ASP

Val

430

Pro

Ala

Gly

ATrg

Gln

510

Tle

Ser

Gly

590

ASP

Ala

Gly

Thr

Tle
670

ATg

Val

Agn

Glu
750

Ala

Leu

Trp

Pro

Glu

415

Ile

Gly

ASP

Gln

2la

495

Ile

2la

Thr

ala

Val

575

Arg

Arg

Glu

Leu
655

2la

Hig

Leu

Ser

Arg
735

Val

Pro
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Pro

Gly

Ala

400

ATrg

Ala

Ala

Gln

Leu

480

Ser

Val

Trp

Leu

Ser

560

Ala

Leu

His

Val

ASpP

640

Ser

Gly

Thr

Ala

Ser

720

b2la

Phe

Gly

06



Pro

Phe

785

Leu

His

Gln

ATrg

Arg

865

Val

Phe

Gly

Val

Glu

945

Gly

Val

Agn

Val

770

2la

His

Glu

Agn

Ser

850

Ser

Leu

Phe

Tle

2la

530

Thr

Gly

Gly

Leu

Glu

Arg

2la

Leu

Pro

835

Glu

Tle

Pro

Thr

Met

015

Met

Phe

Glu

Ser

Leu

Gly

ATrg

Ala

Val

820

Ala

Gly

Ala

Ala

ATy

900

Gly

Ala

His

Leu

Thr

980

Ala

Asp

2la

Leu

805

Glu

2la

Asp

2la

Asp

885

Ala

Met

Thr

Pro

Phe

965

Val

Arg

ATy

ATrg

790

ITle

Leu

Pro

Pro

Lys

870

ITle

Gln

Leu

Val

Ser

950

Gly

Tvyr

Ala

67

Leu
775
Leu
Ala
Leu
Thr
Ala
855
Leu

Phe

Ile

Tvyr
535
Gly
Leu

Leu

Tvyr

AT

Tle

2la

Leu

Ala

840

2la

Leu

2la

ASP

Leu

020

Gly

Pro

Ile

Leu Glu Arg Tyr Gly Ala

Gly

Leu

Ala

Pro

825

Leu

Ser

Ala

Agn

ATrg

905

Gln

Leu

Leu

Ser

Gly
985

Thr

Glu

Arg

810

AgSh

Arg

Ser

Arg

Leu

820

Glu

Arg

2la

Arg

Pro

970

Glu

Gly

Asnh

795

Thr

ASpP

Glu

sSer

Leu

875

Pro

Ala

Met

ASD

Tyr

055

Glu

His

-continued

Glu

780

ASDP

Val

Leu

Ser

860

Hig

Asn

ATYg

Pro

AY(

540

Glu

ATYg

Leu

Arg

Arg

Glu

Ala

Ala

845

Ala

AsSn

Pro

Thr

025

Asn

Arg

Leu

Thr

Pro

Leu

ATrg

Ala

830

ATrg

Leu

Gly

Pro

Val

910

Glu

Val

Thr

Ala

Glu
900

Arg Gln Val

Gly

Agn

Ser

815

Leu

Arg

Leu

Gly

ASP

895

Arg

Phe

Ser

Pro

Glu

975

Hig
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Leu

Glu

800

Met

Glu

Phe

Agn

Tyzr

880

Pro

ASpP

ASDP

Gly

Thr

560

Leu

Leu

08

005 1000 1005
Thr

1020

Glu Thr 2la Glu

1015

Val Met Tle Val Glu Thr Met

1010

Gly Arg Arg

Glu 2Ala Thr Ile Val

1030

Val Met

1035

Leu His His Leu

1025

Leu ASp Gly Arg

Ala

Pro

Val

Gly

1040

Gly

1055

Thr

1070

Leu

AP

ATrg

Vval

Ser

Gln

Pro

Pro

Glu

Tle

Gly

Leu

2la

Glu

Pro

Val

Glu

2la
1045

Val
1060

Gly
1075

Phe

Ala

Val

Arg

Ala

Tle

Glu

ASP

Thr

AsSp

Leu

Gln

Pro

Ser

Ala
1050

Phe
1065

Asp
1080

Glu

ITle

ATYg

Trp

His

Thr

Pro

Ser

Gln

Leu

Thr

Leu

1085 1090 1095

ala Ile Ala

1105

Phe Val Leu Ser

1110

Hig His

1100

Thr ATrg Arg Asp Gly

2la Thr Thr

1125

Thr Glu Thr Thr

1120

Ala Ser Leu Ala Leu Val Pro Ser

1115
His

Thr Thr

1140

2la Phe Ile

1135

Glu Gln Phe 2la

1130

Thr Leu Agn Leu

Phe Thr Ala Thr Ile Val Glu Glu Thr Ala Gln

1145

Ala Gly

1150

Ser Arg

1155

Gln Val Thr Ala Ala

1165

Tle Tle

1160

Arg Leu Asn Asp Leu Arg Arg

1170

Arg
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69

-continued

Glu Glu
1175

Pro Arg Asp Pro His

1180

Glu Arg Gln Gln Glu
1185

Leu Glu Arg

Glu Ala Val Leu Leu Val Thr Ala Pro Leu Pro Pro Glu

1195 1200

Phe Ile
1190

Ala Asp Thr

1205

Arg Tyr Ala Gly Arg Ile His Arg Gly Arg Ala Ile
1210 1215

Val
1220

Thr

«<210> SEQ ID NO 9
<211> LENGTH: 652
«212> TYPE: PRT
<213> ORGANISM:

Escherichia coli

<400> SEQUENCE: 9

Met Ser Gln Ile

1

Cys

Agn

ITle

Val

65

Trp

Leu

Ile

Ala

145

Val

ASP

Gly

Pro

Gly

225

Val

ASp

Gly

Phe

Ala
205

Leu

Val

Lys

50

Ser

Leu

Glu

His

Lys

130

Ala

Tle

Ser

Arg

Agn
210

Glu

Pro

Val

Lys

290

ASp

Ile

Pro

35

Pro

Tle

ASP

Gly

ATrg

115

Val

Phe

Agn

Ser

195

Val

Ile

Gln

Leu

Leu
275

Val

ASn
20

ASDP

ATg

ASP

100

ASDP

Gly

Ala

Gly

Ser

180

Tle

Thr

ASP

Ala

Phe
260

His

Val

Gly

His

Pro

Thr

Gln

Trp

His

85

Asp

Vval

Asp

Met

Gly

165

Arg

Pro

Ser

Trp

Ser

245

Tle

Thr

Phe

Trp

Gln

Phe

Tyr
70

Leu

Ala

Val

Leu

150

Phe

Leu

Leu

Val

Gln
230

ASP

Leu

Thr

ASP

Vval
210

His

Gln

Trp

Val

55

Glu

Gln

Ser

Arg

Val

135

Ala

Ser

Val

Glu
215

Glu

Gln

Gly

Tvr
295

Thr

Thr

ASDP

Glu

Gln

Phe

120

2la

Pro

Ile

Lys

200

His

Gly

Hig

Thr

Gly
280

Hig

Gly

Ile

Glu

25

Glu

Agn

Gly

Agn

Ser

105

Ala

Ile

Ala

Glu

Thr

185

Agn

Val

ATg

Gln

Ser

265

Tyr

Pro

His

Pro

10

Ala

Gln

Thr

Thr

Gly

S0

Agn

Arg
Ala

170

Ser

Val

Val

ASpP

ala

250

Gly

Leu

Gly

Ser

Ala

Met

Gly

sSer

Leu

75

ASpP

His

Thr

Met

Ile

155

Val

ASDP

ASp

Val

Leu
235

Glu

Ser

Val

ASDP

Tyr
315

Asn

Phe

60

AsSn

ATYg

ITle

Leu

Pro

140

Gly

Ala

Glu

ASD

Leu

220

Trp

Glu

Thr

ITle
300

Leu

Ile

Gln

Tle

45

Ala

Leu

Thr

Ser

Leu

125

Met

Ala

Gly

Gly

Ala

205

Trp

Met

Gly

Ala

285

Tvr

Leu

Ala

Gln

30

Leu

Pro

Ala

Ala

Tyr

110

Glu

Val

Val

ATrg

Val

120

Leu

ATrg

Hig

Agn

Lys
270

Ala

Trp

ASP

15

Ser

ASP

Gly

2la

Tle

S5

Leu

Pro

His

Tle

175

Arg

Thr

ASP

ala
255

Pro

Leu

Gly

ATrg

Ile

Trp

Agn

Agn

80

Tle

Glu

Gly

Glu

Ser

160

Tle

2la

Agn

Gly

Leu
240

Glu

Thr

Thr

Pro
320



Leu

Pro

Ile

ASpP

Ser

385

Glu

Val

Val

4165

Hig

Phe

Thr

Thr

Ala

545

Ala

Ala

Pro

Asnh
625

Leu

ala

Thr

Leu

Lys

370

Val

Ile

Thr

2la

ASpP

450

Tle

Glu

Sexr

Gly

ala

530

2la

Glu

ASpP

Ile

610

Leu

Leu

Pro

Tyr

355

Ala

Gly

Gly

Gly

Gly

435

Agn

Thr

ATrg

Gly

ATrg

515

Glu

Val

Val

Val

Val

5905

Met

Gly

Glu

Gly

Ala

340

Thr

Tle

Glu

Agn

Gly

420

Ser

Glu

ASDP

Phe

ASP

500

Val

Ile

Val

Thr

ATy

580

Leu

ATg

ASP

Glu

Ala

325

Arg

Ala

Glu

Pro

Glu

405

Phe

Ala

Gly

Ser

Glu

485

Gly

AsSp

Glu

Gly

Leu

565

Agh

His

Thr

Lys
645

<210> SEQ ID NO 10

<211> LENGTH:

«212> TYPE:
«213> ORGANISM: Pseudomonag

PRT

<400> SEQUENCE:

645

10

Thr

Met

Pro

Gly

Tle

390

Met

Thr

AsSn

Trp

470

Gln

Ala

ASpP

Ser

Tle

550

Agn

Trp

Trp

ITle

Ser

630

Gln

71

Thr
Ala
Thr
Thr

375

Asn

Tle
Arg
Pro
455
Pro
Thr
Arg
Val
Ala
535
Pro
Hisg
Val
Thr
Leu
615

Thr

Ala

Met Ser Leu Pro His Arg Tvyr

1

5

Thr His Leu Asp Asp Thr Ala

20

Asp Asp Pro Gln Thr Phe Trp

Leu

Gln

2la

360

ASpP

Pro

Pro

Thr

Pro

440

Leu

Gly

Arg

Leu

520

Leu

His

Gly

Arg

ASP

600

ATy

Leu

Tle

Met
Val
345

Ile

Glu

Val

Pro

425

Phe

Glu

Gln

Phe

ASP

505

Agn

Val

Agn

Glu

Lys

585

Ser

Ala

Ala

fulwva

Phe

330

Val

Arg

Sexr

2la

Val

410

Leu

Phe

Gly

2la

Ser

490

Glu

Val

ala

Tle

Glu

570

Glu

Leu

Ile

ASp

Met
650

Glu

ASp

Ala

Ser

Trp

395

ASp

Pro

Gly

Ala

ATrg

4775

Thr

ASpP

Ser

His

Liys

555

Pro

Ile

Pro

Ala

Pro

635

Pro

-continued

Gly

Leu

Leu

380

Glu

Thr

Gly

Val

Thr

460

Thr

Phe

Gly

Gly

Pro

540

Gly

Ser

Gly

Ala
620

Gly

Ser

Val

His

Met

365

Arg

Trp

Trp

Ala

Gln

445

Glu

Leu

His

525

Gln

Pro

Pro

Thr

605

Gly

Val

Pro Val Ser Asp Ala Ala

10

Tyr Gln Arg Leu Tyr Arg

25

Gly Glu Gln Ala Lys Ala

Pro
Gln
350

2la

Tle

Trp

Thr

430

Pro

Gly

Phe

Agn

Tyr

510

ATrg

Ile

Ala

Glu

Leu

590

ATrg

ASP

Val

ATg

Gln
30

Phe

Agn

335

Val

Glu

Leu

Trp

Gln

415

Glu

2la

Ser

Gly

Met

495

Trp

Leu

ala

Tle

Leu

575

Ala

Ser

Thr

Glu

Gln
15

Ser

Leu

US 8,346,354 Bl

Trp

Agn

Gly

Gly

Lys

400

Thr

Leu

Leu

Leu

ASDP

480

ITle

Gly

Glu

Tyr

560

Thr

Gly

Ser

Lys
640

ATrg

Val

ASDP

72



Trp

ASpP

65

Tle

Glu

His

Ala
145
Val

Ala

Pro

ASpP

225

Ala

Phe

Hig

Val

Gly

305

Gly

Ser

Thr

Val

Glu

385

Glu

Ala

Ser

Gln

Phe

50

Ile

ASp

Gly

Glu

Lys

130

Phe

ASpP

Leu

Agn

210

Trp

Gly

Tle

Ser

Phe

290

Trp

2la

Arg

2la

Lys

370

Pro

Gln

Tle

ala

Gly
450

35

ASP

Gln

115

Gly

Ala

Gly

Ile

195

Val

ASP

Ala

Leu

Thr

275

ASP

Val

Thr

Phe

Pro
355

Ile

Arg

Met

Thr
435

Pro

Trp

His

ASP

100

Val

ASDP

Met

Gly

ATrg

180

Pro

Ser

ASP

ASP

Tyr

260

Ala

Thr

Ser

Trp

340

Thr

Ala

Agn

Tle
420

ATJg

Glu

Trp

Phe

Leu

85

Pro

Arg

Leu

Phe

165

Thr

Leu

Thr

Cys

245

Thr

Gly

His

Gly

Leu
325

Gln

2la

Ser

Pro

Pro

405

Thr

Pro

Tle

ASpP

Ser

70

Ala

Met

ATy

Val

Ala

150

Ser

Val

Val
ATrg
230

Pro

Ser

ASP

His

310

ITle

Vval

Leu

ATg

Glu

390

Tle

Pro

Phe

ASpP

73

Glu
55

Gly

AsSp
Leu
Cvys
135
Pro
Tle
Ser
Leu
215
AsSp
Ala
Gly
Leu
Gly
295
Ser
Phe
Tle

Arg

Ser
375

Ala

Val

Leu

Phe

Gly
455

40

Val

Gly

Arg

Ser

Ala

120

Tle

Thr

ASP

Thr

Agn

200

Val

Leu

Glu

Ser

Leu

280

ASpP

Glu

ASDP

Ala

360

Ser

Trp

ASDP

Pro

Gly
440

Pro

Gln

Gly

Ala

105

Agn

ATrg

Ala

Ala

185

Val

Val

Trp

Pro

Thr

265

Gln

Tle

Tle

Gly

Lys

345

Leu

Leu

Glu

Thr

Gly

425

Val

Gly

Ser

Leu

ASp

90

Val

Met

Ile

Leu

170

ASp

ASpP

Met
250
Gly

2la

Val

Val
330

His

Met

Arg

Trp

Trp

410

2la

Gln

2la

Gly

Asn

75

Gln

ITle

Leu

Pro

Gly

155

ATYg

Glu

Arg
Ala

235

ASDP

Ala

Trp

Tyr

315

Pro

Gln

ATrg

Leu

Tyr

395

Trp

Thr

Pro

Gly

-continued

Ser
60
ITle

Val

Thr

Met

140

Ala

ASpP

Ala

Ala

Thr

220

Glu

Ala

Pro

Met

Cvs

300

Gly

Asn

Val

Glu

Leu
380

Phe

Gln

ASpP

Val

Val
460

45

Leu

Ser

Ala

Ser

125

Vval

Val

Arg

Vval

Leu

205

Gly

Ala

Glu

Thr
285

Thr

Pro

AsSn

Gly
365

Gly

Thr

Leu

Leu

445

Leu

Ser

His

Leu

ATrg

110

ATy

Pro

His

Ile

ATrg

120

Ala

Agn

Val

ASP

Gly

270

His

Ala

Leu

Pro

Tle
250
Glu

Ser

Val

Glu

Lys

430

Leu

Ala

Agn

Tle

o5

Glu

Gly

Gln

Ser

Leu

175

Gly

Ser

Gln

Pro
255

Val

ASpP

2la

ASP

335

Phe

2la

Val

Val

Thr

415

Pro

ASP

Tle

US 8,346,354 Bl

Gly

Cys

80

Trp

Leu

Val

Ala

Val

160

ASpP

Gly

Val
Gln
240

Leu

Leu

Val
Agn
320

Thr

Pro

Gly

Gly

400

Gly

Gly

Glu

74



Ala
465

Met

ASP

Tle

Val

Val

545

Thr

Leu

Ile

ATrg

ASP

625

Gln

Ser

Leu

Gly

ASp

Glu

530

Gly

Thr

Ser

Gln

ATrg

610

Thr

Arg

Trp

Glu

2la

ASP

515

Ser

Met

Leu

Trp

595

Tle

Ser

Val

Pro

Thr

ATg

500

Val

Ala

Pro

Agn

Val

580

Ala

Leu

Thr

Agnh

Ser

Tyr

485

Arg

ITle

Leu

His

Gly

565

Gly

Pro

Arg

Leu

Asn
645

<210> SEQ ID NO 11

<«211> LENGTH:

1080

Gln
470

Phe

ASP

ASh

Val

ASpP

550

Vval

Ala
630

7S

Ile
Thr
Glu
Val
Leu
535
Val
Glu
Glu
Leu
Ile

615

Asp

AT

2la

ASP

Ser

520

His

Pro

Ile

Pro

600

2la

Pro

Ser

Gly

505

Gly

ASP

Gly

Ser

Gly
585

Ser

Val

Pro

490

His

2la

Gln

ASp

570

Agn

Thr

Agn

Val

Tyr

475

Gly

Trp

Arg

Val

Gly

555

Glu

Phe

ATrg

Glu

Val
635

-continued

Gly

Trp

Tle

Ala

540

ITle

Leu

Ala

Ser

Leu
620

ASDP

Asp

Ile

Gly
525

Glu

Gly
605

Asp

Ser

Hig

Phe

Thr

510

Thr

Ala

Ala

Pro
590

Ser

Leu

Lys

Ser

495

Gly

Ala

2la

Phe

Glu

575

Glu

Ile

Leu

Ile

US 8,346,354 Bl

Arg

480

Gly

ATrg

Glu

Val

Val

560

Leu

Leu

Met

Gly

Glu
640

<212> TYPE:
ORGANISM: Sulfolobusgs tokodaii

<213>

DNA

<400> SEQUENCE: 11

gtgatactca

atcgaatacy

aaaggttcag

cctaaggaaa

gacataatat

aaagaaggat

ttattggttc

agagaatgga
ccattaggtyg

tcgctatcetyg

cctttaggty

gttaagagaa

agaatagcta

gctgctgaaa

ttaccaactg

tattttgata

caagtgaata

tgaggagaac
taagaatgct
tgggtaaacc
tagctgatat
CLtctccatt
tcccectgtgat
ctgaactaaa
aaggatttat

ctatatttaa

gtgccggtta

atggatacga

atgtagatga

ctatacatgyg

aagttaagga

caccttcaaa

gatgggctgyg

agagaatgat

attaaaagcc

atcaaatcat

gtatggtgag
ggaaataaaa
acctcaaggt
tagtaattca
tcctcecatact
agtaactaca
agattataag

tccaggaata

tgccaagacy

acctaaatta

tcattatgaa

gactttagaa

gccaattatc

ggatattcca

aaggttagta

gcaatattag

ccttatatta

gtagtaagat

ccaactgatc

gctgctggcec

ccagatcata

attagcttaa

ccactatgca

atggatggag

ccatcattag

ataaaagaga

gaagatgtaa

gtactatatg

aactttagag

gttatgaatg

ggaatgagtg

tcattaattc

gtgctactgyg

aaccagcata

ggcaaacagt

ctaagttaat

cagtagaaga

gatttgatcc

ttgatgagca

cagcccaggyg

catttataac

atgtagtaga

tcttcagaat

gcttagcagc

tatcgttcaa

gggaaccaca

aggatacaag

tagttgtagg

ataacacggt

tttagtagga

tttagctgga

aggacaagtt

ggatgatgta

acaatttgca

tgatgttccc

aagaaaaaga

tgcagcaata

tactattcaa

taatatcttg

tttaagcgaa

aacaactcat

agaggaaact

agatctaaaa

acctcaagtc

tagattaaag

cagaggagcc

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

76



77
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-continued

gcaggaggag gtatattagc agctgaatta cttgtcgaaa aaggatatat tgaaaagtaa

<210>
<«211>
<212>
<213>
«220>
<223 >

SEQ ID NO 12
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Codon-optimized coding sequence for Sulfolobus

1071
DNA

tokodalil malonate semialdehyde reductase

<400>

atgcgtcgca

gtgcgtatgce

gtcggtaaac

attgctgata

Cttagcccecece

Ctcccagtca

cccgaattga

aagggcttca

gcgattttca

ggggctggcet

gatggttatg

aatgttgacyg

acgattcatyg

aaagtgaaag

gcacccagta

cgttgggccg

aagcgcatga

ggcatcctgyg

SEQUENCE :

12

cacttaaagc

tcagtaacca

cctatggtga

tggagattaa

ttccccaagy

tcagtaactc

atccccacac

ttgttaccac

aagactataa

atcccggtat

acgctaaaac

aacccaaact

gtcattatga

agaccttaga

aacccatcat

gcgatatccce

ttcggcectggt

cggccgaact

<210> SEQ ID NO 13

<211> LENGTH:

359

cgcgattctyg

cccctacatt

ggtggtﬂﬂgﬂ

acccacggat

tgccgegggtr

ccecggaccac

catttcceccecte

acctcectgtgt

aatggatggc

tccgagtctyg

cattaaagaa

tgaagatgtc

ggtcctctat

aaattttcga

tgtaatgaac

cgggatgtct

gtccttaatce

gttggtggag

ggcgcaaccy

aaaccggcgt
tggcaaactg
cccaaactga
ccagtggaag
cgttttgatc
atcgatgaac
accgcoccaag
gcctttatta
gatgtggtcg
atttttcgeca
tcgttagecg
gtgtccttca
ggggagcctc
gaagacacgc
gtcgtggtgg
cacaacactg

aaaggctaca

gtﬂtﬂgtggg

atttagcagyg

ttggtcaggt

tggatgatgt

aacaattcgc

ccgatgtccec

agcgaaagcyg

gggcggegat

ctaccatcca

acaacatttt

tcttatcgga

cgaccactca

aagaagaaac

aagatctgaa

ggccacaggt

ggcgtttgaa

tacgcggtgce

ttgaaaaata

gatcgaatac

taaaggtagc

accgaaagaa

ggatatcatt

caaggaaggc

gctcecctegty

acgcgagtgg

tceccttaggt

atccctcagt

accgctgggg

ggttaaacgyg

tcggattget

cgcggcagaa

actgccgacc

ttactttgat

acaagtaaat

tgcgggegdt

a

«212> TYPERE:

<213>

PRT

ORGANISM :

<400> SEQUENCE:

Met Ile Leu Met

1

Gly

Tle

Gly

Ala

65

ASP

Glu

Hig

Leu

Glu

50

ASpP

Ile

Gln

ATrg

Val

Pro
35

Val

Met

Ile

Phe

Phe

Gly
20

Ala

Val

Glu

Phe

Ala

100

ASDP

Sulfolobus tokodail

13

Tle

Ser
85

Pro

ATrg

Glu

Leu

Trp

Lys

70

Pro

Glu

ASpP

Thr

Ala

Gln

55

Pro

Leu

Gly

Val

Leu

Val

Gly

40

Thr

Thr

Pro

Phe

Pro

Val

ASDP

Gln

Pro

105

Leu

2la
10

Met

Gly

Gly

Pro

Gly
90

Val

Leu

Ala

Leu

Ser

Gln

Lys

75

Ala

Ile

Val

Tle

Ser

Val

Val

60

Leu

Ala

Ser

Pro

Leu

Agh

Gly

45

Pro

Met

Gly

Agh

Glu

Gly

His
30

ASP

Pro

Ser

110

Leu

2la
15

Pro

Pro

Glu

ASP

Val

o5

Pro

Agn

Thr

ITle

Val

80

Glu

ASp

Pro

1080

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1071



Hig

Gly

145

Pro

Thr

Leu

Val
225

ATrg

ATrg

Tle

Trp

305

Gln

Val

Glu

Thr

130

Phe

Leu

Thr

ASpP

Thr

210

ASpP

Ile

Glu

Gly

Tle

290

2la

Val

ATrg

115

Tle

Ile

Gly

Tle

Val

195

Tle

Glu

Ala

Glu

Glu

275

Val

Gly

Agn

Gly

Gly
355

Ser

Val

Ala

Gln

180

Val

Pro

Thr

Thr

260

Pro

Met

ASP

Ala
340

Leu

Thr

ITle

165

Ser

Asp

Glu

Ile

245

Ala

Gln

Asn

Tle

ATy

325

Ala

Ile

«<210> SEQ ID NO 14

Tle

Thr

150

Phe

Leu

AsSn

Tle

Leu

230

Hig

Ala

ASpP

Glu

Pro

310

Met

Gly

Glu

79

AsSp
135

Pro

Ser

ITle

Phe

215

Glu

Gly

Glu

Leu

Asp

295

Gly

ITle

Gly

120

Glu

Leu

ASpP

Gly

Leu

200

ATrg

ASP

Hisg

Lys

280

Thr

Met

ATy

Gly

Gln

Ala
185
Pro

Tle

Val

Val

265

Leu

Arg

Ser

Leu

Tle
345

Arg

Thr

Lys

170

Gly

Leu

Leu

Ser

Glu

250

Pro

Pro

Val

Val

330

Leu

Ala
155

Met

Gly

Ser

Leu

235

Val

Glu

Thr

Gln

Val

315

Ser

Ala

-continued

AYg

140

Gln

ASDP

Pro

ASDP

Glu

220

Ala

Leu

Thr

Ala

Val

300

Val

Leu

Ala

125

Arg

Gly

Gly

Gly

Gly

205

Vval

Ala

Leu

Pro

285

Gly

Ile

Glu

Glu

Ala

Ala

Tle
190

Thr

Vval

Glu

270

Ser

Phe

ATrg

Hig

Leu
350

Trp

ala

Phe

175

Pro

ASP

Arg

Thr

Ser

255

Agn

ASpP

Leu

Agn

335

Leu

US 8,346,354 Bl

Ile

160

ITle

Ser

Ala

Agn

His

240

Phe

Phe

Pro

Arg

Lys

320

Thr

Val

<211> LENGTH:
«212> TYPERE:

545
DNA

<213> ORGANISM: Metallosphaera sedula

<400> SEQUENCE: 14

atgactgaaa

tttgcgtcta

ggaatagaga
gacgtcaata

ggagccaact

ggatacttgyg

ctcataacag

ccetggaatc

atggaagtgg

ctcaagaagy

gccgtatacce

gcggcaattyg

aggtatctgt

agggatacag

agctaaggaa

ccgtgatcetc

tcgtcattga

acagcgtcct

aggttcagaa

caccccacct

tggagaggac

agattccgygy

ttgtagacga

gactcagatg

agttggagca

cgtctcetctc

ctacgttcag

gagggtttct

ggcagttatt

tgacaaggag

ggcaatgtcc

tctaccgcett

gaagtccctce

tttcatagygy

gggtgtggcec

ggccttcecatg

ggagttatag

tacaccgaaa

gtgatgaaga

cccaccacda

gaggattatg

gttatactag

aagcaccctyg

gtcgagatag

atggagaagc

aacaggctcyg

actgtggagg

ggtccecgttec

gcgtaggttyg
agaaggaaac

acaactccca

atctggatga

acdcadaddaad

ctagcagtac

agagggceggdt

ttccaggaga

tggacagaat

cctttgetet

acatcgacaa

tcacatacca

ggcgaccctt
cctagacaag

gataaccgag

ggccgttagg

gaaaatcttt

ttcaggtctc

gatagcccat

gaagaccagt

agtagtggtyg

tttcecgagag

ggtaatgaca

tctaggtggt

60

120

180

240

300

360

420

480

540

600

660

720

80



ggagaagyag
atgcataccc

caaatgaagyg

gacgaaaagc

<210>
<211>
«212>
<213>
«220>
<223>

ggcttgagta

tggcaaaata

aatactcctt

tcctgaaggt

SEQ ID NO 15
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Codon-optimized coding sequence for

545
DNA

81

cCtctttaat
cgacaagttc
cataaagggt

atacaaacta

aggggttttg

ccctacactg

aagactttcc

gtttgggaaa

US 8,346,354 Bl

-continued

ggtacggtgc
gggttacgaa

aggaaatttc

aataa

Metallosphaera sedula malonyl-CoA reductase

<400> SEQUENCE: 15

atgaccgaaa

tttgccagca

ggaattgaaa

gatgtcaata

ggcgcgaact

ggatacctcg

ttgattacag

ccttggaatc

atggaggtcg

ctcaaaaaag

gccgtcetacce

gccgcegattyg

gg9ggaagycy

atgcataccc

caaatgaagyg

gatgagaaac

aagtatctgt

aagggtattc

aactgcggaa

ccgtgattag

tcgttatcecga

atagtgttct

aagttcaaaa

caccccacct

tcgaacgcac

aaattcctgy

tggttgatga

gattacggtyg

gtttggaata

ttgccaaata

aatactcgtt

tcttaaaagt

<210> SEQ ID NO 16

<211> LENGTH:

314

cgtgggtgct
cgtcagtttg
ctatgtgcag
tcgegtgtcec
agccegtceatt
cgataaagaa
agcgatgtct
gctgccecctty
gaaatccctc
ttttatcggce
gggggtggcey
ggcctttatyg
CCLCCCCttaac
tgataagttt
tattaagggt

ctacaaactg

ggggtgatceg

tataccgaaa

gtgatgaaaa

cctaccacca

gaagactatg

gttattttgg

aaacatcccg

gtcgaaatcyg

atggaaaaac

aatcgtctceg

accgtggaag

ggcccatttce

Cggggctttg

ccectatactg

aaaacdgttcc

gtctgggaaa

gcgttggatg
aaaaagaaac
ataatagcca
atttggatga
atgccaagaa
cttcgtcecac
aacgcgcggt
ttccecggaga
tcgatcgcat
cctttgcatt
atatcgataa
tcacctacca
gctatggcgc
gtgtaaccaa
aggaaatctc

aataa

taacgaatgg
agcgatacag

gaagtggagg

ggccaccctt

actcgataaa

aatcacggaa

agccgttegce

aaaaattctcc

aagcgggctc

gattgcacat

dddaadccadc

cgtggtggte

attccgtgaa

agtaatgacc

ccteggtggce

aaatgaatgg

ggccattcaa

caaatggcgg

<212> TYPERE:

<213>

PRT

ORGANISM :

<400> SEQUENCE:

Met Thr Glu Lys

1

Trp

Glu

Val

Val
65

Gly

ala

Gln
50

Tle

ala

Thr

Lys

35

Val

Ser

Agn

Tle

Leu
20

Glu

Met

ATg

Phe

Phe
100

Metallosphaera sedula

16

Val
5

Phe

Thr

Val

Val
85

Gly

Ser

Ala

Leu

Agn

Ser

70

ITle

Val

Ser

Asp

Asn
55

Pro

Glu

Leu

Val

Lys

40

Ser

Thr

Ala

ASDP

Gly

Gly

25

Gly

Gln

Thr

Val

Ser
105

2la
10

Ile

Tle

Agn

Ile

S0

Val

Gly

Ser

Glu

Thr

Leu

75

Glu

Leu

Val

Val

Glu

60

ASpP

ASP

ASD

Tle

Ser

Leu
45

Asp

Glu

Tvr

Gly

Leu

30

ATg

Val

Ala

ASP

Glu
110

Val
15

Agn

Agn

Val

ala

S5

Val

Gly

Thr

Thr

ATrg
80

Tle

780

840

500

545

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

945

32



Leu

Met

Pro

145

Met

Tle

Leu

Val

Leu

225

Gly

Ala

Thr

Leu
305

ala

Ser

130

His

Glu

Val

2la

2la

210

Arg

Glu

Agn

Gly

Gly
290

Ser
115

Leu

Val

Val

Phe

195

Thr

Trp

Gly

Glu

Val

275

Val

Ser

His

Leu

Val

Val

180

Ala

Val

Ala

Gly

Trp

260

Thr

Thr

Thr

Pro

Pro

Glu

165

Leu

Leu

Glu

Phe

Leu

245

Met

Phe

<«210> SEQ ID NO 17

Ser

Glu

Leu

150

ATrg

Phe

ASpP

Met

230

Glu

His

Ala

Gln

Leu
210

83

Gly
Arg
135

Val

Thr

Arg

Tle
215

Gly

Thr
Ile
Glu

295

Val

Leu
120
2la

Glu

Glu

Glu

200

ASDP

Pro

Phe

Leu

Gln

280

Tle

Trp

Leu

Val

Ile

Ser

Tle

185

Ala

Phe

Phe

Ala

265

Gln

Ser

Glu

Ile

Tle

Val

Leu

170

Pro

Val

Val

Leu

Agn

250

Met

Thr

A2la

Pro

155

Met

Gly

Met

Thr
235

ATrg

Trp

-continued

Glu

Hig

140

Gly

Glu

Phe

Leu

Thr

220

Gly

ASpP

Glu

ATrg
300

Val
125

Pro

Glu

Tle

Val
205

Ala

His

Phe

Tvyr
285

Asp

Gln

Trp

Leu

Gly

120

ASP

Ala

Leu

Gly

Phe
270

Ser

Glu

Lys

Agn

Thr

ASpP

175

Agn

Glu

Tle

Gly

Tyr

255

Pro

Phe

US 8,346,354 Bl

Ala

Pro

Ser

160

ATrg

Gly

Gly

Gly

240

Gly

Ile

Leu

<211l> LENGTH:
<212> TYPR:
ORGANISM: Bacillus subtilis

<213>

066
DNA

<400> SEQUENCE: 17

atgatgaaca

tatgcatttyg

aaagaaaaag

ccggtcaaaa

tgcgecggag
aagattttca

gtcgcgacaa

ddaadagcdddy

agcgaatact

gacacagagc

gttgagaaaa

aacgcagctt

cttgctcgca

tatttggacy

cgcggaygygyga

cttcacagcyg

aacatgtaaa

cgttaattaa

caatgggcga

catcttacgyg

caaaccaaad

aaggcatcgt

atccggttga

tgattggaag

ttggcgcagc

ttccotgtttyg

acgatgcgta

accatatcat

ttacaaaagc

ggcaatacgg

tcgcaggtat

ccggegtect

taaagtagct

ccaaggaatc

tgtgatggat

aacatatgaa

acctggtgag

tagtgaagtc

tatcctgact

cggcacaaca

gcctcaaaac

gagccacgcg

caaacaagag

tgagaaaaaa

cattcttcat

tgcagatgac

cactgagctyg

taaaaacatt

ttaatcggag

acagatgagc

ttaaaccacg

gactgcaagyg

acacgccttyg

atggcgagcg

tacgcaacat

cttgattetg

gtacacgcgc

aatgtcggey

gagctggacc

ggcgcgactt

aatgaaaaca

gtgtacatcg

aacttaaatg

ttaaaacctc

cgggttttgt

ttgtggtcat

gaaaggcgtt

atgctgatat

aattagtaga

gatttgacgyg

ggaaattcag

cgagattccyg
atattatcgyg

gtgtgceggt

aaattgtaga

attatggggt

gcatattaac

gtgtgceggce

agaaagaaaa

attttgcaga

tggaagcagt
tgatgtaaat
tgcgccacaa
tgtctgcatt
aaagaacttg
cattttctta

cggcctgceca

tttcatgety

agagcacggc

cagtgaactc

tgatgtgaaa

tgcgatgagt

tgtcagcaca

tgtcgtgaat

agaacagttc

acaaaaagtc

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

34



aactaa

<210> SEQ ID NO 18

<211> LENGTH:

<212> TYPERE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Met Asn Lys

1

Val

Glu

Met

Ser

65

Glu

Ser

Leu

ITle

145

Ser

Gly

Gly

Gln

Hig

225

Leu

Thr

ITle

Glu

Gly
305

Asn

Gly

Leu

ASpP

50

2la

Gly

Thr

130

Gly

Glu

Glu

Gly

Glu

210

Ile

2la

Val

Gly

Leu
290

Val

Ser

Val

35

Leu

Gly

Gly

Agn

Phe

115

Ser

His

Val

195

Glu

Ile

Arg

Ser

Val
275

Agn

Leu

Ser

20

Val

Agn

Thr

Ala

Leu

100

ASDP

Ala

Gly

Phe

Gly

180

Pro

Leu

Glu

Tle

Thr

260

Pro

Leu

321

85

Bacillus subtilis

18

Tle

His

Gly

Thr

Thr

Gly

165

Asp

Val

AsSp

Thr
245

Ala

Asn

Asn

<210> SEQ ID NO 19

<211l> LENGTH:
<212> TYPE: DNA
<213> ORGANISM: Esgscherichia colil

1401

Val

Ala

ASpP

Gly

Glu

70

Gln

ITle

Tle

Trp

Thr

150

Ala

Thr

Ser

Gln

Lys

230

Leu

Val

Glu

Tle
210

Asn

Phe

Val

Lys

55

Asp

Phe

Phe

Lys

135

Leu

Ala

Glu

Glu

Tle

215

Gly

bAla

AsSp

Val

Lys
295

Leu

Ala
Agn
40

2la

Pro

Leu

120

Phe

ASP

Pro

Leu

Leu

200

Val

2la

Tle

Gly

Agn
280

Glu

Val
Leu

25

Phe

Gly

Gly

105

Val

Ser

Ser

Gln

Pro

185

Val

ASDP

Thr

Leu

Gln

265

ATg

Pro

2la

10

Ile

Glu

2la

ASp

Glu

50

Ile

2la

Gly

ala

Agn

170

Val

Glu

ASp

His
250

Gly

Glu

His

Leu

Agnh

Pro

Ala

75

Thr

Val

Thr

Leu

AYg

155

Val

Trp

Val

Tyr

235

Asnh

Gly

Gly

Gln

Phe
315

-continued

Tle

Gln

Ala

Gln

60

ASpP

AYg

Ser

AsSn

Pro

140

Phe

Hig

Ser

Agnh

Lys

220

Gly

Glu

Ala

ITle

Phe
300

Ala

Gly

Gly

Met

45

Pro

Ile

Leu

Glu

Pro
125

Arg

Ala

His

Asp

205

ASn

Val

AsSn

Asp

Ala
285

Leu

Glu

Ala

Ile

30

Gly

Val

Vval

Glu

Val

110

Val

Glu

Phe

His

Ala

120

Ala

Ala

Ala

Ser

ASP

270

Gly

Hig

Gln

Gly
15
Thr

ASP

Leu

o5

Met

ASpP

Arg

Met

Tle

175

Agn

2la

Met

Tle

255

Val

Ile

Ser

US 8,346,354 Bl

Phe

ASpP

Val

Thr

Ile

80

Val

2la

Tle

Val

Leu

160

Tle

Val

Ser
240

Leu

Thr

Ala

Val
320

86



<400> SEQUENCE:

atgccacatt

gctgcaatgg

gttggcggceyg

agccgcatta

CCCtCLtLtLtLtg

cgtcagggat

gacgagcata

aaatttgtta

ccacgcattt

atctatggtyg

aaagtggatc

gattctctct

gagaagatcg

aaagctgact

cagaacattyg

accgcacagc

gcggcectatg

catctgattyg

dddaccdadac

aaacatctgy

catcgggaaa

attcatatcyg

gtcaacacca

ggtttaaacc

<210>
<211>

19

cctacgatta

gcctggttaa

gttgcaccca

tagaattcaa

ccgatatcect

tttacgaacyg

cgttggcegcet

ttgcctgegy

acgacagcga

ctggagtgat

tgatcaacac

cctatcactt

aaggctgtga

gcctgctceta

ggctagaaac

cacacgttta

accagqydycd

aagatatccc

agcagctgac

cacgcgcaca

caaaagagat

gtcaggcgat

cctttaacta

gcctgttcecta

SEQ ID NO 20
LENGTH :

166

87

cgatgccata
gcaaggtgceg
ctggggcacc
tcaaaaccca
taaccatgcc
taatcactgt
ggattgcccy
ctctcecgtcca
ctcaattctc
cggctgtgaa
ccgcecgatcgce
ctggaacagt
cgatggtgtg
tgccaacggt
tgacagccgc
cgeggtgggce
cattgccgceg
taccggtatt
cgcaatgaaa
aatcgtcggce
tctgggtatt
tatggaacag
cccgacgatg

a

gtaataggtt

cgcgtogcag

atcccgtcecga

ctttacagcy

gataacgtga

gaaatattgc

gacdycagcy

tatcatccaa

agcatgcacc

tatgcgtcga

ctgctggcat

ggcgtagtga

atcatgcatc

cgcaccggta

ggacagctga

gacgtgattyg

caggcgctgg

tacaccatcc

gtgccatatg

atgaacgtygy

cactgctttyg

aaaggtggcg

gcggaagcect

US 8,346,354 Bl

-continued

ccggecccygy
ttatcgagcg
aagctctceccg
accattcccg
ttaatcaaca
agggaaacgc
ttgaaacact
cagatgttga
acgaaccgcg
tctteccgegy
ttctcgatca
ttcgtcacaa
tgaagtcggy
ataccgattc
aggtcaacag
gttatccgag
taaaaggcga
cggaaatcag
aagtgggccyg
gcacgctgaa
gcgagcegcgc
gcaacactat

atcgggtagce

cggcgaaggce
ttatcaaaat
tcacgcecegtce
actgctccgce
aacgcgcatg
tegeotttgtt
aaccgctgaa
tttcacccat
ccatgtactt
tatggatgta
agagatgtca
cgaagagtac
taaaaaactg
gctggcgtta
catgtatcag
cctggegtog
agccaccgca
ctctgtgggce
cgcccagttt
aattttgttc
tgccgaaatt
tgagtacttc

tgcgttaaac

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1401

<212 >
<213>

<400>

TYPE :
ORGANISM: Escherichia

PRT

SEQUENCE :

Met Pro Hig Ser

1

Gly

Ala

Gly

Glu
65

Ser

Gln

Gly

Val

Thr

50

Phe

Ser

Thr

Glu

Ile
35

Tle

Agn

Phe

Gly
20

Glu

Pro

Gln

Ala

Met
100

20

ATy

Ser

AsSn

Asp
85

ASP

Ala

Pro
70

ITle

Gln

Met

Gln

bAla

55

Leu

Leu

Gly

colil

ASpP

Gly

Agn
40

Leu

Agn

Phe

Ala

Leu
25

Val

Ser

Hig

Tyr
105

Tle

10

Val

Gly

His

ASp

ala
90

Glu

Val

Gly

Ala

His

75

ASDP

Arg

Tle

Gln

Gly

Val

60

Ser

AsSn

AsSn

Gly

Gly

Cys

45

Ser

Arg

Val

His

Ser

Ala
30

Thr

ATrg

Leu

Ile

Cys
110

Gly

15

Arg

Hig

Tle

Leu

Agn
o5

Glu

Pro

Val

Trp

Tle

ATrg

80

Gln

Tle



Leu

Ala

145

Pro

ATy

Ser

ASpP

Tyr

225

Glu

Gly

Gly

Ser

His

305

Ala

Glu

Tle

Met

ATg

385

Hig

Ala

Gly

Thr

Leu
465

Gln

Pro

130

Arg

Hig

Tle

ATrg

210

His

Agn

Arg

290

Val

2la

2la

Pro

Lys

370

ala

Arg

2la

Gly

Met
450

Phe

Gly

115

ASP

Gly

Ile

Val

Phe

195

Leu

Phe

Tle

Thr
275

Gly

Thr

Glu

355

Val

Gln

Glu

Glu

AgSh

435

Ala

Agn

Gly

Ser

Leu

180

ATrg

Leu

Trp

Glu

Leu

260

ASDP

Gln

Ala

ASDP

Ala

340

Tle

Pro

Ile

Thr

Tle

420

Thr

Glu

2la

Ser

Asp

165

Ile

Gly

Ala

Asn

Gly

245

Ser

Leu

Val

Gln

325

His

Ser

Val

Lys

405

Tle

ITle

Ala

«<210> SEQ ID NO 21

<211> LENGTH:
«212> TYPE: DNA

578

ATrg

Val

Pro

150

Ser

Met

Phe

Ser

230

Ala

Leu

Gly

310

Gly

Leu

Ser

Glu

Gly
390

Glu

Hisg

Glu

89

Phe

Glu

135

Asp

Gly

AsSp

Leu

215

Gly

AsSp

Asp

bAla

Val

295

Asp

Arg

Ile

Val

Val

375

Met

Tle

Tle

Arg
455

Val

120

Thr

His

Ser

Ala

Val

200

ASP

Val

ASP

Leu

280

Agn

Val

Tle

Glu

Gly

360

Gly

Agn

Leu

Gly

Phe

440

Val

ASDP

Leu

Pro

Ile

Gly

185

Gln

Val

Gly

Leu

265

Gln

Ser

Tle

Ala

ASP

345

ATrg

Val

Gly

Gln

425

Val

Ala

<213> QORGANISM: Lactococcus lactis

<400> SEQUENCE:

atggcggata agcaacgcaa aaaagtgatt ttggttggtg acggggcagt tggttcecgtcyg

21

Glu

Thr

Thr

Leu

170

Val

Val

Glu

Tle

Val

250

Leu

Agn

Met

Gly

2la

330

Ile

Thr

2la

Gly

Tle

410

2la

AgSh

2la

His

Ala

ASp

155

Ser

Ile

ASpP

Met

Arg

235

ITle

Tle

Tyr

315

Gln

Pro

Glu

Gln

Thr

395

His

ITle

Thr

Leu

-continued

Thr

Glu

140

Val

Met

Gly

Leu

Ser

220

Hig

Met

Ala

Gly

Gln

300

Pro

Ala

Thr

Gln

Phe

380

Leu

Met

Thr

ASn
460

Leu Ala Leu

125

Lys

Asp

His

Tle

205

Asp

AsSn

His

Asn

Leu

285

Thr

Ser

Leu

Gly

Gln
365

Phe

Glu

Phe

445

Gly

Phe

Phe

His

Glu

120

Agn

Ser

Glu

Leu

Gly

270

Glu

Ala

Leu

Val

Ile

350

Leu

His

Ile

Gly

Gln

430

AgSh

Leu

Val

Thr

Glu

175

Thr

Leu

Glu

Lys

255

ATy

Thr

Gln

Ala

Lys

335

Thr

Leu

Leu

Glu
415

Agn

US 8,346,354 Bl

ASDP

Ile

His

160

Pro

Ala

Arg

Ser

Tyzr

240

Ser

Thr

ASp

Pro

Ser

320

Gly

Thr

Ala

b2la

Phe

400

Gly

Pro

Arg

90



tatgcgtttyg

ddddddaddd

aaaaaaattt

agcggtgcecc

attaccaaag

gcggctaacc

aaccgagtygyg

gagaaggtcg

agtgaatttyg

caagaaaatyg

gccgcectatt

gcgcgcatta

caagatggtc

gaaggagtgg

gﬂﬂtﬂgggﬂg

agcgceggtga

<210>
<211>

ccectggtaaa

cccagggaga

atagtgctga

cccagaagcec

atgttgttac

cagtggacat

tcggetcetygyg

atgtcgacygce

cagtctggag

attacctgaa

ctattatcgc

ccaaggccat

aatacggcgt

taaatcctat

cgcaattgaa

aaaattaa

SEQ ID NO 22
LENGTH :

325
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ccaaggtatc
tgccgaagac
ttatagtgat
cggtgaaacc
taagatcgty
cctcacgtat
caccagcctc
ccggtegatt
tcacgccaat
tgaagccgaa
caaaaaaggyg
tctggacgat
gtctgattgt
ccatatcccc

agctattatt

gcccaagaat

CtCtCtCan

gcgtcocgacy

cggttagatc

gcgtcectgget

gctacgtgga

gataccgccc

cacgcgtaca

gtggccggceg

attgtggagt

gccacgtttt

gaacacgccy

tatctcgggc

ttgaacgatyg

gatgaggcat

US 8,346,354 Bl

-continued

taggcatcgt

ccttagectt

ccgatcetegt

tcgttgaaaa

ttaaggggat

agtttagtgg

gtttccggca

ttatgggtga

tgaaactgga

tatttgaaag

atggagtcgc

ttctceccecggt

aacccgccgt

ccgagatgca

ttgctaagga

tgacttgttc
caccagccct
ggttcttacc
gaatctgcga
ttttctegte
ttttcccaayg
ggccttgget
acatggtgac
acaatggttc
cgtgcgggat
agtcgcactt
gagtgtgttt
tgtgggtgca
gaagatggaa

ggaatttgcyg

«212>
<213>

<400>

TYPE :
ORGANISM: Lactococcus

PRT

SEQUENCE :

Met Ala Asp Lys

1

Val

Glu

Glu

Ser

65

Ser

Gly

Thr

Gly

145

Glu

Glu

Gly

Gly

Leu

ASp

50

2la

Gly

AgSh

Phe

Tvyr

130

Ser

Hig

Val

Ser

Gly

35

Leu

ASP

Ala

Leu

Lys

115

Ala

Gly

Val

Gly

Lys
195

Ser
20
Tle

Ser

Pro
ATy
100

Gly

Thr

Thr

ASP

ASP

180

Leu

22

Val

His

Ser

Gln

85

ITle

Tle

Trp

Ser

Val
165

Ser

Glu

ATg

Ala

ASpP

Ala

ASpP

70

Thr

Phe

Leu
150

ASpP

Glu

Gln

Phe

Leu

Leu
55
Ala

Pro

Leu

Phe

135

Asp

Ala

Phe

Trp

lactis

Ala

Phe

40

Ala

Ser

Gly

ASpP

Val

120

Ser

Thr

ATrg

Ala

Phe
200

Val

Leu

25

Phe

ASDP

Glu

Val

105

Ala

Gly

Ala

Ser

Val

185

Gln

Ile

10

Val

Glu

Thr

2la

Thr

50

Val

2la

Phe

Arg

Tle
170

Trp

Glu

Leu

Asnh

Ser

ASpP

75

ATYg

Thr

Agnh

Pro

Phe

155

His

Ser

Asnh

Val

Gln

Thr

Pro

60

Leu

Leu

Pro

Lys

140

ATYg

Ala

His

ASD

Gly

Gly

Gln

45

Vval

Asp

ITle

Vval

125

Asn

Gln

Ala

205

ASP
Ile
30

Gly

Val

Leu

Val

110

ASP

ATg

Ala

Tle

Agn

120

Leu

Gly

15

2la

ASpP

Tle

Leu

Val

55

Ala

Tle

Val

Leu

Met

175

Val

Agn

Ala

Gln

b2la

Thr
80
Glu

Ser

Leu

Val

Ala

160

Gly

Ala

Glu

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

578

92



Ala

ITle

225

Ala

Val

Gly

Tle

Gln

305

Ser

Glu
210

Ile

Arg

Ser

Gln

Pro

290

Leu

2la

Tle

Ala

Tle

Val

Pro

275

Leu

Val

Val

Thr

Phe

260

Ala

Agn

Ala

Glu

Lys

245

Gln

Val

AsSp

Ile

Asn

Leu

Gly

230

Ala

ASpP

Val

Ala

ITle
210

93

Phe
215
Ala
Tle
Gly
Gly
Glu

295

Asp

Glu

Thr

Leu

Gln

Ala

280

Met

Glu

Ser

Phe

ASDP

Tyr

265

Glu

Gln

Ala

Val

ASp
250
Gly

Gly

Phe

Arg

Gly

235

Glu

Val

Val

Met

Ala
315

-continued

Asp Ala Ala Tyr

220

Val

Hig

Ser

Val

Glu
300

Ala

Ala

Asp

Asn

285

Ala

Glu

325

We claim:
1. A microorganism comprising:
a modification that reduces or ablates AcsA activity or
AcsA homolog activity 1n the microorganism; and

one or more recombinant nucleic acids configured to
express an enzyme selected from the group consisting of
a lactate dehydrogenase and a transhydrogenase,
wherein the microorganism produces an 1increased
amount of lactic acid compared to a corresponding
microorganism not comprising the one or more recom-
binant nucleic acids.

2. The microorganism of claim 1 wherein the microorgan-
1sm 1S a bacterium.

3. The microorganism of claim 1 wherein the microorgan-
1sm 1S a cyanobacterium.

4. The microorganism of claim 1 wherein the one or more
recombinant nucleic acids 1s configured to express a lactate
dehydrogenase and a pyridine nucleotide transhydrogenase.

5. The microorganism of claim 1 wherein the one or more
recombinant nucleic acids 1s configured to express a lactate
dehydrogenase selected from the group consisting of a lactate
dehydrogenase from Bacillus subtilis or a homolog thereof
and a lactate dehydrogenase from Lactococcus lactis or a
homolog thereof.

6. The microorganism of claim 1 wherein the lactate dehy-
drogenase 1s selected from the group consisting of a lactate
dehydrogenase from Bacillus subtilis or a homolog thereof
comprising a sequence at least about 80% identical to SEQ ID

NO:18 and a lactate dehydrogenase from Lactococcus lactis
or a homolog thereol comprising a sequence at least about
80% 1dentical to SEQ ID NO:22.

7. The microorganism of claim 1 wherein the lactate dehy-
drogenase 1s selected from the group consisting of a lactate
dehydrogenase from Bacillus subtilis or a homolog thereof
comprising a sequence at least about 90% identical to SEQ ID
NO:18 and a lactate dehydrogenase from Lactococcus lactis
or a homolog thereol comprising a sequence at least about
90% 1dentical to SEQ ID NO:22.

8. The microorganism of claim 1 wherein the lactate dehy-
drogenase 1s selected from the group consisting of a lactate
dehydrogenase from Bacillus subtilis or a homolog thereof
comprising a sequence at least about 90% identical to SEQ ID
NO:18 and a lactate dehydrogenase from Lactococcus lactis

Val

Val

Cys
270

Pro

Ser

Glu

25

30

35

40

45

50

55

60

65

2la

Leu

255

Tyr

Ile

Gly

Phe

US 8,346,354 Bl

Ser

Leu

240

Pro

Leu

Hig

Ala

Ala
320

94

or a homolog thereol comprising a sequence at least about
90% 1dentical to SEQ ID NO:22.

9. The microorganism of claim 1 wherein the one or more
recombinant nucleic acids 1s configured to express a soluble
pyridine nucleotide transhydrogenase from Escherichia coli
or a homolog thereof.

10. The microorganism of claim 9 wherein the soluble
pyridine nucleotide transhydrogenase from Escherichia coli
or the homolog thereof comprises a sequence at least about
80% 1dentical to SEQ ID NO:20.

11. The microorganism of claim 9 wherein the soluble
pyridine nucleotide transhydrogenase from Escherichia coli
or the homolog thereof comprises a sequence at least about
90% 1dentical to SEQ ID NO:20.

12. The microorganism of claim 9 wherein the soluble
pyridine nucleotide transhydrogenase from Escherichia coli
or the homolog thereof comprises a sequence at least about
95% 1dentical to SEQ ID NO:20.

13. The microorganism of claim 1 wherein the microor-
ganism 1s a bacterium, the one or more recombinant nucleic
acids 1s configured to express a soluble pyridine nucleotide
transhydrogenase from Escherichia coli or ahomolog thereof
comprising a sequence at least about 95% identical to SEQ ID
NO:20 and a lactate dehydrogenase selected from the group

consisting of a lactate dehydrogenase from Bacillus subtilis
or a homolog thereol comprising a sequence at least about
95% 1dentical to SEQ ID NO:18 and a lactate dehydrogenase
from Lactococcus lactis or a homolog thereol comprising a
sequence at least about 95% 1dentical to SEQ 1D NO:22.

14. The microorganism of claim 13 wherein the microor-
ganism 1s a cyanobacterium.

15. The microorganism of claim 14 wherein the lactase
dehydrogenase comprises the lactate dehydrogenase from
Bacillus subtilis or the homolog thereol comprising the
sequence at least about 95% 1dentical to SEQ ID NO:18.

16. The microorganism of claim 14 wherein the lactase
dehydrogenase comprises the lactate dehydrogenase from
Lactococcus lactis or the homolog thereof comprising the
sequence at least about 95% 1dentical to SEQ ID NO:18.

17. A method of producing lactic acid comprising culturing
a microorganism as recited 1n claim 1.

18. The method of claim 17 wherein the culturing produces
lactic acid to a concentration of at least about 5 mM.
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19. The method of claim 17 wherein the culturing produces
lactic acid at a rate of at least about 200 mg/L/Day.

20. The method of claim 17 wherein the culturing converts
at least about 15% of carbon consumed by the microorganism
to lactic acid. 5

96
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