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ENGINEERING MICROBES FOR EFFICIENT PRODUCTION OF
CHEMICALS

CROSS-REFERENCE TO RELATED APPLICATIONS

(001) This application claims the priority of the U.S. Provisional Application Serial No.
61/281,481 filed on November 18, 2009.

GOVERNMENT SUPPORT

(002) This invention was made with United States Government support under a contract
awarded from the US Department of Energy under Award Number DE-EE0002878/001.

The United States Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

(003) During the last ten years, with an explosion in our knowledge about microbial
genomes, biochemical pathways within the cell, metabolic flux analysis, microarray
analysis and in silico analysis, industrial microbiology has ventured into manufacturing

chemicals from renewable feedstock using biocatalysts.

(004) A 2004 U.S. Department of Energy report, entitled “Top value added chemicals
from biomass”, has identified 15 building block chemicals that can be produced from
renewable feedstocks using biocatalysts. The 15 building blocks are 1,4-diacids (succinic,
fumaric and malic), 2,5-furan dicarboxylic acid, 3-hydroxypropionic acid, aspartic acid,
glucaric acid, glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol,
sorbitol, xylitol, and arabinitol. Of these 15 chemicals identified by U.S. Department of
Energy, succinic acid production at industrial scale using biocatalysts has advanced
significantly (Kurzrock and Weuster-Botz, 2009; Lee ef al., 2008; Andersson, et al., 2007;
Lu et al., 2009; US Patent Application Publication No. 2006/0073577).

(005) The bacteria residing in the rumen of the cattle are known to produce succinic acid
under anacrobic growth conditions. A number of rumen bacteria such as Actinobacillus
succinogens, Anaerobiosprillum succiniproducens and Mannheimia succiniproducens have
been isolated and developed as biocatalysts for succinic acid production. Escherichia coli

strains capable of producing succinic acid in titers, rates, and yields that approach
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commercial feasibility have also been constructed using the combined knowledge of
microbial carbon metabolism and microbial genetics. U.S. Patent No. 7,223,567 describes
construction of E. coli strain SBS550MG producing succinic acid in a rich growth medium.
U.S. Patent No. 6,455,284 describes the construction of an E. coli strain with an exogenous
pyruvate carboxylase gene as a biocatalyst for succinic acid production. Pyruvate
carboxylase is absent in wild type E. coli strains. The pyruvate carboxylase gene obtained
from other microbial organisms such as Rhizobium elti can be expressed under a
constitutive promoter to enhance succinic acid production. PCT Patent Application Nos.
WO/2008/115958 and W0O/2010/115067 describe the construction of E. coli strain KJ122,

which is a biocatalyst for succinic acid production in minimal growth medium.

(006) To achieve commercially attractive biosynthetic production of succinic acid and
other chemicals, further genetic manipulations are necessary. There is still a need to
improve the overall “efficiency” (defined as including, but not limited to, titer, rate, and
yield) of production of succinate and other chemicals by microorganisms by means of
manipulating the biochemical pathways inside the cell using novel genetic approaches. To
the extent that chemical production is coupled to cell growth, an increase in efficiency of
succinic acid or other chemical production can also be achieved by means of improving the
rate of growth of the microbial cells that produce the desired chemical. The maximum
theoretical yield for succinic acid production in E. coli is calculated to be 1.714 mol of
succinic acid per 1 mol of glucose providing a mass yield of 1.12 gram of succinic acid for

one gram of glucose consumed (Vemuri, et al., 2002).

(007) U.S. Patent Application Publication No. 2008/0009041 describes an E. coli strain
comprising chromosomal DNA that is at least 470kb shorter than that of wild-type E. coli
strain. This mutant E. coli strain accumulates more cell mass and exhibits significant

increase in the amount of threonine accumulated.

(008) U.S. Patent Application Publication 2009/0075333 also describes an E. coli strain
with reduced genome size having one or more of equal or improved growth rate,
transformation efficiency, protein expression, DNA production, DNA yield and/or DNA

quality compared to the parental strain.
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(009) U.S. Patent Application Publication 2009/0221055 describes a novel Bacillus
subtilis mutant strain having good productivity of various enzymes derived via gene

disruption.

(010) These approaches of reducing the genome size to achieve increased growth rate is
based on the fact that the bacterium growing in the fermentor includes many non-essential
genes which can be deleted. The bacterium living in a natural environment has many
condition-responsive genes to provide mechanisms for surviving difficult environmental
conditions of temperature, stress, or lack of food source. Replicating these genes, which are
unnecessary in the fermentor, requires expenditure of cellular energy that could be

conserved otherwise in the absence of these unnecessary genes.

(011) While the approach of reducing the genome size may be useful for improving the
growth performance of the strains producing recombinant proteins, nucleic acid and amino
acid, it has not been shown to be a useful approach to improve the performance of strains to
produce other chemicals such as succinic acid, fumaric acid, and malic acid, which are
intermediates in the Krebs cycle (also known as the tricarboxylic acid cycle or TCA cycle).
The efficiency of production of these and other chemicals also depends on the rate of flow
of carbon through different paths in the central metabolic pathways and, in some cases,

upon achieving a favorable redox balance during anaerobic or microaerobic growth.

(012) The U.S. Patent Application Publication 2009/0075352, and Lee et al (2005)
describe a method for improving a bacterial strain based on in-silico analysis. In this
approach, the genomic sequence of Mannheimia succiniproducens, which produces succinic
acid in significant quantities, is compared with the genomic sequence of E. coli to identify
optimal genes to be deleted in E. coli for the purpose of converting a wild type E. coli strain
into a succinic acid producing strain. Although this approach looks attractive on the
surface, it remains to be seen whether the genetic information derived from M.
succiniproducens can be extrapolated to E. coli to achieve a commercially viable succinate
production strain. The recommended deletions from the above cited US Patent application
were a combination of ptsG, pyvkA, and pykF. However, the succinate titer actually achieved
from such a strain was only 8.16 mM (0.96 g/1), which is nowhere near the level needed for
commercially attractive production, and growth of the strain was very poor. Moreover, a

combination of deletion mutations (pykA, pykF, and ptsHI) similar to that recommended in
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the application referenced above has been reported earlier, and the resulting strain grew
very poorly on glucose (Ponce, et al., 1995). Thus, the combination of mutations described
by Lee et al (2005) were not sufficient to construct a commercially viable strain, and the
mutations were not tested in a strain context that could prove that they were necessary or
appropriate for a commercially viable strain. Therefore, for one skilled in the art, there is
not a clear path from the above disclosures to a commercially viable succinate production
strain, which will need to grow well on glucose or other inexpensive carbon source and

produce at least 20 g/l succinate (170 mM).

(013) In order to compete with petrochemical processes for chemical syntheses, there is a
need in the art for developing more efficient biocatalysts for chemical production. The first
step is to identify genetic changes in the host chromosome that could contribute to an
enhanced chemical production. In view of this circumstance, an object of the present
invention is to identify novel mutations that can be used to improve chemical production by
microbial strains selected for industrial use. In a specific embodiment, an objective of the
present invention is to improve the efficiency of microbial production of organic acids. In a
more specific embodiment, the objective is to improve the efficiency of succinic acid
production. In another aspect of the invention, the objective is to learn how, in general, to
rationally improve production of chemicals such as succinic acid from microbes without

having to resort to labor-intensive methods such as metabolic evolution.

(014) A type of reverse engineering has been performed on Corynebacterium glutamicum
strains that have been mutagenized and screened for high lysine production. The genome of
a highly altered lysine production strain is compared to that of the wild type strain, and the
differences were used to re-engineer a minimally mutated strain (Ikeda et al., 2006).
However, several hundreds of mutations were found, and although only a few of these
seemed to play a major role in lysine overproduction, it would be highly impractical to test
all of the several hundred mutations for relevance. On the surface, the invention disclosed
herein might seem to be similar to what is disclosed in this prior art, a major difference is
that the starting strain of the present invention was not mutagenized, but rather allowed to
mutate spontancously, and it was not screened, but rather selected in a process of metabolic
evolution. This results in at least two major differences that distinguish the present
invention: (1) the density of mutations is far lower, by almost two orders of magnitude, and

(2) all eight of the mutations tested in the present invention proved to be relevant for either
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improved growth or improved efficiency of chemical production. Thus the methods and

materials of the present invention are much improved over those of the prior art.

BRIEF SUMMARY OF THE INVENTION

(015) The present invention provides microorganisms having improved ability to produce

chemicals such as succinic acid.

(016) The present invention also provides a method of constructing microorganisms

having improved ability to produce chemicals such as succinic acid.

(017) The present invention also provides a method for producing succinic acid using the

microorganisms having improved ability to produce chemicals such as succinic acid.

(018) In one embodiment of the present invention, a microorganism having improved
ability to produce chemicals such as succinic acid and having a mutated pyk4 gene is

provided.

(019) In another embodiment of the present invention, a microorganism having improved
ability to produce chemicals such as succinic acid and having a mutated pykF gene is

provided.

(020) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and having mutated pykA4 and

pykF genes is provided.

(021) In one embodiment of the present invention, a microorganism having improved
ability to produce chemicals such as succinic acid and having an inactivated or mutated galS

gene is provided.

(022) In one embodiment of the present invention, a microorganism having improved
ability to produce chemicals such as succinic acid and having an inactivated or mutated

galR gene is provided.
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(023) In another embodiment of the present invention, a microorganism having improved

ability to produce succinic acid and having multiple copies of galP gene is provided.

(024) In yet another embodiment of the present invention, a microorganism having
improved ability to produce succinic acid, multiple copies of ga/P gene and a mutated

phosphotransferase system (PTS) for glucose transport into the cell is provided.

(025) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a deletion of a large region
of the genome comprising multiples genes including genes ydcC thorugh ydcF in a 48kb

region of chromosomal DNA is provided.

(026) In one embodiment of the present invention, a microorganism having improved
ability to produce chemicals such as succinic acid and a missense mutation in the rpo4 gene

is provided.

(027) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a mutation at amino acid

position 322 of the rpoA gene is provided.

(028) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a proline to leucine

mutation at amino acid position 322 of the rpoA gene is provided.

(029) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a mutation in the rpoC

gene is provided.

(030) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a mutation in the F region

of rpoC gene is provided.
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(031) In yet another embodiment of the present invention, a microorganism having
improved ability to produce chemicals such as succinic acid and a missense mutation in the

amino acid at position 747 in the F region of rpoC gene is provided.

(032) In yet another embodiment of the present invention, a microorganism having an
improved ability to produce chemicals such as succinic acid and a methionine to isoleucine

mutation at position 747 in the F region of rpoC gene is provided.

(033) In one embodiment of the present invention, a microorganism having an improved
ability to produce chemicals such as succinic acid and having a mutation in the g/ld4 gene is

provided.

(034) In one embodiment of the present invention, a microorganism having an improved
ability to produce chemicals such as succinic acid and having a mutation in the fis/ gene is

provided.

(035) In yet another embodiment of the present invention, a microorganism having an
improved ability to produce chemicals such as succinic acid and having mutation in the

dhaM gene is provided.

BRIEF DECRIPTION OF THE DRAWINGS

(036) No drawings are included in this application.

DETAILED DESCRIPTION OF THE INVENTION

(037) Disclosed in this present invention are the microorganisms suitable for the
production of succinic acid through a fermentative process. Although the present invention
provides a process for the production of succinic acid in commercially significant quantities
from carbon compounds by genectically modified bacterial strains, the teachings of the
present invention are equally applicable to the industrial production of a number of other

chemicals.
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(038) For the purpose of the description of the present invention, the following definitions
shall be used.

(039) A number of industrially useful chemicals can be manufactured using the present
invention. Examples of such chemicals include, but are not limited to, ethanol, butanols,
lactate, succinate, fumarate, malate, threonine, methionine and lysine. Since organic acids
can exist both as free acids and as salts (for example, but not limited to, salts of sodium,
potassium, magnesium, calcium, ammonium, chloride, sulfate, carbonate, bicarbonte, etc),
chemical names such as succinic acid, fumaric acid, malic acid, aspartic acid, threonine,
methionine, and lysine shall be meant to include both the free acid and any salt thereof.
Likewise, any salt, such as succinate, fumarate, malate, aspartate, etc., shall be meant to

include the free acid as well.

(040) The present invention combines the technique of specific genetic modifications with
the process of metabolic evolution to obtain strains showing high yield, titer and volumetric
productivity for succinic acid production under anacrobic or microacrobic growth

conditions in mineral salt medium with a carbohydrate substrate.

(041) As used in the present invention, the term “titer” means the molar concentration of a
particular compound in the fermentation broth. Thus in the fermentation process for the
production of succinic acid according to the present invention, a succinic acid titer of 100
mM would mean that the fermentation broth at the time of measurement contained 100

mMoles of succinic acid per liter of fermentation broth.

(042) As used in the present invention, the term “yield” refers to the moles of a particular
compound produced per mole of the feedstock consumed during the fermentation process.
Thus in the fermentative process for the production of succinic acid using glucose as the
feedstock, the term yield refers to the number of moles of succinic acid produced per mole

of glucose consumed.

(043) As used in the present invention, the term “volumetric productivity” refers to the

amount of a particular compound in grams produced per unit volume per unit time. Thus a
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volumetric productivity value of 0.9 g L'h™" for succinic acid would mean that 0.9 gram

succinic acid is accumulated in one liter of fermentation broth during an hour of growth.

(044) The terms “genetically engineered” or “genetically modified” as used herein refers
to the practice of altering the expression of one or more enzymes in the microorganisms

through manipulating the genomic DNA of the microorganisms.

(045) As used in the present invention, the term “gene” includes the open reading frame of
the gene as well as the upstream and downstream regulatory sequences. The upstream
regulatory region is also referred to as the promoter region of the gene. The downstream

regulatory region is also referred to as the terminator region.

(046) “Allele” is one of two or more forms of DNA sequence of a particular gene. Each
gene without any mutation is referred as a wild type allele when compared to a

corresponding gene that has a mutation.

(047) A “Homolog” is a gene related to a second gene by descent from a common
ancestral DNA sequence. The term, homolog, may apply to the relationship between genes
separated by the event of speciation or to the relationship between genes separated by the
event of genetic duplication. “Orthologs” are genes in different species that evolved from a
common ancestral gene by speciation. Normally, orthologs retain the same function in the
course of evolution. Identification of orthologs is critical for reliable prediction of gene
function in newly sequenced genomes. Speciation is the origin of a new species capable of
making a living in a new way from the species from which it arose. As part of this process it
has also acquired some barrier to genetic exchange with the parent species. “Paralogs” are
genes related by duplication within a genome. Orthologs retain the same function in the
course of evolution, whereas paralogs evolve new functions, even if these are related to the

original one.

(048) The phrase “functionally similar” means broadly any wild type or mutated DNA
sequence, gene, enzyme, protein, from any organism, that has a biological function that is
equivalent or similar to any wild type or mutated DNA sequence, gene, enzyme, protein that
is found in the same or a different organism by the methods disclosed herein. Functionally
similarity need not require sequence homology. For example, in this invention, we find that

a mutation in pykA that reduces, but does not eliminate, total pyruvate kinase activity in E.
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coli, leads to more efficient succinate production. By extension, a mutation in another type
of organism, for example the yeast Saccharomyces, that reduces pyruvate kinase, is
functionally similar, and the relevant gene in Saccharomyces, for example, the PYK1 or

PYK2 gene, would be functionally similar to the pyk4 gene of E. coli.

(049) A gene or protein with “altered activity” is broadly defined as gene or protein that
produces a measurable difference in a measurable property when compared to the relevant
wild type gene or protein. The altered activity could manifest itself in a general way by
increasing or decreasing the growth rate or efficiency of succinate production of the strain
containing the altered gene or protein. Other measurable properties include, but are not
limited to enzyme activity, substrate specificity of an enzyme, kinetic parameters of an
enzyme such as affinity for a substrate or rate, stability of an enzyme, regulatory properties
of an enzyme, gene expression level, regulation of gene expression under various

conditions, etc.

(050) As used in the present invention, the term mutation refers to genetic modifications
done to the gene including the open reading frame, upstream regulatory region and
downstream regulatory region. The gene mutations result either in an up regulation or a
down regulation or complete inhibition of the transcription of the open reading frame of the
gene. The gene mutations are achieved either by deleting the entire coding region of the
gene or a portion of the coding nucleotide sequence or by introducing a frame shift
mutation, a missense mutation, or insertion, or by introducing a stop codon or combinations
thereof. Mutations may occur in the structural genes coding for the proteins directly
involved in the biological functions such as enzyme reactions or transport of the organic
molecules across the cell membrane. Alternately, mutations may occur in the regulatory
genes coding for the proteins which control the expression of the genes coding for the
proteins directly involved in the biological functions. The proteins which control the
expression of the other genes are referred to as regulatory proteins and the genes coding for

these regulatory proteins are referred to as regulatory genes.

(051) “Mutation” shall also include any change in a DNA sequence relative to that of the
relevant wild type organism. For example, a mutation found in strain KJ122 is any change

in a DNA sequence that can be found when the DNA sequence of the mutated region is
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compared to that of the parent wild type strain, E£. coli C, also known as ATCC 8739. A
mutation can be an insertion of additional DNA of any number of base pairs or a deletion of
DNA of any number of base pairs. A particular type of insertion mutation is a gene
duplication. A gene can be duplicated by a spontaneous mutational event, in which the
second copy of the gene can be located adjacent to the original copy, or a gene can be
duplicated by genetic engineering, in which the second copy of the gene can be located at a
site in the genome that is distant from the original copy. A mutation can be a change from
one base type to another base type, for example a change from an adenine to a guanine base.
In the vernacular of genetics, a mutation can be a missense (which changes the amino acid
coded for by a codon), a nonsense (which changes a codon into stop codon), a frameshift
(which is an insertion or deletion of a number of bases that is not a multiple of three and
which changes the reading frame and alters the amino acid sequence that is encoded
downstream from the mutation, and often introduces a stop codon downstream from the
mutation), or an inversion (which results from a DNA sequence being switched in polarity

but not deleted).

(052) A “null mutation” is a mutation that confers a phenotype that is substantially
identical to that of a deletion of an entire open reading frame of the relevant gene, or that

removes all measurable activity of the relevant gene.

(053) A “mutant” is a microorganism whose genome contains one or more mutations.

(054) As used in this invention, the term “exogenous” is intended to mean that a molecule
or an activity derived from outside of a cell is introduced into the host microbial organism.
In the case an exogenous nucleic acid molecule introduced into the microbial cell, the
introduced nucleic acid may exist as an independent plasmid or may get integrated into the
host chromosomal DNA. The exogenous nucleic acid coding for a protein may be
introduced into the microbial cell in an expressible form with its own regulatory sequences
such as promoter and terminator sequences. Alternatively, the exogenous nucleic acid
molecule may get integrated into the host chromosomal DNA and may be under the control

of the host regulatory sequences.
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(055) The term “endogenous” refers to the molecules and activity that are present within
the host cell. When used in reference to a biosynthetic activity, the term “exogenous” refers
to an activity that is introduced into the host reference organism. The source can be, for
example, a homologous or heterologous encoding nucleic acid that expresses the referenced
activity following introduction into the host microbial organism. If the nucleic acid coding
for a protein is obtained from the same species of the microbial organism, it is referred as
homologous DNA. If the nucleic acid is derived from a different microbial species, it is
referred as heterologous DNA. Irrespective of the nature of the DNA, whether it is
homologous or heterologous, when introduced into a host cell, the DNA as well as the
activity derived form that introduced DNA is referred as exogenous. Therefore, exogenous
expression of an encoding nucleic acid of the invention can utilize either or both

heterologous and homologous encoding nucleic acid.

(056) “Microorganism” shall include any bacterium, archeon, yeast, filamentous fungus,

unicellular alga, or dinoflagellate.

(057) The recombinant microorganisms suitable for this present invention are derived
from a number of bacterial families, preferably from the Enterobacteriaceae family. The
suitable microorganisms are selected form the genera Escherichia, Erwinia, Providencia,
and Serratia. The genus Escherichia is particularly preferred.  Within the genus
Escherichia, the species Escherichia coli is particularly preferred. Any one strain of E. coli

such as E. coli B, E. coli C, E. coli W, or the like is useful for the present invention.

(058) E. coli strains capable of producing organic acids in significant quantities are well
known in the art. For example, the U. S. Patent Application Publication No. 2009/0148914
provides strains of E. coli as a biocatalyst for the production of chemically pure acetate
and/or pyruvate. The U. S. Patent 7,629,162 provide derivatives of E. coli KOI11 strain
constructed for the production of lactic acid. International Patent Applications published
under the Patent Cooperation Treaty Nos. WO 2008/115958 and WO 2010/115067 provide
microorganism engineered to produce succinate and malate in minimal mineral salt medium

containing glucose as a source of carbon in pH-controlled batch fermentation.
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(059) In some other embodiments of the invention, bacteria that can be modified
according to the present invention include, but are not limited to, Achromobacter
delmarvae, Achromobacter viscosus, Achromobacter lacticum, Actinomadura madurae,
Actinomyces violaceochromogenes, Aeromonas salmonicida, Agrobacterium tumefaciens,
Agrobacterium radiobacter, Alcaligenes faecalis, Arthrobacter citreus, Arthrobacter
tumescens, Arthrobacter paraffineus, Arthrobacter hydrocarboglutamicus, Arthrobacter
oxydans, Aureobacterium saperdae, Azotobacter indicus, Bacillus amyloligyefaciens,
Bacillus coagulans, Bacillus circulans, Bacillus licheniformis, Bacillus pumilus, Bacillus
subtilis,  Bacillus  thiaminolyticus,  Brevibacterium  ammoniagenes,  divaricatum,
Brevibacterium lactofermentum, Brevibacterium flavum, Brevibacterium globosum,
Brevibacterium  fuscum, Brevibacterium ketoglutamicum, Brevibacterium helcolum,
Brevibacterium  pusillum,  Brevibacterium  testaceum,  Brevibacterium  roseum,
Brevibacterium immariophilium, Brevibacterium linens, Brevibacterium protopharmiae,
Citrobactor freundii, Corynebacterium acetophilum, Corynebacterium glutamicum,
Corynebacterium  callunae, Corynebacterium  acetoacidophilum, Corynebacterium
acetoglutamicum, Enterobacter aerogenes, Erwinia amylovora, Erwinia carotovora,
Erwinia herbicola, Erwinia chrysanthemi, Escherichia freundii, Flavobacterium
peregrinum, Flavobacterium fucatum, Flavobacterium aurantinum, Flavobacterium
rhenanum,  Flavobacterium  sewanense,  Flavobacterium  breve,  Flavobacterium
meningosepticum, Gluconobacter oxydans, Gluconobacter asaii, Kitasatosporia parulosa,
Klebsiella oxytoca, Klebsiella pneumonieae, Microbacterium ammoniaphilum, Micrococcus
sp. CCMR825, Morganella morganii, Nocardia opaca, Nocardia rugosa, Planococcus
eucinatus, Proteus rettgeri, Propionibacterium shermanii, Pseudomonas synxantha,
Pseudomonas azotoformans, Pseudomonas fluorescens, Pseudomonas ovalis, Pseudomonas
stutzeri, Pseudomonas acidovolans, Pseudomonas mucidolens, Pseudomonas testosteroni,
Pseudomonas  aeruginosa, Rhodococcus erythropolis, Rhodococcus rhodochrous,
Rhodococcus sp. ATCC 15592, Rhodococcus sp. ATCC 19070, Serratia marcescens,
Sporosarcina ureae, Staphylococcus aureus, Streptomyces coelicolor, Streptomyces
flavelus, Streptomyces griseolus, Streptomyces lividans, Streptomyces olivaceus,
Streptomyces tanashiensis, Streptomyces virginiae, Streptomyces antibioticus, Streptomyces
cacaoi, Streptomyces lavendulae, Streptomyces viridochromogenes, Salmonella
typhimurium, Salmonella  schottmulleri, Vibrio metschnikovii, Vibrio tyrogenes,

Xanthomonas citri and so forth.
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(060) The present invention provides genetically modified bacterial strains showing
impressive titers, high yield and significant volumetric productivity for succinic acid when
grown under fermentative conditions in minimal salt medium containing a carbon source as
the substrate for fermentation process. The microorganisms of the subject invention can be
employed in a single step production process using various sugars such as hexoses,

pentoses, disaccharides and other carbon compounds such as glycerol.

(061) The term “fermentation” and “ferment” in some contexts suggests anacrobic growth
or metabolism by an organism. However, in this disclosure, we shall use the terms
“fermentation” and “ferment” to refer broadly to commercial or experimental growth of a
microorganisms under any condition, including aerobic, anaerobic, or microaerobic, or a

combination thereof.

(062) Biosynthetic production of many chemicals can proceed more efficiently (for
example, at higher yield) when the growth of the production organism is carried out under
conditions where oxygen or air is absent or limited. This is largely because the presence of
oxygen generally results in the metabolism of carbon sources into carbon dioxide, a
relatively low value byproduct. Fermentation in the absence of a deliberate feeding of
oxygen or air is usually called “anacrobic”. However, achieving strict anaerobic conditions
is costly and sometimes difficult to attain. Morecover, for some fermentations, strict
anacrobic conditions are not necessary or sometimes not optimal. For fermentations where
oxygen or air is not made strictly absent, or where oxygen or air is deliberately fed at a low,

controlled rate, we shall use the term “microacrobic”.

(063) The microorganisms suitable for the practice of the present invention can be grown
acrobically (in the presence of oxygen) or anacrobically (in the complete absence of
oxygen) or microaerobically (with a minimal amount of oxygen supply). In the preferred
embodiment of the present invention, the microorganism selected for the production of
succinic acid is grown in an anaerobic condition. Alternatively, the microorganisms suitable
for the present invention can be grown in a dual-phase growth regime, wherein the
microorganism is initially grown in an acrobic growth condition to reach a certain level of
cell growth before transferring it to the anaerobic growth condition to achieve the
production of succinic acid in commercially significant quantities. During the dual-phase

growth for the production of succinic acid by the microorganisms of the present invention,
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production and the accumulation of the succinic acid occurs during the anaerobic

fermentative growth phase.

(064) In the present invention, unique and advantageous combinations of gene mutations
have been employed to direct the carbon flow to succinic acid production. In addition, the
succinic acid production is coupled with microbial growth which in turn is coupled to

cellular ATP level and redox balance.

(065) The term “redox balance” refers to the ability of the cell to maintain the appropriate
ratio of NADH to NAD". In other words, the cells are able to oxidize the NADH so that
there is enough NAD' to oxidize the carbohydrate substrates during the anaerobic
fermentative growth. During aerobic growth, the NAD' pool is regenerated through
oxidative phosphorylation involving NADH. However, under anaerobic growth conditions
the regeneration of the NAD" pool is achieved only by means of manipulating the flow of

carbon through various metabolic pathways inside the cell which can oxidize NADH.

(066) ““Carbon catabolite repression” refers broadly to any biological system in which the
expression of one or more genes is regulated in part by the source of carbon on which the
organism grows. For example, in E. coli, genes that function in gluconeogenesis in a wild
type organism are repressed by the presence of glucose in the medium. In particular, the
pck gene is down regulated by glucose in most wild type E. coli strains. As another
example, in wild type strains of the yeast Saccharomyces cerevisiae, utilization of carbon
sources other than glucose, such as galactose, is inhibited by the presence of glucose in the

medium.

(067) The “tricarboxylic acid cycle” or “TCA” cycle is a set of biochemical reactions that
exists in most microorganisms, in whole or in part. In many organisms, for example
cubacteria and yeasts, the TCA cycle runs as a true cycle during aerobic growth. In this
case, the TCA cycle has two main functions, to catabolize two carbon units (such as acetate)
into carbon dioxide, and to generate biochemical intermediates for biosynthesis, such as
glutamate, succinate, and aspartate. During anaerobic or microaerobic growth, the TCA
cycle might not run as a true cycle, but rather as one or more linear pathways. For example,
under conditions of low oxygen in E. coli, the TCA cycle enzymes operate as a two-

branched pathway, comprising a so-called reductive pathway that leads to succinate through
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malate, and a so-called oxidative pathway that leads to a-ketoglutarate through citrate. In
this case, the function of the TCA cycle is primarily to produce the biochemical
intermediates glutamate, succinate, and aspartate. Some carbon can be transferred between
the two branches by the glyoxylate shunt. During aerobic, anaerobic, and micoraerobic
growth, for each molecule of a biochemical intermediate that is used for biosynthesis, a
molecule in the TCA cycle must be replaced, otherwise the compounds in the cycle will

become depleted. This replacement reaction is called an anapleurotic reaction.

(068) The common anapleurotic reactions take a three carbon compound, such as pyruvate
or phosphoenol pyruvate (PEP), and convert it into a four carbon compound such as

oxaloacetate or malate, using carbon dioxide as a second substrate.

(069) In many organisms, such as cubacteria and yeasts, the expression of genes that
encode enzymes of the TCA cycle and glyoxylate shunt are repressed by glucose and/or
induced by oxygen (Cronan and Laporte, 1996). The control of this regulation is complex.
According to the literature, efficient production of succinate and other compounds,
especially under conditions of low oxygen, requires a delicate balancing of the reductive
TCA cycle enzymes and those of the glyoxylate shunt (Vemuri et al., 2002; Wang et al.,
2006; Sanchez et al 2005).

(070) However, the state of the art has not been advanced enough to rationally design
strains to make optimal, or close to optimal, use of the TCA cycle and glyoxylate shunt
paths for biosynthesis of compounds such as succinate. One of the objectives of the present
invention is to dissect at the level of DNA sequence a highly evolved microorganism that is
close to optimal for production of a chemical of the TCA cycle, so that in the future, a more
rational strain design and construction can be used to engineer strains for production of
succinate and other chemicals. The mutations discovered in the present invention are useful
for improving the biosynthesis of chemicals related to the TCA cycle, including TCA cycle
intermediates, and derivatives of TCA cycle intermediates, particularly chemicals derived
from oxaloacetate, including, but not limited to succinate, fumarate, malate, glutamate,
aspartate, threonine, lysine, methionine, and isoleucine, because the mutations described
herein are useful for increasing metabolic flux toward and from oxaloacetate under

conditions of low oxygen in a glucose (or other sugar) based medium, where in a wild type
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organism, the genes and enzymes that function to produce such compounds are negatively

regulated in complex ways.

(071) One mechanism for the transport of sugars that is frequently found in bacteria is the
phosphotransferase system (PTS). This is composed of two-energy-coupling proteins,
Enzyme 1 and HPr, and several sugar-specific Enzyme II proteins or protein complexes,
which typically consist of three protein domains, EIIA, EIIB and EIIC. The organization of
the EIl domains differs between bacteria. EIl may consist of a single fused protein or
different fused and unfused domains. The translocation of the specific sugar through the
membrane is facilitated by the integral membrane domain(s) EIIC and sometimes EIID.
However, it is the complex of the three enzyme domains or proteins, functioning together,
which brings about the transport and phosphorylation of the sugar substrate, resulting in an
intracellular pool of phosphorylated carbohydrate. The source of energy and phosphate for
the PTS is phosphoenol pyruvate (PEP). However, PEP can also be a substrate for
biosynthesis of many four-carbon compounds, such as malate, fumarate, succinate,
aspartate, and other compounds made from those four-carbon compounds, so there can be
competition inside the cell for PEP between the PTS and biosynthetic pathways. In E. coli,
the PTS system for glucose is coded for by the ptsH,I,G, and crr genes. There are other
mechanisms for transporting sugars into microorganisms that do not involve the PTS. We
shall call the proteins involved in these other transport mechanisms that do not directly use
PEP as a substrate, “non-PTS” sugar transporters. Examples of non-PTS transporters are
proton symporters, such as GalP and XylE of E. coli, facilitated diffusers such as HEX1,2,6,
and 7 of Saccharomyces cerevisiae and Glf of Zymomonas mobilis, and ABC-type

transporters, such as XylFGH of E. coli.

(072) The largest group of sugar transporters in the bacteria is known as ATP binding
cassette (ABC) transporters. As the name implies, the ABC transporters require a molecule
of ATP for every molecule of sugar transported into the bacterial cell. XylFGH is an ABC
transporter for the transport of xylose, a pentose sugar, into the cell. AraFGH is an ABC

transporter for the transport of arabinose, yet another pentose sugar.

(073) The other type of non-PTS bacterial sugar transporters are grouped under Major
Facilitator Super family (MFS). Within the MFS sugar transporters, two different categories
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of transporter are recognized. MFS includes H'- linked symporters, Na' - linked
symporters-antiporters and uniporters. The uniporters are simple facilitators for the sugar
transport. The trans-membrane protein GIf in E. coli is an example of uniporter. The H' -
symporters require a proton for every sugar molecule transported into the cell. The GalP
protein in E. coli is a symporter for the transport of galactose, a hexose sugar, into the cell.
GalP is a very well characterized symporter with 12 trans-membrane loops. GalP is also
reported to have the ability to transport glucose across the cell membrane. AraE is a proton-
linked symporter for the transport of arabinose across the cell membrane. Similarly XylE
protein is a proton-linked symporter for the transport of xylose.

(074) The climination of glucose uptake by the phosphotransferase system (PTS) could
help in reducing the energy spent on glucose uptake into the microbial cell. The energy
conserved by manipulating the PTS can be channeled to improve the efficiency of organic
acid production. The phosphotransferase system genes ptsH and ptsG can be manipulated to
conserve the energy in glucose uptake and thereby improve the efficiency of succinic acid
production by the microorganism. Thus by mining the data available in the area of
microbial metabolic pathways, one can delete a set of genes so as to block most of the
metabolic pathways and channel the carbon flow to the production of succinic acid with
great efficiency. With the inhibition of PTS-mediated glucose uptake, other systems for
glucose uptake can be activated to assure the continued availability of glucose within the
cell for the production of the industrially useful chemicals. For example, the g/f gene coding
for glucose permease, a glucose uniporter, has been shown to substitute for the loss of PTS
mediated glucose uptake. Similarly the over expression of galP and glk genes are reported
to enhance the glucose uptake and phosphorylation in a pts™ strain of E. coli. GalP is a
symporter for the uptake of galactose, a hexose sugar. GalP has been reported to transport
glucose in a pts™ strain. The significance of GalP mediated glucose uptake is evidenced by
the fact that the inactivation of ga/P gene in a pts” mutant is found to be lethal (Y1 et al.,
2003). Glk is necessary to achieve the phosphorylation of the glucose molecule before it can
enter into glycolysis. The expression of the GalP protein in a pts™ strain can be achieved
either by expressing an exogenous gene under a constitutive promoter or by means of
relieving the repression of the galP expression through mutations in genes coding for a

repressor of the galP gene such as galS and galR.
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(075) Using our current understanding about the metabolic pathways in a microbial cell, it
is possible to rationally construct a strain that is designed to produce succinic acid in
significant amounts. The rational design for the construction of an efficient succinic acid
producing microorganism is based on the assumption that succinic acid could accumulate
under anacrobic or micro-acrobic conditions when the other potential fermentative
pathways for carbon flow inside the cell are blocked through genetic manipulation. The
genetic manipulations required to block a particular pathway for carbon flow within the cell
involve reducing or removing the activity one or more genes coding for the enzymes
involved in the operation of the pathway that is desired to be blocked. The carbon flow to
acetate, formate, ethanol and lactate can be blocked through appropriate genetic methods.
For example, by deleting the gene for adhE, the anaerobic alcohol production can be
blocked, and the carbon flow to acetate can be blocked by deleting the ack and/or ptad

genes.

(076) Although it is straight forward in principle to block specific unwanted pathways for
carbon flow within the cell and to channel the carbon flow to succinic acid production, in
practice the rationally designed gene deletions do not result in the desired phenotype. As
described by Jantama et a/ (2008a; 2008b), the rationally designed gene deletions resulted
initially in bacterial strains with poor growth. The gene-deleted strains with poor growth
were subsequently subjected to metabolic evolution to improve the growth rate. Thus, in
constructing an E. coli strain for succinic acid production, a first round of deletions that
removed IldhA, adhE, and ack genes were made, followed by a first stage of metabolic

evolution.

(077) After the first stage of metabolic evolution, a second round of gene deletions
removed the focA and pflB genes. Then a second round of metabolic evolution was
performed. In a third round of deletion, the mgsA gene was removed. Then a third stage of
metabolic evolution was performed. In the fourth round of deletion, the poxB gene is

deleted was removed. Then a fourth stage of metabolic evolution was performed.

(078) “Metabolic evolution” is a process whereby a culture (usually, but not necessarily, a
liquid culture) of an organism (often a genetically engineered organism) is subjected to
repeated cycles of dilution and re-growth (called “transfers”), so that after a number of

transfers, it is possible to obtain a strain possessing improved growth properties and/or
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improved production of a chemical that is coupled to growth, such as succinic acid, lactic
acid, ethanol, or a butanol. Metabolic evolution is particularly effective as a method for
strain improvement when growth of a microorganism is made to be dependent on producing
a desired chemical by fermentation. For example, a heterofermentative microorganism such
as wild type E. coli, when grown anacrobically or microacrobically on a sugar such as
glucose, produces a mixture of chemicals, D-lactate, L-lactate, formate, succinate, acetate,
carbon dioxide, hydrogen, and ethanol. The pathways to these compounds are called
“fermentative pathways”. In other organisms, fermentative pathways can lead to a great
variety of chemicals, such as butanols, other alcohols, other organic acids, esters, 3-hydroxy
alkanoic acids, fatty acids, alkanes, alkenes, carotenoids, amino acids, vitamins, and many
more. Of the compounds made by wild type E. coli, at least D-lactate, succinate, and
ethanol are of commercial interest, and so can be considered to be a “desired compound”.
By deleting genes that control the pathways to the unwanted compounds, the organism if
left with only one or more pathways to the desired compound, and so growth becomes
dependent on, or coupled to, said desired compound. Alternatively, all fermentative
pathways from a host organism can be deleted, and a new exogenous pathway from a
different organism, that leads to a desired compound that is not naturally produced in the
host organisms, can be introduced by genetic engineering. Metabolic evolution can then be
applied to the mutated or engineered strain to improve growth and therefore production of a
desired compound. Since metabolic evolution does not require deliberate mutagenesis, the
mutational load on the evolved strain is minimal, and most, if not all, mutations that
accumulate will be beneficial for growth and/or production of the desired compound. A
good example of metabolic evolution is strain KJ122, which had been engineered to
produce succinate as the desired compound and then subjected to metabolic evolution

(Jantama et al., 2008b).

(079) In this specification, the terms “chemical” and “compound” shall be used

interchangeably, and both shall be used in the conventional sense.

(080) During metabolic evolution, the selected culture is repeatedly transferred and diluted
into fresh minimal medium many times in series to achieve many generations of growth
with the attendant competition between clones in which spontaneous mutations occur and

become fixed in the population, Some mutations confer more efficient use of the carbon
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source(s) being fed, better ability to tolerate toxic chemicals in the culture, and higher
efficiency of production of a desirable chemical, which in this example was succinic acid.
During the metabolic evolution, attention is paid to select clones with the desirable

phenotypes, but which also includes low or absent production of undesired byproducts.

(081) Thus, to generalize, a microbial organism designed and genetically engineered to
overproduce a particular chemical may not have an appropriate growth rate and
consequently may not show the expected or desired efficiency for producing that particular
chemical. Metabolic evolution can be used to select for a strain that has improved growth
and product tolerance accompanied by an increased rate for the production of that particular
chemical. However, since metabolic evolution results from spontaneous mutations, the
precise genetic changes that result in improved growth, product tolerance, and efficiency of
chemical production might not be obvious, predictable, or reproducible by the metabolic
evolution method. Determination of the genomic DNA sequence of the evolved organism
can provide the details of the mutations that accumulated. Then, by replacing each
individual mutation in the evolved strain with the homologous wild type allele, or
alternatively, introducing the mutated allele into a naive, unevolved strain, followed by
comparative analysis of strain performance, one can demonstrate which mutations
contribute to the desired phenotype. It is possible that some mutations that remain in the
evolved strain are detrimental to the desired process. These could be mutations that were
beneficial at an earlier stage in the evolution, or which have not had time to evolve away.
In any case, knowing which mutations are beneficial, and the exact nature of those
mutations, allows (1) a more rational design for future genetic engineering, for example
engineering a new strain or organism for succinic acid production without the need for a
lengthy evolution process, and (2) an insight into subtle or unpredicted mutations that
improve strain performance, which in turn can lead to further, more rational strain
improvements. For example, if a frameshift mutation found in a repressor gene is
discovered in an evolved strain, then genetic engineering can be used to create a complete
deletion of that repressor gene to create a non-revertable, and therefore more stable, allele

that confers the same phenotype.

(082) During the process of metabolic evolution using certain selective pressure to force
the organism to acquire a certain desirable phenotype, two possible changes could occur.

The organism could simply adapt itself to the selective pressure and not show a changed
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genotype.  Alternatively, the organism might undergo certain genetic changes under
selective pressure and exhibit a changed phenotype that is more permanent. When there is
only an adaptation and there is no genetic change, the organism will revert back to its
original phenotype once the selection pressure is relieved. These organisms are referred to
as “adapted” organisms. The “adapted” microorganisms have to undergo another fresh
round of selection pressure to show a changed phenotype. On the other hand, when there is
an accompanying genetic change, the changed phenotype will continue to exist even when
there is no selection pressure. Metabolic evolution accompanied by certain genetic changes
is desirable. The microorganism acquiring a stable genetic change during metabolic
evolution can be easily identified by means of growing the microorganism in the original
growth medium without any selection pressure for some time before transferring it to the
fresh medium with the selection pressure. If these organisms are able to show good growth
and the expected phenotype without any lag period, the organism is considered to have

acquired a changed genotype accompanying the phenotype during metabolic evolution.

(083) In order to make the microorganism to produce succinic acid in significant
quantities, various enzymes involved in a number of microbial metabolic pathways
including glycolytic pathway, tricarboxylic acid cycle (also known as Krebs cycle or TCA
cycle) and glyoxylate shunt can be manipulated using a variety of genetic engineering
techniques described in the scientific and patent literature cited and incorporated by
references in the paragraphs above. The details about various microbial metabolic pathways
can be found in the standard biochemistry text books such as Principles of Biochemistry, by
Lehninger and Biochemistry by Lubert Stryer. The Biochemical pathways poster by G.
Michael available from Sigma Chemical Company in St. Louis, MO, USA also provides

details about various biochemical pathways with in a bacterial cell.

(084) During acrobic growth, the microbial carbon metabolism involves glycolysis,
tricarboxylic acid cycle and oxidative phosphorylation. The reduced enzyme co-factors such
as NADPH and NADH are regenerated by the operation of oxidative phosphorylation
accompanied by ATP production required for cell growth. Under anaerobic growth
conditions for the production of succinic acid in the preferred embodiment of the present
invention, the regeneration of reduced cofactors NADPH and NADH is accomplished by

directing the carbon flow into the tricarboxylic acid cycle toward succinic acid production
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and eliminating all of the other fermentative pathways for regeneration of NADP' and

NAD'.

(085) Depending on the type of organic acid preferred, the metabolic pathways are
specifically engineered so that the microorganism produces a particular organic acid of our
choice. The microorganisms are capable of synthesizing a number of organic acids
including lactic acid, acetic acid, malic acid, pyruvic acid, formic acid and succinic acid.
Thus in developing a biocatalyst for the production of succinic acid, the pathways for
production of acetic acid, lactic acid, pyruvic acid, and formic acid are blocked and the
carbon flow to succinic acid production is facilitated through manipulating one or more
enzymes involved in the carbon metabolism within the cell. The list of the enzymes that are
active in the microbial fermentative pathway which can be manipulated using the known
genetic engineering techniques includes, but not limited to, isocitrate synthetase (aceA),
malate synthase (aceB), the glyoxylate shunt operon (aceBAK), acetate kinase-
phosphotransacetylase (ackA-pta), aconitase hydratase 1 and 2 (acnA and acnB), acetyl-
CoA synthetase (acs), citrate lyase (citDEF); alcohol dehydrogenase (adhE); citrate
synthase (citZ); fumarate reductase (frd); lactate dehydrogenases (/dh); malate
dehydrogenase (mdh), aceBAK operon repressor (ic/R); phosphoenol pyruvate carboxylase
(pep(C); pyruvate formate lyase (pfl); pyruvate oxidase (poxB); pyruvate carboxy kinase
(pck), and pyruvate carboxylase (pyc).

(086) Glycolysis of carbon sources results in the production of phosphoenol pyruvate
(PEP). PEP is further metabolized by the mixed acid pathway. As used in the present
invention, the term “mixed acid pathway” refers to the flow of carbon from PEP through
both the tricarboxylic acid cycle and the various fermentative pathways that are operational
under anaerobic conditions. Under anaerobic conditions, at least four different fermentative
pathways for the metabolism of pyruvate are recognizable. The pyruvate may be reduced to
lactate using the NADH and thereby producing NAD" to maintain the redox balance of the
cell necessary for the continuous metabolism of carbon source. The acetyl-CoA derived
from pyruvate may also be reduced to produce ethanol accompanied by the oxidation of

NADH to produce NAD". Pyruvate may also be converted into formate or acetate.

(087) Within the TCA cycle, two different arms are recognized. In one arm of the TCA

cycle referred as the oxidative arm encompassing the carbon flow from oxaloacetate to
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succinic acid through isocitrate, the NADP" is utilized to oxidize isocitrate with the
resulting formation of NADPH. In the other arm of the TCA cycle referred as the reductive
arm of the TCA cycle encompassing the flow of carbon from oxaloacetate to succinic acid
through malate and fumarate, the NADH is oxidized to produce NAD " and thereby helping

the cell to maintain the redox balance.

(088) In one embodiment of the present invention, the carbon flow from PEP through
fermentative pathways is prevented by mean of inactivating the genes coding for the
enzymes involved in the fermentative pathways. The genes suitable for blocking the carbon
flow through these fermentative pathways include /dhA, pfIB, adhE, pta, ackA, and poxB.
The elimination of one or more of these genes is expected to reduce the carbon flow from
PEP through the fermentative pathways. In another aspect of the present invention, the
mgsA gene coding for the methylglyoxal synthase (mgsA) responsible for the conversion of
methylglyoxal to lactic acid is inactivated beside the inactivation of six other genes

involved in the fermentative pathways.

(089) In yet another embodiment of the present invention, the functional homologues of
the genes involved in the fermentative pathway are also inactivated besides inactivating the
genes well known to be involved in one or other fermentative pathway. A propionate kinase
with acetate kinase activity is encoded by the tdeD gene which is produced only for the
degradation of threonine. However, during the anaerobic growth with 10% (w/v) glucose,
the expression of tdcD could functionally replace ackA. In addition, the adjacent tdcE gene
in the same operon is similar to pfIB and encodes a-ketobutryate formate lyase with
pyruvate formate-lyase activity. In one aspect of the present invention, the tdcDE genes are
inactivated to prevent the entry of carbon into fermentative pathways and to assure the flow

of carbon into the TCA cycle.

(090) In another embodiment of the present invention, besides blocking the carbon flow
through fermentative pathways, the carbon flow within the TCA cycle is altered so that
there is carbon flow directed towards the production of succinic acid. In one aspect of the
present invention the manipulation of carbon flow within the TCA cycle is achieved by

means of up-regulating the expression of one or more genes. In yet another aspect of the
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present invention, one or more genes functioning within TCA cycle may be inactivated to

facilitate an increased carbon flow to succinic acid.

(091) In a preferred aspect of the present invention, the gene mdh encoding for malate
dehydrogenase is up regulated to improve the conversion of malate to fumarate and
succinate. The flow of the carbon from oxaloacetate to succinic acid through malate and
fumarate is referred as the reductive arm of the TCA cycle. The flow of carbon through this
reductive arm of the TCA cycle from oxaloacetic acid to succinic acid would consume two
moles of NADH for every mole of succinic acid produced and thereby help in maintaining
the redox balance of the cell under anaerobic condition. In other words, the up-regulation of
mdh would help in regenerating the NAD" required to maintain the redox balance of the
cell. The up-regulation of mdh gene expression can be achieved by means of replacing the
native promoter for mdh gene with some other strong promoter sequence or alternatively by
means of mutating the promoter region of the mdh gene so that there is an increase
transcription of mdh gene. Alternatively, additional copies of the mdh gene can be added to
the strain, or genes regulating the expression of the mdh gene can be manipulated to
increase expression of the mdh gene. In a preferred embodiment of the present invention,
the up regulation of mdh gene expression is achieved by means of genetically manipulating

its promoter region.

(092) In the regular operation of TCA cycle, succinic acid is produced through the
operation of oxidative of arm of the TCA cycle. The flow of carbon from oxaloacetate to
succinic acid through citrate, cis-aconitate, isocitrate, a-ketoglutarate, and succinyl-CoA is
referred as the oxidative arm of the TCA cycle. The succinic acid can also be produced
through the operation of the glyoxylate bypass. During the operation of glyoxylate bypass,
by the action of isocitrate lyase, succinate and glyoxylate are produced from isocitrate. The
succinate thus produced from the operation of oxidative arm of the TCA cycle or from the
operation of the glyoxylate bypass, can be acted upon by succinate dehydrogenase (sdh) to
yield fumaric acid and then malic acid. Therefore, in yet another embodiment of the present
invention, gene inactivation can be used to prevent the dehydrogenation of the succinate in

order to increase the intracellular succinic acid production.
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(093) In yet another aspect of the present invention, the carbon flow through the
glyoxylate bypass can be manipulated to achieve an increase in the succinic acid
production. Isocitrate lyase enzyme catalyzes the cleavage of isocitrate to glyoxylate and
succinate. Isocitrate lyase is coded by the aceBAK operon. The isocitrate lyase activity is
suppressed by ic/R genes. In other words, the expression of ic/R gene prevents the operation
of glyoxylate shunt. In one aspect of the present invention, the ic/R gene is inactivated

beside the inactivation of the genes involved in the fermentative metabolism.

(094) In yet another embodiment of the present invention, besides preventing the operation
of the fermentative pathways and increasing the flow of carbon within the TCA cycle
towards succinic acid production through genetic manipulations, the outward carbon flow
from the TCA cycle to other metabolic pathways can also be blocked through genetic means
to increase the succinic acid production. For example, the flow of carbon from the TCA
cycle into amino acid metabolism can be blocked in order to improve the carbon flow
towards succinic acid. The aspartate aminotransferase gene (aspC) transfers the amino
group from glutamic acid to oxaloacetic acid in the synthesis of aspartic acid and thereby
facilitates the outward flow of carbon from the TCA cycle. In one aspect of the present
invention, the inactivation of the aspC gene is followed to block the outward flow of carbon
from the TCA cycle in order to improve the carbon flow from oxaloacetate towards succinic

acid production either through the oxidative or reductive arm of the TCA cycle.

(095) The other outward flow of the carbon from TCA cycle occurs from malate. The
decarboxylation of malate by malic enzyme (sfcA) results in the production of pyruvate. In
one aspect of the present invention, the gene coding for the sfc4 gene is inactivated to
curtail the outward flow of carbon from TCA cycle. In yet another aspect of the present
invention, both aspC and sfc4 genes are inactivated to prevent the outward flow of carbon

from TCA cycle so as to enhance the succinic acid accumulation.

(096) In yet another aspect of the present invention, the outward flow of carbon from TCA
cycle is prevented by inactivating the citrate lyase gene (citDEF) responsible for the

cleavage of citric acid into oxaloacetate and acetate.
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(097) Besides inactivating the genes involved in the fermentative pathways and their
functional analogues, the growth coupled succinic acid yield can be futher improved by
genetic manipulations of carboxylating enzymes within the microbial cells. While
characterizing the changes that occurred during the metabolic evolution through conducting
genetic and enzyme analysis, it has been shown that the carboxylating enzymes within the
cell could be yet another target for genetic manipulation to achieve an improved succinic

acid yield.

(098) The glycolytic intermediates phosphoenol pyruvate (PEP) and pyruvic acid can be
carboxylated to improve the carbon flow into the TCA cycle. Under normal conditions, the
carbon entry into the TCA cycle is accomplished by the action of citrate synthase which
combines the acetyl-CoA derived from pyruvate with oxaloacetate, an intermediate in TCA
cycle, to produce citric acid. By means of improving the efficiency of one or more
carboxylating enzymes present within the cell, it is possible to carboxylate phosphoenol
pyruvate and pyruvate to oxaloacetate, a TCA cycle intermediate. The oxaloacetate thus
produced from the carboxylating reaction can be further reduced through the reductive arm

of the TCA cycle to produce succinic acid.

(099) Manipulating the carboxylating enzymes present within the cell is a method to
increase the succinic acid yield during anaerobic fermentative growth. It is well known in
the art that by means of introducing pyruvate carboxylase (pyc) from an exogenous source it
is possible to carboxylate pyruvate to oxaloacetic acid. The microbial strains well suited for
genetic manipulations such as E. coli do not have the pyc gene. The pyc genes derived from
other bacterial species such as Rhizopium elti and Lactobacillus lacti have been introduced

into the genetically modified E. coli strains to improve succinic acid production.

(0100) Four different endogenous carboxylating enzymes are known in E. coli. Two of
these enzymes are responsible for carboxylating phosphoenol pyruvate and two other
enzymes are responsible for the carboxylation of pyruvate derived from phosphoenol
pyruvate derived from the action of pyruvate kinase enzyme. The enzyme phosphoenol
pyruvate carboxylase (ppc) carboxylates phosphoenol pyruvate to oxaloacetate which could
enter into the reductive arm of the TCA cycle to produce succinate. The second

carboxylating enzyme phosphoenol pyruvate kinase (pck) also carboxylates phosphoenol
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pyruvate to produce oxaloacetate, but normally catalyzes the reverse reaction as it is not
expressed in the presence of glucose. The two other carboxylating enzymes namely NADH-
linked maleic enzyme (maeB) and the NADPH-linked maleic enzyme (maed / sfcA)
carboxylate pyruvic acid to malic acid. The maeB and sfcA enzymes carboxylate the
pyruvate derived from phosphoenol pyruvate by the action of pyruvate kinase.

(0101) Any one of the four carboxylating enzymes present in the cell can be genetically
manipulated to increase its enzymatic activity in order to improve the carbon flow from
glycolytic cycle intermediates into the TCA cycle. Of the four native carboxylating
enzymes present in E.coli, the PPC-catalyzed reaction is strongly favored. Energy contained
in PEP is lost in this reaction with the release of inorganic phosphate. The other three
carboxylating enzymes, namely pck, maed and sfcA (maeB), are not expected to function
during the fermentative growth using glucose as the substrate as these three carboxylating
enzymes are repressed by glucose. These three carboxylating enzymes are thought to
function in the reverse direction during gluconeogenesis when the cells are oxidatively

metabolizing organic acids.

(0102) The gluconeogenic PEP carboxykinase (pck) can be genetically manipulated to
improve the flow of carbon into the TCA cycle. The advantage in improving the activity of
pck lies in the fact that this enzyme while carboxylating phosphoenol pyruvate to
oxaloacetate, results in the production of a molecule of ATP for every molecule of
oxaloacetate produced. An increase in the ATP yield would increase the growth rate of the

cells.

(0103) The recruitment of the native gluconeogenic pck for fermentative succinate
production can be achieved by any mutation that positively affects the transcription of the
pck gene. An increase in the level of PCK activity can be achieved by means of expressing
the pck gene in a multicopy plasmid with a native promoter or any other promoter sequence
which is known to increase the gene’s expression. Another way to increase the expression
of the pck gene within the cell is to integrate additional copies of the pck gene. In another
embodiment of the present invention, the native promoter of the pck gene can be replaced
by some other promoter elements known to enhance the level of activity. An increased

expression of pck gene can also be achieved either by mutation in the promoter region of the
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gene or by genetic manipulation of the regulatory elements that are known to interact with
the promoter region of the pck gene. The gene coding for a regulator protein of the pck gene
can be mutated or deleted or overexpressed in some way in order to increase the expression
of pck gene. A single point mutation (G to A transition at position - 64 relative to the ATG
start codon of pck gene) could increase the transcription of the pck gene accompanied by a
corresponding increase in the phosphoenol pyruvate carboxykinase enzyme activity. A
similar increase in the pck gene expression can also be achieved by genetically
manipulating the genes coding for the proteins known to regulate the expression of pck
gene. For example, Cra protein has been shown to activate the expression of pck gene in E.
coli (Saier and Ramseier, 196). Similarly the csrd system (comprising csrd, csrB, csrC,
csrD, uvrY or barA) has also been reported to regulate the level of pck and other genes
involved in glucose metabolism by altering mRNA stability (Babitzke and Romeo, 2007,
Pernestig et al., 2003; Suzuki K et al., 2002).

(0104) In the present invention, the genetically engineered and metabolically evolved strain
showing a desirable phenotype, for example, improved efficiency of succinic acid
production, and the wild type strain used in the construction of the genetically engineered

and metabolically evolved strain are subjected to genomic DNA sequence analysis.

(0105) The whole genome sequencing of the wild type parent strain and the genetic
engineered and metabolically evolved strains can be accomplished by the sequencing
techniques well known to the person experienced in the field of high throughput DNA
sequencing. A number of sequencing technologies are available in the market place which
could provide genomic sequence information in a cost-effective manner, for example

hardware, software, and methods provided by Illumina, Inc., and 454, Inc.

(0106) The sequence data obtained from the wild type and evolved bacterial strains can be
compared using appropriate software and the genetic changes between the two strains can
be obtained. From the list of all of the genetic changes between the two strains, the genetic
changes intentionally introduced at the stage of genetic engineering can be verified, and the
additional genetic changes that arose and were fixed during the process of metabolic

evolution can be identified.
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(0107) Once the mutations that occurred during the metabolic evolution are identified, the
importance of these mutations in improving the production of a desired chemical is
determined by using a reverse genetic analysis. For example, a naive bacterial strain that
produces succinic acid at measurable titers and comprising a minimal number of gene
changes in its chromosomal DNA can be utilized. The E. coli strain XZ722, and the
identical published strain XZ721, both comprising mutated forms of pck and pst/ and a
deletion in pfIB, among other strains, are suitable for this purpose (Zhang et al., 2009). A
genetic mutation that occurred during metabolic evolution of strain KJ122 (or any other
strain of interest) can be installed in strain XZ721 or XZ722 using techniques well known in
the art. Two step gene replacement methods are well known in the art (Zhang et al., 2009a;
Zhang et al., 2009b; Jantama et a/.,2008a; Jantama et al., 2008b ). For the “two step gene
replacement method” used to construct strains of the present invention, the first step is to
install a selectable and counter-selectable cassette containing a drug resistance gene, such as
cat (resistance to chloramphenicol at 30 mg/l) or kan (kanamycin resistance at 50 mg/l),
together with the sacB gene from Bacillus subtilis, which confers sensitivity to 60 g/l
sucrose. The cat-sacB or kan-sacB cassette is obtained by PCR using pLOI4151 (SEQ ID
NO. 33) or pGW162 (SEQ ID NO. 34) as template, respectively. The PCR primers contain,
in addition to about 18 to 25 bases of priming sequences, about 50 bases of homology to the
5" and 3’ ends of the chromosomal target sequence, to foster homologous recombination.
The linear PCR product is transformed by electroporation into a recipient strain that had
been previously transformed with plasmid pKD46, which expresses the phage lambda Red
recombinase to increase frequency of integration of the desired PCR fragment in to the
chromosome of the recipient strain. pKD46 is selected for by ampicillin resistance at 100
mg/l at 30 degrees C. It has a temperature sensitive origin of replication and can be cured
from the host strain by growth at 42 degrees C. pKD46 is described Datsenko and Wanner
(2000), and is available from the Coli Genetic Stock Center, Yale University, New Haven,
CT, USA. For the second step of the two step gene replacement method, a second PCR
product is made using a second pair of PCR primers that prime at the 5’ and 3’ ends of the
allele that is desired to be installed, using, for example KJ122 chromosomal DNA as a
template. This second pair of primers can also contain about 50 base pairs homologous to
the 5° and 3’ ends of the chromosomal target sequence to foster homologous recombination,
similar to the first pair of PCR primers. However, the homologous sequences for the

second step can also be simply part of the amplified DNA sequence, if the chromosomal
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target for the inserted allele is the native locus of the allele to be inserted. In other words,
the 50 base pair sequences that are homologous to the chromosomal target are only
necessary to be added to the 5’ ends of the PCR primers if the chromosomal target is a site
different from the native locus of the allele, as in installing a second copy of a gene at a
second site in the chromosome. The installation of the changed allele at the second step is
accomplished by electroporating the linear second PCR product into the recipient strain
(which is the strain that was created in the first step), which still contains pKD46 to
stimulate homologous recombination, and selecting on plates containing 60 g/l sucrose . In
this two step method, for all manipulations in which homologous recombination is desired,
the cells are grown in rich medium containing 5 g/l arabinose to cause expression of the
lambda Red recombinase genes from the helper plasmid pKD46. Since spontancous sacB
mutants can arise during the sucrose selection, the resulting colonies are screened for
chloramphenicol or kanamycin sensitivity and by diagnostic PCR to identify colonies that
have picked up the desired allele change. For subtle mutations, such as point mutations, it
is necessary to obtain the DNA sequence of the installed allele to be sure that the desired
allele was installed. This can be accomplished by obtaining a PCR amplified copy of the
installed allele and sequencing the PCR product. There are many organizations that
perform the DNA sequencing as a commercial service, for example the Tufts University

Core Facility, Tufts University Medical School, Boston, MA, USA.

(0108) Examples of PCR primers used for two step gene replacements are given in Tables
2.

(0109) An alternative approach to determining the effect of each mutation is to replace a
single mutant allele in the evolved strain (for example KJ122) with the homologous wild
type allele from the parent strain, E. coli C (ATCC 8739), using the same two step gene
replacement method described above. The strains construction can also be accomplished by
generalized bacteriophage transduction, using, for example, phage P1 vir (Silhavy et al.,

1984).

(0110) Techniques are also well known for creating specific small or large deletions in the
E. coli chromosome, and these techniques should be applicable to other bacteria, archaeca

yeasts, and filamentous fungi. For example, Kolisnychenko et a/ (2002) describe the



WO 2011/063055 PCT/US2010/057119
32
technology that can be followed to remove specific gene sequence from the chromosomal

DNA, and which is hereby incorporated by reference.

(0111) After isogenic pairs of strains containing a wild type or mutant allele are
constructed, the members of the pair can be tested for growth and chemical production in
appropriate small scale fermentors. For example, growth and succinic acid production with
pH control under anaerobic or micro-acrobic conditions can be tested as previously
described (Zhang et al., 2009a; Zhang et al., 2008b; Janatama et a/.,2008a; Jantama et al.,
2008b). For testing strain performance in small scale fermentors, the alkaline solution that
is used to neutralize the succinic acid as it is produced can be 2.4 M potassium carbonate
plus 1.2 M potassium hydroxide, or alternatively, it can be 6 M ammonium hydroxide plus

3 M ammonium bicarbonate for testing strain performance.

(0112) By means of introducing one mutation at a time into a succinate-producing E. coli
strain such as XZ722, or removing one mutation at a time (i.c. re-introducing the wild type
allele of one or more mutated genes) from a succinate-producing strain such as KJ122, one
can determine the genetic changes that contribute to improving growth or chemical
production. In addition, more than one type of mutation can be introduced or removed into
a chemical-producing strain to determine whether there is any additive or synergistic effect
due to combinations of mutations. Through this screening of mutations, it is possible to
identify mutations that are important to achieve efficient growth and chemical production.
Once those novel mutations responsible for improving the chemical production are
identified, those mutations can be added to the list of gene modifications that are useful to
rationally design a bacterial strain for succinic acid or other chemical production and
thereby eliminate the need for the process of metabolic evolution in selecting a strain with

desirable phenotype.

(0113) In the present disclosure, specific examples are given relating to production of
succinate by strains of E. coli. However, the principles discovered in the invention have
broad applicability, so the mention of specific examples should not be used to limit in any
way the broad implications. For example, the finding that a mutation of a particular type in
a particular gene is useful for succinate biosynthesis in E. coli can be applied without undue

experimentation to other bacteria and other organisms. Once a mutation in a gene of
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interest is identified, a similar mutation, or a mutation that accomplishes the same function

or purpose can be introduced into a wide variety of organisms.

(0114) For example, the present invention discloses that a decrease in expression of a gene
encoding pyruvate kinase is useful for succinate production in the context of a highly
developed succinate production strain of E. coli. It is now easy to identify a gene that
encodes pyruvate kinase in other organisms and decrease expression of that gene in the new
organism, by deletion or other mutation, in order to improve succinate production. For
close relatives of E. coli, such as bacteria of the genus Klebsiella, Serratia, Citrobacter,
Erwinia, or Salmonella,, a relevant gene can be found easily by a homology search through
GenBank or other public database of DNA or protein sequences. Although there is no sharp
cutoff that can be used to define what is, or is not, a homolog, a “homolog” of a query
sequence is a DNA sequence that is evolutionarily related to a query sequence, and can
usually be found 1) as a gene or DNA sequence in which a sequence, or a portion of the
sequence, that is 50 or more bases in length has a match of 50% or more identities with the
query sequence, allowing for deletions and insertions using the BLASTN program
available through GenBank and choosing the default parameters (setting the “Descriptions”,
“Graphical overview”, and “Alignment” settings to 1000 or greater in the Format Request
form will produce a larger number of homologs, as will increasing the “Expected” number
from the default of 10 to a larger number), or 2) as a protein sequence, or a portion of a
protein sequence, that is 25 or more amino acids in length and has 25% or more identity or
50% or more similarity, with the query sequence, allowing for deletions and insertions,
using the default parameters of the BLASTP program available through GenBank. When
using the GenBank database and the various BLAST programs to perform homology
searches, it is sometimes necessary to not select (or to de-select) the genomes of the query’s
closest relatives. For example, the large number of genomes of members of the genus
Escherichia can crowd out homologs of E. coli queries that exist in more distant relatives
such as Klebsiella in a homology hit list, but de-selecting the genomes of members of
Escherichia allows the Klebsiella “hits” to be found . For less related organisms, the
relevant gene might not be a homolog, or might not be identifiable by DNA or protein
sequence homology, but the gene can still be found by a key word search. For example, it
is easy to find a Saccharomyces cerevisiae gene that encodes pyruvate kinase by searching

GenBank using “Saccharomyces” and “pyruvate kinase” as keywords in a search. Such a
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search was done, and two genes were found, CDC19 (also known as PYK1) and PYK2,
both coding for a pyruvate kinase.

(0115) In brief, this invention provides a subtractive or additive genomic analysis for
identifying novel gene mutations that confer desirable phenotypes to industrially useful
microorganism without going through the labor-intensive process of metabolic evolution. In
this way industrial microbial organisms can be constructed entirely using a rational design.
Although this disclosure describes in detail the production of organic acids using
microorganisms, and more particularly the production of succinic acid using biocatalysts, a
person skilled in the field of industrial microbiology would be able to apply the methods
disclosed herein to improve the productivity of other industrial chemicals using a wide

variety of microbial biocatalysts.

EXPERIMENTAL SECTION
General remarks

Strains, media and growth conditions

(0116) New derivatives of E. coli C (ATCC 8739) were developed for succinate production

using a unique combination of gene deletions coupled with growth-based selection.

(0117) The microbial organism of the present invention can be grown in a number of
different culture media well known in the field of microbiology. For example, the wild type
and mutant strains of E. coli are grown in Luria-Bertani (LB) medium containing 1% (w/v)
tryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl. For the commercial production of
the organic acid using fermentative process involving genetically modified microorganism
as biocatalyst, a minimal mineral salt medium supplemented with a carbon source is
preferred. The use of a minimal mineral salt medium as opposed to a rich medium like LB

medium reduces the cost for the production of organic acids in a commercial scale.

(0118) The minimal mineral mediums suitable for the present invention include NBS
medium (Causey et al., 2007) and AM1 medium (Martinez et al., 2007). The NBS medium
contains 1 mM betaine, 25.72 mM KH;PO4, 28.71 mM K,;HPO4, 26.50 mM (NH4)2HPO4,
I mM MgS0,4.7H20, 0.1 mM CaCl,.2H,0, 0.15 mM Thiamine HCI, 5.92 pM FeCl;6H,0,
0.84 uM COCl,.6H20, 0.59 pM CuCl,. 2H,0, 1.47 uM ZnCl,, 0.83 uM Na,MoO, 2H,0,
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and 0.81 uM H3;BOs;. The AM1 medium contains 1 mM betaine, 19.92 mM (NH4)2HPOy,,
7.56 mM NH4H,PO,4, 1 .5 mM MgS0,4.7H20, 1.0 mM Betaine-KCl, 8.88uM FeCl3;6H,0,
1,26 uM COCl,.6H20, 0.88 uM CuCl,.2H,0, 2.20 uM ZnCl,, 1.24 uM Na,Mo0042H,0,
1.21 pM H3BOs3 and 2,50 uM MnCLL4H,0. The trace elements are prepared as a 1000X
stock and contained the following components: 1.6 g/L FeCls, 0.2 g/L CoCl,*6H,0, 0.1 g/L
CuCly, 0.2 g/L. ZnCl,*4H,0, 0.2 g/L. NaMoO4, 0.05 g/l H;BO3, and 0.33 g/L. MnCl,+4H,O0.

(0119) The mineral medium for microbial production of organic acid is supplemented with
a carbon source. The carbon sources useful in the present invention include but are not
limited to pentose sugars like xylose, hexose sugars like glucose, fructose, and galactose, or
disaccharides like sucrose and maltose. The carbon source can also be satisfied by providing
a combination of different sugars such as a combination of glucose and xylose. The carbon
source can also be derived from a hydrolysis of starch or lignocellulose. The hydrolysis of
complex carbohydrates such as starch and lignocelluloses can be achieved either by using
thermo-chemical conversion processes or enzymatic methods well known in the art. The
preferred carbon source for the industrial production of organic acid using microbial
fermentation is lignocellulosic hydrolysate derived from the hydrolysis of agricultural or
forestry wastes. The lignocellulosic hydrolysate may further be fractionated to yield a
hexose-enriched and a pentose-enriched fraction and those fractions can serve as the source
of carbon for the commercial production of the organic acids using microbial fermentation
process. The lignocellulosic hydrolysate can further be detoxified to remove certain
chemicals such as furfural which are found to be toxic to a number of microbial organisms

above certain concentrations.

(0120) During strain construction, cultures were grown aerobically at 30, 37, or 39°C in
Luria broth (10 g I"! Difco tryptone, 5 g I Difco yeast extract and 5 g I"! NaCl) containing
2% (w/v) glucose or 5% (w/v) arabinose. No genes encoding antibiotic resistance, plasmids,
or foreign genes are present in the final strains developed for succinate production.
However, during the early stages of construction of the different strains, various antibiotic
resistance markers were used. The antibiotics such as ampicillin (50 mg '), kanamycin (50
mg 1), or chloramphenicol (40 mg 1) were added as needed for antibiotic selection

Proccess.
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(0121) Seed cultures and fermentations were grown at 37°C, 100 rpm in NBS or AMI
mineral salts medium containing glucose, 100 mM KHCO; and 1 mM betaine HCL. In
some experiments, corn steep liquor was used. It is a byproduct from the corn wet-milling
industry. When compared to the yeast extract and peptone, it is an inexpensive source of

vitamins and trace elements.

(0122) For fermentative succinate production, strains were grown without antibiotics at
37°C in NBS mineral salts medium (Causey et al., 2004) supplemented with 10% (w/v)
glucose and 100 mM potassium bicarbonate unless stated otherwise. Pre-inocula for
fermentation were grown by transferring fresh colonies into a 250 ml flask (100 ml NBS
medium, 2% glucose). After 16 h (37°C, 120 rpm), this culture was diluted into a small
fermentation vessel containing 300 ml NBS medium (10% glucose, 100 mM potassium

bicarbonate) to provide an inoculum of 0.033 g cell dry wt (CDW) I'".

(0123) Since the accumulation of organic acids in the growth medium tends to decrease the
pH of the medium, it is necessary to add appropriate neutralizing agents as required to the
culture medium. The pH of the culture vessel can be continuously monitored using a pH
probe, and appropriate base can be added to maintain the pH of the growth medium around
neutral pH. The bases suitable for maintaining the pH of the microbial culture includes, but
not limited to, NaOH, KOH, NH4SO4, Na,CO3, NaHCO3, and NH4COs. The bases suitable

for this purpose can be used alone or in combination.

(0124) In certain experiments, fermentations were automatically maintained at pH 7.0 by
adding base containing additional CO, (2.4 M potassium carbonate in 1.2 M potassium
hydroxide). Subsequently, pH was maintained by adding a 1:1 mixture of 3M K,CO3; and
6N KOH. Fermentation vessels were sealed except for a 16 gauge needle which served as a
vent for sample removal. Anaerobiosis was rapidly achieved during growth with added

bicarbonate serving to ensure an atmosphere of CO,.

(0125) Cell growth: Cell mass was estimated by measuring the optical density at 550 nm

(ODsso) using a Thermo Electronic Spectronic 20 spectrophotometer.

(0126) Organic acid and sugar analysis: The concentration of various organic acids and
sugars were measured by HPLC. Succinic acid and other organic acids present in the

fermentation broth were analyzed on Agilent 1200 HPLC apparatus with BioRad Aminex
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HPX-87H column. BioRad Microguard Cation H was used as a guard column. The
standards for HPLC analysis were prepared in 0.008N sulfuric acid. The HPLC column
temperature was maintained at 50°C. Sulfuric acid at 0.008N concentration was used as a
mobile phase at the flow rate of 0.6 ml/min. Quantification of various components was done

by measuring their absorption at 210 nm.

EXAMPLES
Example 1
Comparison of the Genome sequence of KJ122 and E. coli C wild type (ATCC 8739)

(0127) KJ122 strain was derived from E. coli C strain through a series of genetic
manipulations and a number or rounds of metabolic evolution. The details of the
construction of KJ122 strain are provided in the published PCT Patent Applications Nos.
WO0/2008/15958 and WO/2010/115067 which are incorporated herein by reference. Two
scientific publications by Jantama et a/ (2008a and 2008b) and two scientific publication by
Zhang et al (2009a; 2009b) also describe the construction of KJ122 strain. Both these
scientific publications are incorporated herein by reference. Strain KJ122 has been
deposited at the USDA — ARS culture collection on February 20, 2008 with strain
designation number B-50115.

(0128) The genomic sequence of KJ122 and was obtained using an Illumina sequencing
system at the Tufts University Core Facility, and the sequence was compared to the
annotated wild type E. coli C sequence that is available from GenBank (Acession number
CP000946). From this comparative genome analysis, a number of genetic differences
between these two strains were detected. In this disclosure, the location of mutations that
occur in an open reading frame will be given using coordinates based on the number of the
nucleotide base, counting the first base of the start codon of the open reading frame (as
annotated in the GenBank sequence referenced above) as base number one. From a list of
genetic difference between the KJI122 and E. coli C, the deletions that had been
intentionally introduced at various stages in the construction KJ122 were verified, and an
additional list of genetic changes that occurred during the process of metabolic evolution
were identified. Included in the list of mutations that were fixed in the genome of KJ122
during the process of metabolic evolution were 1) a frameshift mutation in pyk4d (SEQ ID

NO. 1), which encodes one of two pyruvate kinases , 2) a frameshift mutation in the galS
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gene (SEQ ID NO. 2), which encodes a repressor of galactose inducible genes, such as the
sugar transporter gene gal/P, 3) a 48 kilobase deletion (SEQ ID NO. 3) of a region of the
E. coli genome comprising many genes including ydcC through ydcF of the E. coli C
genome, 4) A point missense mutation in the C-terminal domain of the rpo4 gene (SEQ ID
NO. 4), which encodes a subunit of RNA polymerase, 5) a point missense mutation in the F
region of the rpoC gene (SEQ ID NO. 5), which encodes a different subunit of RNA
polymerase, 6) a frameshift mutation in the gld4 gene (SEQ ID NO. 6), which encodes
glycerol dehydrogenase, 7) a frameshift mutation in the dhaM gene (SEQ ID NO. 7, which
encodes a subunit of a PEP-dependent dihydroxyacetone kinase, and 8) a missense point
mutation in the fts/ gene (SEQ ID NO. 8), which encodes a gene involved in cell wall
synthesis and cell shape.

Example 2
Curing the mutated pykA gene in KJ122

(0129) When wild type E .coli and many other bacteria are grown in glucose containing
medium, pyruvate production inside the cell occurs through the action of  the
phosphotransferase system (PTS), which uses a molecule of phosphoenolpyruvate (PEP) to
transport and phosphorylate glucose with the resulting formation of a molecule of pyruvate.
Pyruvate formation can also occur from the action of pyruvate kinase enzyme coded by the
pvkA and/or pykF genes. PykA and PykF proteins are isoenzymes. When glucose is the
source of carbon, both pyruvate kinases isoenzymes have an active role in pyruvate
biosynthesis. However, a triple mutant, pts, pyk4 and pykF is incapable of growing on
glucose as a sole carbon source, since the cell’s ability to form pyruvate is absent or greatly

diminished (Ponce et al., 1995).

(0130) Since KJ122 contains a mutation in pts/ coding for the protein Ptsl, which is a
component of the PTS (Zhang et al., 2009a Zhang et al., 2009b), the observation that the
pykA gene had also been mutated in KJ122 during the metabolic evolution was unexpected.
In order to determine whether this mutation contributes toward succinic acid production, the
wild type pykA allele was installed in KJ122 to give new strain WG85a, and the phenotypic
changes in terms of the effect of this mutation on succinic acid production were assessed.

WG85a was constructed in two steps using the two step gene replacement method described
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above. In the first step, a cat-sacB cassette was installed at the pykA locus of strain KJ122
to give strain WG84. The PCR primers used were SEQ ID NO. 21 and 22 (see Table 1). In
the second step, the wild type pyk4 gene from E. coli C was installed into WG84 to give
strain WG85a. The PCR primers used were SEQ ID NO. 23 and 24 (see Table 1). WG85a
produced about 160 mM succinate compared to about 550 mM for KJ122. Clearly the pyk4
mutation in KJ122 is important for succinate production. Since the pykA mutation in KJ122
is a frameshift, it can be deduced that a strain containing a deletion of pykA should perform
similarly. The intermediate strain, WG84, contains a complete deletion of the pykA4 open
reading frame, and as predicted, WG84 performed similarly to KJ122 with a succinate titer
of 540 mM, showing that the frameshift mutation in KJ122 is similar to a null mutation.
Having made this discovery, the inventors could then deduce that a reduced level of
pyruvate kinase activity is important for KJ122, and that this state could be achieved by any
one of a number of related approaches. For example, the ptsl* activity in KJ122 could be
further reduced or eliminated, PykF activity could be diminished or eliminated, or a
combination of decreased activity of PykA, PykF, and/or Ptsl could be used to establish a
reduction in the total pyruvate kinase activity that is now known to be important for

succinate production.

(0131) In order to determine whether a deletion in the second pyruvate kinase gene, pykF,
could substitute for a deletion in pykd, a deletion in pykF was installed into strain WG83a,
to give strain WG89. This was accomplished using the two step gene replacement method.
For the first step, a kan-sacB cassette was installed at the pykF locus of WG85a, to give
strain WGS87. The primers used were SEQ ID NO. 36 and 37 (see Table 1). For the second
step, a deletion of the pykF open reading frame was installed in WGS87 to give new strain
WG89. The PCR primers used were SEQ ID NO. 38 and 39 (see Table 1), and the template
was pGW191 (SEQ ID NO 35). In small scale fermentors, WG89 grew more poorly and
produced only 115 mM succinate, compared to 510 mM for KJ122. Thus, a deletion of
pykEF cannot substitute for a deletion or frameshift of pykd for improving succinate
production. Although WG89 and WG85a were tested in different experiments, it appears
that WG89 performed more poorly than WG85a, showing that there is an optimum level of
pyruvate kinase for growth and succinate production in KJ122, but that deletion of pykF
results in a level of total pyruvate kinase activity that is not optimal for good succinate

production. Thus, metabolic evolution has produced a strain that has a level of pyruvate
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kinase that is close to the optimal level. Moreover, a deletion of all genes that encode
pyruvate kinase (pykA, pykF, and one or more pts genes), as suggested in the U.S. Patent
Application Publication 2009/0075352 and Lee et al. (2005) would not improve succinate
production, because the total pyruvate kinase activity would be too low in such a strain.
When constructing a new succinate production strain in a new strain, for example in
Saccharomyces cerevisiae, according to the present invention, after blocking unwanted
pathways, the level of total pyruvate kinase would be adjusted to give a good efficiency of
succinate production. This can be accomplished, for example, by deleting PYK2, the
nonessential pyruvate kinase gene, and then varying the level of expression or activity of
the remaining PYK/, by installing promoters of varying strength in front of PYK/, or by
making progressive deletions from the 5° end or 3’ end of the PYK/ open reading frame,

and testing for improved succinate production.

Example 3
Mutating gal§ in XZ722

(0132) Comparative genome sequence analysis between E. coli C strain and KJ122 strain
revealed a frameshift mutation in the galS gene. This gene is known to repress the
expression of galP gene encoding a galactose permease, GalP. GalP protein is reported to
be at least partly responsible in the absence of a fully functional phosphotransferase system
(PTS) for glucose transport, as is the case in KJ122 strain in which the pts/ coding for Ptsl
protein, a component of PTS is mutated (Zhang et al 2009a). Thus it is possible that galS
mutation in KJ122 has some functional significance in terms of glucose uptake or some
other effect on the rate of succinic production. This is tested by transferring the KJ122 allele
of galS into E. coli strain XZ722 (ApfIB, ptsI*, pck*) to give new strain WG86a and
assessing the effect of the mutation on the rate of succinic acid production in this strain.
WG86a was constructed in two steps using the two step gene replacement method described
above. In the first step, a kan-sacB cassette was installed at the galS locus of strain XZ722
to give strain WG83. The PCR primers used were SEQ ID NO. 17 and 18 (see Table 1). In
the second step, the frameshifted allele of galS from KJ122 gene was installed to give strain
WG86a. The PCR primers used were SEQ ID NO. 19 and 20 (see Table 1). In small scale
fermentors, the succinate titer from XZ722 was 175 mM, while that of WG86a was 210

mM, proving that the galS mutation can contribute to improved succinate production. The
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galS mutation is a frameshift, so it can be deduced that a deletion in galS would behave
similarly, but would be more stable genetically. Intermediate strain WG83 contains a
deletion of the galS open reading frame, and it behaved similarly to WG86a, producing 220
mM succinate. In addition, the inventors can deduce that mutating the gal/R gene, which is
known to encode a different repressor of galP expression, would also enhance succinic acid
production by increasing the cell’s ability to import glucose. Furthermore, the inventors can
deduce that an increase in copy number of the galP gene would have a similar effect and
offer yet another approach to increasing efficiency of succinate production. The galP gene
and adjacent upstream and downstream DNA containing a promoter and terminator, with or
without regulatory sites, can be amplified by PCR and then installed in the chromosome of a
succinate producing E. coli strain at one or more sites that are distant from the native galP
locus, to give a strain containing more than one copy of the ga/P gene. The resulting strain
will be enhanced for succinic acid production by virtue of having a higher level of GalP

protein (see Example 11).

Example 4
Deleting a 48kbp region from chromosomal DNA

(0133) Comparative genome sequence analysis between KJ122 and E. coli C strains has
revealed the deletion of a 48 kilobase region including genes ydcC through ydcF of the
genome in KJ122 during the process of metabolic evolution. This deletion corresponds to
the sequence between nucleotide coordinates 2,416,108 and 2,464,284 (both nucleotides
inclusive) of E. coli ATCC 8739. The functional significance of this gene deletion and its
impact on succinic acid production is assessed by reinstalling the 48 kilobase sequence in
KJ122 to give strain WG110. This is accomplished in two steps using a combination of the
gene replacement method and P1 vir transduction. For the first step, a cat-sacB cassette
was installed between the deletion endpoints of KJ122 to give strain WG51. The PCR
primers used were SEQ ID NO, 31 and 32 (see Table 1.). In the second step, WGS5I is
transduced to sucrose resistance and chloramphenicol sensitivity, using P1 vir with E. coli C
as the donor, to give new strain WG110, which now has the 48 kilobase sequence reinstated
at its native locus in a KJ122 strain background. Deletion of the specific regions of strains
of E. coli can be accomplished using the methods described in the U.S. Patent Applications
Publications 2009/0075333 and 2008/0009041. The specific 48 kilobase deletion of KJ122
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can be installed in other recipient E. coli strains in two steps by (1) transducing from
WGS51 into the recipient strain, selecting for chloramphenicol resistance, and (2)
transducing from KJ122 into the strain constructed in step one, selecting for sucrose

resistance, and screening for chloramphenicol sensitivity.

(0134) Obviously, the genes contained under the 48 kilobase deletion are not essential for
growth in minimal glucose medium or for succinic acid production. The advantage of the
48 kb deletion is that the resulting chromosome is slightly shorter, which will give a slight
increase in the rate of growth. Moreover, there are at least four genes under the deletion,
which when deleted singly, result in a higher density of growth in minimal glucose medium.
Strains JW5226, JW1427, JW5229, and JW1438 of the Keio deletion collection, which
contain deletions in genes ydcl, ydcL, ydcO, and ydcV, respectively, all grow to significantly
higher OD600 at 48 hours in a minimal glucose medium (see Supplementary Table 3. in

Baba, T. et. al (2006).

Example 5
Curing the mutated rpoA gene in KJ122

(0135) The core enzyme of bacterial RNA polymerase contains four different polypeptide
subunits: alpha(a), beta(p), beta’(B’) and omega (o) in the stoichiometry cpfp’®. The
alpha subunit of RNA polymerase is coded by rpoAd gene. This subunit is required for
assembly of the enzyme and it interacts with some regulatory proteins. Comparative
genome sequence analysis between KJ122 and E. coli C strains revealed a missense point
mutation in the rpoA4 gene. More specifically, this mutation is located at amino acid position
322 in the RNA polymerase alpha subunit C-terminal domain (a-CTD). The proline residue
in the wild type E. coli C strain has been converted into a leucine residue in the KJ122

strain.

(0136) A different mutation that changes proline 322 to alanine has been previously
described as having a negative effect on expression of the metE gene (Fritsch et al., 2000).
In a separate report, a proline to alalnine mutation at this position in the RpoA protein was
found to reduce cyclic AMP receptor protein (CRP) activation of the rhaS promoter in E.
coli (Holcroft and Egan, 2000). The effect of the proline to leucine point mutation in the



WO 2011/063055 3 PCT/US2010/057119
RpoA protein of KJ122 was assessed by transferring the wild type allele of rpo4 mutation
into KJ122 to give new strain RY859A1, and determining the effect of this mutation on
succinic acid production. RY859A1 was constructed in two steps using P1 vir transduction.
First, a linked aroE::kan allele was transduced into KJ122 using JW3242 from the Keio
deletion collection (available from the Coli Genetic Stock Center, Yale University, New
Haven, CT, USA) as the donor, and selecting for kanamycin resistance. For the second
step, wild type E. coli C was used as the donor, and selection was for growth on minimal
glucose medium. The sequence of the rpo4 gene of RY859A1 was determined and shown
to be wild type. In small scale fermentors at 48 hours, RY859A1 produced succinate at 370
mM, which was slightly less than KJ122, which produced 385 mM. The fermentations

were performed in duplicate and were reproducible.

Example 6
Curing the mutated rpoC gene in KJ122

(0137) Comparative genome sequence analysis between KJ122 and E. coli C strain revealed
a missense point mutation in the F region of [’ subunit of RNA polymerase coded by the
rpoC gene. The RpoC protein binds to the DNA template during the RNA synthesis. A
methionine residue at position 747 has been replaced with isoleucine in KJ122. The effect
of this point mutation in the RpoC protein of KJ122 was assessed by transferring the wild
type allele of rpoC mutation into KJ122 to give new strain RY862A, and determining the
effect of this mutation on succinic acid production. RY862A was constructed using P1 vir
transduction. A linked #hiG::kan allele was transduced into KJ122 using JW5549 from the
Keio deletion collection (available from the Coli Genetic Stock Center, Yale University,
New Haven, CT, USA) as the donor, and selecting for kanamycin resistance. The sequence
of the rpoC gene of RY862A was determined and shown to be wild type. Thiamine HCI at
5 mg/liter was added to the fermentation medium for RY862A and control KJ122 to insure
growth of RY862A. In small scale fermentors, at 48 hours, the succinate titer of RY862A
was 320 mM, significantly less than that of KJ122, 425 mM. The initial growth rate of
RY862A was also slower than that of KJ122, 0.15 OD550/hr compared to 0.23 OD550/hr.

The fermentations were performed in duplicate and were reproducible.

Example 7
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Curing the mutated g/d4 gene in KJ122

(0138) The NAD' - dependent glycerol dehydrogenase is encoded by the gld4 gene. GIdA
protein catalyzes the reversible oxidation of glycerol to dihyrdroxyacetone, and can also
catalyze the reduction of methylgloxal to R-Lactaldehyde. Comparative genome sequence
analysis has revealed that the gld4 gene in KJ122 contains a frameshift mutation. The
impact of the mutated form of the g/d4 gene on succinic acid production was assessed by
installing the wild type gldA gene into KJ122, using the two step gene replacement method
described above, to give new strain AC6. In the first step, a cat-sacB cassette was installed
at the gldA locus of strain KJ122 to give strain ACS5. The PCR primers used were SEQ ID
NO. 9 and 10 (see Table 1). In the second step, the wild type g/ld4 gene from E. coli C was
installed into ACS5 to give strain AC6. The PCR primers used were SEQ ID NO. 13 and 14
(see Table 1). In small scale fermentors at 96 hours, the succinate titer of AC6 was 580
mM, slightly higher than that of KJ122, which was 530 mM. However, the initial growth
rate of AC6 was 0.16 OD550/hr, slightly slower than that of KJ122, which was 0.20
OD550/hr. Thus, the mutated gldA4 gives a slight growth advantage that would be selected
for during the metabolic evolution of KJ122.

Example 8
Curing the mutated dhaM gene in KJ122

(0139) Dihydroxyacetone kinase is a multisubunit protein related to the
phosphotransferase (PTS) system, encoded by three genes in one operon, dhaKLM. The
DhaM subunit has sequence similarity to the IIA domain of the mannose transporter, the
phosphoryl carrier protein Hpr and the N-terminal domain of enzyme 1. In E. coli, DhaM
uses PEP instcad of ATP as the donor for phosphate in the phosphorylation of
dihydroxyacetone. DhaM is phosphorylated by PEP through enzyme 1 and the phosphoryl
carrier protein HPr. The dhaM gene of KJ122 contains a frameshift mutation. In order to
assess the effect of the dhaM mutation in KJ122, the wildt type dhaM gene was installed in
KJ122 using the two step gene replacement method described above to give new strain
AC2. In the first step, a cat-sacB cassette was installed at the dhaM locus of strain KJ122 to
give strain AC1. The PCR primers used were SEQ ID NO. 11 and 12 (see Table 1). In the
second step, the wild type dhaM gene from E. coli C was installed in AC1 to give strain
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AC2. The PCR primers used were SEQ ID NO. 15 and 16 (see Table 1). In small scale
fermentors, at 96 hours, the titer of succinate from AC2 was 560 mM, slightly higher than
that of KJ122, 530 mM. However, the initial growth rate of AC6 was 0.16 OG550/hr,
slightly slower than that of KJ122, which was 0.20 OD550/hr. Thus, mutating dhaM gives
a slight growth advantage that would be selected for during the metabolic evolution of
KJ122. Since DhaKLM consumes PEP, which is a substrate for succinic acid biosynthesis,
conservation of PEP is a mechanism for the growth advantage of KJ122. In addition to, or
instead of, mutating the genes in the dhaKLM operon, a gene encoding a subunit of any
other PTS-dependent dihydroxyacetone kinase can also be mutated to test their importance

in succinic acid production.

Example 9

Curing the missense mutation in the fzs/ gene in KJ122.

(0140) The ftsI gene encodes an essential protein involved in cell wall synthesis and/or
septation. The fzsI gene of KJ122 contains a missense mutation that changes base 619 of
the coding sequence from a C to a T, which changes arginine 207 to a cysteine. The effect
of the arginine to cysteine point mutation in the Ftsl protein of KJ122 was assessed by
transferring the wild type allele of fts/ mutation into KJ122 to give new strain RY858GI,
and determining the effect of this mutation on succinic acid production. Since Ftsl is an
essential protein, the two step gene replacement method would not work, so a two step P1
vir transduction was used instead to construct RY858G1. First, a linked leud::kan allcle
was transduced into KJ122 using JW0073 from the Keio deletion collection (available from
the Coli Genetic Stock Center, Yale University, New Haven, CT, USA) as the donor, and
selecting for kanamycin resistance, to give new strain RY853G1. For the second step, E.
coli C was used as the donor, RY853G1 was the recipient, and selection was for growth on
minimal glucose medium. The sequence of the fis/ gene of RY858G1 was determined and
shown to be wild type. In small scale fermentors, RY858G1 grew at about the same initial
rate as KJ122, but at 72 hours, RY858G1 produced slightly less succinate, 440 mM, than
KJ122, which produced 460 mM. Thus the missense mutation in the fis/ gene of KJ122

contributes slightly to an increase in succinate titer.
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Example 10

Additive effect of combining mutations.

(0141) The results of the strain comparisons that were described in detail in the above
examples are summarized in Table 3. Many of the mutations that have been tested one at a
time gave only a slight increase in succinate titer or growth rate. However, these increases
must be additive and/or synergistic to give the overall improvement that was found for
KJ122 relative to its ancestors (Jantama et al., 2008a; Jantama ef al 2008b). For example, a
derivative of KJ122 cured for both the missense mutation in 7po4 and the missense
mutation in rpoC, constructed by transducing the wild-type rpoC gene into RY859A1,
which contains wild-type rpod gene, resulted in a new strain, RY860A. The construction of
RY860A was done in the same way as RY862A described above in Example 6, except that
the recipient strain was RY859A1 instead of KJ122. In small scale fermentors at 48 hours
with a supplement of thiamine HCI at 5 mg/l, RY860A produced significantly less succinate
(300 mM) than KJ122 (425 mM) and less than RY862A (320 mM) that was cured for only

the rpoC mutation.

Example 11

Construction of a new succinate producer from a naive strain.

(0142) Strain TGI128 is a D-lactate producer that was derived from E. coli W (ATCC
9637), with a genotype AfrdABCD, AadhE, ApflB, AmgsA, and Aack. TGI128 has been
deposited with the Agricultural Research Services Culture Collection, 1815 N. University
Street, Peoria, Illinois, 61604 U.S. A. on July 25, 2005 and has strain accession number
NRRL B-30962. TG128 was then metabolically evolved by selecting first for growth on
sucrose, second for growth at 39 degrees centigrade, and third for growth at 40 degrees
centigrade. The resulting strain was named TG160. TG160 was then re-engineered to be a
succinic acid producing strain. Alleles from KJ122 were installed in the following
chronological order, using the two step gene replacement method described above: pck*,
AldhA, frdABCD", and ptsI*. The pck* and ptsI* mutations were both mutations that had
been found in the KJ122 genome and that had been shown to increase efficiency of succinic
acid production (Zhang et al., 2009a). The resulting strain, WG32b, was then grown in a

small microaerobic fermentors for about 126 generations (23 transfers), to give strain



WO 2011/063055 4 PCT/US2010/057119
WG32b-T23. WG32b-T23 is a moderately good succinic acid producer that made about
260 mM succinic acid in small scale fermentors. Next, two additional mutations were
added to WG32b-T23, based on discoveries of the present invention in the genome of
KJ122. First, a second copy of the galP gene, together with flanking sequences containing
the native promoter and terminator, was integrated in the genome at a locus near the dnad
gene, using the two step gene replacement method. The DNA sequence at the insertion site
is:
attaaattttccaatatgcggcegtaaatcgtgeccgectegeggeaggategtttacacttagegagttctggaaagtectgtggataa
atcgggaaaatctgtgagaaacagaagatct - insertion site -
cttgcgcagtttaggctatgatcecgeggteccgategttttgcaggatcttgactcgggceatataaccgeagacageggt.  In the
first step, a kan-sacB cassette was inserted at the dnad locus to give strain WG62. The PCR
primers used were SEQ ID NO. 25 and 26 (see Table 1). In the second step, the second
copy of galP was installed at the dnad locus. The PCR primers used were SEQ ID NO. 27
and 28 (see Table 1). The resulting strain, named WG74, produced about 320 mM succinic
acid in small scale fermentations. Second, the entire open reading frame of the pykA gene
was deleted from WG74 and replaced with a cat-sacB cassette to give new strain W(G96.
The PCR primers used were SEQ ID NO. 29 and 30 (see Table 1). In small scale
fermentations, WG96 produced 450 mM succinic acid, which is a clear improvement over
that of precursor strains WG32b-T23 and WG74. Thus, the inventors have clearly
established that discovering the exact nature of the mutations in KJ122 gives unique
information and insight into how to construct new, improved succinic acid producing strains
from different, less evolved parent strains. Moreover, the discoveries of the present
invention are applicable broadly. For example, learning of the galS mutation can be applied
by not only installing the identical mutation found in KJ122 in a new strain, but also by
duplicating a target of GalS repression, the ga/P gene. As another example, learning of the
pyk4 mutation can be applied by not only installing the identical mutation found in KJ122

in a new strain, but also by installing a deletion of pyk4.

(0143) The invention disclosed herein can be generalized to improving strains and
processes for producing chemicals other than succinic acid. The examples provided are

intended to be illustrative, but not limiting.
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(0144) The GalP protein functions to import glucose and other sugars by a proton symport
mechanism, which costs the cell roughly 1/3 of an ATP. After importation, a sugar such as
glucose needs to be phosphorylated, which costs one additional ATP, for a total cost of
about 1.33 ATPs. In terms of metabolic energy, this is less costly than importing a sugar
such as glucose by the PTS system, which costs one PEP, which is energetically equivalent
to about 2 ATPs. Thus, importing a sugar such as glucose by GalP is more efficient than by
using the PTS.

(0145) Morcover, in many fermentative processes, particularly, but limited to anaerobic and
microacrobic processes, PEP can an intermediate for biosynthesis of chemicals other than
succinic acid, such as malic acid, fumaric acid, aspartate, threonine, methionine, lysine, and
others. Thus, conserving PEP by using GalP instead of the PTS, and by reducing pyruvate

kinase activity in general, the efficiency of biosynthesis can be improved.

(0146) In many fermentations, more efficient growth in minimal media is desirable, and
the 48 kb deletion found in KJ122 will help improve efficiency in any fermentation using E.

coli n minimal medium.

(0147) The fisI mutation found in KJ122 might improve efficiency by leading to a smaller
or more spherical cell, which in turn leads to a higher surface area to volume ratio. This, in
turn, will lead to more efficient import of nutrients such as glucose, sucrose, maltose,
glycerol, etc., and more efficient export of products such as succinate, malate, fumarate,

aspartate, threonine, methionine, lysine, etc.

(0148) The mutations found in rpod and rpoC result in a general loss of catabolite
repression by glucose. This de-repression increases efficiency of biosynthesis in many
cases. For example, biomass hyrolyzates, which are desirable sources of inexpensive
sugars, usually contain mixtures of sugars including glucose. It is desirable that the various
other sugars be used simultancously with the glucose, and removal of catabolite repression
enhances the cell’s ability to efficiently consume and metabolize non-glucose sugars
together with glucose. Furthermore, removal of catabolite repression increases expression

of desired genes, such as pck, galP, mdh, fumA, xylE, lacZ, lacY, fumB, and frdABCD. Thus
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the RNA polymerase mutations of the invention have broad applicability to a variety of

commercial useful strains and fermentation processes.

(0149) Thus, the mutations discovered in the present invention are useful for increasing
succinic acid production, they are novel in that they have not been previously described for
succinic acid production or other organic acid production, and they are inventive in that one
skilled in the art could not have predicted that the individual mutations of the inventions or
the combination of those mutations would improve succinic acid or other organic acid

production.

(0150) Although several of the mutations discovered by in the genome sequence of KJ122
produced only a slight effect on growth or succinic acid production when altered one at a
time, it should be stressed that even a small increase in rate of growth would be selected for
during the metabolic evolution, as the time period covered many generations. Moreover, a
combination of several mutations, in which each individual mutation contributes additively
or synergistically would confer a much larger increase in efficiency of growth and/or

succinic acid production.

(0151) The method for constructing a microorganism for the purpose of producing a desired
chemical by fermentation from a new, second parent strain, as disclosed in Example 11, can
be generalized to a wide variety of chemicals and strains. The general method would
comprise: (A) deleting from a first parent strain at least one gene encoding an enzyme that
catalyzes a step in a biosynthetic pathway to a fermentation product distinct from said
desired chemical, to result in a first intermediate strain, (B) performing metabolic evolution
on said first intermediate strain to result in a second intermediate strain, (C) determining
the genomic DNA sequence of said parent strain and said second intermediate strain, (D)
comparing said genomic DNA sequences to identify mutations that were selected for during
said metabolic evolution, (E) testing at least one of said mutations to determine which of
said mutations are beneficial for increasing the growth rate or efficiency of production of
said desired chemical, (F) choosing at least one of said beneficial mutations, and (QG)
installing at least one of said beneficial mutations, or at least one mutations that is
functionally similar to one of said beneficial mutations, in a second parent strain to result in

said microorganism.
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(0152) This general method will apply to chemicals other than succinate, such as fumarate,
malate, aspartate, glutamate, and derivatives of any of these chemicals, and to
microorganisms other than E. coli, including other bacteria, archeons, yeasts, filamentous

fungi, algae, and dinoflagellates.

(0153) The applicants’ invention has been described in detail above with particular
reference to preferred embodiments. A skilled practitioner familiar with the above detailed
description can make any modification without departing from the spirit of the claims that

follow.
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Table 1 Sequences of the primers used

SEQ Primer Sequence (5>3°)
1D name
NO.

9 BY60 caggaaacgctgaccgtactggtcggctaccagcagageggcgtaaacctgtgacggaagatcacttcgecaga
ataa

10 BY61 gtgagtttgaccgctatctgetgttgccaaataacccgaatatggtcattgaageacttcactgacaccctcatca

11 BY62 tctctggcggtggtcataaaaaaccgtaacggcectgeatgtacgtccggegtgacggaagatcacticgecagaat
aaat

12 BY63 aaccctgacggttgaaacgttgcgttttaacgtccagegttagegttictgaageacttcactgacaccctcatca

13 ACI16 gcattgtctgttatctacaccgatgagg

14 AC17 tcccactcttgcaggaaacgct

15 AC33 gactgggagaaggtgtcggtgaat

16 AC34 catcattaaacagcggecctaataaaata

17 91A aaacgccaatgcccaggcgetggcaactcaggttagcgacaccattggegtggtegtoat
ctagcgcatgcatccattta

18 91B aatcaacgcattacaacgctggcgaattaacacctcaatggegtgacgcetetttttccge
ggcgaagaactccageatga

19 90A gaataacagcacgctggtca

20 90B tcaacgcactcatccagcect

21 60A atgtccagaaggcticgcagaacaaaaatcgttaccacgttaggcecagcaacagatcge
gacggaagatcacttcgcag

22 60B ttactctaccgttaaaatacgcgtggtattagtagaacccacggtactcatcacgtcgccaagaaataaaagaaaat
gce

23 59A tacatgtccagaaggcttcg

24 59B catccggcaacgtacttact

25 75A ccaggacgatccttgegctttacccatcageecgtataatcctccacceggegegecatgctagegeatgeateca
ttta

26 75B ccgegcttttccgeaccttttcgcagggaaaatgtacgacctcacaccagtggaaaccage
ggcgaagaactccageatga

27 76A ccaggacgatccttgegctttacccatcageccgtataatcctccacceggegegecatgecgattacaccaace
acaac

28 76B ccgegcttttccgeaccttticgcagggaaaatgtacgacctcacaccagtggaaaccage ggegaa
tttcatagctttcc

29 60A atgtccagaaggcticgcagaacaaaaatcgttaccacgttaggcecagcaacagatcge
gacggaagatcacttcgecag

30 60B ttactctaccgttaaaatacgcgtggtattagtagaacccacggtactcatcacgtcgccaagaaataaaagaaaat
gce

31 67A ggctgggacggaagtcgcetgtegttctcaaaatcggtggagetgcatgacaaggtcatcggacggaagatcactt
cgcag

32 67B atggagcagattagcggttaaccctgctatttgectgataaatctaaaacccggtaagcaaagaaataaaagaaaa
tgec

36 87TA atgaaaaagaccaaaattgtttgcaccatcggaccgaaaaccgaatctgaagagatgtctagegcatgeatccatt
ta

37 87B ttacaggacgtgaacagatgcggtgttagtagtgccgetcggtaccagtgcaccagaaaggcgaagaactccag
catga

38 78A acacattcctctgcacgett

39 78B aggatgcttccatcggattc
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Table 2. Primers pairs and DNA template used and the bacterial strains created

PCR Primer pair DNA template Strain Created
BY60 /BY61 pCA2 ACS
BY62 /BY63 pCA2 AC1
ACI16/AC17 E. Coli C AC6
AC33/AC34 E. Coli C AC2
91A /91B pGW162 WG83
90A /90B KJ122 WG8E6
60A /60B pLOI4151 WG4
59A /59B E. coli C WG8S
75A /75B pGW162 WG62
76A /76B KJ122 WG74
60A /60B pLOI4151 WG96
67A /67A pLOI4151 WGS1
87A /87B pGW162 WG8R7
78A /78B pGW191 WG8E9
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Table 3. Details of the mutations detected through whole genome sequencing

Relevant Strain Parent Allele type Succinate | Initial growth | Fermentation
gene(s) name strain titer rate time (hr) for
0OD550/hr titer given
pykA KJ122 - frameshift 550 mM 0.21 96
pykA WG85a KJ122 wild type 160 mM | 0.022 96
pykA WG4 KJ122 deletion 540mM | 0.21 96
pykAF KJ122 - pykA”, pykF+ | 510 mM | 0.20 97
pykAF WG9 KJ122 pykA', ApykF | 115mM | 0.021 97
galS XZ7722 - wild type 175mM | 0.017 144
galS WG86a XZ722 frameshift 210 mM 0.019 144
galS WG83 XZ722 deletion 220mM | 0.018 144
rpoA KJ122 - missense 385 mM | 0.24 48
rpoA RY859A1 [ KJ122 wild type 370 mM [ 0.23 48
rpoC KJ122 missense 425mM ] 0.23 48
rpoC RY862A [ KJ122 wild type 320mM | 0.15 48
rpod, rpoC | RY860A | RY859A1 | wild type 300mM | 0.14 48
for both
gldA KJ122 - frameshift 530mM | 0.20 96
gldA AC6 KJ122 wild type 580mM [ 0.16 96
dhaM KJ122 - frameshift 530mM | 0.20 96
dhaM AC2 KJ122 wild type 560mM | 0.16 96
fisl KJ122 - missense 460 mM | 0.20 72
ftsl RY858G1 [ KJ122 wild type 440 mM | 0.20 72
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CLAIMS

What 1s claimed is:

1.

7.

A non-naturally occurring microorganism comprising increased levels of
phosphoenol pyruvate carboxykinase activity and a mutation in a gene coding for

pyruvate kinase activity.

The non-naturally occurring microorganism of claim 1, wherein the increased level
of phosphoenol pyruvate carboxykinase activity results from replacement of native
regulatory sequences of the pck gene with altered regulatory sequences that

increases phosphoenol pyruvate carboxykinase activity.

A non-naturally occurring microorganism of claim 1, wherein the gene coding for

pyruvate kinase activity is a pykA gene or homolog thereof.

A non-naturally occurring microorganism of claim 1, wherein the gene coding for

pyruvate kinase activity is a pykF gene or homolog thereof..

A non-naturally occurring microorganism of claim 1, further comprising one or
more genetic modifications that decrease the functioning of a PEP-dependent

phosphotransferase system.

The non-naturally occurring microorganism of claim 1, further comprising:

(a) one or more genetic modifications that decrease the functioning of a PEP-
dependent phosphotransferase system; and
(b) one or more genetic modifications that increase the activity of at least one

non-PTS sugar transporter.

The non-naturally occurring microorganism of claim 7, wherein said non-PTS sugar

transporter is a galactose permease.
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10.

11.

12.

13.

14.

15.

16.

17.

62

The non-naturally occurring microorganism of claim 7, wherein the increase in the
activity of galactose permease is achieved by increasing the copy number of a galP

gene coding for galactose permease.

The non-naturally occurring microorganism of claim 7, wherein the increase in the
activity of galactose permease is achieved by relieving the negative control of a

repressor through one or more mutations.

The non-naturally occurring microorganism of claim 9, wherein said repressor of

galactose permease is encoded by a galS or a galR gene.

The non-naturally occurring microorganism of claim 1, further comprising a

mutation in at least one of the genes involved in a fermentative pathway.

The non-naturally occurring microorganism of claim 1, further comprising a
mutation in at least one of the genes associated with the operation of the

tricarboxylic acid cycle.

The non-naturally occurring microorganism of claim 1, further comprising a

mutation in a gene coding for a subunit of RNA polymerase.

A non-naturally occurring microorganism which produces more than 20 g/L of an
organic acid or other chemical derived from oxaloacetate and comprises a mutation

in a gene coding for a subunit of RNA polymerase.

The non-naturally occurring microorganism of claim 13 or claim 14, wherein the

gene coding for a subunit of RNA polymerase is an rpoA4 gene.

The non-naturally occurring microorganism of claim 13 or claim 14, wherein the

gene coding for a subunit of RNA polymerase is an rpoC gene.

The non-naturally occurring microorganism of claim 1, further comprising a
deletion in the chromosomal DNA wherein said deletion removes the ydcC, ydeD,

vdcE, and ydcF genes.



WO 2011/063055 PCT/US2010/057119
63
18. The non-naturally occurring microorganism of claim 1 or claim 14, further

comprising a mutation in an fis/ gene.

19. The non-naturally occurring microorganism of claim 1 or claim 14, further

comprising a mutation in a gld4 gene.

20. The non-naturally occurring microorganism of claim 1 or claim 14, further
comprising a mutation in a dhaKLM operon or a gene encoding a subunit of a PTS-

dependent dihydroxyacetone kinase.

21. A non-naturally occurring microorganism which produces more than 20 g/L of an
organic acid or other chemical derived from oxaloacetate and comprises a deletion
in the chromosomal DNA, wherein said deletion removes the ydcC, ydcD, ydcE and

ydcF genes or homologs thereof.

22. A method of producing succinic acid comprising:

(a) culturing the microorganism of any of claim 1 through claim 14;
(b) providing a carbon source;
(c) allowing said microorganism to metabolize said carbon source; and

(d) optionally, isolating succinic acid.

23. A method for constructing a microorganism for the purpose of producing a desired
chemical by fermentation comprising:

(a) deleting from a first parent strain at least one gene encoding an enzyme
that catalyses a step in a biosynthetic pathway to a fermentation product
that is different from said desired chemical, to result in a first intermediate
strain,

(b) performing metabolic evolution on said first intermediate strain to result in
a second intermediate strain that has improved growth relative to that of
said first strain,

(c¢) determining the genomic DNA sequence of said first parent strain and

second intermediate strain,
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(d) comparing said genomic DNA sequences to identify mutations that were
selected for during said metabolic evolution,
(e) testing at least one of the said mutations and identifying which of said
mutations are beneficial for increasing the growth rate of efficiency of
production of said desired chemical, and

(f) installing one or more of said identified beneficial mutations, or one or
more mutations that is functionally similar to one of said beneficial
mutations, in a second parent strain to result in a microorganism for
producing the desired chemical.



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims

