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HIGH MOLAR SUCCINATE YIELD 
BACTERIA BY INCREASING THE 

INTRACELLULAR NADH AVAILABILITY 

PRIOR RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 60/497,195, filed Aug. 22, 2003. 

FEDERALLY SPONSORED RESEARCH 
STATEMENT 

2 
ies include overexpression of phosphoenolpyruvate carboxy
lase, (PEPC), overexpression of the malic enzyme and over
expression of pyruvate carboxylase (PYC). Besides these 
genetic manipulations, external means have been developed 

5 in order to increase succinate production such as utilizing a 
dual phase fermentation production mode which comprises 
an initial aerobic growth phase followed by an anaerobic 
production phase, or by changing the headspace conditions of 
the anaerobic fermentation using carbon dioxide or hydro-

10 gen. It has been suggested that an external supply ofH2 might 
serve as a potential electron donor for the formation of suc
cinic acid, a highly reduced fermentation product when com
pared to glucose. The present invention has been developed with funds from 

the National Science Foundation. Therefore, the United 
States Government may have certain rights in the invention. 15 

Under fully anaerobic conditions, the maximum theoreti
cal yield (molar basis) of succinate from glucose is one based 
on the number of reducing equivalents provided by this sub
strate. One mole of glucose can provide only two moles of 
NADH, and two moles ofNADH can only produce one mole 
of succinate, therefore, in order to surpass the maximum 

REFERENCE TO MICROFICHE APPENDIX 

Not applicable. 

FIELD OF THE INVENTION 

The invention relates to increasing the yield of succinate in 
bacteria by increasing the intracellular availability of co fac
tors such as NADH. 

BACKGROUND OF THE INVENTION 

20 theoretical yield it is necessary to use part of the carbon 
coming from glucose to provide additional reducing power to 
the system. 

Metabolic engineering has the potential to considerably 
improve process productivity by manipulating the throughput 

25 of metabolic pathways. Specifically, manipulating interme
diate substrate levels can result in greater than theoretical 
yields of a desired product. 

Succinic acid has drawn much interest because it has been 
used as a precursor of numerous chemicals including phar- 30 

maceuticals and biodegradable polymers. Succinic acid is a 
member of the C4 -dicarboxylic acid family and it is commer
cially manufactured by hydrogenation of maleic anhydride to 
succinic anhydride, followed by hydration to succinic acid. 
Recently major efforts have been made to produce succinic 35 

acid by microbial fermentation using a renewable feedstock. 
Many attempts have been made to metabolically engineer the 
anaerobic central metabolic pathway of Escherichia coli (E. 
coli) to increase succinate yield and productivity. E. coli is 
extensively used in industry as a host for many products due 40 

to the ease of genetic manipulation coupled to its fast growth 
rate, standardized cultivation techniques and cheap media. It 

SUMMARY OF THE INVENTION 

An aspect of the invention is directed toward a method of 
increasing the production of succinate within a cell by mutat
ing one or more genes that encode enzymes involved in meta
bolic reactions, and the mutations result in increased intrac
ellular levels ofNADH. 

Another aspect of the invention is directed toward a method 
of increasing the NADH flux in a cell, by mutating one or 
more genes that encode enzymes involved in metabolic reac
tions, and the mutations result in increased intracellular levels 
ofNADH. 

A further aspect of the invention is directed toward a micro
organism which contains one or more mutant genes, and 
displays increased intracellular levels ofNADH. is for this reason and for the need to produce succinic acid 

economically at high concentrations and yields that E. coli 
has been considered as a potential candidate to produce this 45 

product of industrial interest. 
BRIEF DESCRIPTION OF THE DRAWINGS 

It is well known that under anaerobic conditions and in the 
absence of exogenous electron acceptors, E. coli metabolizes 
glucose to a mixture of fermentative products consisting pri
marily of acetate, ethanol, lactate and formate with smaller 
quantities of succinate. NADH produced by the catabolism of 
glucose is regenerated to NAD+ through the reduction of 
intermediate metabolites derived from glucose in order to 
continue with glycolysis. The distribution of products varies 
according to the strain and growth conditions and is dictated 
by the way reducing equivalents generated in the form of 
NADH are consumed so that an appropriate redox balance is 
achieved by the cell. 

Numerous efforts have been undertaken to make succinate 
the major fermentation product in E. coli. Some genetic 
manipulations previously studied are: deletion of the fermen
tative lactate dehydrogenase (LDH) pathway, deletion ofboth 
the LDH and pyruvate formate lyase (PFL) pathways and 
deletion of multiple pathways including PFL and LDH path
ways with an additional ptsG mutation which restored the 
ability of the strain to grow fermentatively on glucose and 
resulted in increased production of succinic acid. Other stud-

The accompanying drawings which are incorporated in 
and constitute a part of this specification exemplify the inven
tion and together with the description, serve to explain the 

50 principles of the invention: 
FIG. 1 illustrates the central anaerobic metabolic pathway 

of the strain SBSll OMG showing inactivation of lactate 
dehydrogenase and alcohol dehydrogenase pathways, and 
overexpression of a plasmid that expresses pyruvate carboxy-

55 lase from Lactococcus lactis; 
FIG. 2 illustrates the effect offormate supplementation (A) 

on succinate yield and other metabolites (pyruvate (B); lac
tate (C); acetate (D)) in the SBSllOP strain that is trans
formed with a plasmid that expresses NAD-dependent for-

60 mate dehydrogenase along with a plasmid that expresses 
pyruvate carboxylase, and the strain SBS110(pHL413) con
taining a plasmid that expresses pyruvate carboxylase and a 
control plasmid pDHC30; 

FIG. 3 illustrates metabolite concentrations (mM) and 
65 product yields (succinate (B); formate (C); acetate (D); prod

uct molar yield (E)) in anaerobic experiments using glucose 
as a carbon source (A) in Luria Broth medium with a starting 
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OD of 20. Concentrations shown are from samples collected 
after 48 hours of culture (average of triplicate cultures). The 
error bars represent the standard deviation; and 

FIG. 4 illustrates metabolite concentrations (mM) and 
product yields (succinate (B); formate (C); acetate (D); suc
cinate molar yield (E)) in anaerobic experiments using glu
cose as a carbon source (A) on LB medium with a starting OD 
of 4. Concentrations shown are from samples collected after 
48, 96 and 168 hours of culture (average of triplicate cul-
tures). The error bars represent the standard deviation. 10 

DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

4 
In other embodiments of the invention, increased succinate 

yields are achieved via reduced glucose uptake rate by using 
glucose uptake deficient strains, such as a mutated ptsG sys
tem. 

In certain embodiments of the invention, increased succi
nate yields are achieved via increased pyruvate to acetyl-CoA 
flux to increase NADH supply by overexpressing an oxi
doreductase enzyme system or pyruvate formate lyase (PFL). 

In other embodiments of the invention, the rate of succinate 
formation can be further improved by using a dual phase 
process where the growth and the production phase of the 
culture are operated in a sequential manner. 

An embodiment of the invention is directed toward a 
microorganism that contains one or more mutant genes and 

An embodiment of the invention is directed towards an E. 15 displays increased yields of succinate. 
Another embodiment of the invention is directed toward a 

coli strain that is capable of achieving high succinate yield 
and productivity by diverting maximum quantities ofNADH 
for succinate synthesis by striking a balance between cell 
physiology requirements and achieving higher product 20 
yields. 

An embodiment of the invention provides a strain of E. coli 
in which both the ethanol and lactate synthesis pathways are 
inactivated by mutating the genes that code for the enzymes 
involved in these pathways namely lactate dehydrogenase 25 

(LDH) and alcohol dehydrogenase (ADH; AdhE). TheAdhE 
protein of E. coli is responsible for three different enzymatic 
functions. The ADH and coenzyme A-linked acetaldehyde 
dehydrogenase (ACDH) functions are involved in the conver
sion of acetyl-CoA to ethanol during fermentation. There- 30 

fore, mutation of the adh gene entirely inactivates the ethanol 
synthesis pathway of the respective mutant strain. 

An embodiment of the invention provides a double mutant 
strain of E. coli in which the ldh and adh genes are inactivated 

35 
and the mutant strain is transformed with a plasmid express-
ing an NAD-dependent formate dehydrogenase capable of 
NADH recycling. 

In certain embodiments of the invention, the dual mutant E. 
coli strain containing the plasmid expressing an NAD-depen- 40 
dent formate dehydrogenase is further transformed with a 
plasmid expressing the pyruvate carboxylase gene. 

In an embodiment of the invention, the pyruvate carboxy
lase gene is derived from Lactococcus lactis. 

In other embodiments of the invention, the glucose per- 45 

mease in the phosphotransferase (ptsG) system of the E. coli 
double mutant is additionally mutated. This triple mutant is 
able to further increase the molar succinate yield. 

In certain embodiments of the invention, the native formate 
dehydrogenase gene (fdhf) is additionally mutated to gener- 50 

ate a triple mutant. 
In an embodiment of the invention, an E. coli strain that 

contains mutations in the adhE, ldh and ptsG genes is trans
formed with a plasmid expressing the gene encoding pyruvate 
carboxylase. In an embodiment of the invention, the pyruvate 55 

carboxylase gene is derived from Lactococcus lactis. 
In certain embodiments of the invention, an E. coli strain 

that contains mutations in the adhE, ldh and fdhf genes is 
transformed with a plasmid expressing the gene encoding 

60 
pyruvate carboxylase. In an embodiment of the invention, the 
pyruvate carboxylase gene is derived from Lactococcus lac-
tis. 

In certain embodiments of the invention, increased succi
nate yields are achieved by the increased conversion of pyru- 65 

vate to oxaloacetate by overexpressing phosphoenolpyruvate 
carboxylase (PEPC) and/or pyruvate carboxylase (PYC). 

microorganism that displays a molar ratio of succinate yield 
to glucose substrate of greater than 1.0. 

A further embodiment of the invention is directed toward a 
microorganism that displays a molar ratio of succinate yield 
to glucose substrate that is at least about 1.3. 

Another aspect of the invention is directed toward a micro
organism that displays a molar ratio of succinate yield to 
glucose substrate that is greater than about 1.3. 

Referring to FIG. 1, the central anaerobic metabolic path
way of the strain SBSll OMG showing inactivation oflactate 
dehydrogenase and alcohol dehydrogenase pathways, and 
overexpression of a plasmid that expresses pyruvate carboxy
lase from Lactococcus lac tis is depicted. TheAdhE protein of 
E. coli is responsible for three different enzymatic activities. 
Two of these activities, ADH and coenzyme A-linked acetal
dehyde dehydrogenase (ACDH), are involved in the conver
sion of acetyl-CoA to ethanol during fermentation 

Referring to FIG. 2, two enzymes in the central anaerobic 
pathway, lactate dehydrogenase (LDH) and alcohol dehydro
genase (ADH; AdhE) were deactivated to generate the mutant 
strain SBSllO.A test mutant strain was created by transform
ing the dual mutant strain with two plasmids, one expressing 
NAD-dependent formate dehydrogenase (pASF2), and the 
other expressing pyruvate carboxylase (pHL413). Control 
experiments were performed with the dual mutant strain 
transformed with a plasmid expressing pyruvate carboxylase 
(pHL413) and a control plasmid (pDHC30). The molar suc
cinate yield for the test mutant strain was higher (1.5 mol/ 
mol) than the control strain. 

FIG. 3 illustrates the metabolite concentrations and prod
uct yields in two mutant strains, a double mutant (ll.ad
hEll.ldhA) and a triple mutant (ll.adhEll.ldhAll.ptsG) trans
formed with a plasmid that expresses pyruvate carboxylase 
(pHL413). The experimental details and results are detailed 
below. 

FIG. 4 illustrates the metabolite concentrations and prod
uct yields in two triple mutant strains, SBS220MG (ll.ad
hEll.ldhAll.ptsG) and SBS880MG (ll.adhEll.ldhAMdhF) 
transformed with a plasmid that expresses pyruvate carboxy
lase (pHL413). The experimental details and results are 
detailed below. 

Example 1 

Construction of Plasmids and Mutant Strains 

Table 1 describes the strains used in this study and Table 2 
describes the plasmids used in this study. Single mutations 
were performed individually on MG1655 using the A Red 
recombinase method of chromosomal disruption. Additional 
mutations were introduced byP !-phage transduction with 
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subsequent elimination of the kanamycin resistance gene. 
Single gene disruption sites were verified by PCR. Plasmid 
pHL413 contains the pyc gene from Lactococcus lactis, 
which encodes the enzyme pyruvate carboxylase that con
verts pyruvate to oxaloacetate. 

TABLE 1 

Strain Phenotype 

6 
For higher inoculum experiments, aerobic cultures were 

grown in a 2 L shake flask containing 400 ml ofLB medium 
with appropriate antibiotic concentration. A volume of this 
culture was centrifuged, and the cells collected were resus
pended in 10 ml of anaerobic medium to an initial OD of 20. 
The cells were transferred aseptically to 250 ml shake flasks 
containing 0.5 g of MgCOy The resuspended culture was 
purged with sterile C02 at 1 Llmin STP for 1 min and rapidly 
capped with rubber stoppers to ensure anaerobic conditions. 

MG1655 
SBS110 
SBS110MG 
SBS220MG 
SBS880MGK 
SBS100MG 

Wild type (F-),-) 
1\.adhEL\.ldhA 
1\.adhEL\.ldhA, Krn5 

1\.adhEL\.ldhAL\.ptsG, Km5 

1\.adhEL\.ldhAL\.fdhF, KmR 
1\.adhE, Krn5 

10 For higher inoculum experiments, the use of shake flasks 
allowed a larger COiliquid ratio avoiding C02 limitation 
conditions. A sample of the initial media was saved for analy
sis and samples were withdrawn with a syringe at 24 and 48 
h. 

CD55K 
SBS770MG 
BW25113 

1\.ldhA, KmR 
MdhF, KmR 
1\.ptsG, KmR 

15 
Example 3 

Analytical Techniques 

TABLE2 20 Cell density was measured at 600 nm in a spectrophotom-

Plasmid 

pHL413 

Properties 

Pyruvate carboxylase from 

eter. Fermentation samples were centrifuged for 3 min at 
13,000 gin a microcentrifuge. The supernatant was filtered 
through a 0.45 f.Ull syringe filter and stored chilled for HPLC 
analysis. The fermentation products as well as glucose were 

pASF2 

pTrc99A 
pDHC30 

Lactococcus lactis cloned in pTrc99A, ApR 
NAD-dependent formate dehydrogenase 
expression plasmid 
Control plasmid 
Control plasmid 

25 quantified using a Shimadzu HPLC system, equipped with a 
cation-exchanged colunm, a UV detector and a differential 
refractive index detector. A mobile phase of 2.5 mM H2 S04 

solution at a 0.6 ml/min flow rate was used and the column 
was operated at 55° C. 

30 
Example 2 

Culture of Bacterial Strain 

Example 4 

Effects of Overexpression of Pyruvate Carboxylase 

Experiments were performed with strain SBSllO trans-
formed with a plasmid expressing formate dehydrogenase 
along with a plasmid expressing pyruvate carboxylase. As 
shown in Table 3 and FIG. 2, an increased yield of succinate 
is observed when the strain is grown in the presence of added 

Luria-Bertani (LB) broth medium supplemented with 200 35 

mg/L of 1: 1:1 ampicillin, carbenicillin and oxacillin was used 
for all aerobic cultivations. LB broth medium supplemented 
with 20 g/L of glucose and 1 g/L ofNaHC03 was used for all 
anaerobic cultivations and ampicillin was added at a concen
tration of 200 mg/L. Pyruvate carboxylase expression was 
induced by the addition of isopropyl-~-D-thiogalactopyrano
side (IPTG) to a final concentration of 1 mM. 

40 formate. 

A two-stage culture technique was used to examine the 
accumulation of succinic acid in the culture broth. The first 
stage comprises an initial aerobic growth phase followed by 45 

the second stage, the anaerobic production phase. Cells were 
grown aerobically in LB broth containing appropriate antibi
otic concentration at 37° C. and 250 rpm for 17 hours. Cells 
were harvested by centrifugation and the supernatant dis
carded. Then the cells were resuspended in fermentation 50 

medium at two different cell densities of 4 or 20 OD units 
respectively. After resuspension, the cultures were trans
ferred aseptically to anaerobic culture containers, which con
tained MgCOy The containers were purged with C02 at 1 
Llmin at STP. 55 

For low inoculum experiments, triplicate cultures were 
grown aerobically using 125-ml shake flasks containing 25 
ml of LB medium with appropriate antibiotic concentration. 
A volume of this culture was centrifuged, and the cells col
lected were resuspended in 18 ml of anaerobic medium to an 60 

initial OD of 4. The cells were transferred aseptically to 45 ml 
glass anaerobic tubes containing 0.5 g ofMgC03 . The resus
pended culture was purged with sterile C02 at 1 Llmin STP 
for 8 seconds and rapidly capped with open top caps and 
PTFE/silicone rubber septa to ensure anaerobic conditions. A 65 

sample of the initial media was saved for analysis and samples 
were withdrawn with a syringe at 48, 96 and 168 h. 

TABLE3 

Metabolite yield 

Succinate Yield 

SBS110(pDHC30 + pHL413) 
SBS110(pASF2 + pHL413) 
Pyruvate Yield 

SBS110(pDHC30 + pHL413) 
SBS110(pASF2 + pHL413) 
Acetate Yield 

SBS110(pDHC30 + pHL413) 
SBS110(pASF2 + pHL413) 
Lactate Yield 

SBS110(pDHC30 + pHL413) 
SBS110(pASF2 + pHL413) 
Ethanol 

SBS110(pDHC30 + pHL413) 
SBS110(pASF2 + pHL413) 

BDL: below detection level 

Formate added 

OmM 100mM 

1.18 1.44 
1.19 1.49 

0.39 0.74 
0.51 0.91 

0.17 0.09 
0.08 0.07 

0.01 0.02 
0.03 0.02 

BDL BDL 
BDL BDL 

Anaerobic tube experiments were performed under a com
plete atmosphere of C02 using an initial OD of 4 with strain 
SBS 11 OMG with and without plasmid pHL413 to assess the 
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effect of overexpressing the pyc gene. Samples taken at dif
ferent time intervals ( 48, 96 and 168 hrs) indicated that the 
expression of the pyc gene (plasmid pHL413) was necessary 
to increase the glucose uptake and to obtain high succinate 
yields. Fermentations with SBS11 OMG(pTrc99A) and 5 

SBS110MG(pHL413) were terminated after 168 h. At this 
point the control strain consumed only 11% of the initial 
glucose added (20 g/L) with low succinate yield and high 
acetate yield while SBS110MG(pHL413) consumed 100% 
of the initial glucose achieving a succinate yield of 1.3 mol/ 10 

mol. 
The effect of inoculum size on succinate production was 

also examined by using a higher inoculum of 20 OD units. 
FIG. 3 shows the results of these experiments, including 

15 
glucose consumed, the concentration of the metabolites pro
duced and the product yields after 48 h of culture. 

8 
After 48 hours of culture, succinate, residual formate or 

acetate yield were similar in strains SBS110MG(pHL413) 
and SBS880MGK(pHL413). After 96 h, acetate and residual 
formate yields decrease for SBS11 OMG(pHL413) relative to 
SBS880MGK(pHL413 ), however the succinate yield was not 
significantly different. After 168 h, the residual formate and 
acetate yield of SBS 11 OMG(pHL413) decreases abruptly to 
0.19 and 0.8 respectively with concomitant increase in glu
cose consumption and succinate levels (see FIG. 4) in contrast 
to the strain lacking the native FDH. As expected the residual 
formate yield remained unchanged after each time interval 
analyzed with the fdhF- strain. 

Example 6 

Effect ofPTSG Deletion 

It has been shown that when a mutation of the ptsG was 
introduced into E. coli strains that could ferment glucose, the 
resulting strain was able to produce more succinate and less 
acetate. Based on these findings and to evaluate the possibility 
of a further increase in succinate yield and a decrease in 
acetate we transferred the ptsG mutation into strain 
SBSllOMG to create SBS220MG. The triple mutant was 

A comparison of the results for SBS110MG (pTrc99A) and 
SBS110MG(pHL413) shows the effect of overexpressing 
pyc on the metabolic patterns of SBS110MG (FIG. 3). The 20 

glucose consumption increased 4 fold; the succinate 
increased 25 fold from 5 mM to 132 mM from an initial 
glucose concentration of 104 mM. As expected, overexpres
sion of pyc increased the succinate yield from 0.2 mol/mol to 

25 transformed with plasmid pHL413 and experiments were 
performed under anaerobic conditions using a high cell den
sity inoculum. The results of these experiments are depicted 
in FIG. 3, including glucose consumed (mM) and the concen
tration of different metabolites produced (mM) after 48 h of 

1.3 mol/mol, while the acetate yield dropped from 1.2 mol/ 
mol to 0.8 mol/mol. The residual formate yield was also lower 
in the strain overexpressing pyc relative to the control strain. 
The residual formate dropped from 0.7 mol/mol to 0.5 mol/ 
mol. 

Example 5 

Effects of Deletion of Formate Dehydrogenase 

30 culture. Pyruvate, lactate and ethanol concentrations were not 
detected. Inactivation of the ptsG system significantly 
decreased the glucose consumed, while increasing the succi
nate yield and reducing the acetate yield as expected. The 
percent increase/decrease in product yields of the ptsG- strain 

To investigate the effect of eliminating the fdhF gene, 
which encodes the native formate dehydrogenase (FDH) 
FDH-H, subunit of the formate hydrogen lyase (FHL) com
plex that converts formate to C02 and H2 , strain 
SBS880MGK was constructed by eliminating the native fdhF 
gene from SBS11 OMG, both strains were transformed with 
pHL413 and anaerobic tube experiments were performed. 

35 relative to the double mutant strain SBS110MG(pHL413) 
was a 7% increase in succinate yield and a 15% decrease in 
acetate yield. The results presented in FIG. 3 are the cultures 
analyzed after 48 h, but additional runs performed with strain 
SBS110MG(pHL413) revealed that 100% of the initial glu-

40 case could be consumed in 24 h. These results indicate that 
the presence of the ptsG mutation slows down the glucose 
consumption rate, therefore favoring succinate generation 
and reducing the amount of acetate wasted. 

What is claimed is: 
1. An engineered Escherichia coli (E. coli), said E. coli 

comprising a DNA that expresses pyruvate carboxylase 
(pyc ), further comprising inactivated E. coli genes encoding 
alcohol dehydrogenase (adh) and lactate dehydrogenase 

50 (ldh), wherein said E. coli produces greater than 1 mole of 
succinate per mole of glucose under anaerobic culture con
ditions. 

FIG. 4 shows the results obtained in anaerobic tube experi
ments performed using an initial OD of 4. The cultures were 
analyzed after different time intervals ( 48, 96 and 168 h). A 
comparison of the results for the strain SBS110MG(pHL413) 45 

with SBS880MGK(pHL413) indicates the effect of eliminat
ing the native FDH on the metabolic pattern of SBS110MG 
(pHL413). As can be seen from FIG. 4, no significant differ
ences were observed for the first 48 h of culture between both 
strains in glucose consumption, succinate, acetate, residual 
formate levels or succinate yield. After 96 h significant dif
ferences in glucose consumption and succinate levels were 
noticed but no apparent change in the succinate yield was 
observed. After 168 h a decrease in residual formate yield was 
observed for SBS110MG(pHL413) relative to 48 h, while the 55 

residual formate yield remain constant for the strain lacking 
FDH activity. Glucose consumption, succinate levels and 
yield were significantly lower at this time interval. The 
acetate levels were similar, however the acetate yield was 
found to be higher for the fdhF- strain. Strain SBS110MG 60 

(pHL413) consumed 100% of the glucose after 168 h while 
SBS880MGK(pHL413) consumed 62% of the initial glu
cose. SBS110MG(pHL413) was able to sustain the succinate 
molar yield in the range of 1.2 to 1.3 through the entire 
fermentation period, while the succinate yield of 65 

SBS880MGK(pHL413) dropped to 0.9 mol/mol by the end 
of the fermentation process. 

2. The engineered E. coli of claim 1, wherein said E. coli 
produces at least 1.3 mole of succinate per mole of glucose. 

3. The engineered E. coli of claim 1, wherein said E. coli 
produces at least 1.4 mole of succinate per mole of glucose. 

4. The engineered E. coli of claim 1, wherein said E. coli 
produces at least 1.5 mole of succinate per mole of glucose. 

5. The engineered E. coli of claim 1, further comprising an 
inactivated E. coli gene encoding phosphotransferase G 
(ptsG). 

6. The engineered E. coli of claim 5, wherein said Escheri
chia coli produces greater than 1.3 mole of succinate per mole 
of glucose. 

7. The engineered E. coli of claim 1, further transformed 
with a DNA encoding phosphoenolpyruvate carboxylase 
(pepc). 
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8. The engineered E. coli of claim 1, further transformed 
with a DNA encoding formate dehydrogenase (fdh). 

9. An engineered E. coli, comprising an inactivating dele
tion of all or part of the E. coli genes encoding alcohol 
dehydrogenase (adh) and lactate dehydrogenase (ldh) and a 5 

plasmid encoding pyruvate carboxylase (pyc), wherein said 
E. coli overexpresses pyc and produces greater than 1 mole of 
succinate per mole of glucose under anaerobic culture con
ditions. 

10 
16. The engineered E. coli of claim 1, consisting essentially 

of: 
a) a DNA that expresses pyruvate carboxylase (pyc); 
b) inactivated E. coli genes encoding alcohol dehydroge

nase (adh) and lactate dehydrogenase (ldh); and 
c) optionally one or more of an inactivated E. coli gene 

encoding phosphotransferase G (ptsG) or a DNA encod
ing phosphoenolpyruvate carboxylase (pepc) or a DNA 
encoding formate dehydrogenase (fdh), 

10. The engineered E. coli of claim 9, further comprising an 
inactivating deletion of all or part of the E. coli gene encoding 
phosphotransferase G (ptsG). 

10 wherein said E. coli produces greater than 1 mole of succinate 
per mole of glucose under anaerobic culture conditions. 

11. The engineered E. coli of claim 9, which produces 
greater than 1.3 mole of succinate per mole of glucose. 

12. The engineered E. coli of claim 10, which produces 
greater than 1.3 mole of succinate per mole of glucose. 

13. The engineered E. coli of claim 10, which produces 
greater than 1.5 mole of succinate per mole of glucose. 

17. A method of producing succinate comprising culturing 
the Escherichia coli of any one of claim 1-15 or 16 under 
anaerobic conditions in the presence of glucose, and isolating 

15 succinate from said culture. 
18. A method of producing succinate comprising: 
a) culturing the Escherichia coli of any one of claim 1-15 or 

16 under aerobic conditions, 
14. The engineered Escherichia coli of claim 9, further 

transformed with a DNA encoding phosphoenolpyruvate car- 20 

boxylase (pepc). 

b) transferring said Escherichia coli to anaerobic cultures 
with glucose, and 

c) culturing said Escherichia coli anaerobically to produce 
greater than 1 mole of succinate per mole of glucose. 15. The engineered Escherichia coli of claim 6, further 

transformed with a DNA encoding formate dehydrogenase 
(fdh). * * * * * 
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