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Fermentative production of succinic acid from glucose by Escherichia coli was significantly increased by
overexpression of phosphoenolpyruvate carboxylase. In contrast, overexpression of phosphoenolpyruvate car-
boxykinase had no effect. Under optimized conditions, induction of the carboxylase resulted in a 3.5-fold
increase in the concentration of succinic acid, making succinic acid the major fermentation product by weight.

Dicarboxylic acids produced through fermentation represent
a potential route to the production of commodity chemicals
from renewable feedstocks (12). Formation of succinic acid
from glucose through the reductive reactions of the tricarbox-
ylic acid cycle involves incorporation of carbon dioxide and,
theoretically, can result in a net increase in mass relative to the
carbohydrate substrate. Succinic acid itself can subsequently
serve as a feedstock for chemical conversion to commodity
chemicals such as 1,4-butanediol and tetrahydrofuran (12) or
to new “green” solvents or polymers through esterification
reactions. The best current technology for the biological pro-
duction of succinic acid employs the strict anaerobe Anaero-
biospirillum succiniciproducens. Under optimized conditions,
this organism ferments glucose to a mixture of succinic and
acetic acids in a two-to-one molar ratio at an 87% yield of
succinic acid, based on weight (7). In order to expand the range
of organisms that could be used in the production of succinic
acid or other dicarboxylic acids, we have initiated efforts to
increase the production of succinic acid in Escherichia coli cells
through metabolic engineering.

Phosphoenolpyruvate (PEP) occupies a critical position in
the metabolism of E. coli. It is the final intermediate of glyco-
lysis and is the substrate which is carboxylated in the first step
of succinic acid formation. Its high-energy enol-phosphate es-
ter bond represents the net energetic gain of glycolysis. PEP is
also a required cosubstrate for uptake of glucose, the first
intermediate in gluconeogenesis from many compounds, and a
substrate for the first committed step in the biosynthesis of
aromatic amino acids (4). Accordingly, the partitioning of PEP
is highly regulated. E. coli elaborates two enzymes capable of
carboxylating PEP to produce oxaloacetate (OAA). PEP car-
boxylase functions aerobically to replenish oxaloacetate con-
sumed in biosynthetic reactions (1). Under fermentative con-
ditions, PEP carboxylase also has a catabolic function; it directs
a portion of the PEP to succinic acid (11). The second enzyme,
PEP carboxykinase, functions physiologically in gluconeogen-
esis, catalyzing the nucleotide triphosphate-dependent decar-
boxylation and phosphorylation of oxaloacetate to yield PEP
(5, 21). The pattern of induction of these two enzymes reflects
these roles; PEP carboxylase is produced during growth on
glycolytic substrates, and PEP carboxykinase is produced dur-

* Corresponding author. Mailing address: Argonne National Labo-
ratory, Bldg. 202, Rm. BE111, 9700 So. Cass Ave., Argonne, IL 60439.
Phone: (708) 252-7432. Fax: (708) 252-7709. Electronic mail address:
donnelly@anl.gov.

1808

ing growth on succinate and other four-carbon compounds (10,
20).

In the mixed-acid fermentation of E. coli, succinic acid is
normally a minor product (3, 6). We have evaluated the effect
of overexpression of PEP carboxylase and PEP carboxykinase
on the distribution of fermentation products, in particular, on
the amount of succinic acid produced. Cloning of the genes for
the two E. coli enzymes, ppc for PEP carboxylase and pck for
PEP carboxykinase, has been reported previously (4). Plasmids
pPC201 and pCK601 contain the genes ppc and pck, respec-
tively, cloned into the expression vector pJF118EH (9). In this
vector, expression is under the control of the tac promoter,
which allows induction by isopropyl-B-p-thiogalactopyranoside
(IPTG) in the presence of glucose. The host strain, JCL1208,
lacks the lac operon but contains a chromosomally inserted
lacl? gene.

Cultures were grown anaerobically on 10 ml of Luria-Ber-
tani medium supplemented with glucose in sealed serum tubes
that also contained 0.15 g of solid MgCOj; to stabilize the pH.
At the end of fermentation, pH values were approximately 6.0.
The headspace gas was exchanged for sterile, anoxic CO, by
use of a gassing manifold (2) and pressurized to 1 atm (101.29
kPa). As appropriate, the medium also contained ampicillin or
carbenicillin (100 pg/ml) and 0.1 mM IPTG (4). To evaluate
overexpression of the genes, cells were grown in serum tubes
without MgCO,, and cell density was monitored with a Spec-
tronics 20 spectrometer. At an optical density at 600 nm of 0.5
to 1.0, the cultures were centrifuged. The medium was then
expelled by use of a Vacutainer needle and replaced with fresh
anoxic medium containing 0.1 mM IPTG, and the tubes were
repressurized. The cultures were harvested after 6 h, and ex-
tracts were prepared by osmotic lysis following treatment of
cells with lysozyme (1 mg/ml) on ice for 1 h and a single
freeze-thaw cycle. Assays were performed according to pub-
lished procedures (10, 19). Endogenous malate and lactate
dehydrogenases were also measured.

Induction by 100 uM IPTG under fermentative conditions
with glucose (11 g/liter) as the carbon source resulted in ex-
pression of the carboxykinase and carboxylase to levels 50- to
100-fold higher than those observed with the host strain (Table
1). The PEP carboxykinase activity was slightly higher than that
of the carboxylase under the assay conditions employed. De-
naturing polyacrylamide gel electrophoresis showed that, in
each case, a protein of the expected molecular weight, approx-
imately 95,000 for PEP carboxylase or 51,000 for PEP car-
boxykinase (8, 15), was very highly overexpressed (data not
shown). The presence of IPTG had no significant effect on
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TABLE 1. Induction of enzymatic activities

Sp act (pmol/min/mg of protein)

Strain IPTG PEP PEP Malate Lactate
carboxylase carboxykinase dehydrogenase dehydrogenase
JCL1208 - 0.21 0.13 0.52 2.10
+ 0.25 0.23 0.63 2.27
JCL1208(pPC201) - 0.28 0.12 0.75 1.42
+ 12.30 0.19 0.49 0.90
JCL1208(pCK601) - 0.10 0.86 0.80 2.00
+ 0.14 15.10 0.59 0.90

expression of chromosomal E. coli genes, as reflected by the
activities observed for JCL1208.

To determine the potential of the two enzymes to divert PEP
to succinic acid, we cultured the strains as described above, but
with 23 g of glucose per liter, and analyzed the distribution of
products formed after 18 h, at which time all the glucose had
been consumed (Table 2). Six replicate cultures were analyzed.
Products were separated by high-pressure liquid chromatogra-
phy on a Shimadzu LC-10A chromatographic system, detected
by UV absorbance and refractive index, and quantified by
comparison to standards of known concentration. A Bio-Rad
Aminex HPX-87H column (7.8 by 300 mm) was eluted iso-
cratically with 5 mM sulfuric acid, and data were collected and
analyzed with an EZChrom chromatographic data system (Sci-
entific Software, Inc.).

Overexpression of PEP carboxylase caused a significant and
reproducible increase in the amount of succinic acid formed,
whereas overexpression of PEP carboxykinase did not (Table
2). The average amount of succinic acid formed increased from
3.27 to 4.44 g/liter when the carboxylase was induced. When
PEP carboxykinase was induced, on the other hand, succinic
acid formation was not affected; the distribution of the fermen-
tation products was the same within experimental error as that
observed with the host strain (Table 2).

Because the fermentations required 18 h to complete and
lowered the pH of the medium, the ampicillin initially present
most likely was destroyed and selective pressure for maintain-
ing the plasmid was lost. Therefore, we optimized the produc-
tion of succinic acid by using the antibiotic carbenicillin, which
is stabler at lower pH values, and periodically added more
carbenicillin to the medium to replace that destroyed enzymat-
ically. Glucose was increased to 37 g/liter, and MgCO; was
increased to 0.5 g in 10 ml of Luria-Bertani medium in sealed
serum tubes. A control culture of JCL1208 lacked carbenicillin
and IPTG. Under these conditions, induction of PEP carbox-
ylase increased the production of succinic acid 3.5-fold, from
3.0 g/liter in the control culture to 10.7 g/liter, making succinic
acid the major fermentation product by weight (Table 3). The
amounts of all other products were significantly smaller than in
the control culture. Lactic acid, which was present at higher

levels in the control culture under these conditions, was the
most affected.

These results demonstrate the potential of overexpression of
a critical branchpoint enzyme, PEP carboxylase, to alter the
distribution of fermentation products in E. coli cells. In prin-
ciple, it should be possible to increase succinic acid production
further by inactivation of the lactate dehydrogenase gene. The
results also demonstrate constraints on metabolic manipula-
tions; overexpression of PEP carboxykinase had no effect on
product distribution. This result is significant because A. suc-
ciniciproducens employs a PEP carboxykinase in its succinate-
acetate fermentation, not a PEP carboxylase (18). A carboxyki-
nase may be more suitable for a pathway that makes pre-
dominately succinic acid because it generates ATP, conserving
the energy gained in glycolysis, whereas a PEP carboxylase
would dissipate that energy. A possible explanation of the
results is that the PEP carboxykinase of A. succiniciproducens
has kinetic properties which make it better suited for its cata-
bolic role. However, K,,, values reported for the E. coli and A.
succiniciproducens PEP carboxykinases—70 and 54 pM, re-
spectively, for PEP, 50 and 420 uM for ADP, and 13 and 17
mM for bicarbonate (14, 17)—if anything suggest that the E.
coli enzyme would perform better under physiological condi-
tions. Allosteric inhibition of the E. coli PEP carboxykinase
could also explain its lack of effect, but the enzyme is a mono-
mer, and previous reports of allosteric inhibition by NADH
have been refuted (13, 22). In contrast, allosteric regulation of
PEP carboxylase is well documented (16).

The most notable difference between the two E. coli en-
zymes is their affinity for bicarbonate. The PEP carboxylase has
a K,,, toward bicarbonate of 0.15 mM, compared with the value
of 13 mM for the carboxykinase. However, the PEP carboxyki-
nase from A. succiniciproducens also has a high K,,, value for
bicarbonate, 17 mM, yet functions effectively in the succinate-
acetate fermentation. Possibly, differences in the internal con-
centration of bicarbonate in the two organisms result in the
different physiological consequences. Alternatively, unknown
regulatory controls at the enzyme level may prevent the E. coli
PEP carboxykinase from functioning in the reverse direction in
vivo.

TABLE 2. Effect of ppc and pck genes on product distribution

Amt (g/liter) of product = SD*

Strain
Succinic acid Lactic acid Formic acid Acetic acid Ethanol
JCL1208 327 £0.25 1.24 = 0.10 2.67 = 0.26 4.66 + 0.12 3.92 = 0.09
JCL1208(pPC201) 4.44 + 0.14 1.01 = 0.11 2.38 £0.12 4.64 £ 0.16 3.80 = 0.13
JCL1208(pCK601) 3.26 = 0.37 1.14 = 0.18 2.80 = 0.21 4.65 £ 0.11 3.87 £0.14

“ Values are means of three replicates.
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TABLE 3. Optimization of diversion of PEP to succinic acid

Amt (g/liter) and yield (mol%) of product

Strain Succinic acid Lactic acid Pyruvic acid Formic acid Acetic acid Ethanol
Amt Yield Amt Yield Amt Yield Amt Yield Amt Yield Amt Yield
JCL1208 3.0 12 4.5 24 0.2 1 2.5 26 6.5 51 7.8 80
JCL1208(pPC201) 10.7 45 24 13 0.1 1 1.5 16 55 45 7.0 74
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