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convert fumarate to succinate at a high yield (0.98) with glycerol as the carbon source (40).
Escherichia coli also produces succinate, although as a minor
product of fermentation for wild-type strains. E. coli principally
converts phosphoenolpyruvate (PEP) and pyruvate formed
through the Embden-Meyerhof-Parnas pathway under anaerobic conditions to formate, lactate, and ethanol (6), and
genetic manipulations are necessary to increase succinate production and reduce by-product formation. For example, increasing flux at the first step in the succinate branch by overexpressing PEP carboxylase results in an increase in succinate
yield from 0.12 to 0.45 (34). Because PEP is also a required
cosubstrate for glucose transport via the phosphotransferase
system (PTS) in wild-type E. coli, another approach is to direct
pyruvate to the succinate branch. A wild-type E. coli strain
transformed with plasmid pTrc99A-pyc, which expresses Rhizobium etli pyruvate carboxylase, resulted in a succinate yield
of 0.17 and a productivity of 0.17 g/liter/h (16).
Diversion of carbon to succinate alone is insufficient to prevent the accumulation of other undesired products; therefore,
mutations in lactate- and formate-forming steps can further
improve succinate production. Mutants of E. coli deficient only
in fermentative lactate dehydrogenase (ldh) did not exhibit
decreased anaerobic growth (31), while E. coli NZN111, which
lacks both the pyruvate-formate lyase (pfl) and ldh genes, exhibited marginal anaerobic growth on glucose (3). NZN111
accumulated pyruvate to about 0.25 g/liter before metabolism
ceased, even when supplied with acetate (1). However, when
transformed with the mdh gene encoding malate dehydrogenase, E. coli NZN111 grew anaerobically (1). Similarly, when

Succinic acid (succinate) and its derivatives are widely used
as specialty chemicals for applications in foods, pharmaceuticals, and cosmetics (9, 19, 20, 49). An economically feasible
biosynthetic process for succinate has not yet been developed,
although a recent study concluded that the production of succinate by fermentation has potential to become economic with
improvements in process design and strain development (43).
Numerous studies have focused on bacterial succinate production. Media and process improvements with the obligate
anaerobe Anaerobiospirullum succiniciproducens resulted in
succinate production to a mass yield of 0.87 (grams per gram),
a productivity of 1.9 g/liter/h at a pH of 6.1, and a molar
succinate-to-acetate ratio of 2.06 (8, 41). An atmosphere of 5%
H2–95% CO2 in the headspace resulted in a higher succinate
yield (0.91), a productivity of 1.8 g/liter/h, and a succinate-toacetate ratio of 2.16 (26). Succinate production from renewable feedstocks such as whey has also been reported with A.
succiniciproducens, with a yield of greater than 90% (27, 42).
Only a few other bacteria have been studied for succinate
production. Succinate yield with Actinobacillus sp. strain 130Z
is markedly influenced by the CO2, N2, and H2 composition in
the headspace, and this organism achieves a yield of 0.74 under
an atmosphere of pure H2, indicating that the presence of an
additional electron donor is favorable for succinate production
(47). Recently, Enterococcus sp. strain RKY1 was observed to
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Escherichia coli NZN111, which lacks activities for pyruvate-formate lyase and lactate dehydrogenase, and
AFP111, a derivative which contains an additional mutation in ptsG (a gene encoding an enzyme of the glucose
phophotransferase system), accumulate significant levels of succinic acid (succinate) under anaerobic conditions. Plasmid pTrc99A-pyc, which expresses the Rhizobium etli pyruvate carboxylase enzyme, was introduced
into both strains. We compared growth, substrate consumption, product formation, and activities of seven key
enzymes (acetate kinase, fumarate reductase, glucokinase, isocitrate dehydrogenase, isocitrate lyase, phosphoenolpyruvate carboxylase, and pyruvate carboxylase) from glucose for NZN111, NZN111/pTrc99A-pyc,
AFP111, and AFP111/pTrc99A-pyc under both exclusively anaerobic and dual-phase conditions (an aerobic
growth phase followed by an anaerobic production phase). The highest succinate mass yield was attained with
AFP111/pTrc99A-pyc under dual-phase conditions with low pyruvate carboxylase activity. Dual-phase conditions led to significant isocitrate lyase activity in both NZN111 and AFP111, while under exclusively anaerobic
conditions, an absence of isocitrate lyase activity resulted in significant pyruvate accumulation. Enzyme assays
indicated that under dual-phase conditions, carbon flows not only through the reductive arm of the tricarboxylic acid cycle for succinate generation but also through the glyoxylate shunt and thus provides the cells
with metabolic flexibility in the formation of succinate. Significant glucokinase activity in AFP111 compared to
NZN111 similarly permits increased metabolic flexibility of AFP111. The differences between the strains and
the benefit of pyruvate carboxylase under both exclusively anaerobic and dual-phase conditions are discussed
in light of the cellular constraint for a redox balance.
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TABLE 1. Strains and plasmids used

Strain or plasmid

Strains
NZN111
AFP111
CGSC6390
MG1655
JCL1242
ALS804
AFP111 ⌬ppc
Plasmid
pTrc99A-pyc

Relevant characteristics

Reference or source

F⫹ ⫺ rpoS396(Am) rph-1 ⌬(pflAB::Cam) ldhA::Kan
NZN111 ptsG

Bunch et al. (3)
Donnelly et al. (13)
Chatterjee et al. (4)
E. coli Genetic Stock Center

thr-1 araC14 leuB6 fhuA31 lacY1 tsx-78 ⌬[galK-att ()]99 ⫺ eda-50 hisG4(Oc) rpsL136
(Strr) xylA5 mtl-1 zii-510::Tn10 metF159(Am)thi-1
Wild type (F⫺ ⫺)
F⫺ ⫺ ⌬ (argF-lac)U169 ppc::Kan
JCL1242 zii-510::Tn10
AFP111 ppc::Kan

20a
3a
This study
This study

R. etli pyc bla lacIq trc ColE1

Gokarn et al. (18)

MATERIALS AND METHODS
Strains and plasmids. All strains and plasmids used in this study are listed in
Table 1. The ppc gene encodes the enzyme PEP carboxylase. To construct
AFP111 ⌬ppc, a P1 lysate from ALS804 was used to transduce AFP111 to Tetr.
To verify that the ppc::Kan deletion had been introduced into AFP111, a P1
lysate was prepared from AFP111 ⌬ppc and used to transduce MG1655 to Tetr.
The MG1655 Tetr transductant colonies were then scored for Kanr to show that
the ppc::Kan deletion was linked to the zii-510::Tn10 transposon as expected. To
construct ALS804, a P1 lysate from CGSC6390 was used to transduce JCL1242
to Tetr on rich medium with tetracycline and kanamycin in order to preserve the
ppc::Kan deletion.
Fermentation medium. Anaerobic fermentations contained 25 g of LuriaBertani broth/liter and 10 g of glucose/liter. The pH of the medium was maintained at between 6.7 and 7.3 by supplementing the medium with 40 g of
MgCO3/liter.
Each dual-phase fermentation was performed with complex medium which
contained (in grams per liter) the following: glucose, 20; yeast extract, 10; tryptone, 20; K2HPO4·3H2O, 0.90; KH2PO4, 1.14; (NH4)2SO4, 3.0; MgSO4·7H2O,
0.50; and CaCl2·2H2O, 0.25. At the onset of the anaerobic phase, 40 g of
MgCO3/liter was added in a sterile manner to serum bottles to maintain the pH
at between 6.4 and 7.2.
The medium was supplemented with 1.0 mg of biotin/liter and 1.0 mg of
thiamine/liter, and 100 mg of ampicillin/liter was added for the strains that
contained plasmid pTrc99A-pyc. Pyruvate carboxylase expression was induced by
the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1.0 mM unless otherwise indicated.
Growth conditions. Anaerobic fermentations (100 ml) were performed with
serum bottles under an atmosphere of pure CO2 or pure H2 and agitated at 250
rpm. Serum bottles were inoculated with 10 ml of aerobically grown culture.
Dual-phase fermentations (100 ml) comprised an aerobic growth phase followed
by an anaerobic production phase. The aerobic phase occurred in baffled 500-ml
flasks agitated at 250 rpm for 8 h. The anaerobic phase subsequently commenced
when the culture was transferred to sterile serum bottles with oxygen-free CO2
sparged to displace air from the headspace. Samples were collected at the
moment of phase transition and at the end of the anaerobic phase. All anaerobic
and dual-phase fermentations were performed at 37°C in triplicate with independent inocula. Statistical analyses were completed using Student’s t test, and a
P value of ⬍0.10 was considered the criterion for significance.
Analyses. Cell growth during the aerobic phase was monitored by measuring
the optical density (OD) at 550 nm (DU-650 UV-Vis spectrophotometer; Beckman Instruments, San Jose, Calif.). OD during the anaerobic phase was not
measured due to interference by solid MgCO3. Samples were centrifuged (10,000
⫻ g for 10 min at 25°C), and the supernatants were analyzed for sugars, organic
acids, and ethanol by high-pressure liquid chromatography as previously described (14).
Enzyme assays. Cell extracts of the E. coli strains were prepared by washing
the cell pellets with an appropriate buffer and disrupting the suspended cells with
an SLM-Aminco French pressure cell (Spectronic Instruments, Rochester, N.Y.)
at a pressure of 14,000 lb/in2. Cell debris was removed by centrifugation (20,000
⫻ g for 15 min at 4°C), and cell extracts were used to measure enzyme activities.
The following enzymes were examined: acetate kinase (25), fumarate reductase
(33), glucokinase (36), isocitrate dehydrogenase (44), isocitrate lyase (12), PEP
carboxylase (29), and pyruvate carboxylase (37). For all of these enzymes, 1 U of
enzyme activity is the quantity of enzyme that converts 1 mol of substrate to
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the gene encoding malic enzyme from Ascaris suum was transformed into NZN111, succinate yield was 0.39 and productivity
was 0.29 g/liter/h (45, 46). Donnelly et al. (13) reported an
unknown spontaneous chromosomal mutation in NZN111
which permitted anaerobic growth on glucose, and this strain
was named AFP111. AFP111 grown anaerobically under 5%
H2–95% CO2 resulted in a succinate yield of 0.70 and a molar
succinate-to-acetate ratio of 1.97 (13). Moreover, this strain
first grown aerobically for biomass generation and then subjected to anaerobic conditions (under CO2) (dual-phase fermentation) resulted in a succinate yield and a productivity as
high as 0.99 and 0.87 g/liter/h, respectively (35). Recently, the
causative mutation in AFP111 was mapped to the ptsG gene,
which encodes an enzyme of the PTS (4).
Of the few studies concerning strains NZN111 and AFP111,
only one (with NZN111 grown anaerobically) reported pyruvate accumulation (45). Since some carbon presumably flows
from PEP to pyruvate, this central metabolite may accumulate
in the absence of assimilating enzymes, and accumulation
likely will depend on the mode of growth: exclusively anaerobic
fermentations versus dual-phase fermentations. Furthermore,
the pathways used by E. coli to generate high yields of succinate are ambiguous. Specifically, previous studies focused on
the reductive arm of the tricarboxylic acid (TCA) cycle (i.e.,
oxaloacetate [OAA] 3 malate 3 fumarate 3 succinate) as
the mode of succinate formation (4, 13, 45, 46). However, this
route from glucose does not result in a balance between reduced and oxidized cofactors (NADH and NAD), raising the
question of whether this pathway is exclusively involved in
succinate production. No study has presented enzyme activities
which might clarify the biochemical pathways to succinate in
these two multiply mutated strains under these two distinct
growth and product formation conditions. Since E. coli lacks
the anaplerotic enzyme pyruvate carboxylase, pyruvate accumulation and succinate formation in these strains could be
altered by directing pyruvate to the succinate branch with this
enzyme. As already mentioned, wild-type E. coli expressing R.
etli pyruvate carboxylase resulted in increased succinate production (17). The objectives of this study therefore were to
elucidate the biochemical pathways used for succinate accumulation by examining differences in key enzyme activities
between E. coli strains NZN111 and AFP111 and to determine
for these strains the effect of R. etli pyruvate carboxylase on
succinate accumulation in both exclusively anaerobic fermentations and aerobic-anaerobic dual-phase fermentations.
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product per min. Total protein in the cell extracts was determined with bovine
serum albumin as the standard (28).

RESULTS
Substrate and products present during exclusively anaerobic growth. We first compared the products formed during
exclusively anaerobic fermentations of E. coli NZN111 and
AFP111 with and without pTrc99A-pyc. Fermentations of
NZN111 without pTrc99A-pyc were terminated at 72 h after
the rate of succinate production ceased (Fig. 1). For this strain,
glucose was consumed very slowly (0.018 g/liter/h), and about
1.0 g of pyruvate/liter and 0.6 g of succinate/liter were the
principal end products. AFP111 (Fig. 1) consumed glucose
more quickly (0.057 g/liter/h) and generated succinate to a final
concentration of 4.0 g/liter; pyruvate accumulated to about 0.4
g/liter by 10 h, before itself being consumed completely by
about 30 h.
We studied two levels of pyruvate carboxylase expression for
both strains; minimal pyruvate carboxylase expression was obtained by excluding IPTG, and a comparatively high level of
pyruvate carboxylase expression was obtained by using 1.0 mM
IPTG. Without IPTG induction, NZN111/pTrc99A-pyc consumed glucose and produced succinate four to six times faster
than NZN111 (Fig. 2). Also, NZN111/pTrc99A-pyc yielded a
final succinate concentration of 4.0 g/liter and a final pyruvate
concentration of 1.2 g/liter. Without induction, AFP111/
pTrc99A-pyc similarly consumed glucose and generated succinate more quickly than AFP111, yielding a succinate concentration of nearly 8.0 g/liter (Fig. 2).
Fermentations with NZN111/pTrc99A-pyc in the presence
of 1.0 mM IPTG were similar to fermentations with this strain
in the absence of IPTG induction (Fig. 3). AFP111/pTrc99Apyc with IPTG also consumed glucose at the same rate (0.28
g/liter/h) as this strain without IPTG. However, for AFP111/
pTrc99A-pyc, both succinate and fumarate were significant
products, with a molar succinate-to-fumarate ratio of 43:57 and
a combined productivity of 0.25 g/liter/h. As in other AFP111
fermentations, pyruvate accumulated slightly by 10 h before
being consumed. When hydrogen was used in the headspace

FIG. 2. Concentrations of glucose (circles), succinate (squares),
and pyruvate (triangles) in exclusively anaerobic fermentations of
E. coli NZN111/pTrc99A-pyc (open symbols) and AFP111/pTrc99Apyc (solid symbols) on glucose-rich media. The strains were not induced with IPTG at the onset of the fermentations.

instead of carbon dioxide for AFP111/pTrc99A-pyc fermentations (with IPTG), fumarate did not accumulate, and succinate
productivity was 0.35 g/liter/h.
Product yields in exclusively anaerobic fermentations are
summarized in Table 2. For NZN111 strains, increasing the
level of pyruvate carboxylase expression resulted in increased
succinate and decreased pyruvate accumulations. For AFP111
strains, a low level of pyruvate carboxylase expression resulted
in an insignificant increase in succinate accumulation compared to the results obtained when the pyc gene was absent.
However, a high level of pyruvate carboxylase expression resulted in both succinate and fumarate generation. Replacement of carbon dioxide in the headspace with hydrogen restored the succinate yield. Acetate yield was much lower in
NZN111 strains than in AFP111 strains without the pyc gene or
with a low level of gene expression. With a high level of pyru-

FIG. 3. Concentrations of glucose (circles), succinate (circles),
pyruvate (triangles), and fumarate (diamonds) in exclusively anaerobic
fermentations of E. coli NZN111/pTrc99A-pyc (open symbols) and
AFP111/pTrc99A-pyc (solid symbols) on glucose-rich media. The
strains were induced with 1.0 mM IPTG at the onset of the fermentations.
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FIG. 1. Concentrations of glucose (circles), succinate (squares),
and pyruvate (triangles) in exclusively anaerobic fermentations of E.
coli NZN111 (open symbols) and AFP111 (solid symbols) on glucoserich media.
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TABLE 2. Mass yields of products during exclusively anaerobic growth on glucose-rich mediaa
Strain

Headspace

IPTG (mM)

NZN111
NZN111/pTrc99A-pyc
NZN111/pTrc99A-pyc

CO2
CO2
CO2

AFP111
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc

CO2
CO2
CO2
H2

a
b

Yield (g of product/g of glucose) of b:
Succinate

Pyruvate

Acetate

Ethanol

Fumarate

0.0
0.0
1.0

0.53 a
0.77 b
0.81 c

0.76 a
0.25 b
0.19 c

0.06 a
0.09 b
0.11 c

0.06 a
0.03 b
0.05 c

0.00 a
0.00 a
0.00 a

0.0
0.0
1.0
1.0

0.88 d
0.96 d
0.35 e
0.91 d

0.00 d
0.00 d
0.00 d
0.00 d

0.22 d
0.23 d
0.09 abc
0.11 c

0.07 d
0.06 ade
0.06 ae
0.07 ade

0.00 a
0.07 b
0.47 c
0.00 a

Serum bottles were under an atmosphere of CO2 or H2.
Yields followed by different letters were statistically significantly different at the 90% confidence level.

pTrc99A-pyc without IPTG, and NZN111/pTrc99A-pyc with
IPTG. Except when hydrogen was used in the headspace,
the sums of the activities of these two enzymes were 0.13 to
0.17 for AFP111, AFP111/pTrc99A-pyc without IPTG, and
AFP111/pTrc99A-pyc with IPTG. Isocitrate lyase and isocitrate dehydrogenase activities were not detected during exclusively anaerobic fermentations for any of the strains. The use
of hydrogen in the headspace instead of carbon dioxide for
AFP111/pTrc99A-pyc resulted in the highest enzyme activities
observed during anaerobic growth for acetate kinase, glucokinase, and pyruvate carboxylase.
Substrate and products present during dual-phase fermentations. Exclusively anaerobic fermentations resulted in certain
activities for key enzymes and relatively slow substrate consumption and product formation. Different enzyme activities
would generally be expected during aerobic growth; therefore,
an anaerobic phase following aerobic growth might lead to a
product distribution vastly different from that observed during
exclusively anaerobic growth. In order to elucidate how product formation might be different after aerobic growth, we studied dual-phase fermentations. Each strain was grown aerobically for 8 h, after which an anaerobic production phase
commenced. Fermentations were terminated at 24 h or when
the substrate was depleted. Cell growth at the end of the
aerobic phase was determined by measuring the OD at 8 h.
Each product yield was calculated as the mass of that product
formed during the anaerobic phase divided by the mass of the
substrate consumed during the anaerobic phase (Table 4).
Average productivities and glucose consumption rates were
also calculated for the anaerobic phase.

TABLE 3. Enzyme activities during exclusively anaerobic growth on glucose-rich mediaa
Strain

Headspace

IPTG (mM)

NZN111
NZN111/pTrc99A-pyc
NZN111/pTrc99A-pyc

CO2
CO2
CO2

AFP111
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc

CO2
CO2
CO2
H2

a

Sp act (U/mg of protein) of b:
ACK

FR

GK

ICDH

ICL

PPC

PYC

0.0
0.0
1.0

0.20 ab
0.15 a
0.27 b

0.17 a
0.26 b
0.33 c

0.018 a
0.025 a
0.11 b

0.00
0.00
0.00

0.00
0.00
0.00

0.10 a
0.061 b
0.020 c

0.00 a
0.050 b
0.086 bc

0.0
0.0
1.0
1.0

1.11 c
1.24 c
1.42 d
1.79 e

0.45 cd
0.52 d
0.68 e
0.74 e

0.98 c
1.08 d
1.30 e
1.58 f

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.13 d
0.11 ad
0.057 b
0.099 a

0.00 ad
0.056 bd
0.12 c
0.17 e

Serum bottles were under an atmosphere of CO2 or H2.
Enzyme activities followed by different letters were statistically significantly different at the 90% confidence level. Enzyme abbreviations: ACK, acetate kinase; FR,
fumarate reductase; GK, glucokinase; ICDH, isocitrate dehydrogenase; ICL, isocitrate lyase; PPC, PEP carboxylase; PYC, pyruvate carboxylase.
b
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vate carboxylase expression, however, acetate yield generated
by AFP111/pTrc99A-pyc was reduced to the level generated by
NZN111 strains. Ethanol yield did not appear to follow any
trend and was no greater than 0.07 for any of the strains.
Enzyme activities present during exclusively anaerobic
growth. We also compared the enzyme activities during exclusively anaerobic fermentations of NZN111 and AFP111 with
and without pTrc99A-pyc. Specific activities were measured for
seven enzymes involved in the formation of the products (Table 3). In NZN111 and AFP111, PEP carboxylase is the only
enzyme that directs carbon toward OAA for succinate production. When the strains were grown under exclusively anaerobic
conditions, several significant differences in specific enzyme
activities were observed between NZN111 and AFP111.
AFP111 showed much higher activities than NZN111 for acetate kinase (about 5 times higher), fumarate reductase (2 times
as high), and glucokinase (about 50 times higher). AFP111 was
also observed to have slightly higher activity for PEP carboxylase.
As expected, full induction of the pyc gene with 1.0 mM
IPTG resulted in the highest pyruvate carboxylase activities for
both NZN111/pTrc99A-pyc and AFP111/pTrc99A-pyc. Lower
but significant activities were observed in these strains without
the addition of IPTG. The activities of acetate kinase, fumarate reductase, and glucokinase generally increased with increasing pyruvate carboxylase activity for both strains. In contrast, the activity of PEP carboxylase decreased with increasing
pyruvate carboxylase activity. Indeed, the sums of PEP carboxylase and pyruvate carboxylase activities (about 0.11 U/mg of
protein) were not significantly different for NZN111, NZN111/
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TABLE 4. Mass yields of products during the anaerobic phase after aerobic growth on glucose-rich media
Strain

IPTG (mM)

OD at 8 h

NZN111
NZN111/pTrc99A-pyc
NZN111/pTrc99A-pyc

0.0
0.0
1.0

AFP111
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc

0.0
0.0
1.0

AFP111 ⌬ppc

0.0

a

Yield (g of product/g of glucose) of a:
Succinate

Pyruvate

Acetate

Ethanol

Fumarate

6.5 a
8.9 b
9.3 c

0.56 a
0.81 b
0.93 cd

0.50 a
0.15 b
0.05 cd

0.03 a
0.24 b
0.09 c

0.05 a
0.14 b
0.00 c

0.00
0.00
0.00

10.4 d
10.3 d
15.5 e

0.85 be
0.90 ce
0.96 d

0.01 c
0.06 d
0.06 cd

0.12 d
0.19 e
0.21 be

0.05 a
0.04 a
0.00 c

0.00
0.00
0.00

0.54 a

0.20 b

0.15 b

0.00

9.9 bcd

⫺1.06 f

Yields followed by different letters were statistically significantly different at the 90% confidence level.

nate yield in the two strains, we were interested in learning
whether succinate production would be abolished in the absence of both pyruvate carboxylase and PEP carboxylase. We
therefore constructed an AFP111 ppc mutant, AFP111 ⌬ppc,
and similarly performed a set of dual-phase fermentations. As
expected, AFP111 ⌬ppc grew much more slowly than the other
strains (Table 4) and by 8.0 h had accumulated about 3.6 g of
acetate/liter (data not shown). Interestingly, during the anaerobic production phase, both acetate and glucose were consumed, resulting in a succinate yield of 0.54, a pyruvate yield of
0.20, and an ethanol yield of 0.15. Significantly more pyruvate
and ethanol and less succinate were produced by AFP111 ⌬ppc
than by AFP111.
We also grew the strains in dual-phase fermentations using
the same medium but excluding glucose. In these experiments,
the cells grew to about the same OD but did not generate any
of these products during the anaerobic production phase (data
not shown).
Enzyme activities present during dual-phase fermentations.
Specific activities were again measured for seven enzymes at
the onset of the anaerobic phase (Table 5). Specific enzyme
activities were consistently higher after 8 h of aerobic growth
than at the end of exclusively anaerobic growth. Also, significant differences were observed between NZN111 and AFP111
after aerobic growth. The activities of acetate kinase and glucokinase were again much higher in AFP111 than in NZN111.
However, the activities of fumarate reductase, PEP carboxylase, and isocitrate lyase (not detected under exclusively anaerobic conditions) were higher in NZN111 than in AFP111.

TABLE 5. Enzyme activities at the onset of the anaerobic phase after aerobic growth on glucose-rich media
Strain

IPTG (mM)

NZN111
NZN111/pTrc99A-pyc
NZN111/pTrc99A-pyc

Sp act (U/mg of protein) of a:
ACK

FR

GK

ICDH

ICL

0.0
0.0
1.0

0.82 a
0.70 b
0.93 c

1.30 a
0.90 b
1.35 c

0.26 a
0.30 a
0.29 a

0.00 a
0.00 a
0.00 a

1.56 a
0.33 b
0.38 b

0.44 a
0.38 b
0.26 c

0.00 a
0.17 b
0.49 c

AFP111
AFP111/pTrc99A-pyc
AFP111/pTrc99A-pyc

0.0
0.0
1.0

1.41 d
1.54 e
1.64 f

0.85 bc
1.35 a
0.77 bc

1.30 b
1.49 c
1.51 c

6.20 b
4.62 c
3.85 c

0.37 b
0.93 c
2.31 d

0.35 b
0.61 d
0.49 abd

0.00 a
0.72 d
0.81 e

AFP111 ⌬ppc

1.0

2.18 g

0.11 d

2.68 d

1.93 d

4.48 e

0.03 e

0.00 a

a

PPC

PYC

Enzyme activities followed by different letters were statistically significantly different at the 90% confidence level. See Table 3, footnote b, for enzyme abbreviations.
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In dual-phase fermentations, NZN111 again yielded a product distribution different from that of AFP111. NZN111 consumed glucose at 0.17 g/liter/h during the anaerobic phase,
leading to final succinate and pyruvate concentrations of about
3 g/liter. In contrast, AFP111 consumed glucose at 0.71 g/liter/h and led to greater than 8 g of succinate/liter and less than
1 g of pyruvate/liter. AFP111 consistently grew more quickly
than NZN111 during the 8-h aerobic phase, achieving a 60%
higher cell density. The specific rate of glucose consumption
was also about three times higher in AFP111 than in NZN111
during the subsequent anaerobic phase.
For NZN111/pTrc99A-pyc and AFP111/pTrc99A-pyc, two
levels of pyc gene expression were again studied. When IPTG
was excluded, NZN111/pTrc99A-pyc consumed glucose more
quickly (0.26 g/liter/h) and generated more succinate (yield,
0.81) than NZN111. When IPTG was provided, NZN111/
pTrc99A-pyc consumed glucose at about the same rate but
generated more succinate (yield, 0.93). NZN111/pTrc99A-pyc
achieved about a 30% higher cell density during the aerobic
phase than NZN111 regardless of whether IPTG was added
to the medium. In dual-phase fermentations without IPTG,
AFP111/pTrc99A-pyc consumed glucose at 1.01 g/liter/h and
generated succinate at a yield of 0.90. With IPTG, the succinate yield was slightly higher (0.96), although the glucose consumption rate and succinate-to-acetate ratio were statistically
identical to those observed without IPTG. No fumarate was
observed in any of these dual-phase fermentations. No ethanol
was observed in NZN111/pTrc99A-pyc or AFP111/pTrc99Apyc fermentations which included IPTG.
Since the presence of pyruvate carboxylase increases succi-
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operational conditions may be applied to each phase. Additionally, enzymes which carry out biotransformations in the
production phase are expressed during the aerobic phase and
remain active throughout the second phase. Because the activities of key enzymes generally will differ during anaerobic
growth and aerobic growth, we measured enzyme activities and
products formed in strains NZN111 and AFP111 under both
conditions and in the presence of the additional anaplerotic
route afforded by pyruvate carboxylase.
The significant findings in this study are the demonstration
of enhanced glucokinase activity in AFP111 strains and the
observation of isocitrate lyase activity when either strain is
grown aerobically. Thus, our results show two means of glucose
consumption and two paths from PEP to succinate. The two
general routes which E. coli uses to transport and phosphorylate glucose differ in E. coli strains NZN111 and AFP111. One
route involves two multienzyme systems, collectively termed
the PTS, which concomitantly transport and phosphorylate
glucose to intracellular glucose 6-phosphate by using PEP as a
cosubstrate (32, 38, 39). This route ultimately leads to the
formation of both PEP and pyruvate, and the resulting net
reaction may be expressed as

DISCUSSION

The 1 mol of PEP formed in this reaction is available to PEP
carboxylase to generate OAA or to pyruvate kinase to generate
a second mole of pyruvate and ATP. In the absence of PEP
synthase activity during growth on glucose (21), the 1 mol
committed to pyruvate is not available for direct conversion to
OAA. Wild-type E. coli can still grow in the absence of the
PTS, and a mutation in the glk gene for glucokinase is necessary to eliminate growth on glucose completely (7). Thus, a
second route for glucose uptake involves glucose transport
uncoupled from phosphorylation, a route which generally appears to be insignificant compared to the PTS in wild-type E.
coli. This route requires the action of glucokinase intracellularly to phosphorylate glucose with ATP as a cosubstrate and
leads ultimately to the formation of PEP. The resulting net
reaction may be expressed as

In this study, we compared two doubly mutated (ldh pfl)
strains of E. coli, NZN111 and AFP111, in the absence and
presence of the enzyme pyruvate carboxylase and with two
different modes of growth. The synthesis of OAA is a key step
in the production of succinate. In most eukaryotes and some
prokaryotes, OAA is replenished both from PEP and from
pyruvate by PEP carboxylase and pyruvate carboxylase, respectively. However, in wild-type E. coli, PEP carboxylase represents the principal anaplerotic reaction to replenish OAA.
That portion of PEP not flowing to OAA is converted to
pyruvate, and under anaerobic conditions for NZN111 and
AFP111 (in the absence of the assimilating enzymes lactate
dehydrogenase and pyruvate formate lyase), pyruvate was observed to accumulate. When these strains are transformed with
pTrc99A-pyc, which expresses pyruvate carboxylase from R.
etli, E. coli is provided with another anaplerotic route to OAA
formation (17, 18), and the strains show decreased pyruvate
accumulation and concomitant increased succinate production. Moreover, we observed increased cell growth rates and
glucose consumption rates under anaerobic or aerobic conditions for either of these strains when this additional anaplerotic
route was available.
NZN111 and AFP111 are different, and pyruvate carboxylase benefits each strain differently toward the goal of succinate
accumulation. NZN111 has been reported to grow very slowly
on glucose in the absence of oxygen (3, 45, 46), while AFP111
isolated as a result of a ptsG mutation in NZN111 grows more
quickly (4, 46). Both strains have been reported to accumulate
significant quantities of succinate during anaerobic growth (35,
45, 46). Since E. coli is a facultative anaerobe, another approach to generate succinate is dual-phase fermentation, that
is, aerobic growth followed by an anaerobic production phase
(22). Such dual-phase fermentations have the advantage of
largely uncoupling growth and product formation; thus, unique

glucose ¡ pyruvate ⫹ PEP ⫹ 4 H ⫹ 2 H2O ⫹ ATP

glucose ¡ 2 PEP ⫹ 4 H ⫹ 2 H2O ⫹ 0 ATP

(1)

(2)

In this situation, 2 mol of PEP is available to PEP carboxylase
for OAA formation. Of course, 1 mol of PEP could form
pyruvate via pyruvate kinase with the generation of ATP so
that the ultimate equations for the two routes to pyruvate are
equivalent. In this study, for both anerobically and aerobically
grown cells, AFP111 showed markedly higher glucokinase activity than NZN111.
From three-carbon intermediates, succinate may be formed
by two means: via the reductive arm of the TCA cycle or via the
glyoxylate shunt. The reductive branch of the TCA cycle converts OAA to malate, fumarate, and then succinate. From a
three-carbon precursor of OAA (PEP or pyruvate), this path
requires the incorporation of four electrons and 1 mol of CO2.
The net equation of this C3 ⫹ C1 pathway is
PEP ⫹ CO2 ⫹ 4 H ¡ succinate ⫹ 0 ATP

(3)

The glyoxylate shunt operates as a cycle to convert 2 mol of
acetyl coenzyme A (acetyl-CoA) to succinate. From 2 mol of
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Isocitrate dehydrogenase was not detected in NZN111 but was
detected in AFP111.
The highest activities of pyruvate carboxylase were obtained
with 1.0 mM IPTG for both NZN111/pTrc99A-pyc and
AFP111/pTrc99A-pyc, with lower activities observed for these
strains in the absence of IPTG. The activities of acetate kinase
consistently increased and the activities of PEP carboxylase
generally decreased with increasing pyruvate carboxylase activities for both strains. No correlation was observed between
pyruvate carboxylase activities and the activities of fumarate
reductase, glucokinase, isocitrate lyase, and isocitrate dehydrogenase. For any level of pyruvate carboxylase activity, however,
the activities of acetate kinase, glucokinase, and isocitrate dehydrogenase were always higher in AFP111 strains than in
NZN111 strains.
We also measured the activities of these seven enzymes for
AFP111 ⌬ppc. The acetate kinase, glucokinase, and isocitrate
lyase activities were much higher in this strain than under any
other condition. The activities of fumarate reductase and isocitrate dehydrogenase were lower than those observed for
other AFP111 strains in dual-phase fermentations. As expected, the activities of PEP carboxylase and pyruvate carboxylase were insignificant.
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the three-carbon precursor pyruvate, one cycle around the
glyoxylate pathway generates six electrons and 2 mol of CO2.
The net equation of this C2 ⫹ C2 pathway is
2 pyruvate ¡ succinate ⫹ 6 H ⫹ 2 CO2 ⫹ 0 ATP

(4)

to pyruvate via pyruvate kinase is zero). Such a scenario satisfying a redox balance could generate 1.20 mol of succinate per
mol of glucose, with 17% of the succinate coming from the
glyoxylate shunt, for a mass yield of 0.79. Figure 5 shows the
carbon fluxes necessary to achieve this theoretical maximum
succinate yield in a strain which exclusively uses the PTS for
glucose uptake. For a strain relying exclusively on glucokinase
for glucose uptake, all carbon from glucose is available for
subsequent conversion to succinate via the C3 ⫹ C1 pathway.
In this situation, 28.6% of the PEP can flow through pyruvate
kinase to pyruvate to achieve the maximum succinate mass
yield of 1.12, satisfying a redox balance. Figure 6 shows the
carbon fluxes necessary to achieve this theoretical maximum
succinate yield in a strain which exclusively uses glucokinase
for glucose uptake. Note that in the present study, actual carbon fluxes could not be calculated because for NZN111 strains,
the fractions of glucose consumed by glucokinase and the PTS
cannot be distinguished because the presence of pyruvate carboxylase creates a mathematical singularity at the PEP-pyruvate-OAA nodes and because the fraction of carbon flowing
through the glyoxylate shunt cannot be determined. The optimal ratio of molar flux through the reductive branch of the
TCA cycle to the molar flux through glyoxylate is always 5.0.
The differences between the observed activities of glucokinase in NZN111 and AFP111 demonstrate differences in the
flexibility of the organisms in forming succinate. During exclusively anaerobic growth of NZN111, with the PTS dominating
glucose uptake, nearly one-half of the carbon is committed to
pyruvate. In the absence of isocitrate lyase activity, we observed pyruvate to accumulate to about twice the final molar
concentration of succinate (Table 2). During exclusively anaerobic growth of AFP111, with glucose uptake occurring via
glucokinase, glucose is converted to PEP and not committed to
pyruvate. All carbon therefore potentially can be diverted to
succinate via OAA, and we observed no pyruvate at the end of
AFP111 fermentations. Pyruvate assimilation leading to acetate and ethanol formation in AFP111 was apparently just able
to keep pace with pyruvate formation by pyruvate kinase. The
higher level of acetate kinase activity in AFP111 than in
NZN111 is consistent with a higher level of pyruvate assimilation under these anaerobic conditions.
Although NZN111 and AFP111 subjected to a dual-phase
fermentation resulted in succinate and pyruvate yields similar
to those observed for exclusively anaerobic growth, the rates at
which these products were formed were much higher after
aerobic growth, presumably because of the higher cell density
and higher enzyme activities under these conditions. Calculation of carbon recovery in these fermentations is not possible
because of the ambiguity in the relative amounts of carbon
flowing through the C3 ⫹ C1 and C2 ⫹ C2 pathways and the
fact that one pathway is carbon dioxide consuming and the
other is carbon dioxide generating.
Strains with pyruvate carboxylase activity can more readily
approach the maximum theoretical yield after aerobic growth
because they can generate OAA from either PEP or pyruvate,
regardless of whether PTS or glucokinase is the dominant
means of glucose uptake. The addition of pyruvate carboxylase
activity to NZN111 ameliorates PTS, which constrains succinate generation. The presence of high pyruvate carboxylase
activity in NZN111 in the dual-phase fermentations resulted in
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Figure 4 shows the biochemical pathways leading from glucose
consumption to succinate synthesis when each of these pathways is present (including the conversion of pyruvate to OAA
by pyruvate carboxylase). The glyoxylate shunt has not been
shown to be important in the formation of succinate, and it is
most commonly associated with microbial growth on acetate
(21, 24). However, the glyoxylate shunt appears to play an
important role during high-cell-density aerobic fermentation
with E. coli (23, 48). The genes for isocitrate lyase and malate
synthase constitute an operon (2, 5) and are regulated by the
fadR gene (30). In this study, the key glyoxylate shunt enzyme,
isocitrate lyase, was not detected with either strain grown under anaerobic conditions but was observed with both NZN111
and AFP111 after 8 h of aerobic growth. Because the two
strains differ in their modes of glucose uptake and growth
conditions affect the expression of isocitrate lyase, one would
expect differences in the distribution of end products between
the two strains and during anaerobic growth and aerobic
growth.
Both glucose consumption routes to three-carbon intermediates generate four electrons per glucose. Since the C3 ⫹ C1
pathway requires eight electrons per mol of glucose to form 2
mol of succinate and the C2 ⫹ C2 pathway generates six electrons to form 1 mol of succinate per mol of glucose, neither of
these two succinate-producing pathways alone is sufficient to
balance the electrons in the overall conversion of glucose to
succinate. The maximum possible yield of succinate based
solely on a carbon balance occurs when all the succinate is
formed via the C3 ⫹ C1 pathway (46), providing a mass yield of
1.31 based on glucose. However, the maximum possible succinate yield based on the necessary additional constraint of a
redox balance is 1.714 mol of succinate from 1 mol of glucose,
providing a mass yield of 1.12. In the absence of an additional
electron donor, this maximum theoretical yield necessitates
that both pathways function from three-carbon intermediates
to succinate and that specifically 71.4% of the carbon flows to
OAA and 28.6% of the carbon flows to acetyl-CoA. If the
glyoxylate shunt is not active, as we observed during exclusively
anaerobic growth, then this maximal yield of succinate cannot
be achieved.
Without the pyc gene, NZN111 and AFP111 have only one
means for PEP to flow directly to OAA, and that is via PEP
carboxylase. For these strains, the two routes for glucose uptake result in vastly different maximal succinate yields, a fact
which can be illustrated by considering the two extreme cases
of glucose uptake—either exclusively via the PTS or exclusively
via glucokinase. For a strain relying exclusively on the PTS for
glucose uptake, because half of the carbon is committed to
pyruvate by the PTS, only 50% of the carbon is available for
subsequent conversion to succinate via the C3 ⫹ C1 pathway.
This fraction is lower than the 71.4% needed for a maximum
theoretical yield of 1.12. In this situation, the maximum succinate yield is attained when the 1 mol of PEP generated from
glucose is entirely converted to OAA (and the flux from PEP
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FIG. 4. Biochemical pathways for the synthesis of succinate from glucose in E. coli. Not all enzymatic steps or intermediates are shown. Key
enzymes in the pathways are as follows: 1, PTS; 2, glucokinase; 3, glyceraldehyde phosphodehydrogenase; 4, pyruvate kinase; 5, PEP carboxylase;
6, pyruvate carboxylase; 7, pyruvate dehydrogenase complex; 8, phosphoacetyltransferase and acetate kinase; 9, acetaldehyde dehydrogenase and
alcohol dehydrogenase; 10, isocitrate lyase; 11, malate synthase; 12, malate dehydrogenase; 13, fumarase; and 14, fumarate reductase.
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FIG. 5. Flux through biochemical pathways corresponding to the maximum theoretical yield of succinate in the absence of pyruvate carboxylase
when the PTS is the exclusive means of glucose uptake. The data are based on 100 molar U of glucose uptake.

1724

VEMURI ET AL.

APPL. ENVIRON. MICROBIOL.

Downloaded from http://aem.asm.org/ on April 26, 2019 by guest
FIG. 6. Flux through biochemical pathways corresponding to the maximum theoretical yield of succinate in the absence of pyruvate carboxylase
when glucokinase is the exclusive means of glucose uptake. The data are based on 100 molar U of glucose uptake.
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TABLE 6. Maximum theoretical mass yields of succinate
considering biochemical pathways available to E. colia
Means of
glucose uptake

Activity of:
PYC

ICL

Maximum theoretical
succinate yield (g/g)

PTS

⫹
⫹
⫺
⫺

⫹
⫺
⫹
⫺

1.12
0.87
0.79
0.66

Glucokinase

⫹
⫹
⫺
⫺

⫹
⫺
⫹
⫺

1.12
0.87
1.12
0.87

a succinate yield (0.93) statistically equal to the yield observed
with AFP111/pTrc99A-pyc (0.96). Table 6 summarizes the maximum theoretical succinate yields considering each of the constraints studied. The calculations demonstrate that the presence of both pyruvate carboxylase and isocitrate lyase activities
is needed for optimal succinate production. The presence of
both enzymes provides E. coli with greater flexibility to achieve
the maximum theoretical succinate yield. Isocitrate lyase activity permits succinate to be the redox-balanced end product and
prevents the accumulation of fumarate. Pyruvate carboxylase
activity overcomes the commitment of carbon to pyruvate.
An important result is that the presence of pyruvate carboxylase provided via plasmid pTrc99A-pyc increased the rates of
both glucose consumption and cell growth. This second result
is contrary to common observations that the expression of
heterologous cloned genes substantially reduces cell growth
rate (reviewed recently by Diaz Ricci and Hernández [11]).
Furthermore, increases in glucose uptake rate have been proposed to be due to enhanced expression of proteins involved in
the PTS (10). In the current study, AFP111 with pyruvate
carboxylase averaged a fivefold-higher glucose uptake rate under anaerobic conditions and achieved a 50% higher cell density after 8 h under aerobic conditions compared to AFP111
without pyruvate carboxylase. Since this organism appears not
to have a significant PTS for glucose uptake, additional studies
are needed to reconcile the reason why the growth and glucose
uptake of this particular multiply mutated strain benefit from
the additional anaplerotic reaction afforded by pyruvate carboxylase.
The level of pyruvate carboxylase activity affects the final
product distribution, with fumarate being the redox-balanced
end product. As noted above, 2 mol of NADH (4H) is produced for every mole of glucose consumed during glycolysis.
NADH must be reoxidized to NAD for the fermentation to
progress (6). This reoxidation is achieved by the reduction of
OAA to either fumarate, which requires 1 mol of NADH, or
succinate, which requires 2 mol of NADH. If all the carbon
from PEP were to flow to OAA, we would expect fumarate to
be the end product, a situation which would balance the
NADH generated in glycolysis. In fact, if greater than 71.8% of
the carbon from PEP were to flow to OAA (with a limitation
of alcohol dehydrogenase activity), then a redox balance would
necessitate fumarate to be present in addition to succinate.

Thus, in those situations where both pyruvate carboxylase and
PEP carboxylase activities are high and other pyruvate-assimilating enzyme activities are low, the large fraction of PEP
expected to flow to OAA would result in some fumarate accumulation. For AFP111/pTrc99A-pyc grown anaerobically
with IPTG (with no isocitrate lyase activity and hence limited
pyruvate assimilation), we indeed did observe fumarate to accumulate to a molar fumarate-to-succinate ratio of 1.33. For
this strain grown aerobically with IPTG, no fumarate was observed. The isocitrate lyase activity present under aerobic conditions may have thus been sufficient to balance the greater
pyruvate carboxylase and PEP carboxylase activities by providing additional NADH (from the action of pyruvate dehydrogenase and malate dehydrogenase) for the fumarate-to-succinate step. Growing AFP111/pTrc99A-pyc anaerobically in the
presence of hydrogen similarly prevented the accumulation of
fumarate, suggesting that the strains have a mechanism for
regenerating NAD by using hydrogen. Several previous studies
reported the presence of lactate during fermentation of the ldh
mutant NZN111 with malic enzyme or malate dehydrogenase
(13, 22, 45). In the present study, we did not observe lactate but
instead observed fumarate, a solute which commonly elutes at
a retention time similar to that of lactate but which can readily
be distinguished by UV absorbance (14).
One consistent observation was the higher activity of acetate kinase in AFP111 strains than in NZN111 strains for
any set of conditions. This higher activity was correlated
with a higher acetate yield in AFP111 than in NZN111 for
either mode of fermentation, but not consistently for these
strains with pyruvate carboxylase. When more carbon is
diverted to succinate from PEP through OAA, this carbon,
of course, does not flow to pyruvate via pyruvate kinase, an
ATP-generating step. Without an additional ATP-generating step, one would therefore expect AFP111 to generate
less ATP than NZN111, since the former generates more
succinate and less pyruvate. Since the formation of acetate
from acetyl phosphate also generates ATP, the higher yield
of acetate in AFP111 than in NZN111 may be a result of the
organism compensating for the reduced ATP generated via
pyruvate formation. The first enzyme in the PTS can also be
phosphorylated by acetate kinase and ATP (15), so that the
heightened acetate kinase activity in AFP111 compared to
NZN111 may also be related to the differences in glucose
uptake in these two strains.
Strain AFP111 ⌬ppc, lacking both pyruvate carboxylase and
PEP carboxylase, was still able to accumulate succinate under
dual-phase conditions. In this situation, the organism consumed acetate. Since the isocitrate lyase activity was over 10
times higher in AFP111 ⌬ppc than in AFP111, it seems likely
that a portion of the acetate yielded succinate. Also, since
AFP111 ⌬ppc appears to lack an effective pathway to regenerate NAD (the reductive arm of the TCA cycle is not available
due to the absence of PEP carboxylase), the higher yield of
ethanol that we observed with AFP111 ⌬ppc (0.15) compared
to AFP111 (0.05) is consistent with this strain meeting the
demand for a redox balance. Finally, the accumulation of pyruvate in AFP111 ⌬ppc (yield, 0.20) compared to AFP111 (yield,
0.01) is consistent with the former strain having limited means
to regenerate NAD and the undesirability of converting pyru-
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a
These theoretical yields were calculated assuming that NADH and NAD are
balanced as a result of central carbon metabolism. See Table 3, footnote b, for
enzyme abbreviations. ⫹, present; ⫺, absent.
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