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Chemically defined media allow for a variety of metabolic studies that are not possible with undefined media.
A defined medium, AM3, was created to expand the experimental opportunities for investigating the fermen-
tative metabolism of succinate-producing Actinobacillus succinogenes. AM3 is a phosphate-buffered medium
containing vitamins, minerals, NH4Cl as the main nitrogen source, and glutamate, cysteine, and methionine as
required amino acids. A. succinogenes growth trends and end product distributions in AM3 and rich medium
fermentations were compared. The effects of NaHCO3 concentration in AM3 on end product distribution,
growth rate, and metabolic rates were also examined. The A. succinogenes growth rate was 1.3 to 1.4 times
higher at an NaHCO3 concentration of 25 mM than at any other NaHCO3 concentration, likely because both
energy-producing metabolic branches (i.e., the succinate-producing branch and the formate-, acetate-, and
ethanol-producing branch) were functioning at relatively high rates in the presence of 25 mM bicarbonate. To
improve the accuracy of the A. succinogenes metabolic map, the reasons for A. succinogenes glutamate auxo-
trophy were examined by enzyme assays and by testing the ability of glutamate precursors to support growth.
Enzyme activities were detected for glutamate synthesis that required glutamine or �-ketoglutarate. The
inability to synthesize �-ketoglutarate from glucose indicates that at least two tricarboxylic acid cycle-associ-
ated enzyme activities are absent in A. succinogenes.

Biobased chemical production is a growing multibillion dol-
lar industry converting renewable resources into valuable prod-
ucts (20, 21). A $15 billion market could be based on succinate
for producing bulk chemicals such as 1,4-butanediol (a precur-
sor to “stronger-than-steel” plastics), ethylenediamine disucci-
nate (a biodegradable chelator), diethyl succinate (a green
solvent for replacement of methylene chloride), and adipic
acid (nylon precursor) (24). However, the cost of biobased
succinate is not yet competitive with petrochemical-based al-
ternatives such as maleic anhydride. The development of a
cost-effective industrial succinate fermentation will rely on or-
ganisms able to produce high concentrations of succinate at
high rates.

Actinobacillus succinogenes is a capnophilic, facultatively an-
aerobic, gram-negative bacterium that naturally produces high
concentrations of succinate as a fermentation end product in
addition to formate, acetate, and ethanol (4–6, 18). A. succi-
nogenes converts glucose to phosphoenolpyruvate (PEP), at
which point metabolism splits into the following two branches:
(i) the formate-, acetate- and ethanol-producing C3 pathway,
and (ii) the succinate-producing C4 pathway (Fig. 1). Meta-
bolic engineering of A. succinogenes has begun, with the aim of
achieving a homosuccinate fermentation. The most notable
success has arisen from inactivation of pyruvate-formate lyase
(PFL) by selecting mutants resistant to fluoroacetate (6, 13).
A. succinogenes PFL mutants have increased succinate yields;
however, significant amounts of pyruvate are also formed.

Modern, efficient metabolic engineering strategies rely on a
thorough understanding of the metabolism under study and of
how the metabolism responds to environmental and genetic
perturbations (2, 16). This understanding can be obtained by
using 13C labeling experiments to measure intracellular meta-
bolic fluxes. These experiments require a defined growth me-
dium so that cell components (e.g., amino acids) are synthe-
sized from a labeled substrate (e.g., [13C]glucose) and not from
complex medium components, such as yeast extract. Further-
more, an accurate metabolic map is essential for metabolic flux
analyses. A defined medium for growing wild-type A. succi-
nogenes, AM3, is described. A common experiment for succi-
nate-producing capnophiles is conducted using AM3 with dif-
ferent NaHCO3 concentrations, which provides new insights
into A. succinogenes metabolism. Finally, we improve the
A. succinogenes metabolic map in the poorly characterized
region of its tricarboxylic acid (TCA) cycle by using experi-
ments made possible by one of the amino acid auxotrophies of
A. succinogenes and by the advent of AM3.

MATERIALS AND METHODS

Chemicals, bacteria, and culture conditions. All chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Escherichia coli
K-12 (ATCC 10798) and A. succinogenes type strain 130Z (ATCC 55618) were
obtained from the American Type Culture Collection. All liquid cultures were
incubated at 37°C and shaken at 250 rpm. Cultures were inoculated with cell
suspensions that were harvested in late log phase, washed twice in sterile saline,
and resuspended in an appropriate volume of sterile saline to give a starting
optical density at 660 nm (OD660) of 0.1 after inoculation.

Identification of a defined growth medium, AM3. The defined medium was
based on the phosphate buffer of the rich medium, medium A, commonly used
to grow A. succinogenes (13, 14, 18). It contained the following, per liter: 15.5 g
K2HPO4, 8.5 g NaH2PO4 · H2O, 1 g NaCl, 2 g NH4Cl, and 10 ml mineral mix.
This basal solution was aliquoted into 28-ml anaerobic test tubes. The tubes were
then sealed with rubber bungs and aluminum crimps, repeatedly flushed, and
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evacuated with N2. After autoclaving, each tube received filter-sterilized vitamin
mix, kanamycin, amino acids, glucose, and NaHCO3 to achieve final respective
concentrations of 2 ml/liter, 10 �g/ml, 0.08%, 50 mM, and 30 mM. Concentra-
tions of basal solution and supplement stocks were adjusted to give total culture
volumes of 10 ml. Soluble NaHCO3 was used instead of insoluble MgCO3 (5, 6,
18) to facilitate growth measurements by optical density. NaHCO3 stock solu-
tions (1 M) were prepared under a 100% CO2 atmosphere, as described previ-
ously (19). An equal volume of sterile 100% CO2 was used to replace any volume
of NaHCO3 taken from the stock solutions. The final medium pH was 6.9 to 7.1,
depending on the amount of NaHCO3 added. The mineral mix was based on
Lovley (11) and contained the following, per liter: 1.5 g nitrilotriacetic acid, 3 g
MgSO4 · 7H2O, 0.5 g MnSO4 · H2O, 0.1 g FeSO4 · 7H2O, 0.1 g CaCl2 · 2H2O,
0.1 g CoCl2 · 6H2O, 13 mg ZnCl2, 10 mg CuSO4 · 5H2O, 10 mg AlK(SO4)2 ·
12H2O, 10 mg H3BO3, 25 mg Na2MoO4, 25 mg NiCl2 · 6H2O, 25 mg Na2WO4 ·
2H2O, and 10 mg NaSeO3. The vitamin mix was based on Wolin et al. (22) and
contained the following, per liter: 10 mg biotin, 10 mg folic acid, 50 mg pyridox-
ine HCl, 25 mg thiamine HCl, 25 mg riboflavin, 25 mg nicotinic acid, 25 mg
pantothenic acid, 0.5 mg cyanocobalamin, 25 mg p-aminobenzoic acid, and 25 mg
thioctic acid.

The inoculum was A. succinogenes 130Z grown from frozen glycerol stocks in
10 ml of BBL Trypticase soy broth (Becton Dickinson, Sparks, MD) containing
50 mM glucose, 30 mM NaHCO3, and 10 �g/ml kanamycin in 15-ml screw-cap
glass tubes with air as headspace. The defined medium was inoculated with 0.5
ml of washed cell suspension. The original defined medium supporting growth
contained 12 amino acids (i.e., glutamate, aspartate, cysteine, tyrosine, phenyl-
alanine, serine, alanine, isoleucine, valine, arginine, leucine, and methionine)
that were chosen based on literature for Haemophilus influenzae defined media
(7, 8). Cells grown in this medium were washed and used to inoculate various
defined media containing 11 amino acids, each medium missing one of the initial
12 amino acids. This procedure was repeated with fewer and fewer amino acids
until the amino acids required for growth were identified. The defined medium
with the fewest amino acids still supporting growth was called AM3.

Growth of A. succinogenes on AM3 solid agar. AM3 agar was prepared as
described for the liquid medium, with the addition of 1.5% Bacto agar (Becton
Dickinson) and with or without 10 g/liter MgCO3 prior to autoclaving. NaHCO3

was added to some preparations after autoclaving to a final concentration of 30
mM. A. succinogenes was grown in liquid AM3 and washed. After aerobic inoc-

ulation, the plates were incubated at 37°C in an anaerobic jar with a CO2

headspace.
Determination of growth trends and fermentation balances in AM3 and

medium A. Anoxic medium A and AM3 (11-ml final volume in 28-ml test tubes)
were inoculated with 0.25 ml of washed cells grown in identical media. Medium
A differs from AM3 by having 5 g/liter of yeast extract in place of the vitamins,
minerals, amino acids, NaCl, and NH4Cl in AM3. Both media contained 150 mM
NaHCO3. Growth was monitored throughout log phase by measuring OD660

with a Spectronic 20 (Bausch and Lomb, Rochester, NY) spectrophotometer,
which does not require culture sampling. Growth rates were determined from
four to six measurements. Samples (�1 ml) were collected at the beginning of
incubation, once during log phase (0.6 to 1.0 OD660), and at the end of log phase.
The optical densities of these samples were determined using a DU 650 spec-
trophotometer (Beckman, Fullerton, CA). These OD660 values (more precise
than those obtained with the Spectronic 20) were used to calculate the final OD
and the carbon and electron balances. Glucose and metabolic end products in the
sample supernatants were separated by high-performance liquid chromatogra-
phy (Waters, Milford, MA) on a 300- by 7.8-mm Aminex HPX-87H column
(Bio-Rad, Hercules, CA) at 23°C with 4 mM H2SO4 as the eluent, at a flow rate
of 0.6 ml/min. Glucose and ethanol were quantified using a Waters 410 differ-
ential refractometer, and organic acids were quantified using a Waters 2487 UV
detector at 210 nm.

Determination of fermentation balances, growth rates, and product formation
rates in AM3 with different NaHCO3 concentrations. Anoxic AM3 was prepared
as described above but with NaHCO3 concentrations ranging from 5 to 150 mM.
The inoculum was 0.25 ml of washed culture grown in AM3 medium of identical
NaHCO3 concentrations. Sample collection and determination of cell densities,
growth rates, and end product concentrations were performed as described
above. CO2 was detected by transferring 1 ml of culture headspace and 0.3 ml of
liquid cultures to separate bung-sealed 13-ml serum vials. The liquid sample was
acidified with 50 �l of 3.2 N H2SO4. Vial headspace contents were sampled
using a pressure syringe and injected into a series 750 gas chromatograph
(GOW-MAC, Bethlehem, PA) equipped with a Carbosphere column, metha-
nizer, and flame ionization detector. Specific rates were calculated as described
previously for batch cultures (15, 16). For example, to calculate a specific product
formation rate, the equation rp � YXP �, was used, where rp is the specific
product formation rate, YXP is the amount of product produced per gram of
biomass, and � is the growth rate.

Preparation of crude cell extracts and enzyme assays. A. succinogenes 130Z
was grown in 450 ml medium A containing 33 mM glucose and 15 mM NaHCO3

in 1-liter spherical flasks with an N2 headspace. Cultures were harvested in log
phase by centrifugation, washed once with 200 ml 0.1 M Tris-HCl (pH 7.7), and
resuspended in 20 ml 0.1 M Tris-HCl (pH 7.7). Cells were lysed by two passages
through a French press at 1,200 to 1,400 lb/in2 under an N2 headspace. Cell
extracts were stored at �20°C before assays. The cell extract protein concentra-
tion (i.e., 1.8 mg protein/ml) was quantified by the bicinchoninic acid assay
(Pierce, Rockford, IL) with bovine serum albumin as the standard (12).

Enzyme activities were assayed by measuring the oxidation or reduction of
NADP(H) using a Cary 300 spectrophotometer (Varian, Palo Alto, CA). An
extinction coefficient of 6.23 cm�1 mM�1 at 340 nm was used for NADPH (18).
Reagents were dissolved in 0.1 M Tris-HCl (pH 8.0), and reactions were carried
out in triplicate in 1-ml volumes at 37°C. The reaction mixture for the glutamate
dehydrogenase assay contained 40 mM NH4Cl, 5 mM �-ketoglutarate (�KG),
0.3 mM NADPH, 1 mM CaCl2, and 25 �l cell extract. The reaction was started
by the addition of �KG. Glutamate synthase activity was tested in the presence
of 5 mM glutamine, 5 mM �KG, 0.3 mM NADPH, 1 mM CaCl2, and 25 �l cell
extract. The reaction was started by the addition of glutamine. Isocitrate dehy-
drogenase was assayed using anoxic reagents in rubber-stoppered cuvettes that
were evacuated and flushed with N2 as described previously (23). The reaction
mixture contained 0.1 M NaCl, 5 mM MgCl2, 1 mM dithiothreitol, 0.3 mM
NADP�, 50 �l cell extract, and 5 mM isocitrate (17). Cell extracts (15.2 mg
protein/ml) from E. coli K-12 aerobically grown in LB with 25 mM glucose were
used as a positive control. The reaction was started with the addition of isoci-
trate. No enzyme activity was detected in any assay when NAD(H) was used in
place of NADP(H).

Test of potential glutamate precursors to support growth. Anoxic defined
medium was prepared as described for AM3, but glutamate and/or NH4Cl was
omitted where appropriate. Filter-sterilized stock solutions of potential gluta-
mate precursors (i.e., �KG, glutamine, aspartate, isocitrate, and citrate) were
added to the autoclaved medium to 15 mM final concentration. The inoculum
was 0.25 ml of A. succinogenes grown in AM3 and washed. The culture volume
was 12 ml. The turbidity was monitored using a Spectronic 20 until stationary
phase was reached or for 5 days. If growth occurred, cells were washed as

FIG. 1. Simplified metabolic map of the central metabolism of
A. succinogenes. Thin black arrows represent glucose uptake, pentose
phosphate pathway, and Embden-Meyerhoff-Parnas pathway reac-
tions. Gray arrows represent C3 pathway reactions. Thick black arrows
represent C4 pathway reactions. Dashed arrows represent TCA-asso-
ciated reactions that have not been tested. 1, hexokinase or PEP:
glucose phosphotransferase; 2, pentose phosphate pathway; 3, Emb-
den-Meyerhoff-Parnas pathway; 4, pyruvate kinase and PEP:glucose
phosphotransferase; 5, pyruvate-formate lyase; 6, acetaldehyde dehy-
drogenase and alcohol dehydrogenase; 7, phosphotransacetylase and
acetate kinase; 8, PEP carboxykinase; 9, malate dehydrogenase, fuma-
rase, and fumarate reductase; 10, succinyl-CoA synthetase, �KG de-
hydrogenase, and �KG synthase; 11, isocitrate dehydrogenase and
aconitase; 12, citrate lyase and citrate synthase. Metabolites: Glc, glu-
cose; G6P, glucose-6-phosphate; Pyr, pyruvate; For, formate; AcCoA,
acetyl-CoA; EtOH, ethanol; Ace, acetate; OAA, oxaloacetate; Suc,
succinate; Cit, citrate.
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described above and used to inoculate an identical medium to ensure that growth
was not due to nutrient carryover.

RESULTS AND DISCUSSION

Creation of the defined growth medium, AM3. A. succi-
nogenes grew slowly (0.06 h�1) when first transferred from
Trypticase soy broth to defined medium containing the initial
12 amino acids, with final OD660 values ranging from 0.7 to 1.1.
After several transfers in defined medium, growth rates in-
creased to 0.14 h�1. This improvement could be due to a slow
response in gene regulation to suit the new growth conditions
or to genetic drift. After amino acids were removed from the
defined medium one at a time, the amino acid requirements of
A. succinogenes were determined to be cysteine, glutamate, and
methionine. To improve the A. succinogenes growth rate and
final OD in defined medium, concentrations of amino acids,
NH4Cl, vitamin mix, and mineral mix were varied, and their
effects on growth rate and final OD were determined. Mineral
mix, vitamin mix, and amino acids were required for anaerobic
growth on glucose. Increasing the vitamin concentration from
2 ml/liter to 10 ml/liter doubled the growth rate and tripled the
final OD. A. succinogenes grew without NH4Cl when gluta-
mate, cysteine, and methionine were present, but the growth
rate (0.03 � 0.00 h�1 [mean � standard deviation]) and final
OD660 (0.44 � 0.07) were low. The improved medium, called
AM3, contained the following, per liter: 15.5 g K2HPO4, 8.5 g
Na2HPO4 · H2O, 1 g NaCl, 2 g NH4Cl, 0.15 g L-glutamate,
0.08 g L-cysteine-HCl, 0.08 g L-methionine, 10 ml mineral mix,
10 ml vitamin mix, 30 mmol NaHCO3, and 50 mmol glucose.

A. succinogenes also grew on solid AM3 agar. One-millime-
ter-diameter colonies developed after 2 to 4 days of incubation
under CO2 gas phase at 37°C. Colonies developed with and
without MgCO3 or NaHCO3.

Growth trends and fermentation balances in AM3 and me-
dium A. In a defined medium, bacteria are forced to synthesize
a number of cellular building blocks that would otherwise be
available from rich medium components. For this reason,
growth rates were lower in AM3 (0.24 � 0.01 h�1) than in
medium A (0.43 � 0.01 h�1). The final OD660 in AM3 (2.82 �
0.05) was slightly lower than that in medium A (3.03 � 0.14).
Since most of the succinate is produced during log phase,
fermentation balances were based on log-phase samples. While
carbon and electron recoveries for cultures grown in AM3
were near 100%, recoveries for cultures grown in medium A
exceeded 100% (Table 1), likely because carbon and electron
recoveries take into account only the glucose consumed. The
yeast extract carbon in medium A is �50% that of the supplied
glucose, according to BD Diagnostic Systems and Doyle et al.
(1). Thus, there is ample carbon in yeast extract to explain a
117% carbon recovery in medium A. Yeast extract may also
have contributed to the higher formate and acetate yields and
to the lower succinate product ratio [i.e., succinate/(ethanol
plus acetate)] in medium A than in AM3. With no undefined
carbon sources to track in AM3, the comparison of fermenta-
tion balances in AM3 and medium A illustrates how a chem-
ically defined medium facilitates metabolic studies.

Effect of AM3 NaHCO3 concentration on fermentation bal-
ances, growth rates, and metabolic rates. Succinate production
by A. succinogenes requires CO2, presumably as a substrate for
PEP carboxykinase (Fig. 1) (9, 18). We previously showed that
A. succinogenes produces more succinate and less alternative
end products when the MgCO3 concentration was increased in
medium A (18). To confirm that this trend holds for AM3, we
compared end product distributions in AM3 with different
NaHCO3 concentrations. Indeed, increasing the NaHCO3 con-
centration in AM3 increased the succinate product ratio

TABLE 1. Log-phase fermentation balances of A. succinogenes in AM3 and medium Aa

Medium
Product formed (mmol/100 mmol glucose consumed) Carbon

recovery c

(%)

Electron
recoveryd

(%)

Succinate
product ratioe

Succinate Formate Acetate Ethanol Biomassb

Defined (AM3) 70 � 1 61 � 3 64 � 2 9 � 2 166 � 5 97 � 2 106 � 2 0.97 � 0.02
Rich (medium A) 70 � 1 99 � 6 80 � 3 16 � 4 199 � 5 117 � 1 117 � 0 0.73 � 0.02

a Data are means � standard deviations of results from triplicate cultures.
b Biomass was determined using assumed values of 567 mg dry cell weight/ml per OD660 and a cell composition of CH2O0.5N0.2 (24.967 g/mol) (18).
c Carbon in product divided by carbon in glucose consumed. An assumption was made that 1 mol of CO2 was fixed per mol of succinate produced (18). Therefore,

C3H6O2 was used as the chemical composition of succinate derived from glucose consumed.
d Electron recoveries are based on available hydrogen (3).
e Ratio of succinate to acetate plus ethanol. It was assumed that all formate is formed from PFL and is accounted for in the sum of acetate and ethanol. Production

of less formate than the sum of acetate and ethanol produced may be due to pyruvate dehydrogenase activity; however, this has not yet been proven for A. succinogenes.

TABLE 2. Effect of NaHCO3 concentration on end product distribution and growth rate in AM3a

NaHCO3
concn (mM)

Product formed (mmol/100 mmol glucose consumed) Carbon
recovery (%)

Electron
recovery (%)

Succinate
product ratio

Growth
rate (h�1)Succinate Formate Acetate Ethanol Biomass

5 33 � 1 117 � 1 72 � 1 51 � 7 146 � 6 101 � 1 109 � 2 0.27 � 0.02 0.24 � 0.01
25 52 � 2 91 � 1 68 � 1 28 � 3 169 � 4 101 � 2 110 � 2 0.54 � 0.03 0.32 � 0.01
75 67 � 1 58 � 5 61 � 3 14 � 1 199 � 10 102 � 4 113 � 4 0.90 � 0.03 0.25 � 0.00

125 71 � 1 60 � 2 64 � 1 10 � 3 176 � 1 100 � 2 110 � 2 0.96 � 0.05 0.23 � 0.01
150 70 � 0 61 � 3 64 � 2 9 � 2 166 � 5 97 � 2 106 � 2 0.97 � 0.02 0.24 � 0.01

a Data are means � standard deviations of results from triplicate cultures. Biomass, carbon recovery, electron recovery, and succinate product ratio were calculated
as described in footnotes b to e in Table 1.
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(Table 2). In addition to confirming this trend, we also wanted
to determine an optimal NaHCO3 concentration for succinate
production in AM3. In our previous study, the maximum
MgCO3 concentration tested was equimolar to that of the
supplied glucose (i.e., 55 mM) (18). Here we tested NaHCO3

concentrations up to 3 times the molar concentration of sup-
plied glucose. As seen in Table 2, the succinate production
ratio plateaued at NaHCO3 concentrations above 75 mM. Al-
though not quantitatively precise, CO2 was detected in all
cultures at the time of log-phase sampling (data not shown).
Therefore, the reported succinate yields are not due to com-
plete CO2 consumption. While CO2 was not completely con-
sumed, the end product distributions suggest that NaHCO3, at
5 and 25 mM, may be limiting succinate production.

As shown in Table 2, the average growth rate was statistically
higher at 25 mM NaHCO3 than at any other NaHCO3 con-
centration (two-tailed t test, equal variance, P � 0.001). This
high growth rate can be explained by the metabolic rates shown
in Table 3. At 5 mM NaHCO3, C3 flux (estimated from specific
acetate and ethanol formation rates) is high, while C4 flux (i.e.,
the specific succinate formation rate) is low. At 25 mM
NaHCO3, C3 flux remains high, with a maximum acetate for-
mation rate, and C4 flux reaches a maximum. At 75 mM
NaHCO3 and above, C4 flux remains high, while C3 flux de-
creases by about half. ATP can be derived from PEP conver-
sion to succinate via the C4 pathway (1.67 mol ATP) and from
ethanol (1 mol ATP) or acetate (2 mol ATP) productions via
the C3 pathway. With high C3 and C4 fluxes at 25 mM
NaHCO3, more ATP is generated for biosynthesis, explaining
the high growth rate under these conditions. The maximum
succinate formation rate at 25 mM NaHCO3 also indicates that
NaHCO3 is not limiting succinate production, unlike what the
end product distributions in Table 2 suggest.

It is also worth noting that the high specific product forma-
tion rates at 25 mM NaHCO3 are allowed by a high glucose
consumption rate (Table 3). This high glucose uptake rate (and
expected corresponding high glycolytic flux) should be able to
support a succinate formation rate higher than the observed
4 mmol · g biomass�1 · h�1. Not enough is known at this stage
to identify the regulatory mechanism or mechanisms behind
this observation. Among the possible explanations is that high
NaHCO3 concentrations inhibit the C3 pathway and that the
C4 pathway cannot process substrate faster than 4 mmol · g

biomass�1 · h�1. This bottleneck would in turn inhibit glucose
uptake and glycolysis. Another possibility is that NaHCO3

(or CO2) inhibits glucose uptake and/or glycolysis. Any of
these mechanisms would have important implications for the
metabolic engineering of A. succinogenes succinate production.
Future metabolic flux analyses, in which genetic or environ-
mental perturbations affect individual pathway branches, will
focus on identifying what limits the succinate production rate
in A. succinogenes.

A. succinogenes is missing at least two TCA cycle-associated
enzyme activities. A. succinogenes was found to be auxotrophic
for cysteine, methionine, and glutamate. Glutamate auxotro-
phy was initially surprising since A. succinogenes cell extracts

FIG. 2. Possible enzyme activities leading to glutamate synthesis. 1,
aconitase; 2, isocitrate dehydrogenase; 3, glutamate dehydrogenase; 4,
succinyl-CoA synthetase; 5, �KG dehydrogenase; 6, aspartate:gluta-
mate transaminase; 7, glutamate synthase; 8, glutamine synthetase.
Metabolites include isocitrate (Ict) and succinyl-CoA (S-CoA).

TABLE 3. Effect of NaHCO3 concentration on specific metabolic rates and estimated fluxes

NaHCO3
concn (mM)

Specific rate (mmol · g biomass�1 · h�1)

Glucose
consumption

Succinate
formation or

C4 flux

Formate
formation

Acetate
formation

Ethanol
formation

Estimated
C3 fluxa

Estimated
net ATP

formationb

Estimated
glycolytic

flux c

5 6.6 � 0.0 2.2 � 0.1 7.8 � 0.1 4.8 � 0.0 3.4 � 0.4 8.2 � 0.5 16.6 � 0.4 10.4 � 0.4
25 7.7 � 0.0 4.0 � 0.2 7.0 � 0.1 5.3 � 0.1 2.2 � 0.2 7.4 � 0.2 19.4 � 0.5 11.4 � 0.3
75 5.0 � 0.2 3.4 � 0.1 2.9 � 0.1 3.1 � 0.0 0.7 � 0.1 3.8 � 0.1 12.5 � 0.2 7.2 � 0.1

125 5.3 � 0.2 3.7 � 0.1 3.2 � 0.1 3.4 � 0.1 0.5 � 0.1 3.9 � 0.2 13.5 � 0.3 7.6 � 0.2
150 5.7 � 0.3 4.0 � 0.1 3.5 � 0.1 3.6 � 0.1 0.5 � 0.1 4.2 � 0.2 14.5 � 0.4 8.2 � 0.4

a Estimated C3 flux is specific acetate formation rate plus specific ethanol formation rate.
b Estimated net ATP formation equals estimated ATP formation minus estimated ATP consumption flux in central metabolism. The assumptions of ATP

consumption and formation by central metabolic pathways are as follows: (i) glucose uptake consumes 1 ATP either by ATP-utilizing hexokinase or by PEP:glucose
phosphotransferase system, preventing ATP production by pyruvate kinase; (ii) 1 ATP is consumed by phosphofructokinase; (iii) pyruvate kinase, acetate kinase, and
PEP carboxykinase each produce 1 ATP; and (iv) fumarate reductase produces 0.67 ATP per reaction (10).

c Estimated glycolytic flux equals specific succinate production rate plus estimated C3 flux.
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have aspartate:glutamate transaminase activity (18). Figure 2
shows possible enzyme activities leading to glutamate, not all
of which are known to be present in A. succinogenes. Several
glutamate precursors (i.e., �KG, isocitrate, citrate, and succi-
nate) are TCA cycle intermediates. It is still unclear whether
A. succinogenes has a complete TCA cycle (Fig. 1). Because a
complete TCA cycle would mean at least two pathways for
succinate production and/or consumption, we used the gluta-
mate auxotrophy of A. succinogenes to our advantage to study
a poorly characterized region of the A. succinogenes central
metabolic map. Table 4 shows that �KG can replace glutamate
in the growth medium when NH4Cl is present, indicating in
vivo glutamate dehydrogenase activity. Aspartate plus �KG
also supported growth, while aspartate alone did not. These
results suggest that aspartate:glutamate transaminase is func-
tional in vivo. Alternatively, aspartase activity could convert
aspartate to fumarate and NH4

�, and then NH4
� used with

�KG by glutamate dehydrogenase could produce glutamate.
Growth on glutamine indicates the presence of a glutamine
deaminating activity (e.g., glutamine synthetase or carbamoyl
phosphate synthetase). In vitro enzyme activity assays sug-
gested that glutamate dehydrogenase (1,100 � 180 nmol ·
min�1 · mg protein�1) and glutamate synthase (30 � 10 nmol ·
min�1 · mg protein�1) are also functional in A. succinogenes.
Taken together, these results suggest that all the enzyme ac-
tivities (i.e., those numbered 3, 6, 7, and 8) below �KG in Fig. 2
are present in A. succinogenes.

These results also point to a single reason for A. succino-
genes’s glutamate auxotrophy: A. succinogenes cannot synthe-
size �KG from glucose. This inability means that enzymes are
absent or inactive in two pathways: (i) between succinate and
�KG in the reverse TCA cycle (especially since A. succinogenes
produces ample succinate), and (ii) in the TCA cycle from
acetyl-coenzyme A (acetyl-CoA) and oxaloacetate to citrate to
�KG (Fig. 1). This conclusion is supported in part by the fact
that no in vitro isocitrate dehydrogenase activity could be de-
tected in either anaerobically or aerobically grown A. succino-
genes cell extracts, while it was detected in E. coli cell extracts
as a positive control [70 � 10 nmol NADP(H) min�1 mg
protein�1]. Growth experiments with citrate or isocitrate were
not informative. A. succinogenes did not grow when citrate or
isocitrate was supplied with NH4Cl or aspartate (data not
shown) for at least two reasons: (i) it is not known whether
citrate and isocitrate are taken up by A. succinogenes cells, and
(ii) citrate prevented A. succinogenes growth at concentrations
above 3 mM in the presence of glutamine or glutamate (data

not shown). This inhibition was countered by adding extra
minerals (data not shown), suggesting that citrate binds essen-
tial minerals (e.g., iron) and prevents mineral acquisition.

A. succinogenes is a promising catalyst for biobased produc-
tion of succinate and possibly other chemicals (e.g., malate,
fumarate, 5-aminolevulinate, �KG, and glutamate). We have
described a chemically defined medium for growing A. succi-
nogenes and for studying its metabolism. NaHCO3 concentra-
tions between 5 and 75 mM had pronounced effects on fer-
mentation end product distributions, but higher concentrations
of NaHCO3 did not. A. succinogenes had an optimal growth
rate at 25 mM NaHCO3, where both energy-producing path-
ways displayed their highest fluxes. �KG could be used in place
of glutamate to support growth, indicating that at least two
TCA cycle-associated enzyme activities are absent. The de-
fined medium made testing growth on glutamate precursors
possible. The discovery that A. succinogenes lacks a full TCA
cycle is key information for the construction of an accurate
A. succinogenes metabolic map that will be essential in future
metabolic flux analyses and practical metabolic engineering
designs for A. succinogenes-based chemical production.
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