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Intracellular levels of three coenzyme A (CoA) molecular species, i.e., nonesterified CoA (CoASH), acetyl-
CoA, and malonyl-CoA, in a variety of aerobic and facultatively anaerobic bacteria were analyzed by the
acyl-CoA cycling method developed by us. It was demonstrated that there was an intrinsic difference between
aerobes and facultative anaerobes in the changes in the size and composition of CoA pools. The CoA pools in
the aerobic bacteria hardly changed and were significantly smaller than those of the facultatively anaerobic
bacteria. On the other hand, in the facultatively anaerobic bacteria, the size and composition of the CoA pool
drastically changed within minutes in response to the carbon and energy source provided. Acetyl-CoA was the
major component of the CoA pool in the facultative anaerobes grown on sufficient glucose, although CoASH
was dominant in the aerobes. Therefore, the acetyl-CoA/CoASH ratios in facultatively anaerobic bacteria were
10 times higher than those in aerobic bacteria. In Escherichia coli K-12 cells, the addition of reagents to inhibit
the respiratory system led to a rapid decrease in the amount of acetyl-CoA with a concomitant increase in the
amount of CoASH, whereas the addition of cerulenin, a specific inhibitor of fatty acid synthase, triggered the
intracellular accumulation of malonyl-CoA. The acylation and deacylation of the three CoA molecular species
coordinated with the energy-yielding systems and the restriction of the fatty acid-synthesizing system of cells.
These data suggest that neither the accumulation of acetyl-CoA nor that of malonyl-CoA exerts negative
feedback on pyruvate dehydrogenase and acetyl-CoA carboxylase, respectively.

Since adenine nucleotides and adenine nucleotide cofactors
regulate the activities of a large number of enzyme reactions
and probably all metabolic sequences, numerous investigators
have attempted to define the pool sizes of cellular nucleotides
(for a review, see reference 21) such as ATP (3), cyclic AMP
(26), NAD, and NADP (25). Thus, “adenylate energy charge”
(3, 4, 8, 9) and “reduction charge” (1) parameters have been
established. Compared with the data on adenine nucleotides
and nicotinamide nucleotides in microbial cells, relatively few
reports are available on the intracellular pools of nonesterified
coenzyme A (CoASH) and its thioesters, even though they are
essential intermediates in numerous biosynthetic and energy-
yielding metabolic pathways as well as regulators of several key
metabolic reactions.
Jackowski and her coworkers (20, 40, 41) demonstrated that

the coenzyme A (CoA) pools in Escherichia coli usually grown
on glucose were composed of acetyl-CoA, succinyl-CoA, mal-
onyl-CoA, and CoASH, by using a radioisotopic method with
a b-alanine auxotroph of E. coli that requires b-alanine for
growth to manipulate the specific cellular CoASH and its de-
rivative contents. This method is highly specific and sensitive,
but its application was limited exclusively to b-alanine auxo-
trophs. Recently, Boynton et al. (6) analyzed intracellular lev-
els of CoA and its derivatives involved in the metabolic path-
ways of Clostridium acetobutylicum ATCC 824 by using
reverse-phase high-performance liquid chromatography.
Takamura et al. (37) and Chohnan and Takamura (10) have

developed a specific micromethod (acyl-CoA cycling method)

for the measurement of acetyl-CoA, malonyl-CoA, and
CoASH by using malonate decarboxylase (EC 2.8.3.3) as an
amplification apparatus of the CoA molecular species men-
tioned above. This nonisotopic method is sufficiently sensitive
to detect the intracellular level of CoASH and short-chain
acyl-CoA thioesters in both prokaryotic and eukaryotic cells
(10, 38). Then we revealed the following events by using this
simple micromethod (10). Intracellular CoASH in E. coli K-12
cells was rapidly acylated to acetyl-CoA when assimilable car-
bon sources were provided, and acetyl-CoA was deacylated to
CoASH when carbon sources in the medium were depleted.
There is an inverse relationship between CoASH and short-
chain acyl-CoAs, particularly acetyl-CoA. Furthermore, it was
demonstrated that the thiolactomycin [(4S)(2E,5E)-2,4,6-tri-
methyl-3-hydroxy-2,5,7-octatriene-4-thiolide] resistance of E.
coli CDM5 is associated with the multidrug resistance efflux
pump (24), by defining the changes in the malonyl-CoA pool in
the presence of the drugs together with performing a genetic
analysis of E. coli CDM5 (14).
These findings with intracellular concentrations of CoASH

and its thioesters were obtained exclusively in a study of E. coli
cells, and there have been few reports on the size and compo-
sition of the CoA pools of other facultatively anaerobic and
aerobic bacteria. In this article, we show that there is an in-
trinsic difference in the size and composition of the CoA pools
between facultatively anaerobic and aerobic bacteria and that
they change drastically within minutes in response to environ-
mental stresses in E. coli K-12 cells.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli K-12 IAM 1246, E. coli
ME6200, and Klebsiella pneumoniae subsp. pneumoniae 19-35 were used as
representative strains of facultatively anaerobic bacteria, and Pseudomonas
putida IAM 1177, Alcaligenes faecalis IB-14, Micrococcus luteus IFO 3242,
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Corynebacterium glutamicum IAM 12435, Corynebacterium ammoniagenes IAM
1641, Brevibacterium helvolum IFO 12073, Bacillus subtilis IAM 1069, Ar-
throbacter globiformis IFO 12137, and Flavobacterium aquatile IAM 12316 were
used as representative strains of aerobic bacteria. As representative strains of
aerotolerant anaerobic bacteria, Lactobacillus homohiochii 55 and Lactobacillus
fructivorans 56 were used. For cultivation of E. coli K-12, K. pneumoniae, P.
putida, A. globiformis, and F. aquatile, a glucose-mineral salts medium was used.
This medium contained 5 g of KH2PO4, 13 g of K2HPO4, 0.2 g of MgCl2, 2 g of
(NH4)2SO4, and 5 g of glucose as the sole carbon source in 1 liter of distilled
water (pH 7.0). Cultivation was at 308C with reciprocal shaking in 500-ml flasks
containing 100 ml of medium. E. coliME6200, which required biotin for growth,
was cultivated aerobically at 308C in medium containing 5 g of KH2PO4, 13 g of
K2HPO4, 0.2 g of MgCl2, 2 g of (NH4)2SO4, 1 mg of thiamine, 2 g of Casamino
Acids (vitamin free), 5 g of glucose, and 25 mg of biotin in 1 liter of distilled water
(pH 7.0). For cultivation of M. luteus, C. glutamicum, C. ammoniagenes, B.
helvolum, and B. subtilis, the medium contained 1.5 g of KH2PO4, 0.5 g of
K2HPO4, 0.2 g of MgSO4 z 7H2O, 10 g of (NH4)Cl, 10 g of glucose, 1 g of yeast
extract, and 5 g of peptone in 1 liter of distilled water (pH 7.0). A. faecalis was
grown aerobically in the above medium containing 10 g of DL-malic acid instead
of glucose. For both strains of Lactobacillus, the medium contained 5 g of yeast
extract, 5 g of polypeptone, 10 g of glucose, 0.5 g of KCl, 0.2 g of KH2PO4, 0.1 g
of CaCl2 z 6H2O, 0.1 g of MgSO4 z 7H2O, 1 mg of FeCl3 z 6H2O, 1 mg of
MnSO4 z 5H2O, 20 g of sodium acetate, 5 mg of DL-mevalolactone, and 60 ml of
ethanol in 1 liter of distilled water (pH 5.0). For the cultivation of strain 55, 1 g
of sodium ascorbate was added to this medium. The cultivation was carried out
at 308C in 500-ml Erlenmeyer flasks containing 300 ml of medium, anaerobically.
Growth was monitored by measuring the absorbance at 660 nm (A660).
Transfer experiment. To define the short-term changes in the CoA pool,

transfer experiments were conducted as follows. The bacteria were grown aero-
bically in the glucose-mineral salts medium. Cells of the late stationary growth
phase were harvested by centrifugation at 12,000 3 g at 208C for 10 min and
transferred to 20 ml of the fresh medium prewarmed at 308C without glucose in
100-ml Erlenmeyer flasks at a cell density giving an A660 of 1.0 for E. coli K-12
and an A660 of 2.0 for K. pneumoniae, P. putida, and F. aquatile. Replacement
culture was started by the addition of glucose with reciprocal shaking at 308C.
Extraction of CoASH, acetyl-CoA, and malonyl-CoA. To extract the intracel-

lular pools of CoASH, acetyl-CoA, and malonyl-CoA, the cells were collected by
filtering a few milliliters of culture broth through a cellulose nitrate filter (Sar-
torious; pore size, 0.45 mm) (10, 14, 29). The cells on the filter were immediately
immersed in 4 ml of ice-cold 0.3 M sulfuric acid in a centrifuge tube. For
complete extraction of the intracellular CoASH and its thioesters in the cells, the
cells in the centrifuge tube were vortex mixed (2,500 rpm) at 48C for 20 min.
When the culture broth was viscous and filtration through the cellulose nitrate
filter was difficult, the cells were collected by centrifugation at 12,000 rpm
(17,000 3 g) at 48C for 10 min and suspended in 4 ml of ice-cold 0.3 M sulfuric
acid. The cell suspension was subjected to sonic disintegration at 08C for 4 min
at 50 W and then centrifuged at 12,000 rpm (17,000 3 g) for 5 min. The
supernatant was carefully adjusted to pH 6.0 with sodium hydroxide on ice.
CoASH, acetyl-CoA, and malonyl-CoA in the neutralized extract were stable for
at least 50 h at 48C (29).
The acyl-CoA cycling assay. The reaction mixture for the acyl-CoA cycling

assay (37) contained 50 mM Tris-HCl (pH 7.2), 1 mM 2-mercaptoethanol, 10
mM magnesium sulfate, 50 mM malonate, 10 mM ATP, 1.0 U of malonate
decarboxylase, and cell extracts containing acetyl-CoA and/or malonyl-CoA (2.5
to 80 pmol). The cycling reaction was initiated by the addition of malonate
decarboxylase, and the reaction mixture was incubated at 308C for 20 min,
followed by the addition of 1.0 U of acetate kinase (EC 2.7.2.1). After 20 min of
incubation, 0.2 ml of 2.5 M neutralized hydroxylamine was added, and the
incubation was continued for an additional 20 min at 308C. The reaction was
terminated by adding 0.6 ml of 10 mM ferric chloride dissolved in 25 mM
trichloroacetic acid–1 M HCl. The A540 of the acetylhydroxamate which had
formed was measured. Under the conditions described above, the moles of
acetylhydroxamate formed per mole of acetyl-CoA added corresponded to
97,500 cycles per h. A separate determination of malonyl-CoA in the cell extract
was conducted after the enzymatic conversion of acetyl-CoA to citrate and
CoASH by using citrate synthase (EC 4.1.3.7) (37). The reaction mixture con-
tained 50 mM Tris-HCl (pH 7.2), 10 mM magnesium sulfate, 1 mM 2-mercap-
toethanol, 2 mM oxaloacetate, and 1.32 U of citrate synthase in a total volume
of 1.0 ml. The reaction mixture was incubated for 20 min at 308C. The reaction
was terminated by placing the reaction tube in an ice slush. Free CoASH was
measured following its enzymatic conversion to acetyl-CoA by using phos-
phoacetyltransferase (EC 2.3.1.8) (10). The reaction mixture contained 50 mM
Tris-HCl (pH 7.2), 10 mM magnesium sulfate, 1 mM 2-mercaptoethanol, 10 mM
ammonium sulfate, 0.1 mM acetylphosphate, 1.0 U of phosphoacetyltransferase,
and cell extract containing CoASH in a total volume 1.0 ml. The mixture was
incubated at 308C for 20 min, and the reaction was terminated by filtration
through a Millipore UFP1 LGC ultrafilter to remove the phosphoacetyltrans-
ferase. Every assay was conducted in duplicate, and all results were expressed as
means of two samples. The intracellular concentrations of CoASH, acetyl-CoA,
and malonyl-CoA were expressed in nanomoles per milligram of dry cell weight,
which was calculated on the assumption that the volume of internal water in the
organisms was 2.7 ml/mg of dry cell weight (43).

Measurement of glucose. The residual glucose in the culture broth was mea-
sured by the phenol-sulfuric acid method (13).
Chemicals and enzymes. CoASH, acetyl-CoA, and malonyl-CoA were ob-

tained from Sigma Chemical Co. Phosphoacetyltransferase, acetate kinase, and
citrate synthase were obtained from BMY Chemicals. Malonate decarboxylase
was purified from P. putida IAM 1177 as described previously (36). All other
materials were reagent grade or better.

RESULTS

Changes in the size and composition of the CoA pool in K.
pneumoniae subsp. pneumoniae and P. putida during growth.
Changes in the size and composition of CoASH and short
acyl-CoA in the cells of K. pneumoniae and P. putida during
growth in the glucose-mineral salts medium were examined. As
shown in Fig. 1A, the K. pneumoniae cells harvested at the
early stationary growth phase (12 h) had a maximal level of
acetyl-CoA, i.e., 1.88 nmol/mg of dry cell weight. When the
organisms had completely entered the stationary growth phase
(20 h) and glucose in the medium was exhausted, the acetyl-
CoA level fell rapidly and the CoASH level increased until
CoASH was the predominant component of the CoA pool, at
a maximal level of 0.96 nmol/mg of dry cell weight. Malonyl-
CoA was a minor component throughout the growth period.
The profile of changes in the CoA pool observed in K. pneu-
moniae was very similar to that of E. coli K-12 as reported
previously (10). These results indicate that acetyl-CoA was the
major component of the CoA pool in facultatively anaerobic
bacteria when the cells were grown on sufficient glucose,
whereas CoASH was the predominant component when the
cells were starved for carbon sources.
In contrast to facultatively anaerobic bacteria, the size and

composition of the CoA pool in cells of P. putida, an aerobic
bacterium, were hardly changed during growth in the same
medium (Fig. 1B). Although glucose in the medium was rap-
idly assimilated by P. putida cells in the logarithmic phase of
growth, intracellular CoASH and acetyl-CoA were at low lev-
els, and drastic changes such as those in the K. pneumoniae
cells were not observed. When the organism entered the sta-
tionary growth phase (20 h), CoASH, not acetyl-CoA, was the
major component of the CoA pool; maximal levels of CoASH
and acetyl-CoA were 0.55 and 0.15 nmol/mg of dry cell weight,
respectively. After prolonged cultivation, the amounts of
acetyl-CoA and CoASH decreased gradually and the size of
the CoA pool in the cells harvested after 72 h of cultivation
reached a very low level of 0.10 nmol/mg of dry cell weight.
Similar results were also obtained with another aerobic bacte-
rium, F. aquatile. In the F. aquatile cells grown on the glucose-
mineral salts medium, CoASH was the major component of
the CoA pool, and its maximal level was 0.14 nmol/mg of dry
cell weight (data not shown). There was a striking difference
between the aerobic and facultatively anaerobic bacteria in the
profile of changes in the CoA pool during growth. In addition,
the CoA pool in facultatively anaerobic bacteria was about
three times as large as that in aerobic bacteria.
Changes in CoA pools in short-term transfer experiments.

To further define the differences in the size and composition of
CoA pools between facultatively anaerobic and aerobic bacte-
ria, short-term transfer experiments were used. Both the fac-
ultatively anaerobic bacteria, E. coli K-12 and K. pneumoniae,
which had been cultured for 48 h in the glucose-mineral salts
medium, were transferred to the fresh medium and incubated
aerobically at 308C. As shown in Fig. 2A and B, at the begin-
ning of incubation, CoASH was the major component (72 to
75%) of the CoA pool in both organisms, since the 48-h-
cultured cells had been starved for glucose. After 10 min of
incubation, the acetyl-CoA level rapidly increased and reached
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a maximal value of 0.82 nmol/mg of dry cell weight in E. coli
K-12 and 0.90 nmol/mg of dry cell weight in K. pneumoniae, to
become the predominant component of the CoA pools (67%)
in both bacteria. The CoASH level decreased inversely in pro-
portion to the increase in the acetyl-CoA level, from 0.63 to
0.23 nmol/mg of dry cell weight in E. coli K-12 and from 0.96
to 0.45 nmol/mg of dry cell weight in K. pneumoniae in 30 min.
Malonyl-CoA was a minor CoA thioester in the two facultative
anaerobes, although a slight increase in its level was observed
in E. coli K-12. These short-term transfer experiments showed
that the size and composition of the CoA pools in the two

facultatively anaerobic bacteria changed drastically within min-
utes in response to the addition of the carbon and energy
substrate and that there was an inverse relationship between
the CoASH and acetyl-CoA levels in vivo, similar to that ob-
served in growing cultures (Fig. 1A).
As for the short-term transfer experiments of the aerobic

bacteria P. putida and F. aquatile, cells at the stationary growth
phase were used similarly to the facultatively anaerobic bacte-
ria. The size and composition of the CoA pools of both aerobic
bacteria changed little during incubation (Fig. 2C and D). In P.
putida cells, CoASH was the major component of the CoA

FIG. 1. Changes in the size and composition of the CoA pool of K. pneumoniae cells (A) and P. putida cells (B). The organisms were grown aerobically in
glucose-mineral salts medium with shaking at 308C. The contents of CoASH (E), acetyl-CoA (F), and malonyl-CoA (Ç) of the cells harvested at the indicated times
were determined by the acyl-CoA cycling method (see Materials and Methods). Residual glucose in the medium (å) and cell growth (h) were measured by the
phenol-sulfuric acid method and by monitoring the A660, respectively.

FIG. 2. Changes in the size and composition of the CoA pool of facultatively anaerobic and aerobic bacteria in a transfer experiment. E. coli K-12 (A), K.
pneumoniae (B), and F. aquatile (D) were grown for 48 h, and P. putida (C) was grown for 18 h in the glucose-mineral salts medium at 308C aerobically, and the cells
were transferred to fresh medium supplemented with glucose at a cell density giving an A660 of 1.0 for E. coli and an A660 of 2.0 for K. pneumoniae, P. putida, and F.
aquatile. After the indicated times, the intracellular CoASH (E), acetyl-CoA (F), and malonyl-CoA (Ç) contents were determined (see Materials and Methods).
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pool, and its level increased gradually from an initial value of
0.28 nmol/mg of dry cell weight to 0.38 nmol/mg in 30 min. The
acetyl-CoA level remained unchanged at lower values of 0.07
nmol/mg of dry cell weight (Fig. 2C). In F. aquatile cells,
CoASH was also the predominant component of the CoA
pool, and the CoA pool composition was hardly changed (Fig.
2D). In either case, the size and composition of the CoA pool
of aerobic bacteria changed little during incubation and the
CoA pool size of aerobic bacteria was significantly smaller than
those of the facultatively anaerobic bacteria. These phenom-
ena were also observed in the growing-culture experiments
(Fig. 1).
Response of the CoA pool to glucose concentrations. Figure

3 shows the effect of the glucose concentration on the size and
composition of the CoA pools of E. coli K-12 and F. aquatile.
For E. coli K-12, the cells with an initial CoASH level of 0.67
nmol/mg of dry cell weight and an acetyl-CoA level of 0.24
nmol/mg of dry cell weight were transferred to fresh media
containing different concentrations of glucose, as indicated in
Fig. 3A. The CoA pool composition in the E. coli cells was
altered by incubation with different concentrations of glucose
for 10 min. With more than 0.5 mM glucose, the acetyl-CoA
level increased and reached a saturated value of 0.79 to 0.88
nmol/mg of dry cell weight, and in turn CoASH level decreased
to a minimum value of 0.22 to 0.25 nmol/mg of dry cell weight.
On the other hand, when F. aquatile cells with an initial

CoASH level of 0.13 nmol/mg of dry cell weight and an acetyl-
CoA level of 0.12 nmol/mg of dry cell weight were transferred,
the acetyl-CoA level was not altered by incubation with glucose
but, rather, decreased even when more than 2 mM glucose was
provided. There was a clear difference in changes of the CoA
pool in E. coli and F. aquatile in response to the glucose
concentration.
Effect of anaerobic incubation on the CoA pool. The effects

of anaerobic incubation on the CoA pool were examined with
both facultatively anaerobic and aerobic bacteria. E. coli K-12
and P. putida cells were anaerobically incubated by bubbling
N2 gas into the cell suspension for 10 min before the addition
of glucose, and the vessels were tightly sealed after the addition
of glucose. As shown in Fig. 4B, in E. coli K-12, anaerobic
incubation only slightly influenced the size and composition of
the CoA pool. The results indicate that the enteric bacterium

is very slightly sensitive to the aerobic-anaerobic transition and
that the organism lives largely by anaerobic glycolysis even
when aerobically growing on glucose. The accumulation of
acetyl-CoA in E. coli K-12 suggests that pyruvate dehydroge-
nase might not be regulated by acetyl-CoA under the condi-
tions used in vivo, although it is well known that acetyl-CoA
exerts negative feedback on pyruvate dehydrogenase in E. coli
K-12 (34). Furthermore, another possibility considered is that
the flux of acetyl-CoA toward citrate by citrate synthase reac-
tion is rather small in facultative anaerobes. On the other
hand, in P. putida cells, anaerobic incubation decreased the
CoASH levels remarkably (Fig. 4D): the initial CoASH level of
0.28 nmol/mg of dry cell weight decreased to 0.14 nmol/mg. A
similar decrease in the CoASH level brought on by the aero-
bic-to-anaerobic transition was observed with F. aquatile (data
not shown). Although the composition of the CoA pool in
aerobic bacteria did not change dramatically as observed in the
facultative bacteria, anaerobic incubation of aerobic bacteria
resulted in a decrease of the CoA pool size.
Size and composition of CoA pools of various aerobic and

facultatively anaerobic bacteria. The size and composition of
CoA pools of various aerobic, facultatively anaerobic, and aero-
tolerant anaerobic bacteria which were harvested during the
middle phase of logarithmic growth were measured (Table 1).
In aerobic bacteria such as Alcaligenes faecalis IB-14, Pseudo-
monas putida IAM 1177,Micrococcus luteus IFO 3242, Coryne-
bacterium glutamicum IAM 12435, Corynebacterium ammonia-
genes IAM 1641, Brevibacterium helvolum IFO 12073, Bacillus

FIG. 3. Effects of glucose concentration on the intracellular CoA pools of E.
coli K-12 (A) and F. aquatile (B). E. coli K-12 (A) and F. aquatile (B) were grown
aerobically in the glucose-mineral salts medium for 48 h at 308C. The cells
harvested were transferred to fresh medium, and the indicated concentrations of
glucose were added. After the cells were aerobically incubated for 10 min at
308C, intracellular CoASH (E) and acetyl-CoA (F) levels were assayed (see
Materials and Methods).

FIG. 4. Changes in the intracellular CoA pools of E. coli K-12 and P. putida
under aerobic or anaerobic conditions. Cells of E. coli K-12 and P. putida were
grown in glucose-mineral salts medium at 308C with shaking for 48 and 18 h,
respectively. The harvested cells were transferred to fresh medium supplemented
with glucose at a cell density giving an A660 of 1.0 for E. coli (A and B) and an
A660 of 2.0 for P. putida (C and D). (A and C) The cells were aerobically
incubated with shaking at 308C. (B and D) The cells were bubbled with N2 gas
for 10 min and anaerobically incubated with standing. Symbols: E, CoASH; F,
acetyl-CoA; Ç, malonyl-CoA.
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subtilis IAM 1069, and Arthrobacter globiformis IFO 12137,
CoASH was the predominant CoA species in the CoA pool,
although the size and composition differed considerably among
the strains examined. On the other hand, acetyl-CoA is the
predominant component of the CoA pool in facultatively an-
aerobic bacteria such as E. coli K-12, E. coli ME 6200, and K.
pneumoniae subsp. pneumoniae 19-35 and in aerotolerant
anaerobes such as Lactobacillus homohiochii 55 and Lactoba-
cillus fructivorans 56. It was clearly demonstrated that the pools
of the CoA species in aerobic bacteria were significantly
smaller than those in the facultatively anaerobic and aerotol-
erant bacteria, except for A. faecalis IB-14, which was grown on
DL-malate, and that large acetyl-CoA pools were not formed in
aerobic bacteria under any given conditions. Therefore, the
acetyl-CoA/CoASH ratios in aerobic bacteria were 10 times
lower than those of facultatively anaerobic bacteria; the mean
values of the acetyl-CoA/CoASH ratio of aerobic and faculta-
tively anaerobic bacteria were calculated to be 0.33 and 3.46,
respectively. These results indicate that there are intrinsic dif-
ferences between aerobic and facultatively anaerobic bacteria
with regard to the size and composition of their CoA pools,
their responses to environmental stresses, and their acetyl-
CoA/CoASH ratios.
Effect of metabolic inhibitors on the size and composition of

the CoA pool of E. coli K-12. Since the size and composition of
CoA pools drastically change in facultatively anaerobic bacte-
ria, the effects of various metabolic inhibitors on the CoA pool
in E. coli K-12 cells were examined by using the transfer ex-
periment. When cells from the stationary growth phase were
transferred to fresh media containing various metabolic inhib-
itors, their specific cellular contents were remarkably altered
by several metabolic inhibitors of respiration and fatty acid
synthesis. In the presence of 20 mM carbonyl cyanide-m-chlo-
rophenylhydrazone (CCCP) or 1 mM KCN, both of which are
respiratory inhibitors, the increase in the level of acetyl-CoA
was strongly inhibited and CoASH was the predominant com-
ponent of the CoA pool even if 28 mM glucose was provided.
The profiles of changes in the CoA pool of cells incubated with

CCCP or KCN were almost the same as those of glucose-
depleted cells. Cerulenin [(2R)(3S)-2,3-epoxy-4-oxo-7,10-do-
decadienolyamide] and thiolactomycin, specific antibiotics that
inhibit the fatty acid synthases (11, 15, 16, 27, 28, 30–33, 42),
triggered the accumulation of intracellular malonyl-CoA, nor-
mally not detected within cells; the malonyl-CoA level in-
creased to 0.80 nmol/mg of dry cell weight after the addition of
45 mM cerulenin and 0.93 nmol/mg of dry cell weight after the
addition of 0.2 mM thiolactomycin (data not shown). Then, the
intracellular malonyl-CoA became the predominant compo-
nent of the CoA pool. The size and composition of the CoA
pools of E. coli K-12 were not altered at all by the addition of
other metabolic inhibitors such as penicillin, chloramphenicol,
hydroxyurea, and rifampin, indicating that inhibition of the
biosynthesis of the cell wall, protein, and RNA did not affect
the size and composition of the CoA pools (data not shown).
Figure 5 shows the results of experiments on the effects of

KCN and cerulenin concentrations on the size and composi-
tion of CoA pools in E. coli K-12. The cells with an initial
CoASH level of 0.62 nmol/mg of dry cell weight and an acetyl-
CoA level of 0.24 nmol/mg of dry cell weight were transferred
to fresh media containing one of them and 28 mM glucose, and
intracellular CoASH, acetyl-CoA, and malonyl-CoA levels
were measured after 10 min of incubation. The addition of
KCN at concentrations of more than 0.25 mM inhibited the
acetyl-CoA accumulation, and the CoASH level remained un-
changed (Fig. 5A). When 4 mMKCN was added after a 20-min
incubation with 28 mM glucose, the acetyl-CoA content dras-
tically decreased in 2 min from 0.78 to 0.39 nmol/mg of dry cell
weight and, in turn, the CoASH content increased almost stoi-
chiometrically from 0.16 to 0.57 nmol/mg of dry cell weight
(Fig. 6). Treatment of cells with cerulenin (Fig. 5B) resulted in
a dose-dependent decrease in acetyl-CoA levels and a concom-
itant increase in the content of malonyl-CoA; cerulenin at
concentrations of more than 0.01 mM dramatically increased
the level of malonyl-CoA, and the intracellular malonyl-CoA
level reached a maximal value of 1.05 nmol/mg of dry cell
weight at 0.09 mM cerulenin. The CoASH level did not change

TABLE 1. Size and composition of CoA pools in various bacteriaa

Strain
Amt (pmol/mg of dry cell wt) of: Acetyl-CoA/

CoASH ratioCoASH Acetyl-CoA Malonyl-CoA

Aerobes
Alcaligenes faecalis IB-14 1,003 51 Trace 0.05
Pseudomonas putida IAM 1177 553 217 9 0.39
Micrococcus luteus IFO 3242 411 43 4 0.10
Corynebacterium glutamicum IAM 12435 128 51 Trace 0.40
Corynebacterium ammoniagenes IAM 1641 278 132 11 0.47
Brevibacterium helvolum IFO 12073 449 347 Trace 0.77
Bacillus subtilis IAM 1069 213 71 Trace 0.33
Arthrobacter globiformis IFO 12137 231 32 Trace 0.14

Facultative anaerobes
Escherichia coli ME6200 182 680 11 3.74
Escherichia coli K-12 IAM 1246 113 588 Trace 5.20
Klebsiella pneumoniae subsp. pneumoniae 19-35c 458 655 13 1.43

Aerotolerant anaerobes
Lactobacillus homohiochii 55d NDb 1,300 75
Lactobacillus fructivorans 56d ND 760 130

a The bacteria were grown aerobically at 308C. Intracellular CoASH, acetyl-CoA, and malonyl-CoA in cells harvested at the early stationary phase were extracted
and assayed by the acyl-CoA cycling method.
b ND, not determined.
c This strain was isolated by our laboratory.
d This strain was obtained from National Research Institute of Brewing, 2-6-30 Takinogawa, Kita-ku, Tokyo 114, Japan.
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appreciably following exposure to the inhibitor of b-keto-acyl
acyl carrier protein (ACP) synthase. The unusual accumulation
of malonyl-CoA indicates that malonyl-CoA formation by
acetyl-CoA carboxylase might not be regulated by events in the
fatty acid synthetic pathway.

DISCUSSION

Intracellular levels of three CoA molecular species, i.e., free
CoASH, acetyl-CoA, and malonyl-CoA, in a variety of aerobic
and facultatively anaerobic bacteria were analyzed by using the
acyl-CoA cycling method developed by us. It was demonstrated
that there was a remarkable difference in the size and compo-
sition of intracellular pools of CoASH and CoA thioesters
between aerobic bacteria and facultatively anaerobic bacteria.
The CoA pools in facultatively anaerobic bacteria are con-

siderably larger than those in aerobic bacteria, and the com-
position of the CoA pools drastically changes in response to
environmental stresses such as the quantity and quality of
carbon sources in the medium, growth phase, and antibiotics
that inhibit energy-yielding systems and fatty acid biosynthesis.
It is shown to be a peculiar characteristic of facultatively an-
aerobic bacteria that a large acetyl-CoA pool is formed when
the cells are normally grown on sufficient glucose and that
CoASH is a predominant component in the cells starved for a
carbon source. The conversion of pyruvate to acetyl-CoA was
the central metabolic step in the facultatively anaerobic bac-
teria. Our results are consistent with the results obtained with
a b-alanine auxotroph of E. coli K-12 (20), which showed that
the CoA pool in cells exponentially growing in glucose-mineral
salts medium was composed of four compounds; acetyl-CoA
(79.8%), CoASH (13.8%), succinyl-CoA (5.9%), and malonyl-
CoA (0.5%). Acetyl-CoA is also the major CoA derivative in
Salmonella typhimurium LT2 grown in glucose-mineral salts
medium (5). Because of the low ATP yield from carbon
sources by fermentation, facultatively anaerobic bacteria are
obliged to consume large amounts of carbon sources to fulfill
ATP demands for cell growth, resulting in the excretion of
large amounts of metabolites such as organic acids and alco-
hols as waste into the medium (for a review, see reference 23).
Thus, for the fermentative degradation of carbon sources, acyl-
ated intermediates of CoASH, especially acetyl-CoA, are more
prevalent than CoASH in facultatively anaerobic bacteria. Al-
though it has been reported that pyruvate dehydrogenase from
E. coli is inhibited by acetyl-CoA (34), the abundant acetyl-
CoA formation indicates that this might not be valid in vivo in
facultative anaerobes. Furthermore, the accumulation of
acetyl-CoA in response to glucose in facultatively anaerobic
bacteria grown aerobically suggests that the metabolic flux
from acetyl-CoA to citrate via citrate synthase might not be so
functional in those bacteria. The inhibition of the activity of
citrate synthase in E. coli by NADH and 2-oxoglutarate is
generally believed to occur in vivo (44). Accordingly, E. coli
and the related facultative anaerobes utilize glucose to form
acetyl-CoA in a wasteful way.
When KCN was added to the cells grown aerobically on

glucose, the acetyl-CoA level rapidly decreased within minutes
and there was a concomitant increase in the CoASH level. It is
significant that the addition of KCN provoked acetyl-CoA de-
pletion but not CoASH of the CoA pool. This result indicates
that the acylation of free CoASH coordinates with the energy
state of the cell (41) and a restriction of the energy-yielding
system. Part or all of the acetyl-CoA formed by pyruvate de-
hydrogenase might be consumed for the synthesis of ATP,
which proceeds via phosphotransacetylase (EC 2.3.1.8) and
acetate kinase (EC 2.7.2.1) reactions when ATP synthesis via
electron transport phosphorylation was inhibited by KCN. Al-
though the intracellular CoA pool in facultatively anaerobic
bacteria drastically changed, the sum of the three CoA molec-
ular species was confined within a narrow range. Decreases or
increases in the level of acetyl-CoA correlated almost stoichio-
metrically with those of CoASH or malonyl-CoA. Our results
were consistent with the results reported by Jackowski and her
coworkers that the biosynthetic sequence of CoASH in E. coli
was tightly regulated at the pantothenate kinase step (18, 35,
40, 41).
Up to the present, little information has been available re-

garding the intracellular CoA pool of aerobic bacteria. This
investigation clearly demonstrates that the CoA pool in aero-
bic bacteria was small and the composition of the CoA pool
hardly changed, even when sufficient glucose was provided in
the medium. A profile of changes in the CoA pool in the

FIG. 5. Effects of various concentrations of KCN (A) and cerulenin (B) on
the intracellular CoA pool in E. coli K-12. Cells of E. coli K-12 was grown
aerobically in glucose-mineral salts medium for 48 h at 308C. The harvested cells
were transferred to fresh medium containing the indicated concentrations of
KCN (A) or cerulenin (B) at a cell density giving an A660 of 1.0. After a 10-min
incubation at 308C with shaking, 28 mM glucose was added to each reaction
mixture. After an additional 10-min incubation, the intracellular CoASH (E),
acetyl-CoA (F), and malonyl-CoA (Ç) contents were assayed (see Materials and
Methods).

FIG. 6. Effect of KCN on the CoA pool of E. coli K-12 cells. Cells of E. coli
K-12 cultivated for 48 h was transferred to fresh medium containing 28 mM
glucose at a cell density giving an A660 of 1.0. After aerobic incubation at 308C for
20 min, 4 mM KCN was added to the cell suspension. At the times indicated in
the figure, the intracellular contents of CoASH (E), acetyl-CoA (F), and mal-
onyl-CoA (Ç) were assayed (see Materials and Methods).
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aerobic bacteria is similar to that of changes in the pool in the
facultatively anaerobic bacteria starved for carbon and energy
sources. In aerobic bacteria, a large acetyl-CoA pool was not
formed and CoASH was the major component of the CoA
pool. Furthermore, CoASH was significantly decreased by the
anaerobic incubation of the cells. This phenomenon might
result from the depression of the ATP level due to anaerobic
transition, because the biosynthesis of CoA is an energy-re-
quiring metabolic sequence, i.e., 4 mol of ATP is needed for
the synthesis of 1 mol of CoASH (7, 18, 19, 40). In aerobic
bacteria, the acetyl-CoA produced seemed to be immediately
converted to free CoASH by the citrate synthase reaction, and
therefore the CoASH was the predominant component of CoA
pool. The flux of acetyl-CoA toward citrate in aerobic bacteria
seems to be larger than that in facultative anaerobes, although
the flux from glucose toward pyruvate is smaller in the former
bacteria. It was suggested by Atkinson (2) that the entry of
acetyl-CoA into the citric cycle may be regulated by ATP. Our
data indicate that this regulation might be valid for aerobic
bacteria but not for facultative anaerobes. Thus, the differ-
ences in the behavior of intracellular CoA pools between aer-
obes and facultative anaerobes might be due primarily to the
difference in the energy yielding systems.
As shown in Fig. 5B, it is noteworthy that the level of mal-

onyl-CoA, which is a minor species of the CoA pool in nor-
mally grown cells, dramatically increased so that malonyl-CoA
became the dominant component in the cells treated with
cerulenin or thiolactomycin (14), the antibiotics that inhibit
b-keto-acyl ACP synthase and acetyl-CoA:ACP transacylase
(11, 12, 17, 22, 28, 39, 42) of fatty acid synthase. This result
suggests that malonyl-CoA does not exert negative feedback
on acetyl-CoA carboxylase and that malonyl-CoA was formed
wastefully in spite of blocking the supply of the CoA thioester
to the fatty acid-synthesizing system. Acetyl-CoA carboxylase
is well known to be the first enzyme of the biosynthetic se-
quence of fatty acid synthesis. However, it is probable that the
enzyme is not the pacemaker of fatty acid synthesis.
Further experiments are required to clearly demonstrate the

in vivo roles of these three CoA molecular species in enzyme
regulation.
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