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The csrA gene encodes a small RNA-binding protein, which acts as a global regulator in Escherichia coli and
other bacteria (T. Romeo, Mol. Microbiol. 29:1321–1330, 1998). Its key regulatory role in central carbon me-
tabolism, both as an activator of glycolysis and as a potent repressor of glycogen biosynthesis and gluconeo-
genesis, prompted us to examine the involvement of csrA in acetate metabolism and the tricarboxylic acid (TCA)
cycle. We found that growth of csrA rpoS mutant strains was very poor on acetate as a sole carbon source. Sur-
prisingly, growth also was inhibited specifically by the addition of modest amounts of acetate to rich media
(e.g., tryptone broth). Cultures grown in the presence of >25 mM acetate consisted substantially of glycogen
biosynthesis (glg) mutants, which were no longer inhibited by acetate. Several classes of glg mutations were
mapped to known and novel loci. Several hypotheses were examined to provide further insight into the effects
of acetate on growth and metabolism in these strains. We determined that csrA positively regulates acs (acetyl-
coenzyme A synthetase; Acs) expression and isocitrate lyase activity without affecting key TCA cycle enzymes
or phosphotransacetylase. TCA cycle intermediates or pyruvate, but not glucose, galactose, or glycerol, restored
growth and prevented the glg mutations in the presence of acetate. Furthermore, amino acid uptake was in-
hibited by acetate specifically in the csrA rpoS strain. We conclude that central carbon flux imbalance, inhi-
bition of amino acid uptake, and a deficiency in acetate metabolism apparently are combined to cause meta-
bolic stress by depleting the TCA cycle.

Acetate metabolism is probably important for the survival of
Escherichia coli in the mammalian intestine, since a large
amount of acetate (up to 70 mM) is produced through fermen-
tation of carbohydrate by enteric anaerobes (5). In the labo-
ratory, growth in liquid media, such as tryptone broth, leads to
the secretion of ;1 to 2 mM acetate in the late exponential
phase. This acetate is subsequently taken up and metabolized
(14, 36). No transporter for acetate has been identified (3, 34),
although acetate uptake is saturable, suggesting that one may
exist (11). Metabolism of acetate requires its activation to
acetyl-coenzyme A (CoA). In E. coli, two pathways exist for the
metabolic interconversion of acetate and acetyl-CoA. Acetyl-
CoA synthetase (EC 6.2.1.1) (Acs pathway) produces acetyl-
CoA directly from acetate, while acetate kinase (EC 2.7.2.1)
and phosphotransacetylase (EC 2.3.1.8) (AckA-Pta pathway)
produce acetyl phosphate as an intermediate. The Acs pathway
is a catabolite-repressible, acetate-inducible, and high-affinity
system, ideally suited for scavenging extracellular acetate pres-
ent at physiological concentrations. On the other hand, the re-
versible AckA-Pta pathway functions primarily in generating
acetate (2). The AckA-Pta pathway is considered to be consti-
tutive (2, 14), while acs requires sS, cyclic AMP receptor pro-
tein, and Fnr for full expression (36; unpublished observa-
tions).

Growth on acetate also requires the glyoxylate shunt, which
bypasses the decarboxylation steps of the tricarboxylic acid

(TCA) cycle, allowing net synthesis of biosynthetic precursors
from acetate. The two enzymes of the glyoxylate shunt, isocit-
rate lyase (EC 4.1.3.1) and malate synthase (EC 4.1.3.2), are
synthesized when E. coli is grown on acetate. These two pro-
teins are encoded by aceA and aceB, respectively. These genes,
together with aceK, which encodes isocitrate dehydrogenase
(IDH) kinase/phosphatase, form the aceBAK operon. Expres-
sion of aceBAK is affected by several regulatory factors, includ-
ing IclR, FadR, integration host factor, and ArcAB (reviewed
in reference 4). Transcriptional regulation is not the only
mechanism by which cells modulate flux through the glyoxylate
shunt. Posttranslational modification of IDH (EC 1.1.1.42) by
the bifunctional enzyme IDH kinase/phosphatase is also im-
portant in allowing the glyoxylate shunt to compete effectively
with the TCA cycle (4).

Previously, we elucidated a novel bacterial global regulator,
a small RNA-binding protein called CsrA (carbon storage reg-
ulator A) (17–19; reviewed in reference 27). In E. coli, CsrA
represses a number of stationary-phase functions and activates
certain exponential-phase functions. CsrA represses gluconeo-
genesis, glycogen biosynthesis, and glycogen catabolism; it ac-
tivates glycolysis (30, 33, 44). Thus, a mutation in csrA exerts a
dramatic effect on the flow of carbon into glycogen, causing
mutant cells to accumulate $20-fold higher levels of glycogen
than the wild-type cells. Glycogen can constitute greater than
50% of the dry weight of a csrA mutant harvested in the early
stationary phase of growth (44). Glycogen synthesis in E. coli
requires three essential enzymes, ADP-glucose pyrophosphor-
ylase (EC 2.7.7.27), glycogen synthase (EC 2.4.1.21), and gly-
cogen branching enzyme (EC 2.4.1.18), encoded by glgC, glgA,
and glgB, respectively. These genes are clustered in two tandem
operons, glgBX and glgCAP, which also include genes encoding
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the catabolic enzymes glycogen phosphorylase (EC 2.4.1.1)
(glgP) and glycogen debranching enzyme (EC 3.2.1.2) (glgX)
(reviewed in references 24 and 44). CsrA negatively regulates
these three glg biosynthetic genes, glgP, and the monocistronic
gene glgS, which stimulates glycogen synthesis by an undefined
mechanism (30, 44). A mutation in csrA results in decreased
adenylate energy charge and altered levels of the central car-
bon metabolites fructose-1,6-bisphosphate and phosphoenol-
pyruvate (33). Nevertheless, in a variety of media, the growth
rate of a csrA mutant is indistinguishable from that of its
isogenic parent.

In this study, we examined the regulatory role of the csrA
gene in acetate metabolism, including its effects on the acetate
activation pathways and the glyoxylate shunt. We demon-
strated that the csrA gene positively regulates Acs and the
glyoxylate shunt enzyme isocitrate lyase but does not affect Pta
or certain TCA cycle enzymes. Interestingly, modest levels of
acetate cause a dramatic growth defect in csrA rpoS mutant
strains. Suppressor mutations that restored growth in the pres-
ence of acetate were observed in abundance and generally
were found to decrease glycogen biosynthesis. Insight into the
nature of this surprising stress caused by acetate was sought by
examining genetic factors and metabolites that either favor or
suppress the acetate-induced growth defect and the appear-
ance of glycogen mutations. Our results indicate that the cen-
tral problem is insufficient TCA cycle flux. This is apparently
caused by greatly enhanced carbon flux away from the TCA
cycle and towards glycogen biosynthesis in conjunction with
decreased uptake of amino acids.

(The experiments described here were conducted in partial
fulfillment of requirements for the Ph.D. degree by B. Wei at
the University of North Texas Health Science Center at Fort
Worth.)

MATERIALS AND METHODS

Chemicals and reagents. Isopropyl-b-D-thiogalactopyranoside (IPTG), o-ni-
trophenol-b-D-galactopyranoside, L-amino acids, CoA, acetyl-CoA, acetyl phos-
phate, propionic acid, benzoic acid, 2,4-dinitrophenol, malate dehydrogenase
(EC 1.1.1.37), b-nicotinamide adenine dinucleotide (b-NAD), b-NAD phos-
phate, and palmitic acid were purchased from Sigma Chemical Co. (St. Louis,
Mo.). The palmitic acid was suspended in 10% Brij 58, saponified with KOH, and
filter sterilized before use (38). Citrate synthase (EC 4.1.3.7) was from Boehr-
inger Mannheim Biochemicals (Indianapolis, Ind.). The compound 5-bromo-4-
chloro-3-indolyl-D-galactopyranoside (X-Gal) was from U.S. Biochemical Corp.
(Cleveland, Ohio). 14C-radiolabeled L(U)-amino acids (54.2 mCi/mmol) were
purchased from NEN Life Science Products, Inc. (Boston, Mass.). All other
biochemical reagents were purchased from commercial sources and were of the
highest quality available.

Bacterial strains and plasmids. Table 1 lists the strains, plasmids, and phages
that were used in this study, their sources, and the relevant genotypes. Strain
designations that contain the prefix TR1-5 indicate that the wild-type csrA allele
has been replaced by the TR1-5 mutant allele (csrA::kanR) by P1vir transduction.

Growth conditions. Luria-Bertani medium (1% tryptone, 1% NaCl, 0.5% yeast
extract, 0.2% glucose [pH 7.4] [22]) was used for routine laboratory cultures.
Kornberg medium (1.1% K2HPO4, 0.85% KH2PO4, 0.6% yeast extract [pH 6.8],
and 0.5% glucose for liquid or 1% glucose for solid medium) was used for
evaluating the capacity of colonies to synthesize glycogen after being stained over
iodine vapor (8, 18). Tryptone broth contained 1% tryptone and 0.5% NaCl, pH
7.4. Potassium morpholinopropane sulfate (MOPS) medium (23) supplemented
with L-amino acids (2 mg/liter), nitrogenous bases (0.2 mM), and vitamins (0.01
mM) was used in studies of the glyoxylate shunt enzymes and in gene expression
experiments. All organic acids were added as sodium salts. Media were supple-
mented with the following compounds as required: kanamycin, 100 mg/ml; tet-
racycline, 10 mg/ml; ampicillin, 100 mg/ml; and X-Gal, 40 mg/ml. Sodium acetate
was added to the media at a final concentration of 50 mM unless otherwise
indicated. Cultures were inoculated with 1 volume of overnight culture per 500
volumes of freshly prepared medium and were grown at 37°C on a gyratory
shaker at 250 rpm.

Preparation of cell extracts. Cell-free extracts for assays of isocitrate lyase,
isocitrate dehydrogenase, and citrate synthase were prepared from the mid-
exponential-phase cultures according to the method of Maloy et al. (20). Extracts
for assays of acetate kinase and phosphotransacetylase were prepared from

late-exponential-phase cultures according to the method of Brown et al. (2),
except that a French pressure cell was used to disrupt cells instead of sonication.

Enzyme assays. Acs and Pta were assayed according to the method of Brown
et al. (2). The reaction of acetyl-CoA with oxaloacetate to form citrate was
coupled to the oxidation of malate, with the concomitant production of NADH,
which was monitored spectrophotometrically. Acs activity was determined in an
ackA-pta genetic background to avoid interference by AckA and Pta. These
reaction mixtures contained 100 mM Tris-HCl at pH 8.0, 0.5 mM MgCl2, 0.5 mM
b-NAD, 0.5 mM CoA, 50 mM L-malate, 12.5 mg of crystalline malate dehydro-
genase (5,300 U/mg of protein), 25 mg of crystalline citrate synthase (110 U/mg
of protein), cell extract, 10 mM acetate, and 10 mM ATP for the Acs assay or 10
mM lithium acetyl phosphate instead of acetate and ATP for the Pta assay.

Isocitrate lyase was assayed at 25°C by the method of Maloy et al. (20). The
reaction mixtures contained 100 mM potassium phosphate buffer (pH 7.0), 6 mM
MgCl2, 4 mM phenyl hydrazine HCl, 12 mM cysteine HCl, 8 mM trisodium
DL-isocitrate, and cell extract. IDH was assayed at 25°C according to the method
of LaPorte et al. (15). The reaction mixtures contained 25 mM MOPS at pH 7.5,
250 mM b-NAD phosphate, 500 mM DL-isocitrate, 5 mM MgCl2, and cell extract.

Citrate synthase (EC 4.1.3.7) was assayed by the method of Stitt (41). The
reaction mixtures contained 80.6 mM triethanolamine, 3 mM L-malate, 0.22 mM
acetylpyridine-adenine dinucleotide, 12.9 kU of malate dehydrogenase/liter, 0.18
mM acetyl-CoA, and cell extract.

Values for enzyme activities were determined within the linear range with
respect to the amount of cell extract added, which was experimentally deter-
mined for each enzyme. One unit of activity in each case is defined as 1 mmol of
product generated per min under the given reaction conditions. Each activity was
determined in at least two independent experiments to assure reproducibility.

Uptake of a mixture of amino acids. Cells were grown in tryptone broth to
exponential phase (optical density at 600 nm [OD600], approximately 0.3) and
0.95-ml aliquots were removed and added to sterile tubes containing 0.05 ml of
1 M sodium acetate or water. After a 5-min incubation (37°C; 250 rpm), 5 mCi
of the labeled amino acid mixture (54.2 mCi/mmol) was added to each tube. At
0, 1, 2, and 4 min thereafter, 0.2 ml of culture was transferred to centrifuge tubes
containing 1 ml of tryptone broth and 200-fold-excess unlabeled amino acids.
The cells were immediately washed twice in tryptone broth, and the cell pellet
was resuspended in 10 ml of SET buffer (20% sucrose, 50 mM EDTA [pH 8.0],
50 mM Tris-HCl [pH 8.0]) and lysed with 50 ml of lysis solution (0.2 M NaOH,
1% sodium dodecyl sulfate [SDS]). Radioactivity was determined by liquid scin-
tillation counting, and the values were corrected for cell mass at the times of
harvest (adjusted to an OD600 of 0.3) and for nonspecific binding (using 0-min
time of incubation). Each experiment was conducted at least twice to assure
reproducibility.

Protein and b-galactosidase assays. Total cell protein was measured by the
bicinchoninic acid method using bovine serum albumin as the standard (40).
b-Galactosidase specific activity was assayed and calculated as described previ-
ously (28).

Genetic and molecular biology techniques. P1vir transduction mapping of glg
genotypes and standard molecular biology approaches, such as plasmid isolation
and transformation, were conducted as described previously (29, 31).

Construction of gene fusions. Single-copy chromosomal 9lacZ transcriptional
fusions were constructed for ackA pta, pta, and acs in strain W3110 using pRS415
and bacteriophage lRS45 (37). Clone 405 of the Kohara library (12) was the
source of a 2,079-bp PvuII-PvuII fragment containing the upstream region of the
ackA-pta operon and 84 codons of ackA and of a 1,776-bp ScaI-HpaI fragment
containing the putative pta promoter and 171 codons of pta (10). A 1,397-bp
Klenow-filled XhoI-ClaI fragment from pSK122, which contained the acs pro-
moter region, was used to construct the acs::lacZ fusion (36). Dideoxy nucleotide
sequencing with M13/pUC forward primer, CCCAGTCACGACGTTGTAAAA
CG, was used to confirm the 9lacZ junctions present in the plasmid clones. The
single-copy gene fusions present in the l lysogens were verified by PCR ampli-
fication. The above-mentioned primer was used along with the primer ATCCG
GCGATCATCTTCCACC, TATCCAGTTGTTTGAAGGCGCG, or TTTACC
AATGGCTTCCATCGCG to amplify the pta, ackA, or acs fusion, respectively.

RESULTS

Growth of csrA rpoS strains is inhibited by acetate. During
initial studies to examine the possible regulatory role of csrA
in acetate metabolism, we observed that csrA mutants grew
poorly in liquid media containing acetate as a sole carbon
source and exhibited an extended (up to several hours) and
quite variable lag phase (data not shown). Further studies
revealed that acetate was not only a poor carbon source for the
csrA mutant but also selectively inhibited the growth of csrA
mutants when added to rich media (Fig. 1). Whereas the par-
ent strain, BW3414, which we now know carries an rpoS(Am)
mutation, and the isogenic csrA::kanR mutant TR1-5BW3414
grew equally well in tryptone broth, 50 mM acetate specifically
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increased the doubling time of the mutant approximately two-
fold. In contrast, it had no effect on the growth of the parent.
Although other poor sole carbon sources, such as pyruvate and
palmitate, also supported slower growth of the csrA mutant
strain relative to its parent, they did not inhibit growth on rich
media (data not shown). Clearly, the effects of acetate in rich
medium could not be explained by a simple inability to metab-
olize acetate, since sufficient carbon and energy for growth
were already available in the rich medium.

In order to examine the role of csrA in acetate metabolism
more fully, we decided to further investigate the stress that is
caused by acetate on the csrA mutant. After 24 h in the pres-
ence of acetate, each strain was streaked onto Kornberg agar
and the resulting colonies were stained with iodine vapor to
detect endogenous glycogen. When cultured in tryptone broth,
csrA mutants (TR1-5BW3414) yielded colonies that stained a
uniform dark brown (17). However, in tryptone plus acetate,
they yielded primarily glycogen mutants of a variety of striking
phenotypes. These included colonies that stained medium

brown, yellow, or blue with iodine vapor (Fig. 2A). These
phenotypes indicate moderate synthesis of glycogen, little or
no synthesis of glycogen, or synthesis of unbranched glycogen
due to the loss of glycogen branching enzyme (6), respectively.
The resulting phenotypes were all stable upon repeated sub-
culture (Fig. 2B). In numerous repetitions of this experiment,
glycogen mutations always evolved from the csrA mutant
grown in the presence of $25 mM acetate but never from
either the parent strain treated with acetate or the csrA mutant
grown in tryptone broth without added acetate. Similar results
were observed using medium prepared with 1% Casamino
Acids in place of 1% tryptone (data not shown).

By plating cells exposed to acetate and harvested at various
time points along the growth curve, we observed that glycogen
mutants accumulated during the exponential phase of growth
(data not shown). Furthermore, the addition of acetate to
mid-exponential-phase cultures (OD600 of ;0.3) caused an
immediate decrease in the growth rate (data not shown). These
experiments demonstrated that acetate inhibits cell growth and

TABLE 1. Bacterial strains, plasmids and phages used in this study

Strain, plasmid, or phage Description Source or reference

E. coli strains
BW3414 DlacU169 rpoS(Am) Barry Wanner
EG3-153 BW3414 glg::kanR; a polar insertion in a 3.4-kb EcoRI fragment; 9glgBXC9 This study
MG1655 Prototrophic Michael Cashel
CAG strains Strain collection used for transduction mapping 39
CAG18450 MG1655 (Tn10 at 76.5 min, near glgCAP) 39
CAG18500 MG1655 (Tn10 at 92 min, near aceBAK) 39
RH106 rpoS::Tn10 9
MG1655rpoS MG1655 rpoS::Tn10 (from RH106) This study
W3110 F2 prototrophic Richard Wolf
SS364 W3110 D(lacZ)58 This study
SS412 SS364 pta::lacZ This study
SS413 SS364 ackA-pta::lacZ This study
SS414 SS364 acs::lacZ This study
BWacs BW3414 acs::lacZ This study
CP875 DlacX74 thi-1 thr-1(Am) leuB6 metF159(Am) rpsL136 llacY 26
AJW803 CP875 f(Dacs::Km-1) 14
AJW-BW BW3414 f(Dacs::Km-1) This study
CP911 CP875 D(ackA pta hisJ hisP dhu) 14
PLWT aceB::lacZ (at lac) zah-281::Tn10 David LaPorte
BW3414ace BW3414 aceB::lacZ zah-281::Tn10 This study
K8-5m aceA3 iclR13 42
TR1-5 csrA::kanR 30

Mutants isolated from TR1-5BW or
TR1-5BWacs after acetate
treatment:

B1-TR TR1-5BW3414 glgB
L9-1 TR1-5BW3414; no glycogen
MD-1 TR1-5BWacs; medium glycogen
BL-1 TR1-5BWacs glgB
LT-1 TR1-5BWacs; no glycogen

Plasmids
pUC19 Cloning vector; Ampr 45
pPOP245 glgA in pBR322; Tetr 13
pPRC1 glgC in pUC19; Ampr This study
pCZ3-3 fglgC::lacZ in pMLB1034; Ampr 28
pRS415 For construction of 9lacZ operon fusions; Ampr 37

Bacteriophages
P1vir Strictly lytic P1; forms clear plaques Carol Gross
lRS45 For transferring 9lac fusions to single copy 37
lSS118 lRS45 carrying pta::lacZ fusion This study
lSS120 lRS45 carrying ackA::lacZ fusion This study
lSS121 lRS45 carrying acs::lacZ fusion This study
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not simply the exit from stationary phase. Incubation of strains
for 2 h in the presence of 1 mM acetate, which itself did not
result in the appearance of glycogen mutants, did not permit
adaptation to 50 mM acetate stress (data not shown).

Growth of the mutants that failed to synthesize glycogen or
synthesized unbranched glycogen was no longer inhibited by
acetate (Fig. 3A), and mutants that accumulated intermediate
levels of glycogen exhibited intermediate growth rates (data
not shown). P1vir transduction of a transposon mutation (from
strain EG3-153) which disrupts glycogen biosynthesis into the
csrA mutant also generated a strain that was insensitive to
acetate inhibition (Fig. 3B). Strain EG3-153 was isolated as a
glycogen-deficient transposon mutant of BW3414 by using pre-
viously described methodology (30). The transposition muta-
tion was localized by P1vir transduction and Southern blot
analysis to a 3.4-kb EcoRI fragment containing 9glgBXCA9 (see
reference 32 for the genomic restriction map). Together, these
experiments clearly demonstrated that the growth defect in the
presence of acetate occurred, at least in part, because of ex-
cessive glycogen synthesis by the csrA mutant.

In an attempt to extend these experiments to other E. coli
strains, a csrA mutant of the prototrophic strain MG1655 was
observed to be genetically stable in the presence of acetate.
Because the csrA mutant TR1-5BW3414 is now known to also
contain an rpoS(Am) mutation, we constructed single and dou-
ble csrA::kanR and rpoS::Tn10 derivatives of MG1655. The
resultant double mutant grew poorly in the presence of acetate
and evolved numerous glycogen mutants. In contrast, the sin-
gle csrA or single rpoS mutants did not (data not shown). These
experiments revealed that sensitivity to acetate requires de-
fects in both csrA and rpoS.

Effects of other compounds. A variety of other compounds
were tested for the ability to inhibit growth of the csrA mutant
strain TR1-5BW3414 in tryptone broth and to generate glyco-
gen mutations. Pyruvate, a-ketoglutarate, succinate, fumarate,
malate, palmitate, ribose, or glycerol did not yield glycogen
mutations at 50 mM concentrations. In contrast, propionate
was inhibitory and also caused glycogen mutants to accrue,
although not as effectively as acetate. Whereas 100 mM pro-
pionate was required to give rise to a significant proportion

(more that 70%) of apparent glycogen mutants, 50 mM yielded
a significantly smaller proportion of glycogen mutants (#10%),
and 25 mM propionate yielded no mutants (data not shown).
Benzoate inhibited the growth of csrA::kanR mutants; at con-
centrations greater than 25 mM, no growth occurred. How-
ever, benzoate failed to yield glycogen mutations at any con-
centration. Likewise, the uncoupling agent 2,4-dinitrophenol
inhibited growth but did not yield glycogen mutants at any
concentration tested. These experiments provided evidence
that the observed acetate stress does not result from decreased
intracellular pH or from depletion of ATP pools.

Mapping of glycogen mutations to three different loci. P1vir
transduction mapping was used to localize several of the glyco-
gen mutations. All 16 independently isolated yellow-staining,

FIG. 1. Growth of csrA1 and csrA::kanR strains in 1% tryptone broth or
tryptone broth plus acetate (50 mM). The open circles and squares represent
BW3414 (csrA1) grown in tryptone broth with and without acetate, respectively.
The solid circles and squares represent TR1-5BW3414 (csrA::kanR) grown in
tryptone broth with and without acetate, respectively.

FIG. 2. Genetic instability of a csrA rpoS strain grown in the presence of
acetate. (A) A 24-h culture of TR1-5BWacs was streaked directly from tryptone
broth plus 50 mM sodium acetate onto Kornberg agar. The plate was incubated
overnight at 37°C, and intracellular glycogen was stained with iodine vapor. (B)
Stable glycogen mutants isolated from the plate shown in panel A were streaked
onto Kornberg medium and stained with iodine vapor. Strain identities are as
follows: 1, TR1-5BWacs; 2, MD-1; 3, BL-1; 4, LT-1.
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glycogen-deficient mutations and two blue-staining, apparent
branching enzyme mutations mapped to ;0.4 min clockwise
from the tetR marker of strain CAG18450 (39), which is lo-
cated at 76.5 min on the most recent E. coli genomic map (32).
This result provides evidence that all 18 mutations reside with-
in the glgBX-glgCAP gene cluster. P1 transduction of the 77-min
region of the chromosome from CAG18450 restored to the
glycogen-deficient mutants both the parental glycogen pheno-
type and the sensitivity to inhibition by acetate (data not shown).

Since glgC and glgA are both essential for glycogen biosyn-
thesis, mutations completely lacking glycogen could be defec-
tive in either glgC, glgA, or both. A complementation experi-
ment was conducted by introducing plasmids carrying wild-type
alleles of either glgC or glgA into the mutant strains and testing
for restoration of glycogen synthesis. Surprisingly, all 16 of the
yellow-staining mutations were complemented by either glgC
or glgA. This demonstrated that the underlying mutations did
not fully inactivate either of these genes but might have de-
creased the expression of both genes (e.g., as would be ob-
served for a cis-acting mutation upstream from the glgCAP
operon). Furthermore, none of the 16 glycogen-deficient mu-
tations affected the expression of the glgCAP operon in trans

(data not shown), as determined by using a glgC::lacZ transla-
tional fusion (28).

P1vir transduction mapping with a collection of Tn10-
marked donor strains (39) also determined the genomic loca-
tions of 13 independently isolated, medium-brown-staining
mutations. Six of these mutations mapped to 77 min (the re-
gion of the glg gene cluster), five mutations mapped to ;42.7
min, and the two remaining mutations mapped to ;54.0 min.
The last two regions of the chromosome do not contain any
genes previously known to affect glycogen synthesis.

Effects of csrA on acetate activation enzymes. Because strain
BW3414 grew well with acetate as the sole carbon source while
the csrA mutant did not, it was conceivable that csrA affects
either the acetate activation pathway or the glyoxylate shunt.
When grown in tryptone broth, wild-type cells (MG1655) ex-
hibited two- to threefold-higher Acs specific activity than did
an isogenic csrA mutant (Table 2). This difference was not
observed in the BW3414 background, in which Acs was ex-
tremely low in both the csrA1 and csrA mutant strains, likely
because acs expression also depends upon rpoS (36). In con-
trast, the csrA mutation exerted little or no effect on the spe-
cific activity of Pta. Thus, a csrA mutant was defective in the
primary pathway needed for the conversion of acetate to
acetyl-CoA. To determine whether this effect occurs at the
level of transcription, we measured b-galactosidase activity
expressed from the transcriptional fusions acs::lacZ, pta::lacZ,
and ackA-pta::lacZ. Induction of acs occurred in the mid-ex-
ponential phase and increased to maximal levels during the
transition to stationary phase. The expression of the acs::lacZ
fusion was higher throughout the growth phase in the csrA1

strain than in the csrA mutant, and the difference during the
transition to stationary phase was two- to threefold (Fig. 4). In
contrast, csrA did not affect expression of pta::lacZ or ackA::
lacZ fusions (data not shown).

Effects of csrA on enzymes of the glyoxylate shunt and Krebs
cycle. Studies to assess the role of csrA in the regulation of the
glyoxylate shunt were originally conducted in supplemented
MOPS medium containing 50 mM acetate. In this medium, the
generation time of the csrA parent strain, BW3414, and its
isogenic csrA mutant strain was ;4 h. Unlike the parent strain,
the csrA mutant exhibited an extended lag phase of variable
duration, and when stationary-phase cultures were plated onto
Kornberg agar, they were found to contain numerous glycogen
mutants (data not shown). In mid-exponential phase, isocitrate
lyase activities in BW3414 and the isogenic csrA mutant were
0.22 and 0.13 U/mg of protein, respectively. The addition of
acetate (25 mM) and succinate (25 mM) to supplemented
MOPS medium improved the growth properties of the csrA
mutant and prevented the appearance of glycogen mutations.
Although the wild-type levels of isocitrate lyase were lower

FIG. 3. Growth of glycogen-deficient strains in tryptone broth supplemented
with acetate (50 mM). (A) Open and solid squares represent BW3414 (csrA1)
and TR1-5BW3414 (csrA::kanR), respectively. The open and solid triangles rep-
resent two glycogen-deficient mutants, B1-TR and L9-1, respectively, isolated
after exposure of TR1-5BW3414 to acetate. (B) Open and solid squares repre-
sent BW3414 (csrA1) and TR1-5BW3414 (csrA::kanR), respectively. The open
and solid circles represent the glg transposon mutants EG3-153 and TR1-5EG3-
153, respectively.

TABLE 2. Specific activities of acetyl-CoA synthetase and
phosphotransacetylase from csrA1 and

csrA::KanR strainsa

Strain Genotype

Sp act
(U/mg of protein 6 SD; n $3)

Acs Pta

BW3414 rpoS csrA1 0.008 6 0.002 1.09 6 0.33
TR1-5BW3414 rpoS csrA::kanR 0.005 6 0.002 0.88 6 0.05
MG1655 csrA1 0.037 6 0.004 0.97 6 0.25
TR1-5MG1655 csrA::kanR 0.011 6 0.001 1.31 6 0.31

a Cultures were grown aerobically in 1% tryptone broth to the transition to
stationary phase. Enzyme assays were conducted as described in Materials and
Methods.
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than those in 50 mM acetate medium, the relative levels of this
enzyme were still ;2-fold higher in the parent strain than in
the csrA mutant (Table 3). Isocitrate lyase activity was ex-
tremely low in media containing glucose (Table 3). The expres-
sion of b-galactosidase activities from aceB::lacZ and iclR::lacZ
transcriptional fusions in cells growing in MOPS medium sup-
plemented with acetate and succinate (25 mM each) exhibited
little or no effects of csrA (data not shown), suggesting that
csrA may affect isocitrate lyase activity posttranscriptionally.
Finally, the specific activities of two key Krebs cycle enzymes,
citrate synthase and IDH, were found to be unaffected by the
csrA mutation (Table 3).

Disruption of the glyoxylate shunt, Acs pathway, or Pta-Ack
pathway in a csrA rpoS strain. Significantly fewer ATPs are
synthesized when carbon is metabolized through the glyoxylate
shunt instead of the Krebs cycle (one acetyl-CoA molecule
yields 4 and 12 ATPs, respectively). If this lower capacity for
ATP synthesis were involved in acetate stress in csrA rpoS
strains, then disruption of the glyoxylate shunt should prevent
the appearance of glycogen mutations. However, a csrA rpoS
mutant also defective in the glyoxylate shunt remained sensi-
tive to acetate-dependent inhibition of growth and still gave

rise to glycogen mutants when grown in the presence of acetate
(data not shown). Clearly, diversion of carbon through the
glyoxylate shunt was not responsible for acetate stress. Simi-
larly, knocking out the Acs or Pta-AckA pathways in a csrA
rpoS mutant did not prevent the appearance of glycogen mu-
tants (data not shown). These experiments, and the observa-
tion that palmitic acid, which is metabolized to acetyl-CoA,
does not mimic acetate stress, indicated that metabolism of
acetate to acetyl-CoA is not required for it to cause metabolic
stress. These studies also showed that the effects of acetate are
not mediated through its conversion to the intracellular signal
molecule acetyl-phosphate, which cannot be synthesized by
strains deficient in the Ack-Pta pathway.

Metabolic suppression of acetate-derived glycogen muta-
tions. We hypothesized that increased gluconeogenesis and
glycogen synthesis and decreased glycolytic flux in the csrA
mutant may predispose the strain to depletion of the TCA
cycle in the presence of acetate. This was further suggested by
the finding that succinate plus acetate no longer gave rise to
glycogen mutants in MOPS medium. To test this hypothesis
more directly, the csrA mutant was cultured in the presence of
50 mM acetate plus 50 mM Krebs cycle intermediates or pyru-
vate. Each of the compounds a-ketoglutarate, succinate, fuma-
rate, malate, and pyruvate suppressed the appearance of gly-
cogen mutants, while glucose, galactose, or glycerol failed to
do so. This provided strong evidence that acetate was depleting
the TCA cycle in the csrA rpoS strains.

Uptake of amino acids from the growth medium. The major
carbon and energy sources of cells growing on tryptone broth
are amino acids (25), which are metabolized via the TCA cycle
(21). Thus, we hypothesized that acetate may affect amino acid
uptake in the csrA rpoS strain. Figure 5 shows that the parent
strain, MG1655, and csrA and rpoS single mutants exhibited
slight inhibition of amino acid uptake, ranging from no inhi-
bition up to ;20%. However, in four separate experiments, we
consistently observed that uptake by the csrA rpoS strain was
more sensitive to acetate, exhibiting 35 to 45% inhibition when
preincubated for 5 min with 50 mM sodium acetate. Essentially
the same results were obtained when pyruvate was added to
these strains rather than acetate (data not shown).

DISCUSSION

The genetic adaptation of bacteria to their external environ-
ment can manifest in striking ways and provide new insights
into the physiological complexity of these organisms. The re-
sults of the present study show that endogenous stress, result-
ing from defective regulation of central carbon metabolism,
can provide very strong selective pressure for adaptation.

E. coli K-12 strains defective in the csrA and rpoS genes were
inhibited by the addition of acetate to the growth medium,

FIG. 4. Effects of csrA on the expression of an acs::lacZ transcriptional fusion
throughout the growth curve. Cultures were grown in 1% tryptone broth. Tur-
bidity readings of cultures of strain SS414 and its isogenic csrA::kanR mutant are
indicated by open and solid circles, respectively. b-Galactosidase activities of
these two strains are shown as open and solid squares, respectively. Essentially
identical results were observed for this experiment using the BW3414 strain
background.

TABLE 3. Specific activities of isocitrate lyase, IDH, and citrate synthase from csrA1 and csrA::kanR strains
grown under different conditionsa

Medium

Sp act (U/mg of protein 6 SD; n $ 3)

Isocitrate lyase IDH Citrate synthase

csrA1 csrA::kanR csrA1 csrA::kanR csrA1 csrA::kanR

MOPS
Acetate and succinate 0.083 6 0.006 0.041 6 0.006 1.23 6 0.22 1.27 6 0.05 0.61 6 0.05 0.51 6 0.05
Glucose 0.008 6 0.000 0.010 6 0.000 1.27 6 0.12 1.24 6 0.08 0.20 6 0.01 0.16 6 0.00

Kornberg 1 glucose 0.003 6 0.000 0.003 6 0.000 0.47 6 0.03 0.49 6 0.04 0.03 6 0.00 0.03 6 0.00

a Cultures were grown in supplemented MOPS medium containing the indicated carbon sources or in Kornberg medium to mid-exponential phase. Enzyme assays
were conducted as described in Materials and Methods.
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which resulted in the rapid appearance of suppressor muta-
tions that disrupt glycogen biosynthesis. Several of the muta-
tions isolated in this study identify two novel genes affecting
glycogen synthesis, which we are currently characterizing.

Because central carbon pathways are interconnected, ex-
cesses or deficiencies in one pathway should impact upon
others (Fig. 6). Considerable evidence indicates that the ma-
jor metabolic problem caused by adding acetate to csrA rpoS
strains is the depletion of the TCA cycle. TCA cycle interme-
diates or pyruvate, which is a direct precursor of the TCA
cycle, restored the growth rate and prevented the appearance
of glycogen mutants in the presence of acetate. Furthermore,
the contribution of csrA to the underlying stress appears to be
readily explained. The csrA gene encodes an RNA-binding
protein that is a potent repressor of glycogen synthesis and
gluconeogenesis and is an activator of glycolysis (reviewed in
reference 27). In a csrA mutant, central carbon metabolism is
shifted to favor carbon flow away from the TCA cycle and
toward the synthesis of glycogen, which acts as a metabolic sink
for carbon and energy (30, 44). The effect of csrA on glycogen
synthesis was shown to be a necessary component of acetate-
induced stress. Normal growth in the presence of acetate was
restored by mutations that decrease glycogen synthesis, and
restoration of glycogen synthesis made the latter strains again
sensitive to acetate inhibition. Importantly, the csrA mutation
did not alter levels of key TCA cycle enzymes.

FIG. 5. Uptake of amino acids by mid-exponential-phase cultures in the
presence or absence of acetate. 14C-amino acid uptake experiments using strains
MG1655 (A), TR1-5MG1655 (csrA::kanR) (B), RHMG1655 (rpoS::Tn10) (C),
and RHTR1-5MG1655 (csrA::kanR rpoS::Tn10) (D) were performed as de-
scribed in Materials and Methods. The open and solid triangles represent control
and acetate treatments, respectively.

FIG. 6. Effects of csrA on intermediary carbon metabolism in E. coli. A summary of previous studies of glycogen metabolism, glycolysis, and gluconeogenesis and
results of current studies of the reactions of acetate metabolism and the TCA cycle are shown. Pathways or reactions that are subject to positive regulation, negative
regulation, or little or no control are indicated by an encircled 1, 2, or 3, respectively.
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Unlike TCA cycle intermediates, compounds that enter the
glycolytic pathway as glucose-6-phosphate (glucose or galac-
tose) or as dihydroxyacetone phosphate (glycerol) (16) could
not suppress the effects of acetate. These observations are also
consistent with the regulatory effects of a csrA mutation on
carbon flux. A csrA mutant is deficient in triose phosphate
isomerase, pyruvate kinase F, and other glycolytic enzymes,
while it greatly overproduces phosphoglucomutase, glycogen
biosynthetic enzymes, and gluconeogenic enzymes (33). Thus,
metabolism of glucose-6-phosphate or dihydroxyacetone phos-
phate is diverted away from the TCA cycle and towards glyco-
gen biosynthesis in a csrA mutant.

Acetate contributes to depletion of the TCA cycle specifi-
cally in the csrA rpoS strain by decreasing the rate of uptake of
amino acids, which are metabolized primarily via the TCA
cycle (21). Paradoxically, pyruvate also inhibited amino acid
uptake in this strain, and both pyruvate and acetate enter the
TCA cycle by direct conversion to acetyl-CoA. However, pyru-
vate also served as a sole carbon source in the csrA rpoS strain
without causing the appearance of glycogen mutants and there-
fore must be able to replenish the TCA cycle. Acetate itself
does not serve as a sole carbon source unless suppressor mu-
tations occur, perhaps because the csrA rpoS double mutant is
extremely deficient in acetyl-CoA synthetase activity. In addi-
tion, the csrA mutant is deficient in isocitrate lyase of the
glyoxylate shunt, which is needed for growth on acetate but not
pyruvate. However, it is not clear that the latter more modest
effect of csrA is enough to inhibit growth.

We have also provided evidence to exclude several potential
explanations for the observed acetate stress. It is not caused by
bypassing energy-generating steps of the TCA cycle via induc-
tion of the glyoxylate shunt, since glyoxylate shunt mutants are
still sensitive to acetate stress and generate glycogen mutants.
It does not involve conversion of acetate to the intracellular
signaling molecule acetyl-phosphate (43), since ack-pta mu-
tants still generated glycogen mutants. Since neither benzoate
nor 2,4-dinitrophenol treatment resulted in the appearance of
glycogen mutants, acidification of the cytoplasm (as discussed
in reference 35) or decreasing the cellular capacity for ATP
synthesis does not explain the effects of acetate. Conversion of
acetate to acetyl-CoA is apparently not required, because acs
and ack-pta mutants still gave rise to glycogen mutations, and
palmitic acid and pyruvate, which are also metabolized to
acetyl-CoA, neither inhibited growth nor yielded glycogen mu-
tants.

The specific requirement for the rpoS defect in the observed
acetate stress is unclear but in part involves sensitization of
amino acid uptake to acetate inhibition in the csrA mutant.
Interestingly, a variety of connections between rpoS and ace-
tate metabolism have previously been established. Accumula-
tion of acetate in the growth medium has been reported as a
signal for increasing rpoS transcription (35). In contrast, acetyl-
phosphate appears to be a signal for proteolysis of RpoS, via
the direct covalent modification of the protease RssB (1).
Therefore, sS levels appear to respond to acetate metabolism
in a complex and dynamic fashion. In addition, rpoS directly or
indirectly induces acs expression and therefore promotes ace-
tate metabolism (36).

Glycogen biosynthesis is also stimulated by rpoS via effects
on the transcription of glgS, while the glgCAP operon is not
regulated via rpoS (9, 24). In this respect, rpoS promotes gly-
cogen synthesis and acts opposite to csrA. Thus, it cannot be
argued that the rpoS mutation is required to cause acetate
stress because it enhances glycogen biosynthesis. Furthermore,
the effects of rpoS on glycogen synthesis are modest in a
csrA mutant, and the csrA rpoS double mutant TR1-5BW3414

accumulates very high levels of glycogen (44). It is intriguing to
consider that rpoS may have effects on central carbon metab-
olism that contribute to its involvement in acetate stress, but
such a role for rpoS has not been examined.

Finally, it seems unlikely that rpoS specifically affects the
mutagenic process, as opposed to the selective process, al-
though this has not been tested. In fact, rpoS has been impli-
cated in the formation of certain types of adaptive mutations
that occur in stationary phase (7). However, the acetate-in-
duced mutations in the present study occurred during expo-
nential growth, and of course, a functional rpoS gene actually
prevented the appearance of these mutants.
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