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Acetate and formate are major fermentation products of Escherichia coli. Below pH 7, the balance shifts to
lactate; an oversupply of acetate or formate retards growth. E. coli W3110 was grown with aeration in
potassium-modified Luria broth buffered at pH 6.7 in the presence or absence of added acetate or formate, and
the protein profiles were compared by two-dimensional sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Acetate increased the steady-state expression levels of 37 proteins, including periplasmic transport-
ers for amino acids and peptides (Artl, FliY, OppA, and ProX), metabolic enzymes (YfiD and GatY), the RpoS
growth phase regulon, and the autoinducer synthesis protein LuxS. Acetate repressed 17 proteins, among them
phosphotransferase (Pta). An ackA-pta deletion, which nearly eliminates interconversion between acetate and
acetyl-coenzyme A (acetyl-CoA), led to elevated basal levels of 16 of the acetate-inducible proteins, including
the RpoS regulon. Consistent with RpoS activation, the ack4-pta strain also showed constitutive extreme-acid
resistance. Formate, however, repressed 10 of the acetate-inducible proteins, including the RpoS regulon. Ten
of the proteins with elevated basal levels in the ackA-pta strain were repressed by growth of the mutant with
formate; thus, the formate response took precedence over the loss of the ackA-pta pathway. The similar effects
of exogenous acetate and the ackA4-pta deletion, and the opposite effect of formate, could have several causes;
one possibility is that the excess buildup of acetyl-CoA upregulates stress proteins but excess formate depletes

acetyl-CoA and downregulates these proteins.

The growth and survival of Escherichia coli at low pH in-
volves numerous genetic responses (9, 25, 62, 65). Survival in
acid enables the pathogenesis of E. coli O157:H7 (49), Shigella
flexneri (74), and Vibrio cholerae (52). Acidic stress is intensi-
fied by the presence of short-chain fatty acids, high concentra-
tions of which are produced as fermentation products by mi-
croflora in the intestine (18). These weak acids permeate the
cell membrane in undissociated form and dissociate within the
cytoplasm, thus delivering protons to the cytoplasm and de-
pressing internal pH, as well as delivering a corresponding
amount of the acid anion to the cytoplasm (41, 47, 57, 59). The
extent of this process is determined by the transmembrane pH
difference, which is most pronounced in an acid environment.
Thus, membrane-permeant organic acids intensify the stress of
extracellular acidity, but their presence also induces protective
responses against acid (31, 61).

The major fermentation acids excreted by E. coli include
acetate, formate, D-lactate, and succinate (10, 21, 40, 58). A
high concentration of fermentation acids limits growth (57,
59), and acetate induces the RpoS regulon associated with
entry into stationary phase (6, 61). Above pH 7, the favored
fermentation products are acetate (with ethanol) and formate
(for a review see reference 40). Production of these two acids
is maximal in the absence of oxygen or other respiratory elec-
tron acceptors (40), but oxygenated cultures also excrete sig-
nificant amounts of acetate (13, 15) and formate (2, 68), a
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significant concern for bioreactors (22). As pH falls, E. coli
limits internal acidification from metabolism by producing lac-
tate instead of acetate plus formate (14), by reuptake and
activation of acetate to acetyl-coenzyme A (CoA) to enter the
tricarboxylic acid (TCA) cycle (21, 44, 56), and by conversion
of formate to H, and CO, (58). The mechanisms of regulation
and the responses to high concentrations of different acids
remain unclear.

A candidate for participation in the responses to fermenta-
tion acids is acetyl-CoA, a key intermediate for interconversion
of pyruvate with both acetate and formate (Fig. 1). The con-
version between acetyl-CoA and acetate is mediated by two
pathways: (i) acetate kinase (AckA) and acetyl phosphotrans-
ferase (Pta), which rapidly convert acetyl-CoA via acetyl-phos-
phate to acetate as an overflow pathway and also convert
exogenous acetate back to acetyl-CoA (21, 56), and (ii) acetyl-
CoA synthetase (Acs), a high-affinity, low-capacity uptake
pathway for acetate which produces acetyl-CoA via an enzyme-
bound acetyl-adenylate intermediate (13, 44). The overall
modulation of acetyl-CoA and acetyl-phosphate levels involves
complex functions of oxygen concentration and carbon source
(51, 43).

The conversion between pyruvate and acetyl-CoA is medi-
ated aerobically by pyruvate dehydrogenase (PDH), producing
CO,, and anaerobically by pyruvate formate lyase (Pfl), pro-
ducing formate (42, 60). Catalysis by Pfl involves a glycine
radical inactivated by oxygen in vitro (73), but recent evidence
suggests that in vivo Pfl is both expressed (2) and functional
(19) in the presence of some oxygen. Pfl activity is reversible,
so it could convert formate to pyruvate, consuming acetyl-CoA
(40, 42). E. coli also has several poorly characterized homologs
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FIG. 1. Metabolic pathways connecting pyruvate with fermentation
acids in E. coli.

of Pfl, including YfiD (29, 50), which is induced aerobically at
low pH (9). The effects of exogenous formate on protein ex-
pression, and the relationship between formate and acetate
stress, remain unclear.

Some pyruvate is also converted directly to acetate and CO,
by an oxidative enzyme, PoxB (16). This process conserves less
energy than the acetyl-CoA pathway; its activity is maximal in
early stationary phase, activated by RpoS.

We used the proteomic approach to study steady-state re-
sponses of E. coli metabolism to exogenous acetate or formate.
One prediction would be that the presence of either acetate or
formate might induce certain proteins responding to the stress
of internal acidification, such as YfiD (9, 32) or InaA (64).
Instead, in cultures grown in complex medium, we found
largely opposite responses: most proteins induced by acetate
were repressed by formate, and several proteins induced by
formate were repressed by acetate. This pattern of responses
suggests that the major effects of acetate or formate are par-
ticular to the specific anion. Thus, there appears to be a met-
abolic switch converting the cell between two different growth
states, one preferred in the presence of each organic acid.

The role of the acetyl kinase-phosphotransferase pathway in
this switch was tested using a strain with ackA4-pta deleted, in
which excess acetyl-CoA accumulates and inhibits PDH, caus-
ing accumulation of pyruvate (15, 36). Most of the proteins
that were elevated in this strain (compared to the parent) were
the same as those induced by acetate in the parent. One pos-
sible explanation, requiring further experiments for confirma-
tion, is that the concentration of acetyl-CoA modulates some
of the observed responses to acetate and formate. We also
report additional proteins induced by acetate but insensitive to
formate, including the oligopeptide permease OppA (24, 38)
and the autoinducer synthesis protein LuxS (69).

MATERIALS AND METHODS

Strains and growth conditions. E. coli K-12 strains included W3110 (66),
RM7076 (W3110 ackA-pta), and RM7194 (ack-pta crl::cam). Strain RM7076 was
constructed as follows. The ackA-linked locus purF92::Tnl0 (Tet) was trans-
duced from strain NK6078 into W3110 using phage P1. Into this construct,
A(ackA-hisP)862 was transduced from strain TA3516 (48). Transductants con-
taining the deletion were identified by screening pur* prototrophs for sensitivity
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to 0.25% alizarin yellow, a pta phenotype. Strain RM7194 was constructed by
transduction from LP895 (MC4100 cr1920::cam) (55).

For two-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (2-D gels), growth media contained LBK broth (10 g of tryptone, 5 g of yeast
extract, 7.45 g of KCI) or M63 salts [3 g of KH,PO,, 7 g of K,HPO,, 2 g of
(NH,4),S0,, 0.5 ml of FeSO, at 1 mg/ml, 2 ml of 0.5 M MgSO,, 100 mg of
thiamine/ml] with 30 mM glycerol as a carbon source. All LBK and M63 media
were buffered with 50 mM MOPS [3-(N-morpholino)propanesulfonic acid] and
50 mM TES (N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid) (62, 64),
adjusted for pH using KOH in order to avoid high concentrations of sodium ions,
which inhibit growth at high pH (34, 37). Acetic acid (50 mM) or formic acid (20
mM) was included at a concentration that did not substantially retard growth.
Cultures in LBK broth were grown overnight and then diluted 200-fold in fresh
medium with or without added acid, grown to an optical density at 600 nm
(ODygqg) of 0.4 to 0.5 at 37°C, and oxygenated (rotary aeration in a flask whose
capacity was eight times the culture volume); doubling times were 30 to 40 min
for W3110 and 40 to 50 min for RM7076. Cultures in M63 were grown to an
ODg of 0.2 to 0.3, with doubling times of 100 to 120 min.

2-D gels. Our detailed methods for 2-D gels and analysis are reported else-
where (63), and updates are maintained on line (http:/www2.kenyon.edu/depts
/biology/slonc/labtools/2d_method.html). Protein samples were solubilized in so-
dium dodecyl sulfate and urea according to the procedure of Genomic Solutions
(9, 45, 72). The rehydration solution from AP Biotech replaced buffer 3; this
replacement has improved the reproducibility of solubilization. First-dimension
IPGphor gel strips (AP Biotech) were run according to the instructions of the
manufacturer. For each gel, approximately 50 pg of protein was loaded onto an
IPG strip (pH 4 to 7). 2-D gels were performed on the ESA Investigator 2-D
electrophoresis system (Genomic Solutions). Thirteen to 15 ml of each culture
was chilled, pelleted, and washed with LBK broth. The cell pellets were then
treated with urea-sodium dodecyl sulfate sample buffer and DNase or RNase,
according to ESA procedures (Genomic Solutions). Samples were applied to
18-cm-long polyacrylamide gel strips with an immobilized gradient (pH 4 to 7)
for isoelectric focusing. The gel strips were applied to 2-D gels containing 11.5%
acrylamide. For comparative analysis, the gels were silver stained.

For comparison of spot quantities between different growth conditions, gels
were scanned and digitized. The pI and molecular weight scales for the gels are
based on comparison with E. coli reference gels (reference 72 and the SWISS-
2DPAGE database of the Swiss Institute of Bioinformatics [http://www.expasy
.ch/]). Spot densities were quantified using Compugen Z3 software, version 1.5,
as described elsewhere (http://www.2dgels.com/). The Z3 algorithm for pairwise
comparison matches each pair of spots pixel by pixel, discarding values of satu-
rated pixel density as well as values from the edge of the background. A histo-
gram of all spot ratios normalizes them to 1, on the assumption that 90% of all
proteins should have the same concentration under the two growth conditions;
this assumption corrects for loading differences without requiring summation of
all spots and subtraction of background, procedures which introduce error.

For each growth condition, spot densities were obtained from three gel images
from independently grown cultures. The differential expression (DE) of the spot
densities between two growth conditions (reference condition and comparative
condition) was determined for all pairwise comparisons between a set of three
reference gels and a set of three comparative gels. A protein spot was considered
a candidate for significant induction if seven out of nine pairwise comparisons
produced a difference of greater than 50% (63). The log,, of all nine DE values
was obtained, and the mean log,, DE (LDE) was reported as the measure of
induction or repression. For example, an LDE of +0.5 represents about a
threefold increase in spot density of the comparative over the reference gel.

In some cases, significantly induced proteins showed a spot on the comparative
gels that was unmatched on one or more of the reference gels (that is, present
under the inducing condition but undetectable under the noninducing condi-
tion). Because the induction ratios could not be quantified, these strongly in-
duced proteins are indicated as “plus” in the comparative condition compared to
the reference condition or as “minus” if repressed (Table 1). Proteins generating
DE ratios greater than 10-fold (LDE = 1.0) generally had to be scored plus
(induced) or minus (repressed), because of the likelihood that the repressed
protein fades into the background in one of the three replicates.

A few proteins were determined to be induced or repressed based on visual
inspection, although the software could not effectively quantify them because of
the irregular shape of the spot or because of overlap between spots. These are
identified in Table 1.

In addition to the pairwise comparisons, each set of three replicate gel images
was digitally combined into a composite image. The composite images repre-
senting each of two growth conditions or strain constructs (reference condition
and comparative condition) were overlaid by Z3 so that a spot showing only in
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TABLE 1. Proteins showing differential expression on 2-D gels

J. BACTERIOL.

Spot no.

Protein

Differential expression®

Acetate in W3110 ackA-pta/W3110 Formate in W3110 Formate in ackA-pta Acetate in ackA-pta Acetate in W3110
(Fig. 2A) (Fig. 2B) (Fig. 3A) (Fig. 3B) (Fig. 4A) (glycerol) (Fig. 4B)
1 —0.68 = 0.37 —0.41 = 0.08
2 OppA® + + (-)
3 OppA 0.46 = 0.12 0.43 = 0.15 —0.55 = 0.11
4 OppA 0.38 = 0.20 0.45 £ 0.19 —0.26 = 0.07
5 0.25 = 0.10
6 + (+) (— —0.38 = 0.20
7 (+) + —1.11 £ 0.16
8 TnaA“ - - —0.70 = 0.30
9 0.79 = 0.23
10 —0.55 £ 0.11
11 (+)
12 (+)
13 MalE —0.81 = 0.20
14 -
15 -
16 -
17 PtkB 0.40 = 0.06 0.36 = 0.10 —0.22 = 0.12
18 0.32 £0.10
19 )
20 0.29 = 0.09
21 (+) (+) -
22 0.45 £ 0.18 0.35 = 0.16
23 -
24 —0.29 = 0.16
25 OmpC 0.55 £ 0.33 (+)
26 Pta —0.38 = 0.08 -
27 (+) 0.32 = 0.16
28 +
29 0.43 = 0.17 —0.32 = 0.17
30 ProX 0.38 = 0.10 032 £0.21 —0.68 = 0.22
31 -
32 0.46 = 0.09
33 0.39 = 0.09
34 MglB —0.42 £0.12 —0.49 = 0.10
35 - )
36 + +
37 + 0.55 = 0.46
38 GatY 0.53 = 0.15 —0.24 = 0.10 —0.35 £ 0.20 0.40 = 0.23
39 0.71 £ 0.09
40 SucB —0.32£0.13
41 + —0.61 = 0.11 —0.45 £ 031
42 0.43 = 0.18
43 + (+) —0.62 £0.25
44 Lpd —0.33 = 0.21
45 (+)
46 (+) (+) —0.47 = 0.11 —0.52 £ 0.39 —0.38 = 0.12 —0.34 = 0.20
47 +
48 FliY 0.28 = 0.06 0.36 = 0.08
49 Artl 0.26 = 0.10 —0.22 = 0.06
50 +
51 - -0.33 £0.15 0.42 = 0.43
52 (+) 0.90 = 0.45
53 + (+) (+)
54 WrbA 0.29 = 0.09 0.34 £ 0.11
55 +
56 0.73 £0.52
57 +
58 Ppa 0.23 = 0.09
59 + 0.46 = 0.09
60 (-) 0.74 = 0.10 +
61 0.74 = 0.17 —0.32 = 0.08
62 LuxS 0.40 = 0.10
63 OsmY 0.45 = 0.11 0.50 = 0.20 —0.34 = 0.14 -0.35*£0.15
64 DksA —0.34 = 0.10
65 AroK —0.39 = 0.16 —0.32 £ 0.10

Continued on following page
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TABLE 1—Continued

Differential expression®

Spot no. Protein Acetate in W3110 ackA-pta/W3110 Formate in W3110 Formate in ackA-pta Acetate in ackA-pta Acetate in W3110
(Fig. 2A) (Fig. 2B) (Fig. 3A) (Fig. 3B) (Fig. 4A) (glycerol) (Fig. 4B)
67 +
68 (+) 0.30 = 0.17
69 0.33 = 0.11
70 —0.31 £ 0.19 —0.23 = 0.08
71 —0.26 = 0.10 —0.31 £ 0.15
72 0.24 =£0.12 0.28 £ 0.14 —0.37 = 0.10 —0.50 £ 0.18
73 TpiA 032 £0.24
74 + 0.51 = 0.36
75 (+) + )
76 0.58 = 0.43
77 (+)
78 YfiD 032 £0.11 0.39 = 0.09
79 )
80 0.43 = 0.29
81 HdeB (+) (+) (=)
82 HdeA 0.41 = 0.13 0.42 £ 0.18 —0.93 = 0.24 -
83 GuaB —0.42 = 0.25 —0.50 £ 0.15
84 0.38 = 0.07

“ Relative protein expression shown as LDE * standard deviation (n = 9) determined as described in Materials and Methods. +, spot unmatched on reference gel
(i.p., protein induced in the comparative condition compared to the reference condition); —, repressed; (+), (—), spot showing differential expression based on visual
inspection, though not quantifiable by the Z3 software. The column headers indicate the comparative gel/the reference gel, with the figure number of the layered view

in parentheses.
® Protein identified based on position (http://www.expasy.ch/).
¢ Protein identified based on position and on inducibility at high pH (9).

the comparative gel (or the border of a spot showing increased induction)
appears pink, whereas a spot showing only in the reference gel appears green
(see Fig. 2 to 4). This layered view provides a global “snapshot” of the gel
comparison. Most of the spots that appear pink or green on the layered view
generate significantly positive or negative LDE values, respectively, in the pair-
wise comparisons. In some cases, however, a spot which appears pink or green is
present on only one of the original three gels of a composite. We did not count
these proteins as induced in Table 1.

Identification of proteins. For protein identification, 200 pg of cell protein was
loaded onto each IPG strip. The slab gel proteins were transferred to an Immo-
bilon-P polyvinylidene difluoride membrane (Millipore) using the ESA Investi-
gator graphite electroblotter, type IT (Genomic Solutions). The membrane was
stained with Coomassie blue, and protein spots were excised for sequence de-
termination. Protein spots cut from the transfer membrane were washed three
times in 10% methanol and then dried and stored at —70°C.

N-terminal peptide sequence analysis was performed by the Biopolymer Fa-
cility at the University of California at Davis (Table 2). Samples were processed
using a model 470A or 477A ABI sequencer with on-line high-pressure liquid
chromatography and capable of picomole analysis. Peptide sequences were
matched against all known and putative E. coli proteins in the Swiss-Prot data-
base, using the ExXPASy Fasta program (http://www.expasy.ch/).

Extreme-acid survival. Survival of log-phase cultures exposed to pH 2.5 was
determined by a previously described procedure, with slight modification (65).
Overnight cultures were diluted 200-fold in Luria broth (LB), pH 6.7 (10 g of
Bacto Tryptone, 5 g of Bacto yeast extract, 5 g of NaCl, and 100 mM MOPS
buffer adjusted to pH 6.7 with NaOH) and grown with aeration at 37°C for
approximately 2 h, at which point the ODj was typically 0.15 to 0.20 (=1 x 10®
to 2 X 10® cells/ml). An aliquot of each culture was diluted 1,000-fold into LB,
pH 2.5 (as above but adjusted to pH 2.5 with HCl in place of the MOPS buffer).
At the same time, another aliquot of each culture was diluted and plated to
obtain the input CFU. After 1 h at room temperature, the acid challenge was
terminated by the addition of sufficient 1 N NaOH to return the pH to 6.7.
Survivors were assayed as CFU; the geometric mean of three trials is reported.
For wild-type cells, whose survival is very low, the log-phase culture was concen-
trated 10-fold in water and then diluted 100-fold in acid LB and further pro-
cessed as described above to obtain meaningful numbers of survivors.

RESULTS
Quantitative measurement of protein expression levels. E.

coli K-12 strains were cultured for at least four doublings in
order to observe steady-state levels of protein expression dur-

ing growth in the presence of acetate or formate. Protein
expression levels with several different pairs of growth condi-
tions and/or strain constructs were compared (Table 1). The
quantification of relative expression levels was based on pair-
wise comparisons of all three reference gels and all three
comparative gels. Note, however, that because of the inherent
limitations of the sensitivity ranges of both the silver stain and
the gel scanner, the actual protein concentration ratios for
matched spots could be significantly greater than the LDE
values for spot density.

For a given protein spot, we defined significant DE based on
DE ratios showing a 50% increase (DE = 1.5 or = 0.67) in
seven out of nine pairwise comparisons between the sets of
three comparative and three reference gels. These criteria pro-
duced no significant spot differences when two gel sets with
equivalent growth conditions were compared (data not
shown). The software detected 80% of the spots that appeared
to show induction based on visual inspection of individual gel
images. The remaining 20% of the spots showed irregularities
in shape that interfered with the detection algorithm.

Acetate-induced proteins during growth in LBK broth. The
effect of acetate on steady-state protein levels was tested by
growth of cultures to mid-log phase in buffered LBK broth in
the presence or absence of 50 mM acetic acid (Fig. 2A). Sev-
eral periplasmic transporters showed elevated expression lev-
els during growth with acetate (Table 1). The periplasmic oli-
gopeptide binding protein OppA (38, 39) transports short
peptides for a nutrient and recycles cell wall components (27).
OppA appeared as a “train” of three different spots, an ap-
pearance in 2-D gels that is poorly understood but common for
highly expressed proteins (9, 28). All three OppA spots showed
clear induction in LBK broth but were strongly repressed in
glycerol minimal medium. Other transporters induced by ace-
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TABLE 2. Identified proteins and peptide sequences

J. BACTERIOL.

Spot no. Protein Protein name N-terminal sequence
3 OppA Periplasmic oligopeptide-binding protein ADVPAGV
4 OppA Periplasmic oligopeptide-binding protein XDVPAGVTLA
8 TnaA Tryptophanase See reference 8
13 MalE Maltose-binding periplasmic protein KIEEGKLVIXIN
17 PfkB 6-Phosphofructokinase isozyme 2 MVRIYTLTLAP
26 Pta Phosphate acetyltransferase KAGKRIVLPE
25 OmpC Outer membrane protein C AEVYNKDGNKLD
30 ProX Glycine betaine-binding periplasmic protein ADLPGKGITVNP
34 MglB D-Galactose-binding periplasmic protein DTRIGVTI
38 GatY Tagatose-bisphosphate aldolase YVVSTKQMLN
40 SucB Dihydrolipoamide succinyltransferase VDILVPDLPE
44 Lpd Dihydrolipoamide dehydrogenase KFNLMLETKVT
48 Fliy Cysteine-binding periplasmic protein DEGLLNKVKER
49 Artl Arginine-binding periplasmic protein 1 AETIRFATEA
54 WrbA Trp repressor binding protein AKVLVLYYSXYG
58 Ppa Inorganic pyrophosphatase LLNVPAXKDL
63 OsmY Hyperosmotically inducible protein Y ENNAQTTNESAG
62 LuxS Autoinducer-2 synthesis protein PLLDSFTVDDHR
64 DksA DnaK suppressor protein QEGQONRK
65 AroK Shikimate kinase I EKRNIFLVGP
66 Dps DNA protection during starvation STAKLVKSKAT
73 TpiA Triosephosphate isomerase KFAVLKEQGLTP
78 YfiD Pyruvate formate-lyase homolog MITGIQITKAAN
81 HdeB Extreme-acid periplasmic chaperone ANESAKDMTCQE
82 HdeA Extreme-acid periplasmic chaperone ADAQKAADNKKP
83 GuaB Inosine-5'-monophosphate dehydrogenase LRIAKEALTFD

tate included Artl, FliY, OsmY, and ProX. On the other hand,
acetate repressed the p-galactose-binding protein MglIB.

Acetate induced several members of the RpoS growth phase
regulon (11, 33, 46), including Dps, HdeA, HdeB, OsmY,
PfkB, and WrbA. This induction is consistent with previous
reports that acetate induces RpoS (6, 61). The most strongly
induced member of this regulon was the DNA-binding protein
Dps (3), which is also regulated by the oxidative stress regula-
tor OxyR during log phase (4). Acetate also induced metabolic
enzymes, including tagatose-bisphosphate aldolase (GatY) and
the pyruvate formate-lyase homolog YfiD, which are induced
by low pH (9). The autoinducer synthesis protein LuxS (69)
was induced.

Seventeen proteins were repressed during growth with ace-
tate, including Pta, MglB, DksA, AroK, and TnaA. We have
not discerned any functional or regulatory commonalities in
this group so far. The repression of Pta by acetate may be
associated with some of the similarities in the pattern of gene
expression seen in the ackA-pta strain (see below).

Protein expression levels in an ackA-pta deletion strain. The
Ack and Pta enzymes provide the major route for introduction
of exogenous acetate into metabolism, and it seemed likely
that they would also be required for gene expression effects of
acetate. Therefore, we observed protein expression in a mutant
with ack and pta deleted. One hypothesis would be that in the
absence of acetate, the mutant and parent would show similar
protein profiles and that the response of the mutant to acetate,
if any, would be attenuated in comparison to that of the parent.
In fact, however, the protein profile of the mutant, in the
absence of added acetate, appeared remarkably similar to that
of the parent in the presence of acetate (Fig. 2B). The ackA-pta
deletion strain showed increased basal levels of 16 of the same
proteins induced in the parent by exogenous acetate, including

most of the transporters and the RpoS regulon (Table 1).
Three proteins repressed by acetate in the parent, including
shikimate kinase (AroK), were also repressed by ackA-pta.

Addition of acetate to the ackA-pta strain affected the ex-
pression of only 11 proteins, less than a third of the number
induced or repressed in the parent (see Fig. 4A and Table 1).
One protein repressed was the pyruvate dehydrogenase com-
ponent Lpd (30), possibly a homeostatic mechanism to limit
the overaccumulation of acetyl-CoA predicted for this mutant.

Extreme-acid survival. Acetate and other short-chain or-
ganic acids induce extreme-acid resistance (31) and the RpoS
regulon (6, 61). Since the ackA-pta strain showed elevated
expression of the RpoS regulon, we tested whether it also
showed constitutive extreme-acid resistance. Log-phase cul-
tures of the ackA-pta mutant showed 13% survival after ex-
treme-acid treatment, compared to 0.012% survival of the pa-
rental W3110. The acid resistance of ackA-pta was lowered
25-fold by a crl::cam insertion, which inactivates a gene re-
quired for most RpoS-dependent phenomena, although its
mode of action is unknown (55). Thus, the ackA-pta strain showed
constitutive extreme-acid resistance dependent upon RpoS.

Formate-induced proteins. Formic acid, like acetic acid, is a
membrane-permeant acidic product of fermentation (2, 40,
58). The effect of 20 mM formate on the protein profiles of
strain W3110 is shown in Fig. 3A.

Only one protein (no. 53) showed positive induction by both
acetate and formate. One protein repressed by acetate, TnaA,
was also repressed by formate in the ackA-pta strain, consistent
with the known repression of TnaA at low pH (9). By contrast,
10 proteins induced by acetate were repressed by formate,
including transporters, metabolic enzymes, and members of
the RpoS regulon. In the ackA-pta strain, which constitutively
elevated 14 acetate stress proteins, 11 of these were repressed
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FIG. 2. Proteins differentially expressed with acetic acid or in the ackA-pta strain. The layered view superimposes two composite images
representing different growth conditions. Each composite image is based on three 2-D gels from replicate cultures. All E. coli cultures were grown
at 37°C to an ODy, of 0.4 in LBK broth buffered with 50 mM MOPS and 50 mM TES, pH 6.7. (A) Strain W3110 was grown in buffered LBK
broth with (pink) or without (green) 50 mM acetic acid. (B) Strain W3110 ackA-pta (pink) or W3110 (green) was grown in buffered LBK broth.
In the layered views, pink and green indicate proteins induced and repressed, respectively, in the presence of acetic acid (A) or proteins
constitutively induced or repressed in the ackA-pta strain (B), based on pairwise comparison of individual gels (summarized in Table 1). The
horizontal axis represents the approximate pH range of the isoelectric focusing first dimension. The vertical axis represents the molecular mass in
kilodaltons. Proteins in the 2-D gels were silver stained. For N-terminal sequence identification, the proteins were electroblotted and stained with
Coomassie blue.
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FIG. 3. Proteins differentially expressed with (pink) or without (green) 20 mM formic acid. (A) Strain W3110; (B) strain W3110 ackA-pta. Other

growth and gel conditions were as for Fig. 2.
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+ Acetate

FIG. 4. Proteins differentially expressed with (pink) or without (green) 50 mM acetic acid. (A) Strain W3110 ackA-pta was grown in LBK
broth-50 mM MOPS-50 mM TES, pH 6.7, to an ODy, of 0.4. (B) Strain W3110 was grown in glycerol M63 salts-50 mM MOPS-50 mM TES,
pH 6.7, to an ODy, of 0.2. Other growth and gel conditions were as for Fig. 2.
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by formate (Fig. 3B and Table 1). Thus, the major effect of
formate appeared to be opposite to the effect of acetate or the
ack-pta deletion.

A small number of proteins responded to formate but not to
acetate; for example SucB, a component of 2-ketoglutarate
dehydrogenase (5, 35). This component of the TCA cycle is
repressed anaerobically, the condition under which formate
predominates.

Acetate addition under conditions of low acetate production.
In glycerol minimal medium, acetate production is low, and
deletion of ackA-pta does not affect the growth rate (15, 48).
The inclusion of acetate during growth of W3110 in glycerol
medium caused elevation of only six of the proteins induced by
acetate in LBK broth, including GatY and YfiD. Other pro-
teins induced by acetate in LBK broth, including OppA and
ProX, were repressed by acetate in glycerol medium. Seven
proteins were induced by acetate only in glycerol medium,
whereas ProX and MalE were repressed.

The ackA-pta strain produces almost no acetate in glycerol
medium. The protein profile of this strain grown on glycerol
appeared essentially the same as that of the parent (data not
shown). The lack of effect of ackA-pta is consistent with the
very low flux through the ackA-pta pathway in wild-type cells in
this medium (51).

DISCUSSION

Several previous studies using proteomic or microarray ap-
proaches have revealed E. coli proteins induced by membrane-
permeant weak acids. 2-D gel experiments show that benzoate
induces heat shock and universal stress proteins (45) and that
propionate induces AhpC, GatY, ManX, and YfiD (9). Ace-
tate-induced proteins in E. coli O157 probed with an E. coli
K-12 microarray include members of the RpoS regulon, as well
as various transporters and metabolic enzymes (6). Growth on
glucose, which generates high acetate, elevates expression of
the RpoS regulon, as well as two other genes encoding proteins
we found to be induced by acetate or constitutive in the ackA-
pta strain: OmpC and TpiA (70).

Our present study utilized improved proteomic methods and
more sensitive N-terminal sequence detection than did previ-
ous 2-D gel studies (9). In comparison with microarray studies,
2-D gels can screen only a limited subset of cellular proteins
(53, 72), but they also detect modulation of proteins whose
predominant regulation appears to be translational, such as
OppA (38, 71).

Responses to acetate. Growth with exogenous acetate in-
creased the expression of several amino acid transporters, as
well as the peptide transporter OppA. A possible function of
these transporters could be to enhance uptake of alternative
energy sources if the cell perceives acetate uptake as a sign of
decreasing availability of carbohydrates. Enhanced amino acid
catabolism increases the survival of emerging mutants in sta-
tionary phase (75). Another possible advantage of Artl (argi-
nine uptake) and OppA could be to obtain amino acids for
decarboxylation, producing alkaline amines; amino acid decar-
boxylation is one strategy for protection from acidification
(67). This finding is consistent with the induction of Artl and
OppA during growth below pH 5 (D. Stancik, L. Stancik, and
J. Slonczewski, unpublished data). The induction of OppA by
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acetate may have pharmaceutical significance, because OppA
expression increases sensitivity to aminoglycoside antibiotics
(39).

A group of transporters and the components of the RpoS
regulon showed similar elevation of expression during growth
with acetate and elevated basal levels in the ackA-pta strain.
The elevation of the RpoS regulon was consistent with the
extreme-acid survival of exponential-phase cultures of the
ackA-pta strain; survival below pH 3 normally is highly depen-
dent upon RpoS. Several of the acetate-induced members of
the RpoS regulon are known to enhance acid resistance, in-
cluding the DNA-binding protein Dps (17) and the extreme-
acid periplasmic chaperone, HdeA (26).

The ackA-pta strain shows diminished efflux, as well as up-
take, of acetate. This perturbation of the fermentation path-
ways involves substantial increase of acetyl-CoA due to the loss
of the major pathway for dumping unneeded acetyl-CoA (15).
The increase of acetyl-CoA in the ackA-pta strain may be
similar to the elevation of acetyl-CoA caused by growth of the
parental strain in medium with acetate. With respect to acetyl-
phosphate, however, the two situations are opposed: the wild
type accumulates acetyl-phosphate in the presence of excess
acetate, whereas the ackA-pta mutant makes no acetyl-phos-
phate (51). Acetyl-phosphate has been identified as a positive
effector of RpoS turnover, through phosphorylation of the
proteolysis cofactor, RssB (12). In an ackA-pta mutant, the
absence of acetyl-phosphate produces an ~3-fold elevation in
the growth-phase level of RpoS. In wild-type cells grown with
added acetate, however, the acetyl-phosphate level increases;
this would be expected to increase turnover of RpoS and re-
duce its steady-state level. Thus, we consider acetyl-phosphate
an unlikely mediator for the induction of RpoS by acetate.

It is possible that a common process leads to increased
activity of RpoS in the wild type growing in the presence of
acetate and in the basal activity level of RpoS in the ackA-pta
mutant. This process could explain the acetate induction of the
RpoS regulon observed previously (6, 61), as well as our ob-
served induction of several transporters, metabolic enzymes,
and unidentified proteins (Tables 1 and 3). A factor that might
contribute to acetate induction, requiring further experimen-
tation for confirmation, is the elevated level of acetyl-CoA.
Acetyl-CoA might act, for example, by binding to a regulatory
protein, analogous to the FadR regulator (20) or the PaaX
regulator (23), or it might participate in a protein acetylation
reaction, such as the regulatory acetylation of RpoS itself,
possibly in a reaction involving the Crl protein (55).

High levels of acetate conversion to acetyl-CoA could also
function as a general indicator of high cell density, leading to
stationary-phase response. This would be consistent with the
induction of LuxS by acetate. Proteins dependent on LuxS
appear most strongly in cultures grown with acetate below pH
7 (L. M. Maurer and J. L. Slonczewski, unpublished data). The
role of acetate and acetyl-CoA in these observations is being
investigated further.

In glycerol minimal medium (Fig. 4B and Table 1), the
responses to acetate were very different from those seen in
LBK. The elevation of the RpoS regulon and most of the
transporters was eliminated; in fact OppA and ProX were
repressed. Thus, in glycerol medium, the proteins induced by
acetate appear to be mediated by factors other than those
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TABLE 3. Functions of proteins oppositely regulated by acetate and formate

Expression®
Functional role Protein
Acetate in W3110 ackA-pta/W3110 Formate in W3110 Formate in ackA-pta

Arginine uptake Artl + -

Cystine uptake FliY + +

Galactitol catabolism GatY + - -
Osmotic periplasmic protein OsmY + + - -
DNA-binding protein Dps + + - -
Extreme-acid periplasmic chaperone HdeA + + - -
Extreme-acid periplasmic chaperone HdeB + + -
Sugar catabolism PtkB + + -

“ +, increased expression in comparative gel; —, decreased expression in comparative gel. The column headers indicate the comparative gel/the reference gel.

acting in complex media. This result may indicate that acetyl-
CoA levels remain low during glycerol metabolism, even in the
presence of exogenous acetate. The ackA-pta strain grown on
glycerol showed a protein profile essentially the same as that of
the parent, indicating that absence of the acetate activation
system had little effect on protein expression.

Response to formate. A striking number of proteins induced
during growth with acetate, including the RpoS regulon,
showed decreased steady-state expression during growth with
formate (Table 3). E. coli has several routes for elimination of
formate produced by fermentation: direct excretion (10, 40),
oxidation of formate by oxygen or other electron acceptors to
form CO, (1, 8), or anaerobic conversion by formate hydrogen
lyase (FHL) to CO, and H, (40). However, high levels of
formate could also drive the reversible Pfl, using up acetyl-CoA
to generate pyruvate. If most of this pyruvate is then excreted
or converted to lactate, the acetyl-CoA concentration would
fall. Pfl activity has generally been thought to require strict
anaerobiosis, but recent evidence shows its activity in the pres-
ence of limited oxygen (2, 19). If sufficient Pfl activity occurs to
deplete acetyl-CoA, this could explain the repression of the
TCA cycle, as indicated by the downregulation of a TCA en-
zyme, 2-ketoglutarate dehydrogenase (SucB), by formate (Ta-
ble 1). The depletion of acetyl-CoA by formate, and the ele-
vation of acetyl-CoA by acetate or by an ackA-pta defect, could
explain the pattern of expression summarized in Table 3;
again, the possible role of acetyl-CoA requires further exper-
imentation to confirm.

Expression effects mediated by formate could be involved in
the phenomenon of formate protection from antimicrobial
peptides (7). The absence of RpoS participation in formate
protection is consistent with our finding of lowered steady-
state activity of the RpoS regulon in cultures grown with for-
mate.

Our general conclusion is that different acidic fermentation
products induce very different genetic and metabolic re-
sponses. Few proteins are consistently induced or repressed by
both acetate and formate in LBK broth. Protein no. 53 was
induced by acetate or by formate. ProX was induced by acetate
in the wild type and by formate in the ackA-pta strain; TnaA
was repressed under both conditions. Two of the proteins
induced by acetate but repressed or unaffected by formate
(GatY and YfiD) are known to be induced by propionate (9).
YfiD, a homolog of Pfl (29, 50), is also induced during con-
version of acetyl-CoA to poly(3-hydroxybutyrate) (32); this
would make sense if YfiD is an enzyme that replenishes acetyl-

CoA. YfiD is also repressed in gel-entrapped cells (54), a
condition whose metabolic state remains poorly characterized.
The significance of these responses, and extension to other
fermentation products, including lactate and succinate, is being
studied further.
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