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During inhibition of cell growth by weak acids, there is substantial accumulation of the weak acid anions in
the cytoplasm. This study was undertaken to determine the impact of anion accumulation on cellular pools. At
pH 6, growth in the presence of 8 mM acetate led to an internal pool of greater than 240 mM acetate anion and
resulted in reduced levels of glutamate in the cell, but there were no significant changes in K* and Na™ levels.
At low osmolarity, the change in the glutamate pool compensated for only a small fraction of the accumulated
acetate anion. However, at high osmolarity, glutamate compensated for over half of the accumulated acetate.
Recovery of the normal cytoplasmic pH after the removal of acetate was dependent on the synthesis of

glutamate.

Growth of the bacterial cell is best achieved when the cell is
able to maintain an outwardly directed turgor pressure and a
cytoplasmic pH (pH;) in the neutral to slightly alkaline range
(1, 5, 9). Turgor pressure is generated through the accumula-
tion of K™ salts, of which K* glutamate is the dominant species
in most gram-negative organisms (9, 15). Primary turgor reg-
ulation is through K™ accumulation, with accompanying anions
being either synthesized or transported from the environment
(9, 15). At high osmolarity, the bacterial cell maintains positive
turgor pressure mainly by the accumulation of potassium and
glutamate ions (9, 15). However, at low osmolarity, the free K*
is balanced by other anions, with glutamate as a relatively
minor component; the identity of the other anions has not
been established (15). Regulation of pH; is tied to the main-
tenance of low membrane permeability to protons and other
cations, such as K" and Na™ (5). Perturbation of cation and
anion pools is expected to cause a reduction in growth poten-
tial and eventually to impair viability (5, 6, 9, 19).

Organic acids, such as acetate, benzoate, and sorbate, are
frequently used in the preservation of foods because of their
capacity to perturb cellular homeostasis (3, 6-8, 10, 14). Lipid-
permeable, weak acids, such as acetic acid and benzoic acid,
dissociate in the cytoplasm, leading to the lowering of pH; and
the accumulation of anions (18). The accumulation of anions
can cause an osmotic problem for the cell if it leads to an
increase in cell turgor pressure. For example, if the transmem-
brane pH gradient is 1.8 (pH; 7.8, external pH [pH,] 6), then
the addition of 8 mM acetate can cause the accumulation of
acetate anions at concentrations of over 500 mM in the cyto-
plasm, assuming there is no change in pH,. The actual accu-
mulation is lower, but still substantial, due to a decrease in pH;
caused by the protons liberated by the dissociation of the weak
acid. Such an accumulation of anions causes an increase in the
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internal osmotic pressure of the cell that must be compensated
for if turgor is to be maintained at a constant level (5, 6, 9).
What has been less clear is whether, and how, bacterial cells
accommodate the anions that accumulate as a consequence of
weak acid entry into the cell. In this study, we have sought to
analyze this problem and the mechanisms by which Escherichia
coli cells adjust to the accumulation of anions in the cytoplasm.
We demonstrate that the addition of weak acids to E. coli cells
results in displacement of glutamate from the cells. Corre-
spondingly, when cells are transferred from the weak acid to
media devoid of this acid, restoration of the normal pH; is
dependent on glutamate synthesis. At both high and low os-
molarity, the reduction of the glutamate pool is insufficient to
account for the acetate anion accumulated. No changes in Na™
or K* content were detected, suggesting that acetate accumu-
lation is achieved by replacement of physiological anions.

MATERIALS AND METHODS

Materials. All chemicals were supplied by either BDH or Sigma and were
Analar grade or better. Peptone, yeast extract, and agar were supplied by Oxoid.
Radiochemicals were supplied by ICN ([1-'*Cacetate) and NEN ([7-'*C]ben-
zoate and [*H]inulin).

Bacterial strains. The two strains used in this study were E. coli Fragl (F~ thi
rha lac gal) and E. coli Frag83 (F~ kdpABCS5 thi rha lacZ gitB31 gdh-1
zdi276::Tnl10) (15).

Growth media. The growth experiments in this study were all carried out in
defined media based upon citrate-phosphate buffer at pH,, 6 containing 17.2 g of
Na,HPO, liter !, 7.1 g of citric acid liter !, 0.87 g of K,HPO, liter !, 0.1 g of
MgSO, - 7TH,0 liter !, 1 g of (NH,),SO, liter !, 0.02 mg of (NH4),SO, - FeSO,
liter !, and 1 pg of thiamine ml~!. The potassium concentration of the medium
was 5 mM for all experiments. For growth of the glutamate auxotroph, sodium
aspartate was added to the medium at 0.03% (wt/vol). Measurements of growth
were made by monitoring the optical density of 1-ml samples at 650 nm (ODy;sy).
A single colony of E. coli was used as an inoculum for overnight growth under
limiting glucose conditions (0.04% [wt/vol]). Cells were subsequently supple-
mented with glucose (0.2% [wt/vol]) and allowed one cell-doubling step prior to
dilution in fresh medium to an ODgs, of 0.05.

pH; measurements. The pH; was determined by using the distribution of a
radiolabelled weak acid according to a previously described centrifugation
method (13) which uses bromodecane to separate the cell pellet from the su-
pernatant (15). The pH; was determined by using [7-'“C]benzoic acid (4.5 uM;
0.1 pCi - ml™') and [*H]inulin (1.0 wM; 1 pCi - ml™") as extracellular markers.
The pH; value was calculated as described previously (13). The intracellular
concentration of acetate and the pH; in the presence of 8 mM acetate were
determined by using either [1-'*Clacetate (0.5 nCi - ml™') or [7-'*C]benzoate
(4.5 pM; 0.1 wCi - ml™") and [*H]inulin (1.0 pwM; 1 nCi - ml™") as extracellular
markers.
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Measurement of acetate pools. Acetate pools were determined by the method
used for pH; determination. Cells were grown to mid-exponential phase with 8
mM acetate, a 10-ml sample was removed and transferred to a stirred glass pot
incubated at 37°C, and [1-'*Clacetate (0.5 pCi - ml™ ") plus [*H]inulin (1.0 uM;
1 pCi- ml™!) was added. After incubation for 5 min to allow equilibration of the
acid with the preestablished pools, three 1-ml samples were taken and the cells
were separated from the supernatant by centrifugation through bromodecane as
described above. Samples were then treated as described previously (13), and the
internal acetate concentration was calculated from knowledge of the pK of
acetate (pK 4.7), the pH,,, and the accumulation ratio. A cytoplasmic volume of
1.6 pl- mg~! (dry weight) (13) was assumed for calculation of pH;, acetate pool
levels, and amino acid pool levels.

Amino acid pool measurements. Cells were harvested for amino acid pool
analysis at mid-exponential phase (ODgso = 0.6) by filtration of 1 ml through a
Whatman membrane filter (cellulose nitrate; 0.45-wm pore size) under vacuum.
Filters were washed immediately, with slightly hypertonic glucose solution added
in individual drops to the filter. The filter papers containing the cells were then
placed into Eppendorf tubes containing ice-cold 0.1% trifluoroacetic acid (TFA).
Norleucine (250 pmol - ml™') was added to the TFA as an internal standard. The
Eppendorf tubes were left on ice for 30 min to allow extraction of amino acids,
after which the filters were removed and the supernatant was stored at —20°C.
The analysis was performed as described previously (2).

Measurements of intracellular potassium and sodium levels. Cultures were
grown as described above. A 1-ml aliquot of a mid-exponential-phase culture
(ODgs0 = 0.5) was harvested by filtration with Whatman filters (cellulose nitrate;
0.45-wm pore size; diameter, 2.5 cm). Cells were then treated in one of two ways.
For measurements of total intracellular potassium levels, cells were washed with
warm (37°C), slightly hypertonic glucose solution added drop-wise from a pi-
pette. For determination of bound potassium, cells were first washed with warm,
slightly hypertonic glucose solution followed by ice-cold distilled water, also
added drop-wise, to subject the cells to osmotic shock (15). The resulting filter
papers were then placed in individual beakers and dried in an oven at 120°C for
12 h. One milliliter of ultrapure water was then added to each of the beakers to
dissolve the potassium. The samples were left for 20 min and then analyzed by
flame photometry (Corning 400). Sodium ions were measured by preparing the
samples as described for pH; measurements by spinning the cells through bro-
modecane oil and suspending the pellets in milli-Q water. This technique was
preferred to the filtration technique, as it minimized contamination by Na* in
the medium. The Na™ content was determined by flame photometry after the
samples had been boiled and allowed to cool.

RESULTS

Growth inhibition by weak acids. Growth of E. coli can be
inhibited by weak acids in a pH- and concentration-dependent
manner (18). To establish standard conditions that would allow
the cytoplasmic pools to be investigated, E. coli Fragl was
grown in Mcllvaine’s medium at pH 6. Under these conditions,
low concentrations of acetate and benzoate are inhibitory and
the acids are more than 95% dissociated, which minimizes the
contribution to growth inhibition by the undissociated acid (6).
Addition of 2 mM sodium benzoate or 8 mM sodium acetate
decreased the specific growth rate () of Fragl from 0.7 = 0.03
h™! (mean = standard deviation) (n = 26) to 0.35 = 0.01 h™!
(n = 25) and 0.35 = 0.02 h™ ' (n = 25), respectively. Thus, on
a molar basis, sodium benzoate had a much greater effect on
the growth of Fragl than did sodium acetate, in accordance
with previous studies (18). The cytoplasmic pH was reduced by
growth in the presence of these acids; after steady-state expo-
nential growth had been established, the control cultures ex-
hibited a pH; of 7.85 £ 0.05 (n = 40), compared with pH;
7.26 = 0.06 (n = 20) and pH; 7.48 = 0.05 (n = 20) for cultures
with 2 mM benzoate and 8 mM acetate, respectively. Thus, the
cultures achieve the same growth rate despite different values
of pH;, and acetate-treated cells exhibit greater inhibition than
would be expected simply from changes in the pH;. These data
suggest that other factors contribute to growth inhibition by
acetate.

Anion accumulation in weak-acid-treated cells. As described
above, anion accumulation in the cytoplasm may be a potential
cause of growth inhibition; thus, the consequences of anion
accumulation were investigated. As described above, addition
of 2 mM benzoate lowered the pH; to 7.26 = 0.06, which, at the
steady state, would correspond to an accumulation of 36 = 5
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FIG. 1. Changes in pH; and acetate pool levels upon addition of 8 mM
acetate to E. coli Fragl at pH 6. Acetate (8 mM) was added to E. coli cells
growing at pH 6. (a) pH; was determined by the distribution of radioactive
benzoate (OJ), as described in Materials and Methods. (b) Acetate pool levels (@)
were determined as described in Materials and Methods. The predicted acetate
pool level (©) based upon a pK of 4.7 for acetate, the free acetate anion
concentration outside the cells (7.6 mM), and the pH; determined by benzoate
distribution is indicated. The data shown are composites from several indepen-
dent experiments in which the time courses were overlapped to enable rapid
sampling.

mM benzoate anions. In contrast, 8 mM acetate reduced the
pH; to 7.48 = 0.05, which would give rise to the accumulation
of 232 = 25 mM acetate anions in the cytoplasm. Benzoate
accumulation, therefore, represents only a small osmotic prob-
lem for the cell, but the accumulation of acetate creates a
potential increase in cell turgor. Adjustments to cell physiology
for acetate anion accumulation may be a factor in reducing the
growth rate of cells. To determine the effects of acetate on cell
pools, the kinetics of the change in pH; were determined.
Upon addition of acetate, the pH; rapidly declined to 7.0 and
then recovered to the steady-state value of 7.4 (Fig. 1a). The
recovery of pH; was biphasic, with an initial rapid recovery over
the first 50 s and then a slower phase over the next 5 to 10 min.
To monitor changes in the acetate pool, radiolabelled acetate
was added and the change in acetate pools was determined
(Fig. 1b). The measured acetate accumulation rose to approx-
imately 200 mM over the 10-min incubation period and
reached 230 mM after 20 min. These figures correspond with
the calculated value based upon the pK of acetate, the pH,,
and pH; measured by [**C]benzoate distribution (Fig. 1b).
The high levels of acetate accumulation observed suggested
that other anion pools in the cell might be significantly de-
creased to compensate. It has been suggested that E. coli cells
have approximately equivalent levels of fixed anions, such as
nucleic acids and free carboxyl groups of proteins; free, osmot-
ically-active anions, such as glutamate; and intermediates in
glycolysis and the tricarboxylic acid cycle following growth in
media similar to those utilized in this study (15). At low os-
molarity, glutamate is the largest single pool of osmotically
active anions, constituting 25% of the total anion pool (15).
Treatment of E. coli Fragl with acetate or benzoate signifi-
cantly reduced the glutamate and aspartate pool levels (Table
1). Cells in steady-state growth at pH 6 in the presence of 8
mM acetate exhibited pool reductions of approximately 50 mM
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TABLE 1. Major changes in amino acid pool levels consequent
upon growth with acetate or benzoate

Pool size (mM)*

Amino acid
Control Benzoate Acetate
Glutamate 60.0 £ 6.0 444 3.0 10.0 = 2.0
Aspartate 31+0.6 1.2+02 03+02
Lysine 1.8 = 0.7 0.9 £0.1 1.1 =04
Arginine 48 £ 1.1 29+0.1 0.7 04
Glutamine 1.2+05 0.6 £0.4 0.2 £0.3
Total amino 90 = 7.4 65 £ 6.5 25 £ 4.4

acid pool

“ Calculated on the basis of an intracellular volume of 1.6 wl - mg of cells™*
(13). Values are means * standard deviations.

and 3 mM for the glutamate and aspartate pools, respectively.
Much smaller decreases in the pools were observed with ben-
zoate. Rapid sampling was utilized to analyze the kinetics of
glutamate pool reduction during acetate accumulation (Fig. 2).
At the first time point (approximately 20 s after addition of
acetate), the intracellular concentration of acetate was approx-
imately 65 mM, but it rapidly rose to 100 mM within 1 min
(Fig. 2). The rapid phase of acetate uptake coincides with the
decrease in the glutamate pool; however, the increase in ace-
tate levels was approximately double the rate of reduction in
the glutamate pool. These data suggest that during the recov-
ery of pH;,, the lowering of the glutamate pool is significant but
is not the sole compensating mechanism for acetate accumu-
lation.

Small decreases in the pool levels of glutamine, lysine, and
arginine (Table 1), which are directly linked to glutamate and
aspartate via metabolism, were also observed. However, these
pools were initially markedly smaller than the glutamate pool.
Other pools, such as serine, glycine, and proline, which were
relatively small, remained unchanged (data not shown), and
the total change in the amino acid pool corresponded closely
with the change in the four amino acids mentioned above
(Table 1). The pools appeared to be well regulated, since
growth of Fragl cells with aspartate did not change the pool
sizes of any of the amino acids derived from this amino acid
and did not change the pattern of amino acid pool reduction
observed with acetate (data not shown). These data suggest
that the changes in the physiological anion pools were specific
and did not arise from nonspecific balancing of turgor via
stretch-activated channels (4). These results suggest that re-
ductions in glutamate and aspartate pools may compensate for
acetate and benzoate entering the cell; however, the changes in
amino acid pool levels did not correspond with the measured
accumulation of benzoate or acetate.

Changes in cation content. Previous work (15) has shown
a close interdependence of potassium and glutamate pools
during osmotic upshock. We sought to determine whether
the changes in acetate pool levels in the cell affected the
cytoplasmic pools of K* and Na*. Total and bound K™ were
determined to allow the calculation of free K* within the
cell, which is the fraction that balances the charge of osmot-
ically active anions (15). We saw no significant difference in
the concentration of free or bound K" in cells treated with
weak acids compared to untreated control cells (Table 2).
The distributions of the K* pool between the fixed and
mobile anion pools in the presence and absence of acetate
were similar (Table 2). Similarly, there was no detectable
change in the free Na™* pool or in the pools of polyamines
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FIG. 2. Glutamate and acetate pool levels in E. coli cells upon treatment with
acetate. Pools of acetate and glutamate were measured in parallel incubations at
pH,, 6, as described in Materials and Methods. Acetate (8 mM) was added at
zero time. Symbols: @, glutamate; [, acetate. The data are drawn from several
experiments with overlapping sample times to enable rapid kinetics determina-
tions to be performed.

(data not shown). Together, these data are consistent with
no overall change in the total free inorganic cation pools in
the cell. Further, it is notable that the accumulation of
acetate observed at the steady state is similar in magnitude
to the free K" pool, with approximately 230 to 240 mM
acetate and 240 to 250 mM K™ (Table 2).

Compensation for acetate accumulation at high osmolarity.
In the above experiments, which were conducted at low osmo-
larity, the small size of the glutamate pool prevented it from
fully compensating for acetate accumulation. Cells accumulate
larger pools of glutamate and K* ions when grown at high
osmolarity in the absence of compatible solutes (15). To de-
termine the maximum compensation by glutamate pool reduc-
tion, the pH; and glutamate pool levels were measured during
steady-state growth in cells grown at pH 6 over a range of
osmolarities, in the presence and absence of 8§ mM acetate
(Table 3). The growth rate declined as the osmolarity of the
medium was increased, and incubation with 8 mM acetate
further diminished the growth rate; overall, the percent inhi-
bition by acetate declined as the osmolarity was raised (Table
3). At higher osmolarities, the steady-state pH; was slightly
lower than that of cells in the basic medium and was further
diminished by the addition of acetate (Table 3). As expected,
the glutamate pool levels were a function of the osmolarity of
the medium. Incubation with acetate lowered the glutamate
pool level. The greatest compensation for acetate accumula-
tion by lower glutamate pool levels occurred in the presence of
400 mM glucose, where the reduction of the glutamate pool
accounted for approximately 72% of the acetate accumulated

TABLE 2. Potassium pool levels in cells treated with acetate
and benzoate®

Growth condition ~ Total K* (mM)  Bound K* (mM)  Free K™ (mM)

Control 483 =23 229 + 19 254 + 42
8 mM acetate 492 + 33 248 + 17 244 + 50
2 mM benzoate 492 + 25 252 =17 240 + 32

“ Cells were grown to exponential phase, and samples were taken for K*
analysis as described in Materials and Methods. The data are means * standard
deviations from four replicate experiments.
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TABLE 3. Effects of increased osmolarity on pH; and glutamate pool levels in the presence of acetate”

Glucose Acetate anion _ Inhibition Glutamate
(mM) Acetate (mM) p(h™h %) pH; (mM)
0 - 0.69 £+ 0.03 7.85 = 0.05 60 =6
+ 243 = 28 0.34 = 0.01 51 7.48 £ 0.05 10+2
200 - 0.53 = 0.02 7.59 = 0.01 117 =2
+ 161 = 26 0.30 = 0.04 44 7.30 £ 0.07 48 =1
400 - 0.44 = 0.03 7.61 = 0.03 160 = 3
+ 130 £ 9 0.28 = 0.05 36 7.21 £0.03 622

“ Cells were grown to steady state in the presence or absence of 8 mM acetate; pH; and glutamate pool levels were determined as described in Materials and Methods.
The experiments were carried out three times, and the pH; and glutamate pool levels for each experiment were means of three determinations.
® Acetate pool levels were calculated from a knowledge of the pH,, the external concentrations of acetate anion (7.6 mM), and the pH,, of 6.

(Table 3), suggesting that the depletion of other anions must
also contribute to the compensation for acetate accumulation.
However, even under these conditions it was notable that ac-
etate-treated cells retained higher glutamate pool levels than
at low osmolarity, which suggests that there is no specific,
coupled exchange of acetate for glutamate.

Cellular glutamate pool levels recover when the weak acid is
removed. Benzoate-treated cells reestablished the same growth
rate as untreated cultures almost immediately on transfer to
fresh, prewarmed, benzoate-free medium (Fig. 3a). In contrast,
acetate-treated cells retained the lower growth rate for approx-
imately 20 min after removal of acetate and achieved the same
rate as the control incubation only after 60 min (Fig. 3a). In
view of the substantial drop in the glutamate pool in the pres-
ence of acetate, we sought to determine whether the sustained
growth inhibition was due to an inability to restore the pH; or
the glutamate pool. Cells were treated with acetate, and the
pH; and glutamate pools were determined prior to and follow-
ing filtration, washing, and transfer to fresh medium lacking
acetate. After the transfer, the pH; recovered to the normal
level within 5 min and the glutamate pool level was 90% of
normal at the same time, achieving its maximum value 10 min
after transfer to fresh growth medium (Fig. 3b). Therefore, the
failure of acetate-treated cells to restore normal growth imme-
diately after transfer to fresh growth medium cannot be attrib-
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uted to failure to reestablish the normal values for the pH; and
glutamate pool levels.

Interdependence of glutamate pool levels and pH;. To de-
termine the interdependence of the recovery of the pH; and of
glutamate pool levels, we utilized a gdh gltB double mutant of
E. coli, Frag83 (15), which is unable to synthesize glutamate in
the absence of a suitable precursor. The growth of Frag83 was
always slower than the parent, Fragl, with specific growth rates
() of approximately 0.35 h™" and <0.18 h™* when cells were
supplemented with aspartate and glutamate, respectively (data
not shown). The internal pH of Frag83 was lower than the
values observed with Fragl, with steady-state pH; values of
7.5 £ 0.03 (n = 5) for cells grown with aspartate compared
with 7.88 = 0.06 for Fragl (Table 4). Acetate caused a reduc-
tion of the steady-state pH; in both Fragl and Frag83 (Table
4). For Frag83, recovery of pH; after acetate treatment was
dependent on aspartate. When cells of Frag83 were resus-
pended in aspartate-free medium, the pH; did not recover and
the glutamate pool level remained very low (Table 4). Addition
of aspartate led to the reestablishment of a high pH; value and
complete restoration of the glutamate pool (Table 4). The
kinetics of pH; and glutamate pool recovery for Frag83 were
similar to those for Fragl (data not shown). Thus, recovery of
the normal pH; is dependent upon the synthesis of glutamate.
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FIG. 3. Changes in growth rate, pH;, and glutamate pool levels upon suspension of acetate-treated cells in acetate-free medium. (a) Cultures were grown to
exponential phase in pH 6 medium containing either acetate or benzoate. The growth data for both acetate-treated and benzoate-treated cultures obtained prior to
transfer to acid-free medium are represented by a single set of data points (A). After approximately 3 h of incubation, the cells were rapidly filtered and transferred
into pH 6 medium without the weak acid, and the incubation was continued. Symbols: m, acetate-treated cells; @, benzoate-treated cells. (b) Cells were pregrown at
pH 6 in the presence of 8 mM acetate, and the cytoplasmic pH ([J) and glutamate pool levels (@) were determined as described in Materials and Methods. After a
5-min preincubation period, cells were transferred into acetate-free medium, pH,, 6, and the changes in pH; and glutamate pool levels were recorded.
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TABLE 4. Interdependence of glutamate synthesis and

pH; recovery”
. Acetate Aspartate Glutamate pool
Strain g nM)  (0.03% [wiivol]) pH; concn (mM)
Fragl - - 7.85 = 0.05 60 £6
— + 7.88 = 0.06 615
+ - 7.48 = 0.05 11=2
- - 7.84 £ 0.04 63+6
Frag83 - + 7.5 = 0.03 50 1.7
+ + 7.2 +0.04 12+ 0.5
- - 7.2 +0.08 1.4 +0.2
- + 7.58 = 0.04 5909

“ Experiments were performed three times and the data were averaged; five
pH; measurements were taken per experiment, and three glutamate pool mea-
surements were taken per experiment.

® Glutamate pool and pH; after washing of cells to remove acetate and incu-
bation in acetate-free medium for 15 min.

DISCUSSION

In this study, we have demonstrated that E. coli cells grow
both at low and at high osmolarity, with the majority of the
glutamate pool replaced by acetate. These cells do not achieve
their maximum growth rates, but this may reflect the changes
in other anion pools and/or the lowering of the pH,. The pH,; is
not the sole determinant of growth inhibition, since benzoate-
treated cells and acetate-treated cells establish different
steady-state values of pH; but grow at the same rate. Clearly,
also, in the case of growth with acetate, there are changes in
either gene expression or cell physiology that lead to a tran-
sient period of continued inhibition even after removal of the
acid (Fig. 3a). In a previous study, we showed that acetate can
have profound effects on gene expression at pH 6, with effects
on both two-component-controlled systems and those regu-
lated by supercoiling and the ion balance of the cell (20).
Others have reported that weak acids cause increased expres-
sion of RpoS (19), and it is possible that other general stress-
regulated systems are operational in acetate-treated cells.
Clearly, however, there are major differences between acetate-
treated and benzoate-treated cells (Fig. 3a), despite the same
exponential growth rate; thus, one must seek some explanation
for these specific effects in the influence of the acids on the pH;
and anion pool levels.

During steady-state growth, E. coli cells had a glutamate
pool concentration of approximately 60 mM (Table 1), which
represents only 25% of the measured pool of free K* (Table
2). These data imply the existence of a substantial pool of other
unidentified anions that are most probably generated by me-
tabolism, in accordance with previous studies (15). The mea-
sured steady-state acetate pool concentration was approxi-
mately 230 += 25 mM, which is similar to that of the free K™
pool (Table 2); this suggests that acetate has almost completely
replaced the pools of other anions that normally balance free
K™. The lowering of the pool levels of these other anionic
metabolites may be one of the reasons that acetate causes the
same growth inhibition as benzoate, when the pH; is higher in
the presence of acetate. The slow recovery of growth after
acetate has been washed out of E. coli cells may be related to
the altered pools and possible subsequent changes in enzyme
activity that unbalance metabolism once the acetate is re-
moved.

For cells grown at low osmolarity, such as those used for
most of this study, there are three major classes of anion pools:
fixed anions (DNA and protein), acidic amino acids, and met-
abolic intermediates in the main catabolic and anabolic path-
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ways. Analysis of the distribution of the K* pool in E. coli
between bound and free pools led to the conclusion that there
are approximately equal contributions from the fixed (nucleic
acids and protein) and the mobile (amino acids and metabolic
intermediates) anions (15). For the fixed anions, nucleic acids
predominate since, firstly, the phosphate backbone of the
DNA and RNA corresponds to approximately 300 to 400 mM
phosphate (with a pK of 6.4), which represents considerable
buffering capacity. Secondly, the pK values of the acidic amino
acids (nominally pK 3.9 and 4.07 for aspartate and glutamate,
respectively) on proteins are outside the range of pH changes
observed and thus should not contribute substantially to the
pH changes observed. The RNA and DNA of the cell are
balanced by approximately 250 mM K* and an excess of argi-
nine and lysine in proteins equivalent to approximately 80 mM
(calculated from data reported in reference 16). The initial fall
in pH; of approximately 0.8 to 0.9 units within 10 to 15 s of
acetate addition may lead to a change in the ionization of the
backbone equivalent to 60 to 80 mM phosphate. The measured
pool of acetate at this time is 60 to 65 mM; therefore, this
increase in the acetate anion might be accommodated by pro-
tonation of the phosphate groups of DNA and RNA conse-
quent upon lowering of the pH,. However, as the pH; recovers,
the phosphate is deprotonated and, at the steady state, the net
gain from changes in phosphate ionization is only 20 to 30 mM.
At the steady state, the acetate pool is approximately 240 mM;
therefore, we have concluded that an exchange of physiological
anions for acetate ions must occur to maintain electrical neu-
trality. These metabolites are derived from acids with pK val-
ues that are similar to, or below, that for acetate; their ex-
change for acetate anions has the potential to contribute to the
recovery of an alkaline pH; (see below). Glutamate loss is a
major compensatory mechanism.

It is not known whether the glutamate pool level is lowered
due to rapid metabolism by reentry into the tricarboxylic acid
cycle, by efflux, or by glutamate decarboxylase, which has been
implicated in survival at acid pHs (11, 14). A gadC mutant,
which lacks the permease for the decarboxylated product de-
rived from glutamate (11), exhibited the same glutamate pool
reduction upon addition of acetate (data not shown). This
suggests that the glutamate decarboxylase pathway is not re-
sponsible for the lowering of the glutamate pool level upon the
addition of acetate.

The regulation of pH; is a complex phenomenon that is
poorly understood despite much effort to identify individual
components of the regulatory system (5, 13, 17). The transfer
of acetic acid across the membrane and its subsequent disso-
ciation into a proton and an acetate ion causes the pH; to
decline from 7.8 to 7. The recovery to between pH; 7.4 and 7.5
must involve a number of processes. Previously, we have found
that recovery from transient acidification is dependent upon
K" transport, though no net K accumulation was detected
(5). Thus, pH changes do not equate directly with alterations in
the K" pool. Other cation transport systems, notably Na™/H"
antiports, have been implicated in pH homeostasis in alkali-
philes, but the evidence for their role in pH regulation in E.
coli is limited (17). Exchange of glutamate and other anions for
acetate may affect the pH; due to the difference in pK, values.
Using the standard pK, values and the Henderson-Hasselbach
equation, one may calculate that a 1:1 exchange of acetate for
glutamate would raise the pH of a solution by 0.4 to 0.5 units.
However, in the cell, these gains have to be set against the
buffering capacity of the phosphate backbone of the nucleic
acids referred to above. Cumulatively, the large scale of the
exchange of physiological anions for acetate must contribute to
the steady-state pH; achieved.
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Our data suggest that glutamate synthesis and pH; ho-
meostasis are closely linked. After suspension of acetate-
treated cells in acetate-free medium, the pH; of Frag83, a
strain unable to synthesize glutamate without a suitable pre-
cursor, did not recover unless aspartate was provided to facil-
itate glutamate synthesis. Similarly, suspension of acetate-
treated Fragl cells in acetate-free medium led to a rapid rise in
pH; and in the magnitude of the glutamate pool (Fig. 3b). The
mechanisms operating to effect recovery of pH; are unclear. As
was noted above, reaccumulation of glutamate at the expense
of acetate will itself cause a change in the pH;, but in this
instance this would lead to further slight acidification. Clearly,
net proton extrusion is required to effect the recovery of the
pH; to a higher value.

In conclusion, growth inhibition by acetate and benzoate
cannot be accounted for simply by their effects on the release
of protons in the cytoplasm, despite the fact that both acids do
provoke significant changes in the pH;. It is clear that while
changes in the pH; are important consequences of incubation
with the acids, accumulation of the acid anion has significant
effects on the anion balance of the cell, and growth inhibition
is a complex result of these effects.
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