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We have isolated two acid-sensitive mutants of Streptococcus faecalis (ATCC
9790), designated AS13 and AS25, which grew at pH 7.5 but not at pH below 6.0.
The ionophore gramicidin D, which collapsed the pH gradient between the
cytoplasm and the medium, had little effect on the growth of these mutants,
indicating that growing cells maintain only a small pH gradient. In the presence
of gramicidin D the growth rates of the parent and mutant strains were identical
over a range ofpH values. When glucose was added to a cell suspension at pH 6.4,
the parent strain generated a pH gradient of 1.0 unit, interior alkaline; AS13
generated a pH gradient of only 0.5 units, and AS25 generated no measurable pH
gradient. The proton permeability of the mutant strains was the same as that of
the parent strain. These results suggest that a cytoplasmic pH of around 7.5 is
required for the growth of the cells and that the mutant strains are unable to
establish a neutral cytoplasmic pH in acidic medium because of damage to the
regulatory system of the cytoplasmic pH. Mutant strains also have a reduced
capacity to extrude protons and take up potassium. Therefore, it is likely that
these cation transport systems are involved in the regulation of cytoplasmic pH.

During the past decade, various methods have
been developed to measure the cytoplasmic pH
of bacteria (6, 29). These revealed the interesting
fact that the cytoplasmic pH is near neutrality
in all bacteria studied, including acidophilic and
alkalophilic ones (5, 7, 12, 16, 17, 19, 23, 24).
Bacteria growing in neutral media should have
no difficulty in maintaining the cytoplasm near
neutrality, but those growing in acidic or alkaline
media may require specific mechanisms. Two
hypotheses have been proposed to account for
the constancy of cytoplasmic pH. According to
the first hypothesis, the cytoplasmic pH is stable
and independent of cellular metabolism (5, 16,
23); the pH would be maintained by physico-
chemical mechanisms, for example, by a Donnan
potential (16). According to the second hypoth-
esis, the cytoplasmic pH is regulated by mecha-
nisms that depend on metabolic energy (2, 3, 7-
9, 12, 17, 24, 30, 31). The latter hypothesis re-
quired two mechanisms, one to raise the cyto-
plasmic pH and another to lower it. Harold and
co-workers (8, 9) proposed that the cytoplasmic
pH is raised by metabolic extrusion of protons
and electrogenic influx of potassium. Lowering
of the cytoplasmic pH could be accomplished by
sodium proton antiporter (24, 30, 31) or by po-
tassium proton antiporter (2, 3). In any event,
the movement of monovalent cations, including
protons, is thought to be involved in the regu-
lation of cytoplasmic pH.

We thought that mutants defective in the
regulation of cytoplasmic pH would be useful
tools in the study of this problem, and we tried
to isolate such mutants. Streptococcus faecalis
was chosen for this study for the following rea-
sons. S. faecalis grows over a wide range of pH
values. Harold and co-workers (12, 14) showed
that even cells growing in acidic medium maim-
tained a neutral cytoplasmic pH and, further,
that maintenance ofsuch a pH gradient (interior
alkaline) was essential for growth in acidic me-
dium but not in neutral medium. This tells us
that it should be possible to isolate mutants
defective in the regulation of cytoplasmic pH by
selecting strains that grow at neutral but not at
acidic pH. Furthermore, much work has been
done on the movement of cations across the
cytoplasmic membrane of S. faecalis (9, 11, 14).
This is important for the present work because
the earlier work has suggested the involvement
of cation transport in the regulation of cytoplas-
mic pH.

In this paper we describe the isolation of mu-
tants of S. faecalis which grow at pH 7.5 but not
at pH 6.0. Several observations suggest that the
regulation ofcytoplasmic pH is defective in these
mutants.

MATERIALS AND METHODS
Organism and growth conditions. S. faecalis

(ATCC 9790) was generously supplied by F. M. Har-
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old. S. faecalis was grown at 3700 in a medium con-
taining 20 g of K2HPO4, 10 g of tryptone (Difco Lab-
oratories), 5 g of yeast extract (Difco), and 10 g of
glucose per liter. The pH of the autoclaved medium
was 7.5; it was adjusted by the addition of KOH or
HCI where indicated. The growth rate is expressed as
the growth rate constant, defined by the following
formula (32): it = (In N - In No)/t - to), where the
values of N and No correspond to the number of
bacteria in the culture at time t and to, respectively,
and In is the natural logarithm.

Chemicals. '4C-labeled acetylsalicylic acid and 'H-
labeled sorbitol were obtained from New England
Nuclear Corp. Gramicidin D and valinomycin were
purchased from Sigma Chemical Co. Tetrachlorosali-
cylanilide was a gift from F. M. Harold. Tryptone,
yeast extract, and SF medium were purchased from
Difco. Other reagenta used were of analytical grade.

Isolation of acid-sensitive mutants. S. faecalis
was treated with N-methyl-N'-nitro-N-nitrosoguani-
dine (300 ,ug/ml) in the growth medium (pH 7.5) for 1
h at 370C. The mutants were allowed to segregate
during 2 h of growth at pH 7.5 at 370C; mutant cultures
were then enriched by penicillin G (200 U/mi) in the
growth medium (pH 6.0) at 370C. Six colonies were
picked up which grew on the plate at pH 7.5 but not
at pH 6.0. All of the mutant strains grew on the plate
of SF medium; al were catalase negative, contained
no hemeproteins, and appeared identical to the parent
strain under the microscope. We refer to these as acid-
sensitive (AS) mutanta; two strains, AS13 and AS25,
were selected for this study. The reversion frequencies
of AS13 and AS25 were 10'6 and 10', respectively,
indicating point mutation.
Measurement of the cytoplasmic volume. 3H-

labeled sorbitol (15.1 1&Ci/mmnol, 0.2 ~tCi/ml) was added
to the cell suspension (6 to 25mg [dry weight] per ml),
and the suspension was centrifuged with a microcen-
trifuge (5412; Eppendorf Co.) at maximnal speed for 2
min. The volume of the interstitial water of the pellet
was calculated from the content of 3H-labeled sorbitol.
The cytoplasmic volume was calculated from the wa-
ter content (wet weight minus dry weight of the pellet)
and the volume of the interstitial water of the pellet.
The cytoplasmic volume was found to be 1.20 ptl per
mg (dry weight) of cells, a value identical to that
reported by Harold and Spitz (13).
Measurements of the pH gradient and mem-

brane potential by flow dialysis. The procedure of
Ramos et al. (28) was employed at room temperature;
800 ul of cell suspension (50 mM potassium maleate-
2 mM MgSO4, 17 to 19 mg [dry weight] of cells per
ml) were used in each measurement, and the flow rate
was 2 ml/min. The pH gradient was calculated from
the distribution of '4C-labeled acetylsalicylic acid (33.4
mCi/mmol, 11.3 tuM), which was not significantly me-
tabolized under the conditions employed.
To measure the generation of membrane potential,

cells were collected by centrifugation at the exponen-
tia phase of growth and washed with 2 mM MgSO4.
Washed cell were suspended in 50 mM tris-
(hydroxymethyl)aminomethane (Tris) -maleate- O
mM KCI-2 mM MgSO4 (pH 7.5 or 6.5) at 20 to 22 mg
(dry weight) per ml. The membrane potential was
calculated from the distribution of 'H-labeled triphen-

ylmethylphosphonium (97.0 mCi/mmol, 60 ttM),
which was synthesized by the method of Hong (15).
To calculate the pH gradient and membrane potential,
the pKa of acetylsaicylic acid was taken to be 3.49
(21), and the cytoplasmic volume was taken to be 1.20
~Id per mg (dry weight) of cells.
Measurement of ion movements. Cells were col-

lected by centrifugation at the exponential phase of
growth and washed with 2 mM MgSO4. Washed cells
were suspended in 2 ml of 10 mM Tris-maleate-2 mM
MgSO4 (pH 6.4 or 7.7) at 1.2 to 1.5 mg of protein per
nl. After addition of glucose (10 mM), changes in the
pH of the cell suspension were monitored with the use
of a pH electrode (Radiometer G20400). The electrode
was attached to a pH meter (Radiometer PHM64)
connected to a recorder (Hitachi 065).

For measurement of the potassium movement, or-
ganisms were grown overnight in the medium which
contained 8.5 g of Na2HPO4 per liter instead of
K2HP04. After being washed with 2 mM MgSO4, cells
were suspended in 20 mil of 10 mM Tris-maleate-2
mM KCI-2 mM MgSO4 (pH 6.4 or 8.0) at 1.0 to 1.4 mg
of protein per mfl. After addition of glucose (10 mM),
rates of the potassium accumulation were measured at
room temperature with the use of a potassium elec-
trode (Nishin Rika, Tokyo, Japan) attached to a Corn-
ing pH meter. Protein was determined by the method
of Lowry et al. (20).

RESULTS
Growth of the mutant strains depends on

the pH of the medium. At pH above 7 the
gr9wth rate of AS13 was the same as that of the
parent strain. At pH 5.8 the parent strain grew
almost as well as it did at pH 7.0, but AS13 grew
very slowly (Fig. 1). When the pH was raised to
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FIG. 1. Growth of the parent and AS13 strains.
Cells were grown as described in the text. Absorbance
was measured with a Hitachi Spectrophotometer 181.
The pH of the medium was occasionally adju-sted to
within 0.1 unit by the addition of 0.1 M KOH. The
arrows indicate that the mediumpH was changed by
the addition of HCI or KOH. The decrease of the
absorbance when pH was changed was due to the
dilution of the medium by the addition of HCI or
KOH. Line I, parent; line 2, ASI3.
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7.0 after 2 h at pH 5.8, AS13 resumed normal
growth after a brief lag. The growth profile of
AS25 was essentially the same as that of AS13,
except that no growth was observed at pH 5.8,
and the growth rate at pH 7.0 was slightly less
than that of AS13. The growth rates of the
parent strain, AS13, and AS25 were measured
over a range of medium pH. As shown in Fig. 2,
the growth rates of AS13 and AS25 fell sharply
at pH below 7.0; AS25 was somewhat more acid
sensitive than AS13. At pH 8.0 or above the
growth rates of the parent and mutant strains
were essentially identical.
Harold and Van Brunt (14) have reported that

in rich medium containing a high concentration
of potassium, gramicidin D collapsed the pH
gradient and membrane potential and, conse-
quently, that the cytoplasmic pH became equal
to that of the medium. They also showed that
growth under these conditions required that the
pH of the medium be above 7 (14). The data
shown in Fig. 3 confirm the drastic effect of
gramicidin D on the growth of the parent strain
at pH values below 7; they also document that
gramicidin D has little effect on the growth rate
of mutant strains AS13 and AS25. This suggests
that gramicidin D induces only small changes in
the cytoplasmic pH of mutant strains and im-
plies that these mutants maintain only a small
difference between the cytoplasmic pH and that
of the medium. Figure 3 also shows that the
growth rates of AS13 and AS25 in the presence
of gramicidin D were identical to that of the
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FIG. 2. Effect of pH on the growth rates of the
parent and mutant strains. The growth rates were
measured at variouspH of the medium as described
in the text. Absorbance was measured with a Shi-
mazu spectrophotometer at a concentration of less
than 10-8 cells per ml because the change of the
mediumpH was negligible when the concentration of
cells was kess than this value. Symbols: (0) parent;
(A) AS13; (5) AS25.
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FIG. 3. Effect ofgramicidin D on the growth ofthe
parent and mutant strains. Growth rates were mea-
sured as described in the legend to Fig. 2 in the
presence (closed symbols) or absence (open symbols)
of gramicidin D (4 pg/ml). Symbols: (0, 0) parent;
(A, A) AS13; (U, [) AS25.

parent strain over the entire range of medium
pH. As mentioned above, a pH gradient is near
zero in the presence of gramicidin D. These
results therefore indicate that when the cyto-
plasmic pH is close to that of the medium, both
parent and mutant strains grow equally well. It
is indicated from these results that the mutation
affects the regulation of the cytoplasmic pH.
Generation of a pH gradient after addi-

tion of an energy source. In these experi-
ments, generation of the pH gradient was mea-
sured by flow dialysis as described above. Orga-
nisms were suspended in 50 mM potassium ma-
leate-2 mM MgSO4 (pH 6.4); upon addition of
glucose the parent strain generated a pH gra-
dient of 1 unit, interior alkaline; the pH gradient
was abolished upon the addition of tetrachloro-
salicylanilide, a proton conductor (Fig. 4). Mu-
tant AS13 generated a pH gradient of only 0.5
units, interior alkaline, under these conditions,
and mutant AS25 generated nomeasurable pH
gradient (Fig. 4). The difference between AS13
and AS25 is consistent with the fact that AS13
is somewhat less sensitive to acid pH than is
AS25. These results indicate that the mutant
strains are unable to generate a pH gradient
sufficiently large to keep the cytoplasmic pH
above 7.5.

Proton permeability of the cytoplasmic
membrane in the mutant strains. From the
preceding results it appears that mutant strains
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FIG. 4. Generation ofApH in the parent and mu-

tant strains. Cells grown overnight as described in
the text were collected by centrifugation and washed
with 10 mM potassium maleate-2 mM MgSO4 (pH
6.4). Washed cells were suspended in 50 mM potas-
sium maleate-2 mM MgSO4 (pH 6.4). Flow dialysis
was done as described in the text. Glucose (20 mM)
and tetrachlorosalicylanilide (20 pM) were added
where indicated. The radioactivity (approximately
7,000 cpm) obtained in the initial fraction was similar
in all experiments. A, Parent (19 mg [dry weight] per
ml); B, AS13 (17mg [dry weight]per ml); C, AS25 (17
mg [dry weight] per ml).

are unable to maintain the cytoplasmic pH at
above 7.5 when the pH of the medium is acidic;
inother words, the regulation of the cytoplasmic
pH is defective in the mutant strains. However,
one point still remains to be clarified. If the
mutants had become leaky to protons they
might have been unable to regulate the cyto-
plasmic pH even if the regulatory system itself
was normal. We have therefore measured the
proton permeability of both parent and mutant
strains by monitoring the change of the medium
pH after a proton pulse. Figure 5A documents
that the proton permeabilities of both mutants
AS13 and AS25 are very similar to that of the
parent strain; in all cases an influx of protons
was observed for 6 min or more after a proton
pulse. The rate of proton influx was somewhat
enhanced by the addition of valinomycin, but
again there was no difference in the rates of
proton uptake between parent and mutant
strains (Fig. 5B). In the presence of gramicidin

D the rate of proton influx was very rapid and
attained equilibrium in as little as 1 min (Fig.
5C). The effect of tetrachlorosalicylanilide was

the same as that of gramicidin D (data not
shown).
By using the flow dialysis method, we also

monitored the change in cytoplasmic pH in re-

sponse to shift of the pH of the medium from
6.0 to 7.5. No significant difference between par-
ent and mutant strains was observed in the
absence of the energy source (data not shown).
We therefore concluded that the failure of the
mutant strains to regulate their cytoplasmic pH
is not the result of an alteration of the passive
proton perneability of the cytoplasmic mem-

brane.
Movements of potassium and protons in

the mutant strains. The rates of proton extru-
sion in AS13 and AS25 strains were remarkably
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FIG. 5. Proton influx after a proton pulse. Cells
grown as described in the text were collected in the
mid-logphase ofgrowth, washed with 2 mMMgSO4,
and suspended in 10 mM KCI-2 mM MgSO4. The
change ofthe mediumpH was measured as described
in the text after the mediumpH was adjusted to 7.0.
Two microliters of 0.1 N HCI was added to the cell

suspension at time zero. A, No addition; B, valino-
mycin (2 pg/ml); C, gramicidin D (4 pg/ml). Line 1,
parent (17 mg [dry weight] per ml); line 2, AS13 (13
mg [dry weight] per ml); line 3, AS25 (13 mg [dry
weight] per ml).
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reduced at both pH 6.4 and 7.7 in comparison
with that of the parent strain (Table 1). More-
over, it was shown that the proton extrusion in
mutant strains was not inhibited by dicyclohex-
ylcarbodiimide, an inhibitor of a proton-trans-
locating ATPase (Table 1). These results indi-
cate that the activity of the proton extrusion
through a proton-translocating ATPase is defi-
cient in mutant AS13 and AS25. This conclusion
was reinforced by the measurement of the gen-
eration of membrane potential. Upon addition
of glucose the parent strain generated approxi-
mately 70 mV of the membrane potential at pH
7.6 and 6.4 in the presence of 50 mM KCI. By
contrast, no measurable membrane potential
was generated in either strain AS13 or AS25
under the same conditions. The value of the
membrane potential generated in the parent
strain was identical to that reported by Bakker
and Harold (1).
The uptake of potassium ions after the addi-

tion ofglucose was measured as described above.
The rates of potassium accumulation in the par-
ent strain were 110 and 190 nmol/min per mg of
protein at pH 6.4 and 8.0, respectively. By con-
trast, the rate of potassium accumulation was 20
nmol/min per mg of protein at pH 8.0, and no
measurable accumulation was observed at pH
6.4 in either strain AS13 or AS25 under the same
conditions. These results indicate that potas-
sium accumulation was also deficient in mutant
strains. The results obtained here strongly sup-
port the hypothesis proposed by Harold and co-
workers (8, 9) that movements of protons and
potassium are involved in the regulation of the
cytoplasmic pH.
Although mutant AS13 was less sensitive to

acid pH than AS25 and AS13 could generate a

TABLE 1. Proton extrusion in the parent and
mutant strainsa

Proton extrusion
(gmol/min/mg of pro-

Strain Inhibitor' tein)

pH 6.4 pH 7.7

Parent None 0.28 0.21
DCCD 0.02 0.09

AS13 None 0.02 0.10
DCCD 0.02 0.09

AS25 None 0.02 0.10
DCCD 0.03 0.09

a Proton extrusion was measured at 28°C as de-
scribed in the text. The changes of 0.01 pH units at
pH 6.4 and 7.7 corresponded to the proton extrusion
of 39 and 7.4 nmol of protons per ml, respectively.

b Cells were treated with 10-4 M dicyclohexylcar-
bodiimide (DCCD) at room temperature for over 15
min in the reaction buffer.

small pH gradient, no significant difference was
observed between AS13 and AS25 in proton
extrusion and potassium accumulation. This
might be due to the limited sensitivities of the
methods used here. Indeed, it was difficult to
detect proton extrusion and potassium accumu-
lation amounting to less than 10 nmol/min per
mg of protein.

DISCUSSION
The method used here for the isolation of

mutants should in principle allow the isolation
of several types of pH-sensitive mutants. For
example, Colb and Shapiro (4) isolated a pH-
sensitive mutant ofEscherichia coli which could
not grow on lactose medium at pH 8.1; they
concluded that the pH sensitivity is due to a
change in pH dependence of ,B-galactosidase,
whereas the cytoplasmic pH itself is normal. We
described the isolation of acid-sensitive mutants
AS13 and AS25 which appear to be defective in
the regulation of the cytoplasmic pH. This con-
clusion is based on the following findings. (i)
Gramicidin D had little effect on the growth of
these mutants, indicating that growing cells
maintained only a small pH gradient. (ii) Under
conditions such that the cytoplasmic pH was
close to that of the medium, the parent and
mutant strains grew at similar rates over a wide
pH range. (iii) When glucose was added to a cell
suspension at pH 6.4, the parent strain generated
a pH gradient of 1 unit, interior alkaline. Under
these conditions, AS13 could generate a pH gra-
dient of only 0.5 units and AS25 generated no
pH gradient at all. (iv) The proton permeability
of the mutant strains was the same as that of
the parent strain.
At the beginning of this study we were not

certain whether the cytoplasmic pH was con-
trolled by a regulatory system dependent on the
metabolic energy. Some investigators have re-
ported that the cytoplasmic pH is stable and
does not depend on energy metabolism (5, 16,
23). On the other hand, there have been several
reports describing the effects of inhibitors of
energy metabolism on the cytoplasmic pH of
bacteria (7, 12, 17, 24). We succeeded in isolating
mutants which are defective in the regulation of
cytoplasmic pH; this strongly suggests that S.
faecalis has a system that regulates cytoplasmic
pH.
According to chemiosmotic theory, bacteria

generate a pH gradient and membrane potential
as part of the mechanisms that synthesize ATP
during oxidative phosphorylation and drive the
accumulation of amino acids, sugars, and cations
(8, 22). We report here that acid-sensitive mu-
tants were unable to generate a pH gradient
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sufficiently large to keep the cytoplasmic pH at
7.5, resulting in a reduction of the growth rate
when pH of the medium is below 7.5. This seems
to us very important, for it suggests that the
generation of the pH gradient is required for the
growth, not so much to drive transport systems
as to regulate the cytoplasmic pH, particularly
when cells are growing at pH below 7.5. Raven
and Smith (26) have argued that the primitive
heterotroph used the proton-translocating ATP-
ase for the extrusion of protons, rather than to
produce ATP.
Ramos and co-workers (27, 28) measured the

magnitude of the pH gradient and membrane
potential generated by membrane vesicles of E.
coli suspended in buffers of varying pH. They
reported the interesting fact that the internal
pH of the membrane vesicles was always much
the same regardless of the pH of the medium
(27, 28). This suggests that the regulatory system
of the cytoplasmic pH is localized at the cyto-
plasmic membrane and can function even in
membrane vesicles. It seems likely that bacteria
require two distinct systems to regulate the cy-
toplasmic pH, one to raise the pH and the other
to lower it. Harold and co-workers (8, 9) pro-
posed that movements of protons and potassium
are involved in the system that elevates the
cytoplasmic pH. The activities of proton extru-
sion and potassium uptake were greatly reduced
in our acid-sensitive mutants. To this extent the
phenotype of acid-sensitive mutants resembles
that of a mutant defective in the retention of
potassium ion originally isolated by Harold et al.
(10, 11). It is still not entirely clear what is wrong
with that mutant, but Harold et al. (1, 11) re-
ported that this mutant is defective in the
generation of proton motive force and has a
reduced ability to accumulate potassium. It is
suggested that the defect in our acid-sensitive
mutants also involves the metabolic extrusion of
protons through proton-translocating ATPase.
ATPase activities in AS13 and AS25 were 44
and 30%, respectively, of that in the parent
strain. It seems to us that these values are still
too high to explain the reduction of proton ex-
trusion, especially in AS25, and it is therefore
possible that the Fo portion of ATPase is defec-
tive. Studies on this point are in progress. We
would point out here that our mutant strains
differ somewhat from those described by Harold
and co-workers. Their mutant strain was able to
grow at pH 6 when supplied with a high concen-
tration of potassium ion. By contrast, AS25 was
unable to grow at pH 6 in our medium, which
contained approximately 0.1 M K2HP04 (Fig. 2).
Krulwich et al. (7, 18) showed that the cyto-

plasmic pH of alkalophilic bacteria is lower than
that of the medium, and they attribute this to

the operation of a sodium proton antiporter. The
cytoplasmic pH of E. coli was shown to be
slightly acidic when the pH of the medium was
above 7.5 (24, 33), and it was proposed that the
cytoplasmic pH is acidified by a sodium proton
antiporter (24, 30, 31) or a potassium proton
antiporter (2, 3). Plack and Rosen (25) recently
isolated a mutant of E. coli which was unable to
grow at alkaline pH, and they found that the
potassium proton exchange activity was defec-
tive in their mutant. The growth rate of S.
faecalis was markedly reduced when the me-
dium pH was increased above 8, and growth was
very slow at pH 9 (unpublished data). The
growth rate of our mutant strains was the same
as that of the parent strain at pH above 8.
Furthermore, the cytoplasmic pH of S. faecalis
was acid when cells were grown in the presence
of gramicidin D (ApH, approximately 0.4 units;
interior acid; unpublished data), and it appears
that this is the result of a Donnan potential.
Thus, a small pH gradient, interior acid, can be
generated by a Donnan potential. It therefore
appears doubtful that S. faecalis has a system
capable of lowering the cytoplasmic pH.
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