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It has been reported that the accumulation of K* by Streptococcus faecalis is
mediated by a transport system which requires both ATP and the proton motive
force (Bakker and Harold, J. Biol. Chem. 255:433-440, 1980). My results indicate
that S. faecalis has a second transport system for K*. The features of this system
are as follows: (i) the system is driven by ATP (or a derivative of ATP) and does
not require the proton motive force; (ii) the system is normally absent in the wild-
type strain but can be derepressed by lowering the intracellular concentration of
K*; (iii) the pH optimum of this system is about 8.5, and no detectable K™ is
accumulated at pH values below 6.5; and (iv) the rate of Rb* accumulation by this
system is very low. These properties are quite different from those of the transport
system described by Bakker and Harold. Therefore, I propose that S. faecalis has

two K* transport systems.

Since the potassium ion is an essential cation
for bacterial growth, the transport system of this
ion has been studied extensively (4, 5). In Esche-
richia coli, it is clear that the accumulation of
K" is mediated largely by two systems, desig-
nated Kdp and TrkA (2). The Kdp system is
driven by ATP, and the TrkA system requires
both ATP and the proton motive force (12). The
physiological functions of the K* transport sys-
tem are also interesting. In addition to maintain-
ing the intracellular level of K* required to
activate protein synthesis and metabolic en-
zymes, K* transport plays an essential role in
the regulation of cytoplasmic pH and osmolarity
in bacteria (2, 4). In this line of inquiry, interest-
ing findings have also been made with Strepto-
coccus faecalis (4, 5, 9), but the K* transport
systems of S. faecalis are not as well defined as
those of E. coli.

Recently, Bakker and Harold (1) reported that
in S. faecalis K* accumulation is mediated by a
transport system which, like the TrkA system of
E. coli, requires both ATP and the proton mo-
tive force. Unemoto and I reported previously
that mutants of S. faecalis defective in the
regulation of cytoplasmic pH were unable to
generate the proton motive force (9). Therefore,
I expected that such mutants would require
media containing high K* concentrations for
growth. Surprisingly, such mutants could grow
in medium containing less than 10 mM K™*
(unpublished data). This finding suggested that
S. faecalis must be able to accumulate K* in the
absence of the proton - motive force. In this
paper, I describe a second S. faecalis K™ trans-
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port system that does not require the proton
motive force and resembles the Kdp system of
E. coli.

MATERIALS AND METHODS

Organisms and growth conditions. S. faecalis ATCC
9790 was generously supplied by F. M. Harold. Mu-
tant AS25 was derived from S. faecalis as described
previously (9). Bacteria were grown at 37°C on the
following complex media. Medium 2KTY contained
(per liter) 20 g of K;HPO,, 10 g of tryptone, S g of
yeast extract, and 10 g of glucose; the final K*
concentration was approximately 0.2 M. Medium
NaTY was the same as medium 2KTY, except that 8.5
g of Na,HPO, was used instead of K,HPO,; medium
NaTY contained 5 to 10 mM K*. To prepare arginine-
adapted cells, bacteria were grown on medium con-
taining 1.0 g of galactose per liter and 10 g of arginine
per liter instead of glucose. All media were adjusted to
pH 7.5 to 8.0.

Chemicals. Monactin and tetrachlorosalicylanilide
(TCS) were gifts from F. M. Harold. Tryptone and
yeast extract were purchased from Difco Labora-
tories. Carbonyl cyanide m-chlorophenyl hydrazone
was purchased from Sigma Chemical Co. Erythromy-
cin was a gift from S. Hirose. Chloramphenicol was
purchased from Boehringer Mannheim GmbH. Other
reagents were of analytical grade.

Measurement of K* movements. (i) Filtration meth-
od. Cells grown overnight were washed twice with 2
mM MgSO, and suspended in 20 ml of buffer; usually
the buffer was 50 mM Na*-HEPES [4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid}-2 mM MgSO,
(pH 8.2). Potassium chloride was added to a final
concentration of 2 mM. During incubation at 25°C, 1-
ml samples of the reaction mixture were filtered
through polycarbonate membrane filters (Nuclepore
Corp.); each filter was immersed in 3 ml of 5%
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FIG. 1. Accumulation of K* by wild-type strain
9790 and strain AS25. Washed cells grown on medium
NaTY were suspended in buffer (50 mM Na*-
HEPES-2 mM MgSO,, pH 8.2), and the movement of
K* was measured by the filtration method, as de-
scribed in the text. Glucose (10 mM) was added at 10
min. TCS (10 uM) was added at zero time, and DCCD
(0.1 mM) was added at —15 min. (A) Strain AS25 (0.18
mg of cell protein per ml). (B) Strain 9790 (0.23 mg of
cell protein per ml). Symbols: O, glucose only; @,
glucose plus TCS; A, glucose plus DCCD.

trichloroacetic acid and boiled for 5 min. The K*
content of the extract was measured with an atomic
absorption spectrophotometer (model 403; Hitach Per-
kin-Elmer) after centrifugation at 3,000 X g for 5 min.

(ii) Electrode method. Cells prepared as described
above were suspended in 2 ml of buffer (usually 50 mM
Na*-HEPES-2 mM MgSO,, pH 8.2), and potassium
chloride was added to a final concentration of 2 mM.
After glucose was added to a final concentration of 10
mM, the decrease in the K* content of the extracellu-
lar fluid was monitored at 25°C with a K* electrode
(Radiometer A/S; model F2312K). A double-junction
electrode (Radiometer A/S; model K701) filled with
saturated KCl and 4 M lithium trichloroacetate solu-
tions was used as a reference electrode. Both elec-
trodes were attached to a pH meter (Radiometer A/S;
model PHM64), which was connected to a recorder
(Hitach 056). The amount of K* accumulated by the
cells was calculated from the decrease in the extracel-
lular K* concentration. Some experiments were con-
ducted on a pH stat, using Tris as a titrant to maintain
a constant pH. Rb* uptake was measured by the same
procedure, except that 2 mM RbCl was used in place
of KCl.

Preparation of K*-depleted cells. The procedure of
Harold and Baarda (6) was used. Cells were suspended
in buffer (50 mM sodium maleate-2 mM MgSO,, pH
8.0) at a concentration of approximately 2 mg of cell
protein per ml, and monactin was added to a final
concentration of 2 pg/ml. After the mixture was incu-
bated at 25°C for 20 min, the cells were collected on a
membrane filter (type HAWP; Millipore Corp.) and
washed repeatedly with the same buffer.

Derepression of the Kdp system in the wild-type
strain. Cells grown on medium NaTY were harvested
during the logarithmic phase of growth and washed
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twice with 2 mM MgSO,. The washed cells were
suspended at a density of approximately 0.1 mg of cell
protein per ml in medium containing (per liter) 0.85 g
of Na,HPO,, 15 g of tryptone, 7.5 g of yeast extract,
and 10 g of glucose. After monactin was added to a
final concentration of 2 pg/ml, the cells were incubated
at 37°C for 90 min on a pH stat, using NaOH as a
titrant to maintain the pH at 8.0. During this treatment,
both cell protein and absorbance at 650 nm increased
approximately twofold. The cells were then collected
by filtration through a Millipore filter (type HAWP)
and washed repeatedly with buffer (50 mM sodium
maleate-2 mM MgSO,, pH 8.0).

Preparation of DCCD-treated cells. N,N'-Dicyclo-
hexylcarbodiimide (DCCD) was added to a cell sus-
pension to a final concentration of 0.1 mM. After the
mixture was incubated at 25°C for 20 min, the cells
were washed twice with 2 mM MgSO,.Protein was
determined by the method of Lowry et al. (10).

RESULTS

K* accumulation in a mutant defective in gen-
eration of the proton motive force. This study
began with the observation that mutants defec-
tive in the generation of the proton motive force
can still take up K*. Cells of strain AS25 (one
mutant belonging to this class) were grown over-
night on medium NaTY and washed twice with 2
mM MgSO,. The resulting washed cells con-
tained 1.0 to 1.5 pmol of K* per mg of cell
protein. Figure 1A shows that when glucose was
added, K* was accumulated by strain AS25. As
mentioned above, this strain cannot generate the
proton motive force (9). As reported by Bakker
and Harold (1), K* accumulation in the wild-
type strain was strongly inhibited by the proton
conductor TCS (Fig. 1B). By contrast, K* accu-
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FIG. 2. Effect of pH on K* accumulation by wild-
type strain 9790 and strain AS25. Washed cells grown
on medium NaTY were suspended in buffer (50 mM
Na*-HEPES-2 mM MgSO,, pH 8.2). After the pH of
the assay mixture was adjusted with HCl or NaOH,
K* uptake was assayed by the electrode method on a
pH stat, as described in the text. Symbols: O, strain
9790 (0.22 mg of cell protein per ml); @, strain AS25
(0.24 mg of cell protein per ml).
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FIG. 3. Effect of NaCl on K* accumulation by
strain AS25. Washed cells grown on medium NaTY
were suspended in 2 mM MgSO, (0.21 mg of cell
protein per ml). After NaCl was added, K* uptake was
assayed at pH 8.2 by the electrode method on a pH
stat, as described in the text. Before NaCl was added,
the reaction mixture contained approximately 0.3 mM
contaminating Na*.

mulation by strain AS25 was not inhibited by
TCS or by DCCD, an inhibitor of the H*-
translocating adenosine triphosphatase (H™-
ATPase) (Fig. 1A). The effect of carbonyl cya-
nide m-chlorophenyl hydrazone on K%
accumulation was the same as that of TCS. In §.
faecalis, the proton motive force is generated
only by H*-ATPase (7). Therefore, these results
indicated that strain AS25 was able to accumu-
late K* in the absence of the proton motive
force, whereas K* accumulation by the wild-
type strain was completely dependent on this
force.

To investigate the energy source for K* accu-
mulation in strain AS25, the efficacy of arginine
was compared with the efficacy of glucose. After
arginine was added, K* was accumulated at a
rate of 73.1 nmol/min per mg of cell protein. For
comparison, the rate of K* accumulation when
glucose was added was 84.8 nmol/min per mg of
cell protein. In S. faecalis, ATP is only the
product common to the metabolism of glucose
and the metabolism of arginine. Therefore, I
concluded that K* accumulation by strain AS25
was driven by ATP or one of its derivatives.

Properties of the K* transport system in strain
AS2S, In strain AS25 the rate of K* accumula-
tion was maximal when the pH of the assay
mixture was about 8.5; no detectable accumula-
tion was observed at pH values below 6.5 (Fig.
2). The rates at pH values above 9 were not
measured. By contrast, the maximum rate in the
wild-type strain was at a pH of about 7.0 (Fig. 2).

In the wild-type strain of S. faecalis, Na* had
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essentially no effect on K* accumulation, as
reported by Bakker and Harold (1). By contrast,
K™ accumulation by strain AS25 was stimulated
markedly by Na* (Fig. 3). Stimulation of K*
transport by Na® has also been reported in
Streptococcus lactis (8) and E. coli (14).

In strain AS25, the rate of Rb* accumulation
was about one-tenth the rate of K* accumula-
tion, whereas in the wild-type strain it was near
80% of the rate of K* accumulation (Fig. 4). In
E. coli, Rb* was accumulated by the TrkA
system but not by the Kdp system (11, 13).

In strain AS25, the curve for K* accumulation
was sigmoidal (Fig. 4). Therefore, I calculated a
K,, value from the rates at 3 min after glucose
was added, because the rate was almost linear at
around 3 min and the intracellular concentration
of K* was still low at that time. The K,, of the
K™ transport system of strain AS25 obtained
from this calculation was 0.4 to 0.6 mM at pH
8.2. This value is very close to the values
reported by Bakker and Harold (1) for the wild-
type strain (0.20 mM at pH 7.3 and 0.12 mM at
pH 8.0).

Next, I observed K accumulation in cells
grown on medium containing a high concentra-
tion of K*. Whereas cells grown on medium
NaTY (containing less than 10 mM K*) were
able to accumulate K*, the rate of K* accumu-
lation by cells grown on medium 2KTY (contain-
ing approximately 0.2 M K*) was almost zero
(Fig. 5). The same result was obtained with cells
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FIG. 4. Accumulation of K* and Rb™* by wild-type
strain 9790 and strain AS25. Cells were grown on
medium NaTY, and intracellular K* was depleted as
described in the text. Depleted cells were suspended in
buffer (50 mM Na*-HEPES-2 mM MgSO,, pH 8.2) at
a concentration of 0.21 mg of cell protein per ml, and
the uptake of K* and the uptake of Rb* were assayed
by the electrode method, as described in the text.
Symbols: O, K* uptake by strain 9790; A, Rb* uptake
by strain 9790; @, K* uptake by strain AS25; A, Rb*
uptake by strain AS2S.

o



VoL. 150, 1982

0.3 -

0.2

0.1

K* in cells (pmol/mg protein)

o

20
Time (min)

o 10 30

FIG. 5. Effect of growth on different media on K*
accumulation by strain AS25. After the depletion of
intracellular K*, cells were suspended in buffer (50
mM Na*-HEPES-2 mM MgSO,, pH 8.2), and the
movement of K* was measured by the filtration
method, as described in the text. Glucose (10 mM) was
added at 10 min. Symbols: @, cells grown on medium
NaTY (0.14 mg of cell protein per ml); O, cells grown
on medium 2KTY (0.20 mg of cell protein per ml).

harvested during the logarithmic phase of
growth. These results suggest that the expres-
sion of this transport system is repressed when
the intracellular level of K* is high.

Thus, the properties of the K* transport sys-
tem in strain AS25 were quite different from
those of the transport system in the wild-type
strain, indicating that accumulation of K* in
these two strains was mediated by different
systems. As mentioned above, the transport
system observed in strain AS25 was very similar
to the Kdp system of E. coli. By contrast, the
transport system observed in the wild-type
strain was similar to the TrkA system of E. coli
(1). By analogy with E. coli, I refer to these two
S. faecalis systems as Kdp and Trk.

Kdp system in the wild-type strain. It is possi-
ble that the Kdp system observed in strain AS25
appeared because of a mutation in the gene(s)
that specifies the K* transport system. Howev-
er, this is unlikely. It has been suggested that the
lesion in strain AS25 occurs in a gene for the
H*-ATPase and is a point mutation (9). In
revertants of strain AS25, the characteristics of
the K* transport system were essentially identi-
cal to those of the transport system in the wild-
type strain (data not shown), even though there
were many differences between K* transport in
strain AS25 and K* transport in the wild-type
strain. The most likely explanation is that the
Kdp system is not expressed in the wild-type
strain under normal growth conditions because
intracellular K* is maintained at a high concen-
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tration by the Trk system. In strain AS25, the
Trk system is not able to function because of the
absence of the proton motive force, and conse-
quently the Kdp system is expressed in strain
AS2S5 grown on medium NaTY.

I next tried to derepress the Kdp system in the
wild-type strain. Monactin is an ionophore that
exchanges Na* for H* or K* for H* and is
easily removed from cells by repeated washings.
Thus, to derepress the Kdp system, the intracel-
lular concentration of K* was lowered by add-
ing monactin to growing cells of the wild-type
strain; the cells were then washed repeatedly as
described above. As reported by Bakker and
Harold (1), K* accumulation in the wild-type
strain was strongly inhibited by DCCD (Fig.
6A). By contrast, cells treated with monactin in
the growth medium accumulated K* even when
generation of the proton motive force was inhib-
ited by DCCD (Fig. 6B). As mentioned above, in
S. faecalis the proton motive force is generated
solely by the H*-ATPase (7). The properties of
this DCCD-insensitive accumulation of K* in
the wild-type strain were as follows: (i) the
accumulation of K* was stimulated by Na*
(Fig. 7A); (ii) no detectable accumulation of Rb*
was observed (Fig. 7B); and (iii) the rate of K*
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FIG. 6. Derepression of the Kdp system in the
wild-type strain. Cells prepared as described below
were suspended in buffer (50 mM Na*-HEPES-2 mM
MgSO,, pH 8.2), and K* uptake was assayed by the
electrode method, as described in the text. For the
assay at pH 6.4, HCl was added to the cell suspension
to adjust the pH. DCCD-treated cells were prepared as
described in the text. (A) Normal cells. Cells were
grown on medium NaTY, and internal K* was deplet-
ed as described in the text. Symbols: O, control cells
(0.21 mg of cell protein per ml), pH 8.2; ®, DCCD-
treated cells (0.20 mg of cell protein per ml), pH 8.2.
(B) Derepressed cells prepared as described in the
text. Symbols: O, control cells (0.30 mg of cell protein
per ml), pH 8.2; ®, DCCD-treated cells (0.24 mg of
cell protein per mi), pH 8.2; A, DCCD-treated cells
(0.24 mg of cell protein per ml), pH 6.4.
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FIG. 7. Some properties of the Kdp system in the
wild-type strain. Derepressed cells were prepared and
treated with DCCD as described in the legend to Fig.
6. (A) Cells were suspended in 2 mM MgSO, at a
concentration of 0.16 mg of cell protein per ml, and K*
uptake was assayed at pH 8.2 as described in the
legend to Fig. 3. Symbols: O, no addition; OJ, 50 mM
NaCl added. (B) Cells were suspended in buffer (50
mM Na*-HEPES-2 mM MgSO,, pH 8.2) at a concen-
tration of 0.24 mg of cell protein per ml. The uptake of
K* (@) and the uptake of Rb* (A) were assayed by the
electrode method, as described in the text.

uptake was very low at pH 6.4 (Fig. 6B). These
properties were the same as those of K* accu-
mulation in strain AS2S. Therefore, I concluded
that this DCCD-insensitive accumulation of K*
was mediated by the Kdp system first observed
in strain AS2S.

When cells of the wild-type strain were treat-
ed with monactin in medium containing neither
tryptone nor yeast extract, the activity of the
Kdp system was very low (Fig. 8, line C).
Moreover, the activity of the Kdp system de-
creased when cells were exposed to monactin in
the presence of erythromycin (Fig. 8, line B). It
should be noted that even DCCD-treated cells
prepared from the wild-type strain grown nor-
mally did accumulate some K*, although the
rate was very low (Fig. 6). Judging from its pH
dependence, this accumulation of K* was medi-
ated by the Trk system (data not shown). There-
fore, in Fig. 8 the net accumulation of K*
mediated by the Kdp system can be expressed
by the following relationship: line A (or line B or
C) minus line D. Taking this correction into
account, the activity of the Kdp system in cells
treated with monactin in the presence of eryth-
romycin was reduced to approximately 30% of
its maximum value. Similar results were ob-
tained when chloramphenicol was used instead
of erythromycin (data not shown). These experi-
ments with inhibitors of protein synthesis were
conducted in rich medium, and this seems to be
the reason why the expression of the Kdp sys-
tem was not completely inhibited. In any case,
these data suggest that expression of the Kdp
system requires protein synthesis.
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DISCUSSION

Until now, it has not been clear whether S.
faecalis has multiple transport systems for K*,
although several types of mutants deficient in
K™ transport have been isolated (5). The princi-
pal reason for this is that genetic analysis of
chromosomal genes is not feasible in S. faecalis.
Detailed studies by Bakker and Harold (1) led to
the conclusion that K* accumulation by S.
faecalis requires both ATP and the proton mo-
tive force. In this paper I report that S. faecalis
has a second transport system for K*. The
essential features of this system are as follows:
(i) the system is driven by ATP (or a derivative
of ATP) and does not require the proton motive
force; and (ii) the system is normally repressed
but can be derepressed by lowering the intracel-
lular concentration of K*. Based on a compari-
son of the characteristics of these two systems in
8. faecalis with the systems of E. coli, I have
designated them the Trk and Kdp systems.

The Kdp system was derepressed when the
intracellular concentration of K* was lowered
by monactin treatment. Therefore, one would
expect the Kdp system to be expressed in cells
grown on medium containing a very low concen-
tration of K*. In S. faecalis, the Trk system
accumulates K* until the external K* concen-
tration falls below 10 uM, and this system can
establish a concentration gradient of K* as high
as 50,000 (1). Therefore, the Kdp system should
be found in cells grown on medium containing
less than 10 pM K™*. Experiments to study this
are in progress.

g
o

--

n
1
>
1

g
o
T
1

o
o
T
1

K* uptake (pmol/mg protein)

(-]

1
10 20 30

Time (min)

FIG. 8. Derepression of the Kdp system requires
protein synthesis. Cells were treated with monactin in
different media, as described in the text. Line A, no
addition; line B, 5 pg of erythromycin per ml was
added; line C, tryptone and yeast extract were omit-
ted, 2 mM MgSO, was added, and the cells were then
treated with DCCD and K* uptake was assayed as
described in the legend to Fig. 6; line D, data from Fig.
6A. The protein concentrations in the reaction mix-
tures were as follows: line A, 0.22 mg/ml; line B, 0.19
mg/ml; line C, 0.27 mg/ml; line D, 0.20 mg/ml.
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Recently, Epstein and Laimins (2) suggested
that in E. coli the mutations of all 7k mutants
affect the TrkA system; this would mean that E.
coli has only two transport systems for K*, the
TrkA and Kdp systems. My results show that S.
faecalis also has two transport systems for K*,
which closely resemble those of E. coli. It is
very interesting that E. coli and S. faecalis have
analogous transport systems for K* despite the
fact that these two bacteria are not closely
related. The existence of two transport systems
for K* has also been reported in Paracoccus
denitrificans (3).

Finally, the physiological roles of K* trans-
port systems should be mentioned. Recent stud-
ies in my laboratory have shown that the cyto-
plasmic pH in S. faecalis is regulated by both the
H™*-ATPase and the K* transport system (9). As
shown in Fig. 2, the activity of the Kdp system is
very low at pH values below 7. This make it
unlikely that the Kdp system regulates the cyto-
plasmic pH, because pH regulation must be
active in acidic media in order to raise the
cytoplasmic pH to 7.5. Although the evidence is
not sufficient, it does suggest that the Trk sys-
tem accumulates K* in order to regulate the
cytoplasmic pH, whereas the Kdp system main-
tains the intraceilular K* level when the Trk
system is not sufficient for the task. Thus, it is
possible that each system has its own function in
bacterial K* transport systems. This may be the
reason why bacteria have multiple transport
systems for K.
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