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Like all other living organisms, bacteria exclude Na1 and
accumulate K1 ions. Sodium extrusion is important not only
for generation of the inward-directed sodium gradient, which is
utilized as the driving force for a variety of secondary Na1linked systems (5, 18), but also for detoxification of internal
sodium. Potassium accumulation is also an important aspect of
cell physiology. Potassium, the major intracellular cation, plays
a role in charge neutralization of cellular anions. Some enzymes are activated by K1, but all bacteria require K1 for
protein synthesis. In bacteria such as Escherichia coli, turgor
pressure is maintained in part by regulating intracellular K1
(2). The movements of Na1 and K1 ions are mediated by a
variety of transport systems in bacteria (2).
In Enterococcus hirae, two Na1 extrusion systems, NapA
Na1/H1 antiporter (8, 22) and vacuolar Na1-translocating
ATPase (21), two K1 uptake systems, KtrI (3) and KtrII (10,
15), and one K1 extrusion system are present (12). Characterization of these systems at the molecular level has been initiated for Na1 transport but not for K1 transport. KtrI appears
to be similar to the Trk system of E. coli; K1 uptake by this
system requires both the electrochemical gradient of protons
across the cell membrane (proton potential) and a high-energy
phosphate compound, possibly ATP (3). KtrII was discovered
as proton potential-independent K1 transport activity (15).
KtrII is not constitutive; its activity as well as Na1-ATPase
activity is altered in response to medium Na1 concentration (9,
10). We postulate that K1 transport by the KtrII system is
linked in some manner with the Na1 gradient generated by
vacuolar Na1-ATPase, although the precise mechanism is unknown. The K1 extrusion system is proposed to be a primary
K1/H1 exchanger (12).
The proton potential of E. hirae, which lacks the respiratory
chain, is generated by proton expulsion via the FoF1, H1translocating ATPase. The size of proton potential is maximal
at acidic external pH but negligible at alkaline external pH; the
optimal pH of the H1-ATPase activity is around 6.5 (13). The
activities of the NapA antiporter and KtrI are indeed greater at
acidic external pHs (11, 15). On the other hand, KtrII and the
Na1-ATPase are likely to function to maintain homeostatis of

K1 and Na1 under the conditions where KtrI and NapA are
inoperative, such as at alkaline pH. Recently, we found that a
component of the KtrII K1 uptake system is encoded by the
ntpJ gene, a downstream cistron within the vacuolar Na1ATPase ntp operon (19). Thus, the ntp operon is interesting in
that it contains both Na1 and K1 transport genes. Expression
of the ntp operon is regulated at the transcriptional level by
sodium ions (20), indicating that sodium ions play an important role for physiology of E. hirae in the absence of the proton
potential. We show here the importance of the Na1-responsive
ntp operon for the growth and potassium accumulation of E.
hirae under such a condition.
Experiments with Enterococcus hirae ATCC 9790 and the
mutants derived from this strain were done. These mutants
were AS25, which is defective in H1-ATPase and proton extrusion (16), JEM2, in which the ntpJ gene is disrupted by
insertion of an erythromycin resistance gene (19), and Nak1, a
mutant defective in the Na1-ATPase (11). Nak1 is now known
to be a nonsense mutant of the ntpA gene encoding the 65-kDa
NtpA subunit of Na1-ATPase (14). Cells were grown at 37°C
in TrisM medium (7), which consists of (per liter) 10 mmol of
K2HPO4; 4.24 ml of acetic acid; 0.6 g of ammonium sulfate;
0.2 g of MgSO4 z 7H2O; 10 mg each of MnCl2 z 4H2O and
ferrous ammonium sulfate; 0.6 g of L-glutamic acid; 0.1 g of
L-lysine z HCl; 10 mg of L-asparagine z H2O; 5 mg of L-glutamine; 0.2 g each of all other L-amino acids; 30 mg each of
adenine, guanine, and uracil; 4 mg of nicotinamide; 1.6 mg
each of pantothenic acid, pyridoxamine, and p-aminobenzoic
acid; 0.8 mg each of thiamine z HCl and riboflavin; 0.02 mg of
biotin; 0.01 mg of folic acid; and 10 g of glucose. The pH was
adjusted to 7.5 with Tris. Erythromycin (10 mg/ml) was included in the media for JEM2. The growth of cells was monitored by measuring the optical density at 540 nm (OD540) with
a Milton-Roy spectrophotometer (SPECTRONIC 20D1). The
growth rates were determined between the optical densities of
0.1 and 0.2. There was no significant change in the medium pH
during this period.
The amounts of Na1 and K1 in cells were determined with
an atomic absorption spectrophotometer after cells growing in
the middle logarithmic phase were collected by filtration (0.45mm-pore-size filter; Millipore) and washed twice with 2 mM
MgSO4 as described previously. Internal water space of 2 ml
per mg of dry weight was determined previously (10).
Figure 1A shows that E. hirae ATCC 9790 did not grow in
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Enterococcus hirae ATCC 9790 grew well in Na1-deficient, low-K1 medium, but growth was inhibited by
carbonylcyanide m-chlorophenylhydrazone (CCCP). Growth inhibition and decrease of cellular K1 levels in
the presence of CCCP were relieved by the addition of Na1 and a high concentration of K1. In contrast, in the
mutant defective in Na1-ATPase or the NtpJ component of the KtrII K1 uptake system, CCCP-induced growth
inhibition was rescued by a high concentration of K1 but not of Na1. These transporters are thus indispensable for homeostatis of K1 and Na1 at low proton potential.
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the defined medium deficient in K1 and Na1; this medium
contained less than 0.1 mM Na1 and 0.02 mM K1. More than
10 mM K1 was required for the optimal growth rate of 0.9 to
1.0 h21, as described previously (1). This K1 requirement was
not influenced by the presence of sodium ions. Even in the
presence of 100 mM NaCl, cells did not grow unless the medium was supplemented with K1, and again, more than 10 mM
K1 was required for optimal cell growth. The intracellular K1
concentration of the cells grown in this medium supplemented
with 20 mM KCl was 450 mM, establishing a K1 gradient of
about 20-fold. The growth of ATCC 9790 in TrisM medium
(containing 10 mM K2HPO4) was inhibited by addition of
the protonophore carbonylcyanide m-chlorophenylhydrazone

(CCCP) (Fig. 1B). We postulate that this inhibition was caused
by defective K1 accumulation, since the proton potential-dependent KtrI transport system should be inoperative in the
presence of CCCP. Instead, growth in the presence of CCCP
was restored by the addition of 200 mM KCl, although the
growth rate was not entirely restored to the control level (Fig.
1B). Furthermore, in a complex medium, the addition of 200
mM KCl restored the CCCP-induced growth inhibition nearly
completely (6; also data not shown). It is noteworthy that the
cell growth in the presence of CCCP was somewhat rescued by
NaCl (Fig. 1B), suggesting a possible role of Na1 ions for cell
physiology of this bacterium where the proton potential was
dissipated.

FIG. 2. Growth of E. hirae AS25 in TrisM medium. (A) Effect of KCl or NaCl on growth. KCl (200 mM) or NaCl (200 mM) was added to the cell culture at an
OD540 of 0.05, and cell growth was monitored. Symbols: E, control; F, TrisM plus KCl; Œ, TrisM plus NaCl. (B) Effect of NaCl on growth rates (F) and the internal
levels of K1 (E) and Na1 (‚) of AS25. Cells were harvested at middle logarithmic phase and washed, and the levels of K1 and Na1 were determined with an atomic
absorption spectrophotometer.

Downloaded from http://jb.asm.org/ on January 22, 2021 by guest

FIG. 1. Growth of E. hirae ATCC 9790 in a defined medium. (A) Effect of KCl on growth rates in K1-deficient medium. The medium was prepared by replacing
K2HPO4 in TrisM medium with phosphoric acid. Symbols: F, without NaCl; E, with 100 mM NaCl. (B) Effect of CCCP on cell growth in TrisM medium. CCCP (50
mM), KCl (200 mM), or NaCl (200 mM) was added to the cell culture at an OD540 of 0.06 (indicated by the arrow), and cell growth was monitored by the OD540.
Symbols: E, control; ‚, TrisM plus CCCP; F, TrisM plus CCCP and KCl; Œ, TrisM plus CCCP and NaCl.
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Because multidrug extrusion systems are found in the related streptococcus Lactococcus lactis (17), the effect of the
ionophores on the growth of E. hirae must be interpreted with
caution. In a second experimental approach, we used mutants
defective in specific transport systems. Figure 2A shows the
growth of mutant AS25 in TrisM medium in the absence of
CCCP. In this mutant, which is defective in the H1-ATPase
and proton extrusion, the proton potential is not generated
(16). Strain AS25 did not grow well in unsupplemented TrisM
medium (Fig. 2A). However, growth was stimulated by the
addition of 200 mM NaCl as well as by the addition of KCl.
Growth of E. hirae in low-K1 medium when the proton potential is dissipated thus depends upon the presence of Na1 ions.
Figure 2B shows the effect of NaCl on the growth rates and the
internal K1 levels of AS25. Without the addition of NaCl, the
internal K1 concentration was about 60 mM, and the cells did
not grow well (Fig. 2A). Addition of 20 mM NaCl was sufficient
to increase the internal K1 concentration to its maximal level
of about 400 mM and to stimulate growth to optimal rates (Fig.
1B). The intracellular Na1 concentration was maintained at
less than 10 mM even when the external Na1 concentration
was 100 mM. These results suggest that Na1 becomes essential
for potassium accumulation and for the growth of this bacterium when the proton potential is dissipated.
The physiological significance of Na1 circulation in E. hirae
is not fully understood. The KtrII K1 transport system is speculated to be linked with Na1 in some manner; a component of
the KtrII system is encoded by the ntpJ gene of the Na1ATPase ntp operon ntpFIKECGABD(H)J (19). The KtrII system is a candidate for Na1-dependent K1 accumulation described above, since (i) the KtrII system is independent of the
proton potential and (ii) expression of the ntp operon is regulated by an increase in the internal Na1 concentration as the
signal (20). Figure 3 shows the growth of mutants JEM2 and
Nak1, which are defective in KtrII and the Na1-ATPase, respectively. In TrisM medium, these mutants grew well, and
growth was inhibited by the addition of CCCP, particularly in
the case of JEM2 (Fig. 3A). Growth in the presence of CCCP
was partially restored by the addition of a high concentration
of KCl but not by the addition of NaCl (Fig. 3A). In the case
of Nak1, the growth was even inhibited by NaCl (Fig. 3B). It is

likely that NtpJ protein is expressed in the Nak1 mutant because (i) Nak1 is a point mutant of the A subunit of the
Na1-ATPase and (ii) Western blotting with antiserum against
purified Na1-ATPase showed that the ntpD gene product is
expressed in Nak1 as well as in ATCC 9790 (14). These results
suggest that expression of the ntp operon coding for the KtrII
system and vacuolar Na1-ATPase is indispensable for Na1dependent K1 accumulation and cell growth at low proton
potential.
The mechanism of Na1-induced activation of the KtrII system is also unknown. When the cells were made freely permeable to sodium ions by the addition of ionophore, the external
Na1 concentration of less than 20 mM was sufficient for full
expression of the ntp operon (20). This suggests that sodium
ions are simply required as an inducer of expression of the ntpJ
gene. However, the growth of Nak1 in TrisM medium in the
presence of CCCP was not restored by low concentrations of
NaCl (data not shown). This finding suggests that in addition
to induction, a Na1-ATPase-generated sodium gradient is also
required for the activity of KtrII.
One of the characteristics of enterococci among streptococci
is that they are tolerant to high salinity and extremely alkaline
pHs (4). These features are closely related and embodied by
the expression of a unique ntp operon indispensable for homeostatis of Na1 and K1 ions at limited proton potential.
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