Biochimica et Biophysica Acta 904 (1987) 301-308 301
Elsevier

BBA 73761

Na* modulates the K * permeability and the membrane potential
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In the absence of Na* in the medium, the membrane potential of obligately alkalophilic Bacillus cells was
found to be decreased by the addition of K* to the medium, whereas K * addition in the presence of Na™ had
no effect. Rb* showed essentially the same effect as K*. The decreased membrane potential was quickly
restored by lowering the K* concentration in the medium or by adding Na™* or Li * to the medium. Thus, in
the absence of Na*, the membrane potential of alkalophilic Bacillus seems to be affected by the
concentration difference of K* between inside and outside of the cell, and Na* or Li* in the medium
suppresses the K* effect. An exchange between extracellular Rb* and intracellular K+ was observed in the
absence of Na*. However, the exchange was greatly suppressed by the addition of Na* or Li* to the
medium, indicating that Na* in the medium modulates the K* permeability of the alkalophilic Bacillus cell
membrane. The K *-induced decrease in the membrane potential of alkalophilic Bacillus in the absence of

Na™ is accounted for by the increased K *-permeability of the cell membrane.

Introduction

Many of neutrophilic bacteria utilize the elec-
trochemical potential gradient of protons across
the membrane, Afi,+, as the energy source for
their functions located on the membrane such as
ATP synthesis, active transport and flagellar rota-
tion [1-3]. The Afi,+ 1s composed of the mem-
brane potential and the pH gradient across the
membrane. Since the intracellular pH of these
bacteria is measured to be near neutral [4,5], the
membrane potential is the principal constituent of

Abbreviations. TPMP™, triphenylmethylphosphonium 10n,
TPP*, tetraphenylphosphonium 1on.
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the Afi,;+ in the cell at neutral pH. In the case of
aerobic bacteria such as Escherichia coli and
Bacillus subulis, H* is pumped out through the
respiratory chain, and this 1s the major source of
generation of the membrane potential. When res-
piration is blocked, the membrane potential is
supported by the reverse reaction of ATP synthase
[6,7]. Thus, the maintenance of the membrane
potential seems to be the primary demand on the
cell physiology of these bactena.

Obligately alkalophilic Bacillus species show
optimal growth at pH 10-11. Since the intracellu-
lar pH of these bacteria is lower than 9, the Afi-
is calculated to be quite small under the growth
condition [8,9]. To overcome such low Afi . con-
ditions, these bacteria have developed a novel
system for energy coupling to the electrochemuical
potential gradient of Na*, Afi,+. Actually, amino
acid transport systems and flagellar motors of
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these bacteria are driven by the Afy,. [10-12].
The presence of 25 mM Na* in the medium 1s
enough for the growth of these bacteria and the
intracellular Na™ concentration 1s estimated to be
about 30 mM under the condition [12,13] This
means that the membrane potential of the cell 1s
the principal constituent of the Afiy,-. Therefore,
as n the case of neutrophilic bacteria, the mainte-
nance of the membrane potential must be quite
important for the cell physiology of these al-
kalophilic bacteria.

It has been shown that the membrane potential
of the respiring neutrophilic bacteria around neu-
tral pH 1s not affected by the 1onic composition of
the medium [5.14]. In the previous paper [12]. we
reported that the membrane potential of the re-
spiring cells of alkalophilic Bacillus was not af-
fected by the presence or absence of Na® in the
medium. Since the respiratory chain of these
bacteria pumps out H™ and produces the mem-
brane potential [10]. that result was considered to
be quite reasonable. During experiments to clarify
the role of membrane potential of these al-
kalophilic Bacilius, however, we found that the
membrane potential in the presence of K™ was
affected by the presence or absence of Na™ in the
medium.

In this report, we describe the evidence that the
K* permeability of alkalophilic Bucillus mem-
brane 1s modulated by Na® in the medium and
that the Na*-dependence of the membrane poten-
tial of these bactena 1s attributed to the secondary
effect of this K™ permeability.

Materials and Methods

Bacterial strains and growth condition. Ob-
ligately alkalophilic Bacillus strains used were
202-1 [15], YN-1 [16] and Bacillus firmus RAB
[17} Cells were grown at 35°C with shaking n
AB-4 medium consisting of 10 g polypeptone. 1.5
g yeast extract, 10 g glucose, 1.5 g KH,PO,, 0.1 g
MgCl, and 10 g Na,CO; 1 a liter of water [18]

At a late-logarithmic phase of growth, cells
were harvested by centrifugation at 6000 X g for
5 min at room temperature, and washed twice
with TG medium consisting of 25 mM Trns-HC1
buffer (pH 95) and 5 mM glucose. In some ex-
periments, KG medium consisting of 80 mM

K,CO; buffer (pH 10) and 5 mM glucose was
used instead of TG medium. Glucose was used as
the energy source in all the experiments, since its
transport 1s independent of the presence or ab-
sence of Na™ in the medium [19.20]. When neces-
sary, various concentrations of NaCl or KCI were
added to the medium.

Measurement of the membrane potential The
membrane potential was quantitated by the use of
a membrane permeable radioactive cation, [*H]tri-
phenylmethylphosphonium ion ([*H]JTPMP*) as
described previously [12,21.22]. Briefly, the cells
((1-2) - 10% cells per ml) were incubated with 10
pM of [*HJTPMP™* (02 mCi/mmol, New En-
gland Nuclear, Boston, MA), and aerated with
shaking at 35°C. A sample (50 pl) was filtered
through a membrane filter (cellulose acetate, SM
111, Sartorius-Membrane Filter GmbH, G&ttin-
gen, F.R.G.). After washing the filter with 5 ml of
01 M LiCl, the radioactivity trapped on the filter
was measured by a scintillation spectrophotome-
ter As a control for zero membrane potential, the
cells treated with 10 pM gramucidin D were used
[*H]TPMP" was a generous gift of Dr R.M
Macnab of Yale University. Except otherwise
noted, [*H]TPMP* was added to the cells at the
beginning of the experiment.

To follow the detailled time course of the
changes 1n the membrane potential of the cells,
tetraphenylphosphonium 1on  (TPP™)-selective
electrode [23] was used. In this case, the cell
concentration was (5-10)-10% cells per ml, and
the cells at 35° C were aerated by bubbling the air
through a thin needle. TPP* was added to 10 pM.
The electrode potential was linear from 1 to 100
uM of TPP™, and the slope was 59 mV per decade
concentration at 35° C. To estimate the zero mem-
brane potential, the cells were treated with 4 mM
of a detergent, N-gluco-N-methylcaprylamide [18]

Measurement of ntracellular K+ and Rb* con-
centration Intracellular K* and Rb* concentra-
tions were measured by the atomic absorption
method as described previously {12] Briefly. a
sample (about 1 10% cells) was filtered through a
membrane fiiter, and the cells trapped on the filter
were treated with concentrated nitric acid. The
K* or Rb* content 1in the sample was measured
by a Hitach1 atomic absorption spectrometer
model 180-50



Measurement of ATP content. ATP content of
the cells was measured by using firefly lantern
extract as described previously [12].

Measurement of O, consumption. The rate of O,
consumption by the cells was measured by using
an O,-electrode (Rank Brothers, Co., U.K.). The
cells n TG medium (pH 9.5) supplemented with
or without 100 mM NaCl was put 1n the appara-
tus, and the rate of O, consumption was measured
at 30°C. Zero O, point was estimated by the
addition of a small crystal of sodium hydrosulfite
to the cell suspension.

Results

Effect of Na* and K * on the membrane potential
of the cells

It has been shown that the membrane potential
of alkalophilic Bacillus was not affected by the
presence or absence of Na* in the medum [12].
We found, however, that this was the case only
when the K* concentration in the medium was
low.

As shown in Fig. 1A, the membrane potential
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Fig 1. Effect of KCl and NaCl on the membrane potential of
alkalophilic Bacillus (A) 202-1 cells in TG medium (pH 9.5)
contamning [>H]TPMP™ were incubated at 35° C with aeration
At the first arrow, 200 mM KCl was added (O), and at the
second arrow, 20 mM NaCl was added (®) The membrane
potential of the cells was measured as described in the Materi-
als and Methods. (B) RAB cells in TG medium (pH 9 5) were
incubated with 10 uM TPP*, and the changes in the TPP*-
electrode potential were measured at 35°C KCl and NaCl
added were 200 mM and 20 mM, respectively Dotted line
shows the change observed in the cells premncubated with 20
mM NaCl

303

of 202-1 cells 1n the absence of NaCl, namely in
TG medium (25 mM Tris-HCI buffer (pH 9.5)
supplemented with 5 mM glucose), was about
~170 mV. When KCl was added to the medium
to a final concentration of 200 mM, the membrane
potential of the cells was gradually decreased and
reached about — 60 mV after 30 min. The addition
of 20 mM Na(l resulted in a quick and almost
complete restoration of the membrane potential of
the cells. Simular results were obtained at pH 7.5
(Table I) and by the cells of RAB and YN-1 (data
not shown). Thus, only in the absence of Na* in
the medium, the membrane potential of al-
kalophilic Bacillus was decreased by K* 1n the
medium.

The time course of the change in the membrane
potential of the cells was analyzed in detail by
using the TPP*-electrode method. As shown 1n
Fig. 1B, the addition of 200 mM KCI to RAB cells
m TG medium (pH 9.5) caused a gradual decrease
in the electrode potential, corresponding to a
gradual decrease in the membrane potential of the
cells. The decreased membrane potential was
quickly restored by the addition of 20 mM NaClL
Consistent with this, the addition of 200 mM KCl
in the presence of 20 mM NaCl caused only a
slight decrease in the membrane potential. A 20
mV drop 1n the electrode potential observed just
after the addition of 200 mM KCI was considered
to be an artifact caused by the large increase in
the salt concentration of the medium, since the
drop was observed even in the presence of 20 mM
NaClL

TABLE 1

EFFECT OF MEDIUM pH ON THE DECREASE OR THE
RESTORATION OF THE MEMBRANE POTENTIAL OF
202-1 CELLS

Cells in KG medium containing 25 mM Tris (pH 9.5 or 75)
were incubated at 35°C for 10 mun To an aliquot, 50 mM
NaCl was added The membrane potential of the cells was
measured after incubation for S mun

Medum pH Addition Membrane
potential (mV)
95 none —80
NaCl -175
75 none —60
NaCl —121
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It 1s noteworthy that the addition of NaCl for
the restoration of the decreased membrane poten-
tial actually induced a transient but further de-
crease 1n the membrane potential prior to the
restoration (Fig. 1B). This transient decrease was
not caused by the addition of 20 mM KCl instead
of NaC(l (data not shown), indicating that the
increase in the salt concentration was not the
cause of this transient decrease.

Conditions to decrease the membrane potential

To 1nvestigate the 1on specificity for the de-
crease 1n the membrane potential in the absence
of Na™, RAB cells in TG medium (pH 9.5) were
treated with 200 mM of various salts In addition
to KC1, RbC1 was found to cause a simular de-
crease 1n the membrane potential of the cells,
whereas LiCl, as well as NaCl, did not (Fig. 2)

The membrane potential of the cells was gradu-
ally decreased with increasing concentrations of
KCl 1n the medium (Fig. 2). indicating that the
concentration of K* mn the medium 1s an im-
portant factor for the decrease in the membrane
potential.

Conditions to restore the membrane potential

The decreased membrane potential of K™-
treated 202-1 cells was restored by the addition of
Na® or Li*. With increasing concentrations of
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Fig 2. Relationship between the membrane potential of RAB

cells and various concentrations of salts in the medium The

cells in TG medwum (pH 95) containing [*H]TPMP™* were

incubated with various salts for 20 mun at 35°C KC1 (@),
RbCl (a), NaCl (O), LiCl (a)

NaCl or LiCl, the final value of the membrane
potential was incerased, and about 5 mM of either
NaCl or LiCl was enough to restore the membrane
potential almost completely (Fig. 3). Compared to
Na™, Li* showed a similar but slightly weaker
effect on the restoration. The decreased membrane
potential caused by the addition of Rb™ was also
restored by Na™ or Li* (data not shown).

The decreased membrane potential of the K*-
treated cells was also restored quickly by decreas-
ing K concentrations in the medium. Fig 4 shows
that with decreasing the final KC1 concentrations,
the membrane potential of RAB cells was gradu-
ally increased and reached about —160 mV at 4
mM KCl. This indicates that the membrane
potential 1s almost completely restored by the
dilution of KCl concentration from 200 mM to 4
mM. Essentially the same results were obtained 1n
202-1 and YN-1. Thus, these results strongly sup-
port the idea that the K* concentration in the
medium 1s the only effective factor for altering the
membrane potential of the alkalophilic Bacillus 1n
the absence of Na*.

Effect of Na* on the K™ permeability of cell
membrane
The K*-induced decrease in the membrane
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Fig 3 Restoration of the membrane potenual of the K *-treated

202-1 cells wath various concentrations of NaCl or LiCl The

cells were preincubated for 20 mun at 35°C in KG medium

(pH 9 5), and then, various concentrations of NaCl (@) or LiCl

(a) were added. The membrane potential of the cells was
measured after incubation for 5 min



—~ =200 i
>
=
—-150
g
3
3 =100
a
o
c
O -50 - 4
0
€
I
3 o Ll I EET| !
4 10 50 100 200

Final KCl Conc. (mM)

Fig 4 Restoration of the membrane potential of the K *-treated
RAB cells by the dilution of KCI concentration The cells
(about 4 10° cells per ml) n TG medium (pH 95) were
preincubated with 200 mM KCI for 20 min. The cells were
then diluted 50-fold in TG medium (pH 95) containing
[*HITPMP* and various concentrations of KCl The mem-
brane potential of the cells was measured after incubation for
10 min

potential in the absence of Na® might be ex-
plained 1f the K* permeability of the cell mem-
brane would be considerably high in the absence
of Na™. To test this possibility, the K™ permeabil-
ity of the cells in the presence or absence of Na™
in the medium was measured as the rate of ex-
change between intracellular K* and extracellular
Rb™.

Fig. 5 shows that the addition of 25 mM RbC(l
to RAB cells in the absence of Na* caused a quick
and large decrease in the intracellular K* con-
centration, The decrease in the intracellular K*
was found to be accompanied with a compensa-
tory increase 1n the intracellular Rb™ concentra-
tion. In contrast, in the presence of 200 mM NaCl
in the medium, the addition of 25 mM RbCl
caused only a small and slow decrease 1n the
intracellular K* and also a small increase in the
intraceltular Rb™. Similar results were obtained in
202-1 and YN-1. These results clearly indicate
that 1n the absence of Na* in the medium, a
K*-Rb* exchange system appears in the al-
kalophilic Bacillus membrane. Since K* ex-
changed almost equivalently with Rb*, the ex-
change seems to be electroneutral.

With increasing Na™ concentrations in the
medium, the rate of K*-Rb* exchange was grad-
ually decreased (Fig. 6). Thus the K*-Rb™* ex-
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Fig 5 Exchange between intracellular K* and extracellular

Rb™* mn RAB cells. The cells in TG medium (pH 9 5) with or

without 200 mM NaCl were incubated at 35°C, and 25 mM

RbCl was added at the ume zero K* (@) and Rb* (a)

contents 1n the cells were measured by the atomic absorption
method (A) no NaCl, (B) 200 mM Na(Cl

change, namely the K% permeability of al-
kalophilic Bacillus membrane, is affected by the
Na™* concentration in the medium. These results
strongly support the idea that the high K*-per-
meability in the absence of Na™ 1s responsible for
the K*-induced decrease in the membrane poten-
tial of the cells.
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Fig 6 Effect of vanous concentrations of NaCl on the

K*-Rb™ exchange in RAB cells. After preincubating the cells

in TG medium (pH 9.5) with the indicated concentrations of
NaCl, 25 mM RbCl was added at the time zero
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Relationship between the K * permeability and the
membrane potential

From the results shown in the previous sec-
tions, 1t is evident that the concentration of Na*
required for the restoration of the membrane
potential was considerably lower than that re-
quired for the suppression of K *-permeability. To
investigate the quantitative relationship between
the rate of the K™ permeation and the size of the
membrane potential of RAB cells, a well-known
K* ionophore, valinomycin, was used to make the
cell membrane quantitatively permeable to K*. At
first, the cells were incubated with 200 mM NaCl
to minimize the K* permeability, and then, var-
ous concentrations of vahinomycin were added to
induce the different rates of K* permeation into
the cells. As shown 1n Fig. 7, the valinomycin-in-
duced K™ permeation, which was measured as the
K*-Rb" exchange rate, was detected clearly at
valinomycin concentrations mgher than 2 nM,
whereas the K*-induced decrease in the mem-
brane potential was detected at valinomycin con-
centrations higher than 20 nM. Thus, compared to
the K* permeability, a concentration greater of
about 10-fold valinomycin was required to alter
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Fig 7 Relationship between valinomycan concentration and
the K"-Rb™ exchange or the membrane potential in RAB
cells. The cells n TG medium (pH 9 5) containing 200 mM
NaCl were incubated at 35° C with various concentrations of
valinomycin for 5 min For the measurement of the K" -Rb™
exchange, the intracellular K* was measured 3 mun after the
addition of 25 mM RbCl The membrane potential was mea-
sured after incubating the cells with [*’HJTPMP* and 200 mM
KCl for 10 mun Intracellular K* content (®), the membrane
potential (O)

Membrane Potential (mV) (0—0)

the membrane potential. This indicates that the
alkalophilic Bacillus cells have the ability to main-
tain the high membrane potential even when there
is a considerable leakage of K™ through the mem-
brane.

Based on these results, we can conclude that
the K *-induced decrease in the membrane poten-
tial of the cells in the absence of Na* 1s caused by
the considerable increase in the K™ permeabulity
of the cell membrane induced by the absence of
Na*,

ATP content and O, consumption rate in the ab-
sence of Na*

The ATP content of alkalophilic Bacillus was
not affected by the presence or absence of Na™ in
the medium [12,19]. However, the addition of KCl
to the cells in the absence of Na™ was found to
cause a gradual decrease in the ATP content. By
the incubation for 30 min with 200 mM KCI, the
ATP content of RAB cells was decreased from 3.5
mM to 0.2 mM. Time course of the decrease in the
ATP level looked parallel with that of the decrease
m the membrane potential shown n Fig. 1. The
addition of Na® to the medium caused a quick
restoration of ATP level coupled with a quick
restoration of the membrane potential. Thus, the
decrease in the membrane potential seems to cause
the decrease in the ATP content of the cell.

The rate of respiration of RAB cells in TG
medium (pH 9.5), which was measured as the rate
of O, consumption using an oxygen electrode, was
not affected by the presence or absence of Na* in
the medium or by the addition of 200 mM KCl in
the absence of Na™ These results are consitent
with those reported by Kitada et al. [19], although
our experimental condition 1s shghtly different
from theirs. Hence, the decrease in the membrane
potential and the ATP content 1n the K*-treated
cells in the absence of Na* was not attributed to
the decrease in the activity of the energy produc-
ing system, namely the respiratory chain.

Discussion

The cell membrane of obhgately alkalophilic
Bacilius was found to have a unique property for
K™* permeabulity; the K™ permeability 1s high 1n
the absence of Na™ in the medium but 1s sharply



decreased with increasing concentrations of Na™
m the medium. In the absence of Na™, as an
expected consequence of the high K*-permeabil-
ity, the membrane potential of the cells decreased
with increasing K* concentrations in the medium,
just as in the presence of a small amount of a K*
1onophore, valinomycin. The decreased membrane
potential was restored by lowering the K* con-
centration in the medium or by adding Na™ to the
medium. Thus, as a secondary effect of the Na*-
dependent modulation of K*-permeability of the
cell membrane, the membrane potential of al-
kalophihic Bacillus is affected by Na*t and K™,
L1" was almost equivalent to Na™, and Rb™ was
almost equivalent to K*. Three strains 1solated by
different laboratories showed essentially the same
properties, suggesting that this peculiar property
of the cell membrane is widely distributed in
obligately alkalophilic Bacillus species.

The addition of 5 mM Na™ was enough for the
complete restoration of the decreased membrane
potential, although a sigmificant rate of K* per-
meation was detected at 10 mM Na™. Thus, the
cells seem to have the ability to maintain the
membrane potential even when there 1s some
leakage of K*. By the use of valinomycin, we
showed that this was the case. Namely, in the
presence of Na™, the valinomycin concentration
required for the induction of K *-leakage was about
10-times lower than that required for the K*-in-
duced decrease in the membrane potential of the
cells. In the case of alkalophilic Bacillus, the re-
spiratory chain pumps out H' and this 1s consid-
ered to be the main source for the generation of
the membrane potential of the cells [10]. Then, the
H*-pumping activity of alkalophilic Baci/lus seems
to have enough power to overcome the K* per-
meability detected at 10 mM Na™,

Although the K permeability was high in the
absence of Na™, the addition of K™ to the medium
caused not an intantaneous but a gradual decrease
in the membrane potential of the cell. This may
indicate that the observed K* permeability is not
sufficiently high to cause the instantaneous effect
of the K* addition. Furthermore, the mtracellular
ATP content was found to be decreased with a
time course similar to the decrease in the mem-
brane potential. Therefore, the gradual decrease 1n
the membrane potential may also have some rela-
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tion to the ATP-coupled maintenance system of
the membrane potential such as the reverse reac-
tion of ATP synthase.

In the absence of Na* in the medium, it has
been shown that the intracellular pH of these
bacteria 1s increased to the medium pH, since the
pH homeostasis 1s maintained by the Na*/H”
antiporter [9,10,24]. Therefore, the high intracellu-
lar pH 1n the absence of Na™ might be the cause
for the increased K* permeability. However, we
showed that the Na*-modulated K* permeability
was also observed at pH 7.5. Also, at 10 mM Na™*,
the cells showed sigmificant leakage of K*, but the
pH homeostasis was well maintained [9]. These
results clearly excluded the possibility of the in-
volvement of the high intracellular pH in the high
K *-permeability.

As shown in Fig. 1B, the addition of Na™ to the
K *-treated cells caused a further but transient
decrease in the membrane potential. Since the
addition of Na™ would cause a quick decreaes in
the intracellular pH by the function of Na*/H™
antiporter, the antiporter might be considered to
have some role in the phenomenon. However, this
possibility 1s unlikely, because the Na*™-H™ ex-
change of the antiporter 1s electrogenic, with H*
> Na* [24,25]. Rather, the influx of Na™* itself
may cause the phenomenon. In that case, 1t 1s
likely that the mtracellular Na™ plays a modula-
tory role for the K* permeability.

Kashket [14] reported that the membrane
potential of respiring E coli cells was significantly
affected by K* or Na* in the medium, when the
pH of the medium was higher than 8.1 In this
case, however, the addition of both K* and Na™
caused an increase in the membrane potential, and
also the effects of K* or Na™ were attributed to
the K*/H™- and Na*/H" anuporters. Thus, the
phenomenon observed 1n E. coli at alkaline pH 1s
completely different from that reported here.

So far, we have no evidence to explain the
mechanism on the Na*-dependent modulation of
K™* permeability in the alkalophillic Bacillus. It
may be worthwhile to search for Na*-regulated
K*-channel proteins in the membrane. Whatever
the mechanmism would be, 1t is necessary to pay
attention on the cation composition of the medium
for the energetic analysis of alkalophilic Bacillus.
When the role of Na* in the Na*-coupled system
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1s 1nvestigated, 1t is especially important whether
or not the observed phenomenon is related to the
alteration of the K* permeability or the mem-
brane potential of the cell.

Acknowledgments

We thank Professors T.A. Krulwich, K. Hon-
koshi and Y. Nosoh for providing bacterial strains.
We also thank Professor F. Oosawa, Dr. H.
Miyamoto and Mr. S. Sugiyama for helpful dis-
cussions

References

1 Skulachev, VP and Hinkle, PC (eds.) (1981) Chem-
1osmotic Proton Circuits m Biological Membranes, Ad-
dison-Wesley Publishing Company, Inc, Reading, MA

2 Manson, M D, Tedesco, PM., Berg, HC. Harold. FM
and Van der Dnft, C (1977) Proc Natl Acad Sca USA
74, 3060-3064

3 Matsuura, S, Shio1, J. and Imae, Y (1977) FEBS Lett 82,
187-190

4 Slonczewski, J L., Rosen, BP, Alger, JR. and Macnab,

R M. (1981) Proc Natl Acad. Sa1 USA 78, 6271-6275

Kashket, ER (1985) Annu Rev Microbiol 39, 219-242

Berger, EA (1973) Proc Natl Acad Sci. USA 70,

1514-1518

Futai, M and Kanazawa, H (1983) Microbiol Rev. 47,

285-312

Guffanti, A.A, Susman, P. Blanco, R and Krulwich, T A

(1978) J Biol Chem 235, 708-715

[= 23R

-~

o0

O

10
11

12

13

14
15

16

17

18

19

20

21

22

23

24
25

Sugiyama, S, Matsukura. H and Imae, Y (1985) FEBS
Lett 182, 265-268

Krulwich, TA (1986) J Membrane Biol 89, 113-125
Hirota, N., Kitada, M and Imae, Y (1981) FEBS Lett 132,
278-280

Hirota, N and Imae. Y (1983) J Biol
10577-10581

Krulwich, T.A., Guffanti, A.A, Bornstein, R F and Hoff-
sten, J (1982) J Biol Chem. 257, 1885-1889

Kashket, E R (1985) J Bactenol. 163, 423-429
Nakamura, N, Watanabe, K and Honkoshi, K (1975)
Biochim Biophys Acta 397, 188-193

Ohta, K , Kiyoyama, A , Koyama, N and Nosoh, Y (1975)
J Gen Microbiol 86, 259-266

Guffanti, A A, Blanco, R, Benenson, R A and Krulwich,
TA (1980), ] Gen Microbiol 119, 79-86

Imae. Y, Matsukura, H and Kobayasi, S (1986) Methods
Enzymol 125, 582-592

Kitada, M, Guffanti, AA and Krulwich, TA (1982) J
Bacteriol 152, 1096-1104

Koyama, N, Kiyoyama, A and Nosoh, Y (1976) FEBS
Lett 172, 77-78

Shioy, J, Matsuura, S and Imae, Y (1980) J Bacteriol 144,
891-897

Sugiyama, S., Matsukura, H, Koyama, N, Nosoh, Y and
Imae, Y (1986) Biochum Biophys. Acta 852, 38-45

Kamo, N . Muratsugu, M, Hongoh. R and Kobatake, Y
(1979) J Membrane Biol 49, 105-121

Krulwich, T A (1983) Biochim Biophys Acta 726, 245-264
Mandel, K G, Guffanti, A A and Krulwich, T A (1980) J
Biol Chem. 255, 7391-7396

Chem 258,



