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Summary. In the NaK-ATPase proteoliposomes (PLs), the NaK-
pump activity, Na* uptake, and ATP hydrolysis were apparently
enhanced by carbonyl cyanide m-chiorophenylhydrazone (CCCP)
and other ionophores without ion gradients. These ionophore ef-
fects were not cation specific. Without ionophores, the PL’s AT-
Pase activity fell to its steady-state value within 3 sec at [5°C. This
decrease in activity disappeared in the presence of CCCP. Since
CCCP is believed to enhance proton mobility across the lipid bi-
layer and dissipate membrane potential (V,,), we postulated that a
V. build-up partially inhibits the PLs by changing the conformation
ofthe NaK-pump, and that CCCP eliminated this partial inhibition.
Since this activation required extraceliular K* and high ATP con-
centration in the PLs, CCCP must affect the conversion between
the phosphorylated forms of NaK-ATPase (EP); this step has been
suggested by Goldschleggeret al. (1987) to be the voltage-sensitive
step(J. Physiol. (London)387:331-355). Although cytoplasmic K *
accelerated the change of ADP-and K *-sensitive EP (E*P)to K*-
sensitive ADP-insensitive EP (E,P), CCCP did not compete with
cytoplasmic K* when cytoplasmic Na*t was saturated. When the
PLs were phosphorylated with 20 uM ATP and 20 uM palmitoyl
CoA instead of with high concentration of ATP, CCCP increased
the E*P content and decreased the ADP-sensitive K *-insensitive
EP (E(P). The results described above suggest that CCCP affects
the E;Pto E*Pchange inthe E,P— E*P— E,P conversion and that
this reaction step is inhibited by V,,,.
Key Words NaK-pump - CCCP - membrane potential - NaK-
ATPase proteoliposome - voltage-sensitive step - EP conversion
- ionophore

Introduction

The NaK-pump in animal cells uses the energy of
ATP to maintain Na* and K™ gradients and the
membrane potential (V,,).! The details of the reac-

! Abbreviations used: EP, phosphorylated form of NaK-
ATPase; E P, ADP-sensitive K" -insensitive EP; E*P, ADP- and
K*-sensitive EP; E,P, K *-sensitive ADP-insensitive EP; E,(K),
K* occluded E, form of NaK-ATPase; NaJ, and K¢, Na* and
K* in the cytoplasmic (extravesicular) medium; Na}, and K,
Na® and K* in the extracellular (intravesicular) medium; PL,
reconsistituted NaK-ATPase proteoliposome; V,,, membrane po-

tential; CCCP, carbonylcyanide m-chlorophenylhydrazone;

tion mechanism of ATP-hydrolysis and the binding
of Na™ and K* to NaK-ATPase, the integral compo-
nent of this pump, have been extensively studied.
Investigations of the electrogenecity of the NaK-
pump have been much rarer, however. But recent
studies have clarified some aspects of this problem.
After release of ATP from an inactive caged ATP!
by a light flash, transient Na* fluxes were detected
in the millisecond time range by Forbush [6]. These
Na™ fluxes were observed without K* and thought
to be an early event in normal pump action. Using
planar lipid bilayer-bound NaK-ATPase molecules,
fast charge translocations were recorded after pho-
tochemical release of ATP from caged ATP [2, 3,
19]. These transient currents were also observed in
the absence of K* and thought to be an electrical
current equivalent to the above fast Na*™ fluxes.
Since these transient Na*-flux and charge move-
ments occurred before the NaK-pump reaction
reached its steady-state level, it is concluded that
the Na*-translocation step is electrogenic, and
therefore the rate-limiting step does not precede the
electrogenic step in the NaK-pump reaction. Since
these electrochemical reactions are driven by ATP
hydrolysis, it seems reasonable that the V,, influ-
ences the NaK-pump reaction [4, 3, 7, 16, 17].

Goldshlegger et al. [8] reported the activation of
the NaK-pump by valinomycin (a K *-ionophore) in
the presence of a K* gradient. From this result they
claimed that a decrease in V,, enhanced the Na-K
exchange in the PLs by accelerating the E,P to E,P
conversion.

Recently, E*P has been recognized as the inter-
mediate in the change of E,P to E,P [18, 20, 26]. As
described below, we found that both CCCP (a proton
ionophore) and valinomycin apparently enhanced

CHAPS, 3-[(3-cholamidopropyl) dimethyl ammonio]-1-propane-
sulfonate; CDTA, I,1-diaminocyclohexanetetraacetic acid; caged
ATP, adenosine-5'-triphosphate P>-1-(2-nitrophenyl) ethyl ester;
hemi-Na, hemi-sodium.
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the NaK-pump activity in the PLs even without salt
or pH gradients.

In this study, we used CCCP instead of valino-
mycin in order to decouple ionophore effects from
changes in ion-gradients during the NaK-pump reac-
tion. Here, we present evidence that CCCP activa-
tion of the PL pump activity is due to the dissipation
of V,, and effects the E,P to E*P conversion.

Our working hypothesis in this study is repre-
sented in Scheme 1, which is modified from Post et
al. (21).

Materials and Methods

PREPARATION OF PLS FROM THE FRAGMENTAL
ELEcTRIC EEL NaK-ATPASE

1.2 mg of fragmental electric eel NaK-ATPase (specific activity
20 + 3 wmol ADP/min/mg protein at 37°C) [24] was solubilized in
1 ml of 10 mM CHAPS solution containing 0.5 M NaCl, 0.5 mm
EDTA, and 12.5 mM histidine-arginine buffer (pH 7.3) for 30 min
at 15°C [25]. Egg phospholipid was prepared from eggs laid that
day. After dehydrating the egg yolk with acetone (25 ml/yolk)
twice, the insoluble yolk powder was treated with a chloroform-
methanol mixture (2 : 1, vol/vol) (25 ml/yolk) for 2 hr at 5°C. After
washing with one-fifth volume of 150 mm NaCl, the extract was
dried. The residue was dissolved with chloroform (about 3 ml/
yolk) and then precipitated with 10-fold volume of acetone. This
precipitate was treated with Dowex 50 (Tris-form) to remove the
potassium cognate as described previously [27] and kept at —80°C
in the solid form.

In the present study, the liposomes were prepared with
sonication from the homogeneous mixture of egg phospholipid
described above,? phosphatidyl glycerol (Na salt) and cholesterol

2 It is possible to make PLs from commercially available egg
phospholipids, but their maximum V,, were lower than those of

(9:1:3, wt/wt/wt). The reconstitution procedure was the same as
that reported previously [25] except that 100 mM instead of 90
mM CHAPS was used to solubilize the iposomes. The final in-
travesicular medium contained 130 mm NaCl and 20 mm KCL.
Each set of experiments was performed on the same batch of
PLs.

MEASUREMENT OF THE MEMBRANE POTENTIAL

The adsorption of potential sensitive dyes by liposomes from
their media is dependent on the V,, of the liposomes. Apell and
Bersch [1] reported that the fluorescence change of oxonol VI
was a very useful indicator for V,, of the liposomes and PLs.
However, the blank fluorescence was a major source of error in
the measurements. In the same paper, they observed that the
absorption spectrum of oxonol VI was shifted to longer wave-
lengths when the dye was adsorbed into the lipid bilayer. In the
present study, this problem was overcome by measuring the
absorption change at 620 nm with a double-beam spectrophotom-
eter (a Hitachi type 220 double-beam spectrophotometer
equipped with temperature control and a stirring device was
used). The reaction mixture consisted of 130 mm NaCl, 20 mm
KCl, 5 mm MgCl,, 0.1 mm ATP, 0.3 mM ouabain, 25 mm histidine
buffer, 2 uM oxonol VI, and PL (0.4 ~ 0.7 mg lipid/ml). After
preincubation of the reaction medium without MgCl, in both
cuvettes, the reaction was started by adding MgCl, into the sam-
ple cuvette. The V,, was calibrated by the K-diffusion potential
induced by valinomycin.

ATPASE AssAay

The ATPase activity of the PL. was measured by the formation of
3p_fabeled inorganic phosphate from 0.2 mm [y-*P]ATP in the
presence of NaCl, KCl, 0.3 mM ouabain, 5 mm MgCl,, and PLs
(about 1 mg lipid/ml) for 30 sec at 30°C as reported previously
[23]. The total salt concentration in the reaction medium was kept
at 150 mM with choline-HCI. The reaction was started by adding
MgCl, and quenched by one-half volume of 24% HCIO, containing
7% Na,MoO,. When the assay period was less than 10 sec, the
reaction was quenched by one-half volume of only 24% HCIO,,
and then 0.6 volume of 12% Na,MoO, was added. The resultant
32p_labeled phosphomolibdate was extracted with butyl acetate,
and aliquots of the extract were counted. For the control, the
MgCl, solution and quencher were added simultaneously.

Na* UPTAKE

The reaction conditions were similar to those for the ATPase
activity except for using ?Na-labeled NaCl and unlabeled ATP
instead of unlabeled NaCl and [y-P]JATP. The reaction was
quenched by 60 mm Trisy/CDTA after 30-sec incubation at 30°C.
Compared to the ATPase assay, four times the amount of PL was
used for the Na*-uptake assay. For the control, the ATP was
omitted. Other experimental details were the same as reported
previously [25].

the PLs from the egg phospholipid prepared as described above.
The content of unsealed PLs was decreased to almost zero when
the egg phospholipid described in the text was used.
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DETERMINATION OF EP COMPOSITION

The determination of the EP composition was performed at 15°C
by the modified method as previously reported [25]. After 3 sec
of the reaction of the PL (about 5 mg lipid/ml) in a 1-ml mixture
of 70 mm choline-HCI, 30 mM NaCl, S0 mM KCl, 5 mM free
MgCl,, 20 v [y-PIATP, 20 uM palmitoyl CoA, 25 mm histidine,
and 1 mM EDTA (pH 7.4) with or without 1.0 um CCCP, the
phosphorylation was quenched and the dephosphorylation was
started by the injection of 0.5 ml of 60 mm Tris,/CDTA with or
without 0.6 mm ADP. After 0.6-3.6 sec of dephosphorylation, the
PLs were denatured with trichioroacetic acid. Other experimental
details and calculation method for the EP composition were the
same as reported previously. For the determination of EP level,
the 60-mm Trisy/CDTA solution and trichloreacetic acid were
injected simultaneously after 3-sec phosphorylation as the same
as for the EP composition at 0-sec dephosphorylation.

REAGENTS

ATP was obtained as a sodium salt from Pharmacia P-L Biochemi-
cals and was changed to the Tris salt by passing through Dowex-
50 (Tris-form) column. Palmitoy! CoA, ADP di-monocyclohexy-
lammonivm salt, and gramicidin were purchased from Sigma.
Valinomycin, CCCP, and nigericin were obtained from CalBio-
chem. CHAPS and CDTA were purchased from Boehringer Man-
nheim and Aldrich, respectively. Hemi-sodium® was obtained
from Eastman Kodak Company. Phosphatidyl glycerol Na-salt
was obtained from Avanti Polar Lipids.

Results

Even though the salt composition and pH. of the
media on both sides of the PLs are the same, many
ionopheres increased the ATPase activity of the PLs
to a large extent. Especially, valinomycin and CCCP
were very potent activators (Fig. 1).> These iono-
phores did not change the ATPase activity of the
fragmental NaK-ATPase. This ionophore activation
of PLs required the presence of extracellular K*
(KZ). CCCP activated not only ATP hydrolysis of
the PLs but also their Na*-uptake without any sig-
nificant change in the ratio between them (Table 1).
The ATP hydrolysis of the PLs proceeds linearly for
at least 30 sec despite the presence of CCCP or
valinomycin (Fig. 2). These results from the time
course experiments suggest that the activation of the
NaK-pump by ionophores is not due to the depletion
of any ligands in the intravesicular (extracellular)
medium.*

3 The extent of this ionophore activation seems to vary with
different lipid batches.

* The diameter of the PLs, which contain one molecule of
NaK-pump per vesicle, is about 120 nm [23]. The intravesicular
volume is therefore on the order of 107" ul. A single jon per
vesicle corresponds to a concentration of 1.5 uM. If the turnover
number of the PL is assumed to be 80 sec ™! at 30°C in the presence
of an ionophore (equal to that of the fragmental NaK-ATPase), a

Contyo) WALLLLLZZZIIZZZ
cocP
Valinomycin W
Womi—ia L2202 27770 72
Nigericin
Gramicidin 1
0 ul)o 230 300
Relative ATPase Activity
Batch A [ Batch B

Fig. 1. lonophore effect on ATP hydrolysis in the PLs. The
reaction medium had the same salt composition as the intravesicu-
lar medium. The concentrations of the ionophores were 0.1 um
CCCP, 0.1 uM valinomycin, 2.0 um hemi-Na, 2.0 uM nigericin,
and 0.5 um gramicidin. The activation was normalized by the
control result (i.e., obtained without any ionophores). The lipo-
somes for Batch A were prepared from the egg phospholipid
prepared as described in the text, and those for Batch B were
from the commercial source (Avanti Polar Lipid)
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Fig. 2. Effects of valinomycin and CCCP on the time course of
ATP hydrolysis by PLs. The reaction media with or without 0.1
uM ionophore are the same as in Fig. 1. The reaction was started
by adding MgCl, and was terminated with injection of HCIO,-
Na;MoO, mixture. The experimental details are described in the
text. The ATPase activity was normalized by the control result
for 30-sec reaction

30-sec reaction of the NaK-pump lowers the intravesicular K+
concentration from 20 to 13 mm. This reduction of KJ; has no
serious effect on the NaK-pump activity, unlike the 60-sec reac-
tion which causes a large decrease in the KJ (to 5.5 mm), resulting
in a decrease in the ATP hydrolysis (Fig. 2).
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Table 1. CCCP effect on ATP-hydrolysis and Na*-uptake of PLs

ATP Na*
hydrolysis  uptake

Na* uptake/
ATP hydrolysis

(nmol/min/ml of the sample)

—CCCP 515
+1.0 um CCCP 1070

55 1630 = 150
100 3200 + 200

3.2 = 0.6
3.0 = 0.5

+
+*

The assays were performed at 30°C for 30 sec. The extracellular
medium contained 130 mmM NaCl, 20 mm KCl, 12.5 mm histidine-
arginine buffer, and 0.5 mMm EDTA (pH 7.3). The cytoplasmic
medium contained 30 mM NaCl, 50 mm KCl, 70 mM choline-HCI,
5 mM free MgCl,, 0.1 mMm ATP, 12.5 mM histidine-arginine buffer,
and 0.5 mM EDTA (pH 7.3). Each value cited is the mean value
and deviation of triplicate assays using the same sample.
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Fig. 3. Initial time course of the ATP hydrolysis of PLs. These
experiments were performed at 15°C. The CCCP concentration
was 1 um. The reaction was terminated with 24% HCIO,, and
then NayMoO, was added. The rest of the procedure was the
same as in Fig. 2. In each set of experiments, the assay was
triplicated at each time period, and the obtained ATPase activities
from three sets were normalized by the control result for 5 sec
without CCCP. The absence and presence of 1 umM CCCP in the
media are shown by open and filled symbols, respectively

However, if we examined the initial stage of the
PL. ATP hydrolysis in detail, we saw that ATP was
hydrolyzed monophasically in the presence of CCCP
and other ionophores but biphasically in the absence
of these lonophores. We observed these initial
changes in the ATP hydrolysis more clearly in the
lower temperature of 15°C (Fig. 3).

After this initial change, ATP-hydrolysis rates
remained constant. These observations suggest that
the accumulation of some factor in the initial stage
changes the NaK-pump into its less active mode and
that CCCP prevents this accumulation. As shownrin

No ionophore

0.1 uM cceP

ol uM 50 mv

Valinomycin

10 uM Nigericin
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Fig. 4. Change in oxonol V1 absorption with NaK-pump reaction.
The reaction media and ionophore concentrations are the same
as in Fig. 1. Both cuvettes contained 2 um oxonol VI and PLs
(0.5 mg lipid/ml). The reaction was started by adding MgCl, and
the increase in V,, was measured by the increase in absorption at
620 nm. V,, was calibrated by the K™ -diffusion potential induced
by valinomycin

Fig. 4, CCCP and other ionophores interfere with
the buildup of V,, during the NaK-pump reaction.
The ion mobility in the carrier-mediated transport
system, which corresponds to the membrane con-
ductance, depends on the type of carrier and mem-
brane lipid component {15]. Therefore, the extent
of V,, change and pump activation may vary with
different ionophores and PL batches (see Figs. 1 and
4). Inan experiment using phenol red containing PLs
with low buffer concentrations, CCCP accelerated
the alkalization of the extracellular medium during
the NaK-pump reaction (Fig. 5). In the PLs, this pH
change in the reaction medium should not enhance
the NaK-pump reaction, because the NaK-ATPase
activity is maximum around pH 7.3 and does not
vary significantly between pH 7.0 and 7.7. Further-
more, an increase in buffer concentration from 12.5
to 50 mm did not significantly change the CCCP
effect on the activation of the pump (from 65 = 6%
to 69 = 5%). Thus, it is unlikely that the pH change
causes enhancement of the NaK-pump activity.
CCCP probably instead increases the conductance
of the lipid bilayer by enhancing the proton mobility
and thereby dissipating V,,. Compared with other
ionophores, CCCP seems to.be the most suitable
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Fig. 5. Alkalization of the PLs by CCCP. The PLs used in this
experiment contained phenol red (0.4 mg/ml) and 2.5 mm histidine
buffer (pH 7.3). The alkalization of the intravesicular medium
was followed by an increase in the absorption at 560 nm under
the same reaction conditions as in Fig. 2 without oxonol V1. When
the NaK-pump reaction occurred (+ ATP), the addition of CCCP
(0.1 um in final concentration) to the sample cuvette indicated
the alkalization of the intravesicular medium. When the pump
reaction was absent (—ATP), the phenol red absorption de-
creased

reagent for studying ionophore effects on V,,, since

it does not assist the alkali-ion transport directly.

Tue CCCP EFFECT DEPENDS ON THE
ATP CONCENTRATION

As shown in Fig. 6, the activation of ATP-hydrolysis
in the PLs was observed only when the ATP concen-
tration was above 20 uM. It is thought that at high
concentrations ATP binds to the low affinity site of
NaK-ATPase to accelerate the deocclusion of the
K*-occluded E,-form [Ex(K)] [14, 21]. Under these
conditions, the E,P to E,P conversion or the E,P
formation becomes at least one of the rate-limiting
steps in the NaK-pump reaction [8, 13, 14, 21].
Therefore, the present result suggests that CCCP
specifically accelerates the change of E,P to E,P or
the phosphorylation of the enzyme.

PreiNncUBATION EFFECTS ON THE ATP
HybroLysis or PLs

As described above, preincubating PLs in a cyto-
plasmic medium containing 130 mm Na™, 20 mm
K*, 5 mMm Mg?", and 0.2 mM ATP should increase
the cytoplasmic negative potential. CCCP affected
the pump activity of these charged PLs at 20 and 100
uM ATP, but did not at 10 um ATP (Table 2, Expt.
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Fig. 6. CCCP effect on ATP hydrolysis of PL at different ATP
concentrations. The CCCP concentration was 0.1 uM. The final
concentrations of salts in the reaction medium (i.e., the cyto-
plasmic medium) were 30 mMm NaCl, 50 mm KCI, and 70 mm
choline-HCI. Other experimental procedures were the same as
described in the text

Table 2. Effect of various preincubation treatments on the CCCP
activation of PLs

Additional ATP CCCP
ligands in concentration  activation
preincubation during assay during assay
(um) (%)
Expt. 1 none 200 70 £ 10
5 mm Mgt 10 7+ 11
5 mm Mg?* 20 32+ 8
5 mMm Mg?* 100 86 = 10
Expt.2 none 100 60 = 15
none (no Mg**) 20 0= 9
5 mm Mg?* 20 30 = 10
5 mM Mg?*, plus 20 —10 £ 5and
0.1 um CCCP 5+ 8

The PLs were preincubated at 30°C for 20 sec in a medium con-
taining 130 mmM Na~, 20 mm K™, 0.2 mm unlabeled ATP, 12.5 mm
histidine buffer (pH 7.3) with the additional ligands listed. The
assay was started by adding a ?P-ATP solution with or without
CCCP. Final concentrations of the assay medium were 130 mm
Na*,20mmM K+, S mM Mg?*, 25 mM histidine buffer and **P-ATP
as cited with or without 0.1 um CCCP. After 30-sec incubation
at 30°C, the liberated inorganic *’P-phosphate was measured as
described in the text. In this table, the CCCP activation is mea-
sured by the ratio between results in the presence and absence of
0.1 um CCCP. In each set of experiments, triple assays were
performed with or without CCCP. In Expt. 2, the deviation in
ATPase activities in the presence of 20 um ATP without CCCP
was less than =7%.

1). Since this CCCP effect was not observed at 20
uM ATP in uncharged PLs, we decided to compare
the effects of various preincubation treatments of
the PLs at this ATP concentration. As shown in
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Fig.7. CCCP effect on the ATPase activity of the PLs at different
cytoplasmic Na* concentrations. The ATPase activity is normal-
ized by the activity when the cytoplasmic salt concentrations
were 30 mM Na*, 50 mM K*, and 70 mm choline-HCl without
CCCP. The cytoplasmic K* concentrations are shown as: (4) 0
mM, (B) 20 mMm, and (C) 50 mM. The absence and presence of 0.1
uM CCCP in the media are shown with open and filled symbols,
respectively

Table 2, Expt. 2, the enhancement of ATPase activ-
ity by CCCP was observed only in the PLs which
were pretreated with Na*, K+, Mg?*, and 0.2 mMm
ATP (i.e., the same condition required to increase
V..). When other pretreatments (either the pump
reaction did not occur or took place in the presence
of CCCP) were used, the CCCP effect was not ob-
served. These results suggest that a negative cyto-
plasmic potential is necessary for the enhancement
of pump activity by CCCP.

ErrecTs OF CyTorLAsMIC JoNs AND CCCP oN
THE ATP HyDROLYSIS OF PL

As shown in Fig. 7A-C, NaJ, controls the ATP
hydrolysis of the NaK pump. When the concentra-
tion of Nag,, was low, K, competed with Nag, and
increased the half-maximum concentration of

250
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Fig. 8. CCCP effect on the ATPase activity of PLs at different
cytoplasmic K* concentrations. The ATPase activity was nor-
malized as in Fig. 6. The cytoplasmic Na* concentrations are
shownas: A7.5mMNa*, B30 mM Na*, and O 50 mm Na*t. The
absence and presence of 0.1 uM CCCP in the reaction media are
shown with solid and dashed lines, respectively

Nag,,. Even at such low levels of Na,,, CCCP acti-
vated the ATP hydrolysis, although this CCCP acti-
vation decreased as the K, concentration increased
(Fig. 8, A). On the other hand, when the Nag|, con-
centration was saturated, both K, and CCCP inde-
pendently enhanced the ATPase activity of the PLs
(Fig. 8, O). Moreover, the CCCP enhancement was
not affected by K,. The addition of 0.1 um CCCP
also increased the ATPase activity in the PLs in the
presence of saturated Na ), and K, (30 mm each) to
its maximum level; this level was also observed in
the presence of 20 uM nigericin, 130 mMm Na*, and

20 mM K on the cytoplasmic side.

THE CCCP EFrECT ON THE EP COMPOSITION

Itis well known that the EP level of fragmental NaK-
ATPase decreases due to the formation of the K*-
occluded form and a rapid dephosphorylation when
K~ is present [21]. A similar K, effect is also ob-
served in the PLs. Although this problem can be
overcome in part by using high concentrations of
ATP for phosphorylation, it makes the EP assay
difficult because the specific radioactivity of 3?P-
ATP decreases. Recently, Huang et al. [10-12] re-
ported that acyl CoA’s, e.g., palmitoyl CoA, accel-
erated the deocclusion of the K* from E,(K). In the
present PLs, the addition of 20 wm palmitoyl CoA
to 20 uM ATP activated the ATP-hydrolysis and
increased the EP level (Table 3).

After the PLs containing 130 mM Na*t and 20
mM K" inside were phosphorylated for 3 sec at 15°C
in the presence of 20 um palmitoyl CoA, 30 mm
Nat, 50 mm K* and 5 mMm Mg®* with 20 uMm ATP,
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Table 3. Effect of palmitoyl CoA on ATP hydrolysis and EP level
of PLs

ATP hydrolysis EP level®
No CCCP  +0.1 um  No CCCP
CCCP
No palmitoyl CoA 100 = § 118 £ 6 100 = 14
20 puM palmitoyl CoA 1223 183 =5 198 = 13

In both experiments, the ATP concentration was 20 M, and the
EP-level measurement was performed at 15°C for 3 sec. Other
experimental conditions were the same as those for Table 1. The
values cited are the percentage values against the value obtained
without CCCP and palmitoyl CoA.

2 The effect of 1 uM CCCP on the EP level was not significant.

Time (sec)

(%)
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{ +CCCP) 40 (-CCCP)
EP B (+CCCP) EP
204 - 20

Fig. 9. CCCP effect on dephosphorylation of phosphorylated PL.
The PLs containing 130 mmM NaCl and 20 mm KCl as the intravesi-
cular salts, were phosphorylated in 1 ml of a mixture containing
20 peM [y 2P]ATP, 20 uM palmitoyl CoA, 30 mM Nag,, 50 mm
K4 76 mm choline-HCl, 5 mM free Mg?*, 25 mu histidine, and
1 mM EDTA (pH 7.3) with or without 1.0 um CCCP. After 3 sec
of phosphorylation at 15°C, the dephosphorylation was started at
0 time, by injection of 0.5 ml of the quenching solution containing
60 mM Tris;/CDTA, 20 mm NaCl, and 10 mm KCI. After 0.6-3.6
sec of dephosphorylation at 15°C, the PLs were denatured with
trichloroacetic acid. The EP precipitate from an aliquot of the
reaction mixture was collected on a nitrocellulose filter and
counted after extensive washing with cold 0.5% trichloroacetic
acid containing 1 mm P; and 0.1 mm ATP. When 0.6 mM ADP
was contained in the quenching solution, the EP values under
both conditions were reduced to less than 5% within 0.6 sec (data
not shown). Other experimental procedures are the same as those
described in the text. The bars shown on both sides of the decay
curves indicate each EP composition obtained from each dephos-
phorylation curve

the dephosphorylation was started by quenching the
phosphorylation with 20 mm CDTA. The dephos-
phorylation curve was almost monophasic as shown
in Fig. 9 (line A). The k, of the dephosphorylation
curve was —0.26 sec™!, which is similar to that of

Table 4. Effect of CCCP on EP composition

Cytoplasmic CCCP Dephosphoryl- Content of
ion ation rate
concentration constant
NaCl, K(l, EP, E*P,
mM mM  uM sec™! % %
Expt. 1 30 50 0 -0.30 100 0
1.0 —0.33 71 29
Expt. 2 30 50 0 -0.27 100 0
1.0 -0.28 80 20
Expt. 3 30 0 0 —0.25 93 8
1.0 -0.27 78 22

The experimental details were described in the text and Fig. 9.
The same sample was used in each set of experiments.

E,P (—0.30 sec™!) [25]. If 0.2 mMm (final) ADP was
added with CDTA, more than 95% of the EP was
dephosphorylated within 0.6 sec. These results sug-
gest that the main component of the EP is E,P.
This E,P value was calculated by extrapolating the
dephosphorylation curve. When 1 um CCCP was
present during the phosphorylation of the PLs, the
dephosphorylation curve was biphasic as shown in
Fig. 9 (curve B). Since the resultant EPs are ADP
sensitive, they could only be E,P or E*P; the E,P
content was 80 ~ 70% of the total, and the remainder
was E*P (Table 4). This change in the EP composi-
tion with the addition of CCCP suggests that CCCP
accelerates the E,P to E*P change, increasing the
E*P content. Since CCCP activates the NaK-pump
activity, it is unlikely that CCCP slows down the
E*P to E,P conversion.

DISCUSSION

The effect of V,, on the NaK-pump activity has been
investigated by Liuger [17] and De Weer et al. [4,
5]. The electrical analog circuit of the cell which
embedded the electrogenic NaK-pump in the cell
membrane (=NaK-ATPase proteoliposome) is
shown in Fig. 10. In this closed circuit, the following
equation applies:

dv
i = Gyfemf = V,,) = G(V,, ~ E,) + C—".

Since G varies with cations and anions mobilit-
ies, the relation between i and V,, is not easily deter-
mined, but it is clear that V,, affects / (= the pump
activity),

The activation of the NaK-pump by the iono-
phores as shown in Fig. 1 implies the existence of
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Pump Cell Membrane

—_— emf T_— Em

Gp G

v

Fig. 10. Equivalent circuit for a cell which embedded the electro-
genic NaK-pump in the cell membrane. emf: the electromotive
force of the NaK-pump; G,: the internal conductance of the
pump; Em: the diffusion potential across the cell membrane which
would exist in the absence of the pump; G: the conductance of
the cell membrane; i: the pump current which corresponds to
the pump activity; V,: the membrane potential; C: membrane
capacitance

an inhibitory mechanism in the PLs, even in the
absence of alkali ion gradients across the lipid bi-
layer. There is no specificity among the ions trans-
ported by these ionophores (nigericin, valinomycin,
hemi-sodium and CCCP). Since no ionophore acti-
vated the fragmental NaK-ATPase, this partial inhi-
bition should be due to the barrier effect which is
diminished by the ionophores. The lack of ion speci-
ficity among the ionophores implies that this partial
inhibition in the PLs is due to the V,, across the lipid
bilayer. In the case of CCCP, its activation of the
pump reaction was apparently due not to the pH
change since the pH used was the optimum one
for the NaK-ATPase reaction, but instead to the
enhancement of proton conductance in the lipid bi-
layer. The comparison of various preincubation con-
ditions shown in Table 2 also supports the idea that
CCCP eliminates the partial inhibition by dissipating
V... In the absence of ionophores, the ATP hydroly-
sis in the PLs is biphasic. Thus, the PL. ATP-hydro-
lysis rate decreased initially (within 3 sec at 15°C)
before the ions inside vesicles (= extracellular ions)
were depleted. After this initial change the rate of
ATP-hydrolysis remained steady although the V,,
build-up continued. In contrast, this initial rate
change was not observed in the presence of CCCP.
As discussed by Honig et al. [9], these results sug-
gest that change of the intramembrane electric field
by the V,, build-up causes the net displacement of
bound charge on the transmembrane NaK-ATPase
molecule, or the dipole reorientation, and that such
changes may lead the conformational change of the

enzyme. In the initial stage, the PL seems to build

“up enough V,, to cause such voltage-dependent con-

formation change on the NaK-pump. This charged
NaK-pump is less active than the original neutral
form.’

Goldshlegger et al. studied this V,, effect on the
NaK-pump by imposing a diffusion potential with
two ways; the rate measurement of active Na™-K*
exchange [8] and the fluorescence change of the flu-
orescein-labeled NaK-pump [22]. They concluded
that an inside-negative potential accelerated the
NaK-pump activity on inside-out pumps and that
this effect occurs during the Na-transport due to the
E.P to E,P conversion.

In the present study, the CCCP activation of the
NaK-pump was not observed when the ATP
concentration was less than 20 um (Fig. 6). Since
in the presence of these low ATP levels the rate-
determining step of the NaK-pump is the change of
E,(K) to E,Na, the CCCP activation should be re-
lated to the change of E,Na to E,(K) via phosphory-
lation (see Scheme 1).

When the extracellular K+ (K.} was absent, the
dephosphorylation of E,P becomes the rate-limiting
step of the NaK-pump [21]. Since CCCP did not
activate the ATP hydrolysis in the PLs under these
conditions, it is unlikely that CCCP activates the
dephosphorylation of E,P. Furthermore, CCCP did
not change the half-maximum concentration of
Nag,, for the ATP hydrolysis in the PLs even in the
presence of various concentrations of K, (Fig. 7).
The results of these two experiments indicate that
the partial inhibition by V,, is due to suppression of
the change of E,P to E,P, as Goldshlegger et al. [8]
concluded from the imposed potential effect. Re-
cently the ADP- and K-sensitive EP (E*P) has been
shown to be the intermediate of the EP to E,P
change {18, 20, 26]. We showed that the change
of E*P to E,P was specifically accelerated by the
cytoplasmic K* [25]. The K, activated the NaK-
pump when Nag,, was saturated. As shown in Fig.
8, however, the CCCP activation of the NaK-pump
was independent of K, concentration when Nagy,
was saturated. Presumably, CCCP accelerates the
E,P to E*P change by dissipating V.. The hypothe-
sis of this acceleration mechanism is also consistent
with the CCCP effect on the EP composition in the
PLs when Na™ and K™ are present on both sides of

5 From the data described in footnote 4, the capacitance of
one PL is about 4 x 10~' F. If the initial turnover of the PL is
assumed to be 30 sec ™! at 15°C, asin the fragmental NaK-ATPase,
the V,, build-up is about 15 mV/sec assuming no leak current.
Therefore, the V,, required for the conformational change may be
30 to S0 mV. Since the V,, response to oxonol VIis slow, we were
unable to detect this initial stage.
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the lipid bilayer. After 3-sec phosphorylation with
20 uM ATP in the presence of palmitoyl CoA, the
EP of the PLs saturated with Na*® and K* on both
sides was almost completely E,P. The presence of |
uM CCCP during the phosphorylation changed the
EP composition to about 80% E,P and 20% E*P.
From this observation, we can conclude that the
cytoplasmic negative potential changes the NaK-
pump to the less active mode by suppressing the E P
to E*¥P change. In vitro, the sodium and potassium
channels permit ions to flow in and out of animal
cells, thereby diminishing V,,. This V,, change en-

m*
hances the NaK-pump activity in the cell, so that
the ion gradient again increases as is also the case
when CCCP is present.

This work was supported by National Institutes of Health Grant
HL16549. A part of the preliminary results of this work was
presented at the 33rd Annual Meeting of the Biophysical Society,
Cincinnati, Ohio, February, 1989.
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