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Charge Translocation by the Na*/K*"-ATPase Investigated on Solid
Supported Membranes: Cytoplasmic Cation Binding and Release

J. Pintschovius, K. Fendler, and E. Bamberg
Max-Planck-Institut fir Biophysik, D-60596 Frankfurt/Main, Germany

ABSTRACT In the preceding publication (Pintschovius and Fendler, 1999. Biophys. J. 76:000—000) a new technique was
described that was able to produce concentration jumps of arbitrary ion species at the surface of a solid supported membrane
(SSM). This technique can be used to investigate the kinetics of ion translocating proteins adsorbed to the SSM. Charge
translocation of the Na*/K*-ATPase in the presence of ATP was investigated. Here we describe experiments carried out with
membrane fragments containing Na*/K*-ATPase from pig kidney and in the absence of ATP. Electrical currents are
measured after rapid addition of Na™. We demonstrate that these currents can be explained only by a cation binding process
on the cytoplasmic side, most probably to the cytoplasmic cation binding site of the Na®/K™-ATPase. An electrogenic
reaction of the protein was observed only with Na™, but not with other monovalent cations (K*, Li*, Rb™, Cs™). Using Na*
activation of the enzyme after preincubation with K* we also investigated the K*-dependent half-cycle of the Na*/K*-
ATPase. A rate constant for K™ translocation in the absence of ATP of 0.2-0.3 s~ ' was determined. In addition, these
experiments show that K* deocclusion, and cytoplasmic K™ release are electroneutral.

INTRODUCTION

Electrogenicity of partial reactions is an important topic in extracellular surface, Kis bound. Extracellular K uptake

view of the mechanisms of active ion transport. The knowl-results in accelerated dephosphorylation and a subsequent

edge of certain reaction steps being electrogenic yieldsonformational change to the Btate, thus translocating’K

information about the dielectric barriers crossed by theto the cytoplasmic side of the membrane.

moving ions. By measuring the current generated by the Time-resolved electrical current measurements on the

transport proteins during the pump process, ion movemerta*/K "-ATPase have been performed using UV-cleavable

across the membranes can be monitored. In a pre-steadgaged ATP (Kaplan et al., 1978; Fendler et al., 1993;

state experiment—e.g., after a concentration jump—timé-riedrich et al., 1996) to trigger ion pumping. Alternatively,

constants of the reaction steps involved in the pump cycleapid ATP-concentration jumps can be generated using a

can also be determined. rapid solution exchange technique combined with a solid
The Na/K*-ATPase has important physiological func- supported lipid membrane. As is described in the preceding

tions in the plasma membrane of almost all animal cells. Irpublication (Pintschovius and Fendler, 1999) comparable

the physiological pump mode, hydrolysis of one moleculeresults are obtained.

of ATP results in the transport of three Néons out of the In view of the mechanism of ion transport, electrogenicity

cell, and of two K ions into the cytoplasm. During this of cation binding is an important issue. Therefore, in this

cycle, one positive elementary charge is translocated frorpublication we focus on concentration jump experiments

the cytoplasmic to the extracellular side of the membrane. Iperformed in nontransport modes, i.e., in the absence of

has been postulated and experimentally verified that durin\TP.

its transport cycle the enzyme assumes two different con-

formational states, Fand E (Fahn et al., 1966; Post et al.,

1969; Jgrgensen and Andersen, 1988). In thesthte the MATERIALS AND METHODS

enzyme has a high affinity for Naat the cytoplasmic Ghemicals

surface so that Nacan be bound at the cytoplasmic cation

binding site. Afer binding and hydrolysis of AT, the W3 SEetielor ks e Jerass s & Bod s ovhenes

Na'/K"-ATPase is c_onve_rtet_j into the p_hosphory!at@@ E carriec?membrane fragments from pigpk?dney containing purified/Ka-

state, where the cation binding region is accessible to th@rpase. standard solutions contained 25 mM imidazole, 3 mM MgCl

extracellular side. In the P conformational state Nais and 0.2 mM dithiothreitol (DTT; 99.5%, Roth, Karlsruhe, Germany) at pH

released, and because of the high affinity foriéns onthe  7.0. The experiments were carried out at room temperature (23°C) and
ionic strength was kept constant using choline chloride. For details see
Pintschovius and Fendler (1999).
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. ) ylation from ATP in the Na/K *-ATPase, but it is not necessary for cation
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To exclude effects of the imidazole buffer (Schuurmanns Stekhoven et
al., 1984) we repeated the experiments with TRIS buffer. No difference 500pA
was observed. A
. .
7.

Current measurements

Transient pump currents were generated via concentration jumps at the
SSM as described in the preceding paper (Pintschovius and Fendler, 1999).
The risetime of the concentration jump on the membrane surfac®s C

ms, but under certain conditions an effective time resolution of up to 10 ms M,.wmm.r._, hliappor Aoty
can be obtained (Pintschovius and Fendler, 1999). .

When electrogenic events with relaxation times shorter than the effec- N
tive time resolution are considered (Ngumps at 0 mM ATP), the time . ]
course of the current signal is mainly determined by hydrodynamic prop- 0.0 ) 0.5 i 1.0 15 20
erties of the apparatus. Under these conditions, turbulent flow patterns may
lead to irregularly shaped signals (see Figinge). Therefore, the elec-
trical signal was characterized as the time integral of the measured curre L -
This quantity is independent of the time course of charge translocation ar:](%IGURE 1 N& concentration jump (10 mM, addition at= 0 s and

therefore insensitive to rapid variations of Neoncentration at the surface rel\r/]lq (,:\vTaFL atlt =t 1s) u_ndl\(le; ?'ﬁeremtcg mtj: 'OE}E I+n At\f}(;pres_e ncet.of tl %0
of the SSM because of turbulent flow. On-currents after addition of Na electrogenic ransport by the ' ase 1s activated.

and off-currents upon removal of Navere integrated separately. T:: € S|gtn tohf thel(;:u:rer:t Z'gn\i/lh's (;\?mpatlble ;V'th transp?rt of posm_ve
In experiments where ATP was involved, the electrical signal is fol- charge to the gold electrode. Yvhen V& removed, no current response 1s

lowed by a slow negative current component which has been assigned {i ?tservsg:tﬁ) Tr}eNs?m:]: proctedurle ast_|A)(tht n tlhe at_)rshenc_e of IAFITP'th
the discharge of the membrane fragments containingyKia-ATPase, the er addition of V& cda_rge ralrlls otia lon ta etst&aii' © signa ast €
system time constant (Borlinghaus et al., 1987; Fendler et al., 1987, Seifeffo e SIgn as inA) and is smaller. In contrast toA[ there is a curren

et al., 1993). In this case only the first part of the signal corresponding tg ©SPOnse upon removal of Naindicating a fast backward reactio€)(In

B v
a positive current was used for integration. No negative component Wagrder .to ensure thay is de_pendept on.the N&K A'_I'P_asg, 'the same
observed in Na jump experiments without ATP. Here, the integration experiment was done after incubation with the specific inhibitor of P-type

limits were set such that the current amplitudes exceeding noise level We'ATPases, orthovanadate. This procedure results in complete inhibition of

contained within the integration range. The reason for the absence of thtz1e electrogenic process.

negative phase in these experiments is unclear. It has been speculated that
the negative component is in fact a protein-mediated rather than a passive
backflow of charge (Fendler et al., 1993). This could explain a different
behavior in the presence and absence of ATP.

buffers used for this experiment. The sign of the peak
current indicates transport of positive charge toward the
SSM (or negative charge in the opposite direction). It is
RESULTS known that under those conditions the enzyme is activated
by Na* and transports Naions to the extracellular surface.
Blere the reaction is virtually stopped because in the absence

+ + ;
the Na* transport of the Na/K™-ATPase was triggered of K, the reactions following the transport of Nare too

either by a Na concentration jump in the presence of ATP slow to be observed. No signal occurs when"Na re-

or an ATP concentration jump in the presence of Nahe moved from the solut.iont(> 1s).

latter experiment is analogous to investigations using black TraceB shows an N concentration jump in the absence
lipid membranes and caged ATP (Borlinghaus ?F al., 19376f ATP. Again, positive charge is moved toward the SSM
Fendler et al., 1985, 19872' Under these conditions aClV@fier addition of N&. In contrast to the previous trace, a
ion transport by the NalK *-ATPase takes place and an peak into the opposite direction occurs when*Na re-

electrogenic Na translocation_ step was iden.tified.. . oved again. To exclude artefacts, the same sample was
Here we address the question of whether ion binding an?‘rnncubated in 1 mM orthovanadate, a specific inhibitor of the

. + )
release steps n the N&C*-ATPase rezictlc.m _cycle TePre- p_type ATPases. Naconcentration jumps after vanadate
se'lt el+ectrogen|c events. We prob.ed I_\Ilandmg to the treatment (trac€) show no electrogenic effect.

Na*/K*-ATPase by N& concentration jumps in the ab- In Fig. 2 the current response after a 100-mM “Na

sence of ATP. Under these conditions the protein is able tQoncentration jump is shown at greater time resolution.

bind Na' ions, but it should be unablg tq transport themSignal A was recorded at 10aM ATP present in both
across the membrane. Therefore, the binding process can t38Iuti0ns, signal B without ATP. Both measurements were
studied independently of other steps. carried out on the same membrane. It should be noted that
the transient currents generated by the”Niamps without
ATP vary widely in shape, depending on the fluid mechan-
ical properties of the system (position, size of the SSM,
In Fig. 1 a comparison between Naoncentration jumps etc.). For example, an SSM positioned right under the fluid
and subsequent Naremoval under different conditions is inlet resulted in irregular, burstlike signals (Fig. iBse)
shown. TraceA corresponds to a Najump (0 s<t<1s) reflecting the turbulent behavior of the solution flow in this

in the presence of ATP. Note that ATP was present in alpart of the reaction volume. It also shows that both the

Na* concentration jumps in the absence of ATP
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500 Hofmeister effect (see, e.g., Post and Suzuki, 1991). Other

A authors have ascribed this decrease of pump activity to an

4001 1o c effect of the choline cation (Robinson and Pratap, 1991b).

3004 50 Evaluation of the integrated signal currents, i.e., the charge
0 translocated, yields a ratio af, = QyQarp ~30% at

010 045 020 sufficiently low ionic strength. If it is assumed that in the
presence of ATP exactly one elementary charge is translo-
cated over the total thickness of the membrane, the catio
corresponds to the dielectric coefficieat of the partial
reaction (Laiger, 1991). Note that the dielectric coefficient
-—— is a measure for the effective distance of charge transport
0.050.10 0.15 0.20 0.25 0.30 0.35 0.40 within the membrane dielectric compared to the transport of
t/s one charge unit over the entire membrane.
. o _ The knowledge of the amount of char@, translo-
FIGURE 2 Na concentration jump (100 mM) in the presence (A) and .04 atter an Najump in the presence of saturating ATP
absence (B) of ATP. The electrolyte solution contained 300 mM choline . . . .
chloride, 25 mM imidazole, 3 mM MgGJ and 0.2 mM DTT at pH 7.0 concentrations allows one to estimate the density of active
(HCI). The activating solution contained 200 mM choline chioride plus 100 Na /K *-ATPase molecules on the SSM surface. We there-
mM NaCl instead of 300 mM choline chloride. The experiments were fore assume that only one half-cycle of the™Md " -ATPase
performed at 25°Cl_nset depe_nding on the fluid mec‘hanical behavior at g observed, during which one elementary charge per pump
the SSM surface, irregular signals were observed in the ATP-free case, . -
These are explained by concentration inhomogeneities in the solutiognOIeCUIe is translocated over the membrane. With a mem-
stream, which cause fast forwaathd backward reactions. brane area of 1 mfrand a translocated charge 80 pC
(Fig. 3) a pump density of-2 - 10'° active molecules per
cn? is obtained. This has to be compared with the density of
forward and backward reaction must be fast. In order to Na*/K*-ATPase molecules within the membrane frag-
obtain quantitative results, the amount of charge transloments of~10'2 cm 2 (Maunsbach et al., 1988). We con-
cated instead of peak currents or relaxation times was evatlude that only~2% of the surface of the SSM is covered
uated (see Materials and Methods). with membrane fragments. To be precise, the value calcu-
The translocated charge depends on the total salt concelated in this way must be interpreted as a lower limit: The
tration in the presence of ATR), ) but not in the absence current generated by the N&K " -ATPase is coupled to the
of ATP (Q,, Fig. 3). High concentrations of anions, Cin amplifier via the capacitances of the SSM and the mem-
this case, are known to affect the phosphorylated /K3 - brane fragments that act as a capacitive current divider.
ATPase. This observation has earlier been identified as @herefore, the measured current is onh0% of the cur-
rent generated by the membrane fragments. This means that
at least 2% of the SSM area is covered with active pumps,

Current/pA
N N
o o
(? (=]

<

35 the remaining area being uncovered or covered with inac-
304 tive enzyme; also, SSM surface regions, where no thiol/PC
double layer has formed (but multilayers or decane lenses),
25 do not contribute (Seifert et al., 1993).
o +ATP It is one of the advantages of the fast flow technique that
% 201 it enables substances not only to be added but also to be
2 45l removed again. The removal of Ndn the ATP-free ex-
i periment leads to an oppositely directed current with about
O o I’I\' the same absolute value of translocated charge (integrated
X ; on off ; ; ;
current signalQg" = —Qg") as in the forward direction,
51 - ATP indicating that the backward reaction is also a fast process.
o I ——— As already mentioned, their rates are beyond the limit for
0 200 400 600 800 1000 the time resolution of the apparatus. From the steepness
[ChoCl)/mM of the signal slope rates of at least 100—206 san be
estimated.

FIGURE 3 The dependence of the integrated peak-currents on choline The measurement of charge translocation with variable

chloride concentration in the presena_ﬂr((le) and_ apsences_@uare) of Na* concentrations is shown in Fig. 4. The concentration
ATP. The detected charge drops considerably with increasing salt concera— d h in the fi fitted Usi Mich
tration, when 10QuM ATP is present, whereas it remains almost constant .epen ence shown In .e iguré was fitted using a Michae-
if only the electrogenic effect of cytoplasmic Nainding with no ATP  lis-Menten model equation:

present is measured. Electrolyte composition: The indicated amount of

[ChoCl] plus 10 mM ChoCl (nonactivating solution) or NaCl (activating G
solution), 3 mM MgC}, 0.2 mM DTT, and 25 mM TRIS (HCI) at pH 7.0 Q(Co) =Qmax— -
and 22°C. Co + Ky

1)
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12 For the N& jump, the control experiment shows a negligi-
ble artefact, whereas relatively large artefactual response
101 signals are observed for the other cations. A signal size
8 significantly larger than the control was measured only for
o Na". There is possibly also an effect of Libut no detect-
S 61 able effect of K', Rb", or Cs'. In the case of CS§ a remark-
4. able difference between the control and protein experiment
is observed. The reason for this behavior is unclear.
21 Of course, the experiment shown in Fig. 5 does not rule
0 out that ions other than Nabind electrogenically with an
0 20 40 60 80 100 affinity significantly lower than that of Na However,
[Na}/mM experiments with concentrations higher than 10 mM are

difficult to perform with ions other than Nabecause of the

FIGURE 4 Na dependence of the Neconcentration jump experiments  increase in artefactual amplitudes. Also, the assessment of
in the absence of ATP. The electrolyte solution contained 25 mM imida-: e . . .
zole, 3 mM MgCh, and 0.2 mM DTT at pH 7.0 (HCI). The nonactivating '°" specificity requires a comparison of all ions at the same

solution contained 300 mM choline chloride, whereas the activating squ-COhC(':‘m'ration that should not be saturating. This require-
tion contained varying Na concentrations plus the amount of choline ment is met by the choice of 10 mM as the concentration for
chloride required to yield 300 mM. The experiments were performed atthe comparison of the ions.
22°C. On-peaks (Najump) and off-peaks (Naremoval) of five current The origin of such artefactual currents after concentration
traces per conceptratlon value were integrated to give the charge translill-”m:)S in the absence of protein could be explained by one
cated. The rest_JItlng on-peak values were averaged and plotted versus t ? . . . . . . g
Na* concentration. The absolute values of the on-peak and off-peak curveS the following effects: 1) a difference in diffusion veloc
are equal within the error bars. The best fit is obtained using a Michaelisities across the unstirred boundary layerl(um above the
Menten function withkK, = 15 = 3 mM. SSM surface, see Pintschovius and Fendler, 1999). For
example, an inward stream of ‘Kions and an outward
stream of less mobile choline ions during & Kump would
The best fit was obtained fdf,, = 15 mM; the maximal lead to an artefactual charge translocation of positive charge
amount of charge transporte@,,,,, was 12 pC/mrf toward the SSM. 2) Unspecific binding of cations to the
Fig. 5 shows the process of electrogenic binding of monofipid surface of the SSM. Fig. 5 illustrates that the ion with
valent cations has a high specificity for NaFor each the lowest mobility (Li") shows a positive artefact, whereas
cation species, control measurements were performed béhe ion with the highest mobility (C9 has the most nega-
fore the protein was added (gray bars). In this experimentjive artefact. On one hand, hypothesis 1 predicts the con-
integrated currents (on peak) generated by 10-mM concertrary and has therefore to be rejected. On the other hand,
tration jumps of the cation species indicated were evaluatethypothesis 2 gives the correct sign and order of magnitude
of the artefacts, if we assume unspecific binding to a “strong
field” cation binding site (Hille, 1992). Here we have to
assume that choline binds with about the same affinity as
Na*, thus yielding a negligible artefact. Libinding more
tightly than choline shows a positive artefact, whereas Cs
binding less tightly than choline yields negative artefacts.

with Protein
Control (no protein)

Q
Q.
% 21 Inhibition experiments
K . . . .
c Rb  Cs In the previous article (Pintschovius and Fendler, 1999) we
01 demonstrated that transient currents can be induced by ATP
concentration jumps. From the sign of the pump currents
-2- and the finding that these currents could not be inhibited by

the addition of ouabain, it was concluded that only those
_ - _ membrane fragments oriented with their extracellular side
FIGURE 5 Charge movement in the N& "-ATPase elicited by differ- . . .

ent cations. The electrolyte solution contained 210 mM choline chlorido:-z,tO the SSM contribute to the elec:[rncal Slgnal' The same
25 mM imidazole, 3 mM MgCJ, and 0.2 mM DTT at pH 7.0 (HCI). The  €ffect has been observed using™& *-ATPase membrane
activating solution contained 200 mM choline chloride plus 10 mM of the fragments adsorbed to a black lipid membrane (Fendler et
cation indicated instead of 210 mM choline chloride. The experiments werey| | 1985). This shows that ouabain cannot be used to inhibit

performed at 22°C. On-peak currents (cation jump) and off-peak currentNa+/K +_ATPase in membrane fragments adsorbed with
(removal) were integrated to obtain the charge moved. As a contro

measurement each concentration jump experiment was also performehpeIr extracellular Slde_ to a “P'd bllayer (Fendler et al,
before addition of protein. Electrogenic cation binding turns out to be 1985) or an SSM (Pintschovius and Fendler, 1999). In

specific for Na'. Possibly Li" binding is an electrogenic process, too.  contrast, their cytoplasmic binding sites—as those for ATP
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or the phosphate analog orthovanadate—are accessible from
the bulk solution, so that orthovanadate was able to inhibit 87 T T
ATP-activated Na currents. However, after these experi- 6] % //
ments, the question still remains whether two populations of 2

membrane fragments exist at the SSM: one that is activated _ 4-

by ATP and is adsorbed with the extracellular side to the 2-. 1

SSM, and a second one adsorbed with the intracellular side &, 2

to the SSM and which is not activated by ATP because the E 0 ] =
ATP binding site is not accessible. o /

In Na* binding experiments, the possible existence of a 24
second population of membrane fragments with inverse
orientation poses a problem because binding and dissocia- -4
tion of Na" (and K") can occur on both surfaces of the . . ouabain
Na“/K*-ATPase. Fig. IC shows that orthovanadate inhib- no inihib. - ouabain VO,
its electrogenic Na binding and thus must be able to access
the cytoplasmic surface. Since we cannot rule out thaggurge 6 Inhibition of the currents generated by a 20-mM Namp
orthovanadate can also access its binding site, even if thg the absence of ATP. The bars show the translocated charge in the
membrane fragment is adsorbed with the cytoplasmic sidebsence of inhibitors (1st bar) and after addition of 1 mM ouabain (2nd bar)

to the SSM, this experiment does not directly prove thdo the adsorbed membrane fragments. Inhibition by ouabain could be
sidedness O,f the N@K *-ATPase demonstrated by the adsorption of membrane fragments preincubated in 1

. . . mM ouabain (4th bar). Also, 1 mM orthovanadate (3rd bar) added to the
To ascertain the orientation of the membrane fragmemﬁdsorbed membrane fragments was able to inhibit the currents.

responsible for electrogenic Nabinding, we again made
use of the fact that ouabain cannot inhibit Mi& “-ATPase
in membrane fragments adsorbed with their extracellulawith K™ (or is beyond the detection limit), though'kcould
side to the SSM. The addition of 1 mM ouabain to bothhave served as a candidate for an electrogenic binding
solutions (N&-free and 20 mM N&) after the membrane process, too.

fragments had been attached to the SSM did not affect the Nevertheless, K affects ATP-free binding of Na by
signal response. This shows that the membrane fragmentkiving the enzyme into the Estate that cannot bind Na
responsible for electrogenic Nabinding are oriented with (see Fig. 7). In Fig. 8 we show the amount of translocated
their intracellular side to the bulk solution. As a control, charge after Na concentration jumps ([ATPE 0) in the
membrane fragments were used which had been incubatguesence of variable K concentrations in both solutions.
with 1 mM ouabain prior to protein adsorption to the SSM. The antagonistic effect of K is very clear and obeys a
They show no activity, demonstrating that the electrogeniaelation for the inhibition

effect can be blocked by ouabain under our conditions,
provided it has access to the extracellular side of the mem-
brane fragments. The corresponding experiments are shown

inFig.6. , , _withK, = 0.6+ 0.12 mM.
First, the inhibition of the Na jump signals by specific An experiment that can be performed only with a flow-
inhibitors shows that the electric currents observed after "Ehrough method and an immobilized protein sample is the

Na" jump are not caused by unspecific binding processes gfoygrsiple exchange of substrates. Fig. 9 shows an experi-
Na" to the surface of the SSM or of the membrane frag-

ments. Second, the signal results from binding of"Na

preinc.

KT ,
Q - Qma)TKJr] + KI ( )

membrane fragments that are adsorbed with their extracel- extracellular surface
lular surface to the SSM. These experiments do not com- K a
pletely rule out extracellular Nabinding to the enzyme via EPK, / EP Ik EP Na,
rapid diffusion of N&a into the cleft between membrane :
fragment and SSM. However, in the following section (Dis- A /\L A /1
E, E,P (Na,)

cussion) we will provide further evidence that the electrical __ Es (Ko

. . . . . ATP ADP
signal generated by a Ngump is due to binding of Nato \ L K
the intracellular side of the protein. E,(K)ATP  E,K, B~ E,P ADP(Na,)

\{# %\L Na “E, Na,
P 1 *g
E, KzATP——ﬁ E, ATP7—9 E, Na,ATP
K a

cytoplasmic surface

Cytoplasmic K* binding and occlusion

We have reported that the electrogenic response following
the addition of monovalent cations has a high specificity forFiGURE 7 The Albers-Post reaction cycle of the M&*-ATPase ac-
Na“ (Fig. 5). This also means that no such effect appearsording to Glynn, 1985.
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FIGURE 8 Influence of K on Na" concentration jumps in the absence At/s

of ATP. The electrolyte solution contained 25 mM imidazole, 3 mM
MgCl,, 0.2 mM DTT, and varying amounts of 'Kat pH 7.0 (HCI). The
nonactivating solution contained 300 mM choline chloride, whereas th
activating solution contained 20 mM Nalus 280 mM choline chloride.
The experiments were performed at 22°C. On-peaks* (jlanp) and

(fIGURE 10 Exchange between solutions containing 10 mMaid 10
mM Na* as shown in Fig. 9. The charge translocated after removal 6f Na
is shown to be dependent on the time intetvialThe solid curve represents

off-peaks (Nd removal) were integrated to obtain the charge translocated® numerlcal fit using Eq. 3. As a result the rite= 0.29= 0.04 s *is
The resulting absolute charges were averaged and plotted versus the I@btamed.
concentration. The presence of Khas an inhibiting effect on the Na
jump signals without ATP. The charge moved is half-maximal at][k
0.6 mM = 0.12 mM. function
Q(At> = Qnax— AQ- eXF(—kat) (3)

ment where the initial solution contained 10 mM KThen
the solution in the cuvette was exchanged such tHaws
replaced by 10 mM Na. No signal could be obtained after
this solution exchange. Again replacing the Nsolution by ) ) Y
the initial K* solution yielded a current (positive charge e relationQn,, = AQ should hold. This condition is met
translocated from the membrane to the solution) that wa¥/ithin the error range of£0.7 pC. Deviations of the data
dependent on the timat Na* had been present in the pomts_from the given model (Eq. 3)_are due to the relatively
reaction volume. The dependence of the integral of thes8/OW time dependence of the solution exchange.

currents on the duratioAt of Na* incubation (Fig. 10) was

recorded. For small times almost no response was observegiscusSION

Half-maximal response could be obtained aftgy~ 2-3 s o N )
of Na* incubation. An exponential fit using the model Active ion transport by the NaK™-ATPase is an electro-

genic process. Therefore, at least one of the partial reactions
of the Na'/K*-ATPase has to be electrogenic, but several

yields Qo = 12.3*+ 0.7 pC,AQ = 11.7 = 0.7 pC, and
ki =029+ 0.04 s,
Since forAt = 0 one expects zero amplitud®(Q) = 0),

10 . omM K’ 10mM K* possibly exist. Assignment of the electrogenic steps to the
mM K . . . . . .
. 10mM Na* omM Na* _pa_rtlal reactions of the blochemlcall_y_ deflned reaction cycle
OmM Na is important with respect to the clarification of the transport
I " > mechanism of the ATPase. Equally important is the identi-
100 fication of the underlying charge translocation mechanisms
S o W of the electrogenic steps.
% 100 The kinetic model of the Na/K *-ATPase, the Albers-
5 Post scheme (Fahn et al., 1966; Post et al., 1969), is shown
© -200 in Fig. 7. The electrogenicity of many of the partial reac-
-300+ T T . ——T— tions of the Albers-Post cycle has been investigated in the
7 8 9 J: "o 12 3 past. However, the conclusions drawn in the numerous

studies were not always in agreement with one another (for
FIGURE 9 Exchange between solutions containing 10 mMdad 10 @ review see Rakowski et al., 1997)_-

mM Na*: I. The solution in the cuvette contained 10 mM KII. K™ was In the present study, the electrical charge movement
removed and replaced by 10 mM NaNo current signal was observed at gssociated with the I\Tabinding reaction was directly mea-
this point. Ill. The enzyme was allowed to incubate in the"Nalution for sured for the first time. By using the I’apld solution exchange

the durationAt. IV. Na* was removed again; at this point a current peak hni th rrent r n fter "Neoncentration
was detected showing translocation of positive charge away from the golaec que, e curre esponse aite centratio

electrode. Conditions: 300 mM choline chloride, 25 mM TRIS (pH 6.9, HCI), JUMPS COUlq be S_tUdi_ed- In the absence of phosp_horylating
0.2 mM DTT, 125uM EDTA, and 10 mM N4 or K*. Temperature 23°C.  agents the investigation was restricted to the reactions of the
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unphosphorylated pump, where cations are bound to thfer one, which contained Na(Fig. 9, cf. Fig. 7), an elec-
cytoplasmic surface. trical signal was obtained when Navas removed. As in
this case the conformational transition E= E; is not
involved in the reaction cycle, this transition cannot be
identified with the electrogenic step observed. As will be
shown later, in this experiment only cytoplasmic Na
dissociation can be responsible for the observed charge
Our experiments demonstrate that in the absence of ATP amanslocation.
electrogenic event is initiated by both the addition of Na In conclusion, the electrogenic process observed after an
the Na'/K*"-ATPase and the removal of Nafrom the Na' jump in the absence of ATP has to be attributed to the
Na“/K*-ATPase. Contamination of the preparation with binding of Na" to the intracellular side of the protein, B
ATP as an origin of the currents can be ruled out, sinceNa— E;Na. In particular, the possibility that these currents
before and during the experiment the SSM is in contact onlycan be explained by an unspecific surface binding processes
with ATP-free buffers. From inhibition experiments with can be ruled out, since they require the presence of active
orthovanadate and ouabain, we were able to show that ada“/K "-ATPase. At the same time, the fact that an active
enzyme specific reaction is responsible for the observegrotein is required for the effect strongly supports the con-
signals. Making use of the side specificity of these inhibi-cept that these binding sites are the specific transport sites of
tors, we concluded that only MF adsorbed with their extra-the Na"/K"-ATPase, in which the Naions are translo-
cellular side to the SSM contribute to the signal (see Recated and released to the extracellular medium.
sults). Although this does not rigorously rule out
electrogenic Na binding at the extracellular surface of the
protein, there are two results that strongly argue in favor o
a cytoplasmic Na binding reaction: 1) since the protein
population contributing to the electrical signal is orientedThe dependence of the amount of electrical charge translo-
with its extracellular side toward the SSM, binding of a cated on N& concentration could be fitted using a hyper-
cation to this side would yield a negative transient currentpolic relation with a K2 of 15 mM. This is comparable to
but a positive current is observed. 2) The accessibility of thehe value of 8 mM determined by Heyse et al. (1994) who
extracellular side is greatly restricted by the strong adsorpevaluated the [N&]-dependence of the relative RH421 flu-
tion of the MF to the SSM. Indeed, current leakage out oforescence change. Also, using ™i&"-ATPase from elec-
the interstitial space between the MF and the SSM taketic eel a binding constant of 10 mM was determined with a
place on a time range of several hundred milliseconds (cfbilayer technique (Fendler et al., 1994). With ™ "-
the system time constant, ~ 200 ms, Pintschovius and ATPase from pig kidney somewhat lower values were ob-
Fendler, 1999). tained (Nagel et al., 1987: 3 mM; Pintschovius and Fendler,
The rate of the electrogenic Néinding reaction is still  1999: 2.6-3.7 mM, but Kane et al., 1997: 8-10 mM).
unclear, as we were unable to resolve the time course dflowever, the latter experiments were performed under turn-
either the forward or the backward reaction. We suggest thaiver conditions, i.e., in the presence of ATP. It is therefore
upon addition or removal of 10—100 mM Ndhe relaxation  not surprising that an increased apparent affinity is mea-
times are shorter than the time resolution of the techniqusured under conditions where the Nhinding equilibrium
and the highest rates given in Pintschovius and Fendleis followed by an additional reaction (ATP binding and
(1999) 100 s ). This is in agreement with the current phosphorylation).
concept of cation binding steps, which are generally be- Interestingly, the [Na]-dependent experiments pre-
lieved to be very rapid. sented in our previous publication (Pintschovius and Fen-
Rather than Na binding itself (§ + Na — E;Na), a  dler, 1999) could not be fitted with a simple hyperbolic
preceding electrogenic reaction could also result in an eleaelationship, but required a Hill-exponent of at least 2.
trical signal measured after the N@oncentration jump. A  This indicates that in the presence of ATP positive cooper-
possible candidate for this is the conformational transitiorativity of at least two cation binding sites can be observed.
E, — E,. However, based on results from literature as wellThis is not observed in the experiments performed under
as our experiments with K we conclude that a contribu- ATP-free conditions (Fig. 4). It can be speculated that
tion of E, — E; can be ruled out because 1) the rate of thealthough three Na ions are necessary for the phosphory-
conformational transition in the absence of transported catiation of the ATPase, only one Naion is responsible for
ions (Na', K*) is very slow (Apell et al., 1996; 0.023'%),  the electrogenic binding process.
and thus should not yield a detectable signal. 2) If the initial The amount of charge translocated during"Nzinding
state of the enzyme in the absence of the cation§ &md  (in the absence of ATP) can be compared to charge trans-
K™ was E, then a K" jump as well as the Najump should  location during N& transport (in the presence of ATP) to
involve the transition E— E; (see Fig. 7). Instead, with give the relative chargg,, determined by the experiments
K™, no electrical signal is obtained (Fig. 5). 3) In the shown in Fig. 3 at sufficiently low ionic strength. The value
experiment, where a solution containing Kvas exchanged obtained in the presence of ATP represents the charge

Binding of Na™ to the cytoplasmic surface of the
Na*/K*-ATPase is electrogenic

E’roperties of electrogenic Na* binding



834 Biophysical Journal Volume 76 February 1999

translocated during both processes, namely binding andnalysis of the N& jump experiments given above. The
subsequent transport to the extracellular side. BindingNa“/K"-ATPase is known to occludekin the E(K) state.
therefore, accounts for30% of charge displacement, in- K™ therefore acts by affecting the, &= E, equilibrium.
dicating that cytoplasmic Nabinding represents a minor This has been tested in the experiment shown in Fig. 8. The
electrogenic event in the reaction cycle. figure illustrates that K is bound, although K concentra-

Fig. 3 shows that with increasing choline chloride con-tion jumps (Fig. 5) do not yield an electrogenic response of
centrations (and at 10 mM NacCl) the transported charge ithe protein.
the presence of ATP decreases. This has been explained ag~or the explanation of the experiment of Fig. 9 (exchange
a Hofmeister effect of the anions acting on th?E= E,P  of Na* versus K solution) a slow rate of the transition
equilibrium (Post and Suzuki, 1991). High Ctoncentra- E,(K) — E, has to be assumed: After Naddition (and K
tions destabilize EP in favor of EP thereby leading to a removal) the low transition rate limits the rate of electro-
reduced charge translocation. This effect is not observed whegrenic N&™ binding via the sequence
ATP is absent, consistent with the notion that it is the B> )

E,P transition that is responsible for the Hofmeister effect. Ey(K) + Na; EK + Na— E,;Na+ K (4)

We probed the specificity of the binding process (Fig. 5)
for different cations. A charge displacement significantly
larger than that of the control experiments was found forDue to the small value ok; the corresponding current
Na“ only. This lends further support to the notion that theresponse is below the detection limit. The number of pumps
observed effect is due to specific binding of Né&o the in the Na -bound state increases in timé&t) with the rate
transport sides of the N@K " -ATPase. It has to be noted k. Upon N& removal (K" jump) the electrogenic Na
that for ionic species other than Naa relatively high dissociation from those pump molecules already in the
control artefact occurs. These artefacts represent up to on&;Na state gives a contribution to the current signal, so that
third of the charge translocated during electrogenic” Na the amplitude of the N& removal peak depends on the
binding (or 10%, if expressed in terms of the relative chargedurationAt, during which N& was present in the reaction
translocatiorg,). volume (Fig. 10).

Various techniques have been employed to probe cyto- From this experiment a value of 0.29 0.04 s * was
plasmic Na binding. From the voltage-sensitivity of ki- obtained for the ratk. This value can be directly compared
netic data evidence was provided for electrogenic intracelto the literature results obtained with FITC-labeled Na
lular Na" binding (Goldshleger et al., 1987; Or et al., 1996). K "-ATPase using a stopped-flow technique. In these ex-
These arguments are based on flux measurements into vegseriments a K concentration jump (“K quench”) had
icles in the absence and presence of a diffusion potentiabeen carried out in the absence of both ATP and Neor
Electrogenicity of both intracellular and extracellular Na the backward transition,&+ K — E,(K) a rate ofk, = 150
binding and release has been postulated from experimenss * was found (Smirnova et al., 1995). The forward transi-
making use of the electrochromic fluorescence dye RH421ion was probed by Najumps performed with the FK)
(Heyse et al., 1994). As in our experiments, the effect wagnzyme (“N& reversal”) yielding the rate constatof the
specific for Na ions and yielded an Naaffinity of 8 mM.  forward reaction Eq. 4 (Steinberg and Karlish, 1989: 0.2 s
The relative contribution of intracellular Nebinding to the ~ (20°C); Smirnova et al., 1995: 0.13 % (15°C)). These
total electrogenicity of the ion pump was estimated to bevalues agree well with ous, = 0.29 + 0.04 s * (23°C).

16% (Or et al., 1996) and 25% (Heyse et al., 1994) which is
comparable to the value found in our investigation (30%).

Lu et al. (1994) studied capacitance changes of the ceKK™ deocclusion, and cytoplasmic K™ release

membrane of cardiac myocytes using the giant patch-clampre electroneutral

: : e
technique. In these experiments, cytoplasmic Ninding The K" concentration jumps of Fig. 5 do not yield signals

Z\elsm?gc;?sfsvgglfgsee;lr?/zznvsvﬁgi,t\)/(\; ?EIE;? daA\fgi%/]egsen?grger than the corresponding control experiments. Taking
P €€ " the size of the control signals as an error limit, & jimp

added to the solution. The discrepancy between the first WO e absence of ATP and Nds electroneutral within an

studies including ours and that of Lu et al. (1994) COUld.beerror of 10% compared to the charge translocation in the
related to the fact that the former were performed usin

urified enzyme while in the latter the enzyme was in thgpresence of ATP.
P yme c € latter ihe enzyme was € As discussed in the preceding section, the reaction se-

plasma membrane of whole cells. Also, the origin of the : : .
Na“/K "-ATPase was different: kidney as opposed to heartglfl.%nicse following a K- jump in the absence of Naand

K* translocation in the absence of ATP proceeds Ei + K = EK = Ey(K). (5)

; _ -1
with a rate of 0.2-0.3 s In this reaction sequence (which is backward in terms of the

The initial state of the N&/K-ATPase before the cation physiological operation mode of the ion pump) ks gen-
concentration jump is E This was concluded from the erally believed to be taken up from the cytoplasmic side of
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the protein. Our experiments, therefore, probe cytoplasmic voltage transients after photochemical release of ATRembr. Biol.
K* binding and subsequent translocation. The **k  97:161-178.
quench” experiments of Smirnova et al (1995) show thafahn, S., G. J. Koval, and R. W. Albers. 1966. Sodium-potassium activated
. . . . adenosine triphosphatase of electrophorus electric odgdiol. Chem.
the corresponding transition rate is 150 sThis rate would 241:1882—1889.
be suﬁ|C|entIy fast to y|e|d a deteCtable_ current response 'f?endler, K., E. Grell, and E. Bamberg. 1987. Kinetics of pump currents
at least one of the steps was electrogenic. As no electrogenicgenerated by the NaK*-ATPase.FEBS Lett.1:83-88.
signal is observed, the sequence shown above must I®endler, K., E. Grell, M. Haubs, and E. Bamberg. 1985. Pump currents
electroneutral. generated by the purified N& "-ATPase from kidney on black lipid
. membranesEMBO J.4:3079-3085.

Electroneutrality of K transport has been a matter of _ ,

t ial literature discussion. Bahinski et al (1988)Fendler, K., S. Jaruschewski, J. P. Froehlich, and E. Bamberg. 1994.
controversia . - : . : Electrogenic and electroneutral partial reactions in"/{a -ATPase
report voltage-insensitive Ktransport using voltage-clamp  from eel electric organin The Sodium Pump: Structure, Mechanism,
measurements Of gu|nea p|g myocytes The same Conclu_ Hormonal Control, and its Role in Disease. E. Bamberg and W. Schoner,

. . . . editors. Springer, New York. 495-506.
sion was drawn from BLM experiments using proteollpo-F dier K. S 3 hewski. A. Hobbs. W. Alb 43P, Eroehiich
o e T endler, K., S. Jaruschewski, A. Hobbs, W. Albers, and J. P. Froehlich.
somes containing pu”f'Ed N&K *-ATPase from shark rec- 1993. Pre-steady-state charge translocation in NaK-ATPase from eel
tal gland (Gropp and Fendler, 1998). electric organJ. Gen. Physiol102:631—666.

Other authors have proposed electrogenictkansloca-  Friedrich, T., E. Bamberg, and G. Nagel. 1996."\g*-ATPase pump
tion or electrogenic K binding via a high-resistance access currents inhgiant e>.<cised patches activated by an ATP concentration
channel (Schwarz and Vasilets, 1991*18tar et al., 1991; GI‘“mP'I B'\'AOplgg'SJ'T?:'ZS?K:ZSOO'  denosine onosoad

; P Glynn, I. M. . The Na,K*-transporting adenosine triphosphatdse.
Peluf{o elmd, Berlin, 1997)' In these pUbllcatlonS ex”?‘ce"“ The Enzymes of Biological Membranes. A. N. Martonosi, editor. Ple-
lar K™ binding was suggested to be the electrogenic step. num Press, New York. 35-113.
This is not in contradiction to our results because OuUlGoldshleger, R., S. J. D. Karlish, A. Rephaeli, and W. D. Stein. 1987. The
experiments were carried out in the absence of any phos- effect of membranc_e potential on _the rr_]ammalia_n sodium-potassium
phorylating agents, restricting the range of possible partial pump reconstituted into phospholipid vesiclésPhysiol.387:331-355.

: ; ropp, T., and K. Fendler. 1998."KDependence of electrogenic transport
reactions to the reactions of the unphosphorylated enzym@ by the NaK-ATPaseBiochim. Biophys. Actal 368:184—200.
(sequence Eq. 5).

Heyse, S., I. Wuddel, H.-J. Apell, and W. 8&ter. 1994. Partial reactions
of the Na,K-ATPase: determination of rate constadtsGen. Physiol.
104:197-240.

Hille, B. 1992. lonic Channels of Excitable Membranes. Sinauer Associ-

d ates, Sunderland, MA.

Jorgensen, P. L., and J. P. Andersen. 1988. Structural basis for E1-E2
conformational transitions in Na,K-pump and Ca-pump proteins.

CONCLUSIONS

By using a rapid solution exchange technique combine
with a lipid membrane on a solid support, we have inves

tigated the binding reactions of Naand K' to the N&a'/ J. Membr. Biol.103:95—120.
K*-ATPase. Cytoplasmic Nabinding (or release) was ane, D. J., K. Fendler, E. Grell, E. Bamberg, K. Taniguchi, J. P. Froeh-
found to be electrogenic, accounting f630% of the total lich, and R. J. Clarke. 1997. Stopped-flow kinetic investigations of

charge translocated durlng Naransport. In contrast, cyto- conformational changes of pig kidney N& *-ATPase.Biochemistry.

lasmic K™ binding (or release) is electroneutral. The same 36:13406-13420.
P 9 ) Kaplan, J. H., B. Forbush IIl, and J. F. Hoffman. 1978. Rapid photolytic

holds for the other partial reactions on thé ideocclusion release of Adenosine’&riphosphate from a protected analogue: utili-
pathway BE(K) — E;K — E; + K. For future studies, zation by the Na:K pump of human red blood cell ghoBischemistry.
extracellular cation binding would be an attractive subject. 17:1929-1935.

For such investigations the situation is more Compncated_éuger, P. 1991. Electrogenic lon Pumps. Sinauer Associates, Sunderland,

because the MF are adsorbed with their extracellular side = ° ) )
Lu, C.-C., A. Kabakov, V. S. Markin, S. Mager, G. A. Frazier, and D. W.

facmg the solid supported membrane' ThIS. limits direct Hilgemann. 1994. Membrane transport mechanisms probed by capaci-
access to the extracellular side of the protein. Further de- tance measurements with megahertz voltage-cla®npc. Natl. Acad.

velopments are underway to overcome this limit of the Sci. USA92:11220-11224.

technique. Maunsbach, A. B., E. Skriver, M. Slerholm, and H. Hebert. 1988.
Three-dimensional structure and topography of membrane bound Na,K-
ATPase.In The Na",K*-Pump, Part A: Molecular Aspects. J. Skou,

. J. G. Norby, A. B. Maunsbach, and M. Esmann, editors. Alan R. Liss,
The authors thank A. Schacht for the preparation of & -ATPase Inc., New York. 39-56.

samples.
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