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Na+-Na* exchange mediated by (Na+ -b K ‘)-ATPase reconstituted into 
lipsmnes. EWMion of pump stoichiometry amI response to ATP and ADP 

(Receiwd Gpri? 5th. 1YBS) 

Key words: (Nn’i K”kATP;sea Memhtane reconstitution; N;1 ‘-Na ’ exchange; Pump stoichiometry: ADP; 
Oligomycin: (S. mmthia~ rectal giand) 

(Na’+ K+)-ATPase from shark rectal glands reconstituted into lipid vesicles and oriented inside out 
catalyses an ouabaht-sensitive Na*-Na” exchange in the absence of intravesicular K + when ATP is added 
extravesicularly. Irttraveeictdar ouabain inhibited the exchange completely. This was also the case with 
digitoxigenin added to the vesicles. lntravesicufar oligomycin inhibited the Na+-Nd+ exchange partly in a 
fashion which was ATP dependent. The exchange is accompanied by a net hydrolysis of ATP with an 
appartmt fy, of 2.5 $M. ADP was fmmd to give no sttmtdation of the Na’*.Na+ exchange, contrariily, ADP 
inbthited the ATP-dependent exchange of Na+ both at optimal and supraoPtimal ATP concentrations. When 
initial influx and effhtx vt *rNa was measured and the hydrolysis of ATP cuncomitantfy determitid a 
cottpling ratio of 2.8: 1‘3: 1 was found, Le. 2.8 moles of Na+ were taken up (cellular effbtx) and 1.3 moles of 
Na* extruded (cethdar btfhtx) far each mole of ATP hydrolyzed. The rlectrogenic Na*-Na+ exchange 
generated a trammembrane potential which was measured wvitb the fluorescent probe ANS ((l-an,fliao-l-fit?ph- 

thalenestdfonic acid) to be 60 mV positive inside the Iiposomes (extracellulirr). 

Introduction 

Experiments with red blood cells have shown 
that with Na” but with no K” in the external 
medium there is a Na’-Na + exchange which be- 
sides ATP. which IS not hydrolyzed, required ADP 
and which presumably is electroneutral [l-4]. With 
Na’ but IIQ K” on the original extracellular side 
of everted red blood cells and in .4e absence of 
ADP there is a presumably one-for-one Na+-Na * 
exchange which is accompanied by a hydrolysis of 
ATP [5,6]. 

In experiments with vesicles reconstituted with 

(Na * - K + f-AT!%e from kidney there is an elec- 
trogenic ATP hydrolysis-depentIent Nat-Na” exb 
cbangr with nettr: 03 NaC rrarqorted from the 
cytwpfesmic to the external side per ATP hyd ‘o- 
lyzed [7,8]. 

There seems tf.us to be at least two differ& 
types of Na’-Na exchange: One which is not 
accompanied by ,4 TP hydrolysis and one which is. 
Since they ar both auabain sensitive they are prob- 
ably attributed tt: the Na,K-pump, the (Na ’ + 
K ’ )-ATPase. 

The present piper deals with the I%‘-Nat 
excharrge in vesicles reconstituted with purifgcd 
(Na -‘+ K “)-ATF%se from shark. The experimetlts 
were planned to isvestigate which of the NaC-Ma”” 
exchange reactior,~ were operative in this prepara- 
tion, and furtherr;lorc to see, if h is possible to 
measure the stokhiometry between A?Y hydra. 
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lyzed, the Nat transported from cytoplasmic to 
external side end the Na+ transported in the op- 
posite direction. 

The e..$erimerits showed that there was no 
(ATP $ ADPbdeperldent Na’-Na’ exchange but 

,, in ATP hydrolysis-dependent Na ‘-Nat exchange 
;:: ‘&&a ~~~,p,lt&Js ,*pr ‘, *,Wa&;,,, iR : ATP stoichiometry 
:i~ 1,‘ ~&;T.B;;:@: 1’ whi& geneii:qtes a menibrane poten- 
‘“’ ,$$I ,$ abovt;, 60 tn! p&it;Ce t,o the extracellular 
I: ‘;@e d’thl E~,tqXXt system. 4 preliminary report 
iI ,~~;t~~,‘~es~~~st has yen p&&shed [9]. 

Methods 

Mutcriuls. Phosphatidylcholine (PC), phos- 
phatidylethanolamine (PE), phosphatidylinositol 
(PI) were obtained from Avanti Polar Lipids. 
Cholesterol was from Sigma. %taethyleneglycol- 
dodecvl monoether (CI,E,) was from Nikko 
Chemicals, Tokyo, Japan. Bovine serum albumin 
was from Behring Institute. 22NaCl was obtained 
from the Radioactive Center, Amersham. ATP- 
re&r~~~&~n was provided Far by the phos- 
gtzd~reati~c~/erePltine phosphokinase system ob- 
tained from Sigma. Polystyrene beads. Bio-Beads 
wv”r$ from Bio-Rad. I-Anilino-l-naphthalene- 
$wl@$c acid (ANS) was from Fluka, AG. Dig- 
its~&genin was from Sigma. When ADP-free AT‘P 
was needed ATP was purified and converted to the 
Tzis-salt in a ‘DEAE-Sephdex column. 

Prepamtiovr oJ menzbrune bound und solubilixd 
eqrnae. The membrane bound (Na + f K ’ )- 
ATPade From rectal glands of the spiny dogfish 
(Squuiu.~ ucanthius) was prepared as described by 
Skew anti Esmann [IO]. The specific activity at 
37°C was 1200 pmol P,/mg per h. The enzyme 
was stored at -20°C in 20 mM histldine. 25%, 
glycerol (pH 7.0). 

The membrane bound enzyme was solubilized 
using the nonionic detergent C,, E, essentially 
according to Esmann et al. [llf. I vol. of enzyme 
was mixed with l/4 vol. corrtaining 4 mg 
C,,E,/mg enzyme in the presence of 150 mM 
NsCi at O’C. The mixture was centrifuged for 1 h 
h6 2~~~ X g at WC and the solabilized enzyme 
odlected from the supernatant. This leads to a 
pgrificatin and the specific activity was 600-900 
pdal P,/mg per h at 22°C. 

ATPus assiry. ATPase activity of membrane- 

bound enzyme was determined in a medium con- 
taining (mM): 130 NaCI, 20 KCI, 4 MgC12, 3 
ATP, 0.2 EGTA, 20 histidine, pH 7.4 at 37’ C and 
0.33 mg/ml bovine serum albumin. For rolubi- 
lized enzyme the albumin concentration was 0.66 
m&ml and the assay medium contained 0.1 
w/ml C12% 

The activity of solubiiized anzymc was 
determined at 22% pH 7.0. The hydrolysis of 
ATP was initiated by the addition gf enzyme and 
terminated by the addition of 50% ttichloroacetic 
acid 0.5 to 2.0 mid later. Inoiganic phosphate was 
determined by the method of Fiske and Suh- 
baRow [12]. 

The activity of the enzyme after reconstitution 
was determined as described above for solubilized 
enzyme at 22°C. pH 7.0 except that inorganic 
phosphate was determined with the more sensitive 
method of Baginski et al. [13] with the addition of 
5% sodium dodecyl sulfat to the arsenite-citrate 
reagent. 

Protein. Protein was determined as described by 
Peterson [14]. Bovine serum albumin was used as a 
standard. 

Prepuration of proteoliposomes. Liposomes with 
incorporated (Na++ K “)-ATPase were prepared 
as previously described, Cornelius and Skou 11.51. 
In essence the lipids are solutjilized by addition of 
C12E, to a concentration of 1.2 mg C,,E,/mg 
lipid followed by addition of an appropriate 
amount of solubilized enzyme (usually a protein to 
lipid weight ratio of 1 : 20 was used). Usually the 
medium contained 130 mM N&I, 0.1 mM MgCl 2, 
30 mM histidine (pli 7.0). After Formation of the 
mixed protein/lipid/detergent micel!e solution the 
detergent was removed by adsorp&q to poly- 
styrene beads (Bio-Beads) by incubation overnight 
at 4°C followed by 1 h at 22°C. The lipids used 
were PC/PE/PI/choiesterol in a weight ratio of 
60: 14 : 2 : 24. The beads wefe sedidimentated by a 
mild centrifugation and the proteoliposomes col- 
lected by using a constriction pipette. After pre- 
paration the liposomes could be stored at -- 70°C 
for several montbs. 

Determination aj .&&c&a. The orientation of 
the Ha ‘*K +-pump molecules: after reconstitution 
was ~~~~prni~~d by the ‘ouabain/ ionophore 
method’ described previously (Cornelius and Skou, 
Fig. 5 [15]). In ~r~te~~i~~mes with a 1: 20 pro- 
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tein/lipid weight ratio about 15% of the enzyme is 
incorporated inside-out (i/o), 65% right-side-out 
(r/o) and 20% with both intravesicular and cyto- 
plasmic side exposed (n-0). 

Flux measurements. ATP was added to the ex- 
travesicular medium which means ihat in all mea- 
surements of Na’-fluxes only enzyme oriented 
inside-out gives rise to vectorial transport. Influx 
and efflux of 22Na in the proteoliposomes were 
measured under initial equilibrium exchange con- 
ditions with Na’ in electrochemical equilibrium 
across the liposome membrane: Usunfly, 130 MM 

NaCl was present both internally and externally at 
the start of the experiment. In experiments without 
ADP, ATP was regenerated vis the phosphncrea- 
tine/creatine phosphokinase system. The con- 
centration of phosphocreatine and creatine phos- 
phokinase were 1.5 mM and 5 IU/ml, respec- 
tively. 

Influx (equivalent to cellular efflux) measure- 
ments were carried out by adding proteoliposomes 
to a flux medium with the same composition as 
used for preparing the liposomes and MgATP 
(variable concentration) and ‘“Na (specific activity 
spprox. 2 + 10” cpm/mol), At given time intervals 
samples (50 ~1) were withdrawn and layered over a 
cationic resin cartridge which was quickly flushed 
with about 1 ml flush medium (260 mM sucrose) 
The radioactivity of the eluate was determined 
directly in a gamma counter. Control experiments 
with “Na but without proteoliposomes showed 
that an elution time of 10 s was adequate to 
remove practically all radioactivi:y. These samples 
served as blanks. The ‘apparatus’ is constructed 
f-om two disposable 1 ml syringes (Fig. I). The 
resin cartridge contained a stopper of glass wool 
and about 0.5 ml Bio-Kex 70 (Bio-Kad). The resin 
was converted from the Hi-form to the Tris-form 
by eluting with 1 M Tris foliowed by 150 mM Tris 
until pH stabilized at 7.0. B-fore use the coiumns 
were cooled to 4°C. and eluted with 2 ml 260 mM 
sucrose containing 3 mg/ml bovine serum al- 
bumin. A careful convertion and pH-equilibration 
is essential in order to obtain reproducible results. 

Effiux was measured using protediposomes 
prepared in the presence of “Na. The efflux was 
measured in the tracer equilibrated liposomes by 
diluting XLfold the external 22Na specific activity 
at a constant external concentration of Na”, and 

start the faction with the addition of ATP. For 
both influx and efflux experiments a parallel ex- 
periment with the i/o-orientated enzyme inhibited 
with digitoxigenin added to the flux medium is 
run. Digitoxigrnin is lipid soluble and ~~~e~r~t~s 
the proteoliposomes readily. The ATP-d~~e~~~~t 
influx or efflux is expressed as the differemze be& 
tween measuran~ents with and w~~~~u~ &g+ 
itoxigenin (see Fig. 2). 

(1) .A,= A;(1 --c*p( - k/)) (influx) 

(2)n,=A,c(A,:-.l,).c*p~--kc1 (efflcrxi 

where 11,. A,, and A, are the liposomc associated 
‘2Na activities at time r, zero and infinite. reaptic- 
tively. /( c the observed initial rate cot;fficient. 

A, WIS measured after 211 h, however. isotope 
equilibr’um was attained after 5-6 h arrd the liyo- 
some as iociated activity rema ined con rtcqint the&+ 
after. A,, for influx was foual to be id-:rttica$ ~vi;h 
A, for efflux in liposomes pepared EB thl: IMM 
specific 22 Na-activity. Alt~~~~h d~~~t~x~~~~~~~ 
sensitsive influx was greater than efflwx (se* 
suits) the total influx and ~~fflux were equal 
threfott seems that the ~r~~~~~i~~s~rnl, votume is 
constant during the flux exprriment~. Ior a more 
detailed discussion of the problems i g mea~re- 
ments of A, see Ctmn and Frohlicir [l@. 

Therefore the initial rate t,+efficients for influx 
and efflux were calculated f;,>rn the sltrpe~ of the 
graphs of ln(&/( n % - .1, )) and En( A,, -- 
d, )/( A, - A,) vcrxus time, vqxctively, by imar: 
regression. and the initial ini‘ux and cfPlux c&u- 
lated from /( A, and k . (~1 ‘.- A,z ), respectively. 
Fluxes are given as mole Sac per min per mg 
i,/+profein. 
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Fig, 1. The assembly used to remove extravesicular **Na in 
j&t% experiments. To the left is shown the resin cartridge 
filled with 0.5 ml B&Rex 70 in the T&form. To the right the 
phmger device composed of the upper part of a 1 ml disposable 
syringe filled with flush medium. 50 ~1 of the sample is layered 
on rep of the resin and after assembling the device the sample 
is expelled by the flush medium into a counting vial. 

A 1. 

/ 

2 

‘s 
4 .5 
=z 

-=2 i IJ 
3 2 
4 

0 0 

cuvette containing the same buffer. 2 ~1: 1.5 mM 
ANS and 100 ~1 10 mM owabain was added and 
the relative increase in fluorescence (A F/F) mea- 
sured upon addition of 1 p*t 30 mM ATP. 

A stop-flow apparatus connected to the speclro- 
fluorometer was used for calibration of the flus- 
rescence signal [17]. The proteo!iposomes CFZ- 
tained 1 mM K’ 129 mM Na+, 4 mM Mg2* an,! 
histidine 30 mM, pH 7.0. The external K”-con- 
centration was varied up to 130 mM by isoosl%otic 
replacement of NaCl with KC1 and the liposomes 
were made Ks-permeable by addition of 3 FM 
valinomycin. 

Results 

When proteoiiposomes are equilibrated in 130 
mM Nat, and K+ is absent, the i/o oriented 
enzyme molecules engage in an exchange of in- 
trairesicular (extraceilular) Na’ for extravesicular 
(cytoplasmic) Na +, in the presence of Mg2+ and 
ATP in the extravesicular medium, 

El 
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Fip, 2. Panel A shows Na * uptake by reconstituted vesicles in the absence of K’ and ADP. Proteoliposomes were prepared with 13( 
d-4 I%*, 100 pM Ma* ’ and 30 mM histjciine-HCI, pH 7.0 at both sides. At zero-time the vesicles were added to a flux medium with 
& same ~rn~~s~tiofl and 13 NM ATP, 1.S mM phosphocteatine, S IU ereatine phospttokinase and “2Nr at a speciiic activity of 
&&t 1.10” egtq/mtd {O), On par&e1 batches the flux medium contained digitoxigenin (IO FM) (e), or no ATP (a). Afternatively 
~&&es, &ith I mM ouabain present intravesicularly were used (A). The Na”’ upt&ke was determined from the 2’Na trapping rf&r 
pas&age of the oeicles tFuo@t cationic exchange r&ins as shown in Fig. 1. panei B shrtrvs the same exwriments with the results 
pmseatc”L m a Iq&hmic (In) plot. 
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ATP 
Fig. 2 shows a typical **Na +-influx experiment 

at 22OC with proteoliposomes. III panel A the 
upper curve represents the uptake of Na’ in the 
presence of 130 mM Na+ on both sides of the 
proteoliposomes and with 25 PM ATP extravesicu- 
lar. Below is the uptake of Na’ in proteoliposomes 
(i) with digitoxigenin (10 PM) present in the flux 
medium (0). (ii) without ATP added to the flux 
medium (U) and (iii) in the presence of 25 PM 
ATP using ptoteoliposomes prepared with ouabain 
(1 mM) intravesicularly (A). Panel B represents the 
logarithmic transformations when In( A,/( A, - 
A,)) is plotted against time. According to equation 
(1) straight lines should result with a slope equal to 
the observed rate constant. 

As seen from Fig. 2 the three lower curves are 
identical giving the leak of NaC into the vesicles. 
Quabain does not penetrate the liposomes and has 
to be present intravesicularly in order to inhibit 
i/o-enzyme molecules. Digitoxigenin penetrates 
the liposomes so quickly that inhibition of ATP- 
dependent Na* influx is almost instant. This makes 
digitoxigenin an ideal quenching agent in these 
flux measurements. 

Fig. 3 shows how the influx of Na ’ depends dn 
the ATP stibstrate concentration. Each point in 
the curve is the initial influx calculated from an 
influx experiment as the one shown in Fig. 2 
consisting of seven experimental points performed 
at that particular ATP~concedtration. In order to 
avoid shortage of ATP, an ATP regenerating sys- 

approx. 2.5 j&l. “’ 

tern consisting of phosphocreatine/plxosphr:kirratle 
was included. The K, value for ATP calcolated 
from Lineweaver-Burk plots is about 2.5 pM at 
22”C, pH 7.0. With the highest ATP-concentra- 
tions used (0.3 and 1 mM) :f slight depression of 
the influx was observed in ar:cordance with expert- 
ments with non-sided enzy$ne ~repar~t~o~~s where 
a decrease in hydrolytic acu&ity is also seen at the 
higher substrate concentratbns, 

ADP 
In red blood cells Na”~‘B’a.’ exchange is f~tmd 

not to be accompanied by net ATP-hydrotyais 121 
and the exchange rate is s&&ted b!/ ADP [3]. ft? 
the present study no stimtilation of ADP w~tl 
observed, contrarily ADP r,yas found to depress 
the ATP-dependent Na *-I%-’ exchange. In Fig. 4 
the effect of ADP at bottii optimal (25 +&I) a,nJ 
supraoptimaf (I mM) A’E‘P ~~~le~rttr~t~o~~ is 
shown. A very pronounced, .iihibition with 250 FM 
ADP was observed at bo:h ~~~.c(~nce~trat~~i~~ 
studied. fn these cxperimersis LZII AT” rcg~~~r~l&i~~~~ 
system was not included for obvioits rea%ans 
However, it was controlled that he influx it~ the 
absence of ADP with arirl without rege~er~t~~~~ 
was the same for up to about 10 min. Aft&f this 
time a decrease was observed in the rate of ir~t’lux 

if pho~p~~creatine/cre~t~,~e ~~~~s~h~kina~~ was 
omitted, 
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Fig. 8. Na’ influx measured in the presence of 250 pM ADP at optimal (25 PM) and supraoptimal (I mM) ATP wzentration. Als 
&uw~ are results using reconstituted vesicles with oligomycin (10 pg/ml) wiih the same adenine nuclcotide composition. In all 
sqeriments the phosphocreatine/creatint phosphakinase-regenerarion system was omitted. 

’ t&hum of the proteoliposomes only inhibits Na+ 
i&I&t to a minor degree. However, if the 
o~go~~~jl~ wag present inside the vesic;les thus 

; .a@ng on the extraceflular side of the transporting 
enzy’me mok~ules there is an inhibition but only 
partial (up to 56%). The inhibitory effect of ex- 
traceflular oligomycin depends on the ATP con- 
centrations. As seen in Fig. 5 the fractional inhibi- 
tion of Na‘k-influx increases with the ATP con- 
centration just as has been observed for the ADP- 
dependent Ha+-Ma+ exchange in red cells [I81 and 
by the ohgomycin inhibition of ATP-hydrolysis 
with Na” and K+ in unsided preparations 1171. 
Thus, itt optimal ATP concentration (25 pM) the 
inhibition with oligomycin was small. 

Pump rtoichiometry 
Fig. 6 shows the influx and efflux measured on 

parallel batches of proteoliposomes. Furthermare 
is shown the rate of ATP hydrolysis in the pres- 
ence of extravesicular ouabain in order to inhibit 
the activity of the n-o oriented enzyme. All three 
parameters are thus related to activity from en- 
zyme molecdes oriented in the i/o mode. Calcula- 
tion of the initial infhrx gave a value of about 1.6 
pmol Na’/mg i/o-protein per min and the efflux 
0.73 pm01 Na”/mg i/o-protein per min. Com- 
pared with the rate of ATP hydrolysis which was 
0.57 ~mal/mg i/o-protein per min, 2.8 molecules 
of Ma’ are transported into the liposomes (from 
the cytoplasmic to the extracellular side) and 1.3 

100 300 
ATP-concentrotion,l~M 1 

1000 
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Fig. 6. Influx, rffiux and ATP hydrolysis determined on $aral- 
lei batches of reconstituted vesicles. From the imtia; slopes the 
influx was calculated to 1.6 ~mol Na+/mg i/o-protria per 
min. the cfflux 0.73 $Arnol Na +,/mg i/o-protein per min and the 
rate of ATP hydrolysis 0.57 /Amol P,/mg i/o-protein per mitt 
thus giving the stoichiometty of 2.X : 1.3 : 1. 

out of the liposomes (from the extracellular to the 
cytoplasmic side) per ATP molecule hydrolyzed. 
The ATP-hydrolysis accompanying the Na”-Na+ 
exchange WBJ about 6% of the ATP hydrolysis 
measured in experiments with Na”-K” exchange 
(not shown). 

The result depicted in Fig. 6 indicates that the 
Na*-Na+ exchange is electrogenic - unless some 
charge is being carried with the pump in order to 
balance electrically the excess of Na +. An clectro- 
genie transport should generate a transmembrane 
potential unless the liposomes are ‘;ery leaky to 
cl-. 

The effect of Na+-Na * exchange on transmem- 
brane potential was measured with the fluorescent 
probe ANS [19]. The fluorescent response from 
ANS due to a membrane potential was calibrated 
using proteoliposomes produced in 1 mM KC and 
129 mM Na’ and varymg ihe external K’ con- 
centration at constant osmalarity in the presence 
of the K” ionophore valinomycin. However, the 
time constant for the ffuorescence response was so 
high that in order to resolve it, it proved necessary 
to use a stop-flow apparatus (cf. Ref. 20). Ry 
plotting the calculated K”-diffusioa potential 

Fig. 7. Calibration cwvr I-or ANS fluorescence iis a function of 
trammembrane K ‘-diffusion potential. The relative enhance- 
ment of ANS fluoreacencc. dF/F was meusured .tsing, a 
stopped flow apparatus at different gradients of K ’ is the 
presence of valinornycin. One syrinige conreined the iv&m 
stituted vesicles with 1 mM k *v 129 mM Na+. 1.5 mM ANS 
and 3 pM valinomycin. The other syiinse contained wluticm~ 
with increasing K + cuncentfatiorrs and the same concr;ntrarinn!+ 
of ANS and valinomycin as in syringe one. The temperalurc 
was 22°C. pH 1.0. 

versus the relative increase in fluoreecenct the 
calibration curve shown in Fig. 7 was ~~n~trI~~te~, 

In Pig. 8 is shown the &tore~ence enhance- 
ment when the Na ‘-Na + ~31ange is started hf 
the addition of 10 FM ATP. The Na’ cortoentrti 
tion is 130 mM on both s&s of the ~er~br~~~” 
Addition of ATP results iv a slowly ~n~,rea~~n~ 
fluorescent signal which agecl declines towards thr 
base line. The event is repe:tted by tcaddition of 
ATP. The response is equjvalent to a membrane 
potential of 6.5 + 13 mV lmean f SD., ti = 61, 
positive inside the proteoliy~,sotnea, “The response 
is eliminated by addition 4 2 mM C’a’” which 



inhibits the (Na*-t K*)-ATPase activity. In pro- 
teoliposomes containing ouabain no potential de- 
veloped after ATP addition. Substitution of 30 
m&4 of the very lipid soluble anion SCN - for Cl .- 
caused the membrane potential to collapse indicat- 
ing a short circuiting of the membrane potential. 
This concentration of SCN- was without deleteri- 

Nn’-Nn ’ exchange associated with XTP hydroly- 
sis is characterized, Addition of ADP did not 
stimulate this exchange, only inhibition was ob- 
served. Na*-Na’ exchange accompanied by an 
ATP hydrolysis has also been observed in experi- 
ments on everted red blood cells [5,6]. In these 
~xp~~inyents about 3 Nat are transported out per 
ATP hydrolyzed and the Na ‘-Na l stoichiometry 
appears to be 1 : 1. In the present experiments 
there are also about 3 Na+ transported out per 

” AT? @#ralyzed while fewer (one or two) Na+ are 
‘t&art up. The dectrogetiicity of the Na”-Na’ 

: %ansport meaaprcd in the present experiments in- 
~~~~t~s that no other cations or anions accompany 
the P&iC-Na” exchange. A similar ehrctrogenic ef- 
,fcct of a Na ‘-Wa” ex&ngc associated with ATP 
hydrolyzes hirs been observed in vesicles recon- 
atiturcd with (Na ’ + K” )-ATPase from kindey. In 
the% experiments there was a net accumulation of 
0.5 moles of Na’ per mole ATP hydrolyzed [7,8]; 
the 2lnidirectionaf fhtxes were not measured. 

Phosphoryletion from ATP in the presence of 
Wa” leads to an occlusion of Na+ 12121, which 
~r~~~~~~~~ means a transfer of Na’ from the cyto- 
plasmic to the membrane phase, Since the phos- 
phoeqmc with ADP bound exist in insignificant 
amount in steady state (221, the occlusion of Na’ 
is probably neasured on the following phos- 
phoform with no ADP bound, and it is therefore 
not possible to decide if it is the p~~a~horylation, 
or as It is shown in Fig. 9 the p~ospho~iatio~ and 
the, ~~11~~~~~ release of ADP which leads to the 
~~~~jon; l$ ,- P e ADP 1 ‘Na, to E; - P(Na,). 
Kinetic experiments suggest that besides the phos- 
~~~~z~rn~ with ADP bound, the reaction with 

ATP in the presence of Na+ leads to the formation 
of at least three consecutive phosphoenzymes (221. 
One is ADP sensitive and is in Fig. 9 the phos- 
phoenzyme with 3 Na+ occluded, E’, - P(Na,). 
Another, I?‘,’ - PNa,, has a fast rate of conversion 
to the ADP-sensitive phosphoenzyme which means 
that it is SQ to say ADP sensitive, and finally E,-P, 
the ADP-insensitive, K+-sensitive phosphoen- 
zyme. 

The transfer of Na+ From the membrane phase 
to the external medium must involve a deocclusion 
i.e. a transition to a conformation which can ex- 
change Na+ with the external medium. In the 
ADP stimulated Na*-Na+ exchange this confor- 
mation must be ADP sensitive and can therefore 
not be E,-P but must be a phosphoenzyme which 
precedes formation of E,-P and which follows 
formation of the Na’ occluded form; this phos- 
phoform is in Fig. 9 denoted E; - PNa, and is the 
pboshoform which in the kinetic experiments [22] 
has a fast rate of disappearance when ADP is 
added. It is denoted E, because it is K + insensi- 
tive. 

In the Na+-Na’ exchange associated with ATP 
hydrolysis the conformation which releases Na r to 
the external medium must be the same as in the 
ADP-dependent Na’-Na+ exchange. However, an 
cellular outward transport of 3 Na* with a cellular 
inward transport of one or two Na’ suggests that 
the ohosphoform which is responsible for the in- 
warct transport of Na’ has a conformation which 
is different from I$ - PNa,. The K”’ behaviour of 
extracellular Na+ in the ATP hydrolysis-depen- 
dent Naf-Nat exchange suggests that tf,e phos- 
phoform which accepts Nat for the inwan trans- 
port is the same as the one which accepts K’ for 
inward transport in the Na+-K” exchang, reac- 
tion, E,-P. Acwrding’to this reasoning E, an1 E2 
is not related to sidedness but to site n;tmber; for 
the transported cations. 

E;’ - PNa, m,jst be at a lower fr,:e e,iergy level 
than E; - P(Na,), but as it is ‘ADP sensitive’ 
while E,-P is not it sar~ns likely that the major 
free-energy change :, tt the step from E’,’ - PNa, 
to E,-P Na,-,. For this reason E’,’ - PNa, is 
shown with - P. 

Whether a Na+-Na” exchange stimulated by 
ADP or associated with ATP hydrolysis is pre- 
dominant must depend on the steady-state distri- 
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bution between the ADP sensitive phoshoenzymes 
and E,-P. With the shark enzyme which has been 
used ‘in the present experiments, phosphorylation 
~~Q$IxATI? 2: the presence of Na+ by enzyme free 
in ~olwtion leads to formation of purely the E,-P 
form, P.e. the disttibution between E, P-forms and 

,,.. .I&& ,js, Poised< towar+ E&-P. This may explain ,i’ $-‘, I,. $1 : 
~~~~,~~:~~~~~.ls”lsi~~~ .Na’.?-Na*, exchange is aeen 
.iC i ,~~~~~~~~o~ u&g this enzyme’prepamtion. 
; y;“lit ‘~&$$I# ,td;the NaC concentratian increases the 
$ zL s~~~~f~~~ i&t&m of the ph0sphoenzyme in the 
,~~~~,~~,,~~~~~ f$$3jj;:L f&*q@e, tli~ Nw ’ corrceq trat,ion 

ne%essary to see such an effect with the shark 
enzyme is so high that the isotop dilution makes 
the flux experiments impractical. 

The ratio between the E, phnrphoforms and 
the E,-P form varies for different enzyme sources. 
For example with brain enzyme in the presence of 
ATP and 150 mM Na+ a certain fraction of the 
mzyme molecules at steady state is on the E, 
phosphoform. It is unknown how this distribution 
is for enzyme from red blood cells, which has the 
ADP-stimulated Nat-Na+ exchange [l-4]. 
-. TIE, nit+ of the turqover of the enzyme, the 
:~~d~~~~~~~,of ATP, in the Na*-Na+ exchange reac- 
t%~ me&t~p~ed in the present experiments is 34 
‘$I%& ATP hydrolyzed per mg inside-out protein 
‘p&r h &22”‘C, pki 7.t& With about 4 nmol enzyme 
molha~ies per mg protein this gives a turnover rate 
of about 2 se’. With Kf instead of Na’ on the 
intravesicular side of the membrane the turrtover 
rate is about 32 s’-’ (22”C, pH 7.0) [15]. Assuming 
?bat the Na”-Na” exchange and the Na+-K’ ex- 
change is on the same pathway 124.251 (for alterna- 
tive suggestions see Refs. 26 and 27) the lower rate 
06 turnover of ATP hydrolysis-dependent Na+- 
Na’ exchange than of the No*-K * exchange must 
be due to a fewer rate of transfer of Nai from the 
intravesicular to the cytoplasmic side of the mem- 
brane. Since the rate of d~bosph~~~~ation of E,-P 
in the presence of Na* is very IOLV ihis is probably 
the rate-firniting step in the ATP h.&olysis-depen- 
dent Nb *-Na * exchange reaction. 

In the present experiments oligomycin de- 
~~~~e~ the rate but does not inhibit completely the 

+TP tly~rrrlysis-dependent Na+-Na’ exchange. 
,“~lj~myejN otiludes Na+ to an E, form of the 
-et~?yme an& decreases the rate of deocclusion 1287. 
.As ofigomycin inhibits the ADP stimulated Na”- 

Na+ exchange but not the ADP-ATP exchange 
[29] this suggests that ohgomycin decreases the 
rate of deocclusion of Na+ from E’, - P (Na,) i.e. 
the transition to E?’ - PNa,. The partial inhibition 
by oligomycin of the ATP hydrolysis-dependent 
Naf-Na+ exchange then suggests that in the pres- 
ence of oligomycin it is no longer the dephos- 
phorylation af E,-P wlbich is rate limiting but the 
transition from E; - P(Na,) to E$‘+ PNa,. The 
low or no inhibition by oligomytin at a low ATP 
cancentratioa suggests that under these conditions 
the rate of deocctusiort of Na3 in the Presence of 
oligomycin is comparable to the rate of the rate- 
Limiting step without oligomycin. The increase in 
the fractional inhibition by oligomycin by an in- 
crease in the ATP concentration suggests that 
without oligomycin ATP increases the rate of the 
rate-limiting step. 

The inhibition of the ATP hydrolysis-depen- 
dent Na+-Na* exchange by higher concentrations 
of ATP (Fig. 3) is not accounted for in the model 
in Fig. 9, this suggests a low affinity ATP effect on 
the exchange reaction. 

Ackuowledgement 

This work was supported by the Danish Medical 
Research Council, lngeborg and LCO Dannin’s 
Foundation for Scientific Research and P. Carl 
Pedcrsen’s Foundation. The technical assistance of 
8. Westergaard is gratefully acknowledged. 

References 

1 Garrahan, P.J. and Glynn. I.M. (1967) J. Physrol. 192. 
159 -174 

2 Garrahan. P.J. and Giynn. I.M. (1967) I. Physiol. 192. 
217-235 

3 ?Ivnn. I.M. and Hoffman. J.F. (1971) J. Physwl. 218. 
X-256 

4 Cwieres, J.D. and GLynn. 1.M. (19793 J. Physiol. 297. 
637-645 

5 Lee, K.H. and Blostein. R. (1980) Nature 285, 338-339 
6 Blmein, R. (1983) J. Biol. Chem. 258, 7948-7953 
7 Forgac. M. and Chin, G. (1981) J. Biol. Chem. 256. 

3645-3646 
8 Forgac, M. and Chin, Ci. (39823 J. Biol. Chrm. 257, 

5655-5655 
9 C~ftwIius, F. and Skou. J.C. (1985) in The Sodium 

Pna%p - Promdings of the Fourth N~.K-ATPu Con- 
ferenke, IM. (Glyrm. I.M. and Ellory, J.C, edds,). The 
Company of Bi&&ts, Cambridge, in rha press 



221 

10 Skou. J.C. and Earnann. M. (1979) Biochim. Biophys. Acta 
567.436444 

11 Esmann, M., Skou, J.C. and Christiansen, C. (1979) Bio- 
chim. Biophys. Acta 567, 410-420 

12 Fiske, C.H. and SubbaRow, Y. (19?5) J. Biol. Chem. 66. 
375-400 

13 Baginski. ? S.. Foa, P.P. and Zak, B. (1966) Clin. Chem. 13, 
326-332 

14 Peterson, G.L. (1977) Anal. B&hem. 83, 346-356 
15 Cornelius, F. sod Skou, J.C. (1984) Biochim. Biopbys. Acta 

772, 357-373 
16 GUM, R.3. and Fro&h, 0. (1979) I. Gen. Physiol. 74, 

351-374 
17 Skou, J.C. (1982) Biihim. Biophys. Acta 688,369-380 
18 Sachs, J.R. (1980) J. Physiol. 302, 219-240 
19 Bashford. CL. and Smith. J.C. (1979) Methods Enzymol. 

55, 569-586 
20 Azzi, A., Gherardini, P. and Santano, M. (1971) J. Biol. 

Chem. 246.2035-2042 
21 Glynn, I.M., Hara, Y. and Richards, D.E. (1984) J. Physiol. 

351. 531-547 

22 Msrby. J.G., Klndos, I. and Christiansen, N.3. (1983) J. 
Gen. Physiol. 82, 725-7.59 

23 Kuriki, Y. and Racker, E. (1976) Biochemistry 15, 
4951-4956 

24 AIbers, R.W, (1967) Annu. Rev. B&hem. 36, 727-746 
25 Post, R.L.. Kume. T., Tobin, T., Grcutt. I3. and Scn, AX. 

(1969) J. Gen. Physiol. 54, 3063-326s 
26 Skou. J.C. (1985) in The Sodium Pump - Prweed~ngs of itie 

Fourth Nn,C-ATPa.se Conference (Glynn, t.M, tnd iF.,trsry, 
J.C., eds.), The Company of &lo&&s, ~arnb~~, in the 
press 

27 Plewer. I.%‘., Plesner, t,, Nnrby. 1.0. and Kk%&r, f. (I!@?) 
Bioctim. Biophys. Actn 643.483-494 

28 Esmnmt. M. and Skou, J.C. (1985) %&err% Biopbys, R&. 
Commitn. 127. R57-863 

29 Fahn, S., Koval. G.J. and Albers. R.W. (1966) 1. Bnl. 
Chem. 241. 1882-1X89 

30 Karl% S.J.D.. Yates. D.W. and Giynn. I.N. (1978) I&o* 
chim, Iliophys. Acta 525. 252.-264, 


