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SUMMARY

An Nmu�-stimulated AI)P-ATP exchange reaction could be demonstrated in the micro-
SOfl1CS obtained from guinea pig kidney. In agm’eernent with previous result.s, N-ethvlmale-

imide was found to affect the Na+�stimuiated exchange reaction in two different ways, prob-

ably by reacting at two distinct sites on the (Na4’ + K4’)-dependent ATPase (EC 3.6.1.3).
The reactivity of these two sites to N-ethylnlaleimide depended on the conformational st.ate

of the transport enzyme system.
The ability of N-ethylmaleimide to distinguish between the inward-facing (E1) and out-

ard-facing (E2) conformations of (Na+ + K4’)-ATPase was used to determimie the confor-
mational state of the transport enzyme system in tIme presence of different physiological

ligands, either individually or in combination. All physiological ligands except Mg� (i.e.,
Na4’, K4’, and ATP) stabilized the E1 conformation of (Xa�4’ + K4’)-ATPase. rfhi E2 con-

formation of the enzyme could be obtained either by treatment with Mg++ alone or by phos-

phorylation of (Na4’ + K4’)-ATPase to E2-P.
r#{231}pby itself did not appear to change the E1 conformation of the enzyme to E2 by occu-

pancy of the “modifier” site, in either the presence or absence of p-nit.rophenyl phosphate.
Although both the E2-P and E2 forms of the enzyme have a high apparent affinity for oua-

bain, the glycoside binds to Na4’-E1-ATP and Mg�-E1-ATP or E1-P to a significant extent.
The present findings support the hypothesis that Na4’-dependent phosphorvlation is part

of thie ATP-hydrolyzing activity of tile (Na4’ + K4’)-ATPase and that in the presence of
Na4’ time E2 conformation of the transport enzyme system may be obtained only by phos-
phorylation of the (Na4’ + K�4’)-ATPase.

I NTRODUCTION

In order to understand the mechanism of
microsomal (Na+ + Kj-ATPase (EC

3.6.1 .3)-mediated transport of monovalent

cat ions across cell membranes, it is necessary
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to know the intermediate steps in the hydro-

lysis of ATP by the enzyme system. The

observations that incorporation of phosphate

from [32P]ATP into the microsomes is stimu-

lated by Na� and reduced by K4’ suggest

that Nat-dependent phosphorylation and

subsequent K4’-dependent dephosphorvla-

tion are two possible intermediate steps in

the hydrolysis of ATP (1-6).
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Recently some objections have been raised

to t.he hypothesis stated above, in w’hich t.he
Na4’-dependent phosphorylation is COli-

sidered to be a manifestation of (Na4’ + K+)-
ATPase. It has been suggested that phos-

phorylation in the presence of Na4’, Mg++,
and ATP may be due to tile occupancy by

Na� of a “K4’- binding site,” and that the
effect of K4’ is not to increase the rate of

dephosphorylation but to decrease phos-
phorylat.ion (7, 8).

Active transport implies conformational
change in t.he pumping mechanism. This
conformat.ional change in (Na+ + K+)

ATPase is believed to be induced by the
formation of a phosphorylated intermediate
(1). Alternatively, ATP has been suggested

to produce alterations in the conformations
of (Na4’ + K�)-ATPase which lead to Na4’
translocation without the formation of a
phosphorylated intermediate (7, 8). Oua-

bain, which is an effective inhibitor of
(Na4’ + K4’)-ATPase only when present

extracellularly (9, 10), can bind to the micro-

somes in the presence of nucleotides which
ordinarily do not phosphorylate the enzyme
(11-13). This has been considered to support

the hypothesis that it is ATP, and not Na�4’-
dependent phosphorylation, which changes
the conformation of the transport enzyme
system (14). Furthermore, the activating
effect of ATP on K�-dependent. phosphatase

in the presence of Na+ is offered as further
evendence for the proposal that Nev4’-depend-
ent ATP binding to the enzyme complex,
rather than phosphorylation of the enzyme

by ATP, may be the primary cause of certain
conformational changes in the membrane

and perhaps may play a role in the process of
Na4’ translocation through the membrane

(15, 16).
In this paper t.he effect. of NEW Ofl tile

ADP-ATP exchange activity of kidney

microsomes has been studied. In agreement
with the findings of previous workers, a
distinct Na�4’-dependent. transphosphoryla-
tion was observed iii the presence of low
�\Ig++ concentrations, which was markedly
stimulated by NEM (17-22). The present.

2 The abbreviation used is: NEM, .V-ethvl-

maleimide.

results confirm our previous finding that

NEM probably reacts at two different. sites

of (N& +. K4’)-ATPase and that its reactiv-
it.y to these sites is altered, depending on the
conforma.teional state of the enzyme (23). The

ability of NEM to distinguish qualitatively
between two major conformations of (Na+ +
K+)ATPase has been used to determine the

possible conformational state of (Na+ +

K�)-ATPase as induced by ligands, either
individually or in combination. Finally, the
present findings support the concept. that time

hydrolysis of ATP by microsomal (Na4’ +

Kj-ATPase is mediated by tile format.i�n of

a phosphorylated intermediate and that. this
incorporation of phosphate into the enzyme
protein produces a conformational chamige in

(Nat + K�)-ATPase which probably leads

to Na+ translocation in the intact membrane.
A preliminary report. of this work has been
published (24).

METHODS

(Na4’ + K4’)-ATPase from guinea pig kid-
ney and �y-32P]ATP were prepared as de-
scribed by Post and Sen (25, 26). Tile enzyme
preparation was stored at 4#{176}in a solution

containing 10 mM imidazoie and 0.1 m�i

tetrahydro-EDTA adjusted to pH 6.9 ± 0.1

with HC1. The specific activity of the
(Nat + K4’)-ATPase was 2.3-4.5 units/mg
of protein. One unit of enzyme activity repre-

sents 1 �.emole of ATP cleaved per minute at
37#{176}.�P was obtained from Tracerlab. Uni-

versally labeled [‘4C}A I)P was purchased

from Schwarz BioResearch as the trilithium
salt.; specific activity was about 25 mCi/
mmole. [3H]Ouabain was a product of New
England Nuclear Corporation. Ouabain,
NEM, and the disodiunl salts of ATP and
ADP were obtained from Sigma Chemical
Company. The sodium salts of the nuclen-
tides were converted t.o Tris salts by ion-
exchange chromatography.

Preliminary treatment wit h N EM and
phosphorylation were carried out as de-

scribed iii the accompanying Paper (23).
Total phosphate was estimated by a fllodif i-

cation of the method of Bartlett (27), and
protein, by tue met hod of Lowry el al. (2S).

Binding of [3H]ouabain was determined by
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the method of Matsui and Schwartz (11) as

described previously (29). The specific ac-

tivity of tile [3Hlouabain was 100 Ci/mole.

The Nat-dependent ADP-ATP exchange ac-

tivity was estimated by the method de-

scribed previously (30), except that adenyl-
ate kina.se activity was determined by

measuring the amount of [‘4C]AMP formed

as described by Blostein (22). Thus Na”-
stimulated net exchange was calculated by

subtracting the amount of [‘4C]AMP formed

form the total [‘4C]ATP synthesized in each
experimental tube. Tile usual illcubat ion

medium consisted of 4.0 mr�t Tris-ATP, 1 mit
Tris-[’4C]ADP, 0.1 mi�i MgCl2 ± 1.5 m�
NaCl, 10 m� imidazole-glycylglycine (pH

7.4 ± 0.1), alid about 0.10-0.15 mg of pro-
tein in a total volume of 0.5 ml. The samples,
in 10-mi centrifuge tubes, were incubated for
15 mm at 25#{176}.

RESULTS

Optimal Na” and Mg”4’ concentrations for

lran.sphosphorylation. Fahn et al. (17, iS)

have reported that there was considerable

disparity in the conditions required to pro-
duce the maximal exchange rate between the

native and NEM-treat.ed microsomes of the
eel electric organ. By employing a lower COIl-

centration of Mg++ it was possible to make
t.he two conditions more comparable and to
improve the exchange rate slightly. A maxi-

mal exchange rate for the native microsomes

was obtained when tile concentrations of
Mg*f and Na+ were 0.1 mu and 1.5 m�r,
respectively (Fig. 1). Following NEM treat-
ment, the maximal exchange rate was ob-
tained when 0.4 mi�i Mg4’�4’ and 3 m�i Na4’
were employed (Fig. 1). For all subsequent
experiments, tile concentrations of Mg++
and Na� for both native and NEM-treated

microsomes �s’ere maintained at 0.1 m�i and
1.5 m�r, respectively. In agreement with the

findings of Fahn et al. (18), at a constant
ATP concentration of 4 m� the exchange
rate was maximal when the ADP: ATP ratio

was 1:4 (not shown). Since t.he optimal pH

for both ATP hydrolysis and ADP-ATP cx-

FIG. 1. Activation of ADP-ATP exchange reaction. by different concentrations of �V&’ or M,q4’4 in native

(A) and NE.iI -treated (�) microsomes

The treated microsomal preparation was first imicubated with 2.5 mit NE�I, 16 mit Na4’, 3 mM Tris-

ATP, amid 0.25mM omiahain at 370 for 30 mimi. Treated microsomnes were wa.shed free of all added ligands as

described previously (23). Immcmmbat.iomi conditions for exchange reactions are described in the text, but
various comicentratiomis of either Na4 or Mg4’4 were emsiployed. A constant. concent ration of Mg44’ (0.1 niM)

wa.s employed for each experimental point., and in the imiset 1.5 mit Na4’ was used along with the indicated

concentrations of Mg44’. The same microsomnal prel)arat ion was used for all experimemital points.



TABLE I

Effect of .VEJI on .1DP-A TP exchange and adenylate kinase activity of kidney nmzcro.c’omocs

Prior incubation with NEM was conducted as described previously (23). The exchange react iou was
carried out as described in the text.

VI]!-
hydro-
lyzing

activity

Comit rol
2.5 mit NEM

2.5 mM NEM + 2 mit

K4’

2.5 mit NE�I + 2 mit
K� + 3 mM ATP
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.�denylate kinase Net exchange Net Xa�-

Iota actm�i � activity stiniulate(l

Prior treatment \I � exchange

Mg� g�t Mg� � (.1) (�) (1 - B)
�--. .- _______ �;noles

i.imnoles l’4CIA TP/g �imoles [“CIA TP/g �jmnoles l’4Cl.1 TP/g protein/mum P/,,zg

protein/mum protein/mm . protein/hr

40 18 7 9 33 9 24 207

73 10 7 7 66 3 63 12e

59 11 5 7 51 4 47 150

99 21 10 9 89 � � 92

change is about 7.5 (18), all exchange reac-
tions were carried out at pH 7.4 ± 0.1 (20).

Effect of adenylate kinase on kidney micro-

somes. Electroplax microsomes do not exhibit

any adenylate kinase activity (12). However,

such activity was present in the kidney
microsomes, and results of a typical experi-
ment are shown in Table 1. Tile maximum

contribution of adenylate kinase in tile pres-

ence of Na� was between 15 and 20 % of tile

total [‘4C]ATP formed. Although NEM in-
hibited Na”-insensitive, Mg��-st.imulated
exchange, as found by Fahn et al. (18), it did
not decrease adenylate kinase activity. How-
ever, the addition of ATP to the incubation
medium protected against t.he inhibition of

Mg4’�-stimulated exchange by NEM. Fur-

thermore, in agreement with our finding on
the effects of NEM on phosphorylation and

dephosphorylation (23), K”' retarded while
ATP and K-” facilitated the stimulation of
Nat-dependent transphosphorylation by
NEM.

The Nat-dependent ADP-ATP exchange

activity was found to be linear for more than
40 mm in guinea pig kidney microsomes
under the present experimental conditions
(Fig. 2). However, the Nat-independent ex-

change activity was linear for only 20 mm.
NEM inhibited the (Na4’ + K�”)-ATPase,

decreasing either Na+�dependent phos-
phorylation or K4’-sensitive dephosphoryla-

t.ion (23). Kidney microsomes treated with
NEM to inhibit the (Nat + K”)-ATPase

partially by either of the two PathwaYs
exhibited Na�-dependent exchange activity

which was linear for at least 15 mm (Fig. 2).

Therefore, in all expenments described in the

present paper, the exchange activity was

measured for 13 miii.
Next. the optimal concentration of NEM

for stimulation of Na”�-dependent t ransphos-

phorylation was determined. When K� and

ATP were present in the incubation medium,

maximal stimulation was obtained with 5

mM NEM. Higher concentrations of NEM
were not tried, because at. 10 m�i NEM both
the phosphorylat ion and dephosphorylat ion

steps are affected, indicating loss of selectiv-
ity of NE1\I for its preferential site of action
(23).

Changes in reactivity of NEM to (Na+ +

K+)-A TPase, depending on conforniational

state of enzyme system. (Na” + K4’)-ATPase
is believed to exist in two major conforma-

tions, the inward-facing (E1) and the out-
ward-facing (E2) (31). The inward-facing
form may be obtained either in a ligand-free
medium or in the presence of Na+ (12, 32,
33). Under both these conditions there was

stimulation of Na”-dependent exchange, in-
dicating that when the enzyme is in time E1
conformation NEM reacts at one site to

stimulate Na4’-depelident trausphosphoryla-
tion (Table 2) and inhibit K”-sensitive de-
phosphorylation (23). Consistent with the

finding of the effect of NEM on phosphoryla-

tion, there was some illhlibitiOml of the cx-
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FIG. 2. Time course of ADP-A TI’ exchange reaction for natire and ,\‘EJf -treated mnicrosomnes

The imicubatiomi conditions for the exchange reaction are described in the text, and the Na4’-depemident

(�) and Na4-independent (0) Al)P-ATP excimamige activities shown were obtained after subtracting

those dime to adenylate kinase. The inset shows the time course of ADP-ATP exchange for NEM-treat.ed

microsomes. The emizynue was first incubated at 370 with 2.5 mM NEM either with 16 mit Na4’, 3 mit Tris-

ATP, amid 0.25 mM ouabain for 30 mimi (�) or with 4 mM Mg� for 15 mm (0). The same microsomal prep-

arat ion was used for all experimental points. The lines were fitted by the met hod of least. squares.

Effect of ,\‘EM on. E1 conformation of

(.Va� + K�) - A TPase

Prior treatnuemit with NEM was conducted as

described previously (23). The exchamuge reaction
was carried omit as described imuthe text.

Net
I nor I relimmnary

Na4-stimulated
treatment incubation at 3i

exchange

�.irno1es [‘4C]A TP/gmu n protein/mm

30
30

15

45

change rate wheti t hue sulfhydryl reagent. was
incubated in the presence of Na” for 43 mill

(23). The stimulation of the exchange rate by
NEM when time enzyme is in the E1 con-
formation seems to be preferentiah.
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Comit rol
5 HiM NEM

5 HiM NEM +

16 mit Na4

5 mM NEM +

16 nut Na4’

z
Ui

0

a-
00

a-
I-

Time E2 conformation of (Na4’ + �

ATPase may be obtained by phosphorylat -

ing the enzyme iii the presence of Na+,

Mg”�, and ATP (12, 31-33). Under such
conditions NEM probably reacts at another

site to inhibit the exchlange (Fig. 3). In nine
experiments in which NEM was first incu-
bated with kidney microsomes in t.he pres-

ence of Na+, Mg++, and ATP, exchange was

inhibited in four, no significant effect was
seen in two, and in the remaining three an

16 unexpected stimulation of Na”-dependent
33 transphosphorylat.ion was observed. These

observations may be due to slow turnover of
86 the enzyme even in t.he presence of Na”,

� and ATP, which permitted NEM to
react with both the E1 and E2 forms (32, 34).
Variability in these results may be due to the
differences in the rates of turnover of differ-

ent. microsomal preparations, depending on

their purity. This turnover is blocked or

markedly inhibited by ouabain (33), and

after prior incubation of NEM with the
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FIG. 3. Effect of NEIl on E2 conformation of

(.Va4’ + K�)-A TPase

Microsomes were first incubated with 5 muM

NEM tinder the following conditions: A, either
with 4 mM Mg4’4’ or with 4 mM Mg4’4’ plums 1 mM

inorganic phosphate for 30 mm; B, either with 4
mM Mg4’4’ plums 3 mM ATP amid 100 mm’s Na� or with
4mit Mg*4’, 3 mm’s ATP, 100 mat Na�, and 0.25 mat

ouabain (On) for 60 miii; C, either with4 m� Mg4’4’

or with 4 mat Mg�4’ plus 0.25 mit ouabain for 45
miii. The treated nuicrosomes then were washed

free of all ligands as described previously (23),

and exchange reactions for the treated and na-

tive enzymes were carried out as described in

the text. Three different enzyme preparations
were mused in A, B, and C.
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C

E

C

a)
0

E

-
0,

(‘)

a)
0

E

kidney microsomes in time presence of oun-

bain as well as Na+, �Jg++, and ATP there

was consistent inimibition of exchange in five
experiments (Fig. 3).

H Since extracellular ouabain inhibits the
J (Nat + K”)-ATPase of squid giant axon

and red blood cells (9, 10), the enzyme is
believed to have a higher apparent affinity

for ouabain when it is in tile E2 conformation
(31-33). Several workers have shown that

[3H]ouabain binding is facilitated by cit iler

�\Jg++ alone or Mg+� Plus inorganic phos-

phate (12-14, 29). We tested the effect of
NEM under these two conditiolms and always

found inhibition of tile exchange (Fig. 3),
indicating that when tile enzyme was in the

E2 conformation NEM reacted preferentially
with another site to inhibit both Nat-
dependent exchange and 32� incorporation

into microsomal protein (23).
The requirement of phosphorylation to

produce the E2 conformation in t.he presence

of Na+ is made clear in st.udies of the effects

of Mn�* and Ca�. Mn� is known to sup-

port phosphorylation, while Ca�* inhibits it

(1-6). Prior treatment withm NEM in time

FIG. 4. Effect of .VE.1I on. .Va’�-dependent transphosphorylation in the presence of A TP or ouabain

The microsomes were first incubated with 5 mm’s NEM at 37#{176}in the presence of 1 mM Mg4’4 or of 1 nu�

Mg�� plums 3 mM Tnis-ATP for 60 mm (A), 4 m� Mg44 or of 4 mit Mg4’4’ plus 3 fliM Tnis-ATP for 60 mm
(B), 1 mit Mg4’4’ or of 1 mit Mg*4’, 3 mM Tris-ATP, and 2 mit K4’ for 45 mimi (C), 16 mit Na4’ plus 3 mit

Tris-ATP or of 16 mxt Na4’, 3 mit Tris-ATP, and 0.25 mit ouabaimu (Out) for 30 mimi (D), or 1 mit Mg4’4 or
of 1 mM Mg4’4’, 3 mit Tris-ATP, amid 0.25 mit ouabain for 45 mm (E). The treated microsonues then were
washed free of all added ligands (23), and exchange reaction rates were determined as described in the

text.
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TABLE 3

Rem’ersal of .lJg4’� effect by ,\‘a4 and K�

The ummicrosonmes were first incubated with 5 nut
NE�I in the presence of the indicated ligands for

15 mmmiiiin expeniniemit 1 and 30 mimi in experiment

2. Na-siimnuulated ADP-ATP excimange was (IC-

tenmmmiuied for washed amid treated mnicrosome.s as

described imu t lie text

Experiment 1

Control

5 nut NEM + 4 muuit Mg�

5 mit NEM + 4 mmiii Mg4’� +

16 mit Na4’

5 mit NEM + 4 mmmitMg� +
4 mmiii K4’

Experimemut 2
Cont rol

5 mit NK\I + 4 mmmiiMg�4’

5 mat NEM + 4 mmmiiMg4’4’ +
16 mat Na4

5 mit NEM + 4 unit Mg4’4’ +
4 mmmii K4’

Net
Na4’-stimulated

exchange

�.moles [‘4C].4TP/g
protein/nun

presence of Na4’, ATP, and Mn”�” inhibited

exchange, but replacememut of Mn++ by Ca�”
�fl tile prior incubation medium markedly
facilitated ADP-ATP exchange (results not

shown). Thus, in the presence of Na”, oc-

cupancy of tile Mg”�-binding site by a diva-

lent ion is not itself sufficient to cause a
conformational change to the E2 form of
(Na”’ + K-”)-ATPase. The effect depends on

the ability of the divalent ion to support

Na”-dependent phosphorylation of the
transport enzyme system.

A TP and E1 conformation of (Na4’ + K”)-

A TPase. Prior incubation of NEM in the
presence of Mg�� resulted in inhibition of
exchange (Fig. 4). However, when ATP was
also added to the prior incubation medium,
the treated and washed enzyme showed stim-

ulation of exchange, indicating that although
Mg4’4’ produced the E2 form of (Na4’ + K”’)-

ATPase, ATP restored the conformation
to E1. The ability of ATP to induce tile E1

conformation is furt.her illustrated by our
finding that. addition of K” plus Mg*� and
ATP to the prior incubation medium re-

sulted in still greater stimulation of exchange

(Fig. 4). This is in sharp contrast. to the effect

of Nat, � and ATP, which inhibited
exchange as a result of phmosphorylation (see
Fig. 3).

Reversal of effect of Mg++ by Na” and
K�. The binding of ouabain lil tile pres-

ence of Mg++ may be reversed by Na+, and

this has been interpreted in terms of con-
formational change produced by Na”- (29,

33). Therefore the effects of Xa4’ and K” on
the inhibition of Nat-dependent transphos-

phorylat.ion produced by NEM in the pres-

ence of Mg4’4’ were examined. Table 3 simows
13 that although Xa� could convert the inhibi-
6 tory effect of NEM in the presence of Mg”�

into a stimulatory effect. on ADP-ATP cx-

11 change, K� prevented the inhibition. Titus

each ligand but Mg4’� (i.e., Nat, ATP, and
J�4’) appears to stabilize tile E1 confornla-

13 tion. However, tile E2 conformation may also

TABLE 4

Bin ding of [3H]o uabain to kidney mnicrosommmes

Native microsomes (0.2 mg) in the presence of
time indicated ligammds were exposed to 0.25 ,.amole

of [3H]ommabain for 100 see, either at 37#{176}(A) or at.
0#{176}(B). Ouabaimu binding was measured as (he-

.scnibed in t.he text.

Maximal
lmHiOuabamn ouahamn

bound
bound

pmmzoles/ni�,’ -

protein

Series A (37#{176})

2 mat Tnis-ATP

100 mit Na4 + 2 nuit
Tnis-ATP

2 mit Mg4’4’ + 2 mit
Tris-ATP

2 mit Mg4’4’ + 2 mit

Tris-ATP + 100 mat

Na4

2 mat Mg4’4’
2 mat Mg4’4’ + 100 mit

Na4’

Series B (0#{176})

100 mit Na4 + 2 nut

Mg4’4’ + 2 mit Tnis-

ATP

2 mat Mg4’4 + 2 mat
Tnis-ATP



T.uuiLi: 5

Phosphorylalion of kidney mmuicrosomne,s nit/u [32P]A TP

‘I’he react iomi nuixt tire, commtainimmg 0.6 mg of microsomal prot Ciii �ii inuidazole-glvcvlglvcimme butler, 1)11

7.4 ± 1, and other addit ions as imudicated, was first incubated for 5 mimi on ice. The phosphorylat lou remte-

tion was started by tue addition of 0.04 mat 32P]ATP and stopped wit ii 39 mmmlof 51 tnicluloracetic acid

100 sec later. Whemu ouahaimu was present, it was added 5 sec before the [32PIATP. The iricorporatioui of
32� into microsomal proteiui was determined as described previously (23). The superuiat ant fraction oh-

tamed after the first additiouu of trichloracetic acid to each sample was saved, and I nil of each super-
muatant was counted for3mPbeforeammdaftershakingwitho.5 g of charcoal to estinuate the amuuount of free

[mmPjimuorgauiic phosphate. The specific act ivitv of [33PJATP � 66.5 X 106 (I)num�muuole.

Incubatiomu comuditions

intermediate

pmoles/mg protein

1. [32P]ATP mnixture

2. 0.04 mM ATP
3. 0.04 mat ATP + 100 nut Na4

4. 0.04 mM ATP + 100 mit Na4 +

2 unit
5. 0.04 mat ATP + 2 itiM Mg4’4”

6. 0.04 mit ATP + 10 unit K4 + 2
lflM Mg�4’

7. 0.04 mit ATP + 100 mmiii Na4 +

0.25 mM ouabaiui

8. 0.04 unit ATP + 2 mit Mg44 +
0.25 mM ouabain

32P-incorporated

� nza.vimnu,n

9.9

100

4.9

11.4

21.8

220

10.7

25.2

32J). in

supermiatan t

pnwles/nul

27.6

26.6
27.2

300.6

268.5

223.9

23.6

0

21

I� P):�’l’ P
hvdrolzed

pnmolec

493

252

196

21

INHIBITION OF (Na4’ + K4’)-ATPASE BY NEll. II 23

24.8 11.2 264.0 261

be obtained by phospimorylating the enzyme

in tile presence of Na”, Mg++, and ATP.
Ouabain and F1 cimformnation of (Na4’ +

K�)-ATPase. The requirement of 1)h05

phorylation for ouabain binding in tile pres-
ence of Na+ is controversial (31). [3H]Oua-
bain binding to (Na” + K�)-ATPase iuas
been demonstrated in the presence of Na”

plus ATP, Mg++ plus ATP, or Na” 1)lus

Mg”4’ and ADP (11-13, 35). Although no

phospimorylation should take place under
these conditions, [3H]ouabaimi binding is

believed to occur because of time presence of
residual Mg4’4’, Na4’, and adenylate kinase

activity in t lie nlicrosomal preparat ion,

which may give rise to a small amount of

phosphorylat 1011, enough to support ouabain

binding (29, 33). However, no attempts were
made in previous stu(lies to test this possi-

bility by determining the amount of pilos-

pimorylat ion and ouabain bimmdimig to the same
microsomal preparation under different. con-

dit ions. Table 4 shows that a considerable
amount of ouabain was bound in t he pres-
ence of Na” and ATP or of Mg4”' and ATP.

The amount of ouabain bound to the kidney

microsomes as a percentage of tile maximal

biimdimig obtained iii t lie j)I’(s(ImCe NtL+, .\lg+ +,

and ATP compares well wit ii the percent age

of {3H]ouabaimi bound to heart. ifliCrosoITmes

(33) or with percetit age itmiuibit ion of the

ATP-hydrolyzing activity of elect roplax

(Niv” + J��)KfPtse (12) tinder these two
conditions. In spite of ouabain binding in the
presence of Xa” plus ATP or of \lg4’± plus
AlP, little or no ‘3mP was incorporated into

microsomal proteiml wider either of thiese two

conditions (Table 5). Furthermore, time dif-
ference bet weemi tilese two effects eaminot be

attributed to differences iii the temperatures

at which t he [3H]ouabain-binding and phos-

pimorylat ion st tidies were carried out, because

[3H]ouabain bindiimg in the presence of Mg”4’
and ATP was not. reduced even at 00 (Table

4). Under identical conditions, with or with-

out ouabain, time anlounts of I32Pjinorganic

pimosphmtt e released were similar (Table 5).
limerefore, in the presence of Mg++ plus

ATP or of Na4’ plus ATP, ouabain I)robablY
binds in tile absence of PhosPhorYltiolm to

the F1 conformatioim of (Niv” + K4’)-
ATPase. Once ouabaimi binds to the micro-

somes, however, the eimzyme may cimange its

conformation to E2 . This was tested by



Ligands

Na4

K4

ATP

Mg44
Na4” + ATP

K4 + ATP

Mg4’4’ + ATP

Mg44’ + ATP

+ K4’
Mg44’ + ATP

+ Na4

1 hospho-
.rvlatiomi�

Dephospho-
.rvlatuon�

.
Exchange Other

.rate observations

Comuforma-
.

tuon
.

predicted

[3H]-
.

Ouabamn
‘ .

binding

(‘onforma-
‘

tion
,

predicted

None Rapid � Rapid I E1 Low . Eu

None Slow Slow I Reverses Mg44

effect

E� Low E14’

None Slow

�

Slow I Reverses Mg44’

effect.

E1 . Low E1

Rapid None E� High E2
None Slow � , E1 High E24’
Nomme Rapid E1 I Nomme None

None Slow E1 High E24’

Nomie Rapid � E1 Nomie None

E2 high

Rapid �
Slow I
Rapid I
Slow I
Rapid I

Slow None Slow j.
(van-

able)

Mg4’ + P1 Rapid None Rapid �

a Dowuuward arrows denote inhibition; upward arrows, stimulation.

Other interpretations are possible.

high E2
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TAttLE 6

(on.fornuational stale of (.\‘a4 + K4’)-.t TPase in the presence of different ligands as predicted

by effect.’ of .\‘EM and onahain

Effect of NEM Effect of ouabain

incubatimug a rnicrosomal Preparation wit 11

NEM in tile presence of Na” and ATP or

of \ig4’4’ and ATP, with or without ouabain.
In the presence of Na”’ plus ATP, NEM
stimulated the exchange rate, and this

stimulation was enhanced by adding ouabain
(Fig. 4). In the presence of Mg�* plus ATP

and ouabain, NEM still stimulated the ex-
change rate, but the result was not sig-

nificantly different from tile stimulation
produced in the presence of Mg� and ATP

only. This confirms that in the presence of
Na4’ and ATP or of Mg�* and ATP ouabain
binds to (Na” + K”)-ATPase even in the
F1 conformation.

Reaction of NEM with (Nat + K”)-
A TPa,se in the presence of Na”, K”, Mq++,
and ATP. NEM appears to distinguish be-

tween the two conformations of (Na4’� +
K”-)-ATPase by reacting at. two different

sites, depending on the conformational state
of the enzyme. How will the reactivity of

NEM to the two sites be affected if tile

(Na�” + K�)-ATPase turns over rapidly?
When NEM was incubated with Nat, K�,

Mg++, ATP, and kidney microsomes, the

treated and wasiled enzyme exhibited stimu-

lation of exchange from a control value of

18 to 49 j�moles of {‘4C]ATP per gram of

protein per minute. This result helps to cx-

plain tile apparent discrepancy between tile

effects of NEM on phosphorylat.ion and On
exchange in the presence of Na+, Mg++, and

ATP. Phosphorylation was consistently more

inhibited than dephosphorylation (23) when

t.he microsomes were incubated with NEM
in the presence of Na+, \ fg++, and ATP; in

contrast, tile results observed in the exchange

reaction (Fig. 3) were quite variable.

Different ligands, individually or in
combination, favor different conformations
of (Na” + Kj-ATPase. The conforma-
tional states predicted from the effects of
NEM and ouabain in the presence of dif-

ferent ligands are shown in Table 6.

DISCUSSION

Na”-dependent ADP-ATP exchange was

first demonstrated by Fahn et al. (17, 18) in

microsomes obtained from the electric

organ of Electrophorus electricus. Subse-
quently Stahl reported two types of exchange
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Unpublished observations.

reaction with rat brain microsomes (19, 20).
With high �\1g++ concemitrations tile cx-

chamlge reaction was insensitive to Na+ and

exhibited broad nucleotide specificity,

whereas with low \Jg++ it showed an ab-

solute requirement for ATP and was stimu-

lated by Na” only (19, 20). Preliminary
reports on Na”-dependent traimsphosphoryl-

ation in kidney microsomes have been

I)ublished (24, 36). Two types of exchange
activity were also observed in the kidney

microsomes.3 With low’ Mg++ concentrations
ADP-ATP exchange rate was maximal with

1.5 mu Na” and 0.1 mu Mg++ for tile native
enzyme (Fig. 1). The optimal conditions

for the NEM-t.reated enzyme w’ere 3 mu
Na” and 0.4 mu Mg””. Similar differences

between the native and NEM-treated cml-

zymes have been reported for electroplax

microsomes (17, 18).

A model for tile transport of monovalent

cat ions involving t.ile formation of a p1105-

phorylated intermediate has been proposed

(for a recent review, see ref. 31). Several

objections have been raised against this
model, particularly concerning the role of

the phosphorylated intermediate in the

transformation of enzyme conformation and
time consequent translocation of cations
through the membrane. An alternative hy-

pothesis for the mechanism of cation

transport is based on the assumption that

it is ATP and not. the phosphorylated
intermediate which changes tile conforma-

tion from the inward- to the outward-facing

form (7, 8, 37, 38).
Askari and Rao (15, 16) suggested that

although ATP hydrolysis by (Nat + K�)-

ATPase is mediated by phosphorylation of
microsomal protein, “tile primary event in
producing certaiii conformational changes
in the membrane” is the occupancy by ATI�
of the modifier site. Tilis interpretation was

supported by t.he observation that. efflux of

Na+ across the red blood cell membrane in
the presence of p-nitrophenyl phosphate w’as
inhibited by external Xa”, and this inhibit ion

could be reversed by nucleotides (ATP or
CTP) and oligomycin (15, 16). However,

preliminary treatment of tile kidney micro-
sornes with NE�sI in the presemice of ATI�

plus either Na+ or K+ resulte(1 in stimula-
tion of excilange, indicating tiuat. ATI� binds
to tue E1 form (Table 1 amid Fig. 4). More-
over, the F2 form induced by Mg”�” could be
reversed to E1 by ATP (Fig. 4). Tilis sug-

gests that it is phosphorylation and muot.

occupancy of tile modifier site by ATP that
is necessary to induce the F2 conformation.

More recently, Yoshida ci al. (39) amid

Robinson (40) imave simowii that activation
by nucleotides of K4’-sensitive phosphatase

in the presence of Na+ is due to tile decrease

in K�, for K4’. It therefore appears that tile

increased efflux of Na+ observed in intact.
cells, in the presence of p-nitrophenyl phos-

pilate and Na+ mmt. low concentrations of
nucleotides, w’as due to an rncrease in the

apparent affinity for K+ rather timan to some
conformational cilanges that led to Na+

tramuslocation through the membralme (16).
Although the efflux of Na” associated w’ith

membrane-bound (Na4’ + J�+)ATPase

silows a specific requirement for ATP,
[3Hjouabain binding t o time fragmented

microsomes may be supported by different
nucleoside di- or triphosphates in the
presence of Na� and Mg�� (11-14). From
tile lack of specificity of ATP in the binding

reactions, Albers et al. (12) and Hoffman
(13) concluded that phosphorylation of

(Nat + K�)-ATPase is not essential for
the binding of ouabain. This conclusion was

consistent with an earlier report of Faimn
et al. (6), who found that nucleoside tn-

phosphates ot.her than ATP can neitimer
phosphorylate nor prevent Na”-dependent

phospilorylation with [32P]ATP by electro-
plax microsomes. Since ouabain binds to an
intact membrane only ext racellularly (9,

10), Schwartz et al. (14) suggested that

ATP and other nucleot ides cause primarily
an alteration in enzyme structure which
somehow leads to the transport of ioims
without the formation of E-P.

The question of Ilucleotide specificity was
re-examined by SchOner et al. (41) and Skou

and Hilberg (7), wimo observed phiosphoryla-

tion \Vithl [32P]ITP and [32P]GTP in ox brain

microsomes. Although the rate of hydrolysis

was much slow’er with cit 11cr ITP or GTP

than with ATP (41), time similarity in both

rate and extent (42) of ouabain bindiimg w’ith
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1. B. L. Post, A. K. Semi amid A. S. Rosenthal, J.

Rio!. Chew. 240, 1437 (1965).

ITP and GTP was explained by Matsui and

Schwartz (11) as being dtme to interactiomi of

ouabain with tile small amount of E-P
formed and its subsequent removal from the
equilibrium system, which stimulated fur-
ther phosphorylation. If this hypothesis is

correct, 32p incorporation into the micro-
somes should be greater in the presence of

ouabain tilan in its absence. Such an effect.
was not observed (Table 5). Furthermore,
in the presence of either Na+ plus ATP or
Mg�� plus ATP, ouabain binding occurred

wit ii little or no phosphorylation (Tables 4

and 5). These results are in agreement witil

the earlier conclusion of Albers et a!. (12)

and Hoffman (13).
However, it may still be asked whether

ATP changes the conformation of (Nat +
K+)ATPase from E1 to E2 in the presence

of either Na” or Mg� to support. ouabain
binding, as suggested by Scimwartz et a!.

(14). This seems unlikely, for several
reasons. First, prior incubation of kidney

microsomes with NEM in the presence of
ATP, ouabain, and either Na”’ or Mg++

stimulated the exchange rate, indicating
ouabain binding to tue E1 conformation
(Fig. 4). Second, [3H]ouabain binding to t.he

NEM-treated enzyme has been demon-

strated (23, 43). Third, Post et al. (32) have
shown that dephosphorylation of NEM-
I reated microsomes by ADP was not affected
by ouabain at 00, but that when the incuba-

tion temperature was raised to 23#{176}dephos-

phorylation was inhibited, indicating bind-
ing of ouabain t.o E1-P at the higher tem-
perature. Thus tile present results suggest

that aithougll the E2-P form of the enzyme

has a high apparent affinity for ouabain,

under some conditions ouabain may bind
to E1-P or even to Na-E1-ATP and Mg-E1-
ATP.
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