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Summary. As different structural states of the (Na*-K*)-ATPase (EC 3.6.1.3) may lead
to a changed reactivity to antibodies, the influence of Na*, K*, Mg**, P, and ATP on the
reaction between highly purified (Na*-K*)-ATPase and antibodies directed against the
membrane-bound enzyme was measured. The antigen antibody reaction was registered by
measuring the antibody inhibition of (Na*-K*)-ATPase activity.

In the membrane-bound but not in the solubilized enzyme four different degrees of anti-
body inhibition were obtained at equilibrium of the antigen antibody reaction if different
combinations of Na*, K*, Mg** and ATP were present during the incubation with the
antibodies. Corresponding to the different degrees of inhibition, different rates of enzyme
inhibition were measured. (a) The smallest degree of enzyme inhibition was obtained
when (i) only Mg**, (ii) Mg** and Na* or (iii) Mg** and K* were present during the anti-
gen antibody reaction. (b) The enzyme activity was inhibited more strongly if Na*, Mg**
and ATP were present together. (c) It was inhibited even more if only (i) Na*, (i) K*, (iii)
ATP or both (iv) ATP and Na*, (v) ATP and K*, (vi) ATP and Mg**, or if (vii) no ATP
and activating ions were present. (d) The highest degree of antibody inhibition was ob-
tained if Mg**, ATP and K* were present together.

In the presence of Mg*™* plus ADP and in the presence of Mg** plus the ATP analog
adenylyl (B8-y-methylene) diphosphonate, Na* and K* did not influence the degree of
antibody inhibition as they did in the presence of Mg** plus ATP. It was further found
that the degree of antibody inhibition in the presence of Mg**, ATP and K* was affected
by the sequence in which K* and ATP were added to the enzyme prior to the addition of
the antibodies. )

It is suggested that by antibody inhibition different conformations of the (Na*-K*)-AT-
Pase could be detected. These conformations may possibly not occur in the solubilized en-
zyme and therefore do not seem to be necessarily linked to the intermediary steps of the
ATP hydrolysis of the enzyme. The structural changes which are induced by Na* and K*
in the presence of Mg™ plus ATP are proposed to occur during the Na*-K* transport.

The Na*, K* and Mg**-activated ATPase has been shown to be closely related
to Na™ and K" transport across membranes. Many models as to how the (Na*-
K*)-ATPase may affect Na* and K" transport have been proposed. Some of
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those involve conformational changes in selected regions of the polypeptide
chains of the enzyme or changes in the spatial relationship between the subunits
[1, 10, 25]. Results from different studies have been reported, suggesting that the
{Na*-K")-ATPase actually obtains different conformational states: Inactivation
experiments with ouabain, N-ethylmaleimide, and trypsin have shown that the
inhibition pattern of the (Na*-K*)-ATPase activity is altered at a variety of dif-
ferent conditions [1, 7, 11, 16, 23, 24]. The alterations of the (Na*-K*)-ATPase
structure were studied more directly (i) by calorimetric measurements [14], (ii) by
the analysis of splitting products after trypsin proteolysis of membrane-bound
(Na*-K*)-ATPase [11], (iii) by measuring the fluorescence of (Na*-K*)-ATPase
which was labeled by a fluorescence probe [8], and (iv) by measuring the degree
of antibody inhibition of (Na*-K*)-ATPase activity [17] and of ouabain binding
[18] at some ligand conditions.

It is difficult to compare the results which were obtained with these methods as
only some ATP and ligand combinations were tested by each method and as dif-
ferent enzyme preparations were investigated.

To evaluate the functional relevance of the observed structural states, the pro-
tein conformations have to be studied in the presence of all the different possible
combinations of ATP and cosubstrates and the studies have to be performed in
different enzyme preparations. In addition, the structural changes have to be
characterized. This can be done if they are evaluated by different methods. Fur-
thermore, the specificity of the effects of ATP and cosubstrates has to be tested.

We therefore tried to register structural states of the membrane-bound (Na*-
K*)-ATPase in the presence of many ATP and cosubstrate combinations. The
enzyme conformations were evaluated by analyzing the splitting products after
trypsin digestion, as we shall describe in another report,' and by measuring the
influence of all possible Na*, K*, Mg** and ATP combinations on the degree of
antibody inhibition of the membrane-bound enzyme, assuming that different de-
grees of antibody inhibition reflect different enzyme conformations. We found
that the response of membrane-bound (Na*-K*)-ATPase to the antibody inhibi-
tion was altered if Mg** was bound to the enzyme. It was further observed that
this Mg** effect was balanced by the addition of ATP. Nevertheless, the enzyme
structure in the presence of Mg** plus ATP does not seem to be identical to that
in the absence of ATP and cosubstrates since it was found that the response of
membrane-bound (Na*-K*)-ATPase to antibody inhibition was only altered by
Na* or K* if Mg™* plus ATP were also present. In the absence of Mg** and ATP
and in the presence of Mg** or ATP, Na" and K* did not influence the antibody
inhibition of the enzyme.

Materials and Methods

Preparation of (Na*-K*)-ATPase
Membrane-bound (Na*-K*)-ATPase from the outer medulla of rat kidneys was puri-
fied by incubation of a microsomal fraction with sodiumdodecyl sulfate and ATP followed

' Koepsell, H. 1978. Conformational changes of membrane-bound (Na*-K*)-ATPase as
revealed by trypsin digestion (unpublished).
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by zonal centrifugation and the membrane-bound enzyme was solubilized by Lubrol WX
in the presence of ATP [13]. The specific activities were 30-36 and 15-20 pmol ATP split
per mg protein per min for the membrane-bound and solubilized enzyme, respectively.
The purity of the enzyme as checked by sodium dodecylsulfate gel electrophoresis was
about 95%. Adenine nucleotides were removed from the enzyme by gel chromatography
in the presence of 50% glycerol and 3 mM MgCl, [13].

Preparation of Antibodies

For the antibody inhibition studies gammaglobulin was prepared from rabbits which
had been immunized with highly purified membrane-bound (Na*-K*)-ATPase. The im-
munization scheme and the purification procedure for the gammaglobulin is described in
a previous paper [13]. Here also a characterization of the (Na*-K*)-ATPase antibodies
which were used in the study is given.

Protein and (Na*-K*)-ATPase Assay

Protein was determined according to the method of Lowry and coworkers [15] with bo-
vine serum albumin (BSA) as a standard solution. The (Na*-K*)-ATPase activity was as-
sayed by the pyruvate kinase-lactate dehydrogenase linked system in which hydrolysis of
ATP is coupled to the oxidation of NADH [20]. Final concentrations were: 70 mM imida-
zole-HCl, pH 7.3, 5 mM MgCl,, 150 mM NaCl, 100 mM NH,CI which was introduced in-
stead of KCI [20], 3 mM ATP (Na,) obtained from Boehringer (Mannheim), 0.4 mMm
NADH, 0.6 mM phosphoenolpyruvate, 6 IU/ml pyruvate kinase, 6 IU/ml lactic dehy-
drogenase. Temperature 37 °C, A = 340 nm. In order to compensate for the activity of
Mg**-stimulated ATPase all readings were taken against a control in which NH,C] was
omitted and 2.4 mM ouabain was present in the test. The reaction was started by adding
the enzyme to the prewarmed reaction mixture, and the initial linear rate of (Na*-K*)-
ATPase activity was measured within the next two minutes.

Measurements of Antibody Inhibition in the Presence of Different Ligands

To determine the effects of cations and nucleotides on the antibody inhibition, time
courses of antibody inhibition of (Na*-K*)-ATPase activity and dose response curves in
the presence of different ligands were measured. To register the time course of antibody
inhibition, the enzyme was first preincubated at 0 °C (30 min) in a buffer containing 20
mM imidazole-HCL, pH 7.5, 2 mM EGTA, | mg/ml BSA and, in addition, phosphate and
nucleotides as described in Results. After the preincubation period, gammaglobulin which
had been dialyzed against a buffer containing 20 mM imidazole-HCl, pH 7.5, and 2 mM
EGTA was added and mixed at 0 °C. Samples were taken at different time intervals after
addition of the antibodies and the initial rate of (Na*-K*)-ATPase activity was immedi-
ately assayed. Time courses of antibody inhibition in the presence of different ligands
were followed, and the degrees of inhibition at equilibrium of antigen antibody reactions
were compared, keeping the enzyme and gammaglobulin concentrations constant. As dif-
ferent gammaglobulin and enzyme preparations had to be used, the experiments were per-
formed in six experimental series (I, I1, 111, IV, V, VI) as referred to in Results. Absolute
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inhibition values can only be compared within each of these experimental series. The con-
centration of gammaglobulin in the incubation media was 1.6 mg/ml for the experimental
series I, I1, I11, IV, VI and 0.4 mg/ml for series V. The protein concentration of (Na*-
K*)-ATPase during incubation with the antibodies was 0.05 mg/ml.

To measure the dose response of (Na*-K*)-ATPase activity to gammaglobulin, the
membrane-bound enzyme (0.075 mg/ml) was incubated for 120 min with varying concen-
trations of gammaglobulin (gammaglobulin preparation from experimental series VI) in
the presence of 20 mM imidazole-HCI, pH 7.5, 2 mM EGTA, 1 mg/ml BSA and, in addi-
tion, phosphate, cations, and ATP as indicated in Figs. 3 and 4. Then samples were taken
and the initial rates of (Na*-K*)-ATPase activity were measured.

Control Measurements

To determine the degree of antibody inhibition in the presence of different ligands, the
(Na*-K*)-ATPase activities of the antibody-inhibited enzyme had to be compared to the
(Na*-K*)-ATPase activity of the untreated enzyme in the presence of the respective lig-
and combinations. Therefore a control experiment without addition of gammaglobulin
was performed in parallel to each inhibition experiment and the (Na*-K*)-ATPase activ-
ity of the antibody-inhibited enzyme was expressed as percent of the control activity. The
control activities were not significantly infinenced if the enzyme was preincubated in the
presence of 3 or 10 mM MgCl,, 3 or 10 mM MgCl, plus 150 mM NaCl and in the presence
of 3 or 10 mM MgCl, plus 150 mM KCL. For the enzyme preincubation with ATP, in the
first experiments ATP from equine muscle was used which was obtained from Sigma.
However, reports appeared during this study [4-6] which demonstrate that Sigma ATP
may modify the (Na*-K*)-ATPase activity. This effect, which seems to be due to the pres-
ence of vanadate in some ATP preparations which are isolated from muscular tissue [5],
was not observed with ATP obtained from Boehringer (Mannheim) [4]. Thus we used
Boehringer ATP in the later studies. We furthermore measured whether the (Na*-K*)-
ATPase activity of our enzyme was modified by Sigma ATP under the preincubation con-
ditions which were employed in the antibody inhibition studies. In contrast to Boehringer
ATP which had no significant effect on the (Na*-K*)-ATPase activity of the enzyme,
Sigma ATP reduced the (Na*-K*)-ATPase activity significantly if it was present together
with certain cosubstrate combinations during the preincubation of the enzyme (Table 1).
To find out whether the antibodies act on the modifier which is present in Sigma ATP, in
some experiments the antibody inhibition in the presence of Sigma ATP and in the pres-
ence of Boehringer ATP was compared. Although the control activities were reduced in
the presence of Sigma ATP and certain cosubstrate combinations, the percent values of
antibody inhibition which were related to the control activities at the identical ligand com-
binations were the same whether ATP from Boehringer or from Sigma was used. Thus the
modifier which is present in Sigma ATP does not significantly affect the antibody inhibi-
tion of the enzyme. The source of ATP is specified in each of the reported experiments.

Materials
ATP and ADP as their tris salts were either supplied by Sigma (London) or were pre-

pared by ion exchange chromatography from the ATP and ADP sodium salts obtained
from Boehringer (Mannheim). Adenylyl (8-y-methylene) diphosphonate was also pur-
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Table 1. Effect of enzyme preincubation with ATP from equine muscle (Sigma) in
combination with different cosubstrates on the (Na*-K*)-ATPase activity

(Na*-K*)-ATPase activity (percent

Ligand combinations present during of enzyme activity obtained after
preincubation of the enzyme preincubation in the absence of ATP
(mM) and cosubstrates)
No addition 100. £2.2
3 ATP 99.5+2.1
10 ATP 99.6 +2.3
3 ATP + 150 NaCl 1003 £2.4
10 ATP + 150 NaCl 100.1 £2.3
3 ATP + 150 KCl 1002 £2.2
10 ATP + 150 KCl1 98.1%23
3 MgCl, + 3 ATP 91424
10 MgCl, + 10 ATP 62.6 £2.5
3 MgCl, + 3 ATP + 150 NaCl 94.5+2.0
10 MgCl, + 10 ATP + 150 NaCl 84.0x2.1
3 MgCl, + 3 ATP + 150 KCl 61119
10 MgClL, + 10 ATP + 150 KCl1 46.1 £2.0

Membrane-bound enzyme (0.05 mg/ml) was incubated at 0°C in a buffer containing 20
mM imidazole-HCL, pH 7.5, 2 mM EGTA, 6 mM phosphate, 1 mg/ml BSA and Sigma
ATP plus different cosubstrates as indicated in the table. After 3 hr the (Na*-K*)-
ATPase activity was measured. Mean values with SD of six measurements are given.

chased from Boehringer and the other chemicals were obtained as described previously
{13].

Results

The antibody action at different combinations of ATP, Mg*™, Na*, K* and
phosphate was studied by measuring time courses of antibody inhibition and by
measuring dose response curves of (Na*-K*)-ATPase activity to gammaglobulin.
As the reactivation of the antibody-inhibited enzyme proceeds very slowly [13],
the (Na*-K*)-ATPase activity of the enzyme, which was inhibited in the presence
of various ATP and cosubstrate combinations, could be measured under standard
conditions. The rate constant and the equilibrium value of enzyme inhibition are
dependent on the antibody population and concentration and are furthermore
dependent on the enzyme concentration and activity. The antibody action in the
presence of different combinations of ATP and cosubstrates can therefore only be
compared if these parameters are kept constant. This was the case in each of the
performed experimental series.

The antibody inhibition at equilibrium and also the velocities of onset of the
antibody inhibition were markedly affected if Mg**, ATP, Na* and K* in certain
combinations were added to the incubation medium. As demonstrated in Fig. 1
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Fig. |. Time courses of antibody inhibition of membrane-bound (Na*-K*)-ATPase in the
presence of different ATP and cosubstrate combinations. The antigen antibody reaction
was performed in a buffer containing 20 mM imidazole-HCI, pH 7.5, 6 mM phosphate, 2
mM EGTA, I mg/ml BSA and, in addition, ATP and cosubstrates as indicated in the fig-
ure. Dependent on the combinations of Mg™*, ATP, Na* and K* which were present dur-
ing the antigen antibody reaction, four different degrees of antibody inhibition (4, B, C,
D) were obtained at equilibrium. The data are presented as percent of activity of enzyme
incubated under respective buffer conditions without antibodies. The ATP used in this ex-
periment was obtained from Sigma. Experimental series 7

and listed in Table 2, four different degrees of antibody inhibition {4, B, C, D)
could be distinguished according to variations of the Mg**, Na*, K* and ATP
combinations. The antibody inhibition at equilibrium followed the sequence 4 <
B < C < D. From Table 2 it can be seen that this sequence was maintained in all
experimental series, although the absolute values of antibody inhibition varied
considerably in the different series. At the described ion and ATP combinations
not only different degrees of antibody inhibition at equilibrium (4, B, C, D) but,
as expected, also different velocities of onset of the antibody inhibition were
found. The time courses of enzyme inhibition are biphasic in semilogarithmic
plots (Fig. 2). When the slow phase of antibody inhibition was analyzed, it was
found that the rate of (Na*-K*)-ATPase activity decreased exponentially with
time. When the data from experiments were taken together in which combina-
tions of ions and ATP were used which lead to the same of the four status of en-
zyme inhibition at equilibrium (4 or B or C or D), four corresponding rates of
enzyme inhibition could be distinguished (Fig. 2). For the slow phases of anti-
body inhibition the time required to produce half final inhibition (%) was 2.3,
5.4, 8.8, and 28.8 min for 4, B, C, and D, respectively.
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Effects of Phosphate, Mg** and ATP on the Antibody Action

By calorimetric measurements [14] and by antibody inhibition studies [17], re-
sults have been obtained which suggest that the structural state of the (Na*-K™*)-
ATPase molecule is changed if phosphate binds to enzyme. It was therefore
tested whether these structural states of the enzyme may also be detected in our
system. In the absence of ATP, Mg**, Na* and K* it was found that addition of 6
mM phosphate to the incubation buffer did not lead to a significant change in the
degree of antibody inhibition (Fig. 4). Also if ATP, Mg** and Na* or if Mg'™,
ATP and K* were present, the addition of phosphate did not significantly influ-
ence the degree of antibody inhibition which was obtained at the equilibrium of
the antigen antibody reaction (Fig. 3).

Concerning the influence of Mg** and ATP on the antibody inhibition of
membrane-bound enzyme it was found that the (Na*-K*)-ATPase activity was
inhibited by the antibodies to the same extent (C) whether ATP, or Mg™ and
ATP in equimolar amounts or whether none of either was present during the in-
cubation (Table 2, exptl series I and II]). If, however, Mg** in the absence of
ATP was present in the incubation medium the antibody inhibition of (Na*-K*)-
ATPase activity was considerably smaller (4) than in the absence of Mg**. This
effect was observed in the absence and presence of phosphate (Table 2, exptl se-
ries I, 11, VI, Fig. 4).

Effects of Na* and K* on the Antibody Action

The effects of Na™ and K* on the antibody inhibition of the (Na*-K*)-ATPase
activity were studied in the absence of Mg*™ and ATP, in the presence of only
ATP or only Mg*”, and in the presence of both Mg** and ATP. Na* and K* had
no effect on the degree of antibody inhibition of (Na*-K*)-ATPase activity (C) of
the membrane-bound enzyme if Mg** and ATP were absent (Table 2, exptl series
1, V). Also if ATP was present at a concentration of 3 mM or 10 mM but Mg**
was absent, the degree of antibody inhibition (C) was not altered if Na* or K*
were added (Table 2, exptl series I, III). As described above, the equilibrium
value of antibody inhibition was decreased if Mg** was present during the anti-
body action (4). If Na™ or K* were present in addition, the same degree of anti-
body inhibition was obtained (Table 2, exptl series I, V). The respective experi-
ments were performed at a Mg™ concentration of 3 mM or 10 mM. In contrast,
Na* and K* strongly influence the antibody inhibition of (Na*-K*)-ATPase ac-
tivity if both Mg and ATP are present in the incubation medium (Table 2, exptl
series I-V1; Fig. 3). The equilibrium value of the antibody inhibition in the pres-
ence of Mg*"and ATP (C) is considerably increased if K* (D) and decreased if
Na* (B) is also present. From Table 2 (exptl series I, I1, V, VI) it can be seen that
the antibody inhibition in the presence of Mg**, ATP and Na* was greater (B)
than in the presence of only Mg*™* (4). The effects of Na* and K* on the antibody
inhibition in the presence of Mg** and ATP were equally observed whether ATP
from equine muscle obtained from Sigma (Table 2) or whether ATP obtained
from Boehringer (Fig. 3) was used.



q
E
)
) A4
A
s
uomgqiqul
Jo 291823

QD vyzFoce (L) 60F68¢ dLV 01 (€

(8) L1F60T QU ETFSSE SMost (T
() 11FT1C QD LoF¥8e +ENOST (1
(ZTF1sKr (9 TFT9 (8) ccF081 (OCTFIIS LENOST + 4LV 0l + .3 ol
© o1FEPIL @DIUIFITH ®) T'1TFEST ,eNOSI +dLVE+ . IIN¢E
@D TIF 601 LM 0ST + . .S 01
©) yiF7el +N0sT + ., 3N ¢ (€
@11 F 901 BN OST + 4. SN 01
©) TIF¢€l LENOST +..8N ¢ (T
We1Fsor WerFrey QUITF6CL HIWE (
IA A Al 41 I I ()
saures [rruswLadxy uonoeal Apogqnue

uanue oy} Surnp juosaxd

umuqiinbe e vonqiyur Apogqnue 1usared SUONBUIQUIOd d LV PUP UO]

‘SHONRUIGUIOD S1RISANSOd PUB J LV IUAI3PIP Jo soussord oy wr ased Lv-(, -, BN) PUNOG-SUBIqUIdT JO WorqIyul Apoquuy g o[qel,



Antibody Action and (Na-K)-ATPase Structure

"Posn sem WIS woy paurelqo spdsnw smnbs woxy d1lV ‘°s1qel
3y} Ul Paqudsap sjuewiiIadxa oY) U] ‘UOIRUIqUIOd 91BIISqUS0d PUE J IV U0 Jo soussard A W (7 pue g 9213ap 3y} ‘(/-J) UdAds Jo sduasaxd
oyl ur D 90130p 3y ‘(£-7) 221y jo aoussard oy} Ul punoy sem p 99139p UOMIQIYUT dY ], ‘peysmSunsp oq puod (@ O ‘g ‘v) urnuqipmbs
18 womIqIyul Apoquue Jo sea13op JUaIayIp Inoy ‘Uonoear Apoquue usdnue oy Sunmp juasard serensqnsos pue gLy uo yuepuado(y 'saLios
[oBd UM USSS 9q UBD $2IBIISANSOD PUL JLV JO SIUINYUT oY) ‘SaLIds [eyuawiradxe yovs uryiim pasn asom suoneredard pue SUOTIBIIUDOUOD
Apoqunue pue owAzua [eoNJUOP! SV ‘pajuasaxd are (f4-7) souas [ejuowrredxo xis woly ereq ‘uaald are (sisoyjusied wr syuswLINSBYW
JO IoquInu) s YN SSI[eA UBSL d[qe) 9y} U] "I9Pnq 9A1109ds31 oY) UI pajeqnouT SWAZUD Jo ANANOR 3O 1usorad se parussard are vye(q ‘pareduios
3l SUORUIQUIO) 91BIISqQNSOd PUR LV PIedIpUT oy} uonippe ul pue ysg [w/Ju | ‘oreydsoyd wwr 9 ‘y 107 wuw 7 ‘¢z yd ‘IDH-910Zeplut
W o7 Suureiuos Jaynq € Ul pauleIqo 250m [OIYm monoeal Apognue uediiue sy} Jo wmuqiinba je woniqiyut Apoqnue jo $22135p oy,

©@o1Fvv9 (L) STFTeE

a ©) Z1F865 DLTFSLY

(8)6'1 F6°SS

) 9TFTI O LIFETL
©@e61¥L1L (9 CIFLLS

(9 €TFTI¢ 01 €1 F68E
® 7TF106 O6TFE6S (8) +'1FO06E

(L) 1'1Fg¢ze (W) L1FL8E
L) TeFvse
(8) szF60€ (8) L1F+8¢

©OD VY1 F ¥8e

+M0ST + dLV 0T + ., 3 01
+MOST+dIVE+ 3N €

womppe oN (L
d1v o1 + .30l (9

+3 08T + d1LV 01
A0S +dLVE (S

+EN 0S1 + d1V 01
JENOST +dLVE (b



10 H. Koepsell

1.000 - I
0.500

0.100 T\I

szl
\§

i =i

0.010 4
3 D
0.005
A
0,001~ 11717 IBI |C| T T T T T T T T T T
0 20 0 60 80 100 120 140 160 180

Incubation time [min]

Fig. 2. Time courses of antibody inhibition of (Na*-K*)-ATPase activity in the presence
of different ATP and cosubstrate combinations demonstrated in a semilogarithmic plot.
The combinations of ions and ATP which lead to the same of the four status of enzyme
inhibition at equilibrium (4, B, C, or D) were taken together and the mean values and
standard deviations of the respective time courses (4, B, C, D) are presented. The time
courses of antibody inhibition are biphasic. For the slow phases of antibody inhibition
straight lines of different slopes were obtained in the semilogarithmic plots. The antibodies
have been added to the membrane-bound enzyme at the time 0. At equilibrium the rela-
tive inhibition of the (Na*-K*)-ATPase activity i is reached; i, represents the relative inhi-
bition at the indicated time intervals. The experiments were performed with Sigma ATP

Specificity of the Na* and K* Effect on the Antibody Inhibition

The influence of Na* and K* in the presence of both Mg** and ATP on the
antibody inhibition of (Na'-K*)-ATPase activity at equilibrium was studied in
more detail. It was found that, in the presence of Mg** plus ATP, concentrations
of K* higher than 10 mM were necessary to obtain the maximal K*-induced in-
crease of the antibody inhibition which was obtained at the equilibrium of the
antigen antibody reaction (Table 3). If the K* concentration was increased
beyond 150 mM the K* effect on the antibody action became smaller again. K*
also increased the antibody inhibition of Na*-K*)-ATPase activity if, in addition
to Mg** and ATP, Na* was present. It is remarkable that under these conditions
about one hundred times lower K* concentrations were needed than those which
were necessary to obtain the maximal K+ effect in the absence of Na* (Table 3).

To evaluate whether the Na* and K* effect on the antibody inhibition in the
presence of Mg and ATP was a ATP-specific phenomenon, ATP was replaced
by the ATP analog adenylyl (8-y-methylene) diphosphonate or by ADP. From
Table 4 it can be seen that neither in the presence of Mg** and adenylyl (8-y-
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Fig. 3. Dose response of membrane-bound (Na*-K*)-ATPase to gammaglobulin in the
presence of different ligands. Enzyme (0.075 mg/ml) was incubated with increasing con-
centrations of gammaglobulin in an incubation buffer containing 20 mm imidazole-HCl,
pH 7.5, 2 mM EGTA, 1 mg/ml BSA and ATP and cosubstrates, as indicated in the figure
(triangles). In two experiments (squares) 6 mM phosphate was additionally present in the
incubation buffer. After 2 hr incubation at 0°C the (Na*-K*)-ATPase activity was méa-
sured. Data are presented as percent of activity of enzyme incubated in the absence of
gammaglobulin under respective buffer conditions. The ATP used in this experiment was
obtained from Boehringer (Mannheim). Experimental series VI

methylene) diphosphonate nor in the presence of Mg** and ADP was an effect of
Na® or K* on the antibody inhibition of the (Na*-K*)-ATPase activity observed.
Thus, the effect of Na* and K* on the antibody inhibition of the (Na*-K*)-
ATPase activity in the presence of Mg** and ATP is indeed a highly ATP-spe-
cific phenomenon.

The Na™ and K* effect on the antibody inhibition of (Na*-K*)-ATPase activity
in the presence of Mg™* and ATP was measured in enzyme preparations which
had previously been freed from ATP and to which afterwards ATP, Mg** and
Na* or K* were added simultaneously. In experiments in which the ATP which is
present during the enzyme preparation was not removed, no effect of K* in the
presence of Mg** and ATP on the antibody inhibition could be detected. A pos-
sible explanation for this finding was that it might be necessary that the enzyme
first binds K* before its configuration could be changed by Mg** and ATP,
which results in an altered response to the antibodies. Consequently, it was tested
whether the observed antibody inhibition of the (Na*-K*)-ATPase activity is dif-
ferent if, in the presence of Mg*~, first K* or Na* and afterwards ATP was added
to the ATP-free enzyme, or vice versa. If in the presence of Mg** first K* and
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Fig. 4. Effect of Mg** and phosphate on the dose response of membrane-bound (Na*-

K*)-ATPase to gammaglobulin. The antigen antibody reaction was performed in a buffer

containing 20 mM imidazole-HCL, pH 7.5, 2 mM EGTA, 1 mg/m] BSA and, in addition, 6

mM phosphate or 3 mM Mg**, as indicated in the figure. The experimental conditions
were analog to those of Fig. 3

Table 3. Concentration dependence of the K* effect on the antibody inhibition of the
membrane-bound (Na*-K*)-ATPase in the presence of Mg*" plus ATP or in the
presence of Mg** plus ATP plus Na*

Ton and ATP combinations

Na* MgATP K* Percent antibody inhibition
(mM) (mM) (mM) at equilibrium
0 10 0 30122 (8)
0 10 1 302+3.1 (7
0 10 10 39.0+£ 44 (6)
0 10 150 562 £2.6 (6)
0 10 500 294+29 (8)
150 10 0 18.0+3.3 (8)
150 10 0.02 317+ 19 (8)
150 10 0.1 41422 (6)
150 10 150 39.7+12 (9)

The antibody inhibition was measured at equilibrium of the antigen antibody reaction.
The data which were obtained from experimental series II7 are presented as in Table 2.
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Table 4. Nucleotide specificity for the effects of Na* and K* on the antibody inhibition of
the membrane-bound (Na*-K*)-ATPase measured at the equilibrium of the antigen
antibody reaction

Nucleotide and cosubstrate combinations

Cosubstrates

Nucleotides Mg+ Na* K* Percent antibody inhibition
(mM) (mM) (mM) (mM) at equlibrium
3 ATP 3 150 0 16.4 1.0 (6)
10 ATP 10 150 0 16.6 £2.7 (7)
3 ATP 3 0 150 39.8+£1.2 (6)
10 ATP 10 0 130 392+£25 (7)
3ADP 3 150 0 176 1.7 (D)
10 ADP 10 150 0 16.6 £2.7 (7)
3 ADP 3 0 150 16.4+15 (7)
10 ADP 10 0 150 173 £3.5 (9)
3 AMP-PCP 3 150 0 16724 (9)
3 AMP-PCP 3 0 150 16.5 £2.1 (8)

The experiments are presented as in Table 2. Experimental series V.

then ATP was added to the enzyme, the antibody inhibition which was started 15
min later was as strong as if K* and ATP had been added simultaneously. If,
however, ATP and Mg*" were added prior to K*, the antibody inhibition was
considerably less, showing no difference from the antibody inhibition in the pres-
ence of Na”, Mg** and ATP (Fig. 5). In the case of Na* the antibody inhibition
of (Na*-K*)-ATPase was not significantly different if, in the presence of Mg**,
Na* was added prior to ATP, vice versa, or if Na*, Mg**, and ATP were added
together (Fig. 5a). Thus it appears that the antibody response of the membrane-
bound (Na*-K*)-ATPase, in the presence of Mg**, ATP, and K* but not in the
presence of Mg**, ATP, and Na*, is dependent on the sequence in which ATP
and the cation has been bound to the enzyme.

Furthermore, it was tested whether the antibody inhibition of the (Na*-K*)-
ATPase activity of the solubilized enzyme could be affected in the same way as
that of the membrane-bound enzyme. From Table 5 it can be seen that the anti-
body inhibition of the (Na'-K*)-ATPase activity of the solubilized enzyme was
identical whether—in the absence of Na*, K*, and ATP--Mg"™" was present or
not. Also the effects of Na* and K* on the antibody inhibition in the presence of
Mg** and ATP could not be detected with the solubilized (Na*-K*)-ATPase.

Discussion
Interpretations about the Mode of Antibody Inhibition

To interpret our results properly the mechanism of inhibition of the (Na*-K*)-
ATPase activity by our antibodies must be considered. In previous experiments
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Fig. 5. Effect of the sequence of addition of ATP and Na* or K* to the membrane-bound
enzyme on the antibody inhibition. (a): In the presence of Mg** first Na*, then 15 min
later ATP, and after another 15 min the antibodies were added to the enzyme (0-0); in the
presence of Mg** first ATP, 15 min later Na*, and after another 15 min the antibodies
were added ((J-J); in the presence of Mg™™*, ATP together with Na* and 30 min later the
antibodies were added to the enzyme (@-@). (b): In the presence of Mg*™* first K*, then 15
min later ATP, and after another 15 min the antibodies were added (A—A); in the pres-
ence of Mg** first ATP, 15 min later K*, and after another 15 min the antibodies were
added (A—A); in the presence of Mg*™*, K* and ATP together and 30 min later the anti-
bodies were added to the enzyme (l—M). During antigen antibody reaction the in-
cubation buffer contained 20 mM imidazole-HCl, pH 7.5, 6mM phosphate, 2 mM EGTA,
10 mM MgCl,, 10 mM ATP, 1 mg/ml BSA and 150 mM NaCl (@) or 150 mM KCl (b). For
these experiments Sigma ATP was used. Experimental series V1

[13] we obtained similar kinetics for the antibody effect on the ATP dependence
of the (Na*-K*)-ATPase activity and for the antibody effect on the ATP binding
to the enzyme. Therefore, it seemed probable that the antibodies inhibit the over-
all (Na*-K*)-ATPase reaction at the ATP binding step.

The antibodies may inhibit the ATP binding by direct interaction or by means .
of a conformational change at the ATP binding site(s). Such a conformational
change may be induced by antibody binding to the enzyme protein or also possi-
bly by antibody binding to lipids which are closely associated to (Na*-K*)-
ATPase protein and which are not removed by the solubilization with Lubrol. As
the ATP binding sites are located at the inner surface of the cell membrane, it
seems probable that the antibodies inhibit the ATP binding and the (Na*-K*)-
ATPase activity from this membrane side. Experiments from Jgrgensen and cow-
orkers [12], which demonstrate that (Na*-K*)-ATPase antibodies inhibit the oua-
bain-sensitive outflux of Na* from red cell ghosts only if the antibodies were ap-
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Table 5. Equilibrium values of antibody inhibition of solubilized (Na*-K*)-ATPase in
the presence of some ATP and cosubstrate combinations

Ion and ATP combinations Percent antibody inhibition

(mM) at equilibrium

3 Mgt 28514 (8)
No addition 2017 9
10 Mg** + 10 ATP + 150 Na* 295+1.7 (8)
28.9+25 (7

10 Mg** + 10 ATP + 150 K* 28512 (7)
30.5£2.5 (6)

The experiments were performed as described in Table 2.

plied from the inner side of the membrane, support this view. Because of the size
of gammaglobulin molecules, it can be assumed that the antibodies bind to the
surface of the (Na*-K*)-ATPase protein or to the surface of closely associated
lipids.

pIt has been shown above that the antlbody inhibition of the (Na*-K*)-ATPase
activity of the membrane-bound enzyme is influenced by the presence of differ-
ent combinations of ATP, Mg, Na*, and K*. At the equilibrium of the antigen
antibody reaction, four different states of enzyme inhibition could be distin-
guished. Further, it was found that the velocity by which the antibody inhibition
started was different at ATP and ion combinations which led to different degrees
of equilibrium inhibition.

In principle, the different characteristics of antibody action at different ATP
and ion combinations could be explained by changes of the enzyme or of the
antibody structure. However, an effect of the ATP and cosubstrate combinations
on the antibodies can be excluded as reason for the different inhibition degrees of
the (Na*-K*)-ATPase activity: The different degrees of antibody inhibition were
not observed if the (Na"-K*)-ATPase was altered by taking the enzyme out of the
membrane by solubilization or if the enzyme was altered by changing the se-
quence in which K* and ATP were added during preincubation. Further, it is the
enzyme substrate, ATP, and the cosubstrates of the (Na*-K*)-ATPase which
must be present in distinct combinations to exhibit and influence on the antibody
inhibition of the (Na'-K")-ATPase activity. Thus our results suggest that under
the described conditions the membrane-bound (Na*-K*)-ATPase exhibits differ-
ent states of the enzyme structure. It cannot, however, be excluded that closely
associated lipids may be included in these structural changes of the enzyme.

Our finding that the equilibrium values of antibody inhibition were reached
more slowly if higher degrees of antibody inhibition were obtained at equilibrium
can only be tentatively explained, as the biphasic character of the inactivation
curves is not fully understood [13] and as we have no data concerning the effect
of different ligand combinations on the reactivation of the antibody-inhibited en-
zyme. A possible explanation for the obtained inactivation curves is that struc-
tural changes of the (Na*-K*)-ATPase molecule may mainly affect the reactiva-
tion of the antibody-inhibited enzyme. Thus the rate constant of enzyme
reactivation may be reduced drastically, while the rate constant of enzyme in-
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activation may be reduced to a smaller extent. Therefore, the antibody inhibition
at equilibrium may be increased although the rate constant of enzyme inhibition
is reduced.

Effect of Mg** and Phosphate on the (Na*-K*)-ATPase Structure

It has been demonstrated above that the presence of Mg** ions can influence
the characteristics of antibody inhibition of the membrane-bound (Na*-K*)-AT-
Pase. In the presence of Mg** the antibody inhibition at equilibrium was dimin-
ished and the rate of the slow phase of the enzyme inactivation was increased.
This Mg*™ effect was also observed if phosphate, Na*, or K* were present in ad-
dition but was no longer seen if ATP was present in the incubation buffer.

Antibody studies [17,18] and several studies in which different methods were
employed [1-3, 8, 14, 21, 24] have been reported which suggest, in parallel to our
findings, that Mg™" induces a conformational change of the enzyme. In addition,
data were reported from which it may be concluded that the binding of phos-
phate also leads to a structural change of the (Na*-K*)-ATPase [14, 17, 18]. Thus,
McCans and coworkers [17], who measured the influence of Mg** and of phos-
phate on the inhibition of the (Na*-K*)-ATPase activity by different fractions of
their (Na*-K*)-ATPase antibodies, found that the enzyme inhibition by one of
the tested antibody fractions was decreased if Mg** was present and — at vari-
ance with our results —was also decreased if phosphate was present. The Mg**
effect on the antibody inhibition, however, was not detected with their antibodies
if phosphate was present in the incubation buffer. Measuring the rate and the
maximal degree of (H’) ouabain binding to the enzyme, it was recently demon-
strated [18] that in the presence of Mg** phosphate influenced the antigen anti-
body reaction between (Na*-K*)-ATPase and specific antibodies.

Furthermore, it has been shown that the destruction of (Na*-K*)-ATPase ac-
tivity by trypsin was smaller if Mg*™* was added [24]. In addition, it has been dem-
onstrated that the ouabin-induced inhibition of the phosphorylation [21] and of
the ATP hydrolyzing activity [1] is increased in the presence of Mg**. Moreover,
it was found that the inhibitory effect of N-ethylmaleimide (NEM) on the
phosphorylation of the (Na*-K*)-ATPase was increased but that the inhibitory
effect of NEM on the K*-dependent dephosphorylation and on the ADP-ATP
exchange was decreased if Mg™* was present during the incubation with NEM ]2,
3]. Along the same line are the findings of Kuriki and coworkers [14] who per-
formed calorimetric measurements which demonstrate enthalpy changes associ-
ated with the binding of Mg*" or phosphate. Furthermore, it has been recently
demonstrated that the fluorescence of dimethylaminonaphthalene sulfonyl la-
beled (Na*-K*)-ATPase was increased if Mg** was added [8].

The different methods by which the Mg** or phosphate-induced changes in the
enzyme conformation have been sensed give different information. Thus, by ca-
lorimetric measurements, only conformational changes which are accompanied
by enthalpy changes can be found. With SH reagents, probably structural
changes in the vicinity of the ATP binding site(s) are detected because there is
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some evidence that a sulfhydryl group may exist in the ATP binding site(s) [19).
By ouabain binding or ouabain inhibition studies, only structural changes in the
vicinity of the ouabain binding site(s) can be sensed. As the amino acid sequence
and the conformation of the (Na*-K*)-ATPase is not yet known, structural
changes which are detected by trypsin digestion experiments can, at the moment,
hardly be characterized. In contrast to the other methods, by antibody studies
only structural changes are detected which concern the surface of the (Na*-K™*)-
ATPase. Moreover, if the antibody inhibition studies are performed at a mem-
brane-bound enzyme as in our experiments only those changes can be sensed
which concern parts of the (Na*-K*)-ATPase molecule which are not hidden in
the membrane. ‘

. The Mg**-induced conformational change of the (Na*-K*)-ATPase seems to
be drastic. It is accompanied by a large change of enthalpy [14]. The structural
change includes protein regions in the vicinity of the ATP binding site(s) as well
as in the vicinity of the ouabain binding site(s) [1-3, 21]. From our results it may
be further assumed that a region of the (Na*-K*)-ATPase molecule is involved
which is accessible from the inner membrane surface. If phosphate binds to the
(Na*-K*)-ATPase, the enzyme structure is probably altered in a different man-
ner. This conformational change is also accompanied by a large change of en-
thalpy [14], but it can be distinguished from the enzyme structure in the presence
of Mg™ by antibody inhibition studies [17, 18]. The finding that a phosphate ef-
fect on the antibody inhibition was only observed with one of the antibody frac-
tions tested by McCans and coworkers [17] and was not found with our anti-
bodies demonstrates that antibodies raised against (Na*-K*)-ATPase consist of
different antibody populations which may bind to different regions of the enzyme
and may inhibit the (Na*-K*)-ATPase activity in different ways.

Effect of Na* and K* on the (Na*-K*)-ATPase Structure

Previous studies with different inhibitors of the (Na*-K*)-ATPase suggest that
Na™ and K* can induce different structural states of the (Na*-K*)-ATPase if ATP
has also bound to the enzyme. Thus, in different laboratories [2, 3, 9, 22] it has
been found that the (Na™-K*)-ATPase is inactivated by NEM in the presence of
ATP and K* but protected if ATP and Na* are present during the incubation
with NEM. Furthermore, it has been shown that ouabain binding was increased
by addition of Na* and decreased by addition of K* if Mg** and ATP [16] or if
only ATP [1] was present during ouabain incubation. In addition, it has been
demonstrated that the inhibitory effect of (Na*-K*)-ATPase antibodies on the
binding of ouabain to the enzyme was modified if Na* was added in the presence
of Mg** and ATP [18]. ,

In contrast, trypsin digestion experiments have been reported by Somogyi [24]
and Jgrgensen [11], which suggest that also in the absence of ATP the con-
formation of the (Na*-K*)-ATPase may be altered by Na* and K*. In these ex-
periments it was found that Na* and K* influence the time course of trypsin in-
activation of the (Na*-K*)-ATPase activity in the absence of ATP [11, 24] and
also the degradation pattern of the high molecular weight subunit of the enzyme
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[11]. Trying to repeat the trypsin inactivation experiments which were reported
by Jgrgensen with our enzyme’®, we obtained similar results—demonstrating an
effect of Na* and K™ in the absence of ATP-—only if the nucleotides had been
removed from the enzyme by centrifugation in the absence of MgClL, as it was
done in Jgrgensen’s experiments. If, however, the nucleotides were removed by
gel filtration in the presence of glycerol and MgClL,—a method which we applied
routinely—Na* and K" did not influence the trypsin inactivation of the (Na*-
K*)-ATPase activity’. In modified trypsin digestion experiments* in which the
glycerol-treated enzyme was employed, we further found that the degradation
pattern of the low molecular weight subunit was only altered by the addition of
Na* and K* if ATP or if Mg*™ plus ATP were present in addition. Thus we
would support the view that ATP is necessary to modulate the enzyme structure
in the presence of Na* or K*. Furthermore, our antibody inhibition experiments
suggest that, in the presence of Na* or K*, MgATP has a different effect on the
(Na*-K*)-ATPase structure than ATP alone. Our finding that the high degree of
antibody inhibition in the presence of Mg**, ATP, and K* was only found if K*
and ATP were added to the enzyme in the right order—namely, first K* and then
ATP-—suggests that it is actually the structure of the K*-enzyme complex which
is altered if MgATP binds, in addition.

For the influence of Na* and K* on the antibody inhibition of (Na*-K*)-AT-
Pase activity, a high degree of specificity could be demonstrated. The K* effect on
the antibody inhibition can be seen in the presence and absence of Na*, but the
K™ concentration which is necessary to observe a maximal effect on the antibody
inhibition is about a hundredfold lower if Na™ is present, too. Na* and K™ have
no effect on the antibody inhibition of the (Na*-K*)-ATPase if Mg** and ADP or
Mg** and adenylyl (8-y-methylene) diphosphonate are present. Moreover, the
K*-effect on the antibody inhibition can only be observed if in the presence of
Mg** first K* and then ATP are added to the enzyme. Thus it can be assumed
that a Na*-and K*-specific change of the enzyme structure is recorded which oc-
curs only if also Mg'* and ATP bind to the enzyme. In this conformational
change a surface region which is accessible from the inner membrane seems to be
included. From our trypsin digestion experiments’ it can be concluded that both
subunits of the enzyme take part in this conformational change, as either their
tertiary structure or their spatial relationship to the membrane and/or to each
other is altered.

Above we reported that the solubilized enzyme which also obtains a high spe-
cific Na*-, K*- and Mg**-dependent ATPase activity does not show the Na*-and
K*-induced differences in the antibody inhibition which can be demonstrated in
the membrane-bound enzyme. Thus the Na*-K*-ATPase structure as sensed by
the antibody inhibition experiments is only altered by Na* or K*— in combina-
tion with Mg** plus ATP—if the enzyme molecule is embedded in the mem-
brane. The solubilized enzyme which has retained its hydrolytic activity may

*Koepsell, H. 1978. Conformational changes of membrane-bound (Na*-K*)-ATPase as
revealed by trypsin digestion (unpublished).

*Ibid.

‘Ibid.

*Ibid.
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have lost the ability to obtain these Na*- and K*-induced structural states. The
Na*-and K*-induced MgATP-dependent alterations of the membrane-bound en-
zyme may possibly represent functional states of the (Na*-K*)-ATPase which
may be related to the transport of Na* and K*.
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