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Summary. Antibodies which were raised against highly purified membrane-bound
(Nat —K™)-ATPase from the outer medulla of rat kidneys inhibit the (Na® —K*)-ATPase
activity up to 95 %. The antibody inhibition is reversible. The time course of enzyme inhibition
and reactivation is biphasic in semilogarithmic plots.

In the purified membrane-bound (Na*™ —K*)-ATPase negative cooperativity was ob-
served (a) for the ATP dependence of the (Na®™ —K™*)-ATPase activity (n=0.86), (b) for the
ATP binding to the enzyme (n=0.58), and (c) for the ouabain inhibition of the (Na* —K*)-
ATPase activity (n=0.77). By measuring the Na® dependence of the (Na® —K*)-ATPase
reaction, a positive homotropic cooperativity (n=1.67) was found.

As reactivation of the antibody-inhibited enzyme proceeds very slowly (¢, s=5.2 hr),
it was possible to measure characteristics of the antibody~(Nat —K™*)-ATPase complex:
The antibodies exerted similar effects on the ATP dependence of the (Na* —K*)-ATPase
reaction and on the ATP binding of the enzyme. V_,  of the (Nat —K™*)-ATPase reaction
and the number of ATP binding sites were reduced while K 5 orp for the (Na® —K *)-ATPase
activity and for the ATP binding were increased by the antibodies. The Hill coefficients
for the ATP binding and for the ATP dependence of the enzyme activity were not significantly
altered by the antibodies. The antibodies increased the K, 5 value for the Na* stimulation
of the (Na* —K*)-ATPase activity, but they did not alter the homotropic interactions
between the Nat-binding sites. The negative cooperativity which was observed for the
ouabain inhibition of the (Na* —K*)-ATPase activity was abolished by the antibodies.

The data are tentatively explained by the following model: The antibodies bind to the
(Na™ —-K™*)-ATPase from the inner membrane side, reduce the ATP binding symmetrically
at the ATP binding sites and reduce thereby also the (Na* —K *)-ATPase activity of the
enzyme. The antibodies may inhibit the ATP binding by a direct interaction or by means
of a conformational change at the ATP binding sites. This may possibly also lead to the
alteration of the Na* dependence of the (Na* —K*)-ATPase activity and to the observed
alteration of the dose response to the ouabain inhibition.

Antibodies raised against a protein molecule usually consist of a
population of different antibodies which bind to different parts of the
protein [5]. Only few of them, however, inhibit specific functions of the
protein. If, therefore, the antibody effect on a specific protein function
is measured, antibodies may be used as specific probes provided the
mode and site of antibody action are known.
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Against a series of (Na* — K *)-ATPase preparations antibodies have
been prepared [1, 12, 15, 17, 19, 24], some of which inhibit the (Nat — K*)-
ATPase activity. The present study was undertaken to elucidate the
mechanism of antibody inhibition of the (Na®™ —K™*)-ATPase activity.
The results obtained demonstrate that the enzyme activity is inhibited
in a reversible manner but that the enzyme antibody complex is very
stable. The data suggest that the enzyme activity is inhibited by blocking
the ATP binding to the enzyme. It appeared, however, that the mode
of antibody action is complex. This is considered to be due to the co-
operative nature of the (Na* — K *)-ATPase and to general characteristics
of antibody action.

Materials and Methods
Preparation of (Na™ —K™* )-ATPase

The outer medulla of rat kidneys [14] was carefully dissected and the membrane-bound
(Na+ —K*)-ATPase was purified according to Jergensen [ 11]. Starting from this preparation,
the enzyme was solubilized in the presence of ATP with Lubrol (1 mg Lubrol WX/mg protein).
The membranes were centrifuged for 1hr at 180,000 x g, and the detergent was removed by
placing the supernatant on a Sepharose 6B column (20 mM imidazole-HCl, pH 7.5, 3 mm
MgCl,, 2 mm EGTA, 20 %; glycerol). To remove the adenine nucleotides from the membrane-
bound or solubilized (Na™ — K *}-ATPase, the enzyme was put on a column of Sephadex G 50
which had been equilibrated with a buffer solution containing 50 %; (vol/vol) glycerol, 20 mm
imidazole-HCl, pH 7.5, 3mm MgCl, and 2 mM EGTA. The membrane-bound or soluble
{(Na™ —K™*)-ATPase appeared in the void volume clearly separated from a second peak of
nucleotides, which were identified by their absorption ratio 280 to 260 nm and by the
Luciferase method [25].

The membrane-bound (Na* —K*)-ATPase had a specific activity of 30-36 umol ATP
split per mg protein per min. The Mg* *-ATPase as measured in the presence of ouabain
and in the absence of NH,ClI was less than 1%. About 35%; of the membrane protein could
be solubilized from the membrane-bound (Nat —K*)-ATPase. A partial inactivation of
the (Na® —K *)-ATPase activity during the solubilization could not be avoided so that the
specific activity of the solubilized enzyme was 15-20 umol ATP split per mg per min. The
(Nat —~KT)-ATPase consisted of two different subunits. The amount of extraneous proteins
was less than 5% in the purest preparations, as shown in Fig. 1. The molecular weights
of the subunits were 120,000 and 60,000 daltons, respectively, as determined in SDS gel
electrophoresis [27] using RNA, bovine serum albumin, albumin from chicken eggs, cyto-
chrome ¢ and human gammaglobulin as standards. The SDS pattern of the solubilized
and membrane-bound (Na* —K*)-ATPase were identical.

Immunization

Antibodies were raised in rabbits against a suspension of the purified membrane-bound
(Nat —K*)-ATPase in a buffer containing 50 mm imidazole-HCI, pH 7.5, 2 mM EDTA,
3 mm ATP (Na,). Each rabbit received an initial intramuscular (i.m.) injection of the antigen
(0.2 mg protein) mixed with an equal volume of complete Freund’s adjuvant. After two,
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Fig. 1. SDS-polyacrylamide gel electrophoresis of membrane-bound (Na* — K *)-ATPase.
20 ug protein has been applied on top of the gel

four, and six weeks further i.m. injections of 0.2 mg antigen protein were given [18]. As
no antibodies which inhibit the (Na*—K™*)-ATPase activity could be detected a week
after the last immunization, one month later another immunization scheme [6] was tried
in the same animals. The rabbits received four further intraperitoneal injections with in-
creasing amounts of antigen (0.2, 0.4, 0.6, 1.2 mg protein) in intervals of two, four, and
six days, respectively. Blood was obtained by cardiac puncture three days after the last
immunization.
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Purification of Ig G

Gel filtration of the antiserum on Sephadex G 200 (5x75cm, 1M NaCl, 0.05M Tris-
chloride, pH 7.8) revealed an elution profile consisting of three major peaks. The second
peak, which contained the Ig G fraction without contamination of Ig M, was repeatedly
dialyzed against water. The protein which was precipitated by this treatment was removed
by centrifugation. The remaining protein which contained the Ig G fraction was dialyzed
against 509, ammonium sulfate at 4 °C. The protein which was precipitated under these
conditions was separated by 20,000 x g centrifugation. The precipitate consisted of pure
Ig G globulin, which was tested by immunoelectrophoresis [4] against goat anti rabbit serum.

Protein and (Nat — K )-ATPase Assay

Protein was determined after precipitation with 109 trichloroacetic acid (TCA) and
dissolution in 1 N NaOH and 10%, SDS according to the method of Lowry and coworkers
[16]. Bovine serum albumin was used as standard solution. (Nat —K™)-ATPase activity
was measured by an optical assay, as described by Schoner and coworkers [22]. The reaction
mixture contained in 1 ml: 70 pmol imidazole-HC], pH 7.3, 5 pmol MgCl,, 0.4 pmol NADH,
100 umol NH,C1 which was introduced instead of KCl [22], 3 umol ATP (Na,), 0.6 pmol
phosphoenolpyruvate, 6 units pyruvate kinase, 6 units lactic dehydrogenase, 150 yumol NaCl.
Temperature, 37°C, A=360nm. In order to compensate for the activity of the Mg**-
stimulated ATPase all readings were taken against a control in which NH,Cl was omitted
and 2.4 umol of ouabain were 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 2min. To measure the ATP dependence
of the (Na* —K*)-ATPase reaction, the enzyme was freed from ATP by passing through
a glycerol column as described above, and the concentration of ATP in the reaction mixture
was varied from 0.01 to 10 mM.

Measurement of Antibody Inhibition of the ATP Binding

ATP binding was measured by a rapid mixing centrifugation method [10]. 10 pg enzyme
protein, which was either untreated or incubated for 60 min at 0 °C with antibodies before,
was incubated at 0°C with 20 mm imidazole-HCl, pH 7.5, 10 mm EDTA and 0.15 to 11 pM
ATP (2P%?) in a total volume of 0.25 ml in Eppendorf® tubes. The membranes were spun
down at 50,000 x g for 20 min. After careful removal of the incubation mixture, the tips
of the Eppendorf® tubes were cut off and the sediments solubilized in Soluene-350 Tissue
Solubilizer® at 60 °C. After neutralization with concentrated HCL Rothiscint® as scintillation
fluid containing Triton X-100 was added and the radioactivity counted in a Berthold BF 5000
liquid scintillation counter. All results were corrected for unspecific ATP binding by sub-
tracting the value obtained in the presence of 10 mm unlabelled ATP.

Materials

Ethylenediamine-tetraacetic acid (EDTA), ethyleneglycol-bis(8-aminoethylether) NN'-
tetraacetic acid (EGTA), Lubrol WX, and human gammaglobulin were purchased from
Sigma (London). Nicotinamidadenine-dinucleotide (NADH), lactic dehydrogenase, phos-
phoenolpyruvate, pyruvate kinase, RNA, and ATP (Na,) were supplied by Bochringer
GmbH (Mannheim). For measurements in the absence of sodium, the ATP sodium salt
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was converted to the Tris salt by ion exchange chromatography on a Dowex 50 column.
Adenosine 5’ triphosphate-tetra (triethylammonium) salt-[o>*P] with a specific activity of
17 Ci/mmol was obtained from New England Nuclear (Boston). All other chemicals were
purchased from Merck (Darmstadt) or from Serva Biochemicals (Heidelberg).

Results

When the gammaglobulins isolated from the (Na* —K™*)-ATPase
antiserum diffused against solubilized (Nat —K*)-ATPase in the Ouch-
terlony test, no precipitation lines were obtained, regardless of whether
the test was performed in the presence or absence of different detergents.
The gammaglobulins of the antisera inhibited the (Na™ —K™)-ATPase
activity of both the membrane-bound and the solubilized enzyme. The
maximal degree of enzyme inhibition, which was different in the gamma-
globuline preparations of different antisera, varied between 80 and 95%.
As shown in Fig. 2, maximal inhibition of 20 pg membrane-bound
(Na* — K *)-ATPase per ml with a specific activity of 32 pmol P mg™'min™%,
was achieved at a gammaglobulin concentration of 1 to 2 mg/ml. If the
concentration of gammaglobulin was increased further, no additional

inhibition was observed.
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Fig. 2. Dose response curve of membrane-bound (Na* —K*)-ATPase to gammaglobulin.

0.05 mg/ml of enzyme which released 32 pmol P, per mg protein per min was incubated with

increasing concentrations of gammaglobulin isolated from (Nat —K™*)-ATPase antiserum

(o—u) or normal rabbit serum (e——e) in an incubation buffer containing 20 mm imidazole-

HCL, pH 7.5, 2mm EGTA, 3mMm MgCl,, 3mM ATP, 150 mm NaCl, 150 mm KCl, and

I mg/ml BSA. After 60 min of incubation at 0°C, the (Na™ —K¥)-ATPase activity was
measured
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Time Course of Antibody Inhibition and Reactivation

The course of antibody inhibition of the (Na* — K *)-ATPase activity
was investigated in the membrane-bound enzyme. The antigen antibody
reaction was performed at 0°C in a buffer containing 20 mmM imidazole-
HCI, pH 7.5, 1 mg/ml BSA, 6 mM phosphate, 3 mm MgCl,, 2 mMm EGTA,
3mMm ATP, 150 mm NaCl and 150 mm KCl; the concentration of gamma-
globulin was 2.3 mg/ml, that of the protein was 0.02 mg/ml. From Fig. 3a
it can be seen that the (Na™ — K *)-ATPase activity was inhibited in two
phases. Within one minute the enzyme activity was inhibited to 759 of
the final inhibition (Fig. 34). Then in a second slow phase of antibody
inhibition, the (Na* — K *)-ATPase activity was inhibited further. Within
60 min a steady-state value of enzyme activity was reached. The time
required to produce half final inhibition (¢, 5) was <0.5 min for the rapid
phase and 17.1 min for the slow phase of antibody inhibition. In the slow
phase of antibody inhibition the rate of (Na* —K*)-ATPase activity
decreased exponentially with time.

Reversibility of the antigen antibody reaction was tested by examining
the reactivation of the antibody-inhibited enzyme when the gamma-
globulin concentration was decreased. For these experiments membrane-
bound (Na* —K*)-ATPase was incubated for 60 min with varying con-
centrations of gammaglobulin and spun down at 50,000 x g. The super-
natants were 909 removed and replaced either by pure buffer or by
buffer containing gammaglobulin at the original concentration of the
respective sample. Reactivation of the inhibited enzyme was observed
when the gammaglobulin concentration was reduced. More than ten
hours, however, were required before equilibrium was achieved. To measure
the time course of reactivation, the initial gammaglobulin concentration
of 0.8 mg protein per ml was reduced to 0.08 mg/ml at time 0. The initial
relative inhibition (i,) of the (Na® —K*)-ATPase activity was 0.71, the
final inhibition after 12 hr (i;) was 0.37. The rate of enzyme reactivation
in such a situation where the concentration of the free inhibitor is reduced
to a value different from zero can be expressed by the equation [26]:

o P
A (1)

where i, is the relative inhibition of enzyme activity at a given time and
k_, the rate constant of enzyme reactivation. From Fig. 3b, in which
(i,—is/i,—i;) is plotted on a logarithmic scale against time, it can be
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Fig. 3. Time courses of the antibody inhibition of membrane-bound (Na* —K*)-ATPase (a)
and of the reactivation of the antibody inhibited enzyme (b), demonstrated in semilogarithmic
plots. (a): The antibodies have been added to the enzyme at the time 0. At equilibrium the
relative inhibition i, is reached; i, represents the relative inhibition at the indicated time
intervals. The ordinate i —i/i; indicates the fraction of the (Na* —K*)-ATPase activity
which is inhibited. (b): At the time 0 with the relative inhibition i, the gammaglobulin con-
centration is reduced by dilution; i, represents the final inhibition which is reached at the
equilibrium of the enzyme reactivation and i, is the relative inhibition at the time intervals
indicated on the abscissa. The ordinate i, —i /i, —i, indicates the fraction of the (Na* —K*)-
ATPase activity which remains inhibited

seen that the enzyme reactivation also appears to be biphasic. For the
more rapid phase a reactivation constant of 8.8 x 10~ °sec™! (1=3.2 hr),
and for the very slow reactivation phase a reactivation constant of
1.9 x 1077 sec™! (t=14.6 hr) was estimated.
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Fig. 4. Effect of ATP concentration on the rate of ATP hydrolysis (v) of untreated (e——se)
and partially antibody-inhibited (0——0) membrane-bound (Na* —KT)-ATPase. Prein-
cubation with the antibodies was performed in the presence of 3 mm MgCl, and 6 mM P,
and led to a 519 decrease in the (Nat —K™)-ATPase activity. The enzyme activity was
measured in the presence of 70 mm imidazole-HCl, pH 7.3, 5mm MgCl,, 100 mm NH,Cl,
150 mm NaCl, and the concentration of ATP is indicated. Data are expressed as a Lineweaver-
Burk plot (a) and as a Hill plot (). The Hill coefficient is 0.86 and 0.82 for the untreated and
antibody-inhibited enzyme, respectively
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Antibody Action and ATP Dependence of (Na™ — K™ )-ATPase Activity

In the membrane-bound (Na* —K*)-ATPase the influence of anti-
bodies on the substrate dependence of the ATP hydrolysis was tested.
For this the ATP free enzyme was preincubated with gammaglobulin
for 60 min at 0 °C so that the (Na® —K*)-ATPase activity was reduced
to 49 % of the control activity. Then samples were taken, and the initial
rate of (Na®™ —K™)-ATPase activity at various concentrations of ATP
was measured in the presence of 5 mm MgCl, . Not shown are the identical
results obtained if the concentrations of MgCl, and ATP were varied
simultaneously. Figure 4 shows the substrate dependence of untreated
and antibody inhibited enzyme. The enzyme does not follow Michaelis
Menten kinetics, as can be scen from Lineweaver Burk plots (Fig. 44)
where the curves show a downward swing at low concentrations of ATP.
In Hill plots (Fig. 4b) straight lines were obtained for the untreated and
the antibody-inhibited enzyme. About the same Hill coefficient was cal-
culated in both cases (control: n,p="0.86, antibody-inhibited enzyme:
narp="0.82). These findings suggest a negative cooperativity which is not
affected by the antibodies. For the untreated membrane-bound enzyme
a V_,, value of 59 pmol phosphate liberated per mg per min and a K, 5 »1p
value of 1.9 mm was calculated. In the antibody-inhibited enzyme V
was 29 pumol P, per mg per min and K, 5 ,7p Was 4.3 mm.

ax

Antibody Action and ATP Binding

To find out whether the antibodies inhibit the ATP binding to the
(Na* —K™*)-ATPase, the ATP-free enzyme was first preincubated with
gammaglobulin for 60 min so that the (Na* —K*)-ATPase activity was
reduced to 42 % of the control activity. Then the binding of ATP («3?P)
was measured and compared with that of the untreated enzyme. From
the Scatchard plots (Fig. 5a) it can be seen that the binding of ATP was
reduced by the antibodies. The number of “high affinity” ATP binding
sites was reduced to 469 of the control by the antibodies. If the data
are plotted according to the Hill equation (Fig. 5b), straight lines were
obtained, from which Hill coefficients of 0.58 and 0.57 for the untreated
and the antibody-inhibited enzyme, respectively, were calculated. Thus,
the ATP binding also shows a negative cooperativity which was not
influenced by the antibodies. For the untreated and antibody-inhibited
enzyme K, 5 values for ATP binding of 0.55 and 1.62 pm, respectively,
were calculated.
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Fig. 5. Binding of ATP (¢*?P) on the untreated (e——e) and antibody-inhibited (c—0)
membrane-bound (Na* —K*)-ATPase. The preincubation with the antibodies was per-
formed in the presence of 3 mm MgCl, and 6 mm P,. The ATP binding (b) was measured
in the presence of 20 mmM imidazole-HCl, pH 7.5, and 10 mm EDTA. Data are expressed
as a Scatchard plot (a) and as a Hill plot (b). The Hill coefficient is 0.58 and 0.57 for the
control and the antibody inhibited enzyme, respectively
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Fig. 6. Effects of NaCl on the (Na* —K*)-ATPase activity in the absence (e——e) and
presence (0——o) of antibodies. By preincubation with antibodies in the presence of 3 mm
MgCl, and 6 mm P, the (Na*™ —K*)-ATPase activity was reduced to 68 %, of the control.
The (Na* —K*)-ATPase activity was measured in the presence of 70 mm imidazole-HCl,
pH 7.3, 5 mm MgCl,, 100 mm NH,CI, 3 mM ATP, and the concentration of NaCl is indicated.
The data are presented as in Fig. 4. The Hill coefficient is 1.67 and 1.68 for the untreated
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Fig. 7. Dose response of ouabain to the (Nat* —K*)-ATPase activity. The dose response
curves of untreated enzyme (&——a) are compared with those of membrane-bound (Na* —K™)-
ATPase which was preincubated with antibodies in the presence of 3 mm MgCl, and 6 mM B,
so that the (Na* — K *)-ATPase was reduced to 57 %, (c—=a), 24 %, (e—we) and 16 % (c—0)
of the original (Na* — K *)-ATPase activity. The data are presented as Dixon plots [(a): whole
concentration range of ouabain tested; (b): low ouabain concentration only] and as a Hill
plot (c) in which i represents the relative inhibition and i, the maximal relative inhibition
of the (Na™ — K *)-ATPase activity
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Antibody Action and Na™* Stimulation of the (Na* — K™ )-ATPase Activity

By measuring the Na* dependence of the (Na*™ — K *)-ATPase activity
in the presence of 100 mm NH,CI, a sigmoidal response was obtained
(Fig. 6a). A Hill coefficient of n=1.67 and a K 5,- of 20.8 were calcu-
lated (Fig. 6b)1.

If the enzyme was pretreated with antibodies beforehand (60 min
at 0°C, inactivation 329 of the (Na®—K™%)-ATPase activity), the
Ky sna+ value obtained in the presence of 100 mm NH,Cl increased to
31.6 mm. The Hill coefficient did not change significantly (antibody in-
hibited enzyme: n=1.68), indicating that the antibodies did not alter the
homotropic positive cooperative effect of Na*.

Antibody Action and Ouabain Inhibition of (Na* — K™ )-ATPase Activity

In the untreated and antibody inhibited membrane-bound (Na* — K *)-
ATPase, the dose response of (Na™ —K*)-ATPase activity to ouabain
was measured. As can be seen from the control values of Fig. 7a, a recip-
rocal plot with different slopes at low and high ouabain concentrations
1 If the measurements were performed in the presence of NH,Cl concentrations smaller

than 100mM, lower K, 5 values and different Hill coefficients were obtained (data not
shown).
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was obtained. If the data from the untreated enzyme were plotted ac-
cording to the Hill equation (control of Fig.7c), a straight line was
obtained which indicates negative cooperativity for the sites of ouabain
inhibition (n=0.77). From the Hill plot, a K 5 ,pain Value of 89 uMm was
obtained. Concerning the influence of the antibodies on the ouabain
inhibition of the enzyme, it was found that in the range of 0.001 to 0.5 mm
ouabain the dose response of the (Na® —K*)-ATPase to ouabain was
not affected (Fig. 7a). At ouabain concentrations higher than 0.5 mm the
sensitivity of the (Na™ —K*)-ATPase to ouabain is decreased by the
antibodies (Fig. 7b). The straight relationship of the (Na* — K *)-ATPase
activity to ouabain inhibition in the Hill plot (Fig. 7¢) was progressively
abolished with increasing degree of antibody inhibition.

Discussion

The kinetic data reported in this paper for the untreated membrane-
bound (Na®—KT*)-ATPase from rat kidney demonstrate that the
(Nat —K™*)-ATPase is a cooperative enzyme. They are in agreement
with the results reported by other authors [7, 8, 9, 20, 21, 23]. Thus, con-
sistent ‘with other reports [8, 23], we could demonstrate a negative co-
operativity for the ATP binding and also for the ATP dependence of
the (Na*™ —K )-ATPase activity. These results indicate that two or more
ATP binding sites, which may be also catalytic sites, exist in the function-
ing enzyme complex. Furthermore, in agreement with previous reports
[8, 20, 217, kinetic data on the Na™ activation of the (Na® —K™)-ATPase
activity were obtained which could be interpreted as an indication for
two or more positive cooperative Na*-binding sites in the enzyme. Con-
cerning the ouabain binding to the (Nat —K™*)-ATPase, the data of
several authors [7, 9, 23] suggest that more than one ouabain binding
site exists in the (Na* — K *)-ATPase. The above-described results, which
demonstrate a negative cooperativity for the ouabain inhibition of the
(Na* —K*)-ATPase activity, are consistent with these ouabain binding
data. Both sets of experiments together suggest that the different ouabain
binding sites of the enzyme must be considered as ouabain inhibition sites.

The inactivation of the (Na® — K *)-ATPase activity by the antibodies
as well as the reactivation of the antibody-inhibited enzyme proceeds in
two phases. Unfortunately, it cannot be decided from our data whether
this behavior is due to (a) the action of different antibody populations,
(b) to different enzyme populations, or (c) to the inactivation of the
different catalytic sites of the (Na*—XK™*)-ATPase. However, the last
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possibility seems to be the most probable one, as we also observed bi-
phasic inactivation curves in different membrane-bound and solubilized
(Na® —K™)-ATPase preparations when (a) the spontaneous inactivation
of the (Nat —K™*)-ATPase activity in dilute solutions was measured
(H. Koepsell & F.Hulla, unpublished), (b) the (Na* — K*)-ATPase activity
was inhibited by trypsin (H. Koepsell, unpublished), or (c) the enzyme
was inhibited with the ATP competitor NbS®ITP? (H. Koepsell & 7. Hulla,
unpublished).

The reactivation of the antibody-inhibited enzyme proceeds very slow-
ly, if the free antibody concentration is reduced. It was therefore possible
to study characteristics of the (Na®™ —K™")-ATPase activity of the anti-
body enzyme complex. The antibody (Na* — K *)-ATPase complex shows
residual (Nat — K *)-ATPase activity. This can be derived from the finding
that an increase in K, 5 ,yp Was observed if the ATP dependence of the
(Nat* —K*)-ATPase was measured in the antibody-inhibited enzyme
under conditions in which no reactivation of the antibody-inhibited enzyme
occurred.

It was found that the antibody effect on the ATP dependence of the
(Na* —K™*)-ATPase activity is very similar to the antibody effect on the
ATP binding of the enzyme. The antibodies reduce the V. of the enzyme
reaction as well as the number of binding sites for ATP. They increase
both K 5 orp for the (Na® —K*)-ATPase activity and K 5 ,1p for the
ATP binding, but they do not change the negative cooperativity for ATP
which was found for the ATP binding as well as for the ATP dependence
of the (Na™ —K*)-AT Pase reaction. These data suggest that the (Na™ —K *)-
ATPase activity is inhibited by hindrance of the access of ATP to the ATP
binding sites of the enzyme. It cannot, however, be decided from our
results whether the antibodies inhibit the ATP binding by direct inter-
action with the ATP binding sites or by inducing a conformational change
of the enzyme in which the ATP binding sites are included. As the degree
of negative cooperativity for ATP is not changed by the antibodies, both
ATP binding sites seem to be affected in the same way. This could occur
if the ATP binding sites are located close to each other so that one anti-
body molecule could sterically hinder the access of ATP to the different
ATP binding sites or if the antibody binding at a different protein region
would induce a similar conformational change at both ATP binding
sites. As the ATP binding sites are located at the inner surface of the
cell membrane, it seems probable that the antibodies which inhibit the

2 6-[(3-carboxy-4-nitrophenyl)thiol]-9-8-p ribofuranosylpurine 5'-triphosphate.
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enzyme activity act from this side. In fact, Jorgensen and coworkers [12]
have shown that antibodies against a membrane-bound (Na® —K)-
ATPase from pig kidney inhibited the ouabain-sensitive outflux of Na*
from red cell ghosts only if the antibodies were applied from the inner
side of the membrane.

It is shown above that the K, value for Na* activation of the
(Na*™ —K*)-ATPase activity was increased by the antibodies and that
the positive cooperativity for Na™ was not changed. Hegyvary and Post
[10] have demonstrated that Na* stimulates the ATP binding to the
(Na®™ —K*)-ATPase in the presence of K*. If, therefore, the binding of
Na™ to the enzyme has an effect on the ATP binding at the ATP binding
sites, one could imagine that, vice versa, the antibody action at the ATP
binding sites could influence the Na™ binding. From our experiments
it cannot be excluded, however, that the antibodies may act directly at
the Na* binding sites. By measuring the ouabain inhibition of antibody-
treated (Na* — K *)-ATPase it was found that the characteristics of ouabain
inhibition were altered by the antibodies. With an increasing degree of
antibody inhibition, the sensitivity of the (Na® — K *)-ATPase to ouabain
was progressively reduced at higher ouabain concentrations. This can
be explained if one assumes that the binding of antibodies at the inner
membrane side leads to a structural alteration at the ouabain binding
site(s) at the outer side of the membrane. This structural alteration is
not symmetric with respect to the ouabain inhibition sites, so that their
negative cooperativity is abolished.

The results obtained are in accordance with the hypothesis that the
antibodies inhibit the (Na*® —K*)-ATPase activity by reducing the ATP
binding to the ATP binding sites. The data show that the antibodies can
be used to inhibit specific enzyme functions. However, the antibody inter-
action with the enzyme is complex. This may be due to characteristics
of the (Na* —K*)-ATPase and/or to the mode of antibody interaction
with the enzyme. Further studies with antibodies which are directed against
clearly defined peptide segments of the enzyme may lead to unambiguous
information about the molecular mechanism of the Na* —K* pump.

I would like to thank Professor Dr. K.J. Ullrich for his continuous support and stimu-
lating interest in this work.
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