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The number of high-affinity K *-binding sites on purified ™a* /K*-ATPase from pig kidney outer medulla has been
assessed by measurement of equilibrium binding of thallous thailtum, T1 ", under conditions (low ionic strength, absence
of Na and Tns*) where the enzyme is in the E,-form, Na*/ K+~ATPase has two identical T1* sites per ADP site, and
the di varies by 2 and 9 pM. These values are identical to those for T1* occlusion found
prevmuslv by us, mchcntmg tlm all Ingh-aiﬁnity binding leads to occlusion. The specific blmlmg was obmmed afler
ion of a ized unspecific ad: ion of T1™* to the enzyme p Radi

non Ieads to formation of modlﬁed peptides having two T1*-binding sites with positive cooperativity, the second

i ing that for the native sites. The radiation inactivation size (RIS) for total, specific
T1* binding is 71 kDa, aml the RIS for TI* binding with original affinity is approx. 190 kDa, equal to that of
Na* /K *-ATPase activity and to that for TI * occlusion with native affinity. This latter RIS value confirms our recent
theory that in situ the two catalytic peptides of Na* /K *-ATPase are closely associated. The 71 kDa value obtained for
total T1* sites is equal to that for total binding of ATP and ADP and it is clearly smaller than the molecular mass of one
catalytic subunit (112 kDa). The T1*-binding { d thus the notion that radiation inactivation

of Na* /K*-ATPase is a stepwise rather than an all or none process.

Introduction

The stoichiometry of the Na*/K*-pump is generally
considered to be 3Na:2K:1ATP (for a recent review, see
De Weer et al. [1]), and this is reflected in most, if not
all, models for transport and where

congener of K*. Gehring and Hammond [9] have re-
ported the activation of rat erythrocyte ATPase by TI*
in the presence of Na* and have compared this to
similar activation obtained wuth K+ Earher work [10]
of these authors di

a similar stoichiometry of binding sites for these ligands
is assumed. In the present study we use equilibrium
binding of T1* to characterize the high-affinity binding
sites for K*. The direct estimation of the binding capac-
ity by equilibrium binding of K* to Na* /K *-ATPase is
difficult, as evidenced from reports in the recent litera-
ture [2-6], where one finds a maximum of close to 2
ions can be bound per a-subunit, but also 3 [7] and 4-5
[8] can be found. Several studies have shown that TI*
binds to Na* /K *-ATPase and activates the system as a

Abbreviations: Na*/K *-ATPase, Na*/K *-transporting ATPase (EC
3.6.1.37); K-pNPPase, K *-activated p-nitrophenylphosphatase activ-
ity: SDS, sodium dodecy! sulphate.

Correspondence: J. Jensen, Institute of Physiology, University of
Arhus, DK-8000 Arhus C, Denmark.

of TI* by rabbit eryth.rocywes that was
inhibited by bain and K*. M , it has been
shown [11] that T1* is handled like K* by rat sartorius
muscle and also that Ti* behaves like K™ during electri-
cal excitation of that tissue. TI* has been found to
replace K* in activation of the Na*/K*-ATPase of
rabbit kidney. In comparison to other known sub-
stitutes for K* in activating Na*/K*-ATPase Tl* is
uniqgue in that it has an affinity approx. 10-times greater
than K* for the K*-acuvatmg sne {12] and the same
when p-nitrop it idered [13]. The
findings of Cavieres and Ellory [14] that TI* has an
effect on ouabain-sensitive Na* efflux and K* influx,
are by them interpreted in terms of a high-affinity
substitution for K* at the external potassium sites of
the sodium pump. It has likewise been demonstrated
that TI* has a specific, K*-like role in activating the
dephosphorylation of the phosphointermediates of
Na*/K*-ATPase [15].
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Here we have investigated the properties of equi-
librium binding of TI* while trying to optimize the
conditions for binding of K* and its congeners. We
have used a centrifugation method with high enzyme
< ion, low ionic st h and low monovalent
cation ion to obtain isotherms for
unspecific and specific binding. We find two identical
high-affinity binding sites pec ADP site and that equi-
fibrium binding equals occlasion [16]. Likewise it is
demonstrated that the radiaticn inactivation size is equal
to that for Na*/K*-ATPase :ctivity (about 190 kDa =
1.8 - m{a)) when ied binding is cc d and
significantly smaller thau m(«} for the total T1*-bind-
ing capacity. This is in line with our recently published
model for the stepwise radiation inactivation of a di-
meric a-peptide arrangement in the membrane [16].

Experimental procedure

Na* /K *-ATPase. Membrane-bound Na‘/K*-
ATPase was isolated from pig kidney outer medulla by
the method of Jergensen [17), i.e., selective extraction of
plasma membranes with SDS in the presence of ATP,
followed by isopycnic zonal i ion (zonal en-
zyme). Also enzyme prepared according to the proce-
dure described by Jensen et al. {18], with additional
washes to avoid K*, was used (SDS-enzyme). The en-
zymes were stored at ~20°C in 250 mM sucrose, 12.9
mM imidazole and 0.625 mM EDTA at pH (38°C)=
7.15. The specific, ouabain-inhibitable Na* /K *-ATPase
activities for the two types of preparation w-re: 20-30
and 10-15 units - (mg protein)~?, and the ADP-binding
capacity was about 2.5 and 1.3 prol - (mg protein) ™',
respectively. These last numbers were used in calculat-
ing the enzyme concentration in the different assays.

R Gl 6-phospt dehyd; from
L. mesenteroides, SDS, Tris and imidazole were from
Sigma, EDTA ‘and sodium p-nitrophenylphosphate from
Merck, sucrose from British Drug House. T1,80, was
from Analar and the sodium salt of ATP from Boeh-
ringer, Mannheim, [*CJADP and *T1,50, was ob-
tained from A sh I ional, A h UK.
The ammonium salt of [**CJADP was converted to its
Tris salt by ch hy on DEAE-Sephadex [19].

Enzyme assays and protein determination. Na*/K -
ATPase was determined at 37°C by the coupled assay
[20] with 3 mM ATP, 4 mM MgCl,, 120 mM NaCl and
20 mM KCl, 1 mM phosphoenolpyruvate, 0.2 mM
NADH, 10 units- m!~" pyruvate kinase, and 30 units -
mi™" lactate dehydrogenase. K-pNPPase activity was
measured at 37°C with 10 mM p-nitropheny] phos-
phate, 20 mM MgCl, and 150 mM KCi [21].

Gi 6-phosph dehydrog was assayed at
37°C in 50 mM Tris-HCL, pH 7.8 at 25°C, 3 mM
MgCl,, 3 mM NAD, and 3.3 mM glucose 6-phosphate
221
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Protein ions  were with the
method of Lowry et al. {23) with bovine serum albumin
as standard.

Binding assays. {**CJADP binding was measured by a
centrifugation assay {24). The medium contained 200
mM sucrose, 10 mM EDTA. 30 mM Tris and 50 mM
NaCl. The nucleotide-binding isotherms with the non-
irradiated Na* /K "~ATPase samples gave straight lincs
in the Scatchard plot (Ref. 18 and Fig. 3) so that the
binding capacity and dissociation constant were easily
obtained.

Equilibrium binding of T{*. Determination of iso-
therms for the binding of T!* was carricd out by
incubating enzyme (2.3-3.3 M) for 1 h at 25°C with
varying concentrations (1.5-100 pM TI*) of T1,SO,
with **T1”, in 10 mM imidazole, 200 mM sucrose and
1 mM EDTA titrated to pH 7.1 at 25°C with H,S0,
(TICl is much less soluble than T1,80,). Under these
low ionic strength conditions, the enzyme has a high
affinity for Rb* [7] and is in the Ej-form (Skou, J.C..
personal cc ication). The ion of bound
TI* (from 9% of total TI* at the highest TI* concentra-
tion to 60% at the lowest) was determined as the dif-
ference b total TI* col in the assay
mixture and the T+ in the sup of
a sample centrifuged at 100000 X g for 45 min at room
temperature. Tl binding was found to be independent
of preincubation time from 0.5 to 3 h, also for irradia-
ted semples. Unspecific binding of TI* to native and
heat-d d cozyme p was determined by
binding measurenents at TI* concentrations from 2 up
to 28 miM. The subtraction of unspecific binding from
the total binding to the native preparations gave a
specific binding to a single population of sites (see
Resuits).

Irradiation procedure. The enzyme sar oles to be
irradiated were kept in perspex tubes under N, and
were transported to and from the Accelerator Depart-
ment, Rise National Lab y. Roskilde, D
on solid CO,. The irradiation was carried out at —15°C.
The radiation source was a linear accelerator producing
10-MeV clectrons, and successive passes through the
clectron beam, each lasting about 3 min. and exposing
the samples to about 2 Mrad, were performed until the
appropriate dose was reached. The dose was measured
for each pass by calorimetry with an accuracy within +
5% [25]. Gi 6-phosphate dehyd: was added
to several samples to serve as a standard for dose
correction as described earlier [16,28] and the K-
£NPPase and the Na*/K*-ATPase activity served as
internal standards. In this paper results from two differ-
ent irradiation series are reported.

It should be noted that the irradiated samples were
kept in the frozen state until the activities were mea-
sured, except for a very brief thawing followed by rapid
freezing in connection to withdrawal of a sample for
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measuring TI* binding. Na*/K*-ATPase and espe-
cially glucose-6-phosphate dehydrogenase activity were
found to be sensitive to repeated thawing and freezing.
Likewise it was important to keep the samples under N,
throughout the manipulations prior to the activity mea-
surements.

To present the radiation inactivation data, the loga-
rithm of biological activity (4) was plotted versus radi-
ation dose. When this relation is linear, ie., 4 =4,
e~ "2, the inactivation can be described by the decay
constants, y (Mrad™'), which is proportional to the
radiation inactivation size, RIS (kDa).

Results

Unspecific binding of TI *

Unspecific binding of T1* constitutes a considerable
part of the total binding of TI* to both the zonal
enzyme and the SDS-en~yme used in this study (see Fig.
2), and to characterize the specific binding it is there-
fore necessary to obtain accurate estimates of the un-
specific binding. Fig. 1 shows the binding of TI* to
SDS-enzyme, the concentration of free TI* being be-
tween 2 and 28 mM. Under these conditions bound Ti*
varies from 300 to about 2000 M, and as the specific
binding is only of the order of 6 pM (corresponding to
2 T1* sites per ADP site, Figs. 2 and 3), the experiments
in Fig. 1 are well-suited to ch ize unspecific bind-
ing. The values are pooled from native enzyme and
enzyme denatured at 65°C for 0.5 h, since the ratio
(T1* bound to native)/(Tl* bound to denatured) was

015;
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Fig. 1. Ti* binding to SDS-treated Na*/K*-ATPase unaer condi-
tions (2-28 mM T1* ) where unspecific binding is < »—inating, Data
from native and heat-denatured (65°C for 0.5 h) - ooled since
they were not significantly different. The nuriber of experiments at
each concentration is 4-8, and the S.E.M., which was independent of
TI*, is shown. The curve was fitted to a simple binding equation:
B, /F=B,(max)/(Ky, + F). B,(max)=2.80 mM; K, =16.6 mM,
as described in the text. F is [T1" | ..
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Fig. 2. Scatchard-type plot of TI* binding to Na*/K *-ATPase. The
concentration of free TI* varies between 0.9 and 82 pM, and total
binding is represented by curve 1, whereas curve II represents the
unspecific binding found in Fig. 1. The specific binding of TI* (curve
111 = 1—-11) is a straight line. The S.E.M. was smaller than the size of
the points, except in one case. It appears that the ratio between
specific and unspecific binding varies between 3 (at high bound/free)
and 1/3 (at low bound/free). The specific binding capacity is the
intercept with the ordinzte, 5.69 M, and the dissociation constant is
the slope of the straight line, 8.56 uM. The protein concentration was
0681

equal to 1 over the whole range of T1* concentrations:
1.050 4+ 0.024 in one study (n = 8) and 0.996 + 0.044 in
another (n = 4). The data were fitted to a simple bind-
ing equation:
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Fig. 3. Scatchard plot of specific TI* binding and of ADP binding to
the same enzyme as in Fig. 2. The ratio between Tl*-binding and
ADP-binding capacity is 1.98+0.03.



which gives the binding capacity, B,(max) = 2.80 mM,
and the dissociation constant, K,,=16.6 mM. This
means that in the typical experiment shown in Fig. 2,
where the concentration of free T1™ varies between 0.9
and 82 M, ie., [T1")ge < Kguo B,/IT1" ] varies
only from 0.1686 to 0.1675. Henceforth, the unspecific
binding may be illustrated by a vertical binding iso-
therm like (II) in Fig. 2, and B, can be expressed as the
product K -[T1*],, as outlined in the next section.

Specific binding of TI * 1o native and radiation inactivated
Na*/K *-ATPase

Fig. 2 shows a binding isotherm (/) for total Ti*
binding to nauve Na /K*-ATPase. The curve is up-
ward ive of inhomogeneity as regards
binding affinity. Subtraction of the unspecific binding
(II) from total binding (I) gives the specific binding
(II). This curve is linear pointing to uniform sites, and
by linear regression it can be shown that the binding
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Fig. 4. Scatchard plot of specific T~ binding (obtained as described
in Fig. 2 and the text) to native and radiation-inactivated SDS-treated
Na“/K *-ATPase. Each point represents the average of thiee to four

has a capacity of 5.69+0.07 uM and a dissociatio;
constant of 8.56 +0.19 pM (r=0.999). As outlined
above, the unspecific binding can be expressed as K -
[T1*)4cc, and generally the binding curves for total TI*
binding to native enzyme vere therefore fitted to:

[T Joree +
et Ko [T Jiree
where a is the binding capacity for specific sites, and b
is the dissociation constant.

The specific T1" binding is in Fig. 3 compared to an
isotherm for ADP binding to the same enzyme. The
number of T1* sites per ADP site is 1.98 + 0.03. Table I
shows determinations of the specific T1*-binding capac-
ity relative to the ADP-binding capacity from five dif-
ferent native enzyme preparations, three SDS-treated
and two zonal. The ratio is not significantly different
from 2.

Binding isotherms for the specific Ti* binding to
irradiated enzymes are given in Fig. 4, but only a part
of this is T1* binding with original affinity. In accor-

TABLE I

The ratio between specific Tl* -binding capacity and ADP-binding
capacity for five Na*/K *-ATPase preparations (three SDS-treated
and two zonal enzymes)

Enzyme preparation (TI*/ADP)-binding capacity

SDS-treated 1.98

205

207
Zonal 205

209
Average 205002

The protein was 2.72 g-17". The fitted

curves are computed as described in the text with the assumption that

iated samples contain two different and independent classes

of Tl *-binding peptides. one of w! is identical 10 that in the native

described in the text. and the

computed binding capacities for native and modified sites are used 10
determine RIS (Fig. 6. Table 11

dance with the resuits on T!" binding to native enzyme
(described above) and our previous observations on TI*
occlusion [16], we now assume that total binding to
radiation inactivated enzyme is composed of binding to
sites with original affinity, binding to sites with changed
affinity (and possible i ion) due to
damage, and unspecific binding:

_aF  o(Fltd-F)

= +
b+F F1idd-Fie-d

+K-F

where @ and ¢ are the binding capacity for sites with
original and ch d affinity, resp ly; b is the
native dissociation constant; and d and e are the
second and first site-dissociation constants of the mod-
ified sites. F is the concentration of free TI*. Fig. 4
illustrates the picture when unspecific binding (K- F)
has been subtracted. When we furthermore substract a
binding isotherm with original affinity for sites (A in
Fig. 5) from the specific isotherm (C) we get a curve (B)
that is upward convex. i.e., indicating positive cooper-
ativity [26,27]. Besides the site concentrations, a and ¢
(Fig. 6, and next section). the following parameters were
obtained by fitting the model to the data in Fig. 4
b=6.07pM, e=30.8 uM. and d=5.49 pM. It is inter-
esting, that with this method of resolution, the second
site-dissociation constant of the modified molecules, d.
is equal to the native dissociation constant, b.
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Fig. 5. Scatchard plot illustrating the resolution of the isotherm for

specific TI* binding to radiation-inactivated enzyme (5.96 Mrad, see

Fig. 4). It appears that total, specific binding (C) is the sum of the

component with originai affinity (A) and a component with positive

cooperativity (B). Curve C has been fitted to the data as referred in
the text.

Radiation inactivation size of TI* binding, K-pNPPase
and Na* /K *-ATPase activity

Two series of radiation experiments were performed.
To provide a standard, glucose-6-phosphate dehydro-
genase was added to the enzyme preparation, and its
activity was measured as a function of dose together

unspecitic
tnalim sites

.. Total specific
thallum sites

G-6-PDH
K-pNPFase

. Na.K-ATPase
. Specific thallum sites
with original affinity

CTTEF T AT 6 6 0w @ % 1B %0
Dose {Mrad)

Fig. 6. Radiation inactivation of the TI1*-binding properties of
Na*/K*-ATPase. The capacity for TI* binding, the K-pNPPase and
Na*/K*-ATPase activity as function of radiation dose is shown for
zonal enzyme (closed symbols) and SDS-enzyme (open symbols,
dotted lines). Unspecific, specific-native, and total-specific capacity
for TI* were obtained as described in Figs. 4 and 5 and in the text.
The decay constants (Mrad~')+S.EM. for the different properties
are: K-pNPPuse (®, 0), 0.146+0.002 and 0.150+0.002; Na*/K*-
ATPase (A, 4), 0.273 £0.004 and 0.266 +0.005; Total Ti* binding (W,
---), 0.100£0.007 and 0.099; Native TI* binding (¥, ---), 0.268 +
0.011 and 0.262; Unspecific TI* binding (¢, ), 0.001 +0.004. For
comp:ison. the decay curve for the molecular mass standard (molec-
ular "ass 104 kDa) glucose-6-phosphate dehydrogenase (+) is shown:
y =0.146 +0.007 Mrad~".

TABLE II

Radiation inactivation sizes (RIS) for some biochemical activities of
Na*/K*-ATPase

The decay constants were obtained as described in the text and the
legends to figures. Using glucose-6-phosphate dehydrogenase as
standard (molecular mass 104 kDay the following average RIS values
could be calculated.

RIS (kDa)
SDS-treated zonal enzyme

K-pNPPase 104 107
Na*/K*-ATPase 189 194
TI* binding with

original affinity 187 191
Total T1*-binding capacity n 7n
with the K*-dependent p-nitropt k and

the Na /K“-ATPase activity. The decay constants for
these activities in the second series of experiments rela-
tive to those obtained in the first series, were used to
normalize the experiments, the correction factor being
1.18. The resulting decay curves are shown in Fig. 6
tegether with those for the T1*-binding capacity. The
unspecific T1*-binding sites are apparently not affected
by radiation, whereas the total TI*-binding sites and the
binding sites with original affinity, both decrease lin-
early with radiation dose in this semilogarithmic plot.
The decay constant for T1" sites with original affinity is
0.262 and 0.268 Mrad™' in two experiments (SDS-
treated and zonal enzyme). This is very much like the
decay constant for Na*/K*-ATPase (0.266 and 0.273
Mrad™"). The decay constant for total specific Ti*-
binding capacity (orim‘nal + changed affinity) is 0.099
and 0.100 Mrad ™. The values for K *-dependent phos-
phatase acuvny are 0 150 and 0.146 Mrad ™", while that
for gl is 0. 146 Using
104 kDa as the molecular mass of the functional dimer
of gh 6 h (see Ref. 28), we
oblam the radlanon inactivation sizes (RIS, kDa) shown
in Table II by muitiplying the decay constants with
104,/0.146.

The RIS values for K-pNPPase and Na"'/l("’-ATPase
activity are identical to those ob d ly [16,28]
and T1* binding has the same RIS as TI* occlusnon [16}
when the molecules with original affinity are con-
sidered. The RIS for total TI* binding is here found to
be higher than that reported for total occlusion (71
versus 40 kDa). These results will be discussed in the
following,.

Discussion

The stoichiometry of specific TI* binding to native
preparations is 2 per ADP site and the two sites are
independent under our conditions. The dissociation
constant varies between 2 and 9 pM in different experi-



ments, and this is equal to that for occlusion, which
means that the bound T1* is also occluded [16}.

Since the unspecific binding constitutes a significant
proportion of total binding, characterization of the
specific TI* binding is entirely dependent upcn accurate
measurement of the unspecific binding (e.g., Figs. T and
2). Here this is done either by binding

253

been di or ihil
arise during irradiation.

The RIS for TI* binding with unchanged affinity,
about 190 kDa, is equal to RiS for full Na */K*-ATPase
activity and to RIS for native TI* occlusion (Fig. 6 and
Ref. 16). Firstly this supports the notion that T1* bind-

in the fi that

with high TI* concentrations, where specific binding is

ligible, or indi by ing that total binding
is the expression of two classes of sites, specific and
unspecific. The two methods gave the same result, and
the direct method furthermore showed that heating the
enzyme to 65°C for 30 min. (which abolishes all bio-

ing d here is equal to TI* occlusion. Secondly, it
might indicate that there is a close connection between
full Na*/K*-ATPase activity and the ability to per-
form Na*/K *-transport, and that these properties are
connected with a structural unit larger than the catalytic
subunit. Thirdly. it also suggests that the K*-ATP

logical activities) leaves the unspecific binding unal-
tered. When we earlier [7) have found about three
rubidium sites per ADP site (and an upward curved
Scatchard i it was probably due io the fact
that we subtracted the binding of Rb* at low concentra-
tions to heat-denatured preparations to get the specific
binding, and this unspecific binding is too low. The
stoichiometry of 2 TI* sites per ADP site found in this
work is supported by the finding of the same stoichiom-
etry in occlusion experiments, where specific occlusion
is by far the largest part of the measured occlusion [16}.

The nature of the unspecific binding is not known,
but it is tempting 1o suggest that it represents binding of
TI* to phospholipids: the binding capacity is 10*-times
the ADP site concentration (compare Figs. 1 and 2)
which is of the right order of magnitude for the molar
ratio between lipid and Na*/K*-ATPase motecules
{29, and the radiation inactivation size is very small
(Fig. 6).

As regards our target size measurements, we confirm
our previous finding [28] that RIS for K-pNPPase activ~
ity is close to the mass of one a-subunit, 112 kDa. The
RIS for K-pNPPase is equal to that of nucleotide-,

bindi Sty wi b M

p in nucleotide-binding experi-
men's with membrane-bound Na'/K*-ATPase but
much less expressed in solubilized enzyme [31], reflects
normal K~ binding (occlusion) by the a-peptides in an
ay-dimer. On the basis of the many RIS data (smatler
than, equal to, or larger than 112 kDa) for the biological
activities of Na’/K *-ATPase, we have recently [16]
proposed a model for the dimeric organization and the
stepwise radiation inactivation of the a-peptide. Based
on this and on the present study we conclude that
Na*/K “-ATPase activity and TI* binding with original
affinity i an expression of a single, intact «-peptide in
a dimeric ay-arrangement (112/112), and in the irradia-
ted samples it is manifested by both a-peptides in the
original (112,112)-dimer and by the single a-peptide in
(112,70). This, of course. leads 10 a RIS value smatler
than 2 X 112 = 224 kDa. The theoretical value is 112 +
70 = 182 kDa, where we find about 190 kDa. Thus the
112 kDa-peptide as such has Na*/K*-ATPase activity
and original TI* binding as long as it is *stabilized’ bya
sufficiently large peptide domain from another
peptide. This ascumption is in d: with the
studies of Ottolenghi and Jensen [32,33}, who found
that the only possibl lanation for the h i

and ouabai g cap with
affinity, which again is equal to the target size of an
a-peptide {16,28]. The total, specific binding capacity
for TI* has a lower RIS, 71 kDa, which is equal to the
RIS for total binding capacity for ADP, ATP and
ouabain [16,28]. Because RIS vatues equal to 70 kDa are

P P
2 p ity between K* and ATP in nucleo-
tide-hinding studies was an a-a interaction. When the
effect of ouabain binding on Na*/K *-ATPase activity
was probed, it was just as evident that each of the two
a-subunits could turn over independently of the other.

Ack Tods

d, we have luded [16] that ionization by
absorbed radi is not indiscrimi ly t itted
along the peptide backbone, and that fragments of the
catalytic peptide may retain biochemical activity, albeit
with modified properties.

The RIS value = 71 kDa for total, specific binding
found here is higher than the 47 + 7 kDa and the 37-40
kDa esti for Rb* occlusion by Rich et al. [30]
and for T1* occlusion by us [16]. We have at the present
no 1 ion for this di It is certain that
these values are significantly lower than m(a). The
decrease in TI* affinity combined with the positive
cooperativity in TI* binding to the partly damaged
molecules show that important control functions have
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