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Oligomycin induces occlusivn of Na* in membranc-bound Na,K-ATPase. Here it is shown that Na,K-ATPasc Imm pig kldncy or
shark rectal gland solubilized in the nonionic detergent C,,E, is capable of occluding Na* in the of The
apparcnt affinity for Na* is reduced for both en: zymes upon solubilization, and there is an increase in the sigmoidicity of binding
curves, which indicates a change in the bet the occluded ions. A high detergent/protein ratic lcads to a

d occl <capacity. Dy of Na* by addition of K* is slow for solubilized Na,K-ATPase, with a rate ~otstant
of about 0.1 s~! at 6°C. Stopped-flow fluorcscence experiments with 6-carboxyeosin, which can be used to moritor the
E,Na-form in detergent solution, show that the K *-induced de-occlusion of Na* correlates well with the fluorescence decrease
which follows the transition from the E,Na-form to the E,-form. There is a marked increase in the rate of fluorescence change
at high detergent/proteia ratios, indicating that the propertics of solubilized enzyme are subject to modification by detergent in

other respects than mere solubilization of the membrane-bound enzyme. The temperature dependence of the rate of
de-occlusion in the range 2°C to 12°C is changed slightly upon solubilization, with activation energies in the range 20-23

t b

keal /mol for d enzyme, i

1o 26-30 kcal /mol for solubitized enzyme. Titrations of the rate of transition
from E;Na to E,K with oligomycin can be intcrpreted in a model with olig iatil

constant of

in having an app

about 2.5 uM for C 12Ey-solubilized shark Na,K-ATPasc and 0.2 uM for solubilized pig kidney Na,K-ATPase.

Introduction

The Na,K-ATPase is a large integral membrane-
bound cation t ible for the
active transport of Na* and K.* across the cell mem-
brane (sec Ref. 1 for a recent collection of reviews).
The transport of the ions is thought to occur through a
set of conformational changes in the protein and in
some of the conformations, the so-called ‘occluded’
states of the enzyme [2], the ions are rendered inacces-
sible to exchange with ions in solution. Both K* and
Na* can be trapped in occluded states. K* (or its
congener Rb*) is spontanccusly occluded by the

C;Ey dodecyl E,
the NaK- ATPase cnnfomlanan predominant in NaCl; Ej, the
Na,K-ATPase conformation predominant in KCl: 6-CEo, 6-

in; CDTA, trans-1,2: ic acid.
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Na,K-ATPase [3,4], wh | of Na* requi
either that the enzyme is phosphorylated and halted in
the E,P-state [5,6], or that the antibiotic oligomycin is
present [7]. The nature of the occlusion-sites has at-
tracted iderable attention ly, notably with
the recent demonstranon by Karlish et al. [8] that

containing a 19 kDa tryptic frag-
ment of kidney Na,K-ATPase are capable of occluding
the cations. It has previously been shown that enzyme
from shark rectal gland, solubilized in the nonionic
detergent octaethyleneglycol dodecyl monoether (C,,
Ey), can occlude Rb* in much the same manner as the
membrane-bound NaK-ATPase [9]. Soluble kidney
Na,K-ATPase can also occlude Rb* and Na*, the
latter when the y is inhibited and pt 0-
rylated with CrATP [6).

The purpose of the present paper is to investigate
the oligomycin-induced occlusion of Na* for both shark
and kidney Na,K-ATPase with special emphasis on the
properties of solubilized enzymes. This involves deter-
mination of occlusion capacities, rates of de-occlusion
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and correlation of the de-occlusion rates with fluores-
cence of conformational
The main result is that the de-occlusion and confor-
mational transitions occur at rates which are similar, in
with results ined on b bound
enzyme [10]. This result is obtained provided the exper-
imenal conditions are identical for the de-osclusion
and fluoresecence assays, since there is a marked effect
of detergent on the rate of transition at detergent /pro-
tein ratios exceeding those required for solubilization.
This suggests that high detergent concentrations alter
the properties of solubilized enzyme, possibly by chang-
ing subunit or lipid-protein interactions. The effects of
oligomycin can be interpreted in terms of a simple
model, where the de- of Na* is dependent on
the de-bindi )

Methods

Preparation of pig kidney enzyme

Na,K-ATPase was isolated in the membrane bound
form from pig kidney outer medulla by the method of
Jorgensen [11] followed by selective extraction of the
plasma membranes with SDS in the presence of ATP.
The enzyme was stored at —20°C in 250 mM sucrose,
129 mM imidazole, and 0.625 mM EDTA at pH 7.5.
The specific ouabain-inhibitable Na,K-ATPase activity
was about 1160 pmol/mg protein per h at 37°C.
Na,K-ATPase activity, phospherylation capacity and
protein content was determined as previously de-
scribed {13],
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Fig. 1. Occlusion of Na* by pig kidney and shark rectal gland Na,K-ATPase. The four panels show the amount of Na* (in nmol /mg protein)
carried through a cation-exchange resin at 2°C in the absence of oligomycin (open symbols) or in the presence of 25 xM oligomycin (filled
symbols) in 30 mM histidine (pH 7.0), 1 WM CDTA and the Na*-concentrations indicated. Panels A and B show experiments casried out with
kidney enzyme (0.9 mg/ml) in the membrane-bound state (panel A) or in the presence of 1.6 mg C,,E, /m! (panel B). Panels C and D show the
corresponding experiments with 0.9 mg/ml shark rectal gland enzyme in the membrane-bound state (panel C), or at a detergent concentration of
1.7 mg/ml (panel D). Each data point shown represent a single experiment. The curves used to fit the data points for experiments in the absence
of oligomycin (open symbols) are straight lines obtained by regression analysis. The curves fitted to the data obtain-d with cligomycin present are
constructed as a sum of the binding in the absence of oligomycin plus a contribution from a binding terra of the form Y =Y,,, /(1+
(Kos/INa* ). The values used for Y,,,, n and Ky 5 are those deduced from the visually best fit, and are shown in Table L.



Esmann [12], but without the treatment with saponin.
The Na,K-ATPase typically constituted 50-70% of the
protein (determined as the content of a- and Blvb-
units from SDS gel electrophoresis), and the spec fic
activity was about 1760 pmol/mg protein per h.
Na,K-ATPase activity, phosphorylahon capacnty and
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ried out, and was always added before Na* and
oligomycin.

The volume delivered from each syringe was 150 ul
per shot and the flow-time was chosen to be 200 ms.
This instrumental setting gives a dead-time of about 2
ms in this apparatus, which is sufticiently short for the

protein content was d as p ly de-
scribed [13).

M, of Na*-occl
change procedure

The method used is essentially as described by Glynn
and Richards [4]. The carboxylic resin Bio-Rad Bio-Rex
70 is equilibrated in 100 mM Tris (pH 7.0), 1 mM
CDTA and 0.1 mg/ml C;;E; with 0 or 25 uM
oligomycin. Na,K-ATPase (0.9 mg/ml) in 30 mM histi-
dine (pH 7.0) and 1 mM CDTA is incubated wuh
2Na* at 2 or 6°C in the of 25 uM oli
{or 0 uM as a control for non-spemﬁc binding) and
C,,E; as indicated. Solubilization is instantaneous af-
ter addition of detergent. About 450 ul is forced
through the 1-ml column at 2°C, with the speed of the
piston being d to allow the Y
to be in contact with the resin for times between 0.6
and 2.5 s (this is calculated from the flow-rate and the
volume of the liguid-phase in the resin). The amount
of 2Na emerging from the: column is determined from
y-radiation. The specific radioactivity is adjusted to
give about 400 counts per min per nmol Na*. No
determination of protein was done on the effluent
from the resin, since it has previously been shown that
the loss of protein in the column is negligible [9].

using the cation-ex-

Stopped-flow fluorimetry

M of ck in fl were de-
termined using a SFM-2 stopped-flow apparatus (Bio-
logics, France) Excnzmon was at 530 nm, and emission
was 1 with a p quipped with a
cut-off filter at 550 nm Data were collected with an
A/D-converter interfaced to an HP 9816 microcom-
puter. The signal-to-noise ratio was increased by digi-
tally adding 3-5 tracings. Non-li least-sq cal-

to be followed in these experiments.

Materials

6-Carboxyeosin was obtained from Molecular
Probes, USA. Oligomycin (M, 790) was cbtained from
Bochringer-Mannheim, and C,E; was obtained from
Nikko Chemicals, Tokyo, 2Na was obtained from Risp
National Laboratories (Denmark).

Results

Quantification of occluded Na*
and solubilized Na,K-ATPase

Fig. 1 shows a set of experiments in which the
amount of vccluded Na* is detcrmined for mem-
brane-bound and C,,Eg-solubilized pig kidney Na,K-
ATPase (pancls A and B) and shark rectal gland Na,K-
ATPase (panels C and D).

The experiments are performed at a low tempera-
ture (2°C) in order to decrease the rate of de-occlusion
of Na*. The amount of occluded Na* (in nmol/mg) is
measured from the radioacuivity emerging with the
Na,K-ATPase when a sample is forced through a small
cation-exchange column (see Methods). The time in
which the enzyme is in contact with the column in this
experiment is about 1.1 s, which is a short time relative
to the half-time for de-occlusion (the de-occlusion rate
constant is less than 0.01 s™' for membrane-bound
Na,K-ATPase under the present conditions, not
shown).

The amount of Na* emerging from the column in
the absence of oligomycin can be interpreted to be
proportional to the Na*-concentration, suggesting a
non-specific bmdmg of Na+ Fxg 1. Note that the
non-specific binding is ically for both

in membrane-bound

culation of exponential decays were performed using a
programme kindly provided by Robert Clegg, Géttin-
gen.

Samples for the experiments shown in Figs. 5-8
were prepared in the foll way: Both stopped-iiuw

upon solubilization. This makes the detenni-
nation of occluded Na* more reliable for the solubi-
lized enzymes. As previously observed [7), there is an
additional amount of Na* carried through the column
when the enzyme in Na* is equilibrated with oli-

syringes contained 30 mM histidine (pH 7.0), 1 mM
CDTA and 1 uM 6-carboxyeosin (6-CEo). In addition
one syringe contained 0.1 mg Na,K-ATPase protein,/ml
and 2 mM NaCl. The other syringe contzined no
protein or Na* but 20 mM KCl. Oligomycin was added
as an ethanol solution to both syringes. The final
ethanol concentration did not exceed 0.5%.

C,,E; was added to give 0.5 mg/ml in both syringes
3-7 min before the stopped-flow experiment was car-

This extra Na* carried through is termed
‘occluded’ Na*, since the rate constant for release is
very low. The ooclusion clearly shows saturation.

The concentration dependence of the amount of
Na™ occluded for b bound enzyme is fitted by
a simple hyperbola (Y = Y,,,, /{1 + (K, s/[Na*D"), with
n=10). This function is used to describe the data,
notably the changes occurring upon solubilization. This
equation implies that the enzyme may occlude an num-
ber of Na-ions (Y, nmol/ug protein} with a half-
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TABLE 1

Comparison of kinetic parameters describing Na *-dependence oy oligomycin-induced Na * -occlusion

The experiments shown in Fig. 1 are fitted by a straight line (non-specific binding in the absence of oligomycin) or by a sum of the non-specific

binding and a specific binding term of the form ¥ = ¥,,,
ding constant for Na* and # is ihe Hill coefficient.

/U1 + Kys/[Na* "), where Y,

max 15 the maximal ecclusion, K¢ is the half-maximal-bin-

Enzyme source Pi Shark rectal gland

State mem. solub. ® mem. solub. ®
Maximal occlusion capacity

(Y50 nmol /mg protein) 52 34 6.8 58
Half-maximal-binding

constant (K s, mM) 0.58 0.81 © 042 18
Hill coefficient (n) Lo 16 10 16
Non-specific Na *-binding

(nmol/mg protein per mM Na* ) 0.55 0.07 0.57 0.03
Phosphorylation

capacity (nmol /mg protein) 20 26

* Membrane bound.
® Solubilized in C,,Ey.

maximal binding-constant K,s;. The data presented
here are fitted satisfactorily by this equation for the
membrane-bound enzymes, Figs. 1A and 1C, wheieas
the fit is not adequate for the solubilized enzymes,
Figs. 1B and 1D. Solubilization leads to an observable
sigmoidicity of the curves, most predominant with the
shark enzyme (Fig. 1D). The sigmoidicity can be taken
as a sign of cooperativity, which is reflected in the
much better fit by the Hill-equation shown in Fig. 1D
with Y, =5.8 nmol/mg, K,s=18 mM and a Hill
coefficient n=1.6. A similar analysis for solubilized
kidney enzyme (dotted line in Fig. 1B} gives values of

RTOOP g7
&

Navions carried through (nmoles/mg)

17 4no oligomyein

' — T T
o0 03 10 ) 20 2 i

Time on column (seconds)

Y = 3.6 nmol/mg, K,;=081 mM and n=16.
Table 1 summarizes the values for K5 and Y, for
the four experimental conditions. Note that solubiliza-
tion decreases the maximal amount of Na* occluded
by the kidney enzyme from 5.2 to 3.4 nmol/mg, with
no major change in K5 (but with an increase in the
Hill coefficient to i.6). For shark rectal gland enzyme
the change in occlusion-capacity is less affected by
solubilization, but there is a marked shift to a lower
affinity for Na* (K5 increases from about 0.4 mM to
about 1.8 mM. As with the kidney enzyme, the Hill
coefficient increases from 1.0 to 1.6).
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Fig. 2. De-occlusion of Na* from solubilized Na,K-ATPase by remava! of unbound Na *. Shown in this figure is the amount of Na* (nmo!/img
protein, on a log scale) carried through the cation exchange resin when the protein is allowed to be in contact with the resin for times ranging
from 0.7 to 2.5 5 at 2°C. Pancl A shows a set of experiments with pig kidney Na,K-ATPase at a protein concentration of 0.9 mg/ml in 30 mM
histidine (pH 7.0), 1 mM CDTA, 2 mM NaCl, C,Ej to give the detergent/protein (D / P) weight ratios shown (D /P between 1.7 and 22) and
25 uM oligomycin (filled symbols) or no oligomycin present (open symbols). Note that the values given with filled symbols are corrected for the
amount of Na* carried through in the absence of oligomycin. Each point represents the average of two or three experiments. Panel B shows a
similar experiment with shark enzyme at a detergent/protein ratio of 1.5, and the data in the logarithmic plot are fitted by a straight line with a
slope of 0.054 5=, intercepting the y-axis at 3.11 nmol/mg. Here cach data point represents a single exneriment. For the data &t 1.1 s the
average of five experiments is 2.93 nmol /mg with a 8.D. of 0.14 zunol /mg.



Table I also give the steady-state values for maximal
phosphorylation, which is taken as a measurc of the
enzyme concentration. Ratios of 2.6-2.7 mol Na* per
mol ph ylation site are ob close to the
cxpected three Na*-sites per phosphorylation site for
the memhrane-bound enzymes.

Rate of de-occlusion of Na* from solubilized Na,K-
ATPase d ined by | of unbound Na*

The rate of de-occlusion of Na* can be followed
with the cation-exchange technique if the rate constant
is in the range 1 to 2 s~' or smaller (this is because our
apparatus can be adjusted to let the enzyme be in
contact with the cation exchange resin for times in the
range 0.6 to 2.5 s). The de-occlusion takes place be-
cause free Na* is quantitatively bound to the resin
during the passage, thus allowing Na* to leave the
enzyme (de-occlude) with no subsequent occlusion of
Na* being possible.

For both membranc-bound pig kidney and shark
rectal gland the rate for de-occlusi
is very small, about 0.01 s™" (experiments not shown).
There is thus practically no de-ccclusion taking place
during the time is takes to remove bulk Na* (see

heref:

below). The time-course of de-occlusion can e

]

clusion for kidney Na,K-ATPase is also very slow, Fig.
2A. However, at higher detergent concentrations (ratios
up to 22) rate constants of 0.1 to 0.3 s~ are obtained,
indicating that de-occlusion is more rapid at high de-
tergent /protein ratios. Solubilized shark enzyme also
has a higher de-occlusion rate constant than the mem-
brane-bound form, Fig. 2B. The rate constant describ-
ing the exponential decay shown in Fig. 2B is about
0.05 s7', but is not very well-determined when the
longest time of contact between Na* and the cation-
exchange resin is 2.5 s,

The maximal occlusion capacity for solubilized en-
zyme (Table 1) can be calculated as follows: The ob-
served valuce of Y, should be corrected by multiplica-
tion of a facior of exp(k .. 1), where kg, . is the
rate constant for de-occlusion (sce below) and ¢ is the
time spent on the column. Since the values for & yooe
are about 0.01-0.03 s™' (at low detergent/protein
ratios) and ¢ is 1.1 s in the present experiment (Figs.
1B and 1D), the correction factor amounts to at the
most only 1.1, i.e. the maximal values for occlusion by
solubilized Na,K-ATPase in Fig. 1 and Table 1 are
underestimated by 10% at the most.

not be followed with this technigue. but the maximal
occlusion capacities are conveniently deterinined. The
values of 5.2 and 6.8 nmol Na* occluded/mg protein
for the membrane-bound enzyme (see Fig. 1 and Table
I) can be assumed to reflect the maximal occluding
capacity of these enzyme preparations.

For solubilized Na,K-ATPase, the situation is some-
what different. At low concentrations of detergent
(detergent /protein ratios of 1 to 2) the rate of de-oc-

Na-ioms carried ihvouzh (nmoles eng, blocks)
% protein wtabized (open squares)

n ) m an o o
Detesgentigrotein ratio teiw

Properties of Na *-occll
ATPase

Fig. 3A gives the relationship beiween occlusion of
Na*, solubilization and the detergent/protein ratio.
Analysis of the solubilized protein shows that it is the
Na,K-ATPase protein, which is solubiiized under these
conditions. The values for occluded Na* are obtained
after subtraction of the amount of Na* emerging from
the column in the absence of oligomycin. There is a
small decrease in the net amount of Na* emerging

by solubilized kidney Na,K-

DIRATIO

204 .//'\.‘_‘\
—a 50

Nadons carried through (r.moles'mg)

o0 T T T T ) T

Minutes with detergent

Fig. 3. Detergent-effects on occlusion of Na* by kidney Na,K-ATPase. Kidney enzyme was solubilized with C;Ey at the detergent/protein
weight ratios indicated, and after addition of Na* and oligomycin the amount of Na* carried through the column was measured (the filled
symbols show net occlusion, i.e. the difference between the amount of Na* carricd through in the presence and the absence of oligomycin). The
protein concentration is 0.9 mg/ml in 30 mM histidine (pH 7.0), 1 mM CDTA, 2 mM NaCl and 25 uM oligomycin. The temperature was 2°C,
and the time spent in contact with the cation exchange resin was 1.1 s. Panel A shows the effect in increasing the detergent /protein ratio from 0

(i.e. membrane bound ¢nzyme) to about 11. For comparison is also shown the

under the same conditions

of total protein

(open symbols). Pancl B shows the time-dependence of the amount of occluded Na*. Note that the data have not been corrected by subtraction
of oligomycin-independent Na* carricd through the column,
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from the cation exchange column when low of
detergent are added, concomitani with solubilization of
the protein. At detergent/protein ratios of 1 to 2,
where the Na,K-ATPase is fully solubilized, there is no
additional significant reduction in the occlusion capac-
ity (about 2.7 nmol Ma*/mg protein at 2 mM NaCl).
The decrease in occlusion at higher detergent-con-
centrations (detergent /protein ratios exceeding 2, see
Fig. 3) can cither be due to an inactivation of the
occlusmn-cnpabxllty at the point of solubilization or to
an d rate of de- (since the experiment
is done with a fixed time of de-occlusion, 1.1 s, an
incrcase in the rate constant for de-occlusion will lead
to lower values of Na* occluded). It is thus conceivat
that the d in occl cbserved upon
solubilization (at high detergent/protein ratios) is
partly due to the increase in the rate constant for
de-occlusion at high detergent/protein ratios (Fig. 2A).
The correction factor due to de-occlusion at a deter-
gent/protein ratio of 11 can be calculated (Fig. 2A) to
be 1.3 - this brings the value for occlusion up 1o 1.1
nmul/mg from 0.8, which still is far below optimal
ity. A third ion (which has not
been investigated) could be that the affinity for Na*
decreased as the detergent/protein ratio is increased.
Fig. 3B shows that a solubilized kidney preparation,
with solubilization done at a detergent /protein ratio of
5.6 or 11 is stable with respect to ability to occlude
Na* for at least 60 min at 2°C
The decrease in occl thus probably
!akes place at the pomt of solubnlnzauon, with the
t d with time (on

a time-scale of hours at 2°C).

D ! of Na* d after addition of K *

The low rate of de: at low d /pro-
tein ratios makes it possible to follow the effect of
addition of K* for a given period of time on the
amount of Na* occluded. If it is assumed that K* will
bind to unliganded enzyme (forming E,K, and thus
prevent occlusion of Na*) the rate of de-occlusion of
Na* can be followed.

Fig. 4 shows a set of such experiments with solubi-
lized shark rectal gland Na,K-ATPase. Clearly K* can
bring about de-occlusion, probably simply by hindering
the oo*lus:on of Na* as suggested above. The rate of

| with an i in the deter-
gent concentration as above (Fig. 2A). An increase
from a detergent/protein ratio of 1.5 to 3 increascs the
rate constant by a factor of two, from about 0.06 to
0.12 57! at 6°C. The rate of de-occlusion is also tem-
perature-dependent, with an increase in rate constant
from 0.035 s~" at 2°C to 0.06 5" at 6°C, Fig. 4.

The data in Fig. 4 have not been corrected for
non-specific binding of Na*. This is why the equations
used to fit the data have a small time-independent

‘Na-ions carried through (nmoles/mg)
3
h

Zeapr.120 402 3epl006) + 01K

| RSN AL S e S W e
0 % 0 W M M M W W NG 2 10 160 1

Time with KC) (scconds)

Fig. 4. De-occlusion of Na* studied by addition of 20 mM K*. This
figure shows the effect of addition of 20 mM K* to C,E-solubi-
lized shark Na,K-ATPase. Occlusion is induced by oligomycin with
incubation at 2 °C for 10-15 min in a medium with a protein
concentration of 0.9 mg/ml, 30 mM histidine (pH 7.0), 1 nM CDTA
2 mM NaCl and 25 M olig The of i

with KC is 2C (circles) or 6°C (blocks) and the detergent/protein
ratio is 1.5 (open symbols) or 3 (filled blocks). KCl is added as a
concentiated solution at time zero, aud after the indicated times the
suspension is forced through the cation exchange resin, and the
amount of Na* carried through is determined. The values at time
zero are obtained before addition of K*, and the average of four
determinations was to 3.23 nmol/mg (+0.13, open circles), 3.04
amol/mg (£0.16, open blocks) and 2.07 nmol/mg (+0.29, filled
blocks). The suspension is in contact with the resin for 1.1 s, and the
time on the column is thus very short compared to the ime required

K* 1o induce de-occlusion (rate constants 0.03 10 0125~ 1),

term. The time-dependent part of the equation is taken
to be a single-exponeatial with the rate constants
quoted above. lnspectlon of the dala clearly reveais
that other medels involving a ion of
the ions could fit the data equally well (or better). Here
a single exponential fit is chosen in order to have a
good parameter for comparison with the transient fluo-
rescent data reported below.

Experiments with kidney enzyme similar 1o those
shown in Fig. 4 for shark enzyme gave fluctuating
results: most of the Na* was de-occluded before the
enzyme emerged from the column, but there was a
large scatter in the data obtained. There is at present
no explanation for the difference between the action of
K* on the shark enzyme and kidney enzyme.

De-occl
cence
A fluorescence method tor measuring conforma-
tional transitions in solubilized Na,K-ATPase has re-
cently been published [14]. This method can be used to
itor the de-occlusi ion when K* is added to
Na,K-ATPase with Na* occluded. The method relies
on 6-CEo having a high fluorescence when bound to
the E;Na form, and a low fluorescence when not
bound, i.c. when the enzyme is in the E,-forms.

of Na* de d from 6-CEo fluores-




The method is more versatile than the cation-ex-
change technique, since time domams from millisec-

TABLE Il

Rate constants used to fit the transient fluorsscent changes shown in
Fig. 5 assuming a single exponential of the form F(t) = F(eo}+ F+
ot

onds to can be employ con- .
trolled over a wide range, and much lcss enzyme is el hawt)
d for a of a full ti

Mlxmg can also be controlled carefully, allowing a wide
variation in ligand-combinations.

Fig. 5 shows the decrease in fluorescence when pig
kidney enzyme and shark rectal gland enzyme in the
E,-form with occluded Na* (at 2 mM NaCl and with
or without 25 uM oligomycin) is mixed with 20 mM K*

at 6°C. The d in fl cor dstoa
transfer of the enzyme from the E,-form to the E -form.
In the p of 25 uM olig the rate con-

stant for the fluorescence decrease is very low for both
species, Table 11, with shark rectal gland enzyme being
more readily transferred (k ., = 0.054) to the E, state

.

50 ?s 100
SECONDS

Fig. 5. The effect of solubilization on the rate of de-occlusion of
Na*, as deduced from the rate of change in 6-CEo fluorescence.
Na,K-ATPase in 2 mM NaCl and 25 uM oligomycin was mixed with
an equal volume of buffer containing 20 mM KCI. The lower fluores-
cence tracings show experiments with membrane-bound enzymes,
and the upper tracings show i with C,Ey

enzyme. The buffer contained 30 mM histidine (oH' 70 at 6°C), 25
1M oligomycin and final concentrations were 0.05 mg protein/ml, |
1M 6-CEo, 10 mM KCl and 1 mM NaCl and 0 (fower tracings) or 0.5
mg C;Eq/ml (upper tracings). The temperature was 6°C. The
transients were fitted by a single exponential of the form Fi¢)= F(w)
+ F-et~kon'?, with the values for kq, shown in Table 11. Note that
the tracings have been normalized to about the same amplitude and

displaced vertically to ease comparison.

Shark (sclubilized)

Kiduey (solubitized)

FLUORESCENCE
/ £

or
N
@

The i were carried out in 30 mM histidine (pH 7.0 at 6°C)
with 25 pM oligomycin present and final concentrations were 0.05
mg protein/ml, | uM 6-CEo, 10 mM KCI, 1 mM NaCl and 0
(membrane-bound enzyme) or 0.5 mg C,,Ey /ml (solubilized en-
zyme). The temperature was 6°C.

Source of Na,K-ATPase Koy 671
membrane solubilized
nd
Pig kidney 0.014 0.36
Shark rectal gland 0.054 029

than the pig kidney enzyme (k,, = 0.014). These slow
rates of transition has praviously been demonstrated at
room temperature [7], and correspond to the slow
de-occlusion of Na* from the enzyme when oligomycin
is present. In the absence of oligomycin the transition
away from the E,-form is very rapid with rate constanis
larger than 30 s™' (not shown, sec also Refs. 15 and
16).

The transition away from the E,-form is also very
rapid in the absence of oligomycin for solubilized en-
zyme with rate constants larger than 30 s ! (not shown).
Addition of oligomycin here also slows the reaction,
Fig. 5 upper tracings. The raie constants for transition
to the E,-form are about 0.3 s™! for both solubilized
enzymes, Table II.

Comparison of the results shown in Fig. S (Table II)

and the d rates of d {usion, Fig. 4, shows
that the measured rate of transntlon away from the
E,-form, dly the d | ion, is much

faster (rate constant 0.3 s~') than the actual measured
rates of de-occlusion, about 0.035-0.1 s™'. As seen
below, this discrepancy has two simple explanations,
namely that the fluorescence experiments are carried
out at a higher detergent /protein ratio (about 10) than
the occlusion experiment shown in Fig. 4, and that the
for the stopped-flow experiment is 6°C as
d to the 2°C used for the de-occlu-
sion experiments. The following experiments are car-
ried out in order to elucidate the influence of the
detergeni/protein ratio and temperature on the de-oc-
clusion of Na*.

The effect of !he delergem / prorem ratio on the rate of
lusion as di ined by fl

The influence of the detergem/pmtem rauo on the
rate of il change is d ined by addition
of increasing amounts of detergent to the enzyme.
Measurement of the rate constant for the fluorescence
change with detergent concentrations in the range 0-1
mg/ml (giving detergent/protein ratios up to 20),
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Fig. 6. The effect of detergent on the rate of de-occlusion deduced
from stopped-flow fluorescencc experiments. Na,K-ATPase in 2 mM
NaCl was mixed with an equal volume of buffer containing 20 mM
KClI at i i of de and the rate of
fluorescence decrease is measured. The filled blocks show experi-
meiits with shark enzyme, and the open circles are values for pig
kidney enzyme. The buffer contained 30 mM histidine (pH 7.0 at
6°C), and final concentrations were 0.05 mg protein/ml, 1 M
6-CEo, 10 mM KCI, 1 mM NaCl and C,;E, to give the deter-
gent/protein ratio shown. The temperature was 6°C.

shows that there is a marked increase in the rate
constant with increasing detergent concentrations at
2°C, Fig. 6. The rate constant is about 0.02 s~' at
solubilizing concentrations (about 0.2 mg C,Ey/ml),
increasing to about 0.2 s™! at high detergent/protein
ratios. This is in agreement with the results for the rate
of du-occlusion shown in Figs. 2 and 4.

1mg €t

02maC, Egml

Observed rate constant (per second)
!

Omge, Eymt

008 T T T T
oao0xn aomsy oose omiss o002 o
T (per Kelvin

Temp de of the E, to E, transition at
low temperature
The d d: of de-occlusion (an

increase in rate constant by a factor of 2-3 from 2°C to
6°C, Fig. 4) can also be seen with the fluorescence
technique. Fig. 7 shows the temperature dependence
of the rate for the fi decrease
associated with the E,Na to E, transition for mem-
brane-bound and solubilized Na,k-ATPase. For both
the pig kidney (Fig. 7A) and the shark rectal gland
enzyme (Fig. 7B), the rate constant increases by a
factor of 4-5 when the temperature is increased from
2°C to 12°C. The experiments in the presence of weter-
gent (at deiergent/protein ratios of either 4 or 20)
show that the temperature dependence is changed
slightly by solubilization. The activation energy {esti-
mated from the slopes of the lines in Figs. 7A and 75)
increases from about 20-23 kcal/mol for thc mem-
brane-bound enzymes to about 26-30 kcal /mol fer the
solubilized The raie of fl decrease
(i.e. the rate of transfer from the E, to the E,-form) is
increased drastically by solubilization. Fig. 7 shows an
increase by a factor of 20 when the detergent ooncen-
tration is ch d from 0 ( brane-bound

to 1 mg/ml.

The values for the rate constants for de-occlusion of
Na* from solubilized shark enzyme (Fig. 4) are also
indicated in Fig. 7 (filled diamonds in panel B) to show
the agreement between the rate constants derived from
fluorescence measurements and the actual de-occlu-
sion rate The rate of fl e, change is
independent of the K* concentration in the range

H
£ D2mpC, g
¥ [ . * K
i *
<
8 Gy C gt
o . v ; T
om0 [ omise oms oz et
1T (per Kelvin)

Fig. 7. Tempernlnrc dependence of the rate constant for de-occlusion as deduced from fluorescence measurements. This figure shows

(K~ ") of the rate constant {on a log scalc) derived from the fall in fluorescence when Na,K-ATPase in the

on

presence of 2 mM NaCl and 25 zM oligomycin is mixed with 20 mM K*. The rate constants are derived from single-exponential fits of curves

such as the upper tracing in Fig. 8A. The left hand panel (A) shows results with pig kidney enzyme, and the right hand panel (B) shows results

with shark rectul gland encyme. The buffer contained 30 mM histidine (pH 7.0 at 6°C), 25 uM oligomycin, 0.05 mg protein/ml, 1 M 6-CEo, 10

mM KCl, 1 mM NaCl and 0, 0.2 or 1.0 mg C,E, /ml. Straight lines are fitted through the data, corresponding to activation energies (in

keal/mol) of 22.8 {blocks), 25.8 (crosses) and 0.2 (circles) for panel A and 20.2 (blocks), 24.1 (crosses) and 26.2 keal /mol (citcles) for panel B,
The filled diamonds show the values for the rate constant for de-occlusior derived from the cxperiments in Fig. 4,



from 5 mM to 150 mM (not shown), In the interpreta-
tion of the results it does therefore probably not matter
that the de-occlusion experiments are carried out in 20
mM K* (Fig. 4) and the fluorescence experiments with
10 mM K* (Figs. 6 and 7).

of the di for olig
bmdmg to solubilized Na,K-ATPase
A marked effect of oligomycin on the rate of conver-
sion from E;Na to E,K is seen seen in stopped-flow
experiments when enzyme with less than cptimal
oligomycin is mixed with K*, Fig. 8. Here the fivores-
cence tracings arc clearly two-compone:it at oligo-
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mycin-concentrations in the range 0.3 to 1 zM for
kidney enzyme and 1-6 uM for shark enzyme, Figs. 8A
and 8B, respectively. Intuitively, the fluorescence tran-
sients suggest that enzyme with Na* bound (but with
no oligomycin bound and thus no occlusion of Na*) is
transferred rapidly to !hc E,-form by K*, whereas the
:action of enzy les with in bound is
transferred slowly. The fractlon of enzyme with
oligomycin bound obvious} with an
in the oligomycin concentration, Figs. 8A and 8B,
Figs. 8C and 8D shows the result of an analysis of
the transients for the solubilized enzymes: the time-
course is fitted with a non-linear least-squares method

w

o
w

10 15 20 S
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- _—
; .
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K - §
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' ° (’lem::ln{u.\!) ® *

Fig. 8. The effect of oligomycin on the rate of 6-CEo fluorescence change from E,Na 10 E,K for solubilized NaK-ATPase. Na,K-ATPase in 2
mM NaCl and oli in at the indicated ions were mixed with an equal volume of buffer containing 20 mM KCI. The left hand panel
(A) shows experiments with pig kidney enzyme, and the sight hand panel (B) shows experiments with shark rectal gland enzyme. The buffer
contained 30 mM histidine (pH 7.0 at 6°C), the indicated concentrations of oligomycin (M) and final concentrations were 0.05 mg protein/ml,
#M 6-CEo, 10 mM KCI, | mM NaCl and 0.5 mg Cy,Ey /ml. ‘The temperature was 6°C. Note that the tracings have been normalized to about the
same amplitude and displaced vertically to case comparison. Panels C (kidney enzyme? and D (shark enzyme) shows the dependence of the
amplitude of the slow phase (filled blocks) and the observed rate coefficient for the slow phase (open symbals) on the oligomycin concentration
when the transients in panels A and B, i are fitted by ials of the form FU) = F@)+ Fg, et 5w 4 By eot Koo !, The
lines fitted through the data are obtained from an analysis of the two-pool modet shown in Scheme 1.




10

to a sum of two exponentials, one with a large rate
constant (held constant at 30 s~ ') and onc with a much
lower rate constant. The percentage of slow fluores-
cence decay (F, ,"w) increases (and saturates) with in-

ations, and the rate con-
stent altnbulcd to the slow phase (k) decreases
from about 0.3 to about .15 s~! for kidney enzyme
and is fairly constant for shark ecnzyme (about 0.2 57'),
Figs. 8C and 8D, respectively.

E, N.n—“E, a
Lky F-u
E, K

High fluorescence-forms

Lov: fluorescence-form

Scheme 1

The data in Fig. 8 arc interpreted in terms of a
simpie model (Scheme 1). 1t is assumed that there is an
equilibrium between the occluded (oligomycin-bound)
form °E, - Na and the non-occluded (oligomycin-free)
form E, - Na. The E,-forms arc denoted high fluores-
cence forms because they both bind 6-CEo witk high
affinity and 6-CEo is present in these experiments.
6-CEo is omitted from Scheme 1 for clarity.

1t is known that the rate constant for the conforma-
tional change E Na-E,K is large (k,2 30 ') in the
absence of oligomycin [15]. If we then attributce the rate
constant k_, to the dc-occlusion {and de-binding of
oligomycin), and lct the rate constant X, be propor-
tional to the oligomycin concentration, the amplitude
of the slow phasc (F,,,) and the observed rate con-
stant for the slow phase (k) can be interpreted in
terms of the rate constants of the model in Scheme 1
along the lines of the analysis of Klodos et al. (page
468 in Ref. 17). In that paper. explicit cquations arc
given which rctate the parameters obtained from a

TABLE 11

Rate constants for binding and dissociation of oligomycin used 1o fit
the data shown in Figs. 8C and 8D to Scheme |

ky is the rate constant for binding of oligomycin and has the
dimension M~ 's "' and & -1 is the corresponding dissuciation tate
constant (s '). k, is the large rate constant reflecting the lr.m-.fur-
mation of E;Na to E,K. in these experiments set to 305 K,
the dissociation constant calculated for the zy in com-
plex.ie. K=k /k;.

Kidney enzyme Shark cnzyme

Rate constant for binding

k. M-'s°H L0-10" 0.m-10°
Rate cunsmm for dissociation
-h 03 924
seiation constant for oligomycin
(K., 2M) 03 27
Rate constant for E/Na to E.K
transition (¢, 57 ') 30 30

bi-exponential fit (ic. k,,, and Fk,w) of a 2-pool
model to the values of &, k., and

In Figs. 8C and 8D are shown the dala obtained for
ko and F,,, from the bi-exponential fit of the tran-
sients in Figs. 8A and 8B, respectively, togethet with
the variation of these parameters with the oligomycin
concentration using the values given in Table III for
ky, k_, and k, (full lines in Figs. 8C and 8D).

Discussion

The purpose of the present paper is to demonstrate
that detergent solubilized Na,K-ATPase can occlude
Na* in the piesence of ofigomycin, and to investigate
the interaction between oligomycin and the solubilized
enzyme. The results obtained also suggest that the rate
of fluorescence changes associated with conformational
changes correlate well with the rate of de-occlusion of
Na*.

Occlusion capacity, cooperativity and de-occlusion rates
Thc prescm data for the Na*-dependence of
in induced lusion (Fig. 1) compares well
with previous work on membrane-bound kidney en-
zyme, where K s-values of 0.6-09 mM are found
[6.18]. Here is found about 0.6 mM for kidney enzyme
and (.4 mM for shark enzyme. The stoichiometry of
Na*-occluded is in the expected range, approaching 3
Na *-ions per phosphorylation-site (Table 1).

The maximal occlusion capacity is decrcased only
slightly upon solubilization of shark enzyme, from about
2.6 Na* 1o about 2.2 Na* per phosphorylation site. It
is thus possible to solubilize the NaK-ATPasc and
retain almost full occlusion capacity for shark enzyme.
For kidney enzyme there is a larger decrease in the
acclusion capacity, which can be ascribed to a partiai
denaturation of the enzyme upon solubilization. The
capacity for occlusion is decreased fror about 2.6 Na*
to about 1.8 Na * per phosphorylation site. Vilsen ct al.
[6] has observed a similar decrease in occlusion capac-
ity after solubilization, but they also showed that per-
forming occlusion before solubilization lead to higher
values for the amount of Na* occluded, which was
attributed to instability of the non-occluded form of
the enzyme [6]. Here the occlusion experiments are
performed at a low temperature, immediately after
solubilization (i.c. withis 5 mia}. For shark enzyme,
there is no effect of the order of addition of oligomycin
and detergent, but for kidney enzyme we observe - in
agreement with Vilsen ct al. [6] - an increase in the
occlusion capacity (25%) by addition of oligomycin
before solubilization (experiments not shown). Denatu-
ration of Na,K-ATPase activity has previously been
described for sofubilized kidney enzyme [19], where a
typical bi-phasic response to detergent was seen: about
40% of the Na,K-ATPase was lost rapidly (presumably




at the solubilization step) and the remaining 60% of
activity was less prone to detergent inactivation. In the
sawne study shark enzyme was far less susceptible to
inactivation, in agrcement with the results showed in
this paper for the occlusion-capacity of the solubilized
enzymes.

Solubilization increases the K s-value for Na* for
shark enzyme by a factor of 4-5, whereas K5 is only
increased slightly upon solubilization of kidney en-
zyme, from about 0.6 to about 0.8. The shape of the
curves shown in Fig. 1 indicate that there is a more
marked interaction between the occluded ions in the
solubilized state, as reflected by the increase in sig-
moidicity (and in the Hill coefficient, from 1.0 to 1.6).
These changes in mode of interaction has also been
observed for example with enzvmes modified by
trypsinization [8] or by radiation inactivation [22). In
the latter case the cation sites exhibit a marked positive
cooperativity after alteration of the protein structure
by irradiation. These observations taken together with
the present results suggest that the properties of the
solubilized enzyme are different from those the native
membrane-bound enzymes duc to a modification in
protein structure, presumably a change of interaction
between subunits in the case of the solubilized enzyme.

The rate constant for de-occlusion for membranc-
bound enzyme is very low at 2°C (less than 0.01 s~! for
kidney enzyme), which has also been observed by
Shani-3ckler et al. (a haif-time about 9 min, Ref. 18).
Solubilization of the enzyme leads to higher rates of
de-occlusion, notably at high detergent-protein ratios.
At a detergent/protein ratio of 3 we find a rate
constant of about 0.02 s~ (Fig. 2A) at 2°C. This is
slower than the rate of 0.2 s™' found for de-occlusion
of Na* in the Cr-ATP complex at 20°C, but the two
rates are conpatible if an activation energy of about 28
keal/mol is assumed, which is in the samc range as
what we find with the fluorescence experiments (Fig.
.

7 depend, of the ition rates
The calculated values for the activation energies of
the rate for the fluor decrease (Fig.

7) for membrane-bound enzyme (20-23 kcal /mol) are
about the same as those scen for the de-occlusion of
K* from FITC-modified Na,K-ATPase [20}, and aiso
correspond to the activation energy seen for the NaK-
ATPase reaction for shark enzyme {21).

Interaction of oligomycin with the solubilized enzyme
The model described in Scheme I is a kinetic
‘minimal model’ used to describe the results of the
fluorescence experiments. The implication of the model
as it stands is that the slow process of de-occlusion is
due to a slow dissociation of oligomycin, which also has
been suggested for membrane-bound Na,K-ATPasc

1

{23]. Models involving more molecular detail can also
fit the data, notably if the step involving binding /dis-
scciation of oligomycin and the step with slow de-oc-
clusion of Na* are to be separated (see Scheme 11).
Here &, is taken to be proportional to the oligomycin
concentration (dimension M~"s~"), but the values of
the individual rate can not be d from
the present experiments.

ki Koo
E,*Na k.='°E.-N:\ v—““El‘(Nu)
1

k

High fluorescence-forms
de-oee

3

1
E:
Low fluorescence-form

Scheme 1E

Scheme 11 is more attractive than Scheme I, cspe-
cially since the occlusion and slow de-occlusion of Na*
is seen also with modifiers of the enzyme other than
oligomycin [5,6]. The temperature dependence of the
observed fluorcscence transition, which indicates acti-
vation energics in the range 25-30 kcal/mol, also
suggest that the reactions involved are more complex
than binding and dissociation of oligomycin: the values
obtained here are associated with enzyme-catalyzed
reactions (see for example Ref. 21) rather than simple
ligand-binding and dissociation reactions, for which
much lower activation energies are to be expected. The
values for the binding and dissociation rate
derived (k, and k_,, Table 111) are als much larger
than the previously ined values for dissociati
and binding of oligomycin to membrane bound Na,K-
ATPase [23). The large increase in the rate of fluores-
cence change observed at increasing detergent/ protein
ratios (Fig. 6) should according to Scheme I imply that
the rate of dissociation of oligomycin increases with the
detergent /protein ratio, whereas Scheme 1 allows the
effect of detergent to be on the de-occlusion step (i.e.
to increase k

deaec)-

Correlation between de-occlusion and fluorescence tran-
sition rates

It has p ly been d that there is a
good correlation between de-occlusion of Rb* and
fluorescence changes from E, to E, in dog kidney
enzyme [10]. Here it is shown that under appropriate
conditions the same correlation is found for detergent
solubilized shark enzyme (Fig. 8B). It is, however,
cvident that there a strong interplay between the de-
tergent and the protein, Notably, a high detergent/
protein ratio gives rise to an increase in the de-occlu-
sion rates. If the cffect of detergent is taken mainly to
transform the enzyme into the monomeric state at high
detergent /protein ratios, then a tentative conclusion is
that monomeric Na,K-ATPase is different from its
oligomeric counterpart in having a larger rate constant
tor de-occlusion of Na* as well as a larger degree of




12

positive cooperativity between the ions occluded. An-
other possibility is that a high detergent concentration
perturbs the lipid—protein interaction, leading to
changes in protein dynamics (i.c. increased rates of
conformational changes, Fig. 7) and subscquen 'y to
denaturation of the enzyme (Fig. 3A), as has been
suggested for Ca®*-ATPase [24).
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