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ABSTRACT. The kinetics of the E— E; conformational change of unphosphorylatedt¥a-ATPase

was investigated via the stopped-flow technique using the fluorescent label RH421 (pH 7C), Zhe
enzyme was pre-equilibrated in a solution containing 25 mM histidine and 0.1 mM EDTA to stabilize the
E, conformation. When rabbit enzyme was mixed with 130 mM NacCl alone or with 130 mM NacCl and
varying concentrations of NATP simultaneously, a fluorescence decrease was observed. In the absence
of ATP, the fluorescence decrease followed a biexponential time course, but at ATP concentrations after
mixing of =50 uM, the fluorescence transient could be adequately fitted by a single exponential. On the
basis of the agreement between theoretical simulations and experimental traces, we propose that in the
absence of bound ATP the conformational transition occurs as a two step reversible process within a
protein dimer, EE; — Ex:E; — Ei:E;. In the presence of 130 mM NacCl, the sum of the forward and
backward rate constants for the!le; — ExE; and E:E; — Ei:E; transitions were found to be 10.4
(£1.0) and 0.49+40.02) s}, respectively. At saturating concentrations of ATP, however, the transition
occurs in a single reversible step with the sum of its forward and backward rate constants equal to 35.2
(£0.3) s*. It was found that ATP acting at a high affinity sit&q~ 0.25uM), stimulated the reverse
reaction, EATP — E,ATP, in addition to its known allosteric low affinityky ~ 71 M) stimulation of

the forward reaction, ATP — E;ATP.

Na',K*-ATPasé was the first ion pump to be discovered and accelerates the release of ons to the cytoplasm
(1), and it is one of the most fundamentally important without undergoing any hydrolysis. This was first demon-
enzymes of animal physiology. The electrochemical potential strated by Karlish and Yateg); who measured the rate of
gradient for Na ions, which the enzyme maintains, is used the & — E; conformational transition, which occurs simul-
as the driving force for numerous secondary transport taneously with K release, via the stopped-flow technique,
systems. Examples include the Nehannels in the nerve,  tilizing the change in the enzyme’s tryptophan fluorescence
which allow the action potential to be produced, the"Na  as the means of detection. This stimulation of the-EE;
glucose cotransporter, which is responsible for glucose uptaketransition by ATP has since been confirmed by a number of
in intestinal cells, and the N&C&" exchanger in the heart, groups using a variety of experimental approact8ssj.
which plays an important role in muscle relaxation." &' The dissociation constant of ATP for the Eonformation
ATPase, furthermore, contributes to the osmotic regulation a5 peen estimated to be @M (7), 143 uM (6), 196 uM
of cell volume and is a major determinant of body temper- (4), 277-303uM (8), 300uM (3), and 450M (2). All of
ature. For all of these functions, the enzyme derives its energyhese values are significantly greater than the dissociation
from the hydrolysis of ATP, which is coupled to Na  congtant of ATP to the Econformation, where in the

tra:sport. it has b K hat ATP also h presence of Naand Md@" ions it undergoes hydrolysis.
or many years, it has been known that also has angyq pre-steady-state kinetic measurements of enzyme

allosteric effect on the enzyme. Under physiological condi- . : o
. . 7 . phosphorylation, the ATP dissociation constant of the E
tions, ATP binds to the £K*), conformation of the enzyme conformation has been reported to be in the rangeM

FTh . ted by Australian R he DI (6, 7, 9—12). Because of the much higher dissociation
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Grant DP0208282 (to R.J.C), Australian Research Council/National constants found for ATP binding to the, Eonformation,
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An interesting finding that has been reported by a number functions to the averaged experimental trace. The choice
of researchers is that at zero or low concentrations of ATP between a single or a double exponential fit was made on

biexponential kinetics of K or Rb" release from Eare
observed 3, 8, 14). In a similar fashion, in previous
publications we reported that if the B> E; conformational
transition is followed in a stopped-flow apparatus using the

the basis of the presence or absence of any observed
deviation from random fluctuation in residual plots and the

values of the chi-squared parameter. The relaxation time is
here defined as the time necessary for the difference in

voltage-sensitive fluorescence probe RH421, a biexponentialfluorescence intensity from its final steady-state value to

fluorescence change is observed but only at low ATP
concentrations (i.e.£25 uM) (7, 15). In these previous
publications from our group, the biexponential behavior was
reported but with no mechanistic explanation for its occur-
rence. The purpose of this article is, therefore, to try and
offer an explanation for this behavior.

MATERIALS AND METHODS

EnzymeNa', K -ATPase-containing membrane fragments
were prepared and purified from the red outer medulla of
rabbit kidney according to procedure C of Jgrgensk (
17). Specific ATPase activity was measured by the pyruvate
kinase/lactate dehydrogenase ass&§),(and the protein
concentration was determined by the Lowry metha#),(

using bovine serum albumin as a standard. For the calculation,

of the molar protein concentration, a molecular weight of
anagf unit of the Na,K™-ATPase of 147,000 g mol (20)
was assumed. The specific activity of thel\Nat-ATPase
preparations used was in the range of 1:92040umol B/h

per mg of protein at 37C. The protein concentration of the
preparations was in the range 23.1 mg/mL.

Materials. N(4-Sulfobutyl)-4-(4-p-(dipentylamino)phe-

decay to 1/e of its value at any point in time. This is based
on the standard definition for all relaxation kinetic methods.
It should be noted that the stopped-flow method employed
here is not strictly a relaxation method, but because all
experiments were carried out under pseudo-first-order condi-
tions, exponential decay behavior is to be expected, and for
simplicity, the term relaxation time is therefore used through-
out.

The kinetics of conformational changes of unphosphory-
lated enzyme were investigated in the stopped-flow apparatus
by mixing Na',K*-ATPase labeled with RH421 with an
equal volume of 130 mM NaCl containing varying concen-
trations of NaATP. Both the enzyme suspension and the
NaCl/NgATP mixtures were prepared in a solution contain-
ing 25 mM histidine and 0.1 mM EDTA. The pH of the
solution was adjusted to 7.4 with HCI. It should be noted
that at this pH value histidine no longer functions well as a
buffer. Nevertheless, its use in combination with EDTA
allows the pH to be adjusted to 7.4 and prevents the
introduction of buffer cations to the medium, which are
known to bind to the enzyme in a fashion similar to that of
Na' ions and stabilize an;Hike conformation 21—29). The
conformational equilibrium of the enzyme was thus initially

nyl)butadienyl)-pyridinium inner salt (RH421) was obtained oised toward the £conformation. Experiments were also
from Molecular Probes (Eugene, OR) and was used without performed in which the enzyme was pre-equilibrated in a

further purification. RH421 was added to NK*-ATPase-
containing membrane fragments from an ethanolic stock
solution. The dye is spontaneously incorporated into the
membrane fragments.

The origins of the various reagents used were as follows:
EDTA (99%, Sigma), NaCl (Suprapur, Merck), KCI (ana-
lytical grade, Merck), HCI (0.1 N Titrisol solution, Merck),
ATP disodium sat3H,0 (special quality, Boehringer Man-
nheim), ATP tris sall.5H0O (95-98%, Sigma), ethanol
(analytical grade, Merck),-histidine 99.5%, Fluka), and
tris((hydroxymethyl)amino)methane (99.9%, Sigma).

Stopped FlowStopped-flow experiments were carried out
using an SF-61 stopped-flow spectrofluorimeter from Hi-
Tech Scientific (Salisbury, England). The solution in the
observation chamber was excited with a 100-W short-arc

solution containing 1 mM KCl in addition to 25 mM histidine
and 0.1 mM EDTA in order to initially stabilize the;K*),
state of the enzyme. The data set, in which the ATP
concentration was varied, was collected using a single
Nat,K*-ATPase preparation.

The solutions in the drive syringes were equilibrated to a
temperature of 24C before each experiment. The drive
syringes were driven by compressed air. The dead time of
the stopped-flow mixing cell was determined to be ¥%0.Q)
ms. The electrical time constant of the fluorescence detection
system was set to a value of not less than 10 times faster
than the relaxation time of the fastest enzyme-related
transient. Interference of photochemical reactions of RH421
with the kinetics of the NaK*-ATPase-related fluorescence
transients was avoided by inserting neutral density filters in

mercury lamp (Osram, Germany), and the fluorescence wasthe light beam in front of the monochromator.

detected at right angles to the incident light beam with an
R928 multialkali side-on photomultiplier. Exciting light was
passed through a grating monochromator with a blaze
wavelength of 500 nm. The mercury line at 577 nm was
used for excitation, and fluorescence was collected at
wavelengths 665 nm by using an RG665 glass cutoff filter
(Schott, Mainz, Germany) in front of the monochromator.
Kinetic data were collected via a high-speed 12-bit analog-

Steady-State Fluorescence MeasuremeSBteady-state

fluorescence measurements were recorded with a Shimadzu

RF-5301PC spectrofluorophotometer. To minimize contribu-
tions from scattering light and higher-order wavelengths,
glass cutoff filters were used in front of the emission and
excitation monochromators. Fluorescence emission was
measured over an emission wavelength range of—665
900 nm (+FRG665 glass cut off filter, Coherent Scientific,

to-digital data acquisition board and analyzed using software Adelaide, Australia). The excitation wavelength was 577 nm

developed by Hi-Tech Scientific. Each kinetic trace consisted

(+0OG570 glass cutoff filter, Coherent Scientific). These

of 1024 data points. To improve the signal-to-noise ratio, wavelengths were chosen to be as close as possible to those
typically between 7 and 15 experimental traces were aver-used in the stopped-flow experiments. Measurements of
aged before the reciprocal relaxation time was evaluated. Thisfluorescence levels on the spectrofluorophotometer before
was done by fitting a sum (either one or two) of exponential and after substrate additions allows the amplitude of fluo-
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rescence changes to be easily measured. These are not d61 mM KCIl was included in the pre-equilibration solution,
easily accessible using the stopped-flow instrument, becausdhen the fluorescence decrease was still observed, as was
fast fluorescence changes sometimes occur during thethe biphasic behavior at low N&TP concentrations. There
deadtime of the instrument and are not observable. was also no significant change in the observed reciprocal
Simulations Computer simulations of the time course of relaxation times of the two phases. On the basis 6f K
fluorescence changes experimentally observed via stoppeditrations using the fluorescein-labeled enzyr@6, 31), one
flow were performed using the commercially available would expect the enzyme under these conditions to be almost
program Berkeley Madonna 8.0 via the variable step-size totally in the B(K*), state. On the basis of the results of
Rosenbrock integration method for stiff systems of dif- Bugnon et al. 1), whose experimental conditions most
ferential equations. The simulations yield the time course closely approximate our own, one would expect prior to
of the concentration of each enzyme intermediate involved mixing a 99.5% occupancy of the, "), state at 1 mM
as well as the total fluorescence. For the purposes of theKCl. Therefore, whether the enzyme is in thedk the B-
simulations, each enzyme intermediate was normalized to a(K™)2 state appears to make no difference in the fluorescence

unitary enzyme concentration. change observed here. However, if the pre-equilibration
solution consisted of 50 mM tris and 0.1 mM EDTA at pH

RESULTS 7.4, then the fluorescence change of the stopped-flow

N experiments was almost completely abolished (Figure 4).

Na'-Induced Stopped-Flow Fluorescence Trac&mn Under these conditions, it is known that the tris buffer cations

mixing rabbit kidney N&,K*-ATPase-containing membrane 4|4 initially stabilize an Elike conformation 21—29).
fragments labeled with RH421 with & solution containing - A s concentration of 50 mM was chosen because previous
130 mM NaCl (as described under Materials and Methods), easyrement£6) using the same source of enzyme showed
a decrease in fluorescence occurred (Figure 1A). At IOW ot this was sufficient to convert the enzyme into the E
concentrations of NATP (=25 xM, after mixing) tWo jixe conformation. Therefore, the observation of the fluo-
kinetic phases could be resolved, bqth of Wh.ICh resulted in rascence change in stopped-flow experiments requires that
a fluorescence decrease but over different timescales. Thgpe enzyme be initially in either the;Br the B(K*), state.
biphasic nature of the kinetic curves at low ATP concentra- |t js reasonable to assume, therefore, that the kinetics that
tions can be clearly demonstrated from a comparison of MONO4 e peing followed are the conversion of the enzyme to the
and biexponential fits to the data. For example, in the_ CaseE (Nat), state, which is stabilized by interaction with Na

of the measurement at zero ATP, a monoexponential fit jons Furthermore, one can conclude that the biphasic nature
resulted in a chi-squared value of 2.5, whereas with a ot the kinetics observed at low MATP concentrations

biexponential fit over the same time range, the value was cannot be due to the enzyme in a mixture of states between
more than halved to 1.16. The appropriateness of the E, and .

biexponential fit is also demonstrated by its residual plot,
which is completely random in comparison to the systematic d
deviations displayed by the monoexponential fit (Figure 2). o
As the NaATP concentration was increased, the overall
kinetics of the fluorescence change became faster, and

Another possibility could be that the biphasic behavior is
ue to enzyme heterogeneity, that is, all of the enzyme may
e present in the onformation, but the enzyme preparation

contains two different isoforms of the enzyme that react
o . . . ; a'differently on mixing with NaCl in the absence of ATP. If
=50 “M after mixing, the b'ph‘?‘S'C behavior disappeared this were true, however, the two isoforms would have to
(as evidenced by a random residual plot (not shown)). 5y igentical kinetic behavior when ATP is bound because

The total amplitudes of the fluorescence change (i.e., the 53t ATP concentrations 50 M, only a single kinetic phase
sum of the amplitudes of both phases when two phases argyas observed. Although such a coincidence could not be
present) are shown in Figure 3. At very low ATP concentra- gxcluded completely, it would seem to be unlikely. A further
tions (<1 uM, after mixing), it appears as if there is a grgument against a mixture of isoforms arises from the
decrease in amplitude, that iSF/F, becomes less negative.  gmplitudes of the fluorescence changes of the two phases in
At higher ATP concentrations, the magnitude of the fluo- the absence of ATP. The fast and slow phases of the
rescence change increased to a saturating value of aroungjgrescence change accounted for 34% and 66% of the total
—(0.16 - 0.17). fluorescence change, respectively. If the biphasic behavior

If the enzyme was mixed with a 25 mM histidine and were due to two isoforms, then, on the basis of these
0.1 mM EDTA solution containing TrisATP (up to 1 mM  significant proportions of each phase, one would expect
after mixing) but excluding NaCl, then no fluorescence significant amounts of each of two isoforms to be present.
change was observed in the stopped flow. Therefore, the|n fact two different isoforms of ther subunit have been
fluorescence change observed in Figure 1A cannot beidentified in the rabbit kidney. From studying the effects of

attributed to ATP binding alone. The presence of Nans monoclonal antibodies on N&*-ATPase activity from
is necessary to stimulate the reactions that lead to thesections along the rabbit nephron, Barlet-Bas e84).found
fluorescence change. that thea; subunit is expressed in all segments of the nephron

The observation of the fluorescence change is dependenexcept for the collecting duct, which preferentially expresses
on the composition of the solution in which the enzyme is anos-like subunit. Because in the present study the enzyme
pre-equilibrated. In the case of the measurements shown inwas isolated from the outer medulla, whose" ¥a-ATPase
Figure 1A, the pre-equilibration solution consisted of 25 mM activity originates primarily from the thick ascending limb
histidine and 0.1 mM EDTA, which, because a very low of the loop of Henle where the; isoform dominates3?2),
concentration of buffer cations is presefil{29), would it is unlikely that sufficient amounts of the; isoform would
be expected to stabilize the Eonformation of the enzyme.  be present in the preparation to account for the biphasic
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FiIGURE 1: (A) Stopped-flow fluorescence transients of i@ -ATPase from rabbit kidney noncovalently labeled with RH421 (75 nM,

after mixing). Na ,K*-ATPase (1Qug/mL or 0.068uM, after mixing) was rapidly mixed with an equal volume of a solution containing

130 mM NacCl and varying concentrations of RdP (pH 7.4, 24°C). Both the enzyme suspension and the NaGAN#® solution were

prepared in a solution containing 25 mM histidine and 0.1 mM EDTA. The fluorescence of membrane-bound RH421 was measured at an
excitation wavelength of 577 nm at emission wavelengths 85 nm (RG665 glass cutoff filter). The calculated reciprocal relaxation

times were (a) 0 ATP, 10.441.0) s (34% of the total amplitude) and 0.43-Q.02) s (66%); (b) 3uM ATP, 28 (£5) s ! (40%) and

2.1 #0.1) s1(60%); (c) 15QuM ATP, 25.4 ¢-0.3) s'%; and (d) 150«M ATP, 35.2 @-0.3) s'*. (B) Kinetic simulations of the experimental
fluorescence transients based on a reversible conformational change model (solid line; see Figure 5) and the rate constants, equilibrium
constants, and fluorescence levels given in Table 1. The dashed line represents simulations based on the same model but with irreversible
conformational changes.

kinetic behavior observed here in the absence of ATP. This present in thex; isoform. Therefore, we conclude that it is
conclusion is, furthermore, supported by the results of very unlikely that the biphasic behavior is due to enzyme
Licking et al. 83), who showed using the competitive isoform heterogeneity.

polymerase chain reaction that although, o, and os Another possible origin of enzyme heterogeneity could
isoforms were all present in the rat kidney, tigand as arise from FXYD proteins. These are small single trans-
isoforms together only amounted 10.1% of the enzyme  membrane segment proteins that are expressed in a tissue-
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FiGure 2: Residual plots of the best single (A) and double (B) Na*',K*-ATPase. Curve a: Enzyme was pre-equilibrated in a
exponential fits to the stopped-flow fluorescence transient obtained solution containing 25 mM histidine and 0.1 mM EDTA (pH 7.4,
under the conditions described in Figure 1A in the absence of ATP. 24 °C). The reaction was initiated by mixing with 100 mM NacCl
The chi-squared values obtained were 2.5 for the single-exponentialin 25 mM histidine and 0.1 mM EDTA solution. All other

fit and 1.16 for the double exponential fit. experimental conditions were as described in the caption to Figure
1. Curve b: The same as curve a, except 25 mM histidine was
0.06 ——//~rrrr replaced by 50 mM tris in the pre-equilibration solution and the

mixing solution.

cycling conditions, which require the presence of ATP. In

contrast, the biphasic kinetic behavior that we have observed

disappears on increasing the ATP concentration (Figure 1A),

that is, there is no enzyme heterogeneity at high ATP

concentrations. Therefore, if one were to attribute the

biphasic behavior to enzyme heterogeneity caused by the

7 presence of FXYD proteins, this would be in contradiction

1 to previous observation8%, 36). Furthermore, in their recent

- review of FXYD protein interaction with the NaK*-

: ATPase, Garty and Karlish3§) stated that the effect of

" el FXYD proteins on the kinetic parameters of the enzyme are
0 1 10 1000 modest, usually only about 2-fold. In contrast, the reciprocal

[ATP]/uM relaxation times that we have observed for the two phases
Ficure 3: Amplitudes AF/Fo) of the observed fluorescence change  in the absence of ATP (Figure 1A) are a factor of over 20-
under the conditions described in Figure 1A as a function of the {514 different (i.e., 10.4 st for the fast phase and 0.49's

ATP concentrationAF is the total fluorescence change (i.e., of -

both phases if a two-phase signal was observed)Faigtthe initial for the slow phase), an order of magnitude greater than
fluorescence level prior to mixing with NaCl and ATP. The dashed FXYD protein effects. Therefore, we believe that it would
line represents the prediction of simulations based on the irreversiblebe contrary to the current understanding of FXYD protein

conformational change model (see Figure 5). The solid line pehavior to attribute our observed kinetic behavior to their
represents the prediction of simulations based on the rever&ble(,}lcﬁOn

conformational model (see Figure 5). The valuexA&fF, were . .
all determined from extrapolations to infinite time of either single A further possible cause of enzyme heterogeneity could
or double exponential fits (whichever were more appropriate on arise from modification of the membrane by sodium dodecyl

the basis of residual plots) to the kinetic data. sulfate (SDS), which has been used in purification of the
specific fashion and that are thought to modulate the function enzyme. In this case as well as in any other explanation of
of the Na' ,K*-ATPase, adapting its kinetic properties to the biphasic kinetics based on enzyme heterogeneity, on the basis
specific needs of different cellS4). In the kidney, three  of our findings, the heterogeneity would have to be ATP
different FXYD proteins are present: two variants of the dependent, that is, the heterogeneous behavior would have
so-calledy subunit,y, andyy, with different N-termini (both to disappear on increasing the ATP concentration. Such a
classified as FXYD2), and the corticosteroid hormone- situation seems improbable, and thus, we conclude that
induced factor (CHIF), which is classified as FXYD4. These enzyme heterogeneity is most likely not the major reason
three proteins could complex with @anand af subunit of behind the biphasic kinetic behavior reported here. If this is
the Na ,K*-ATPase, thus potentially producing complexes the case, then instead it must be due to an intrinsic property
with different kinetic behavior, which might account for of the & conformation when it is present at zero or low
biphasic kinetics. Experimental evidence does in fact exist ATP concentrations.

that FXYD proteins do affect the ;B> E; equilibrium, The last statement does not mean, however, that the
shifting it toward the E state 85, 36). However, in both observed fluorescence change is totally due to the confor-
cases this evidence was obtained from steady-state kinetianational change itself, merely that whatever reaction causes
measurements of the N&K"-ATPase, that is, under enzyme the fluorescence change, it is rate-limited by the & E;-

sl
100

-0.18 1 /l//...n.l Ll
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ky ks nential kinetic behavior observed at low ATP concentrations
= = disappeared as the ATP concentration increased. There was,
however, a significant difference between the simulations
ky| | ke ks ks and the experimental traces in that experimental changes in
ATP ATP the time course of the fluorescence change occurred at a
lower ATP concentration than that predicted by the simula-
—_— E,ATP tions. Experimentally, it was seen that the addition pf\3
s ATP after mixing caused a significant acceleration of the

Ficure 5: Reaction scheme of the E> E; conformational change kinetics (Flgure 1A.)’ whereas in the cagg of the simulations,
of the Na ,K*-ATPase with and without bound ATP. Naons 3 uM ATP is predicted not to be sufficient to cause any
have been omitted for simplicity. However, under the experimental major effect (Figure 1B). In fact, experimentally, the
conditions used (130 mM NaCl), all of the Btates, with or without  observed reciprocal relaxation times almost doubled even
ATP, would be completely saturated with N#&ons and would, after the addition of only 0.5M ATP after mixing (not

thus, all have three bound Naons. The solid lines represent all
those reaction steps included in initial simulations based on an shown). At 0.5uM ATP, the values of the observed

irreversible conformational change. In the case of the reversible reciprocal relaxation times were 1#2) s'* (49% of the
conformational model, the reactions shown with dashed lines were total amplitude) and 1.18+40.07) s (51%), compared to

also taken into account in the simulations. The state intermediatethe following values at zero ATP: 10.4:0.0) st (34%)
between E and B in the absence of ATP is here temporarily 5.4 0 49 40.02) s (66%).

symbolized by E*. The precise nature of this intermediate state . .
will be discussed later. In order to reproduce the acceleration experimentally

observed in the submicromolar ATP range using this model,
(Naf)s transition. If the enzyme plus RH421 was equilibrated one would have to choose an unrealistically low ATP
in a 50 mM tris and 0.1 mM EDTA buffer at pH 7.4, then dissociation constant for the,Btate, that is, also in the
fluorescence measurements in a steady-state fluorimetesubmicromolar range. However, if one does this, then further
showed that the addition of NaCl does in fact cause a acceleration of kinetics into the hundreds of micromolar
decrease in fluorescence. The magnitude of the decreaseange is no longer observed, that is, the kinetics saturate too
increased with increasing NaCl concentration, saturating atearly.

a value of—23 (£1)% at a NaCl concentration ef50 mM. This simple irreversible model also does not predict the
The fact that this fluorescence change was not observed iNATP concentration dependence of the amplitudes (Figure 3).
the stopped-flow when the enzyme was preincubated in tris |f the conformational transitions were all irreversible, then
buffer means that it must be due to a very fast reaction, thatm|x|ng with NaCl would have to produce total conversion
is, Na" binding to enzyme in the £conformation, which  of the E state into B The magnitude of the fluorescence

occurs during the dead time of the stopped-flow instrument. change would then always have a constant value, regardless
Therefore, it appears that a major cause of the fluorescenceyf the ATP concentration.

change is Na binding to the k& conformation but that is Because of the discrepancies between the experimental
preceded by the rate-limiting.E~ E, transition when the 5065 and theoretical simulations, we decided to extend our
enzyme is preincubated in histidine solution. Further disCus- yinetic model to include the possibility of reversibility for
sion of the precise origin of the fluorescence change will be 51 of the conformational transitions (Figure 5). The set of
presented later within the context of the mechanism of the jitterential rate equations based on this reversible model that
reactions being observed. _ _ are required to carry out simulations are given in the
Theoretical Simulation$On the basis of the experimental - Apnendix section. The values of all of the rate and equilib-
observations, we first considered a kinetic model of the E jm constants used in the simulations are given in Table 1.
— E transition with and without bound ATP in which the - rhe simulated kinetic curves and their corresponding am-
conformational transitions are all treated as irreversible plitudes are shown in Figures 1B and 3, respectively.
(Figure 5). The major points of the model are that in the
absence of ATP the conformational change is assumed to

occur in two steps, whereas when ATP is bound to the acceleration observed ap®/1 ATP is now well reproduced.

enzyme, the conformational change is a single step reaCtlonThe other experimental observations of continued accelera-
(or the second step has become so fast that it can be

considered as instantaneous on the time scale of the first) tion of the E, — E, transition up to 150&M ATP and the
. . ‘disappearance of biexponential kinetics on increasing ATP
Each step is assumed to produce a change in the fluorescen

C ' . .
of the probe. Soncentratlons, which were reproduced by the simpler

Kinetic simulations based on this irreversible model were irreversible model, are still obser\_/ed in the more cpmplex
carried out over a range of ATP concentrations as describedmOdel' Fu_rthermore, the reversible mc_;del preo!lcts the
under Materials and Methods. The ATP dissociation Constantconcentratlon_ depend_ence of the ampl_ltudes (F|_gu_re 3).

' Therefore, this model is a more appropriate description of
for the E state of the enzyme was chosen to have a valuethe experimental behavior
of 71 uM, consistent with literature datar), Both the '
predicted time course of the fluorescence change and its totaly scyssioN
amplitude as a function of ATP concentration were calcu-
lated. The results of these simulations are shown in The stopped-flow kinetic measurements and theoretical
Figures 1B and 3. The simulations reproduced some of thesimulations we have presented support the conclusion that
experimental observations, that is, the overall kinetics becamein the absence of bound ATP the & E; conformational
faster with increasing ATP concentrations, and the biexpo- change occurs as a two step reversible process with an

Comparing the results of the simulations with the experi-
mental results (Figure 1A), it can be seen that the significant
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Table 1: Values of the Rate Constants, Equilibrium Constants, and ”_“gh_t be expected to produce an initial I_ag _phase_ '_n the
Fluorescence Parameters of the Reversible Conformational Change Kinetics, but as long as the ATP concentration is sufficiently

Model Used for the Simulations Shown in Figure 1B high that ATP binding is in rapid equilibrium on the time-
parameter reaction value reference scale of the subsequent conformational change, the lag would
ke E,—E* 69451 this work? be negligible and not observable.
k-1 E*—E, 3.47s! this work A further important point is that a comparison of the
ko E*—E 0.329s®  this work experimental data with simulations based on models incor-
ko E1—E* 0.165s? this worke ; ; ; ; ; ;
) . porating either irreversible or reversible conformational
K3 E,ATP— E1ATP 34s this workd L . e .
ks EATP—EATP 151 this workd transitions indicates that reversibility is an essential compo-
ks E, + ATP — E,ATP 52uM~tst this worke nent of the mechanism. This is supported by measurements
:24 EzAJrT ZT—'PEzJEFﬂE gg%ﬁi o EE!S WW@ of the kinetics of phosphorylation by inorganic phosphate.
K. EATP—E, 4 ATP ael o a4 Cornelius et al. 37) were able to show that in the absence
Ka EATP < Ez + ATP 71uM 7 of alkali cations the E— E; transition of shark NgK™*-
Ka'  EATP < E1+ATP 0.25uM 14,46 ATPase at 20C proceeded with a rate constant of 0.95 s
feo fluorescence level of£and BATP 1.0 this work and that the backward reaction £ E, proceeded with a
fex fluorescence level of E* 0.9433 this wark
fe,  fluorescence level of Eand BATP 0.83 this work rate constant of 0.18'% These rate constants are of the same

= , ; , — order of magnitude as that found here from the slow phase
or each reaction, Naions have been omitted for simplicity, but . .

in each case the rate constant refers to the value in the presence off the fluorescence transients observed in the absence of ATP
65 mM NaCl. Under such conditions, all of the &ates, with or without ~ and the presence of 65 mM NacCl after mixing. It appears,
ATP, would be completely saturated with Neons and would, thus,  therefore, that apart from a nonspecific acceleration of the

all have three bound Naions.® This value has been chosen so asto £, — E, transition by Nd (15), perhaps via ionic strength,

closely reproduce the observed experimental ATP dependence of they .+ ;.. 4 . T
time course and the amplitudes of the fluorescence transients and toNa bmdmg. to .the transport Sltes. Of.th(.a N'?( ATPase
satisfy the condition kg + k1) = 10.41 s, the experimentaly ~ has no major influence on the intrinsic kinetics of the

determined reciprocal relaxation time of the fast phase observed in theconformational transitions. It is clear, however, that in the
absence of ATP: This value has been chosen so as to closely reproduce presence of K ions Na does have a significant indirect
the observed experimental ATP dependence of the time course andaffect by competing for the transport sites with,Kvhich

the amplitudes of the fluorescence transients and to satisfy the condition . -
(ks + k) = 0.49 s%, the experimentally determined reciprocal greatly stimulates the reversq E- E; transition. For the

relaxation time of the slow phase observed in the absence of ATP. reaction E(K*), — Ex(K*),, Bugnon et al. §1) determined
dThis value has been chosen so as to closely reproduce the observed rate constant of 550°% that is, an acceleration of around
experimental ATP dependence of the time course and the amplitudes3 grders of magnitude over that in the absence of K

of the fluorescence transients and to satisfy the conditigr-(k—_3) = Na" ions are present, as they are in the studies presented

35 s71, the experimentally determined reciprocal relaxation time of the o i
fluorescence transient observed in the presence of ABDBTP after here, then competition between Nand K" for two of the

mixing. © The rate constants for ATP binding to the<ate have been  three transport sites will significantly reduce the rate constant.
taken to be equal to that of binding to the &ate. The differencesin ~ An equation for estimating the reverse rate constant at any
their ATP affinities are assumed to be due to different dissociation combination of N& and K* concentrations has been derived
rate constants alone. This value has been estimated by dividing the :

dissociation rate constant by the ATP dissociation constantki.es, by us (eq :.I'Z of refL3). On the basis of the NaCl and KCI

ks = k_s /Kx".  This value has been estimated by multiplying the ATP  CONcentrations used here, 65 mM and 0.5 mM after mixing,
dissociation rate constant for the Btate by the ratio of the ATP  the use of the derived equation shows that theikduced
dissociation constants of the Bnd | states, i.e.k-4 = k-5(Ka/Ka"). stimulation of the reverse reaction would be expected to be
ngz has been al’bitl’ar”y been defined as 1.0 as a reference pOint for Completely abollshed, and one Would expect a reverse rate

the fluorescence changésThese values have been estimated on the . . . 4
basis of the relative amplitudes of the two phases in the absence of_ConStant identical to that in the absence of both biad K

ATP (i.e., 34% fast phase and 66% slow phase) and by approximating |0NS.

the fluorescence change of saturating conversion into thetefe by The reason that the reversible model allows for concentra-
the amplitude AF/Fo) measured at high levels of ATP of approximately  tion dependence of the amplitudes as well as an acceleration
—0.17. of the fluorescence transient over such a wide ATP concen-

tration range is the perturbation of the/le; equilibrium by
intermediate enzyme state, here temporarily designated E*,ATP. The magnitude of the total fluorescence change
whereas when ATP is bound, the conformational change depends on how muchi converted to E If at the end of
occurs in a single step. This was evidenced by a disappearthe experiment the reaction has not gone to completion and
ance of biexponential kinetics on increasing the ATP enzyme in the Estate is still present, then the amplitude
concentration. In fact there are two reasons why the observedwill be reduced. This model predicts that at submicromolar
stopped-flow transients become single exponential at higherATP concentrations, high affinity ATP binding to the &ate
ATP concentrations. First, as just stated, th& E° — E;- will stimulate the reverse reactiom&ATP — E,ATP, thus
ATP transition occurs as a single step. But second, if ATP causing an acceleration of the relaxation of th&H° <
binding to & is very rapid, then any enzyme initially in the E;ATP equilibrium and an increase in the fraction of enzyme

E, conformation could follow the pathway,E+ ATP — present in the Estate at the end of the relaxation. This hence
E,ATP — E,ATP rather than the pathway, B~ E* — E; + yields a decrease in the fluorescence change at submicro-
ATP — E;ATP. Because it has been found that binding of molar ATP concentrations relative to that obtained in the
ATP causes no fluorescence change, the pathwaty ATP absence of ATP. If the ATP concentration is increased above

— E,ATP — E,ATP would be expected also to produce a 1 uM, the model predicts that low affinity ATP binding to
monoexponential decrease in fluorescence. At extremely lowthe E state will then start to occur, stimulating the forward
ATP concentrations, the ATP binding steps in this sequencereaction EATP — E;ATP, thus causing a further acceleration
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of the relaxation of BATP < E;ATP and an increase in the 3Na" 2K 3Na"  2K*

conversion of enzyme into the, State at the end of the Ey(K'), : Ey(K"), ~ A, Ey(K"), : Ey(Na"); 44», E;(Na"); : Ey(Na")3
relaxation. This hence yields an increase in the fluorescence
change on proceeding to ATP concentrations aboud/1

. . . ATP
which overrides the decrease at lower concentrations. AT
The important new point here is that on the basis of these oNa" K"
results the allosteric role of ATP is not restricted to a low ExK", ATP: ExK"), AN E,(Na"); ATP : E;(Na");

affinity binding accele_zrating thezETP — BATP transition. Ficure 6: Dimer model of the E— E; conformational change of
The allosteric behavior of ATP is completely symmetrical. e Ng K+-ATPase.
High affinity ATP binding to the E state also modifies the
kinetics of the reverse BTP — E,ATP reaction. This after each conformational change. Writing eaclsubunit
supports the idea that the low and high affinity ATP sites separately, the reaction sequence could then,t€ ' E,-
are both located at the same position on the enzyme, with(K*), — Ex(K™).:E; + 2K* followed by B(K™)2:E; — Ei:
the affinities simply changing because of the different E; + 2K*. Such a sequence makes arsubunit in the £
conformations of the enzyme in the Bnd g states. conformation available for the binding of three Nians at
Biexponential kinetics similar to that observed here has the end of each step and hence on the basis of the known
also been reported using a different kinetic method. A voltage sensitivity of RH421 is consistent with a two phase
number of researchers have observed biexponential kineticfluorescence decrease as experimentally observed. On the
in the release of’K or 8Rb from the & conformation of basis of this scheme, the enzyme state up to now signified
the enzyme J, 8, 14). Forbush 88) concluded that in the  as E* can be more precisely identified as a protein dimer in
presence of ATP both of the'Kions are released simulta- which one of thex subunits is in the Econformation and
neously from their binding sites. This was because he one is in the E conformation, that is, Ex= E;E;.
presumed that the,E~ E; transition is rate-limiting, and he In the presence of saturating concentrations of ATP, only
implicitly assumed that the conformational change occurred a single phase fluorescence decrease was observed. On the
in a single step. However, the same may not be true in thebasis of the above argumentation, this, therefore, implies that
absence of ATP. Montes et all4) found that whether or  both o subunits of the dimer must simultaneously undergo
not biexponential kinetics were observed depended on thethe conformational change. Including Kons as above, the
concentration of ATP or eosin (which binds to the ATP site) reaction can be written as,ATP(K1),:Ex(K1), — E;ATP:
present. Biexponential Rbdeocclusion disappeared on E; + 4K™. The function of ATP in this reaction appears to
increasing the ATP or eosin concentration, that is, analogousbe not just to accelerate the conformational change of the
to the findings reported here for the RH421 fluorescence unphosphorylated enzyme and to catalyze the release of K
transients. On the basis of the comparison of these resultsjons, as was previously know8-8), but also to synchronize
it is tempting to conclude that in the absence of ATP the the conformational change of bathsubunits within a protein
conformational transition between(E*), and B(Na")s dimer.
occurs in two steps, with each step resulting in the release The essential points of our new proposed mechanism of
of one Kt ion, that is, B(K™), — E*K* + K™ and E*K" — the & — E; conformational change of the N&*-ATPase
E; + K*. On the basis of the results presented here as wellcan now be summarized as follows:
as the previously published data, however, this is probably (1) The enzyme exists in the membrane as aff){
not correct. diprotomer.
In the absence of ATP, it was observed here that each (2) Eacho subunit can independently exist in and E;
step in the sequence B> E* — E; produced a fluorescence  conformation.
decrease but that the fluorescence change was due™o Na (3) In the absence of ATP, the tww subunits consecu-
binding subsequent to the conformational change and not totively undergo the E— E; conformational change with
the conformational change itself. Previously published careful different rate constants.
equilibrium titrations have shown in fact that the fluorescence  (4) In the presence of ATP bound to one of theubunits,
decrease is due to the binding of the third"Nan to the & the B — E; conformational change of eaah subunit is
conformation, that is, the formation of the(Ha"); state accelerated, and the conformational changes of thedwo
(39, 40). The binding of the first and second Néons do subunits are synchronized, that is, they occur with the same
not produce any fluorescence change. On the basis of theseate constant.
results, the sequence of reactiongkg), — E*K*+ + K+ (5) On the time scale of the conformational change, both
and E*K" — E; + K™ becomes untenable because in order K* ions bound to any individuab. subunit are always
to observe a fluorescence change, thre¢ idas must bind simultaneously released to the cytoplasm regardless of
to the enzyme in each step of the sequence. In the absencahether or not ATP is bound.
of K™, this is also not possible. In either case, the binding  This entire mechanism is presented diagrammatically in
of three N4 ions at each step requires six Nians to bind Figure 6.
to the transport sites at the end of the two step sequence. It is important to point out that the idea that NK*-
For a monomeric enzyme, this would conflict with its well- ATPase may exist as af), diprotomer is not new. This
established stoichiometry, which is three'Neansport sites ~ was first proposed by Stein et aft1) and Repke and Schon
per a subunit. If one assumes that the enzyme exists as a(42) in 1973 and has been a subject of debate ever since.
protein dimer, however, in which eachsubunit can be in  The evidence for a diprotomer was nicely reviewed by Askari
an E or an E conformation, then one can easily imagine a (43) in 1987. In the abstract of this paper, Askari expressed
sequence of reactions in which three*Nans could bind the opinion that “..any realistic approach to the resolution
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of the kinetic mechanism of the sodium pump should include formation of protein dimers. It remains to be seen whether
the consideration of the established site-site interactions of protein dimerization occurs in the cell membranes of tissues
the oligomer.” in which the enzyme is less tightly packed.

Now we would like to speculate briefly on the mechanism
by which the binding of ATP might cause a synchronization ACKNOWLEDGMENT
of the two a. subunits within an /). diprotomer. The We thank Milena Roudna for excellent technical as-
simplest way that this could occur would be if the two  gjstance, Anne Woods for assistance with the diagrams, and
subunits were completely independent of one another, thatpy, claus Olesen, Professor Jesper Mgller, Associate Profes-

is, functionally uncoupled. Such an uncoupling could come ¢, Natalya Fedosova, and Professor Emst Bamberg for
about by an ATP-induced dissociation of the diprotomer into helpful discussions.

separatenS protomers. However, a complete spatial dis-
sociation is not absolutely necessary. ATP binding could APPENDIX
interfere with the interaction between twg@ protomers via

a minor conformational change or by the shielding of
electrostatic interactions.

Simulation of Fluorescence Transien@n the basis of
the reversible conformational change kinetic model

It is interesting to note that in the scheme shown in (Ir:]lgure 5.)' the d|ftfert§nt|alf r{ljlltteh equat|ons. ?escnz[n? the
Figure 6 even after ATP binding ore subunit within an changes in concentration ot all the enzyme intermediates are

(03)2 protomer is still free of ATP. Whether another ATP as follows:
can bind and produce anA&TP(Na")s:E;ATP(Na'); dimer d[E,]

is still unclear and requires further investigation. This could & K([E,] + k_4[E*] — KJ[E,][ATP] +
potentially explain a puzzling observation regarding the L

amount of ATP required for the maximal rate of phospho- K_[EATP] (A1)
rylation. It has been known for over 30 years that if one

; - ; d[E,ATP]
measures the ATP dissociation constant of enzyme in the-t=2 - _
E. conformation in isolation from the rest of the pump cycle, dt K EATP] + ko[EATP] +
that is, under conditions where phosphorylation does not K,[E,I[ATP] — k_,[E,ATP] (A2)
occur, then the value obtained is generally belowM. In
the absence of Mg ions, the values reported include dlE*] _
0.12uM (44), 0.22uM (45), and 0.24uM (46). However, G~ KalBad — kB — kB + kB (A3)

if pre-steady-state kinetic measurements of enzyme phos-

phorylation via ATP are carried out, it is found that much d[E,] .

higher concentrations of ATP are required to achieve a half- —g; — Ke[E™] — K2[Eal = ke[ELIATP] + k_o[E,ATP]
maximal rate of phosphorylation. ATP dissociation constants (A4)
reported from such studies include 38 (9), 10uM (10),

14uM (11), 54M (12), 7uM (6), and 8uM (7). Averaging ~ AIEATP] [EATP] — k JE,ATP] +
these values indicates that the ATP dissociation constant from  dt 82 B

phosphorylation studies is approximately 40 times greater Ks[EI[ATP] — k_¢[E,ATP] (AS5)

than that measured in the absence of phosphorylation. It is

unlikely that this difference arises from the presence or Prior to mixing with NaCl, the enzyme is assumed to be
absence of Mg ions. Campos and Beaug47) found that initially either in the & or the BATP state. If the binding
Mg?* had no effect on the rate constant for ATP association and dissociation of ATP to and from the Btate are much

and that it decreased the dissociation rate constant only byfaster than the conformational changes to the E* and E

a factor of 4. However, if one accepts the dimer model ATP states, then an equilibrium between thead BEATP
described above, one could imagine a situation where thestates will be established prior to any conformational change.
binding of one ATP molecule is sufficient for a maximum Under these conditions, the initial distribution of enzyme
rate of the & — E; transition, but the binding of two ATP  between these two states is dependent on the ATP concentra-
molecules is necessary for the maximum rate of phospho-tion and is governed by the ATP dissociation const¥f,
rylation. Then both sets of values can be accepted as correctfor the E state according to the following two expressions:
One simply has to take the view that eacip). diprotomer 1

binds the first ATP molecule with very high affinity [Eleg=—"""— (AB)
(submicromolar) and the second with much lower affinity 20 14+ ([ATPIK,)
(~10uM). Cornelius 48) did in fact find two apparent ATP (ATPIIK,)
dissociation constants for the stimulation of the phosphory- [E,ATP]_, = A (A7)

lation of shark rectal gland NgK*-ATPase by ATP, one
of 5.4 (£0.3) uM and another of 32£11) nM.

Although the results presented here support the presencelhe initial concentrations of all of the other enzyme states,
of a protein dimer, it cannot be concluded that dimer thatis, E*, B and EATP, are assumed to be zero.
formation is necessary for N&K*-ATPase function. The The total fluorescenceds, is due to contributions from
enzyme preparation used in this study was from the outer fluorescence leveld, of the probe associated with each of
medulla of the kidney, a tissue in which NK™-ATPase the enzyme conformational states. Because the addition of
naturally occurs in very high density within the cell ATP alone to enzyme in the,EBtate was found to cause no
membrane. This could then automatically promote the fluorescence change in the stopped-flow apparatus, we

1+ ([ATPJK,)
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assume that the fluorescence levels of an enzyme state is11
independent of whether or not it has ATP bound. The total
fluorescence is then given by the following equation:

12.

F= sz([Ez] + [E,ATP]) + fo[EY] + fEl([El] +

[E,ATP]) (A8) 13.

Arbitrarily, we define the fluorescence level of the &ate 14,

to be 1.0, that isfg, = 1.0. The total fluorescence change
observed in the stopped-flow measurements on mixing with
130 mM NaCl was found to increase at high levels of ATP, ;5
from a value of approximately12% in the absence of ATP
to a value of approximately-17% at 1500uM ATP
(Figure 3). Therefore, we estimafg to be 0.83. In the
absence of ATP, approximately 33% of the total fluorescence ;-
change was due to the fast phase and 66% to the slow phase.
Therefore, the fluorescence level of the E* state should be
approximately one-third of the way between the values of
fe, andfg,. Therefore, we assume a valuefpf = 0.9433.

The values of all of the rate and equilibrium constants
used in the simulations are given in Table 1. The values of
(ky + k-1) and k. + k) were taken directly from the

reciprocal relaxation times derived from exponential fitting  20.

of the fast and slow phases, respectively, of the experimental
stopped-flow trace measured here for conditions of zero ATP
(Figure 1A). The value ofks + k_3) was derived from the
reciprocal relaxation time observed for the experimental

stopped-flow transient measured here at 150M 22.

(Figure 1A). The values df, k_4, ks, k-5, Ka, andKx' were
taken from previous literature measurements. 23
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