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ABSTRACT. We used suspensions of partially purified W&"-ATPase from pig kidney to compare the
effects of Rl, as a K" congener, on the time course and on the equilibrium values of eosin fluorescence
and of Rb occlusion. Both sets of data were collected under identical conditions in the same enzyme
preparations. The incubation media lacked ATP so that all changes led to an equilibrium distribution
between enzyme conformers with and without bound eosin and with and without bound or occldded Rb
Results showed that as Rboncentration was increased, the equilibrium value of fluorescence decreased
and occlusion increased along rectangular hyperbolas with similar half-maximal values. The time courses
of attainment of equilibrium showed an initial phase which was so quick as to fall below the time resolution
of our rapid-mixing apparatus. This phase was followed by the sum of at least two exponential functions
of time. In the case of fluorescence the fast exponential term accounted for a larger fraction of the time
course than in the case of occlusion. Comparison between experimental and simulated results suggests
that fluorescence changes express a process that is coupled ax&bsion but that is completed before
occlusion reaches equilibrium.

Under physiological conditions, the N&*-ATPase of fluorescent probes to measure the rate of Bae— E;
plasma membranes couples the hydrolysis of ATP into ADP transition and to compare it with the rate of release of
and Rto the exchange of three intracellular sodium ions for occluded RBb. Their results were compatible with the
two extracellular potassium ions. It is generally accepigd (  hypothesis that the same conformational transition was the
that this takes place in a series of steps which include thecause of the change in fluorescence and of the release of
following: (a) the (N& + Mg?*)-dependent phosphorylation  Rb™. This result agrees with observations by Esmaiin (
by ATP of theE, conformer of the enzyme leads to P In contrast with the studies on deocclusion, there is little
phosphoenzyme (during phosphorylation, three sodium ions,; no quantitative information in the literature on the
are taken up from the cytosol and occludediP); (b) the  correlation between the rates ofclusion of K* or its
EiP — E:P transition of the phosphoenzyme takes place congeners and thg, — E; transition. This is mainly due to
(during this, occluded Nais released into the extracellular  the technical difficulties of measuring the rate of occlusion
medium); (c) extracellular Kactivates the dephosphorylation —yith time resolutions of the order of milliseconds. These
of EP (during this, two potassium ions are taken up from gitficulties have recently been superseded by the rapid
the extracellular medium and occludedh); and (d) finally cooling and filtering technique developed by Rossi eté)l. (

E; returns toE;, occluded K is released mtp the cytosol,  This procedure was applied in this paper to compare the
and thus the transport cycle is completed.d€ its congeners  |jnetics of R occlusion through the direct route with that
can also be occluded in media lacking ATP and Kdirect of the E; — E, transition measured by means of the decay
route”). This occluded state is kinetically identical to that ;, eqsin fluorescence7). Our previous studies on the
which appears during dephosphorylation in the course of thejnteractions between eosin and the enzyme holding occluded

physiological operation of the N&*-ATPase, but, in  grpr (g) allowed us to optimize the experimental procedures
contrast with this, it can occlude both one and two Rler used in the present paper.

enzyme molecule?).

It has been reporte@®) that, under equilibrium conditions, MATERIALS AND METHODS
there is correlation between cation binding and the effects
of Rb™ (acting as a K congener) on the extrinsic fluores- Na"/KT-ATPase partially purified from the outer medulla
cence of the NaK*-ATPase. Glynn and co-workerd)(used of pig kidney according to Jensen et &) (vas a kind gift

of the Department of Biophysics of the University of Arhus,
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Ficure 1: Time course of eosin fluorescence after dilution of a
suspension of NaK*—ATPase equilibrated with 04M eosin with

an equal volume of buffer containing the concentrations of eosin
indicated in the graph. The final enzyme concentration wasgg0
mL. Except when 0.23M eosin was present, the continuous lines
represent the plot of a single-exponential function of time plus a
constant term.

20 4.0

All incubations were performed at 23C in media
containing 25 mM imidazole-HCI (pH 7.4 at Z%), 0.25

mM ethylenediamine tetracetic acid, and the concentrations

of Rb* (which in all cases was used in lieu of'Kand of

Montes et al.

the enzyme, is able to stop deocclusion reactions that proceed
with rate constants of up to 25%swithout significant loss

of Rb". We have already showr) that the amount of
radioactivity retained after a run without enzyme is the same
as that retained after a run with heat-denatured enzyme. This
indicates that our washing procedure eliminates essentially
all [¥Rb]Rb" nonspecifically bound to the enzyme prepara-
tion. To perform the experiments, N&K*-ATPase (10Qig

of protein/mL) was suspended in the incubation media with
0.4uM eosin and mixed with an equal volume of a medium
having 0.23uM eosin and enoughffRb]Rb" to yield the
concentrations given in Results. After different incubation
times the reaction was stopped.

Theoretical equations were adjusted to the results by
nonlinear regression based on the Gatidewton algorithm
using commercial programs (Excel and Sigma-Plot for
Windows). This procedure yields the best-fitting values of
the parameters of the equation together with their respective
standard errors.

To choose among different equations, we applied the
second-order Akaike information criterion, that is,

AlCc=NIN(IN) + 2K N(N—K—-1) (1)

whereN is the number of dats$ is the sum of weighted

eosin given in Results. The enzyme was kept in the dark Square errors of residuals, aKkds the number of parameters

throughout the experiments with eosin. No correction for
ionic strength was made when different [Rhwere used,
since it is known that the small changes infRimncentration

of our experiments do not significantly affect either confor-
mational changesl(Q) or eosin affinity @1).

Measurements of the time course of fluorescence were

carried out with a stopped-flow reaction analyzer from
Applied Photophysics (U.K.), which exhibits dead times of

of the fitted function plus onel@). We chose the equations
that gave the lower value of AlCc.

Numerical simulations of theoretical models were per-
formed using Mathematica for Windows (version 5).

RESULTS

Effects of Dilution on Fluorescenc&ince the stopped-
flow apparatus requires the mixing of two solutions to yield

less than 2 ms. The procedure was based on that of Skouthe final incubation media, it became necessary to analyze

and Esmannl(2), using eosin-Y from Sigma Chemical Co.,
USA. One syringe of the stopped-flow device was filled with
Na"/K*-ATPase (100ug of protein/mL) suspended in
reaction media with 0.4M eosin. The other syringe was
filled with reaction media having 0.28V eosin and enough

the changes in fluorescence caused by the changes in
concentration resulting from mixing. To do this, one of the
two syringes of the stopped-flow apparatus was filled with
a suspension of N@&K*-ATPase in buffer containing 0M

total eosin, while the other was filled with the same buffer

Rb" to reach the concentrations indicated in Results. Thesewith either 0.1, 0.2, 0.23, 0.3, or OuM eosin. After mixing,
concentrations of eosin and of enzyme prevented artifactsfluorescence was monitored during at least 5 s. Results in
due to dilution (see comments to Figure 1). Each syringe Figure 1 show that when the second syringe had either 0.4

delivered 75uL per shot. The excitation wavelength was
520 nm. The emitted light was filtered through a cutoff filter

or 0.3 uM eosin, fluorescence increased and when 0.1 or
0.2 uM eosin was present, fluorescence dropped. In both

at 550 nm. The band-pass was set at 2.3 nm. In eachcases new constant values of fluorescence were reached in
experiment, 3000 data points were collected. Between 5 andless than 0.2 s, in agreement with the observations of
10 experimental traces were averaged to evaluate each timéSmirnova and Fallerld). In contrast with this, when the

course.

In the equilibrium fluorescence experiments W&
ATPase (8Qug of protein/mL) was incubated in the dark in
reaction media containing 0.32/ eosin and the concentra-

second syringe contained 0.28M eosin, fluorescence
remained independent of the incubation time. It is therefore
possible to avoid artifacts caused by dilution that would
interfere with the measurement of the effects oftRim

tions of Rb" indicated in Results. Fluorescence was measuredfluorescence change. Additionally, the invariance of the

in an Aminco-Bowman/Series 2 spectrofluorimeter at@5

fluorescence signal allowed us to estimate the equilibrium

with a band-pass of 4 nm. The excitation wavelength was constant for the dissociation of eosin from the ATPase. This

520 nm, and emission was measured at 540 nm.
The time course of formation of occluded Rhwas
measured with&Rb]JRbCI (from Perkin-Elmer NEN Life

can be calculated considering that the absence of a fluores-
cence change is reached when the concentration of eosin
present in the second syringe equals that of free eosin in the

Sciences, USA) by means of a rapid-mixing apparatus first syringe. Knowing the total concentrations of eosin (0.4
(SFM4/Q from Bio-Logic, France) and stopping the reaction «M) and enzyme (0.2&M assuming a single ATP-binding

by cooling, dilution, and filtering according to Rossi et al.
(6). The method, which preserves the structural integrity of

site per enzyme molecule) and the concentration of free eosin
(0.23 uM) in the first syringe, assumption of a single site
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Ficure 2: (A) Effect of Rb™ concentrations on the time course of fluorescence changeifkNa ATPase suspensions. Panel B shows
the first 0.6 s of the time courses. Continuous lines are drawn according to eq 4. The vake@fprF, (O), andF. (¥), and forkg; (@),
andkg; (O), with their standard errors are plotted as a function of Bincentration (panels C and D, respectively). ValueB;pkg;, and

F.. are the best fitting values using eq 4 in whiehandkg, were considered equal to the values of best fiEpfindkgs in eq 3.

for eosin in the ATPase will give 4 for the eosin-ATPase F= Fle—kmt + ,:ze—kpzt + Fse—kpa;t +F, 3)
complex:
Ky= However, some of the best fitting parameters of eq 3
. . . showed a large degree of instability (scatter), notably those
([enzymel,, — [€0SiN]y, + [€0SiN g [€0SiN] e _ related to components whose rate coefficient had values that
[eosin]y, — [€0SiN] e were not far enough from each other. To decrease the scatter
0.108uM (2) and to facilitate the comparison of the time courses of

fluorescence with those of occlusion (see below and com-
avalue which is in the same range of our previous estimation ments under Discussion), we proceeded as follows. We first
of this parameter§). fitted eq 3 to the results. The best fitting values of the
Effects of Rb on FluorescenceEosin-labeled enzyme  parameters of the slowest phabe &ndkgs) were then fixed
suspended in incubation medium was mixed with an equal (and now called=; andkg,) in the following equation:
volume of the same medium containing 0,28 eosin and

either no RB or enough Rb to give a final concentration F= Fle_kFlt + er—kpzt +F, (4)
of 20, 50, 100, 250, or 500M. After mixing, fluorescence
was measured during at least 100 s. Each of the curves (see continuous lines in Figure 2) was

Results in Figure 2A and B show that, as in Figure 1, in analyzed by nonlinear regression using eq 4 to find the best
the absence of Rb fluorescence remained independent of fitting values ofF1, ke, andF..
time. The average value in this conditidfs] was taken as Results in Figure 2 show that fluorescence is maximal at
the baseline for fluorescence measurements. In media witht = 0, whenF = F, = F; + F, + F.,, and decreases toward
Rb", fluorescence decreased to a lower constant value. TheF., as time tends to infinity. Figure 2B also shows tRais
rate of the fall of fluorescence increased while its asymptotic always smaller than fluorescence in the absence of(R¥).
value decreased as the concentration of Rize. This indicates that the fluorescence changes induced by Rb
The highest fluorescence signal appeared in media withoutincludes a phase whose maximal valuegs— Fo and which
Rb". This is consistent with the idea that in this condition is not taken into account in eq 4 because it is completed at
the equilibrium betweek; andE; is poised towardE;, as it times below the dead time (2 ms) of our stopped-flow
is to be expected from the sodium-like effect of imidazole apparatus.
on the equilibrium between conformerssy]. The best fitting values of the parameters of eq 4 are plotted
The best fit to the results was obtained with the following in Figure 2C,D as a function of [Rh. It can be seen (Figure
equation 2C) that most of the fluorescence change can be accounted
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Ficure 3: Time courses of the decay of eosin fluorescence in media
with either 250uM ATP or 500uM Rb*. Data were fitted by the
sum of two exponential functions of time for the experiment with
ATP (eq 4) and the sum of three exponential functions of time (eq
3) for the experiment with Rb

for by F; so thatF, represents a very small fraction of the
overall change. As shown in Figure 2D, the rate coefficients
increased linearly with [RH, the values okg; being about
30-fold higher than those &k,. The saturation of the effects
of Rb" on F; andF contrasts with the lack of saturation of
the effects of Rb on the rate coefficients. The reason for
this will be explained in relation with the experiments on
the Rb™ occlusion.

To obtain further insight on the effects of Rbwe

Montes et al.

of eq 5 are plotted in Figure 4C,D as a function of ‘Rb
concentration. It can be seen that in all caBds.o > 0
(Figure 4C), which indicates that, as in the case of fluores-
cence, occlusion includes a component that is faster than
the temporal resolution of our measuring procedure. Figure
4C also shows thaRh,q increased tending to saturation,
whereaRh,.c, slightly decreased with [Rf). As in the case

of the effects of Rb on fluorescence, the two rate coef-
ficients increased with the concentration of the cation,
showing no tendency to saturation (Figure 4D). This is due
to the fact that the rate coefficients are only affected by the
affinity of the binding of R, whereas those dRh,.q and
Rhyo include also the affinity of the transition between
bound and occluded RbAs we have shown previousIg)
most of the bound Rbis driven into the occluded state,
which acts as a “sink” that traps Rpthus increasing the
overall apparent affinity for the cation.

Comparison of the Effects of Ron the Kinetics of
Fluorescence Changes and of Occlusidhe parameters that
give the best fit to the time courses of fluorescence (Figure
2C,D) and occlusion (Figure 4C,D) show that the rate
coefficients for both processes are not significantly different.
In contrast with this, the rapid phase accounted for more
than 94% of the total fluorescence change, while it only
contributed between 65 and 85% of the total occlusion
change. To look at this in more detail, we proceeded as
follows.

We first redefined the changes in fluorescence to transform

compared the time course of the drop of fluorescence elicited them into increasing functions of time as

by 500 uM Rb*' with that caused by 25aM ATP, a
concentration of nucleotide that should fully displace bound
eosin from its site inE; (Figure 3). In this condition, the
remaining equilibrium eosin fluorescence signal will only

express the fluorescence of free eosin plus that of eosin
nonspecifically bound to membrane components, as detecte

by Skou and Esmanr¥). It can be seen that the equilibrium
fluorescence signal in media with enough Rt fully drive
the enzyme into thde, state is almost the same as that

AF=Fg,—F=
AFy+ AF,(1 — e ) + AF,(1 — e %) (6)

cyvhereFB is the value of the fluorescence in the absence of

Rb", F is defined in eq 4, and\F, is the maximal change
of the very fast component of the time course of fluorescence.
We then plotted the time courses of fluorescence and

observed when all eosin has been displaced from the enzyme(_)cclu:sion after normalizing them with respect to their fast

This contrasts with the calculated equilibrium value of boun
eosin at 50(«M Rb*, which is still about 7% of that obtained
in the absence of the catio8)(

Effects of Rb on OcclusionWe measured the time course
of occlusion of R under identical conditions as those we

d components. This leads, in the case of fluorescence, to

used to measure fluorescence, in media containing eosin and

[®8Rb]Rb" in concentrations ranging from 20 to 5@0/.
Results are shown in Figure 4A,B as plots of occluded
Rb" (Rbue) Vs incubation time. It can be seen that,Rb

increased with time, tending to a constant value. Both the

rate of formation (Figure 4B) and the asymptotic values of
Rbycc increased with the concentration of Rirhe best fit

to the time courses of occlusion (continuous lines in Figure
4A,B) was obtained with the following equation:

Rb

occ

Rbyoo + Rbyoq(1 — €4) + Rhyop(1 — €74 (5)

which shows that as time goes from zero to infinity,,Rb
goes fromRh,.n to @ maximal value along two exponential
functions of time which are governed by the rate coefficients
Koccr and koecz and whose maximal changes d@&é&,.q and

relativeAF(t) =
AFo+ AF (1 — &) + AF,(1 — e .
AF,+ AF, ()
and in the case of occlusion:
relative R (t) =
Rbocco + Rboccl(l - eik(mlt) + Rboca(l - eikOCCZt) (8)

Rh)cd) + Rh}ccl

In this kind of normalization, as time tends to infinity,
both equations will tend to a value that will exceed 1 to an
extent that will depend on the contribution of the slow phase
of each time course to its respective total change.

Figure 5 shows the results of our experiments plotted
according to eqs 7 and 8. Each panel represents one
concentration of Rband includes an inset showing the initial
parts of the time courses, where it can be seen that, for a
given Rb" concentration, these were not significantly dif-

Rh,ce, respectively. The best fitting values of the parameters ferent from each other. In contrast, fluorescence reached an
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FIGURE 4: (A) The time courses of Rbocclusion in media containing 2@}, 50 ©), 100 (v), 250 (1), or 500 @) «M Rb*. Continuous

lines are the plots of eq 5 for the best fitting values of its parameters. (B) Plot of the first 0.65 s of the time courses shown in panel A. The
best fitting values oRbycq (¥), Rhyea (@), andRbyec2 (O), and ofkyec1 (@) andkyec2(O) in eq 5, are plotted as a function of Rboncentration

(panels C and D, respectively).
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FiIGURE 5: Plots of the time courses of fluorescence changes (continuous trace) and ofékission (open circles) for the concentrations
of Rb" indicated. The inset in each panel is the initial part of the time courses. The data were taken form the results in Figures 2 and 4 and
normalized according to egs 7 and 8 for fluorescence and occlusion, respectively.

asymptotic value which was near 1, whereas occlusion tended It could be argued that, instead of the procedure used for
to completion at values significantly higher than unity. the plots in Figure 5, the correct normalization procedure
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100 state, hold two occluded Rlper enzyme molecule and have
- low affinity for eosin 4 about 8.8uM; see ref8). Using
z 5 80 this value and that for th&y of E; given above, it can be
% c;:: calculated that at saturating [Rlbthe fluorescence signal
5 2 60 would drop to about 7% of the value it has in the absence
7S of Rb". This seems to be at variance with our observation
Q‘% % 40 that saturating [Ri] almost fully switches off the fluores-
X e cence signal due to bound eosin (see comments to Figure
= 20 y 3). It would seem therefore that Rmot only lowers the
oo affinity for eosin but also decreases the fluorescence signal
03 100 200 300 400 500 of the _eosin that remain_s bour!d to t_he states of the_ enzyme
. occluding R, a conclusion which is in agreement with that
[Rb ] (uM) of Smirnova and Fallerld).
FIGURE 6: Comparison of the effects of Rlon the equilibrium The time courses of the approach of occlusion and of eosin

EV?:; OLgﬁJS;rS‘ f'qli)orviggnggtgﬂe%n%gmﬁdi?ecccgurﬂggs('u)r-esr;’gpﬁ of fluorescence to equilibrium values after addition of‘Rb
equilibrium fluorescence. For each [Rbthe quantitiesRhyceeq follow th? sum .Of a co'nstant term plus at least two
(equal toRhye + Rbyea + Rbyee) and AFeq (equal toFs — Fu) exponential functions of time. R’boqclusmr_l curves were

for Rb™ occlusion and fluorescence change, respectively, were better fitted by the sum of two increasing exponential
normalized taking as 100% the best fitting value¥gfixin (Rbyceeq functions of time, whereas the sum of three decreasing
or AFeq) = Yma{RD*)/(Kos + [Rb™]). exponential functions of time yielded a better fit to the
fluorescence curves. Notice that the rate coefficient of the
extra exponential needed to fit the time course of fluores-
cence was close to that of the other fast component (not
shown). This caused a large degree of instability (scatter) in
the parameters that described the fast phases of fluorescence.
Reducing to two the number of exponential functions helped
to solve the instability of the parameters, but it introduced
some bias in the fitting that affected those components whose
accuracy was critical for a proper comparison between time
courses of fluorescence and those of occlusion. It can be
shown that if a two-exponential function is fitted to data that
are better described by the sum of three exponentials, the
. - . bias introduced causes the underestimation of the parameters
fluorescence (Figure 2A) and of Riacclusion (Figure 4A) of the faster component at the expense of an overestimation

gggﬁiomogilhtzoego\?;da w%;??aﬁseaofﬂ[ggzgnalgg rﬂfot;ltz d of those of the slower component. Therefore, as a compro-
’ 9 P mise to comply with the goals of performing a correct

the normalized fluorescence change obtained after incubating : : ; .
the ATPase in media with eosin and different'Ripncen- comparison and showing a set of parameters with meaningful

trations during at least 5 min to ensure equilibrium. As shown values, fluorescence time courses were fitted to the sum of
in Fioure 6 gthe normalized values foqr fluoreS(.:ence and two decreasing exponential functions of time but setting the

9 ’ : ) . parameters that describe the slower phase at the values
occlusion were practically superimposable and a single

hyperbola with &Ko = 7.01+ 0.454M (continuous line in obtained from fitting three exponential functions of time.

) ) . . . It is difficult to discard the possibility that the difference
Figure 6) satisfactorily described the whole series of data. in the number of exponentials required for best fit of the

DISCUSSION fluorescence and occlusion tir_ne courses is caus_ed by the
much larger number of experimental points available for
The experiments reported in this paper compare for the fitting the fluorescence curves. In this respect, it is interesting
first time the transient kinetics of Rlocclusion and of eosin  to notice that if only the values at the same time points as
fluorescence changes and allow therefore drawing conclu-those of the occlusion experiments are used, the best fit to
sions on the correlation between occlusion and conforma-the time course of fluorescence is obtained with only two
tional transitions of the NaK*-ATPase. exponential functions (results not shown). An alternative
All our experiments were initiated with N&K"-ATPase explanation would be to posit that the third exponential
suspended in imidazole buffer, lacking ATP. In these represents a residual release of bound eosin due to dilution
conditions, the enzyme will settle in an equilibrium in which  of the eosir-ATPase complex, not exactly canceled by the
most of it will be in its E; conformation and have high  concentration of eosin added in the second syringe.
affinity for eosin. We have shown previouslg)(that eosin The constant terms at= 0 in eqs 3 and 4AFq), and 5
dissociates fronk; with a Kq = 0.25uM. As mentioned in (Rhyc) indicate that the time courses include a phase that is
Results, this value is consistent with the observation in this so fast that it exceeds the time resolution of our instruments.
paper that the fluorescence signal is independent of dilution We have already detected this phase in the time course of
when the concentration of free eosin is kept at Q.28 Rb* occlusion through the direct routg, @) and thatRh,cq
(Figure 1). As Rb is added, the enzyme will progressively disappears after preincubating the N&a"-ATPase during
tend to itsE, state and occlude Rb At sufficiently high 5 min in media with 6Q:M unlabeled Rb but not with 400
concentrations of R most of the enzyme will be in it&; 1M Mg?* (17). Moreover, the fast phase is not apparent when

should be to take as a 100% the maximum changes of
fluorescence and occlusion. Notice however that if this
normalization were applied, it would have led to the less
economical interpretation that the initial rate of fluorescence
was higher than that of Riocclusion, the difference between
them requiring one to invoke the presence of a hypothetical
intermediate interposed between the species whose fluores
cence decreases after addition of"Rimd the species which
occludes this cation.

Effects of Rb on the Equilibrium Leels of Fluorescence
and OcclusionThe absolute values of the total changes of
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ki [Rb] ks ks[Rb'] of fluorescence change is considerably less than that 6f Rb
(Rb)E; Ex(Rb) Ey(Rby) occlusion.

: k . . . N
’ ! ) To see if a single sequential ordered mechanism is able
to explain the kinetic features of occlusion and of fluores-

1

le/H k4 [e0] kis

ki [eo] ki7|| kig[eo] kg || ko [eo] cence, we simulated the evolution toward equilibrium of the
minimal model shown in Figure 7. The model incorporates
kr[Rb ke ki [Rb indi ; ; ;
Feo 2L Rb)Ereo == Ey(Rb)eo it d £ (Rby)eo the binding of eosin to the sequential ordered mechanism
ke ki ki developed by us to account for the kinetics of'Rizclusion

FiGURE 7: Minimal model, based on that of réf for the effects ~ Via the direct route) and considers that the only species

of Rb* on the time courses of occlusion and of eosin fluorescence that contributes to fluorescencetigeo. Notice that the model

changes. The model implies that all bound*Rb occluded and  does not intend to explain the very rapid phase of occlusion

disregards the presence of the very fast component of fluorescenceand fluorescence changes.

and occlusion. . . . .
Simulations were run for Rbconcentrations going from

| 50 to 500uM and for incubation times going from 0 to 200

s. The simulated results were plotted after normalizing them,

Jpllowing the same procedure as that for the results shown

measuring the time course of occlusion via the physiologica
route (16). Results in this paper show that this phase also
appears during fluorescence, whose measurement does n :
involve manipulation of the incubation mixture. The very in Figure 5. . . . I
fast phases of occlusion and fluorescence might be due to a To perform.t.he simulations of the evolution to eql.J|I|br|um
process not related to the operation of the Ma-ATPase. after the addition of R, we proceeded as fOHOWSf' .
These could include, in the case of occlusion, the nonspecific L. We used the ngmerlcal.solutlons of the dlfferentlall
binding of Rb" and, in the case of fluorescence, the release equations th_at describe the time course of the scheme in
of eosin nonspecifically bound to the enzyme preparation Figure 7 10 find th? set of the V"%"“es of the rate constants
or a Rb-induced change in turbidity. However, in view of that gave a good fit to the experimental _resultg,.
the efficiency of our washing procedure (see Materials and .2' Thgse valugs were used to numerlcally Integrate the
Methods) and of the evidence given above regarding Occlu_dﬁferenual equations in ord_er to optaln the concentrations
sion experiments, we cannot discard the possibility &7 qf enzyme forms as a function of time and to calculate the
andRh,.o are genuine components of the processes that Ieaot'm_e courses of Rk and of F according to egs 9 and 10
to Rb" occlusion via the direct route. which foII_ow, respectively. .

A trivial explanation of the multiexponential time courses _Occlusmn and fluorescence were calculated as (see Figure
observed by us would be to posit the existence of multiple [k
states of the enzyme which either do not interconvert or they

do it at a much slower rate than those of fluorescence changegbocc: [(RB)E,] + [E(Rb)] + [(Rb)E,€0] +

and of occlusion. However, we have shown that multiexpo- [E;(Rb)eo]+ 2([E,(Rb,)] + [Ex(Rb,)ea]) (9)
nential time courses can be obtained from a single enzyme
state, provided that Rbocclusion follows a sequential F = a[E,e0] (10)

ordered kinetics, both in the absen2g dnd in the presence

of eosin @). Results in this paper show that the changes in where “eo” is eosin and is a proportionality constant.
fluorescence also follow multiexponential kinetics but indi- Equation 10 considers that contribution to fluorescence of
cate that the contribution of the slow phase to the time coursethe species holding occluded REs negligible.
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Ficure 8: (Left four panels) Normalized time courses of fluorescence (continuous lines) and of occlusion (dashed lines) simulated with the
model in Figure 7 for the concentrations of Rindicated in the graphs. (Panels A, C) Best fitting values of the maximum absolute changes
of the two components of fluorescendg @ndF,) and Rb™ occlusion Rhy.q andRh,) plotted as a function of [RY. (Panels B, D) Best

fitting values of the two rate coefficients of fluorescenkg @ndkg,;) and RB occlusion ko1 and ko) plotted as a function of [RY.
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3. The simulated results thus obtained were fitted to the
sum of two exponential functions of time and normalized
with respect to the size of the faster exponential component
as for the experimental data of Figure 5.

Montes et al.

The time course of eosin fluorescence therefore seems to
be a good marker only of the initial part of the time course
of occlusion. This is a strong indication of the fact that the
conformational changes reported by fluorescence express the

The values of the rate constants and of the total concentra-process that leads to Rlwcclusion. However, our results

tions of enzyme and eosin employed in the simulations were
as follows: k; = 0.03uM 1 s7%; k, = 0.0668 s?; ks = 0.0273

s ky=0.136 s% ks = 0.025uM 1 s7%; ks = 0.061 s%; ks
=0.0209uM1s L kg=1.50s% kg = 1.53x 10°s%; kyp
=414x 1P Sﬁl; kir = 0246‘LLM71 Sﬁl; ki, = 1.56 Sl; Kis
=11 §l; kis = 55 yM’l Sﬁl; kis = 9.00 Sl; ki = 1.40
,uM_l S_l; ki = 4.04 S_l; kig = 116IMM_1 S_l; kig = 37.6

st ko = 4.18 uM™t s7% [enzymebw = 0.125 uM;
[eosinfora = 0.315uM.

As shown in Figure 8, the simulated time courses
qualitatively predict the experimental behavior because of
the following:

1. The time courses of both fluorescence and occlusion
follow the sum of two exponential functions of time. In
contrast with the experimental results, in this case the sum
of three exponentials does not improve the fit. This seems
to agree with the possibility stated above that the third
exponential of fluorescence is due to a residual release of
eosin from the eosinATPase complex.

2. The initial part of the time courses of occlusion and
fluorescence are superimposable.

3. Fluorescence changes are completed before occlusion
and its fast component occupies a larger fraction of the time
course. This is a consequence of the fact that in the model
in Figure 7 fluorescence disappears with;do], while
additional steps are required to complete occlusion.

4. The response to [Rbof the parameters of the equations
that fit the simulated results is not very different from the
behavior detected experimentally (cf. Figures 2C,D and 4C,D
with Figure 8A-D).

5. All the values of rate and equilibrium constants that

best fit the model have the same order of magnitude as those

proposed by us and by other authors (for reference2see
and8).

6. In addition (results not shown) the simulated values of
fluorescence and occlusion at equilibrium can be ap-
proximately fitted to single rectangular hyperbolas, whose
Kos (3.3uM for F and 8.1uM for Rbc) are comparable to
those measured experimentally. This fits with our previous
experimental observation on the hyperbolic response of
equilibrium Rb™ occlusion to Rb concentration ).

The results of the simulation also show that the rate
constants for the binding of eosin to the enzyme states
holding occluded Rbare somewhat lower than the binding
of eosin toE;. Since this may be a limitation of the minimal
model in Figure 7, it is not yet possible to decide if the
difference in the values of the rate constants is a genuine
feature of the Na/K™-ATPase. Note also that, for the step
involving the change in the position of the occluded'Rb
we arrived at values of rate constants which are more than
a million times larger in the presence of eosla &nd ki)
than in its absencek{ andks). This could be reflecting a
nucleotide-like effect of eosir8], in the sense that this step
in the eosin bound enzyme is not playing a role in
determining the rate of occlusion and deocclusion of the
second Rb.

suggest the existence of enzyme states that occludefib

bind eosin but in which fluorescence is quenched. Hence,
not all the changes in fluorescence will be caused by binding
or release of eosin from the ATPase. This is not only of
mechanistic importance but also indicates that caution has
to be exerted in taking fluorescence changes as a marker of
occlusion.
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