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ABSTRACT. Sequential dissociation of the two €aions bound to non-phosphorylated sarcoplasmic
reticulum C&"-ATPase was triggered by addition, in a stopped-flow experiment, of quin2, which acted
both as a high-affinity chelator and as &Gaensitive fluorescent probe. The kinetics ofCdissociation

were deduced from the observed changes in quin2 fluorescence in the visible regiot.{#itB13 nm),

while fluorescence detection in the UV region (witkk = 290 nm) made it possible to monitor the
tryptophan fluorescence changes accompanying this dissociation under the same ionic conditions. In the
absence of KCl or NaCl, at pH 6 or 7, the observed changes in quin2 fluorescence were monoexponential,
with rate constants very close to those of the changes in ATPase tryptophan fluorescence, which also
appeared monophasic. In the presence of 100 mM KCI, quin2 fluorescence changes, although still
monoexponential, were faster than in the absence of the monovalent ions but distinctly slower than the
changes in tryptophan fluorescence, which were accelerated to a larger extent. In addition, the apparent
kinetics of the Trp fluorescence changes depended on the excitation wavelength. Using an excitation
wavelength of 296 nm, the Trp fluorescence drop was still faster than with an excitation wavelength of
290 nm, and in the presence of NaCl it even displayed a clear undershoot. We conclude that in the
presence of KCI or NaCl and with an excitation wavelength of 290 nm, the rapid drop in tryptophan
fluorescence mainly monitors the dissociation of the first of the tw& @ms to be released from €a
ATPase, while excitation at 296 nm optically selects a subpopulation of Trp residues whose fluorescence
level islowerin the ATPase species with one4aon bound than in the Ca-deprived ATPase species.

The latter conditions result in an initial drop in Trp fluorescence whose apparent rate constant (in single-
exponential analysis) is faster than the true rate of dissociation of the fitsti@aand in a subsequent
slower rise related to dissociation of the second"Gan. The difference between results obtained in the
absence and in the presence of & Na' is due to an antagonizing effect of these cations on proton-
induced conformational rearrangement of Gliee ATPase, a conformational rearrangement which changes
the ATPase Trp fluorescence level and significantly affects the cooperativity?ol@aling at equilibrium.

The C&"-ATPase present in sarcoplasmic reticulum is a but not with inorganic phosphate, whereag'Ciace ATPase
membrane protein which catalyzes the transport of tw&Ca can react with Pout not with ATP @,6). These conforma-
ions per hydrolyzed ATP moleculé{5). C&" binding to tional changes have been a subject of interest for many years,
its high-affinity binding sites on non-phosphorylated ATPase and they have been often studieth the accompanying
induces critical conformational changes for the ATPase: the changes in spectroscopic probes of the ATPase strudture (
ATPase with bound Ca can subsequently react with ATP  In particular, the changes in ATPase intrinsic fluorescence,
due to thirteen Trp residues present on each polypeptide
chain, have offered a convenient way to monitor kiveetics

T Part of this work was presented at the 41st Annual Meeting of the

Biophysical Society, March 2-6, 1997, New Orleans, LA. of these changes in stopped-flow experime8ts1(); rapid
* Corresponding author. filtration experiments witf*Ca* have subsequently made
I Centre d'Etudes de Saclay. it possible to directly study the kinetics of binding or

§ Universidad de Extremadura. . - . Lo
® Abstract published ilAdvance ACS Abstractgyugust 15, 1997. dissociation of C& (12’13' Measuring these kinetics

_Abbreviations: SR, sarcoplasmic reticulum; ATPase, adenosine accurately is an important issue: the kinetics observed for
triphosphatase; quin2, 2-[(2-amino-5-methylphenoxy)methyl]-6-meth- the events depending on €abinding have been discussed

oxy-8-aminoquinolineN,N,N',N'-tetraacetic acid; EGTA, [ethylenebis- ;
(oxyethylenenitrilo)Jtetraacetic acid; EDTA, ethylenediaminetetraacetic in terms of reaction models for the ATPase, to try to

acid; Mes, 2-K-morpholino)ethanesulfonic acid; Mops, 4-morpho- discriminate whether conformational rearrangement of
linepropanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane; FITC, ATPase follows or precedes €abinding and whether a

fluorescein Sisothiocyanate; Trp, tryptophade and en, excitation _  monomeric or an oligomeric structure for the ATPase fits
and emission wavelengths, respectively; bw, spectral bandwidth; E, ECa,

ECa, ATPase species with zero, one, or twe?Cimns bound to the  Pest with the datad(10,14-20); simultaneously, the detailed
transport sites. kinetics of C&" dissociation which were found to be
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Table 1: Dissociation Constants Used in This Study

apparent or combined dissociation constant

metak-chelator (ionic conditions) pH 6 pH7 pH 8

Mg—EGTA (4 = 0.1 M) 4% 101M 3.4x102M

Ca—EGTA (ui=0.1 M) 3.8x10°M 3.8x10'M 3.8x 10°M
Ca—EGTA (i = 0.1 M, 5 mM M¢*) 45x 107M

Ca—quin2 (100 mM KCI, 50 mM Mops-Tris) 4 107M 1.4x107'M 0.8x 10'M
Ca—quin2 (100 mM KCI, 50 mM Mops-Tris, 5 mM M) 6x107"M 32x107"M

Ca—quin2, (KCl= 0, 150 mM Mops-Tris) X 10'M

Ca—[Mg—EDTA] (i = 0.1 M, 5 mM Mg™") 6.2x 10°M

a2 The apparent or combined1,42) dissociation constants for EGTA wecemputedrom the constants given i8) for 0.1 M ionic strength
(«i). The apparent affinity of Ca for “Mg—EDTA?”, i.e. for EDTA in the presence of 5 mM excess free Wgwas also computedH—46). On
the basis of the computed constants for-E&GTA, we thenmeasuredhe affinity of quin2 for C&"™ under various conditions [see als29)]].

sequential, have been discussed in structural terms for thelocalization of the various Trp residues in ATPase, are
binding pocket, implying the co-existence in a channel-like described. Part of this work was presented at the 41st Annual
single-file crevice of a more superficial binding site and a Meeting of the Biophysical Society in New Orleans, L20].
more deeply embedded one [both indirect chemical quench-

ing and direct*®Ca* filtration results (2,13,2125) have EXPERIMENTAL PROCEDURES

been reported]. o ) The procedures used for SR vesicle preparation as well
A few studies have compared the kinetics of*Ga a5 for 45Ca* binding measurements have already been
dependent changes in ATPase Trp fluorescence, as measuregescribed 25). The free C&" concentration in the various
by stopped-flow fluorescence experiments, with the kinetics go|ytions was estimated with the dissociation constants given
of 4°C&" dissociation itself, as measured by rapid filtration ;, Taple 1. C&-ATPase was labeled with FITC as
experiments; these studies concluded that the drop in Trppreviously described3(l). The fluorescent chelator quin2

fluorescence accompanying Calissociation is a reasonable  (potassium salt) was obtained from Calbiochem. All other
index of this dissociationl@,18,19,25 This conclusionwas  chemicals were analytical grade.

extended to conditions where the Trp changes are faster and

can no longer easily be compared to rapid filtration experi- Fluorescence Measurements

ments (which have a dead time of-2B0 ms, compared with _

3—4 ms for stopped-flow experiments); for instance, the large .Fluorescence measurements at equilibrium were performed
accelerating effect of K on Trp fluorescence changes with a Spex flgorolog fluorometer, an SLM 4000, or an SLM
observed at neutral pH, as well as the effect of pH itself on 8000. Most t_|me-re_solve_d fluorescence measur_ements were
these changes, was attributed to a true effect oA Ca perf_ormed Wlth a Biologic SFM 3 stopp_ed-flow instrument
dissociation 25-27). At pH 6, however, we had directly ~ €duipped with a short-pathlength optical cell (1.5 mm,
measured the effect of Kon 45Ca+ dissociation infsCa+ “FC15” cell), illuminated through a high-resolution grating
filtration studies and had observed only slight acceleration @nd an optical fiber, the physical width of which limited the
(25). It therefore appeared necessary to reassess the corspectral bandwidth of the excitation beam to less than 1 nm.

relation between Trp fluorescence changes an#f @is- Other experiments were performed with a Dionex D110
sociation under a variety of conditions. system illuminated through a monochromator with a wide

spectral bandwidth [4 nm as i1@)]. Stopped-flow fluo-
rescence data were fitted to single or multi-exponentials using
a Simplex routine (Biologic); in all cases the presence of a
small (linear) drift, mainly due to photolysis, was taken into
account. To detect emitted fluorescence, we used wide band
filters centered in the region of either quin2 or Trp
fluorescence, obtained from Ealing Optics (S. Natick, MA)
and from MTO (Massy, France) (see figure legends).

To do this, we resorted to a previously established
technique 28) to measure C4 dissociation in the presence
of the high-affinity fluorescent chelator quin2 [compound
3bin (29)]. Using different combinations of excitation and
emission conditions in stopped-flow fluorescence experi-
ments, we could alternatively monitor the changes in quin2
fluorescence (i.e., Cadissociation) and the accompanying
changes in Trp fluorescence under exactly the same ionic
conditions. . T'he_results_ Qescribed in this work show that, Use of quin2 to Measure the Rate of?Caissociation
under certain ionic conditions, the Trp fluorescence changesfrom C& -ATPase
exactly parallel overall CGa dissociation from the ATPase,
but this is not the case under all ionic conditions, especially We adapted a previously described proto@8){ which
in the presence of KCI, a common situation. We also found has often been used to measure the kinetics of" Ca
that, among the thirteen Trp residues in ATPase, some candissociation from soluble C&-binding proteins 32—36) but
be optically selected by using an excitation wavelength on only once to measure €adissociation from a membrane
the red edge of the Trp excitation spectrum and that theseprotein (L7). The rationale of these measurements is as
residues respond in a specific way to dissociation of the first follows. When quin2, present at a high concentration in one
and the second of the two &aions released from the of the syringes of a stopped-flow system, is mixed with the
ATPase. Measurements performed under equilibrium condi- contents of the other syringe, it rapidly binds?Caons
tions are fully consistent with these time-resolved results. available in solution within the dead time of the stopped-
Implications for the substeps in &adissociation and the flow system (a few milliseconds), and the kinetics of the
resulting changes in Trp fluorescence, as well as for future corresponding rise in quin2 fluorescence are not resolved.
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Ficure 1: Changes in quin2 fluorescence observed after mixing
quin2 with either C&"-equilibrated SR vesicles or various amounts
of Ca—EGTA complexes. For the experiment illustrated by the top
trace, 10uM C&*" and 0.4 mg of protein/mL of SR vesicles (in
this particular experiment, €&ATPase in the SR vesicles had been
previously labeled with FITC, but similar results were obtained
with unlabeled vesicles) were mixed in a one to one volume ratio
with 100 M quin2; the medium contained 100 mM KCI and 50
mM Mops-Tris at pH 7 and 20C. For the three bottom traces, 5
uM Ca*t and 5, 10 or 1M of Ca—EGTA were mixed with quin2.
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1), in agreement with results described 29). These
numbers allowed us to calculate the bimolecular rate constant
for C&* binding to quin2,ky = k_/Kq. This rate isky =
2.5x 1 M~ 1s1[see also39)], in agreement with recent
temperature-jump results4@). Thus, with a final free
concentration of quin2 higher than, for instance,>=4Q0¢

M, the rate at which G4 binds to quin2 (which is equal to
ki[quin2]) is faster than 10s™, and the above prerequisite

is fully satisfied. To excite quin2 fluorescence, we chose
to use the mercury arc line at 313 nm of our-Hge lamp,
instead of the mercury arc line at 366 nm which was
previously used48), because the signal to noise ratio of
the quin2 fluorescence changes is larger at 313 nm. The
measured rate constants are identical at the two wavelengths
(data not shown), but the amplitudes have opposite signs.

Comparison betweef?Ca?t Binding and ATPase
Intrinsic Fluorescence at Equilibrium

In the equilibrium measurements shown in Figure 6, to
minimize nonspecifi¢*Ca" binding to membranous sites
different from the ATPase transport sites, we decided to use
a medium containing 5 mM Mg in addition to 100 mM
KCI (under these conditions, the changes in Trp fluorescence
are again faster than €adissociation, as in the absence of

To monitor quin2 fluorescence the excitation wavelength was set Mg?*; data not shown). To minimize background noise in

at 313 nm; in this particular experiment, a wide-band filter centered
at 450 nm (Ealing 355024) was used to detect emitted quin2

fluorescence while rejecting FITC fluorescence. The collected data

are shown together with their fit to single exponentials (plus a

45Ceg™ filtration measurements, we kept the total amount of
4Cat in the medium at a moderate level. We also
minimized possible errors in the estimation of final freé'Ca

constant photolysis rate). The rate constants and amplitudes of thes€oncentrations by using a low-affinity &€a buffer,

exponentials are as follows: for SRTaATPase, 155! and 0.395
V; for 5, 10, or 15uM Ca—EGTA, 1.98 stand 0.39 V, 1.93 &
and 0.78 V, or 1.90 % and 1.23 V, respectively.

A very low free C&" concentration is established. If, on a
slower time scale, G4 ions subsequently dissociate from a

complex previously present in that other syringe, then the

released CH ions will also bind to quin2, resulting in an
additional rise in quin2 fluorescence, the rate of which will
exactly match the rate of €adissociation from the complex.
The amplitude of this final rise is linearly related to the
amount of C&" released from the complex because virtually
all released CH ions bind to quin2, present at a final
concentration well above it«y Figure 1 shows two

Mg—EDTA, for free C&" concentrations in the micromolar
range @4—46), as well as the commonly used EGTA for
lower free C&" concentrations. Identical samples were
prepared fof*Ca* binding and Trp fluorescence measure-
ments as follows. To 11 mL aliquots of a solution containing
100 mM KCI, 5 mM Mg*, 50 mM Mops-Tris (pH 7, 20
°C), 20uM “4C&*, and 1 mM fH]glucose, we first added
various amounts of either MGEDTA or EGTA (concentra-
tions of Mg—EDTA ranged from 0.11 to 5.2 mM, resulting
in final free C&" concentrations from 10 to 0.8M, and
concentrations of EGTA ranged from 0.045 to 2 mM,
resulting in final free C& concentrations from 0.55 to below
0.005uM), and then SR vesicles at a final concentration of

examples of these experiments in which quin2 was mixed 0.1 mg of protein/mL (assuming @M contaminating and

either with C&*-equilibrated SR vesicles (top trace) or with
Ca—EGTA complexes at three different concentrations

endogenous C4, the final total concentration of Cawas
therefore 25«M). A few minutes later, on the one hand, 3

(bottom traces). From such experiments, the amplitude of ML aliquots (in duplicate) were filtered on two superposed
the quin2 fluorescence trace can be calibrated in terms ofMillipore HA filters, to estimate the amount of bouffCe#*

Ca*t concentrations. We found that 122 nmol of C&*/

mg of SR protein dissociated from the protein, a number
consistent with the number of high-affinity &abinding sites
previously measured at equilibrium, i#¥Ca* filtration
experiments, for our SR preparatio25(37).

The whole protocol relies on the fa@9) that quin2 binds
Ca* very rapidly. Since this is a critical prerequisite, we
checked it under our own conditions. Under the conditions
of the experiment illustrated in Figure 1, i.e., at pH 7, 20
°C, 100 mM KCI, and in the absence of kg we measured
the rate constant for €adissociation from the Ca—quin2
complexk_ [we foundk- = 35 s, in agreement with results
described in 38)], as well as the equilibrium dissociation
constant for the compleXy [we foundKyq = 140 nM (Table

by double-label scintillation (squares); on the other hand, 2
mL aliquots were transferred into the fluorometer (again, in
duplicate) and 4L of 1 M stock solution of EGTA was
added to the fluorescence cuvette to measure the EGTA-
induced drop in fluorescence (circles). For the fluorescence
experiment, excitation and emission wavelengths were 290
and 345 nm, respectively; the emission slit was wide open
(bw = 16 nm) to reduce the noise level to less than 0.1%,
and the observed drop was corrected for the (very small)
dilution-induced artefact. For tf&C&" binding measure-
ment, the second filter, which has no adsorbed SR, served
as a convenient control for the subtraction procedure involved
in the double label countingl{); the error turned out to be
less than 0.1 nmol/mg.
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) conditions. These experiments were performed &(24ds described
time, s for Figure 2, but under different ionic conditions. (Panels A and

FIGURE2: quin2 and Trp fluorescence changes in the absence (panelB) The medium contained either 150 mM Mes-Tris (panel A) or
A) or presence (panel B) of KCI at neutral pH. SR vesicles (0.4 100 mM KCI and 50 mM Mes-Tris (panel B) at pH 6, with an
mg of protein/mL) were mixed one to one with 4081 quin2 in additional 1QuM Cazfr in the SR syringe to ensure initial saturation
a Biologic SFM-3 system, and we monitored successively quin2 Of the ATPase Cd binding sites. The dotted line in panel A shows
fluorescence and Trp fluorescence. The excitation beam had a@ recording of Trp fluorescence in which 10 mM EGTA instead of
narrow spectral bandwidth (less than 1 nm). For quihg,was 400 uM quin2 was used to trigger dissociation of Za(Panels
313 nm, and emitted light was detected through a wide-band filter C—F) The medium contained either 250 mM KCI and 50 mM
(MTO DA531) centered at 530 nm. For Trjswas 290 nm, and ~ Mops-Tris at pH 6.9 (panel C), or 20 mM NMyand 150 mM Mops-

a combination of emission filters (MTO J324340) resulted in  1'is at pH 6.9 (panel D), or 40 mM Mg and 150 mM Mops-Tris
wide-band detection centered at 350 nm. The medium containedat PH 7.25, i.e., conditions similar to those ih9[ (panel E), or

either 150 mM Mops-Tris (panel A) or 100 mM KCl and 50 mM 150 mM Tes-Tris alone at pH 8.5 (panel F). The single exponentials
Mops-Tris (panel B), at pH 6.9 and 24C in both cases;  Which fit the data best are superimposed on the experimental data.

contaminating C& was sufficient to initially saturate the ATPase  Their rate constants are 8.04 and 8:0is panel A; 12.9 and 14.3
high-affinity sites. Similar results were obtained if 108 quin2 s tin panel B; 23 and 4273 in panel C; 9.7 and 10.8'§in panel
was used instead of 4QM (not shown). The data were fitted to ~ D; 6.95 and 17.7°s in panel E; and 6.9 and 23sin panel F, for
single exponentials, with observed rate constants for quin2 and Trpguin2 and Trp data, respectively (for panels B single exponen-

of 13.5 and 13.8 €, respectively, in panel A and 21.7 and 30.4 tials obviously provide a poor or very poor fit). Fluorescence levels
s in panel B; fits superimposed on the experimental data. have been plotted as % of their value at the halftime of the fitted

Fluorescence levels have been plotted as % of their value at theCurve.
halftime of the fit; the 100% line has been drawn (dashed line) to

visualize the halftime for each trace (arrows in panel B). same purpose. Figure 2B shows that this agreement is no

longer observed when the experiment is repeated at the same
RESULTS pH but in the presence of 100 mM KCI (and only 50 mM

Ci Dissciaion fom SR CA-ATPase and Changes i MOPS.T1S) b % cose, e e for the changes i
ATPase Intrinsic Fluorescence, As Measured in the P y

Presence of quin2: Effects of*kand pH ﬂisspciation. A_similar difference beween the apparent
alftimes for quin2 and Trp fluorescence changes in the
Figure 2 illustrates a stopped-flow experiment wheré"Ca presence of KCI at neutral pH is observed irrespective of
dissociation from SR C&-ATPase was triggered by addition the tested temperature, between 10 and°G0(data not
of quin2 at a concentration high enough to reduce freg Ca shown).
to less than 1 M. By selecting appropriate excitation Similar experiments were repeated under various ionic
wavelengths and emission filters for fluorescence detection, conditions (Figure 3). While at pH 6.9 in the presence of
we were able to monitor quin2 fluorescence (i.e.>Ca 100 mM KClI, the ratio of the rate constants for the Trp and
dissociation) and the concomitant changes in tryptophan quin2 fluorescence changes is 1.4 (Figure 2B), compared to
(Trp) fluorescence successively, under exactly the same ionic1.02 in the absence of KCI (Figure 2A), it increases to 1.8
conditions. In the presence of 150 mM Mops-Tris and the in the presence of 250 mM KCI (Figure 3C). At neutral
absence of KCI, at pH 6.9 and 2€ (panel A), quin2 and  pH, the apparent effect of Kon the rate of the Trp
Trp fluorescence changes are both monoexponential, andfluorescence change2,27 is in fact larger than its effect
there is impressive matching of halftimes for the Trp and on the rate of C& dissociation. At neutral pH (Figures 2
quin2 fluorescence changes. Similar agreement between thend 3C) as well as at acidic pH (Figure 3A and B), KCI
results of stopped-flow Trp fluorescence measurements andonly enhances the rate of the rise in quin2 fluorescence to a
those of rapid filtration measurements wiiCa?* has been modest extent, consistent with the modest acceleration of
previously obtained in experiments performed in the absence**Ca* dissociation by K that we previously found at pH 6
of KCI (19,25, and this validates our use of quin2 for the in rapid filtration experiments26). At acidic pH, the
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difference between Trp and quin2 traces in the presence of 0.0 0.2 0.4 1.0 2.0

KCl is less prominent than at neutral pH, but it is still there ‘ ' ‘ ' i

(see also below): at pH 6, the ratio of rate constants is 1.11 102 A [KC11= 100 mM i
(+0.01) in the presence of 100 mM KCI (see also below) Aoy =280 0m
and 1.00 £0.01) in its absence (Figure 3A and B). The 100 -

inclusion of 20 mM Md" in the medium, at pH 6.9 in the 98
absence of KCI, does not induce a drastic difference between
the halftimes for quin2 and Trp fluorescence changes (panel
D in Figure 3). However, M§f becomes more efficient if

the medium is made slightly more alkaline (panel E), and
making the medium very alkaline in the absence of’Mg
results in even larger discrepancies between the Trp and the
quin2 traces (panel F). Together with KCI, pH is therefore
a critical factor in permitting kinetic discrimination between
C&" dissociation and the accompanying Trp fluorescence
changes. Panels-EF in Figure 3 also confirm that, under
certain ionic conditions, the drop in Trp fluorescence

significantly departs from monoexponential behavior, in 102 C aci] = 100 mM 7]

. . L. =280 nm
agreement with previous results9). 100 L SR
Dependence on the Excitation Wdength of the 98 Mz% nm |
Apparent Kinetics of the Changes in ATPase Intrinsic — ‘ Tn——]

. . .. . | T N
Fluorescence Accompanying €aDissociation 0.0 0.2 0.4 10 2.0

102
100

98

Trp fluorescence, %

—

We then found that the kinetics of the changes in ATPase

S ti
Trp fluorescence depend to a significant extent on the fme, s

wavelenath used for ot i ] is Fisure 4: Dependence on the excitation wavelength of the apparent
9 excitation of these Trp residues. This inetics of EGTA-induced Trp fluorescence changes at pH 7 under

dependence on the excitation wavelength can be Observedﬁarious ionic conditions. These experiments were performed with

in simple gxperiments (similar.to the one illustrated in Figure the Biologic SFM-3 system and a narrow spectral bandwidth (less
2B) in which 10 mM EGTA instead of 40@M quin2 is than 1 nm) for the excitation beam, using different wavelengths

used to trigger C dissociation from the ATPase. At pH for excitation of Trp fluorescence, as indicated. SR vesicles at 0.4

; mg/mL, to which 10quM Ca&" had been added, were mixed one
7 and 20°C and in the presence of 100 mM KCl, as shown to one with 10 mM EGTA. The medium was buffered at pH 7 and

in panel A in Figure 4, the kinetics of the EGTA-induced 50 c; and contained 100 mM KCI and 50 mM Mops-Tris (panel
drop in Trp fluorescence are indeed much faster when A), 150 mM Mops-Tris and no KCI (panel B), or 100 mM NaCl
excitation is set at 296 nm instead of 280 nm: fits to single and 50 mM Mops-Tris (panel C). When the data in panels A and
exponentials give observed rate constants of 69 and’25 s B are _fit_ted to single exeonentials, the fcillowing rate constants are
respectively. Results withex = 290 nm (see dotted trace Egggdhn;r)', ?ﬁnpinpé’l ésg (gif(()zgrg)ﬁnzq? :nézg(())%n})z,gagng n§)531
in Figure 4A) are similar to those with 280 nm. Figure 4B ' T ' '
shows that this dependence on the excitation wavelength ofand quin2 traces in the presence of KCI (Figure 5B) is larger
the kinetics of the observed fluorescence changes is practi-than in Figure 2B, with a ratio for the rate constants of Trp
cally absent when the experiment is repeated in the absencend quin2 fluorescence changes at pH 7 of 3 in Figure 5B,
of KCI. Its occurrence is, however, not specific to the instead of 1.4 in Figure 2B. At pH 6 (data not shown) in
presence of KCI, since it is even more clearly observed in the presence of KCI, this ratio of rate constants for Trp and
the presence of NaCl (Figure 4C). In this case, the observedquin2 fluorescence changes is 1.6 (instead of 1.1 in Figure
changes in fluorescence clearly comprise two phases of3B), whereas in the absence of KCl it is 1.03 (instead of
opposite sign when observed withk = 296 nm. The likely 1.00 in Figure 3A). The apparent discrepancy, when it exists,
existence of a similar although less obvious second phasebetween Trp traces and quin2 traces is therefore larger when
of opposite sign can in fact also be recognized in the trace Trp fluorescence is excited with the broader spectral
obtained in the presence of KCl with 296 nm as the excitation bandwidth. The main reason for this difference is the
wavelength (Figure 4A). Similar results are obtained when presence, in the emission spectrum of the mercury-doped
the experiment is performed in the presence of quin2 insteadxenon lamp used for excitation, of a sharp and intense
of EGTA (data not shown). mercury arc line at 296/297 nm, superimposed on the
This wavelength dependence of the response of ATPaserelatively broad spectrum characteristic of xenon: combining
Trp fluorescence presumably arises because the various Tr@ nominal excitation wavelength of 290 nm with a spectral
residues in ATPase do not all respond tCdissociation bandwidth that is too broad therefore results in an excitation
in the same way, and some of them are optically selectedbeam which is in fact dominated by the arc line at 296/297
when a long excitation wavelength is used (see below). nm (this also accounts for the smaller relative amplitudes of
However, this dependence is also responsible for the differ- the fluorescence changes in Figure 5 compared to Figure
ence between the standard results shown above in Figure 2).
and those, now illustrated in Figure 5, obtained when a
broader spectral bandwidth for the excitation beam is used
in conjunction with the same nominal excitation wavelength
of 290 nm. In the latter case, under comparable if not We finally wondered whether the fact, observed in time-
identical conditions, the apparent discrepancy between Trpresolved experiments, that rapid dissociation of the firét Ca

Significance of Trp Fluorescence deds at Equilibrium
and Optical Selection of Specific Trp Residues
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Ficure 6: Comparison between ATPase Trp fluorescence and
45Ca* bound at equilibrium. Squares show the dependence on pCa
of the amount of*C&* bound at equilibrium to the ATPase high-
affinity sites. Circles show thdifferencebetween the fluorescence
of ATPase at the indicated pCa and that o Chiee ATPase,
obtained after addition of excess EGTA,; this difference is expressed
in %, relative to ATPase fluorescence. Identical SR samples were
prepared for the’>Cea* binding measurements and for the Trp
fluorescence measurements, both performed in duplicate in a
medium containing 5 mM Mg, 100 mM KCI, and 50 mM Mops-
Tris at pH 7 and 20°C (see Experimental Procedures). Unless
indicated by an error bar, the difference between duplicates was
time, s smaller than the size of the symbols. The dotted horizontal line
. ) represents 12% of the maximal signal, the latter being a 4% change
FiGURES: quin2 and Trp fluorescence changes in the absence (panekqy Trp fluorescence and 12 nmol/mg of protein for bodf@az+
A) or presence (panel B) of KCl at pH 7, as observed with a wide (note the different log scales on texis for4Ca+ and Trp data).

spectral bandwidth for excitation. This experiment is similar to that | jnes through data points correspond to fits with= 2.04M and
shown in Figure 2, except for a few differences. Here, SR vesicles p, = 1.3 ¢5Ca+ data) andKg = 2.3uM andny = 1.6 (Trp data).

were mixed one to one with 1QoM quin2, and the medium was

buffered at pH 7 and 20C. This experiment was performed with iall . - f1h & Cian (i
a Dionex 110 instrument in which the observation chamber had an €SPecially sensitive to binding of the secondCan (i.e.,

optical pathlength of 20 mm (hence the lower concentration of the first ion to leave, in dissociation experiments).
quin2, to avoid inner filter problems) and was illuminated at a  \We then examined the effect of the excitation wavelength
nominal wavelength of 290 nm but with a broad spectral bandwidth . equilibrium fluorescence levels (Figure 7). We found

4 nm). Th were fi ingle exponentials, with . . .
E)e;)bs%l;\t/ed rat)e conitgﬁtg for('e qiingegnfjoT?p %L?ofes%%niet gfséA etmdthat when ATPase fluorescence is excited at 300 nm instead
9.2 s, respectively, in panel A and 14 and 44'sn panel B. of 280 nm, the emission spectrum is in fact shifted toward

longer wavelengths by about 2 nm (panel A in Figure 7,
ion apparently plays a dominant role in Trp fluorescence dotted line versus continuous line, see asterisk). Excitation
changes in the presence of KCl has any counterpart inspectra provide the same information (panel B, dotted line
experiments performed at equilibrium. The answer is yes. versus continuous line, see asterisk at the red edge of the
Figure 6 first shows an experiment which was designed to excitation spectrum). Consequently, we examined*Ca
compare, at various pCa values under equilibrium conditions dependent changes in ATPase fluorescence with two different
at pH 7, the amount dfC&" bound to the ATPase (squares) combinations of excitatioandemission wavelengths (panel
with the ATPase intrinsic fluorescence, excited at 290 nm C in Figure 7). In both cases, the initial addition of EGTA
(in fact, the circles correspond to the relatiddference to SR vesicles (previously equilibrated with contaminating
between this level, at the indicated pCa value, and the levelC&" in a medium containing 100 mM NaCl and 50 mM
of the same sample after addition of EGTA). Care was taken Mops-Tris at pH 7a medium chosen to maximize the
to minimize possible sources of error (see Experimental anticipated differences) resulted in a large drop in fluores-
Procedures). The logarithmi¢scale in Figure 6 makes it cence. This was followed by several additions of Cdo
clear that squares and circles arat superimposed at low  progressively increase the free Zaconcentration up to
C&" concentrations: bound®C&" reaches 10% of its  saturation. The experiment illustrated by the top trace in
maximal value (see horizontal dotted line; this corresponds Figure 7C, recorded withex = 280 nm andler, = 320 nm,
to a level that we could measure reliably) at a concentration displays the usually observed progressiveé‘@ependent
of free C&* for which the Trp fluorescence has not yet risen rise in ATPase intrinsic fluorescence. However, the bottom
to a significant extent; and when the Trp fluorescence signal trace, recorded withlex = 302 nm andiem = 350 nm,
reaches 10% of its own maximal value, boutt@&" is displays a slightly different pattern: with these longer
proportionally much larger. The €adependentrise in Trp  excitation and emission wavelengths, the first addition of
fluorescence exhibits a higher index of positive cooperativity Ca*, which presumably favors the formation of ATPase
(ny = 1.6) and a higher Ggthan*C&" binding, the positive  species with only one C& ion bound, results in a small
cooperativity of which is poorernf; = 1.3). Thus these drop (instead of a rise) in ATPase fluorescence; subsequent
results show that at equilibrium in the presence of KCI the additions of C&" revert this drop, but after the third addition
intrinsic fluorescence level of E&ATPase does not exactly of C&™, i.e., at pCa 5.7, the ATPase fluorescence level is
parallel °C&" binding but exhibits a dependence on free still significantly different from its maximum (as shown by
Ca" which has a slightly larger positive cooperativity, as if the relatively large effect of the fourth addition) whereas at
Trp fluorescenceeven when excited at 290 nnwere pCa 5.7 an almost maximal fluorescence level has already
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, nm A_,nm clearly resolved, the free €a concentration for which
o « fluorescence finally rises is still unambiguously shifted to a
higher value, as in the presence of NaCl, when fluorescence
] is excited at the longer wavelength (triangles versus circles
- in panel E). In contrast, in the absence of KCI or NacCl,
there is almost no difference between the results collected
%0 320 360 %0 320 at long or short wavelength at pH 7 (triangles or circles in
Figure 7F), and at pH 6 there is none at all (diamonds or
T T T T ] squares in Figure 7F); at this pH, the affinity ofZC&inding
to the ATPase shifts to higher &aconcentrations, as
previously noted37). These results concerning the wave-
length-dependence under various ionic conditions of the pCa-
dependence of ATPase fluorescence are consistent with our
time-resolved results in Figure 4. Together with the equi-
librium results in Figure 6, they also demonstrate that at
neutral pH in the presence of KCI or NaCl, the apparent
positive cooperativity with which Ca binds to Ca"-ATPase
. . ‘ . is not very high. If it were high, the ATPase would exist
0 100 200 300 400 500 almost exclusively either as the €dree species or as the
species with two CH ions bound, and all spectroscopic
properties would have the same pCa-dependence, which is
/ not the case in Figures 7D and 7E. In contrast, #CGands
-/ ar = with poor positive cooperativity, significant amounts of

’ g ] - Q/{F ATPase species with only one €aion bound may ac-
Lo L ] cumulate at intermediate €aconcentrations, with their own
specific spectroscopic properties; thus changes at different
excitation (and emission) wavelengths may have different
pCa-dependences because they may be dominated by any

FiGUrRe 7: Ca&'-dependence of ATPase intrinsic fluorescence : ; ; e
depends on which Trp residues are optically selected. SR vesicles®"€ of the three main ATPase intermediates [see a similar

(0.1 mg of protein/mL) were suspended in 2 mL of a medium rationale about binding of &, a C&" analog, in 48,49].
containing either 100 mM KCI and 50 mM Mops-Tris at pH 7 and

20°C (panels A, B, and E), or 100 mM NaCl and 50 mM Mops- DISCUSSION

Tris at pH 7 (panels C and D), or neither KCI nor NaCl but either

150 mM Mops-Tris at pH 7 (circles and triangles in panel F) or yse of quin2 To Compare the Rate of?C®issociation

150 mM Mes-Tris at pH 6 (squares and diamonds in panel F). -+ : :
(Panel A) Fluorescence emission spectra, with eithger= 280 from Ca*-ATPase with the Accompanying Trp

nm (continuous line) of.ex = 300 nm (dotted line) (bw= 2 nm). Fluorescence Changes

Raman scattering was subtracted, and spectra were normalized and )

plotted in arbitrary units au. (Panel B) Excitation spectra, with either ~ We show here that quin2 can be successfully used to
Aem = 320 nm (continuous line) ofem = 370 nm (dotted line). ~ measure, under exactly the same conditions, the kinetics of
Asterisks point to small red shifts. (Panel C) “Galependent 4o & dissociation from CH-ATPase and the accompanying
changes In ase Intrinsic rfiluorescence. lraces were recorae . . P _
either with e, = 280 Nm andien = 320 nm (top trace) (1 and 10 change; m_ATPase |ntr|n_S|c fluorescence. The Trp f_Iuore_s
nm bw, respectively) or witex = 302 nm andiem = 350 nm cence kinetics measured in the presence of quin2 are identical
(bottom trace) (5 and 10 nm bw, respectively), and were shifted to those measured in more conventional experiments in the
with respect to each other by a few % offset. In both cased, 4 presence of EGTA (e.g., see Figure 3A), which shows that
of EGTA (0.5 M stock solution) was first added, followed by four absorbance of quin2 in the UV regio2d] is not an obstacle

additions of C&", 2.2uL each (0.25 M stock solution); pCa after - . . .
each addition was 6.8, 6.3, 5.7, and 4.0, respectively. The artefactsi© these measurements (especially if an optical cell with a

due to dilution have not been corrected for, but they are very small short pathlength is used). To our knowledge, combining Trp
for these additions. Finally, 8L of buffer was added as a control,  fluorescence measurements with quin2 fluorescence meas-

resulting in 4% dilution of the sample. (Panels-B) pCa-  yrements in this way had never been attempted before,

dependence of the normalized fluorescence changes in different .
media, using either lower (circles and squares) or higher (triangles presumably because most of the small solubl& @inding

and diamonds) excitation and emission wavelengths, as for panelProteins for which this quin2 technique was developg) (
C; each data point is the meanSD of 2-4 measurements. have no Trp residues to be studied. As previously deduced

from comparison of Trp fluorescence measurements with a
been reached at the shorter wavelength (as shown by thdew 4C&" rapid filtration studies 12,18,19,25 our data
very small effect of the fourth addition in the top trace of confirm that under certain conditions the Trp fluorescence
panel C). The pCa-dependence of these fluorescencechanges exactly parallel overall €adissociation from the
changes is plotted in Figure 7D: it is shifted to higheCa ATPase. However, this is not the case under all ionic
concentrations at long wavelengths (triangles) compared toconditions, especially in the presence of KCI or NaCl under
short wavelengths (circles). otherwise standard conditions for pH, temperature, ané"Mg

Similar experiments were performed under other ionic (Figures 2-5). In particular, the true effect of KCI on the
conditions. In the presence of KCl instead of NaCl (panel rate of C&" dissociation is much more modest than its
E in Figure 7), although the intermediate freeCaoncen- previously described effectl9,2§ on the rate of Trp
trations at which ATPase has a reduced fluorescence are nofluorescence changes.

A

fluorescence and
Rayleigh scatt., a.u.
w o
(=3 (==}
T T

(=}

108 -

104

100 t \ Cazf /buffer _

fluorescence, %
(with offset)

96

time, s

~
=)}
w
~
(=2}
w

pCa pCa




12390 Biochemistry, Vol. 36, No. 40, 1997 Champeil et al.

Analysis of the Pseudo-Monophasic Kinetics ofCa k, (=2k,=2k,, ) k, (=k;.)
Dissociation ECaCa —— = ECa — = E

A remarkable result of our experiments is that under all B 1o o, JQE,) T/ ~
of these neutral or acidic conditions, the kinetics of overall & | \/Ecmc < . oy
Ca*t dissociation, as deduced from the changes in quin2  ~_ >/ . Q
fluorescence, are fitted remarkably well by single exponen- 05 e 05
tials (e.g., see Figures 1, 2, 3M, and 5, in which fits to i ~ _—ECa 8
single exponentials superimposed on the quin2 data are - ~ A A
shown). This fact was previously noted in indirect or direct 0.0 , I \\.\‘;,gi Too ©
measurements of €adissociation [phosphorylation meas- 0 2 4 76 810
urements in 24); 45Ca* filtration measurements ir26)], i

. ] . . : ime « (k, /In2)

but the high signal to noise ratio in the present experiments Lo diss 10
makes this observation even more certain. Since dissociation ’ ' ' I Z~ ]
of the two C&" ions has been shown to be sequential AN\ //.2 —_
(12,13,23-25), the pseudo-monophasic time course of = \ \ <o | cr::'
overall C&" dissociation places constraints on the models 2 os -\ Ko ————{ 05 é
accounting for this dissociatior2$). These constraints are g [ \\ _ 8 3-5;3;; %
not easily deduced from intuition only but can be obtained WA IR = (1,405, 0) o F
by solving the simple differential equations which govern ~ ool 2\ B G IPYIR
evolution of the system: it turns out [Figure 1 iB0f] that = L T =] 29
for sequential dissociation to result in an apparently mono- o B <
exponential loss of Ca from the ATPase, the ratio between I AR . ! Lol
the rate constant&{andk,) for dissociation of the first and 0 2 476810
the second ions must be close to 2, and the rate constant for time » (k. /In2)

overall dissociation Kss9 then corresponds to the rate

constant for dissociation of the second ion. Figure 8A shows Ficure 8: Theoretical simulation of pOSSible responses of intrinsic

a simulation corresponding to this situation: the time- Lluorescence to sequential Calissociation from the ATPase. (Top
. . . . L cheme) Model with three species for sequential but monophasic

dependence of the various species during'@issociation ¢+ dissociation. The species with only one 2Cdon might

is shown by the continuous lines in Figure 8A, while the actually comprise a mixture of species in rapid equilibrium, with

concomitant drop in bound €ais shown by the dashed the single residual Ca ion shuttling back and forth between a

line. Thus, a consequence of monophasic overafitCa deeper and a more superficial position in the binding creag (

. c . similarly, all C&*-free species in rapid equilibrium are treated as
dissociation is that from this single measurement the rates_ single species. (Panel A) Time-dependence afté Gaelation

of dissociation of the first and second®aons can both be  of the relative concentrations of the various species (continuous

estimated. lines) and of the residual amount of €abound to the ATPase
(dashed line). The scale for the abscissa is normalized to the half

Analysis of the Kinetics of Trp Fluorescence Changes, time for overall C&" dissociation, (In 2}4iss (Panel B) Time-

Using a Three-Species Model dependence of the drop in Trp fluorescence. This drop is a linear

combination of the concentrations of the various specjgsvith

These C# dissociation rates can then be used to simulate ﬁ‘;lefgféesgtjn%eeﬂzcgig%:’;\}vf:ﬁt?am’g ggg][f?;‘éﬁ?scg roef fZaChf S)?eCieS;
the expected kinetics of the Trp fluorescence changes. The szaCa_ f2). Four specific asslahmptions are considerled, gnd the
latter depend on the exact fluorescence levels assumed fotorresponding coefficients are indicated in the figure. When the
the various species. If we assume that the three-speciesiuorescence level of the intermediate species is lower than that of
model shown on top of Figure 8 correctly describeg'€a  the final species (negative coefficient for ECa), an undershoot is
ATPase, then if the fluorescence level of the ECa species is@PServed. The expected rise in quin2 fluorescence, which reflects
exactly between those of the EQand E species, the changes Ca* dissociation, is also indicated (dashed line upward).
in Trp fluorescence will exactly parallel overall €a binds to the same sites as Zaut with a lower affinity
dissociation and its mirror image, quin2 fluorescence (dashed(49).
lines in Figure 8B). According to this analysis, this seems At first sight, it seems that no spectroscopic event can
to be the case in the absence of KCI (Figures 2A and 5A; occur with an apparent rate constant faster than the rate
see below, however). Alternatively, if the entire drop in constant for dissociation of the first &aion (i.e., XKyis9.
ATPase fluorescence already occurs as the result of theHowever, if the intermediate ECa species has an overall Trp
dissociation of the first ion, the Trp fluorescence drop will fluorescence levelower than that of the final species, the
be twice as fast as the overall rate ofCédissociation, since  observed Trp signal in fact comprises both a fast drop and
its time course will match that of the E€species (continu-  a subsequent slower rise (in Figure 8B, the dotted line and
ous lines in Figue 8 A and B). This seems to be almost the the dashed-dotted line illustrate two swasey. Depending
case at neutral pH in the presence of a high KCI concentra-on the assumed fluorescence levels, the slower rise may be
tion, when Trp fluorescence is excited at 290 nm (Figures only poorly apparent (e.g., the simulated dashed-dotted line
2B and 3C). We are thus tempted to conclude that underin Figure 8B), and in experimental data, it may be even less
these conditions, changes in ATPase intrinsic fluorescenceapparent, because of noise level and on-going photolysis (see
are mainly dominated by the dissociation kinetics of the first Figure 5B or 4A, where Trp fluorescence changes in the
C&" ion. We had previously reached a similar conclusion presence of KCl are observed either with a nominal
regarding the significance of the Trp fluorescence changeswavelength of 290 nm but with a HgXe lamp and a broad
accompanying dissociation of 3y an analog of C& which spectral bandwidth for excitation or with an excitation
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wavelength of 296 nm). If in such cases the second phaseprotons 27): monovalent cations (especially Navhich is
is overlooked and a single-exponential analysis is applied closer to H) could bind to some of the sites for protons on

to the data (truly biphasic, with amplitudes of opposite sign),
the outcome of this analysis is apparenthalftime shorter
than that of the dissociation of the first €don: the unduly
short halftime deduced from such waisingle-exponential

E1 but prevent the previously recognized proton-induced shift
from E1 to E2 87,51-53). This antagonistic effect of
monovalent cations in favor of E1 might also be part of the
reason why, in CH-ATPase, phosphorylation from inorganic

analysis simply reflects the existence of intermediate speciesphosphate (believed to occur on the E2 form) is reduced in

with an overall fluorescence lower than that of the final

the presence of KCl and NaCl [e.g54]]; of course, part of

species. The existence of these ATPase intermediate speciethis reduction is also due to acceleration of ATPase dephos-
with low fluorescence is of course made even clearer by the phorylation [e.g. $5)].
unambiguous undershoot observed in the presence of NaCl |n structural terms, if the E2 conformation is significantly

when a long excitation wavelength is used (Figure 4C).

Analysis of Trp Fluorescence Changes, Using a
Four-Species Model: Conformational Changes of
Ca?t-Free ATPase and the Effect of Kor Na*

The fact that, in the presence of Kr Na', intermediate
ATPase species presumably with only oneé'Cian bound
have an overall fluorescence level lower than or similar to
(depending on the excitation wavelength) that of thé*€a

different from E1, with long-range reorganization extending
up to the ATPase phosphorylation site, it is not surprising
that this delocalized change also affects the exact fluores-
cence level of the various Trp residues in ATPase; the
fluorescence level would then be alterbdth upon C&"
binding or dissociatiomnd upon changing conformation, a
possibility at slight variance with the simpler versions
previously proposed, which considered hypotheses in which
fluorescence changes occurreither as a result of Ca

deprived E species then raises the question of why, in thebindingor as a result of conformational changes [e5R)[.

absence of K or Na*, the kinetics for Trp fluorescence
changes and for overall €adissociation are found to be

These different putative conformations of Cdree
ATPase have been the subject of much controversy over the

similar. This question can be answered by accepting thatyears [e.g. 16,56]. Examining the various intermediates
the three-species model for dissociation shown on Figure 8formed during C&" dissociation in more detail is not possible
(and reproduced below as Scheme 1) is an oversimplification, here, since we need an additional and different index of the
and that more realistic models (e.g., Scheme 2 below, as inATPase conformational state. However, the well-known

(2)) must comprise an equilibrium between different con-
formations of Cé"-free ATPase:

Scheme 1
ECa2— ECa— E
Scheme 2

ElCa2—ElCa— E1—E2

FITC probe, specifically bound to lysine515 in the ATPase
cytoplasmic domain, might be useful for providing such an
index. We previously showed that it is possible to monitor
both Trp fluorescence and FITC fluorescence changes with
an FITC-labeled enzymet9,57, and in the present work
we show that it is also possible to monitor®Calissociation
from such an FITC-labeled ATPase with quin2 (for instance,
the SR vesicles which were used for the particular experiment
illustrated in Figure 1 were FITC-labeled SR vesicles). Thus,
the present work provides a starting point for future

Scheme 2 can indeed account for the results obtained bowbomparison between Trp fluorescence changes, FITC fluo-

in the presencandthe absence of monovalent cations if (i)

the equilibrium between E1 and E2 favors E1 in the presence - p+

of monovalent iondut shifts toward E2 in their absence
as in fact previously suggeste®7j, (ii) the relative

fluorescence level of the newly introduced E2 species is even
lower than that of the E1Ca species, while that of E1 is higher

rescence changes and?Cdissociation from FITC-labeled
-ATPase under exactly the same ionic conditions.

Cooperatvity of Equilibrium C&*" Binding to ATPase

Under equilibrium conditions at neutral pH and in the

than that of E1Ca, and (iii) transitions between E1 and E2 presence of monovalent cations, various parameters reflecting

are fast compared with the &adissociation steps, especially

Ca&" complexation with the ATPase do not all display

in the absence of monovalent cations. Hypotheses i and iiexactly the same Ca-dependence: the €adependence of

imply that the average fluorescence level ofPGdeprived

the amount of ATPase-bourfeCa" is less cooperative than

ATPase (the equivalent E species depicted in the simplerthat of the accompanying Trp fluorescence (Figure 6), and
Scheme 1) is lower than that of E1Ca in the absence of Trp fluorescence changes do not have exactly the same
monovalent cations but may be equal to it or even higher in midpoint if they are observed with shorter or longer

their presence.
performed at pH 7 and in the absence of #gwve found
that in the presence of €3 the ATPase fluorescence level
is the same in the absence or presence of 100 mM K
whereas in the absence of €ait is lower in the absence of

In agreement with this, in experiments excitation wavelengths (Figure #E). Irrespective of the

detailed mechanism, this implies that ATPase species,
intermediate in the reaction sequence betweéri-Saturated
ATPase and Ca4-deprived ATPase and with specific
fluorescence properties, exist at equilibrium in significant

K* [Champeil and Guillain, unpublished data; see also Figure amounts: this implies that the cooperativity for binding of

8in (27)]. Hypothesis iii is required to account for the fact
that Trp fluorescence drops fit reasonably well to single-

the two C&" ions is not very high. Analyzin¢fCa* binding
experiments performed in the absence of monovalent cations,

exponential processes in the absence of monovalent cationsForge et al. previously found that the Hill index f&fCa*

A very simple mechanism for the nonspecific effect of
monovalent cations on the E1/E2 equilibrium of ?Ga

binding is high under acidic conditions but is significantly
lower under alkaline condition87). In agreement with this,

ATPase suggested by hypothesis i would be competition with we find that Trp fluorescence changes observed with shorter
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and longer excitation wavelengths no longer differ in their Ca*-ATPase was reconstituted in the presence of short-chain
Ca* dependence when the experiment is performed at acidiclipids (62,63 or when membranous ATPase was perturbed
pH (Figure 7F). Our results therefore support the conclusions by the non-ionic detergent dodecyl maltosiéd,63. We
of Forge et al. and provide an independent test that undercan now conclude that in these previous studies the ability
selected conditions Cabinding cooperativity may be rather of Trp residues to exhibit reduced fluorescence under
low. They also suggest that at pH 7+ kind N& ions make conditions resulting in formation of ATPase species with only
C&" binding even less cooperative (Figure 7F), presumably one C&" ion bound was not simply the result of ATPase
because of a shift in the pH-dependent equilibrium (Scheme perturbation, since specific Trp residuesnative ATPase
2) preceding CH binding (or following C&" dissociation). also respond by a rise in fluorescence to the dissociation of
The question arises of whether Tainding to E1 has any  the second C4 ion (Figure 4A and C, and Figure 7C and
cooperativity at all per se: the putative E1/E2 pre-equilibrium D). This second ion is presumably the one bound to the
was theoretically shown long ago to have the capacity for “deeper” site, which remains relatively unaltered in the
imposing various degrees of cooperativig). In this view, presence of either short-chain phospholipids or dodecyl
S+, the C&* analog 48,49, would only differ from C&" maltoside, despite the loss of the more superficial site. If
because of its different affinity for C&ATPase and not  certain Trp residues mainly respond to dissociation of the
because of any difference in the cooperativity of intrinsic first C&" ion by a drop in fluorescence, whereas others
binding. This is presently under examination. mainly respond to dissociation of the second'Qan by a
rise in fluorescence, then future mutation of the various Trp
residues in Cd-ATPase, coupled with the spectroscopic
characterization suggested here, might allow recognition of
Finally, it is worth discussing the dependence on excitation the residues especially sensitive to?Cdissociation from
wavelength of the kinetics of the changes in ATPase Trp one or the other of these two high-affinity transport sites.
fluorescence observed upon dissociation of'Carhis up-
to-now unsuspected dependence explains why a very larggACKNOWLEDGMENT
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