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ABSTRACT. Fluorescence quenching by the water-soluble ionanid Cs was used to probe solvent
accessibility and polarity of the nucleotide/fluorescein isothiocyanate binding pocket of the purified soluble
Ca&*+-ATPase from plasma membranes. Thed CaM conformer was the least accessible state studied,
presenting the lowest suppression constég} {or both I- (K4 = 6.7 M%) and Cs (K4 = 0.7 MY).
Accessibility to I was similar for the EVO,4 and B-Ca statesiq = 7.13 and 7.5 M%, respectively),
whereas Ewas slightly more accessibl&{ = 9.1 M™). The phosphorylated state-P presented the
highest accessibility, with &, of 16.5 M™%, very near theK, of 20.3 M for free FITC. I was
unequivocally a better fluorescence quencher, being usually nearly 3-fold as efficient, &s @wlicated

by the Kq(17)/K4(Cs") ratio (Ry). The advent of a positive charge cluster on the nucleotide/fluorescein
binding pocket in different states was suggested by the incre&’¢ which reached a value as high as

9.5 for the E-CaCaM conformer. These results indicate (i) a very high water accessibility of the nucleotide/
fluorescein pocket for £P that (ii) is more restricted on the freg &ate and (iii) becomes rather lower

for the &-Ca states. Additionally, a positive charge effect of amino acids on the nucleotide site, possibly
related to ATP binding and phosphoryl transfer, appears in theseaEstates, being absent in the
phosphorylated and nonphosphorylatedsites.

The plasma membrane €aATPase (PMCA) is a P-type Scheme 1. Catalytic Cycle Proposed for the Plasma
ATPase present in all studied eukaryotic cells and is Membrane C&-ATPase

ultimately responsible for fine-tuning the internal Ca Ca™, +ATP ADP
concentrations needed for cell survival. In mammals, this \ )

enzyme is found as four major isoforms (PMCA4), which E, Ca-EyATP «————— CaE,-P
are differentially expressed in tissues. This number can be 1 2

further increased by alternative splicing 2). PMCA shows 6 3

a high stringency for ATP as the energy donor for’Ca 5 4

transport and shuttles one €don to the extracellular side E, N ErP s CaEx-P
for each hydrolysis cycle3( 4). Major modulators of these B HO Ca™ o

enzyme’s activities are calmodulin (CaM), acidic phospho-

lipids and fatty acidsg, 6), Ca" itself, oligomerization T, and their ability to be phosphorylated by ATP,(Eor

8), in vivo proteolysis by calpain (or trypsin in vitr@®, 10), inorganic phosphate ¢E(14, 15). Resolution of the amino
and phosphorylation by PKA and PKC1-13). Onthe basis  acid sequence of the enzyme has been useful for modeling
of kinetic data and by analogy with its sarcoplasmic reticulum secondary and tertiary structures and identifying important
counterpart, a simplified transport scheme proposes that theresidues 2). However, a global perception of the changes
enzyme cycles through two major conformational states, that the nucleotide site of the enzyme undergoes during the
namely, & and & (Scheme 1). These states are clearly catalytic cycle is missing due to the lack of the high amounts
distinct in reference to their affinity for Ca (&, >>> E,) of purified enzyme needed for structural approaches. In this
study, this apparent difficulty was circumvented by attaching
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EXPERIMENTAL PROCEDURES

Reagentd=ITC, pNPP (dicyclohexylammonium salt), ATP
(disodium salt), EGTA, MOPS, Tris, and CaM were from
Sigma. CaM-Sepharose 4B was from Pharmacia. All other
reagents and buffers were of analytical grage®?P]ATP
was synthesized according to the procedure of Walseth an
Johnson 17), with [3?P]R purchased from the Instituto de
Pesquisas Enetrtieas e Nucleares (IPEN-SP/Brazil).

Purification of PMCA. Pig erythrocyte ghosts were
prepared according to the method of Rega etldl). PMCA
was solubilized and purified by a Sepharose-4¢RImodulin
affinity chromatography, as described by Caroni et &) (
and modified by Pasa et aR@). Protein concentration was
determined according to the method of Lowry et &1)(
(ghosts) or Petersor2®) (purified PMCA). Purified soluble
enzyme was used throughout this paper.

Labeling of PMCA with FITCGhosts (18 mL at 4 mg/
mL) were incubated in a medium containing 20 FITC,

10 mM BTP-CI (pH 7.4), and no added €ain a dark shell

Fonseca et al.

each C&" by use of a computer prograri4) derived from
the original by Fabiato and Fabiat@5) and using the
Schwartzenbach2g) constant for dissociation of the Ca-
EGTA complex.

Fluorescence of FITC-PMCAluorescence of the labeled,

OIfurified enzyme was measured in a Hitachi F4500 spectro-
I

uorometer. The spectrum and yield of labeling were
determined with excitation set at 480 nm and emission
scanning from 500 to 600 nm. For quenching experiments,
as well as for measurements of fluorescence levels, the
emission was continuously recorded at 520 nm, and values
were corrected against the column elution buffer and for
dilution effects. The fluorescence at 520 nm and the spectrum
of FITC were not directly modified by the addition of EGTA,
Ca*, and/or Pto the samples (not shown).

Fluorescence Quenchingiwo fluorescence quenchers
with opposite charges were used, Kl and CsCl. Standard
suppression media containeg@mL purified soluble FITC-
PMCA, 10 mM MgCh, 80 mM MOPS-OH (pH 7.4), 120
mM KCI, and 0.5 mM EGTA, in a final volume of 0.5 mL.

at room temperature. After 40 min, the sample was pelleted The concentrated quenchers—@ uL) were sequentially

for 10 min at 20000, resuspended to 18 mL with 100 mM
Tris-Cl (pH 7.4), repelleted, and resuspended again two
times, and the last pellet was dissolved in the solubilization
medium described by Caroni et al9j, with 0.2uM lysine
added to further deplete residual FITC. The rest of the

added, and fluorescence was recorded for 3 min. Changes
to this medium included Cagto give different free CH,
CaM, sodium orthovanadate, buffered sodium phosphate, and
native or denatured enzyme. The final concentration of
detergent and lipids in the samples varied from 0.0008 to

purification procedure was as stated by those authors. FITC0.0012% G,Es and from 3.3 to 5.cg-mL~! and presented

solutions were always freshly made to 1 mM in ethanol prior
to labeling. Nonlabeled PMCA purifications were always run
in parallel in order to have quasi-similar unlabeled PMCA
as hydrolase and fluorescence controls.

Assessment of Labeling with FITCGabeling was assessed
by comparison of the ratios of inactivation of the ATPase

no influence on the quenching constants observed. The
enzyme is stable in the suppression medium for at least 1 h.
The quenching constantK{) were calculated using the
Stern—Volmer equation

FfF = 1+ KJQ]

and pNPPase activities and by measuring the light absorption

and fluorescence of the labeled purified PMCA. The ratio
of bound FITC per protein molecule was calculated by
dividing the FITC concentration (obtained by optical density
of purified FITC-PMCA, using:#°?2 = 68000 M in water,

at pH 7.0) by the protein concentration and was double-
checked by the fluorescence of FITC-PMCA, plotted against
a standard curve (in arbitrary units) generated with free
fluorescein. The labeling ratio averaged 0.90 mol of FITC/
mol of PMCA. Labeling was fully prevented by the addition
of 3 mM ATP to the labeling medium.

ATPase and pNPPase Adties. ATPase activity was
assayed for each paired preparation in 0.2 mL of medium
containing 30 mM Tris-Cl (pH 7.0), 120 mM KClI, 5.5 mM
MgCl,, 0.2 mM EGTA, 10uM free C&", 1 mM [y-32P]-
ATP, and 2ug/mL PMCA or FITC-PMCA. Reactions were
quenched after 60 min at 3T by the addition of 0.1 mL
of 0.1 N HCI, followed by 0.2 mL of activated charcoal in
0.1 N HCI and spinning for 5 minx 10000 rpm in an
Eppendorf centrifuge. The supernatant containing ¥ {

P, released was counted by liquid scintillatioB3]. The

(27), whereK, = the Sterr-Volmer quenching constarft,

= the fluorescence in the absence of quencker the
fluorescence in the presence of quencher, and$Qhe
molar concentration of quencher. All of the calculateg
values were analyzed with Student’'sest, withP < 0.05

for paired data. The data presented are averages of measure-
ments of no less than eight different experiments, done with
at least five different preparations.

Fluorescence Lifetime DeterminationBhe lifetimes of
FITC-PMCA were determined by time-correlated single-
photon counting (TCSPC) using an OB920 fluorescence
lifetime spectrometer (Edinburgh Analytical Instruments).
The determinations were done in quadruplicate or duplicate,
and estimates were done using single- and double-exponential
decay fitting. In all cases, the decays were adequately fitted
by a single-exponential decay.

RESULTS

For most P-type ATPases, labeling with FITC impairs
nucleotide binding and ATPase activity, although it does not

ATPase activity of ghosts was assayed as above, howeverjmpair smaller substrates hydrolysis (like pNPP) or phos-

with 1 mM ouabain and 0.2 mg/mL ghost protein in place
of purified PMCA. pNPP hydrolysis was measured continu-

phorylation by P (28, 29). For PMCA, however, pNPP
hydrolysis is known to be partially impaired by this labeling

ously by the release of pNP in a GBC Cintra-20 spectro- (30). The molecular reasons for such differences are not clear
photometer, set at 425 nm. The medium was essentially asat this moment and suggest a closer contact between the
above, except that 13 mM pNPP substituted for ATP and nucleotide binding domain and the residues on the catalytic
small amounts of Caglwere sequentially added to give site of the PMCA. Accordingly, our FITC-PMCA ATPase
different free C&". The CaC} needed was calculated for activity is usually inhibited in excess of 90%, whereas pNPP



Conformations of the Catalytic Site of €aATPase Biochemistry, Vol. 41, No. 23, 2007485

Table 1: Ky Values for KI or CsCl as Quenchers of the Fluorescence of HPRICA?

FITC DFP EGTA ca ca* + CaM VO, P + DFP
Kl 20.3+1.7(10) 12.4-0.8(14) 9.1+:05(20) 7.5:0.8(22) 6.7£0.7(25)  7.1£0.5(8) 13.3+ 1.3 (10)
CsCl  81+0.3(12)  3.8:0.1(20) 25:0.1(24) 12+03(24) 0.7+£0.02(27) 15007 (10)  4.2£0.5(14)
Ry 2.5+0.2 3.3+ 0.2 3.6+ 0.2 6.3+ 1.7 9.6+ 1.0 47404 3.2+ 05

aValues forKq are expressed asM Data are presented as mearsD. Number of experiments is in parenthesRgs the ratioKq(17)/Kq(Cs").
FITC, free FITC; DFP, Gdm-CI denatured FITC-PMCA.

3.5 Table 2: Fluorescence Lifetimes of FITC-PMCA in the Presence or
A Absence of Kl or CsCl
30 guenching agent 7 (ns)
w 25 none 4.2 0.10 h=4)
) Kl, 100 mM 3.99+ 0.07h=2)
Lo, CsCl, 200 mM 4.33:0.01=2)
aLifetimes were measured in the same experimental conditions used
1.5 for Figure 2. Values were calculated from the experimental data by
fitting with a monoexponential decay, because no real improvement in
1.0 they? parameter was obtained by applying a double-exponential decay.
0 20 40 60 80 100 120
[KH], mM
fronted with Kl (Figure 1A) or CsClI (Figure 1B). Regardless
3.0 of the experimental conditions, plottirfep/F as a function
B of quencher concentration results in a straight line extrapolat-
25 ing to a value near 1 at zero quencher concentration,
w indicating that a single class of FITC molecules is accessible
3 2.0 to the quenchers. Besides, the ratio of FITC bound per
L ATPase monomers amounts to roughly 0.90 mol/mol, and
15 v//%j FITC labeling is prevented by 3 mM ATP (see Experimental
T Procedures), suggesting that a single molecule of the
rﬁ}//’*’//z’j' fluorophore is bound within the nucleotide site per?G
1.0 4 P pert-a

0 50 100 150 200 250 ATPase. ,
As expected, higheK, values (20.3 M* for Kl and 8.1
[CsCll, mM M~1 for CsCl) are obtained for free FITC, because in this
Ficure 1. Fluorescence quenching of FITC-PMCA by iodide (A) case the molecule is fully accessible to solvent and, thus, to

or cesium (B). The curves represent the relative quenching obtainedguenchers. Noticeably th&, values for FITC-PMCA
for free FITC @), Gdn-Cl denatured FITC-PMCAW(), or native - . _ :
FITC-PMCA in the presence of 0.5 mM EGTMY, 1 mM C&* previously denatured wit6 M Gdm-Cl are approximately

(), or 10uM Ca2* + 2 ug/mL CaM (a). The media also contained half those values (12.4} and 3.8 Mrespectively), Sl.Jggesti.ng
80 mM MOPS-Tris (pH 7.4), 120 mM KClI, and 10 mM MgCl that the enzyme regains some structure upon dilution in the

assay medium or that the quencher’s access to the fluoro-
hydrolysis is preserved by50% (not shown). No relevant  phore is shielded by the randomly coiled peptides. When
differences are observed for the?®Cdependence of the basal fluorescence quenching of the non-denatured FITC-PMCA
and CaM-stimulated remaining pNPPase activity when was done in the presence of either EGTA (&vored), 1
unlabeled PMCA and FITC-PMCA are compared (not mM free C&" (E;-Ca), or 10uM Ca" together with 2ug/
shown), suggesting that FITC-modified PMCA retains native mL CaM (E-CaCaM), theK, values were found to be
properties with respect to €aand CaM binding sites and  decreasing for the £9.2/2.5 M%), the B-Ca (7.5/1.2 M%),
a protein structure relevant to the hydrolysis of substrate. and the E:CaCaM (6.7/0.7 M) conformers, respectively

The fluorescence emission spectrum of FITC-PMCA (see Figure 1A,B and Table 1).

appears to be very similar to that of free FITC, presentinga Measurements of lifetimes in the presence of both quench-
maximum around 526522 nm (not shown). The spectral ers, I and Cg, indicate a static quenching occurs, with a
properties of the label are not altered by the addition of very small contribution of dynamic quenching in the case
enzyme ligands such as €aor phosphate or by Ca of 1~ (Table 2). This is unexpected considering that for
sequestration by EGTA (not shown). The effects of two SERCA, a protein presumably very similar to the PMCA, a
fluorescence quenchers (&nd Cg) with opposite charges  purely dynamic quenching was previously reported foat
were tested. The addition of increasing concentrations of bothsimilar high quencher concentratior&l). This remarkable
guenchers (not shown) results in a concomitant decrease indifference suggests that the bound FITC must be quite
FITC-PMCA fluorescence. Kl proved to be a better quencher occluded because no appreciable dynamic component is
than CsCl, because in all cases the quenching constégts (  observed. The invariance of the lifetime with the quencher
obtained for KI are significantly larger (Table 1). Figure 1 means the formation of a fluoropherguencher complex
depicts the quenching behavior for free FITC, FITC-PMCA or, more probably (considering that the quenchers used here
previously denatured overnight with Gdm-CI, and “native” have opposite charge), that quenchers are confined into a
FITC-PMCA in the presence of different ligands and restricted space (“active volume”, see B3) very close to
consequently different conformational states, when con- the fluorescein moiety. If a quencher (one or more molecules)
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exists within this volume at the instant the fluorescein
becomes excited, “static” quenching is assumed to occur
instantaneously. The static quenching effect will be greater
at lower diffusion coefficients of quencher into the protein
pocket, where fluorescein probe is bou8@)( Thus, changes
in Kq will follow variations in the accessibility of quenchers
through the protein matrix caused by conformational changes.
The data indicate that FITC tethered to a lysine located
within the nucleotide domain of the catalytic site (or its near

vicinity) is more accessible to the quenchers in the E 10 T
conformation, whereas a more closed/unaccessible confor- 0 20 40 60 80 100 120
mation of the nucleotide site, or a deeper positioning of the [KI],mM
Lys-591 residue itself within a cleft, is favored when PMCA 18
changes to the fconformers. The difference observed for B
the Kq values of the two Estates (Ca and E-CaCaM) 16 1 e *
with |~ is not significant according to Student’s paireeést '
(P > 0.05). On the other hand, the differences in the “; 144
guenching constants observed with™Care found to be = ‘
significant by this same test and thus point to further small x 127
changes between these enzymatic states. 10 1 .

Additional information is obtained from the ratios observed o
for either quencher at each enzyme conformational state. This g L, , , , ,
parameter, here defined Rg= Kq(17)/K4(Cs"), has a value 0 5 10 15 20
of 2.5 for free FITC and 3.23.3 for the denatured FITC- [P, mM

PMCA and is increased to 3.6 fop,B6.3 for E-Ca, and up

3 ; i1 i« FIGURE 2: Effect of phosphorylation by;Pn the quenching of
_to 9.6 foréhe Ef(llla-Ca.M r?tatT (see_ Table;] . -Iihls fl’atIOdIS FITC-PMCA by KI. The experiments were done by increasing the
interpreted as follows: the closé; is to the value foun concentration of Kl in the presence of different concentrations of

for the R, of free FITC, the more the observed valueKgf P.. (A) For visualization, only the curves in the presence of 0.5
are free from the influence of charged amino acids situated (®), 2 (v), 4 (®), or 20 mM R (®) are represented. (Bj, values
in the vicinity of the bound FITC. Thus, the high values of thained from the experiments ir) (A) are plotted at eaqh concentra-
R, in the presence of Gamight represent an additional ionic I/ll?t?] 0; gkrl]zsgi?:te”. The dotted line represents the fitting obtained
. . . -site, ligand binding nonlinear regression. The basic
attraction for I (or conversely repulsion to Cyinduced medium was as in Figures 1 and 2.
by the conformational changes as basic amino acids near
the FITC molecule become more exposed or clustered forincrease irkq is observed only for the “native” FITC-PMCA,
the E-Ca and the ECaCaM states. because controls with Gdm-Cl-denatured enzyme show that
As for other P-type ATPases, the Bate of PMCA can  the Kq is influenced neither by the increase in ionic force
become phosphorylated by inorganic phosphate in thenor by direct interaction of iRvith FITC or the quenchers
millimolar range, in the absence of €a(33). We thus (data not shown). It is also noteworthy that the maximum
incubated the enzyme in the presence of growing concentra-K, values obtained for the phosphorylated FITC-PMCA are
tions of R, therefore gradually dislocating the equilibrium higher than theK, values found for the denatured labeled
of the reaction to the phosphorylated state denoteB.EA enzyme.
significant increase in thi, for both quenchers is found to The relatively high values dfq for KI (16 M~%; Figure
be induced by phosphorylation of the enzyme (Figure 2A,B 2A,B and Table 3) and CsCl (6.5 M Table 3) observed in
and Table 3). Figure 2A represents the direct plot of the presence of 10 mM;Pa condition highly favoring the
guenching induced by Kl in the presence of increasing E,-P state, can be amply reversed by the addition of 100
concentrations of Pthus resulting in higher amounts of the uM free C&*, with the consequent dephosphorylation and
E,-P intermediate. Apparently, phosphorylation of the en- displacement of the equilibrium of the enzyme from thePE
zyme either results in a more “open” form for the surround- state toward the £Ca state (see Figure 3 and also Table 3).
ings of the nucleotide site or pushes the FITC tethered to The K, values thus obtained (10 ™ for KI and 2.7 M

Lys-591 toward a water accessible pocket (Table 3). for CsCl; Table 3) tend to those observed previously for the
When the values foK, are plotted as a function of {P FITC-PMCA in the absence of phosphate (Table 1).

a saturating profile is observed. TKg values for quenching A further interesting observation is that the incubation of

with I~ and Cg (Table 3) attain a maximum value at10 the enzyme with vanadate does not result in the sKgne

mM and cannot be significantly increased by a higRer  values obtained with the addition of. Rncubation of the
concentration in the medium, as depicted in Figure 2B, FITC-PMCA with 100 uM orthovanadate, which in our
therefore being coherent with a saturatable behavior of thehands is enough to inhibit ATPase activity in excess of 99%
phosphoenzyme. Thiggs observed for the increase I, (not shown), results in quenching curves less steep than those
elicited by P [1.58 mM for KI (Figure 2B) and 2.63 mM  found for EGTA alone, givind values of 7.1 M1 for Kl

for CsCl (data not shown)] is in the range of Kgs reported and 1.5 M for CsCl, which are in the same range of the
for phosphorylation by Pf the renal PMCA as extrapolated K, values obtained in the presence ofCalone or C&" +

by measuring ATP-P, exchange34) and is also intherange  CaM (Table 1). This was not expected at all, because
described for the SERCA3E). It must be stressed that the vanadate is considered to be a phosphate analogue that, yet
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Table 3: Ky Values for KI or CsCl as Quenchers of the Fluorescence of FITC-PMCA Incubated with Different Concentratighs of P
P (mM)
none 0.5 1.0 2.0 4.0 10.0 20.0 1et0Ca"

KI  9.1+0.5(20) 10.5:0.6'(10) 12.5+0.6(10) 13.5:0.5(15) 15.5:0.6(10) 16.0+ 0.4 (15) 16.5: 0.4 (15) 10.0+ 0.8 (8)
CsCl 2.5+0.1(24) 3.0£0.3(12) 3.7£0.4(12) 4.4+05(16) b5.6+0.4(12) 6.0£05(16) 6.5:0.3(16) 2.7+0.2(10)
R, 3.6+0.2 3.5+ 0.4 3.4+ 0.4 3.1+ 0.4 2.8£0.2 2.7£0.2 2.5£0.1 3.7+ 0.4

@ Values forKq are expressed as M Data are presented as mears8D. Number of experiments is in parenthedRgs the ratioKq(I7)/Kq(Cs").
Enzyme was incubated with Bt 25°C, in the presence of 0.5 mM EGTA. Where indicated?'Gaas added after fluorescence had been measured
with P; and the quencher. See text for more details.

3.0 observed with quenchers of opposite charge and because the
conformational changes of the PMCA modify the values of
25 | Kq for both quenchers in the same direction, the most likely

mechanism for the quenching would be the entrapping of

&o 50 guencher molecules homogeneously dissolved in water into
w a pocket containing the FITC bound to Lys-591. The time
of permanence of the quenchers in this pocket would depend
151 on the velocities of exchange with the bulk medium and,
thus, to medium accessibility.
1.0

Our results show that the ligand-induced changes of the
guenching constants, and thus in the accessibility of the FITC

: _ (bound to Lys-591) to the solvent, are large enough to be
Ficure 3: Effect of phosphorylation and dephosphorylation on the accurately measured and show that, independently of the
guenching of FITC-PMCA by KI. The curves represent the data '
obtained in the presence of 0.5 MM EGTA and 10 mM¥) and charge of the quencher, th€, values observed for the
the same points after addition of Ca@ give 100uM free Ca&+ conformational states of the PMCA ultimately vary in the
(©). For comparison, the data obtained withoytbBt with 100 same order, which is{FCaCaM < E»*VO, < E;*Ca< E;
M free C&" (@) are shown. Basic medium was as in previous < g,p. These results, although obtained in equilibrium and
figures. not when the enzyme is cycling, probably represent ap-

propriately the conformational information of the site where

with a higher affinity, binds to the enzyme locking it at a the FITC molecule is inserted, and thus its water accessibility,
stable nonphosphorylated transition state where the analogueluring the catalytic cycle of the PMCA. Many kinetic
is tetrahedrically coordinated. Structural differences between properties, such as the impeding of binding, hydrolysis, and
the phosphate and vanadateenzyme complexes have phosphorylation by ATP, paralleled by the preservation of
already been suggested by Hua et 8b)(on the basis of  phosphorylation by Fand/or hydrolysis of small pseudosub-
the different degrees of protection afforded by vanadate andstrates, were observed for either theN&a -ATPase 29),
phosphate against derivatization of SERCA by ThioGlol. SERCA @8), H"-ATPase 87), or the PMCA itself 80) and
Here we show that the,B/O, state seems to hinder the FITC  give support to the proposal that FITC might be indeed bound
molecule as much as the binding of®aoes. This may be  to a lysine residue located within or in the near vicinity of
interpreted as if a more “closed” state of the nucleotide site the nucleotide domain of the catalytic site of various P-type
or its surroundings is assumed on the transition state for ATPases. Therefore, one might be tempted to believe that
phosphoryl transfer during the forward PMCA cycle (or the results presented here are good estimates of the changes
conversely for phosphorylation by &n the reverse cycle). in hydration that the catalytic site would undergo during
Yet again, as the ionization state of orthovanadate would besubstrate hydrolysis. If this is true, then our data clearly
similar to that of phosphate, the differéfy values observed indicate that water accessibility to the nucleotide domain is
for both ligands would preclude a major charge effect of diminished when the enzyme binds ZCaprior to ATP

0 20 40 60 80 100 120
[K1], mM

either R or vanadate on thi, for both KI and CsClI. binding by the E state. On the other hand, tig values
observed when the enzyme is phosphorylated jbgldarly
DISCUSSION indicate a much higher accessibility to water in thePEstate.

These data are also in contrast to the results reported by

In this work we studied the quenching of fluorescence of Highsmith @1) for the membranous SERCA. In that case,
FITC bound to PMCA stabilized in different conformations the binding of C&" induced a decrease in the fluorescence
according to the composition of the medium. In contrast to intensity and increased collisional quenching bydvidenc-
the data reported by Highsmitt81) for the membranous ing an increase in water accessibility of the fluorophore,
SERCA, the quenching of FITC-PMCA by both &nd Cs whereas phosphorylation by Pcreased the fluorescence
had the characteristics of static quenching. Static quenchingyield and decreased the quenching constants, thus indicating
components must mean that there is a finite probability that that the B-P conformation had a more hydrophobic char-
the quencher exists near a fluorescein residue at the instancacteristic at the nucleotide site. This apparent dichotomy
of excitation 82). This may occur either by binding of the could be related to differences in the catalytic mechanism
guencher to the fluorophore or by a relatively long perma- of either enzyme for substrate hydrolysis. Hence, phospho-
nence of the quencher near the fluorophore (into what is enzyme hydrolysis is defined as the rate-limiting step of the
called “the active volume”). Because the same effects were SERCA reaction cycle, with a dephosphorylation rate of
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~3.4-20 st at 25°C (38, 39), whereas the rate measured of the sensitivity and reliability of the use of FITC-PMCA
for the PMCA is at least 1 order of magnitude greater, with with KI and CsCl as fluorescence quenchers for detecting
a rate constant of 125 5at 37 °C (40). This could be both the conformational changes of the enzyme and the
interpreted as if the rate of phosphoenzyme hydrolysis could accessibility of the catalytic site.

be directly influenced by the amount of water surrounding  High levels of K" reduce the amount of phosphoenzyme
the catalytic site, therefore facilitating this reaction. Coin- formed by P in most P-type ATPasesAt, 48). For the
cidentally, the rate of phosphoenzyme hydrolysis of the PMCA, the effects of K in the phosphoenzyme levels are
Na",K"-ATPase is also in the (fast) range of 20866 s not well characterized. Herscher et @9) reported that K

at room temperaturet{, 42), and in parallel the fluorescence increases the steady state levels of phosphoenzyme formed
of FITC bound to N&,K™-ATPase was shown to decrease by ATP, an effect that is also opposite what is described for
for the phosphoenzyme, as well as for thekEand E-K- other P-type ATPase§(). Because the data in Figure 2 were
Mg forms, therefore suggesting a more polar (water acces-obtained in the presence of high concentrations of &n
sible?) environment for the nucleotide site on the E alternative possibility might be that, in our experiments, the
conformer 43) that could thus enhance the rate of phos- non-covalent adduct #° had accumulated, instead of the
phoenzyme hydrolysis. However, whether fluorescence phosphoenzyme£P. However, such a hypothesis is rather
quenching was indeed due to water exposure or to interac-unlikely, because the conformer accumulated in Figure 2

tions of local charges with the FITC molecule at the binding
site of the Nd,K*-ATPase could not be distinguished by
those authors.

A remark should be made with regard to the fact that
usually the ratioKq(17)/K¢(Cs") (Ry) was roughly between
2.5 and 3.6 except for the et and B-Cat-CaM states,
for which this ratio increased to 6.3 and 9.6. Despite the
intrinsic fact of I~ being a more potent quencher than*Cs
this increase in the ratio could imply that upon the binding
of C&", a cluster of positive charges could be exposed,
therefore enhancing quenching by through electrostatic
attraction. This observation would be in conformity with the

displayedK, values for I and C$ opposite that observed
for the supposedly analogous addugt\FO, (see Table 1).
When the enzyme was locked at a transitional state by
the phosphate analogue orthovanadate, Khevalues de-
creased to relatively low values that might be interpreted as
a strong dehydration of the nucleotide site on the transitional
state. AsKy increased again for the ligand-free EGTA
medium, which theoretically induced a free-H; equilib-
rium (see Tables 1 and 3), the results might represent that
dephosphorylation of theEeonformer of PMCA involves
sequential intermediate steps of hydration (aPlg dehydra-
tion when hydrolysis of the phosphoenzyme occurs, with a

structural data obtained from the primary structure and X-ray solvent-shielded catalytic site (represented by the vanadate-

crystallography of SERCA4@), which clearly show an array
of basic amino acids surrounding the nucleotide cleft of the

induced state), and rehydration for the release of the
phosphate molecule to the aqueous media (at,aP € E;

enzyme. By analogy, and on the basis of the increase of thestep). Furthermore, the low solvent accessibility of the E
Ry one would presume that such a cluster could also be CaCaM and E-Ca states might be in consonance with the

present on the catalytic site of PMCA and might be involved

reaction of the/-phosphoryl group transfer from ATP to the

in coordinating and positioning the adenosine moiety and enzyme, where a less hydrated, yet polar (due to the basic

the triphosphate group of ATP for catalysis and phosphoryl
transfer to the enzyme.

The variation inKy values induced by phosphorylation of
the FITC-PMCA with Rare a strong indication that for the
Ex-P conformer the bound FITC is more accessible to
guenchers than in any other state studiedKAw/as greatly

amino acid cluster on the ;Estate), catalytic site could
facilitate the phosphate transfer to the aspartyl residue
phosphorylated on the P-type ATPases during the forward
cycle and, conversely, facilitate the reverse reaction of
phosphorylation by Rn the reverse cyclex, 52). Although

this last topic of discussion is very speculative, our results

increased for both quenchers, this is interpreted as representsupport these hydration/accessibility/polarity changes on the
ing a much higher solvent accessibility of this site in the nucleotide site of the FITC-PMCA, thus suggesting that these
phosphorylated state. It is noteworthy that this is opposite aspects of PMCA are distinct from the observed for other

that observed for SERCA(). For SERCA and other P-type

P-type ATPases and may therefore explain some of the

ATPases it has been suggested, using a variety of techniqueginetic differences between these enzymes.

(44—46), that the catalytic site is in a more “closed” state in
the B-P conformation than in the dephosphorylated con-
formers.

Our data also report the affinity for, Bf the PMCA. Our
results show that for both quenchers, the appakenfor
phosphate is~2 mM (1.58/2.63 mM as determined using
I~ or Cs', respectively). To our knowledge, this is the first
direct report of the affinity for inorganic phosphate of the
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