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ABSTRACT: By analyzing, after expression in yeast and purification, the intrinsic fluorescence properties
of point mutants of rabbit Ca-ATPase (SERCAla) with alterations to amino acid residues #-Ca
binding site | (E™, site Il (B39, in both sites (B9, or in the nucleotide-binding domain &), we

were able to follow the conformational changes associated with various steps in the ATPase catalytic
cycle. Whereas Ca binding to purified wild-type (WT) ATPase in the absence of ATP leads to the rise

in Trp fluorescence expected for the so-calledEE1Ca transition, the C&-induced fluorescence rise

is dramatically reduced for the®Q mutant. As this purified £%Q mutant retains the ability to bind

C& at site | (but not at site Il), we tentatively conclude that the protein reorganization inducectby Ca
binding at site Il makes the major contribution to the overall Trp fluorescence changes observed upon
C&* binding to both sites. Judging from the fluorescence response@F\\similar to that of WT, these
changes appear to be primarily due to membranous tryptophans, not>(oTWe same holds for the
fluorescence rise observed upon phosphorylation fro(thE so-called E2~ E2P transition). As for WT
ATPase, M@" binding in the absence of €aaffects the fluorescence of thé®®) mutant, suggesting

that this Mg*-dependent fluorescence rise does not reflect binding of'Nty Ca* sites; instead, MRy
probably binds close to the catalytic site, or perhaps near transmembrane span M3, at a location recently
revealed by F&-catalyzed oxidative cleavage. Mutation oP¥hardly affects ATP-induced fluorescence
changes in the absence of«€avhich are therefore mostly due to membranous Trp residues, demonstrating
long-range communication between the nucleotide-binding domain and the membranous domain.

C&" is a ubiquitous second messenger involved in a wide ATPases that actively transport cations (likeCaa', K*,
range of cellular processes, e.g., fertilization, muscle contrac-and Hf, or even heavy metals) by a mechanism involving
tion, and exocytosisly. In resting cells, the intracellular level  the formation of a phosphorylated intermediate (for recent
of free C&" is kept at low, submicromolar concentrations, reviews, see ref@ and 3). A remarkable member of this
and signaling can be achieved through transient release offamily, the C&"-ATPase (SERCALa) present in adult skeletal
Cat from internal compartments such as the sarco/endo- muscle sarcoplasmic reticulum (SR), allows muscle relax-
plasmic reticulum. Such compartments are subsequentlyation. It contains 994 amino acid residues, has a molecular
reloaded thanks to the action of ATP-dependerit @amps, mass of 110 kDad), and transports into the reticulum lumen
the sarco/endoplasmic reticulum®aATPases (SERCAS), two C&* ions per ATP hydrolyzed. Transport is achieved
which belong to the family of P-type cation-pumping through a reversible cycle, during which TaATPase
conformation is thought to alternate between various states
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Scheme 1: CA-ATPase Reaction Cycle for €aTransport
Ca?* (site I) Ca?* (site II)

El A—» CaEl <L—> Ca,El
1 2

Mg2+-ATP

make more specific the information derived from the overall
fluorescence of the many (13) Trp residues of the rabbit SR
Cat-ATPase.

We recently made a first step in this direction by showing
that purification of recombinant C&ATPase does make it
possible to monitor with Trp fluorescence the conformational
changes associated with various transitions in the catalytic
cycle of ATPase expressed in the ye&stccharomyces
cerevisiae In that work, Trp fluorescence was used for
understanding more accurately the functional consequences
resulting from simultaneous mutation§2A/D8€A) of two
aspartates in the cytosolic E& loop 0), and the results
) ) ] were consistent with those obtained independently after a
acid residues located between the membrane-spanning Sesingle mutation at B3 (21). In the present work, we make
ments M4 and M5. The third domain (termed A) is formed 4 fyrther step ahead and use Trp fluorescence spectroscopy
from both the N-terminal tail and the amino acids located (in addition to classical phosphorylation assays) to character-
between segments M2 and M3. The membrane domainize conformational changes of a purified and reconstituted
conta_lns the two Ca-binding sites I(_)c_ated side by_ side, with  ATpase mutated at one of the two Céinding sites (site
o-helices M4-M6 and M8 containing the residues that ) the E20%Q mutant. We also describe results obtained with
coordinate the two Ca. Binding of C&" to the ATPase is  gnother ATPase mutant in which 1 of the 13 Trp residues
a crucial e_vent in the catalytic ATEase cyqle, as it leads t0 55 peen replaced by a phenylalanine: specifically, tF&RW
the formation of an ATPase species reactive toward phos-mtant was studied here to evaluate the contribution to the
phorylation from ATP and results in®® phosphorylation  gyerall fluorescence changes of a tryptophan residu&3wW
(steps 1, 2, and 3 in Scheme 1). This binding is accompaniedigcated far away from the membranous domain but close to
by large conformational changes in the protein cytosolic e ATP-binding region. We provide evidence that binding
region as well as in its membrane regicﬁ).(As.iIIustrated of Ca* at site Il (CaEL—~ CaFEL1 transition), not at site I, is
in Scheme 1, binding of CGa to the ATPase is generally probably responsible for the rise in tryptophan fluorescence
des_cnbed as being sequent_lalll(—l3): tr_ans_membrgne observed upon binding of the two Caions, a rise
helices M5, M6, and M8 contribute to €abinding at “sitt eyperienced by tryptophan residues located in the membrane
I” through side chains of residues'® E’", T7%, D*®, and region. Our data also suggest that the fluorescence enhance-
E®, while M4 and M6 helices contribute to binding of a hent observed upon Mg binding to the ATPase (e.g., at
second C# ion at “site 11" through side chains of residues pH 7) is due to M&" binding in the cytosolic domain, not
N7, D%, and B (thus, 3 contributes to both binding 4t the Ca*-binding sites. Lastly, as ATP-induced fluores-
sites) and main-chain carbonyl oxygen atoms &f‘VA%%, cence changes in the absence of'Care unaltered in the
and P°_7 (5_, 13, 14). After mutation of a residue involveq in \W552F mutant, our data give further evidence for long-range
Ce' binding at site Il (e.g., &), C&'-ATPase only retains  ransmission of signals in €aATPase between the nucle-

binding of one of the two Ca ions, a priori at site |15, otide-binding domain and the membranous domain.
16), and is no longer phosphorylatable from ATP, emphasiz-

ing the critical role of C&" binding at site Il for the protein
conformation {4).

Nevertheless, the high-resolution structures of th&"Ca Solutions and Chemical¥'east culture products were from
ATPase obtained so fab{10) only provide snapshots of ~ Difco Laboratoriesn-Dodecyl f-p-maltoside (DDM) was
the C&*-ATPase conformation in a few particular states. obtained from Anatrace Inc. (Anagrade). Low molecular
Many questions remain unaddressed concerning the exactveight markers were from Amersham Biosciences. Other
mechanism for energy transduction between the ATP hy- products were purchased from Sigma.
drolysis site and the ion transport sites, two regions 50 A Expression and Purification of C-Terminal His-Tagged WT
apart. Which are the detailed events occurring during the and Mutant C&"™-ATPases His-tagged WT and mutant
transitions between the various ATPase forms revealed by(E3°Q, E’"1Q, D8N, or W59F) SERCAla C&-ATPases
X-ray crystallography or, more generally, in the various were expressed in yeast using a previously described
intermediate steps of the ATPase cycle? For instance, whatprocedure 22), and expressed €aATPases were purified
is the exact sequence of events resulting in the conforma-(using Ni-NTA affinity chromatography) and reconstituted
tional changes that accompany?Céinding? What is the  as in refs20 and 22. Briefly, after SERCAla expression,
contribution of each of the two Gaions to these confor-  yeast cells were broken with glass beads, and light mem-
mational changes (steps 1 and 2 in Scheme 1)? Which partsranes containing the expressed ATPase were separated by
of the protein are experiencing significant changes during differential centrifugations. These membranes were solubi-
the various transitions in Scheme 17? lized using DDM at a 3/1 (w/w) detergent/protein ratio and

Almost 30 years ago, intrinsic fluorescence was found to incubated with Ni-NTA beads. After CaATPase recovery
be a powerful tool for examining in a global way the various from the Ni-NTA beads in a column, lipid vesicles (00
conformations of the ATPase, both under equilibrium condi- 300 nm diameter) made of EYPC and EYPA at a 10/1 ratio

6 3
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E2 <75-T> E2P <74—> Ca,E1P

Pi, Mg?* H,0 2 Ca?*

MATERIALS AND METHODS

tions (L7) and under transient conditionsg 19). However,
due to the lack of purified recombinant €aATPase suitable
for fluorescence studies, it has up to now been difficult to

(w/w) were added at a final concentration of 1 mg of lipid/
mL (detergent concentration was 0.5 mg/mL). DDM was
then eliminated using Bio-Beads at a 200/1 (w/w) Bio-Beads/
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detergent ratio owe3 h at 4°C under gentle stirring. The
final reconstituted sample contained DO xg/mL ex-
pressed ATPase; the medium also contained 1 mft @a
optimize stability.

SR Membrane PreparationAs control, sarcoplasmic
reticulum microsomal vesicles were isolated from rabbit
skeletal muscle as previously describ28, 24), except that
initial homogenization was performed in the presence of 1
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purified fractions

ug/mL amylase and rabbits had been subjected to a 48 h

starvation diet before preparation.
Functional StudiesATPase hydrolytic activity was as-

sessed as described previously using an ATP-regenerating

coupled enzyme assaf(, 25) and a HP8452A spectropho-
tometer equipped with a cuvette holder kept at°@0 The

sample in the cuvette was continuously stirred. The reaction

was performed with purified and reconstituted ATPase at
about 5ug of protein/mL in 2 mL of a medium containing
50 mM MOPS/Tris, pH 7.0, 100 mM KCI, and 5 mM Mg£l
(buffer A), supplemented with various concentrations of'Ca
or C&"/EGTA buffer to yield the desired Cafree con-
centrations Kgcaecta = 0.5 uM at pH 7.0 and 5 mM
MgCl,). The reaction was started by the addition of 1 mM
NaATP.

Fluorescence measurements were performed with a Spe

Fluorolog instrument. The temperature was kept af@p

&
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Ficure 1. SDS-PAGE analysis of Ca-ATPase mutants ex-
pressed in yeast and purified by Ni-NTA affinity chromatography.
Purification of various C&-ATPase mutants and their reconstitution
into EYPC/EYPA liposomes were performed as described in the
Materials and Methods section. Samples (corresponding to about
2 ug of total protein for the most concentrated purified fractions)
were loaded onto various lanes of an 8% acrylamide gel, submitted
to SDS-PAGE according to Laemmli5@), and visualized by
Coomassie blue staining. Key: MW, standard proteins, with the
indicated molecular masses; Mb(WT), yeast light membranes,
Lexpressing about 2% WT €aATPase; WT, Ni-NTA purified and
reconstituted WT CH-ATPase; E®Q, E/71Q, D8N, and W,
Ni-NTA purified and reconstituted¥%Q, E’71Q, D8N, and W52

and samples were continuously stirred. Intrinsic fluorescence ca+ATPase mutants, respectively; SR, rabbit SR vesiclesg(1
was measured with excitation and emission wavelengths ofof protein in this case).

290 and 330 nm and bandwidths of 2 and 20 nm, respec-

tively, with about 5ug/mL purified and reconstituted WT
or mutant ATPase (or native SR vesicles, for control) in 150
mM MOPS/Tris at pH 7.0 (in the absence of KCI, to
maximize fluorescence signals). To monitor intrinsic fluo-
rescence changes upon removal or addition of"Cthis
buffer was supplemented with EGTA and®Cato monitor

the changes occurring upon addition of inorganic phosphate
it was supplemented from the start with 5 mM Mgd.5
mM EGTA, and 20% MgSO; to monitor those occurring
upon addition of ATP, it was supplemented with 2 mM
EGTA (in the presence of 56M total C&*), and in some
cases with MgGJ at a concentration of 5 mM.

“Back door” ATPase phosphorylation from3¥P]P was
measured by suspendingud) of purified and reconstituted
ATPase in 10QuL of a final reaction mixture containing
100 mM MOPS/Tris, pH 7.0 (20C), 20 mM MgC}, 20%
Me,SO, and various concentrations of freeCahe reaction
was started by the addition of 1@ [32P]R, (2 mCijumol)

RESULTS

Ni-NTA Affinity Purification of Mutants Expressed in
Yeast. Wild-type C&"-ATPase (WT) and CA-ATPases
mutated either at residues within the ?G&inding sites
(E309Q for site I, E™'Q for site |, and BN for a residue
common to both sites) or at a Trp residue in the cytosolic
'nucleotide-binding “N”"-domain (&%) were overexpressed
in yeast and purified in a single step by a protocol involving
affinity purification on a Ni-NTA column 20). Purified
ATPase was then reconstituted into a lipid mixture consisting
of EYPC and EYPA (with a 10-fold excess of EYPC). As
can be seen from the SB®AGE gel displayed in Figure
1, heterologously expressed @ TPase ran as the major
band in the purified fractions, with an apparent molecular
mass identical to that of native SR enzyme (last lane). WT
and mutant ATPases were obtained at a purity approaching
50—-60%, as estimated by densitometry and by comparison
with native SR from rabbit sarcoplasmic reticulum (about

and continued for 30 s. Samples were then acid-quenched75% purity for native SR). The total amount of SERCAla

with trichloroacetic acid (TCA) and 0, at final concen-
trations d 1 M and 67 mM, respectively. Samples (final
volumes were typically 80@L) were chilled on ice for 20
min and centrifuged at 280QCor 25 min at 4°C. Pellets
were washed with 80@L of 75 mM TCA and 5 mM H-

collected after purification varied from one mutant to another.
For instance, the yield was much lower fof’ &) than for
E30%Q (compare lanes®Q and E™Q in Figure 1); this can
be attributed to the fact that, for’EQ, only 10% of the
expressed ATPase was solubilized by DDM under our

PO, and centrifuged again, and this second pellet was finally conditions, compared to 6670% solubilization for E*°Q.

resuspended by vortexing for 1 min in 50 of buffer
containing 150 mM Tris-HCI, pH 6.8, 2% SDS, 10 mM
EDTA, 16% glycerol, 0.8 M3-mercaptoethanol, and 0.04%
bromophenol blue. Finally, 20L aliquots were subjected
to SDS-PAGE according to the method of Sarka@®b).

This poor extractability of the BXQ mutant expressed in
yeast has already been mentioned elsewh2rg (

Control Functional Assays: After Purification, thé%Q
Mutant Remains Able To Bind &aat Site I. Purified Vi3~
Behaes Normally We first measured the influence of the

Radioactivity was revealed with a STORM 860 Phospho- free C&" concentration on the catalytic activity of purified
rimager, from Amersham Biosciences, and quantified by ATPases. As shown in panel A of Figure 2, ATP hydrolysis
comparison with known amounts o¥P]P. by WT ATPase was stimulated by micromolar?Caon-
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FiIGURE 2: After purification, the E®°Q mutant remains able to bind
Ca*' at site I; purified W5F behaves normally. (A) ATPase
activity. Following the protocol in re20, the rate of ATP hydrolysis
by purified and reconstituted W), E3°%Q (O), E’"1Q (<), W55
(»), or D?9N (v) ATPase was measured in buffer A [50 mM
MOPS/Tris, pH 7 (2C°C), 100 mM KCI, 5 mM MgC}] supple-
mented with 5uM Ca2", added together with the 20-fold diluted
purified and reconstituted samples. The amount of SERCA protein
present in each case was deduced from SPAGE experiments
similar to the one in Figure 1. (B) Inhibition by €a of
phosphoenzyme formation from®2P]R. Phosphoenzyme was
formed by incubating purified and reconstituted WFB), E'/'Q,

or D8N ATPase with §2P]R, at pH 7, 20% MgSO, and 20°C, as

Lenoir et al.

SERCAla catalytic cycle. In contrast, ATPase activity of
the purified high-affinity Ca"-binding site mutants $Q,
D8N, and E7'Q was no longer activated by &athe low
C&'-independent ATPase activity observed was in the same
range as that observed for WT and®*# ATPases at the
lowest C&" concentrations, suggesting that it corresponds
to ATP hydrolysis by contaminating proteins present in these
partially purified fractions. These results with purified
mutants are in agreement with previous results obtained with
nonpurified mutantsl(e) and confirm the need for two €&
ions at the high-affinity binding sites for initial phosphory-
lation from ATP and, therefore, for overall ATP hydrolysis.

Solubilized C&"-ATPase is known to be susceptible to
irreversible inactivation by detergents in the absence éf Ca
(29). To evaluate the possibility that our purified mutants
could have suffered from the purification step that involves
solubilization by detergent and to confirm that the purified
and reconstituted¥%Q mutant remains able to bind €aat
an intact site 1, as before purification, we measured the Ca
dependence of phosphorylation from d? these mutants.
Upon binding to site I, CH is known to be able to prevent
Ca&*-ATPase phosphorylation from; P14, 30). For WT
ATPase as well as for the®#Q mutant, panel B in Figure
2 shows phosphorylation from; Rt various free Cd
concentrations (i.e., the dependence ofif@athe formation
of the so-called E2P state, from E2, here in the presence of
Me,SO at pH 7). In the absence of €athe same amount
of phosphorylated intermediate was formed for WT and
E3%%Q. The C&" concentration required for half-inhibition
of phosphoenzyme formation was aboutd\ for the E°Q
mutant, not very different from that for the WT under the
same conditions, 2M, and consistent with values obtained
in previous studies with the nonpurified same mutdrd).(
This sensitivity to C& of the purified E°Q mutant
demonstrates that its ability to bind €aat site | (E2—
CaE1l) has been fully retained, despite the purification step,
at least for the fraction that has not experienced full
inactivation.

Note, in contrast, that, for the’BEQ purified mutant,
phosphoenzyme formation in the absence of*Cwas

described under Materials and Methods. The same amount of WT significantly reduced, while for BN, it was hardly detect-
or mutant ATPase was used in all experiments (as checked, againgple (Figure 2B). When phosphorylation from ®as

by Coomassie blue staining of the ATPase bands after-SDS
PAGE). The amount of phosphorylated intermediate obtained at
equilibrium for the WT ATPase in the presence of 1M [Ca? ]free

was taken as 100%.

centrations to a maximal velocity/) of about 1.5umol of
ATP hydrolyzed mint (mg of C&"™-ATPase)?!, and theK,,

for Ca* was about 0.4M; the measured¥y, is smaller than
the one found for SR ATPase activity under similar condi-
tions (not shown), while the measurkd is consistent with
earlier studies performed with SR-derived nonpurified WT
ATPase or with microsomes derived from COS-1 cells
transfected with WT SERCAla cDNA under similar experi-
mental conditions48). As previously discussed(, 22),
the modes¥,, and the normaK, can be accounted for by
the presence of fully inactive ATPase in our partially purified
preparation, and the fraction of fully inactive protein does
not prevent us from exploiting the fraction of active protein.
Under the same conditions, thé, for the purified WP
mutant was 80% of that for WT, and tlig, for C&" was
again normal, showing that $A% is not essential for the

measured at pH 6, both’BEQ and BN had a reduced
phosphorylation level (data not shown). Yet, nonpurified
forms of PN and E7'Q have been previously shown to
remain able to form a phosphoenzyme fronmRhe absence
of Ca* (30); thus, N and to a lesser extenf BEQ mutated
Ca&"-ATPases probably do experience denaturation during
purification. From these results, we can infer that binding
of one of the two C& ions at the transport sites (as occurs
in E39°Q) is required and sufficient to prevent rapid inactiva-
tion in a solubilized state.

Trp Fluorescence Changes upon Binding of CaBinding
of C&* to Purified E°Q (i.e., Binding to Site | Only) Does
Not Induce Significant Changes in Trp Fluorescence, While
WP5F Responds to Ca Like WT. C&* binding is a crucial
event in the C&-ATPase cycle, resulting in clear changes
in Trp fluorescencel(7—19, 31—-33). However, the detailed
mechanism for the binding of the two €aions and the
associated conformational changes remain elusive. Here, as
our purified B%Q mutant has retained after purification the
ability to bind C&*" at one (and only one) of the two &€a
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T T observed for these fluorescence changes is relatively small
EGTA 0.5 mM A compared to that for native ATPase in the same conditions
+ [Ca?*]; 0.15 mM (5—6%), but its dependence on free Xas normal (not
¢ . shown here, but see rgD); as discussed above for ATPase
activity measurements and in r2@, this can be accounted
for by the presence of contaminating proteins in our partially
purified preparation as well as by the presence of fully

denatured ATPases. Again, these unresponsive proteins do

: not prevent us from observing the properties of the nonde-
309 natured ATPases.
Q - ' When EGTA was now added to thé%) mutant (again
i 7 preincubated with 55uM Ca?"), fluorescence remained

L L essentially unaltered, and this was also true wheit Gas
0 500 1000 subsequently re-added (bottom trace in Figure 3A). Yet, we
. know from Figure 2B that, at 55M free C&", phospho-
time, s rylation of E%Q from R (at the same pH) is fully prevented,
so that C&" site | in E°Q must have been fully occupied
at the beginning of the experiment in Figure 3A. Thus, it
appears that dissociation of €arom site | in E%Q does
~N not affect Trp fluorescence.
155 455 It is known that SERCAla contains 13 Trp residues, 12
of which are located close to the membrane while the last 1
Y

—_

S

(=]
T

WT

Trp fluorescence, a.u.

O
(=}

EGTA05SmM  [Ca®*],.pM B
Ife _

100 - (W55?) is part of the cytosolic nucleotide-binding N-domain
(5). To establish whether %# contributes to the Ca-
dependent fluorescence changes, we compared the fluores-
cence properties of the ¥F mutant to those of WT ATPase
(Figure 3, panel B). The results show that, in the presence
of 1 uM free C&", the C&"-binding sites were almost, but
not fully, saturated both for WT and for $A#F. From this
. and other similar fluorescence records, Kaegfor Cat was
estimated to be about QM for both WT and W*Z, close
L L L to that for native sarcoplasmic reticulum®aATPase under
0 500 1000 1500 identical experimental conditions (data not shown); the
. maximal amplitude of the observed changes in Trp fluores-
time, s cence was also similar for WT and%%F. Thus, W2 hardly
Ficure 3: Binding of C&" to purified EOQ (i.e., binding to site contributes to the overall Gadependent fluorescence

| only) does not induce significant changes in Trp fluorescence; changes, which are therefore primarily due to changes in
W55 behaves normally. (A, B) Tryptophan fluorescence was . ' . . .

monitored after 20-fold dilution (to about8.0 «g/mL) of purified intramembranous or interfacial Trp residues. .

and reconstituted WT,8%Q, or W5F C&*-ATPase into 150 mM Trp Fluorescence Changes upon Phosphorylation from P

MOPS/Tris, pH 7 (20C). The final total C&" was 55uM, due to (E2 — E2P): Phosphorylation from PInduces a Fluores-
the presence of contaminating®and C&" added together with cence Rise for both¥Q and W% Mutants (as for WT)

the enzyme. First, 0.5 mM EGTA was added to reach a frée Ca P :
concentration of about 0.06M (as Ky ca-ecta = 0.4 £M at pH We also analyzed the intrinsic fluorescence changes induced

7.0 in the absence of Mggl C&+ was then added to restore the PY Phosphorylation from K34) under conditions similar to
fluorescence level of the €abound form: for the experiments in  those of the”?P experiments previously illustrated in Figure
panel A, performed with WT and¥Q, 0.6 mM total C&" was 2B, namely, in the presence of MO (at pH 7) which favors
then added, leading to a free €aoncentration of 0.155 mM; for phosphorylation from P(to the “E2P” form) (L3, 24, 35).

the experiments in panel B, with WT and 5%F, sequential . - s
additions of 300uM total C&* were allowed to reach [Cale As a control, panel A of Figure 4 first shows that addition

concentrations of 1, 155, and 458/, respectively. The fluores-  Of 0.2 MM Rto Ca"-free purified WT ATPase (upper trace)
cence traces have been slightly shifted with respect to each otherresulted in the expected enhancement of intrinsic fluorescence
for clarity, and the very small changes (0.1%) due to dilution have (the R-dependent rise was about 50% of the initial drop
been corrected. Additions were identical for both traces in each jhqyced by the addition of EGTA) and that further addition
panel, as indicated by the dotted lines. of Ca* restored the fluorescence level of the?Gaaturated
form, in agreement with fluorescence recordings obtained
binding sites, we searched for intrinsic fluorescence changeswith rabbit sarcoplasmic reticulum €aATPase (data not
upon C&" binding to this mutant (or upon €adissociation shown and ref34). Then, the E°Q purified mutant was
from it). subjected to the same additions (Figure 4A, middle trace).
For preliminary control, Figure 3A shows that dissociation As mentioned above, addition of EGTA to Tesaturated
of C&" from WT ATPase previously incubated in the E3%Q produced essentially no effect on fluorescence inten-
presence of 5xM free C&" triggered a fluorescence drop  sity; however, subsequent addition gfdid lead to fluores-
of about 1.5%, while subsequent addition ofCé&o reach cence enhancement, indicating that formation of the E2P
a free C&" concentration of 15M) restored the fluores-  phosphoenzyme in ¥Q was accompanied by the usual
cence level of the initial Ca-saturated form. The amplitude  changes in Trp fluorescence. But subsequent addition©f Ca

Trp fluorescence, a.u.
é&
N
]

O
(=]
T
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Ficure 4: Phosphorylation from;fnduces a fluorescence rise for
both B%Q and WSF mutants (as for WT). (A, B) Tryptophan
fluorescence was monitored after 20-fold dilution of purified and
reconstituted WT, B29Q, or E7'Q C&"-ATPase (panel A), or W
(panel B), into 150 mM MOPS/Tris, pH 7 (Z&), 5 mM MgCl,
and 20% MgSO. Total C&" was 55uM, due to the presence of
contaminating C& and the C&" added together with the enzyme.
0.5 mM EGTA was first added to clamp free £ao a very low
concentration; 0.2 mM;Rvas then added, and lastly, excesg'Ca
was re-added to restore a high freeCeoncentration (as indicated
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from [3P]R, even in the absence of &€a(see Figure 2B),
and confirming that ATPase mutants that are completely
unable to bind C& experience irreversible denaturation
during the purification procedure.

In the experiment illustrated in Figure 4B, we made use
of the purified W% mutant to evaluate the contribution of
W52 to the fluorescence changes observed after phospho-
rylation from R. As can be seen, changes in fluorescence
intensity upon dissociation of €aand upon phosphorylation
from P, were similar for W% (bottom trace in Figure 4B)
and WT ATPase (upper trace in Figure 4B); the affinity for
P, also proved similar for WT and ¥~ ATPase, about 50
uM, close to that for the native enzyme under identical
experimental conditions (not shown). These results show that
W552, |ocated in the nucleotide-binding domain (N), does not
contribute significantly to the rise in intrinsic fluorescence
observed upon phosphorylation from Phe major contribu-
tion of membranous or interfacial Trp residues to the P
induced rise in fluorescence also emphasizes the long-range
communication existing between the cytosolic phosphor-
ylation site, where Pbinds, and the membranous domain,
where the Trp residues other tharP®teside.

The Effect of M§™ on C&"-Free ATPase Fluorescence
Is Retained in E?°Q. The Effect of MATP on C&'-Free
ATPase Fluorescence Is Retained ifP®. It has also been
known for years that Trp residues in TaATPase can be
used to probe the interaction of Kigons or ATP with C&"-
deprived ATPase 32, 36), but again with little insight
concerning the exact mechanism for this; for instance, the
effect of Mg?* could be due either to competition with €a
for binding to one of the high-affinity Ca sites (which
would drive the enzyme to a dead-end complex) or,
alternatively, to M@" binding close to the phosphorylatable
aspartate B! or the substrate-binding sit83). Here we
monitored the effects, in the absence ofGaf Mg?* or
ATP binding to the same ATPase mutants as above (Figure
5).

As shown in the upper trace of Figure 5A for control,
addition of 5 mM MgC} to C&*-deprived WT enzyme at
pH 7 allowed the reversal of more than 50% of the
fluorescence drop induced by the previous chelation 8f Ca
by EGTA, as previously described for the native enzyme

on the various traces). The various traces have been slightly shiftedusing the same experimental settin@&)( and subsequent
with respect to each other, for clarity, and the very small changes gddition of 50uM ATP (Mg-ATP in the cuvette) further

(0.1%) due to dilution have been corrected. Additions that were

identical for the different traces are indicated by dotted lines.

raised Trp fluorescence3§) to a saturating level, while
higher ATP concentrations only resulted in a small inner filter

to E309Q failed to further raise its fluorescence; instead, it effect; the dissociation constant for the Md P-induced rise
induced a slight and slow drop of fluorescence intensity was estimated to be abouti®/, as for binding of ATP to

(hardly visible in Figure 4A but reproducible in several

intact SR under these conditions (data not shown). When

experiments), corresponding probably to slow return to the the E%Q mutant was used, no change in fluorescence was
fluorescence level expected for the nonphosphorylated E1Cadetected upon addition of EGTA to &asaturated E°Q,

form, a level which, for the £%Q mutant, is lower than the

as previously described (Figures 3A and 4A), but remarkably,

fluorescence level observed for the E2P form. Taken subsequent addition of Mg induced a fluorescence rise

together, these data show that phosphorylation freraf P
Cat-free B%Q is accompanied by “normal” Trp fluores-
cence changes, although®&inding at site | does not raise
the fluorescence of this mutant.

similar to the one observed for WT ATPase. A€ Chinding

to this mutant doesotresult in any fluorescence change, it
is therefore likely that the effect of Mg on fluorescence is
due to M@* binding to a site that isota C&"-binding site.

Note that when we examined the purified and reconstituted So far, the identity of the Trp residues implicated in the

E’1Q or DN mutants, their Trp fluorescence diubt
respond to Paddition (only the results with the former are

response of ATPase fluorescence to addition of MidP in
the absence of C& also remains uncertain. Conceivably,

shown in Figure 4A, bottom trace), as expected from the the location of W2 near the nucleotide-binding pocket might
poor residual ability of these mutants to be phosphorylated allow this residue to contribute to these changes. Yet, as can
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Ficure 5: Effects of Mg+ and ATP binding on the fluorescence
of C&*-free ATPase. (A, B) Tryptophan fluorescence was moni-
tored after 20-fold dilution of purified and reconstituted ATPase
(to about 5-10 ug/mL) into either 150 mM MOPS/Tris, pH 7 at
20 °C (panel A, for WT or B%Q), or the same medium
supplemented with 5 mM Mgg(panel B, for WT or W>3). Total
Ca" was 55uM, due to the presence of contaminating?Cand

the C&" added together with the enzyme. 0.5 mM EGTA was first
added to reach a low concentration of freé C@®.05uM for panel

A and only slightly higher for panel B) and then 5 mM Mgfor
panel A only). Lastly, various amounts of ATP were sequentially
added to reach final concentrations of 50, 100, and 4/90 The
traces have been slightly shifted with respect to each other for
clarity, and the very small changes (0.1%) due to dilution have
been corrected. Identical additions are indicated by the dotted lines.

be seen from Figure 5B, swapping the®®tresidue for a
phenylalanine did not produce any significant effect on the
ATPase response to ATP, showing that®\oesnot make

a dominant contribution to the fluorescence changes upon
binding of Mg ATP in the absence of €a Hence, it must

be concluded that nucleotide binding in the cytosolic portion
of SERCA1a triggers reorganization of the distant membrane
domain.

DISCUSSION

Monitoring the changes in fluorescence of intrinsic Trp
residues has previously allowed various groups to reveal
conformational changes of native rabbit SERCA1&<19,
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31-33, 36, 37), but with one or two exception20, 398)

this has so far been impossible in recombinant and mutated
ATPase due to the poor enrichment of?GATPase in the
corresponding final microsomes. In this paper, purification
of a few mutants of SERCAla ATPase allowed us to perform
initial studies of the Trp fluorescence of these mutants and
to gain information about the events revealed by the
fluorescence changes associated with various steps in the
ATPase cycle (namely, €a R, ATP, or Mg" binding).

We particularly focused here on the experiments made
possible by the purification of two mutants in nondenatured
forms: the E°Q mutant, known to bind only one of the
two C&* ions, at C&' site I, and the \RPF mutant, in which,

to start with, 1 of the 13 ATPase Trp residues (namely, the
one located in the cytosolic domain of the ATPase) has been
exchanged for the nonfluorescent phenylalanine, thereby
allowing us to attribute conformational changes either to the
membrane part of the enzyme or to the cytosolic region.

Changes Associated with €aBinding to ATPaseOur
control phosphorylation measurements make clear that, under
the conditions used in our experiments, the purified and
reconstituted E°Q mutant remains phosphorylatable from
P, andable to bind one of the two €aions with high affinity
(at site 1), as judged by the sensitivity toCaf P-dependent
phosphorylation of this mutant, at pH 7 (Figure 2B) or at
pH 6 (data not shown). Inhibition by €ain those phos-
phorylation experiments revealed an apparent affinity of the
E30°Q mutant for C&" of about 10uM at pH 7 (see Figure
2B), as expected from earlier studies with the nonpurified
mutant (L3). Yet, the results in Figure 3A show that binding
or dissociation of that single €aion doesnotresult in major
Trp fluorescence changes. Assuming that tAE@ mutant
otherwise behaves as normalPC# TPase, this implies that
the events induced by €abinding at site Il make the major
contribution to the overall Trp fluorescence changes observed
upon binding of C&" to both sites in WT C&-ATPase.

This conclusion, derived from experiments with mutated
ATPase, is consistent with the previous suggestion derived
from kinetic studies of Cd dissociation from rabbit SR
Ca&"™-ATPase 89), in which the C&" ion that plays the
largest role in the Trp fluorescence changes was found to
be the first ion to leave upon dissociation [i.e., presumably
(6, 40), the ion bound at site Il]. An independent study at
equilibrium of Sf*-induced Trp fluorescence changes in
FITC-labeled SR vesicles had previously indicated that the
Sr* concentrations required to enhance the Trp fluorescence
were larger than those required to reduce FITC fluorescence,
again suggesting that Trp residues were sensitive to late steps
in the SP* (and presumably C4, too).

As labeling of WT ATPase with FITC has already been
found possible Z0), we are currently trying to label with
FITC our purified and reconstituted®®Q mutant (which
nevertheless seems to be more fragile than WT under our
traditional labeling conditions). If Ca-dependent changes
in FITC fluorescence can indeed be observed upon binding
of Ca&" to site | of this labeled #%Q mutant, this will
definitely exclude the possibility that the lack of response
to Ca&" of the Trp fluorescence of #£°Q could be due to
adoption by this mutant of conformations unrelated to those
(E2, E1, or CaEl) in the classical Scheme 1 (ongoing
experiments to be published later). Irrespective of the result,
the fact that C&-dependent changes ifrp fluorescence
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were similar for WT ATPase and the¥F mutant suggests  site, at the site whose occupancy is known to be required
that WP2does not play a major role in these®Calependent  for phosphorylation. However, at pH 6, whenghospho-
changes. rylation is at its maximum, MY hardly raises tryptophan
Effect of C&" on ATPase StabilityWe were able to exploit ~ fluorescence, as recalled abod2) in this hypothesis, we
the results with the £%Q mutant because this mutant (like would therefore have to find an explanation for the fact that,
the WP mutant) survived purification (at least in part) at pH 6, the binding of Mg to the catalytic site (that makes
without being denatured. From the various functional assaysthe ATPase nicely reactive tq)Rs notreflected in the Trp
performed in this study (e.qg., Figure 2B), it appears that this fluorescence level, whereas it is at pH 7, where phospho-
was not the case for our mutants of site TR or D?°N), rylation is less favored. An alternative and more speculative
despite the fact that all of them were functiotheforethe hypothesis could then be that Kfgbinds to a separate site,
purification step, as judged from their ability to be phos- distinct from either the catalytic site or the Tébinding site-
phorylated from {2P]R, (refs 14, 28, and30 and unpublished  (s). At present, two possibilities could be thought of: g
data). Irreversible inactivation of SERCA1a in the presence might bind at the second M¢-binding site known to exist
of detergent and absence of%ds known to occur rapidly ~ under certain conditions in the cytosolic ATPase domain,
(e.g., ref29); in that respect, the fact thaf #Q and F°N close to ADP, as exemplified in the ATP-containing fluoride
are not functional after purification is not so surprising, as complexes of the ATPas&+9); otherwise, M§" could bind
these mutants are no longer able to bind any"Gan with at still another position, for instance, near 8fuwhere Fé"
high affinity. Conversely, it can be concluded that binding can bind 47). Future work will have to clarify these issues.
of the first C&" ion (to site |) issufficientto protect the In either case, the pH-dependent occupancy by this
ATPase polypeptide from irreversible denaturation in the putative new binding site could be related to the previously
presence of detergent. described pH dependence of the so-called E2 to E1 transition
A simple mechanism for the protective effect ofCaould of the ATPase, driving the enzyme in a conformation suitable
be that C&" ions bridge the various helices bearing the for subsequent ATP and €abinding @3, 44, 48) and again
residues to which Ca binds, so that the bundle of revealing long-distance effects of the binding of a ligand for
transmembrane helices in solubilized ATPase, despite itsrearrangement of the enzyme structure or dynamics.
loosening due to lipid replacement by a monolayer of Response of ATPase Trp Residues toaRd ATP,
detergent, is prevented from experiencing large amplitude Especially for V8. Previous studies using a membrane-
movements that would lead to irreversible denaturation. bound ionophore able to quench the fluorescence 8f-Ca
Along this view, it is understandable that binding of only ATPase tryptophan residues located at a distance compatible
one C&" ion to this transmembrane bundle already affords with energy transfer have proposed thaf*Vdoes not
significant protection. It is, however, not impossible that contribute to the overall rise in fluorescence induced by
binding of the first C&" ion changes the ATPase conforma- phosphorylation from Hand that, instead, the fluorescence
tion in the cytosolic domain, too, and makes it more resistant emitted by W52 dropsupon such phosphorylation, although
to denaturation. Note that binding of (only one)?Cén to this is generally obscured by the dominating rise in fluores-
E30°Q is also sufficient, after initial cleavage of ATPase at cence of other Trp residues}q, 50). The present results
E?*2 to protect the C-terminal p83C peptide formed from with the WP mutant (Figure 4B) fully support this previous
further proteolysis42). In contrast, binding of the mere first  suggestion and prove that the membranous Trp residues are
C&" ion to a mutant of site I, KA, is not sufficient to responsible for the phosphorylation-dependent rise in fluo-
confer to AMPPCP (an ATP analogue) a protective role rescence.
during ATPase cleavage by proteinase48)( On the other hand, on the basis of similar measurements
Mg?" Binding to the ATPaseMg?" binding to sarcoplas- it has also been suggested that®%¢ontributes significantly
mic reticulum C&"-ATPase is a prerequisite for ATPase to the fluorescence rise observed after addition of ATP to
phosphorylation, either from;n the absence of Ca or C&*-deprived enzyme preincubated with kg(49). That
from ATP in its presence (Scheme 1 and r@6and 44— second suggestion is contradicted by the present measure-
46). In the absence of G4 Mg?* addition to ATPase induces  ments with the V¥ mutant (Figure 5B): we found that
a change in ATPase fluorescence, a change which is stronglyreplacing W52 with a phenylalanine did not affect the
dependent on pH, being minimal at acidic pB2Y. The fluorescence rise recorded upon addition of ATP in the
reason for this change, however, is not clear. One of the absence of C4 and presence of Mg, excluding a
previously discussed possibilities is that, at neutral or alkaline prominent role of V§%2in these variations. The present result
pH, Mg?" might compete with C4 for binding to one of shows that mainly tryptophans located near the membrane
the two high-affinity C&" sites on ATPase3@, 33). The interface are responsible for these fluorescence changes and
results obtained in the present study with tf#€%@ mutant that ATP binding is followed by a reorganization of the
seem to completely exclude this possibility, as binding of membrane domain [a fact that is not completely unexpected,
Mg?* to the C&"-deprived E®Q mutantraisesfluorescence,  in view of the accelerating effect of ATP on €abinding
whereas binding of Ca to site | doesot (Figure 5A); the (44, 45, 51)].
Mg?" ion responsible for the fluorescence rise is unlikely to  Future Mutations of Trp Residueur results suggest that
bind to the high-affinity C& -binding site I, and it would ~ W®%2is not critical for any of the ligand-induced changes
be surprising that the mutated site Il, which has lost the that we have been monitoring here. Concerning the Trp
ability to bind C&", could have retained the ability to bind residues borne by the membrane helices and comparing the
Mg?+. available structures of &ATPase in various conforma-
Where then could binding of this Mgion take place? A tions, it appears that MAM6 helices undergo the most
first hypothesis could be that Mgbinds near the catalytic ~ drastic rearrangements when going from one intermediate
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to the other in the catalytic cycle, whereas C-terminaHvV7 16
M10 helices show barely any movemebt{10). Thus, one

can speculate that the tryptophan residues responsible for
fluorescence changes upon binding ofCd;, or ATP are
localized on Mt-M6 helices. Examining the response of
these Trp residues will therefore be an obvious goal for future
directed mutagenesis of the Trp residues. Indeed, deletion
of a large number of Trp residues in the 2C&ATPase

sequence (ideally, leaving only one Trp residue per mutant),

combined with purification and reconstitution of appropriate 19

amounts of such mutants, can be expected to be both
necessary and useful for a more precise description of the
motion of membrane helices during the various steps in the
catalytic cycle of C&-ATPase. The present paper opens the

way toward this goal.

21.
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