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ABSTRACT. Ca'-free crystals of sarcoplasmic reticulumCaATPase have, up until now, been obtained

in the presence of inhibitors such as thapsigargin (TG), bound to the transmembrane region of this protein.
Here, we examined the consequences of such binding for the protein. We found that, after TG binding,
an active site ligand such as beryllium fluoride can still bind to the ATPase and change the conformation
or dynamics of the cytosolic domains (as revealed by the protection afforded against proteolysis), but it
becomes unable to induce any change in the transmembrane domain (as revealed by the intrinsic
fluorescence of the membranous tryptophan residues). TG also obliterates the Trp fluorescence changes
normally induced by binding of MgATP or metal-free ATP, as well as those induced by binding%f Mg
alone. In the nucleotide binding domain, the environment of12yas revealed by fluorescein isothiocyanate
fluorescence after specific labeling of this residue) is significantly different in the ATPase complex with
aluminum fluoride and in the ATPase complex with beryllium fluoride, and in the latter case it is modified
by TG. All these facts document the flexibility of the loops connecting the transmembrane and cytosolic
domains in the ATPase. In the absence of active site ligands, TG protects the ATPase from cleavage by
proteinase K at TRf2—GIlu?*3, suggesting TG-induced reduction in the mobility of these loops. 2,5-Di-
tert-butyl-1,4-dihydroxybenzene or cyclopiazonic acid, inhibitors which also bind in or near the
transmembrane region, also produce similar overall effects én-itee ATPase.

Sarcoplasmic reticulum (SRE2t—ATPase (SERCAla)  active transport requires ATP hydrolysis as the energy source,
is an ion pump belonging to the family of P-type ATPases, and its catalytic cycle has been studied at length. At some
responsible in muscle cells for active transport of'Cleom step during ATP hydrolysis, the pump’s affinity for €a
the cytosol into the sarcoplasmic reticulum lumen (see, e.g.,changes from high to low, coupled with topological reori-
refs1—6 for review): the resulting reduction of the cytosolic entation of the binding sites from one side of the membrane
free C&" concentration triggers muscle relaxation. This to the other (with intermediate “occluded” species). The
catalytic cycle comprises transitions between various inter-
mediates, some of which are phosphorylated (hence the name
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25-27). Note that crystals of a given form of &afree the presence of 1 mM €a(8—12% acrylamide, as needed).
ATPase obtained in the presence of different inhibitors Depending on the experiment and on the desired level of
(thought to act on the protein similarly) reveal slightly response linearity, 4 or2g of protein was loaded per lane;
different structures15—17). In a previous work, we have after Coomassie Blue staining, the intensity of the individual
shown that adding inhibitors such as thapsigargin (TG), 2,5- peptide bands was deduced from gel scanning. The electro-
di-tert-butyl-1,4-dihydroxybenzene (BHQ), or cyclopiazonic phoresis miniprotean 2 supply, the GS700 densitometer, and
acid (CPA) to C&'-free ATPase complexed with BgFa Molecular Analyst and Quantity One software were provided
transition-state analogue of “E2P”) indeed prevents the by Bio-Rad SA (Marnes-la-Coquette, France); low molecular
ATPase C#& binding pocket from opening toward the lumen, weight (LMW) markers were from GE Healthcare ' (\Zg,

in contrast with what is considered to happen with the France).

“normal” E2P form, and with the unfortunate consequence  Flyorescence Measuremenfuorescence measurements
that, in the presence of such inhibitors, we may never be ere carried out with a SPEX Fluorolog spectrofluorometer
able to obtain crystals showing the ATPase structure with provided by Horiba/Jobin-Yvon (Longjumeau, France). The
anopenC&"* release pathway from the transport sites toward intrinsic fluorescence of the ATPase was recorded with
the lumen g8). excitation and emission wavelengths set at 290 nm (or

In the present work, we further document the effects of 298 nm; see the figure captions) and 330 nm (or 320 nm),
TG, BHQ, and CPA on C4-free ATPase. By monitoring  respectively (bandwidths were 2 and 10 nm, respectively),
the fluorescence changes occurring either in one of thewith SR membranes at 0.1 mg/mL protein in a thermostated
cytosolic domains or within the transmembrane domain and continuously stirred cuvette (see, e.g.. 1®f Extrinsic
(thanks to a fluorescein label attached to $ysn the fluorescence of FITC-labeled SR membranes (suspended at
nucleotide binding domain or to the ATPase intrinsic 0.02 mg/mL protein) was also recorded (ATPase labeling
tryptophan residues, respectively) upon addition of specific with FITC had been performed as describ&d)(except that
ligands such as fluoride, vanadate, ¥gor ATP, we now FITC had been initially diluted in dimethyl sulfoxide
show that the presence of TG or related inhibitiixesthe (DMSO) instead of dimethylformamide); excitation and
structure of the ATPaseansmembrane domaand prevents  emission wavelengths were then set at 495 and 520 nm
it from experiencing the changes which would normally have (bandwidths were 2 and 10 nm, respectively).

occurred in the absence of the InthItWIIhOUt necessar”y Filtration MeasurementsSR membranes were first sus-
preventing binding events in the cytosolic domains from pended at 0.1 mg/mL protein, with or without inhibitors (TG
occurring. This is presumably a consequence of the likely at 1 4g/mL (about 1.5uM), CPA at 0.3ug/mL (about
flexibility of the loops connecting the A-domain and the 1 35,M), or BHQ at 30uM), in a C&*-free buffer in the
transmembrane part of the ATPase and probably explainspresence or absence of Rigat pH 7 and 20°C (see the
why the various structures previously described for crystalline figure captions). Then, at time zero, 3 [y-32P]JATP
Cat-free ATPase forms have all been found to be very together with 300#M [3H]g|ucose was added from a
similar in their transmembrane domains, irrespective of the concentrated solution (already containing the two isotopes).
bound ligands and conformations in their cytosolic domains. After various periods, aliquots (2.5 mL, i.e., about 0.25 mg
By monitoring the proteolytic susceptibility of a loop  of protein) were loaded onto two HA filters (Millipore, no.

intervening between the ATPase transmembrane and cytoHAwWP02500, Saint Quentin en Yvelines, France) on top of
solic domains, we also document the effect of the inhibitors each other, under vacuum. The two filters, without rinsing,

on the protein average structure or dynamics. were counted individually in a scintillation counter, with]-
glucose in each filter serving as a marker of the background
EXPERIMENTAL PROCEDURES unbound ATP (trapped in this filter together with the wetting

volume). In the upper filter, unbound ATP was subtracted
from the total ATP, to give the amount of ATP bound
specifically to the ATPase. The lower filter served to check
that SR membranes were adsorbed onto the upper filter only
(see, e.g., re28 or 34 for related filtration experiments).

Chemicals. TG (the stock solution was 1 mg/mL in
DMSO, i.e., about 1.5 mM) was from VWR International
(no. 586005, Fontenay-sous-bois, France), BHQ (the stock
solution was 22 mg/mL in DMSO, i.e., 100 mM) was from
Aldrich (no. 11,297-6, Saint Quentin Fallavier, France), and
CPA (the stock solution was 10 mg/mL in DMSO, i.e., about
30 mM) was from Sigma (no. C1530, Saint Quentin
Fa”aVier, France). Proteinase K (the stock solutions were 6 Effects of TG or Other Inhibitors on “E2P-Related” Forms
or 1.5 mg/mL in 10 mM Tris-Cl, pH 7.4) was from Roche  of Ca2*-Free ATPase: Proteolysis and Intrinsic Fluores-
Diagnostics (no. 745723, Meylan, France). cence Experiment#n a remarkable series of papers, Danko

Proteolysis by Proteinase Ktor controlled proteolysis, and colleagues previously demonstrated that"@me
SR membrane vesicles (prepared as in 28&and29) were ATPase becomes fully resistant to proteolysis by proteinase
treated with proteinase K (prK) under conditions described K after formation of E2P-related species from either ortho-
in the corresponding figure captions. As previoud,31), vanadate or fluoride complexes (or, to some extent, from
proteolysis was stopped by adding 85mM PMSF to the phosphate itself)35, 36). These authors also mentioned that
samples and transferring them on ice for at least 10 min. protection by such phosphate analogues was still observed
After proteolysis arrest, the samples were diluted 10-fold into in the presence of TG. As a preliminary check, we repeated
a 4 M urea-containing denaturation buffer (otherwise as those experiments under our own favorite conditions (Supple-
described in ref32) and boiled for 60 s, and aliquots were mental Figure S3 in re28) for forming E2P-like species,
loaded onto an SDSPAGE Laemmli gel 83) prepared in i.e.,, at pH 7 in the presence of KCl and the additional

RESULTS
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Ficure 1: Fluoride-containing E2P-like forms (but not E2P itself) are fully protected from cleavage in the presencéraspéctive of

whether TG has been added after or before the fluoride salt, implying that the prior presence of Titdtqmesent the ATPase from
reacting with the fluoride compound. (A) SR membranes (1 mg of protein/mL) in 200 mM KCI, 20% DMSO, 150 mM-Wops0.5

mM EGTA, and 5 mM M@" at pH 7 and 20C were incubated in the absence (lanes 2 and 3) or presence of various additions: 0.05 mM
AICl3 and 1 mM KF (lanes 4 and 5), 0.05 mM Be@ind 1 mM KF (lanes 6 and 7), or 2 mM @anes 8 and 9). Incubation lastee+ 50

min. Similar incubations in the presence of KF anda¥iglone, KF in the absence of free kg BeCh without KF, or orthovanadate are
shown in Figure S1 of the Supporting Information. Then, TG (0.01 mg/mL) was added to some of these samples (lanes 3, 5, 7, and 9) for
5—10 min of incubation again. Last, proteinase K was added to all samples, at 0.3 mg/mL, and proteolysis took place for 60 min. (B)
Similar experiment, except that TG was added first to thé"@eprived SR membranes, followed after B) min by fluoride (together

with Al or Be) or R and only then, 510 min later, by proteinase K. In both cases, after proteolysis arrest and sample denatugagion, 2

of protein per lane was loaded for SBSAGE, here on a 9% acrylamide gel. Lanes 10 contain molecular mass markers (LMW Pharmacia
kit). Lanes 1 contain intact SR (2g of protein per lane, again) in the absence of proteinase K.

presence of 20% DMSO, known to stabilize formation of (despite the fact that, thanks to the presence of DMSO, P
E2P from R (37). addition here allows almost full phosphorylation), as well
The results illustrated in Figure 1A extend the previous as the fact that this effect ofi was disrupted by TG3b,
results of Danko et al. to these experimental conditions and 36). This more modest protective effect and its subsequent
show that the ATPase indeed becomes fully resistant todisruption by TG are obviously due to the dynamic nature
proteinase K after reacting with aluminum or beryllium of the E2 to E2P equilibrium, combined with the fact that
fluoride (a few other incubation conditions, e.g., with TG reduces the extent of the reaction of E2 with{d5, 27,
magnesium fluoride or vanadate, are illustrated in Figure S1 38). Most importantly for our purpose, we then found that
of the Supporting Information) and remains so if TG is added the blockade of ATPase proteolysis was independent of
subsequently. TG binding under these conditions is provenwhether TG had been added afteaforethe fluoride salt
by its inhibitory effect on C& binding to the luminal side  (as shown by the identical results in panels A and B of Figure
of the ATPase28) and also by its effects on fluorescence 1). This implies that the prior presence of TG dosst
levels, as shown below. We also confirmed under the sameprevent the cytoplasmic domains of ATPase from reacting
conditions the more modest protective effect ofitBelf with aluminum or beryllium fluoride in a subsequent step.
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FiGURE 2: In contrast with what happens upon formation of E2
AlF, (or E2MgF,), formation of E2BeF or E2P raises Trp
fluorescence. Further addition of TG reduces it, much more for
E2-BeF; or E2P than for ERAIF, or E2, so that the final levels are
similar. The fluorometer cuvette contained 0.1 mg/mL SR in
100 mM KCI, 20% DMSO, 5 mM Még", and 50 mM Mops-Tris

at pH 7 and 20C. Sequential additions were made, when indicated
by arrows: C&" (100u4M) and EGTA (2 mM) (in all panels), KF

(2 mM) and AICE (B) or BeCL (C) (both at 5quM) or P, (2 mM) and BeC} (50 uM) directly (A), TG (1ug/mL, i.e., about 1. %M,

(D), and last TG (lug/mL each addition, in all panels). The twice) followed by KF and BeGI(B), BHQ (30uM) followed by
excitation wavelength was 290 nm, and the emission wavelength KF and BeC} (C), or CPA (0.3ug/mL, i.e., about kM) followed

was 330 nm (bandwidths were 2 and 10 nm, respectively). In the by KF and BeCJ (D). As for the experiment illustrated in Figure
various panels, the first addition of TG saturates the ATPase 2, the excitation wavelength was 290 nm and the emission
(1 ug/mL TG corresponds to about 1.&1 TG, whereas 0.1 mg/ wavelength was 330 nm (bandwidths were 2 and 10 nm, respec-
mL SR corresponds to 0:8.7 uM ATPase), while each further  tively). The traces have been corrected for the (very small) artifacts
addition induces an additional small quenching of fluorescence, induced by dilution.

mainly due to an inner filter effect (see also r@sand36). The
traces have been corrected for the (very small) artifacts induced
by dilution.

Time, min

FiIGUrRe 3: ATPase preincubation with TG, CPA, or BHQ (with
poor affinity for the latter inhibitorpreventsthe membranous Trp
residues from experiencing fluorescence changes following forma-
tion of E2-BekR:. The fluorometer cuvette contained 0.1 mg/mL SR
in 100 mM KCl, 20% DMSO, 5 mM Mg", and 50 mM Mops-

Tris at pH 7 and 20C, as for the experiment illustrated in Figure
2. Sequential additions were made, when indicated by arrow&: Ca
(100uM) and EGTA (2 mM) (in all panels) and then KF (1 mM)

the true E2P state than the 8%, transition-state analogue
(28, 36).

Figure 2 then also shows the effect of TG addition to these
various species: TG addition reduced the ATPase intrinsic
fluorescence level much more for 882K, or E2P than for
E2-AlF4 or E2, so that the final levels were not very different.

. ) Because of our proteolysis results in Figure 1, we can
on the ATPase transmembrane domain, we studied thej,iorhret the rather similar final fluorescence levels in the
consequences of TG addition on the ATPgse |ntr|n_5|c absence or presence af(Figure 2A,D) as simply reflecting
fluorescence, a fluorescence due to Trp residues mamlythe quasi-disappearance of E2P in the presence of TG:
located (12 out of 13) in the transmembrane section of the hoyever, the again similar final fluorescence level in Figure
ATPase. Related experiments performed in the absence obc implies that TG addition to the ATPase complex with
DMSO have previously been reporteb( 28), but thanks  BeF, has modified the transmembrane region of this complex,
to the presence of DMSO we were here able to directly to make it closely resemble that of the fluoride-free complex
compare “E2P-like” species, formed from fluoride salts, with (consistent with closure of the Earelease channelilespite

the “true” E2P species itself, formed from Formation of  the factthat Bek is not displaced from the cytoplasmic
the transition-state analogue B2, (from KF and AICE) domains by TG.

only led to a slight relatively slow fluorescence decrease  conversely, and to make this even more clear-cut, Figure
(Figure 2B), as previously found in the absence of DMSO 3 shows the result of a complementary experiment where
(28). In contrast, the intrinsic fluorescence level of the TG was added from the start and Befas added at a later
ATPase roseboth when the E2P phosphoenzyme was step only: after the prior addition of TG, subsequent addition
formed from P (Figure 2D) and when the EReF analogue  of fluoride and beryllium no longer induceahy change in
was formed from KF and Beg(Figure 2C). This confirms  Trp fluorescence (Figure 3B; compare with Figure 3A),
the previous conclusion that, from the Trp fluorescence point although from Figure 1B we know that susceptibility to
of view, the E2Bek species is a much closer relative to proteolysis by proteinase K is fully blocked and hence

From the results in re28 we know that adding TG (or
other inhibitors) to C& -free ATPase after the formation
of ATPase complexes with metal fluoride prevents the
normal opening of the Ca binding sites toward the luminal
medium. To further characterize this influence of inhibitors
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words, upon reaction of Bgkith the ATPase catalytic site, ,
the transmembrane region of the ATPase complex with TG, 105 |
at least as evidenced by the Trp residuesfioasxperienced =
any change, although one of the loops connecting the £ 100
transmembrane and the cytosolic domdias experienced §
a drastic change. Similar results were obtained after reactiong 95 -
of ATPase with aluminum fluoride, with the same conclusion
(data not shown). These results make it possible to under-3
stand that previous crystals of €dree ATPase complexed
with TG and fluoride salts revealed transmembrane domains
pretty similar to those in the absence of fluoridespitethe
fact that the cytosolic domains were differegt (2, 13):
TG fixes the ATPase transmembrane domain irrespective of
what happens in the cytosolic domains following binding of
the fluoride compound (AlFor MgF; in previously published
crystalline forms) and thereby may mask part of the
information that would have been derived from inhibitor- 95 -
free crystals. [
Almost similar results were obtained using other well-
characterized inhibitors of Ca—ATPase, instead of TG, Time, min
either BHQ or CPA (Figure 3C,D). In the case of BHQ, Ficure 4: In E2BeF, (or E2P), the fluorescence of FITC bound
however, concentrations of BHQ much larger than stoichio- to Lys**®differsfrom that in E2AIF, (or E2VOy,, not shown). FITC
metric (30 uM in Figure 3C) were required to prevent fluorescence hardly responds to TG addition to/A&R, (or E2

L _ VO,) but responds quite significantly to TG addition to-B2F..
fluorescence changes upon addition of Befmost com The fluorometer cuvette contained 0.02 mg/mL FHER in

pletely (2 4M BHQ hardly changed anything, data not 100 mMm KCI, 20% DMSO, 5 mM Mg, and 150 mM Mops
shown). This fits with the relatively poor affinity with which  Tris at pH 7 and 2(°C. Sequential additions were made, when
under similar conditions BHQ was found to prevent luminal indicated by arrows: Cé (20 uM) and EGTA (0.2 mM) (in all
opening of the C& binding sites 28). In contrast, and again ~ Panels), KF (1 mM) and AIGI(B) or BeCh (C) (both at SQuM)

. . 5 o . or B (2 mM, followed by another identical addition of 2 mM) (D),
consistent with the*Ca" binding measurements ir2g), and TG (1ug/mL each addition, in all panels). The excitation

CPA was effective at kM; in this case, the fluorescence wavelength was 495 nm, and the emission wavelength was
recording suggests that the binding of CPA (or the resulting 520 nm (bandwidths were 2 and 10 nm, respectively). In the various
blockade of transmembrane segment movements) is notpanels, the first addition of TG saturatgs the .ATPase. The traces
instantaneous, but requires a few minutes of incubation (see'%?f"e been corrected for the (small) artifacts induced by dilution.
o ects of TG addition to the E®¥O, species are shown in
glsp 'below). For_ both BHQ and CPA, addition of the Supporting Information Figure S2.
inhibitor resulted in an apparent drop in Trp fluorescence,
while as for TG, subsequent additions induced smaller drops(see, e.g., ref@5 and 66).
(not shown). This is because all these inhibitors have a dual As a preliminary result, under the exact same conditions
effect on ATPase intrinsic fluorescence: they perturb it by as those documented above, i.e., in the presence of DMSO
binding to the ATPase and simultaneously induce inner filter and KCI at pH 7, Figure 4 first shows the previously
effects due to their own absorbance in the UV region (data undocumented fact that the response of FITC fluorescence
not shown). BHQ also has some weak fluorescence itself, to ATPase reaction with Bgks a drop in FITC fluorescence
which counterbalances in part the inner filter effect and (Figure 4C), similar in sign to its response to ATPase reaction
complicates more detailed analysis (data not shown). with P, (Figure 4D, a previously undocumented drop too),
Effects of TG or Other Inhibitors on a Reporter Group whereas ATPase reaction with Alfiggers a response of
(Fluorescein) at Ly8® in the Nucleotide Binding Domain.  opposite sign (Figure 4B, a rise in FITC fluorescence, rather
From the above results, we concluded that in the presentlysimilar to that classically observe89) upon ATPase reaction
available crystals where €afree ATPase is complexed with ~ with another putative transition state, orthovanadate; see
AlF4 or MgF, and TG, TG has probably driven the ATPase Supporting Information Figure S2A). Thus, the -B2F
transmembrane domain into a fixed state irrespective of whatspecies again appears to be more similar to the true E2P
had happened in the cytosolic domains following binding species than to the ERIF, or E22VO, species. When TG
of the fluoride compound (see, e.g., r&fsl2, and13). One was added to the FITC-labeled &K species, FITC
question, then, is to which extent, in these crystals, TG could fluorescence rose quite significantly (Figure 4C); in contrast,
have altered the organization of the cytosolic domains too, there was only a slight change upon addition of TG te E2
despite the fact (Figure 1) that ATPase reaction with the AlF, (Figure 4B) (while TG addition to E2P (Figure 4D)
fluoride compound had remained possible. To address thisincreased FITC fluorescence back to the level found in the
issue, we explored the response to the addition of TG of anabsence of P(Figure 4A), as expected from the dynamic
extrinsic label located in the cytosolic region, namely, FITC nature of phosphorylation from;)P
bound at Ly&™ in the nucleotide binding domain. TG has From these results, we may infer that the ATPase structure
already been reported to block the FITC fluorescence changesaround Ly$'® in the previously published T&2-AlF,
induced by C#& addition or removal, but reports of the effect crystals (3) probably didnot suffer much from the presence
of TG per se on FITC fluorescence are scarce in the literatureof TG, but the ATPase structure in a putative ‘EZBek

reaction with the fluoride compourftasoccurred. In other nmofF T TS FTTTR (E2A1F4)‘ 110

% 7105

/- 100
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crystal, if such a structure were to become available, might T (corlltrol) N I(TG)

deviate more significantly, even in the cytosolic region, from 110 4 F 4110

its TG-free counterpart, again assuming the latter could alsog 105 L Cazj I . 1105

become available. It is however fair to recall that in previous g, - \ 1 1t 1

experiments where TNPAMP bound in the cytosolic & 190[ by ca 1T 7100

domain, instead of FITC, was used as the reporter group, £ 95 EGTA 1 4 r EGTA 1495

addition of TG to the EfBeF species left hydrophobicity & oo [ M2 1L N 90

around the TNP group essentially unalterg@){ thus, those ;’ I 11

results with TNP-AMP point to the possibility that the effect %

of TG on the cytosolic domains suggested by our FITC data &

might remain rather limited. Nevertheless, consistent with a %

general effect of TG at the nucleotide binding site (where é I

the fluorescein is located), it may be recalled that TG is 2 110 - 1110

known to reduce the ATPase affinity for MQATR4, 40— £ 105 - 105

42; see also below). ;;,’ 100 L 1 100
Focusing on the E¥O, and E2AIF, species, whose & - :

formation is most clearly revealed by the fluorescein reporter ™ ST 9

group, formation of these species was not prevented by the 90 - 90

preliminary addition of TG (Supporting Information Figure [ ]

S2C,D), consistent with the proteolysis results. This was true
also in the absence of DMSO (Supporting Information Figure Time, min

S3), i.e., under conditions where the fluorescence rise FiGURe5: TG (as well as BHQ) completely obliterates the response
associated with V@binding has been extensively described Of ATPase Trp residues to the addition of Mgto Ca*-free

_ ATPase. The response to Kfgin the presence of CPA is masked
(39). Note that TG-dependent and ¥@ependent FITC by enhanced CPA interaction with the ATPase following addition

signals are significantly larger in the absenge than in the of Mg?*. The fluorometer cuvette contained 0.1 mg/mL SR in
presence of DMSO (as shown by comparing Figure S3A with 150 mM Mops-Tris at pH 7 and 20C. Sequential additions were
Figure S2A and Figure S3C with Figure S2C), which makes ?Iad(?vl 6)15 TOﬂQt;I_VS, V\_/fhen |n[qllcated tl)yBaEIEc();W(S];iC/a(I)_?#M)’ EG'll'AC
i mM), inhibitor if any [in pane g/mL), in pane

the former conditions more favorable to study the effects of s 3%y g fr'band) B CPA (0.5:gimL]. then Mg+

or v, on luorescence. t er inhi 'torls Influeénced >0 mM), and last (double arrow) @aagain (at 1 mM, added
FITC fluorescence in a manner qualitatively similar to that twice in panel A, which is the control). The excitation wavelength
of TG: they all increased the basic fluorescence level of was 290 nm, and the emission wavelength was changed to 320 nm
FITC but did not prevent formation of the transition-state tZOa?]Eth]r.nOIZr?mthree S“Ségziﬁi?fnfﬁgteiggﬁﬁgt \?vzr;dr‘;‘g?ftgrsm‘é"g;et oH
ana!ogue (Suppprtlng Information Figure S4). BHQ WaS 7 ih the absence of KCl, but similar results were also obtained at
again less effective than TG or CPA, as at a concentration pH 7.5 (which further optimizes the Mtrdependent signal; see

of a few micromolar it blocked the effect of subsequent ref43) or at pH 7 but in the additional presence of 100 mM KClI
addition of C&" only partially. (which slightly depresses it, unpublished results). Traces have been

- ted for th Il) artifacts induced by dilution.
Effects of TG or Other Inhibitors on Other Forms of Ca corrected for the (small) artifacts induced by dilution
Free ATPase, As Deduced from Intrinsic Fluorescence \we then studied the effects of inhibitors on the Trp

Responses to Mg or ATP.We then explored the effect of  flyorescence changes that normally accompany ATP addition
TG, BHQ, and CPA on two other events: binding of Mg to Ca*-free ATPase 44, 45, 34, 19). In the presence of
and ATP to C&'-free ATPase. These two events are known Mg?*, where the affinity for ATP (MgATP, in fact) is high

to give rise to distinct Trp fluorescence changes, which were jn the absence of TG, TG completely inhibited these
observed here in the absence of DMSO and KCI. The Trp fluorescence changes (Figure 6A,C), a fact which was
fluorescence changes accompanyingMagldition at neutral  previously noted46) but only briefly commented upon as
or alkaline pH #3) were completely obliterated in the reflecting the known TG-induced drop in the affinity of the
presence of TG (part A versus part B of Figure 5). This was ATPase for MgATP 46, 41, 67). Remarkably, however, this
also essentially true in the presence of BHQ aulD(Figure  was also the case in the total absence of freé"MBigure
5C), but again BHQ appeared to bind with relatively poor 6B,D), i.e., under conditions where the binding of ATP (with
affinity, as the rate of its dissociation upon subsequent poorer affinity) has been suggested to be almost unaltered
addition of excess Ca was much faster than for TG (at by TG (47). In relation with that suggestion, and because of
only 3 uM BHQ, Trp fluorescence remained sensitive to the existence of seemingly contradictory results obtained
Mg?* and the rate of the subsequentGinduced rise was  under different ionic conditionsl@), we performed-32P]-
faster than at 1@M BHQ, while at 30uM BHQ, this rate ATP bhinding experiments under our ionic conditions (using
was slowest, data not shown). In the presence of CPA, it a filtration assay), and we were able to confirm the suggestion
turned out that addition of Mg after CPA induced a further  in ref47: at the relatively high concentration of-f2P]JATP
drop in Trp fluorescence (Figure 5D): this peculiar feature we used (3«M), i.e., with the ATPase nucleotide binding
probably reveals that CPA itself binds tighter (or to a larger site essentially fully saturated in the presence ofMand
extent) to the ATPase at millimolar concentrations of?Mg  only partially in the absence of Mg, TG hardly affected
than at the micromolar concentration found in nominally the amount of ATP bound in the absence of ¥@nd the
Mg?*-free buffer and hence is more efficient in quenching amount of ATP bound to the ATPas&G complex was in
Trp fluorescence (see the Discussion). fact higher in the absence of Nigthan in its presence;
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Ficure 6: TG completely obliterates the response of ATPase Trp
residues to the residual binding of either MgATP or ATP—@®)

The fluorometer cuvette contained 0.1 mg/mL SR in 150 mM
Mops—Tris at pH 7 and 20C. Sequential additions were made as
follows, when indicated by arrows: €a(100uM), EGTA (1 mM),
Mg?t (5 mM; A, C) or EDTA (2 mM; B, D), and TG if any

(1 ug/mL; C, D); then, increasing concentrations of ATP were
added, M first, then 30uM more, then 30QtM more, and last
two or three additions of 30@M again (arrowheads). The excitation

Montigny et al.

of an E2Bek complex) no longer induces any conforma-
tional change in the transmembrane domain, where most of
the Trp residues are located.

Similar experiments were repeated using BHQ or CPA
instead of TG. BHQ proved to act very similarly to TG,
although again with poorer affinity. In the presence ofi¥g
30 uM BHQ nearly completely prevented (Supporting
Information Figure S5A) the normal response of ATPase Trp
residues to MgATP addition previously illustrated in Figure
6A, although about half of the/f3?P]ATP remained bound
in the presence of BHQ (Figure S5E); &M BHQ was not
sufficient in the presence of Mg (data not shown). In the
absence of Mg, 10 uM BHQ was sufficient to eliminate
the fluorescence response to ATP addition (compare Figure
S5B with its control in Figure 6B), althoughy/{*?P]JATP
binding was only minimally altered by BHQ (Figure S5F).
CPA revealed specific features, to be considered in parallel
with its previously noted specific behavior in the experiments
illustrated in Figures 3D and 5D. In the absence of freéyg
addition of CPA no longer induced any observable time-
dependent fluorescence response, and the rapid fluorescence
drop observed now matched exactly the drop expected for
an inner filter effect alone (Supporting Information Figure
S5D); the binding of $-3?P]JATP to ATPase was again
minimally altered by CPA (Figure S5F), but in this case the
accompanying fluorescence changes, too, were minimally
altered (compare Figure S5D with its control in Figure 6B):
thus, CPA seems to hardly interact with the ATPase in the
absence of M. In the presence of Mg, the time-
dependent fluorescence drop, which we believe to be a
manifestation of CPA interaction with the ATPase, was
completed on a time scale of minutes (Figure S5C). After
this equilibration, addition of ATP (i.e., MgATP) no longer
induced any fast rise in Trp fluorescence, as for TG or BHQ,
despite the reduced but again nonzero amount-8tR]ATP
bound after short periods (Figure S5E; see als®mf At
later times, Trp fluorescence rose slowly (compare Figure
S5C with its control in Figure 6A), possibly revealing slow

wavelength was set at 298 nm to reduce the inner filter effect due displacement of CPA from its binding site(s) (as also found
to ATP absorbance, while the emission wavelength was kept at i, Figyre 5D) concomitant with a slow increase in the amount

320 nm; bandwidths were 2 and 10 nm, respectively. Traces have

been corrected for the (very small) artifacts induced by dilution.
(E, F) [y-*?P]ATP binding to the ATPase (in the presence of

of bound [-3?P]ATP (Figure S5E).
Effects of TG or Other Inhibitors on CaFree ATPase

30uM ATP) under almost exactly the same conditions, as deduced in the Absence of Any Other Ligand, As Deduced from Mild

from filtration experiments. At time zero, 3M [y-32P]JATP was
added to C#&-free ATPase (0.1 mg/mL), suspended in 150 mM
Mops—Tris (pH 7 and 20°C), 0.5 mM EGTA, and either 5 mM
Mg?t (E) or 0.5 mM EDTA (F), and preincubated in the absence
(circles) or presence (squares) ofuy/mL TG. After various
periods, 2.5 mL aliquots were filtered on Millipore HA filters and

Proteolysis Experiments with Proteinasellést, we studied
the effects of inhibitors on Ca-free ATPase in the absence
of any other ligand, by using the ATPase susceptibility to
proteinase K as an indicator of possible changes in its
conformation or dynamics. To be consistent with the

double-counted without rinsing. In panel E, the tendency for bound experiments in Figures 5 and 6, we chose here to keep

ATP to become slightly lower after long periods most probably
reveals M@"-dependent ATP hydrolysis by contaminant enzymes.

proteolysis media devoid of DMSO and KCI; compared with
the previous proteolysis experiments illustrated in Figure 1,
we had to use a lower proteinase K to SR membrane ratio

see the squares in part F versus part E of Figure 6). Both inin the new experiments, because both DMSO and KCI

the presence and in the absence of?Mghe amount of

bound ATP remained significant in the presence of TG. Thus,

appear to slow ATPase proteolysis (Figure S6 in the
Supporting Information). As an introduction to these experi-

the total absence of ATP-induced fluorescence changes undements, let us first recall3Q, 48) that, during mild treatment

any of these two conditions implies that TG completely

of SR vesicles with proteinase K in the presence of'Ca

prevented the Trp residues in the membrane from experienc-number of well-characterized initial products are formed,
ing any distinct change in environment upon the residual including membranous peptides derived from either the
binding of ATP to the ATPase cytosolic domain: ATP still C-terminal (p83C, p27/28C, and p19C) or the N-terminal
binds to the ATPase (with modest affinity) despite the (p28N and a small amount of p81N) part of the ATPase, as
presence of TG, but (as previously observed after formation well as water-soluble p29/30 fragments derived from the
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FiIGURE 7: The presence of TG (or CPA) during proteinase K treatment éf-@ae ATPase slows cleavage at T242243, resulting in
the formation of large amounts of p95C. (A) SR membranes (2 mg of protein/mL) were treated with proteinase K (0.03 mg/miC) at 20
for various periods of time, in proteolysis buffer (100 mM Mef¢aOH and 5 mM M@" at pH 6.5) containing either 0.3 mM &a(lanes
2-5) or 0.5 mM EGTA (lanes 69). After proteolysis arrest and sample denaturatiopng4of protein was loaded per lane, on a 12%
acrylamide gel. Lanes 1 and 10 contain molecular mass markers (LMW kit, GE Healthcare). This is a repeat of the experiment illustrated
in Figure 1A of ref49, but performed exactly in parallel with the one illustrated in panel B. (B) SR membranes were similarly treated in
the presence EGTA, except for the additional presence of either TG (lari8s02 CPA (lanes 69), both at 2Qug/mL (i.e., about 3«M
for TG and 60uM for CPA; 2 mg/mL SR corresponds to about-1D4 uM ATPase, assuming-5/ nmol of ATPase/mg of protein).

central and cytosolic nucleotide binding domain (see lanes ATPase 85). We confirmed this, but in addition we found
2—5in gel A of Figure 7, corresponding to an experiment that the presence of TG has a clear qualitative effect on the
performed at pH 6.5). The C-terminal peptide p83C results pattern of proteolysis: p83C becomes much weaker, while
from ATPase cleavage at T24E243, and the T242E243 p95C is now predominant (lanes-38 in gel B versus lanes
bond is indeed peripheral (and therefore accessible to6—9 in gel A of Figure 7). In Danko et al.’s previous paper
proteolysis) in the structure of the €abound form of Ca™— (35), the same qualitative trend (although less pronounced
ATPase 7). In the absence of G4, as seen by lanes® under the conditions of that paper) is also visible (see Figure
in gel A, a new high molecular mass peptide is also formed 2 in ref 35), and a similar TG-induced inversion of the p83
(compare lanes-69 with lanes 2-5; see also Figure 1 in  to p95 ratio has been reported in Western bl&8 67).
ref 49): this p95C peptide, a C-terminal one, is formed We also found that the presence of CPA, instead of TG,
together with its N-terminal counterpart, p14N, after ATPase during proteolysis in the presence of EGTA, exerts effects
cleavage at L119K120 (30). on formation of p95C and p83C that are qualitatively similar
Similar experiments were repeated in the absence 8f Ca to those exerted by TG, although slightly less pronounced
but now in the presence of TG. TG was previously described (Figure 7B, lanes 69): the overall loss of intact ATPase is
to only moderately slow overall proteolysis of the initial again slowed, and the formation of p95C is again favored at
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the expense of p83C. The same result, including the factsimilar organizations in their transmembrane domain. The
that the effect was weaker, was found when BHQ was usedlikely reason for the latter fact is now made clear by our
(Figure S7 in the Supporting Information). The more results: TG does not prevent a number of events from
prominent p95C band and the reduced p83C band, in theoccurring in the ATPase cytosolic domain, e.g., reaction with
presence of TG or the other inhibitors, must be due to a fluoride compounds (Figure 1B) or binding of ATP with
slowing of the cut at T242E243 rather than to stimulation  reduced affinity (Figure 6E,F), but it apparently prevents the
of the cut at L119-K120, as disappearance of intact ATPase transmembrane helices from responding to these cytosolic
is slowerin the presence of inhibitors than in their absence events (Figures 3 and 6AD). Thus, the present work
(i.e., in the absence of inhibitors, formation of the p95C emphasizes that, to better understand the various conforma-
peptide in the absence of €ais underestimated because tions of sarcoplasmic reticulum ATPase during its catalytic
cleavage at T242E243 also occurs). Thus, we conclude that cycle, especially its Ca-free forms, we do need crystals
TG, BHQ, and CPA all reduce the rate of cleavage at F242 prepared in theabsenceof inhibitor. Indeed, from the
E243, with the effect of BHQ or CPA being slightly less beginning, TG was considered as a “dead-end compRs); (
pronounced. and as was explicitly stated a few years later after directed
A conceivable interpretation for this inhibitor-induced Mutagenesis and chimeric exchange experiments, “perturba-
alteration in the proteo|ysis pattern m|ght be that'Clee tions prOduced by blndlng of either inhibitor within the stalk
ATPase explores various conformations, only a few of which segment interfere with the long-range functional linkage
Correspond to the true E2 conformation, with this true between ATP utilization in the ATPase CytOSOliC region and
conformation, defined as being the conformation reactive to C&* binding in the membrane-bound regiorB€]. Here,
P, being the only one able to bind T@F, 26, 40, 51). It we have demonstrated this directly with native sarcoplasmic
has indeed already been suggested that-@ae ATPaseis  reticulum ATPase. Although we are not able to exactly
in dynamic equilibrium between a true “E2” state and &'Ca  Pinpoint the nature of the perturbations exerted by the
free “E1” state (partly resembling the Easaturated ATPase  inhibitors, we show that, beyond the transmembrane region,
conformation) 89). However, the E2/E1 equilibrium is they extend to the loop(s) connecting this region and the
generally thought to depend on the pH (and temperature), cytosolic domains (Figures 7 and 8) and even higher above
being about 50/50 under neutral conditions at°g) but  the membrane, up to fluorescein bound to £ysn the
being almost fully shifted toward the E2 form under more nucleotide binding domain (Figure 4); the effects of TG on
acidic conditions 9), partly because the E2 species corre- the headpiece of Cafree ATPase were in fact predicted
sponds to a form in which protons (to be countertransported (67)- All this should be kept in mind when the structures of
for C&*) are bound and occluded?); it was recently the forms obtained in the presence of TG or other inhibitors
suggested explicitly that, at pH 6, TG could stabilize the are considered. Thisaweatholds especially for the ATPase
ATPase in the protonated “H2" state (4). crystalline forms obtained with fluoride compounds (TG
E2-MgF,, or TGE2-AIF,4), which at present are the only
analogues available for the true E2P form but still differ from
it or from its closest relative, the TG-free BEF form
(Figures 2 and 4), both in the transmembrane domain (Figure
3 and ref28) and probably in the nucleotide domain too
(Figure 4C). However, it possibly holds also for the ATPase
forms obtained in the presence of nucleotide and inhibitors,
as TG apparently blocks long-distance reorganization by
nucleotides of the ATPase transmembrane domain, even

the effect of TG on ATPase susceptibility to proteolysis in tShought_nuclle?tide ?_indilr;_g stillstgkes place (Figure 6 and
the absence of Ca was prominentoth at pH 6 (Figure upporting Information Figure S5).

8A) and at pH 7 (Figure 8B), and the p95C to p83C ratioin __OUr results about the effect of Mg binding to C5+2_
the absence of TG was even lower at pH 6 than at pH 7, soATPase-at least as concerns the particular type of?Mg

that the relative effect of TG was even stronger at pH 6 than Pinding which results in Trp fluorescence changes observable
at pH 7. Whether this result fits better or not with the under neutral or alkaline conditionrgnay also be discussed.

; ; e The exact reason for this effect of Mghas been disputed
alternative and previously proposed possibilig{55) that, s . ;
irrespective of pH, TG (as well as other inhibitors such as ffom the start. One of the possibilities is that this ¥don
BHQ or CPA) drives the ATPase toward a state that could bind to one of the two Casites, resulting in a shift

somehowdiffersfrom that of inhibitor-free ATPase, willbe  Of the ATPase conformation toward a Cdree but “E1-
discussed below. like” new conformation 43, 57). In this case, the blockade

of the effect of Mg" by TG would indeed be easily
DISCUSSION understandable. However, Trp fluorescence experiments with
the E309Q mutant (mutated at&dinding site “II") showed
At present, due to the known instability of detergent- that Mg" was able to bind to this mutant and to induce
solubilized Ca&'-free forms of ATPase, the diffracting normal fluorescence changes, althougi'Gmas no longer
crystals we have for some of these forms of ATPase were able to induce such changesg); thus, in that work, it was
all obtained in the presence of inhibitors (mostly TG, but suggested that Mg wasnotbinding at any of the C4 sites
also BHQ or CPA). These forms (with or without fluoride, in the transmembrane region. If this is correct, the binding
for instance) do differ in their cytosolic regions, but for a site for Mg+ (at least for this Mg" ion) could then be
given type of inhibitor (TG for instance) they have rather between Asff® and Asp®” in the catalytic site, as observed

To test this interpretation, we repeated our experiments
under different pH conditions. We predicted that if TG were
merely stabilizing a pre-existing protonated E2 form, the
effect of TG on susceptibility to proteolysis would be
minimal at pH 6 (where the E2/E1 equilibrium is already
shifted toward the E2 state in the absence of TG) but
prominent at pH 7 (where half of the &afree ATPase is
in the C&"-free E1 state in the absence of TG). However,
the result of the experiment did not fit with this prediction:
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Ficure 8: At both pH 6 and pH 7, the presence of TG in the absence &f Glacks ATPase cleavage by proteinase K at T28243

almost fully, resulting in overwhelming formation of the p95C peptide. SR membranes were treated as described in Figure 7 in the presence
of 5 mM Mg?" and 0.5 mM EGTA and the absence (lanes52 and presence (lanes-6) of 0.02 mg/mL TG, but now in a medium
consisting of either 50 mM MesTris at pH 6 (A) or 50 mM Mops Tris at pH 7 (B). After proteolysis arrest and sample denaturation,

4 ug of protein was loaded per lane, on a 12% acrylamide gel.

in a recently obtained E2(TG)AMPPCP crystal (PDB as recently describedl(), TG affects the binding of ATP
structure deposited as 2DQS, to be commented uponin the absence of Mg to a very slight extent only; it was
elsewhere), and the Trp response to2Mgvould reveal previously known, too, that TG hardly affects the binding
Mg?*-induced long-distance reorganization (in the absence of ATP analogues such as TNRATP (46) or TNP—8N;-
of inhibitor) of the transmembrane region of the ATPase, ATP (41). MgATP and ATP might in fact bind in slightly
and again this long-distance reorganization would turn out different conformations59), and a complex of Ca-free
to be blocked by TG. However, at variance with the ATPase with TG might conceivably bind nucleotides
suggestion in reb8§, it is fair to recognize that site 1l of  (e.g., AMP-PCP) in a still somewhat different conformation.
E309Q might have retained the ability to bind Mgeven Our results also add a few details to the characterization
though it has lost the ability to bind €a Thus, a firm of the effect of BHQ and CPA. As concerns BHQ, our results
conclusion about the exact site to which Mdas to bind confirm that this inhibitor binds with relatively poor affinity
to induce Trp fluorescence changes must probably be delayedin the range of a few micromolar in most of our experi-
until experiments with other mutants have been performed. ments), but otherwise acts rather similarly to TG. In likely
The results obtained with ATP and MgATP may also be relation with this, the structure of the ATPase in BHQ
shortly discussed here. Although, as well-known, TG affects ATPase crystals was not found to be very different from
the binding of MgATP very significantly, we confirmed that, that in the presence of T@AT). As concerns CPA, we deduce
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from the Trp fluorescence results (Figures 3D, 5D, and S5C) accessibility, makes even more remarkable the fact that the
that it reorganizes the transmembrane domain with kinetics alternative explanation was correctly offered by Danko et
which is not very fast (on the minute time scale in the al. (35) to explain the earlier and somewhat similar findings
presence of M§f), compared with the much faster kinetics that the same T242E243 bond was protected (but now
with which TG and BHQ act34, 60). However, we also  fully) upon formation of E2P analogues (as confirmed in
suspect that the mere binding of CPA to ATPase might Figure 1): in that case, this alternative explanation did prove
depend on Mg availability (part C versus part D of true, as rotation of the A-domain during the transition to E2P-
Supporting Information Figure S5). Similarly, partition of related structures was subsequently deduced from crystal
the well-known ionophore calcimycin (A23187) into sarco- structures 10, 12).

plasmic reticulum membranes (see, e.g.,68fis favored To conclude, our main finding in this work is that,
by millimolar concentrations of Mg (unpublished data).  especially in the case of the formation of"Cdree ATPase-

As concerns the effects of inhibitors on the proteolytic fluoride complexes in the presence of beryllium, but also
susceptibility of ligand-free ATPase (at least using proteinase after the mere binding of ATP or MgATP, the membrane
K as the protease), our similar results at different pH values helices no longer respond to what is happening in the head
(Figure 8) might at first sight be taken as rendering less likely domains after binding of TG or other inhibitors, as if the
the possibility that inhibitors could stabilize the true E2 various regions of the protein were now “uncoupled”. This
conformation of the pump, the true E2 conformation being is obviously due to the fact that the loops connecting the
defined as the dynamic ensemble of conformations making ATPase transmembrane and cytosolic domains are flexible.
the ATPase reactive tg,Ras opposed to the “Cafree E1” The role of these flexible links to accommodate thermal
conformation which, in Cd-free ATPase, is in a pH- fluctuations and simultaneously permit coupling of>Ca
dependent equilibrium with E230): they might seem to  transport to ATP hydrolysis has been discussed recetif)y (
support the previous alternative suggesti®3—<55) that Such flexibility might also be the basis for the long-disputed
these inhibitors drive the ATPase toward states which, at possible “slipping” of the pump under special circumstances
least in some respect, “differ” from the average E2 state (see, e.g., ref63—65).
prevailing at pH 6 in C& -free ATPase. In fact, in available
crystals, the exact conformations of ATPase complexed with ACKNOWLEDGMENT
TG and CPA seem to be slightly different from each other
(16, 17). However, old discussions in terms of “conforma-
tions” of enzymes during their catalytic cycle might be partly
outdated by the more modern views about the intrinsic
dynamics of protein structures, and our proteolysis d_ata m'ghtSUPPORTING INEFORMATION AVAILABLE
be worth a comment in this respect. As an alternative to (or
in addition to) the idea of TG shifting the “average” Figure S1 showing the protection of #2gF, and E2
conformation of the protein into a slightly “different” one, VO, from proteolysis, in the absence or presence of TG;
we suggest that TG and the other inhibitors probably slow Figures S2-S4 showing FITC fluorescence changes upon
the cut at T242-E243 mainly because their “freezing” effect addition of VQ, (or AlF,) and the effects of TG, BHQ, or
on the movements of the transmembrane segments of theCPA; Figure S5 showing Trp fluorescence responses to ATP
ATPase propagates up to the links between the A-domain(and [y-*?P]JATP binding) in the presence of BHQ or CPA;
and the membrane domain: i.e., reduced susceptibility to Figure S6 showing the effect of DMSO and KCIl on ATPase
proteolysis of the peripheral T24E243 bond is probably  proteolysis; and Figure S7 showing that BHQ, too, favors
not mainly due to steric hindrance in a new conformation, p95 formation after proteolysis. This material is available
but to slowing of the protein dynamics in the region of these free of charge via the Internet at http:/pubs.acs.org.
links, a slowing which turns out to be more or less similar
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