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Inhibitors Bound to Ca2+-Free Sarcoplasmic Reticulum Ca2+-ATPase Lock Its
Transmembrane Region but Not Necessarily Its Cytosolic Region, Revealing the

Flexibility of the Loops Connecting Transmembrane and Cytosolic Domains†

Cédric Montigny,‡,§ Martin Picard,‡,§,| Guillaume Lenoir,‡,§,⊥ Carole Gauron,‡,§ Chikashi Toyoshima,∇ and
Philippe Champeil*,‡,§

CNRS, URA 2096 (Prote´ines Membranaires Transductrices d’EÄ nergie), F-91191 Gif-sur-YVette, France, CEA, iBiTecS
(Institut de Biologie et Technologies de Saclay), F-91191 Gif-sur-YVette, France, and Institute of Molecular and

Cellular Biosciences, UniVersity of Tokyo, Bunkyo-ku, Tokyo 113-0032, Japan

ReceiVed September 11, 2007; ReVised Manuscript ReceiVed October 16, 2007

ABSTRACT: Ca2+-free crystals of sarcoplasmic reticulum Ca2+-ATPase 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 of Mg2+

alone. In the nucleotide binding domain, the environment of Lys515 (as 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 Thr242-Glu243, 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 on Ca2+-free ATPase.

Sarcoplasmic reticulum (SR)1 Ca2+-ATPase (SERCA1a)
is an ion pump belonging to the family of P-type ATPases,
responsible in muscle cells for active transport of Ca2+ from
the cytosol into the sarcoplasmic reticulum lumen (see, e.g.,
refs1-6 for review): the resulting reduction of the cytosolic
free Ca2+ concentration triggers muscle relaxation. This

active transport requires ATP hydrolysis as the energy source,
and its catalytic cycle has been studied at length. At some
step during ATP hydrolysis, the pump’s affinity for Ca2+

changes from high to low, coupled with topological reori-
entation of the binding sites from one side of the membrane
to the other (with intermediate “occluded” species). The
catalytic cycle comprises transitions between various inter-
mediates, some of which are phosphorylated (hence the name
of the “P-type” family) at a critical aspartate residue in the
catalytic site (e.g., the so-called Ca2‚E1P or E2P forms). In
2000, the detergent-solubilized purified ATPase was crystal-
lized in the presence of Ca2+, and in subsequent years other
forms of the ATPase, thought to be fair analogues of various
catalytic intermediates, were also obtained, allowing elucida-
tion of the main structural features required for ATP-driven
ion pumping (7-18).

However, the traditional question of the extent to which
crystalline structures reflect the more dynamic structures of
an enzyme during its catalytic cycle can of course be raised
(see, e.g., refs19 and20). This is especially the case for the
structures obtained in the absence of Ca2+, as the crystals
corresponding to these forms have been obtained, until now,
by compensating the instability of detergent-solubilized
ATPase in the absence of Ca2+ (see, e.g., refs21-24) by
the addition of inhibitors (such as those mentioned in refs
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25-27). Note that crystals of a given form of Ca2+-free
ATPase obtained in the presence of different inhibitors
(thought to act on the protein similarly) reveal slightly
different structures (15-17). In a previous work, we have
shown that adding inhibitors such as thapsigargin (TG), 2,5-
di-tert-butyl-1,4-dihydroxybenzene (BHQ), or cyclopiazonic
acid (CPA) to Ca2+-free ATPase complexed with BeFx (a
transition-state analogue of “E2P”) indeed prevents the
ATPase Ca2+ binding pocket from opening toward the lumen,
in contrast with what is considered to happen with the
“normal” E2P form, and with the unfortunate consequence
that, in the presence of such inhibitors, we may never be
able to obtain crystals showing the ATPase structure with
anopenCa2+ release pathway from the transport sites toward
the lumen (28).

In the present work, we further document the effects of
TG, BHQ, and CPA on Ca2+-free ATPase. By monitoring
the fluorescence changes occurring either in one of the
cytosolic domains or within the transmembrane domain
(thanks to a fluorescein label attached to Lys515 in the
nucleotide binding domain or to the ATPase intrinsic
tryptophan residues, respectively) upon addition of specific
ligands such as fluoride, vanadate, Mg2+, or ATP, we now
show that the presence of TG or related inhibitorsfixesthe
structure of the ATPasetransmembrane domainand prevents
it from experiencing the changes which would normally have
occurred in the absence of the inhibitor,without necessarily
preventing binding events in the cytosolic domains from
occurring. This is presumably a consequence of the likely
flexibility of the loops connecting the A-domain and the
transmembrane part of the ATPase and probably explains
why the various structures previously described for crystalline
Ca2+-free ATPase forms have all been found to be very
similar in their transmembrane domains, irrespective of the
bound ligands and conformations in their cytosolic domains.
By monitoring the proteolytic susceptibility of a loop
intervening between the ATPase transmembrane and cyto-
solic domains, we also document the effect of the inhibitors
on the protein average structure or dynamics.

EXPERIMENTAL PROCEDURES

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
Fallavier, France). Proteinase K (the stock solutions were 6
or 1.5 mg/mL in 10 mM Tris-Cl, pH 7.4) was from Roche
Diagnostics (no. 745723, Meylan, France).

Proteolysis by Proteinase K.For controlled proteolysis,
SR membrane vesicles (prepared as in refs28 and29) were
treated with proteinase K (prK) under conditions described
in the corresponding figure captions. As previously (30, 31),
proteolysis was stopped by adding 0.5-1 mM PMSF to the
samples and transferring them on ice for at least 10 min.
After proteolysis arrest, the samples were diluted 10-fold into
a 4 M urea-containing denaturation buffer (otherwise as
described in ref32) and boiled for 60 s, and aliquots were
loaded onto an SDS-PAGE Laemmli gel (33) prepared in

the presence of 1 mM Ca2+ (8-12% acrylamide, as needed).
Depending on the experiment and on the desired level of
response linearity, 4 or 2µg of protein was loaded per lane;
after Coomassie Blue staining, the intensity of the individual
peptide bands was deduced from gel scanning. The electro-
phoresis miniprotean 2 supply, the GS700 densitometer, and
Molecular Analyst and Quantity One software were provided
by Bio-Rad SA (Marnes-la-Coquette, France); low molecular
weight (LMW) markers were from GE Healthcare (Ve´lizy,
France).

Fluorescence Measurements.Fluorescence measurements
were carried out with a SPEX Fluorolog spectrofluorometer
provided by Horiba/Jobin-Yvon (Longjumeau, France). The
intrinsic fluorescence of the ATPase was recorded with
excitation and emission wavelengths set at 290 nm (or
298 nm; see the figure captions) and 330 nm (or 320 nm),
respectively (bandwidths were 2 and 10 nm, respectively),
with SR membranes at 0.1 mg/mL protein in a thermostated
and continuously stirred cuvette (see, e.g., ref19). Extrinsic
fluorescence of FITC-labeled SR membranes (suspended at
0.02 mg/mL protein) was also recorded (ATPase labeling
with FITC had been performed as described (34), except that
FITC had been initially diluted in dimethyl sulfoxide
(DMSO) instead of dimethylformamide); excitation and
emission wavelengths were then set at 495 and 520 nm
(bandwidths were 2 and 10 nm, respectively).

Filtration Measurements.SR membranes were first sus-
pended at 0.1 mg/mL protein, with or without inhibitors (TG
at 1 µg/mL (about 1.5µM), CPA at 0.3 µg/mL (about
1.35 µM), or BHQ at 30µM), in a Ca2+-free buffer in the
presence or absence of Mg2+ at pH 7 and 20°C (see the
figure captions). Then, at time zero, 30µM [γ-32P]ATP
together with 300µM [3H]glucose was added from a
concentrated solution (already containing the two isotopes).
After various periods, aliquots (2.5 mL, i.e., about 0.25 mg
of protein) were loaded onto two HA filters (Millipore, no.
HAWP02500, Saint Quentin en Yvelines, France) on top of
each other, under vacuum. The two filters, without rinsing,
were counted individually in a scintillation counter, with [3H]-
glucose in each filter serving as a marker of the background
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., ref28 or 34 for related filtration experiments).

RESULTS

Effects of TG or Other Inhibitors on “E2P-Related” Forms
of Ca2+-Free ATPase: Proteolysis and Intrinsic Fluores-
cence Experiments.In a remarkable series of papers, Danko
and colleagues previously demonstrated that Ca2+-free
ATPase becomes fully resistant to proteolysis by proteinase
K after formation of E2P-related species from either ortho-
vanadate or fluoride complexes (or, to some extent, from
phosphate itself) (35, 36). These authors also mentioned that
protection by such phosphate analogues was still observed
in the presence of TG. As a preliminary check, we repeated
those experiments under our own favorite conditions (Supple-
mental Figure S3 in ref28) for forming E2P-like species,
i.e., at pH 7 in the presence of KCl and the additional

Effects of TG, BHQ, or CPA on SERCA1a Biochemistry, Vol. 46, No. 51, 200715163



presence of 20% DMSO, known to stabilize formation of
E2P from Pi (37).

The results illustrated in Figure 1A extend the previous
results of Danko et al. to these experimental conditions and
show that the ATPase indeed becomes fully resistant to
proteinase K after reacting with aluminum or beryllium
fluoride (a few other incubation conditions, e.g., with
magnesium fluoride or vanadate, are illustrated in Figure S1
of the Supporting Information) and remains so if TG is added
subsequently. TG binding under these conditions is proven
by its inhibitory effect on Ca2+ binding to the luminal side
of the ATPase (28) and also by its effects on fluorescence
levels, as shown below. We also confirmed under the same
conditions the more modest protective effect of Pi itself

(despite the fact that, thanks to the presence of DMSO, Pi

addition here allows almost full phosphorylation), as well
as the fact that this effect of Pi was disrupted by TG (35,
36). This more modest protective effect and its subsequent
disruption by TG are obviously due to the dynamic nature
of the E2 to E2P equilibrium, combined with the fact that
TG reduces the extent of the reaction of E2 with Pi (25, 27,
38). Most importantly for our purpose, we then found that
the blockade of ATPase proteolysis was independent of
whether TG had been added after orbeforethe fluoride salt
(as shown by the identical results in panels A and B of Figure
1). This implies that the prior presence of TG doesnot
prevent the cytoplasmic domains of ATPase from reacting
with aluminum or beryllium fluoride in a subsequent step.

FIGURE 1: Fluoride-containing E2P-like forms (but not E2P itself) are fully protected from cleavage in the presence of TGirrespectiVe of
whether TG has been added after or before the fluoride salt, implying that the prior presence of TG doesnot prevent the ATPase from
reacting with the fluoride compound. (A) SR membranes (1 mg of protein/mL) in 100 mM KCl, 20% DMSO, 150 mM Mops-Tris, 0.5
mM EGTA, and 5 mM Mg2+ at pH 7 and 20°C were incubated in the absence (lanes 2 and 3) or presence of various additions: 0.05 mM
AlCl3 and 1 mM KF (lanes 4 and 5), 0.05 mM BeCl2 and 1 mM KF (lanes 6 and 7), or 2 mM Pi (lanes 8 and 9). Incubation lasted 5-10
min. Similar incubations in the presence of KF and Mg2+ alone, KF in the absence of free Mg2+, BeCl2 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 the Ca2+-deprived SR membranes, followed after 5-10 min by fluoride (together
with Al or Be) or Pi and only then, 5-10 min later, by proteinase K. In both cases, after proteolysis arrest and sample denaturation, 2µg
of protein per lane was loaded for SDS-PAGE, here on a 9% acrylamide gel. Lanes 10 contain molecular mass markers (LMW Pharmacia
kit). Lanes 1 contain intact SR (2µg of protein per lane, again) in the absence of proteinase K.

15164 Biochemistry, Vol. 46, No. 51, 2007 Montigny et al.



From the results in ref28 we know that adding TG (or
other inhibitors) to Ca2+ -free ATPase after the formation
of ATPase complexes with metal fluoride prevents the
normal opening of the Ca2+ binding sites toward the luminal
medium. To further characterize this influence of inhibitors
on the ATPase transmembrane domain, we studied the
consequences of TG addition on the ATPase intrinsic
fluorescence, a fluorescence due to Trp residues mainly
located (12 out of 13) in the transmembrane section of the
ATPase. Related experiments performed in the absence of
DMSO have previously been reported (36, 28), but thanks
to the presence of DMSO we were here able to directly
compare “E2P-like” species, formed from fluoride salts, with
the “true” E2P species itself, formed from Pi. Formation of
the transition-state analogue E2‚AlF4 (from KF and AlCl3)
only led to a slight relatively slow fluorescence decrease
(Figure 2B), as previously found in the absence of DMSO
(28). In contrast, the intrinsic fluorescence level of the
ATPase rose,both when the E2P phosphoenzyme was
formed from Pi (Figure 2D) and when the E2‚BeFx analogue
was formed from KF and BeCl2 (Figure 2C). This confirms
the previous conclusion that, from the Trp fluorescence point
of view, the E2‚BeFx species is a much closer relative to

the true E2P state than the E2‚AlF4 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 E2‚BeFx 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
interpret the rather similar final fluorescence levels in the
absence or presence of Pi (Figure 2A,D) as simply reflecting
the quasi-disappearance of E2P in the presence of TG;
however, the again similar final fluorescence level in Figure
2C implies that TG addition to the ATPase complex with
BeFx has modified the transmembrane region of this complex,
to make it closely resemble that of the fluoride-free complex
(consistent with closure of the Ca2+ release channel),despite
the fact that BeFx is not displaced from the cytoplasmic
domains by TG.

Conversely, and to make this even more clear-cut, Figure
3 shows the result of a complementary experiment where
TG was added from the start and BeFx was added at a later
step only: after the prior addition of TG, subsequent addition
of fluoride and beryllium no longer inducedany change in
Trp fluorescence (Figure 3B; compare with Figure 3A),
although from Figure 1B we know that susceptibility to
proteolysis by proteinase K is fully blocked and hence

FIGURE 2: In contrast with what happens upon formation of E2‚
AlF4 (or E2‚MgF4), formation of E2‚BeFx or E2P raises Trp
fluorescence. Further addition of TG reduces it, much more for
E2‚BeFx or E2P than for E2‚AlF4 or E2, so that the final levels are
similar. The fluorometer cuvette contained 0.1 mg/mL SR in
100 mM KCl, 20% DMSO, 5 mM Mg2+, and 50 mM Mops-Tris
at pH 7 and 20°C. Sequential additions were made, when indicated
by arrows: Ca2+ (100µM) and EGTA (2 mM) (in all panels), KF
(1 mM) and AlCl3 (B) or BeCl2 (C) (both at 50µM) or Pi (2 mM)
(D), and last TG (1µg/mL each addition, in all panels). The
excitation wavelength was 290 nm, and the emission wavelength
was 330 nm (bandwidths were 2 and 10 nm, respectively). In the
various panels, the first addition of TG saturates the ATPase
(1 µg/mL TG corresponds to about 1.5µM TG, whereas 0.1 mg/
mL SR corresponds to 0.5-0.7 µM ATPase), while each further
addition induces an additional small quenching of fluorescence,
mainly due to an inner filter effect (see also refs25 and36). The
traces have been corrected for the (very small) artifacts induced
by dilution.

FIGURE 3: ATPase preincubation with TG, CPA, or BHQ (with
poor affinity for the latter inhibitor)preVentsthe membranous Trp
residues from experiencing fluorescence changes following forma-
tion of E2‚BeFx. The fluorometer cuvette contained 0.1 mg/mL SR
in 100 mM KCl, 20% DMSO, 5 mM Mg2+, and 50 mM Mops-
Tris at pH 7 and 20°C, as for the experiment illustrated in Figure
2. Sequential additions were made, when indicated by arrows: Ca2+

(100µM) and EGTA (2 mM) (in all panels) and then KF (1 mM)
and BeCl2 (50 µM) directly (A), TG (1µg/mL, i.e., about 1.5µM,
twice) followed by KF and BeCl2 (B), BHQ (30µM) followed by
KF and BeCl2 (C), or CPA (0.3µg/mL, i.e., about 1µM) followed
by KF and BeCl2 (D). As for the experiment illustrated in Figure
2, the excitation wavelength was 290 nm and the emission
wavelength was 330 nm (bandwidths were 2 and 10 nm, respec-
tively). The traces have been corrected for the (very small) artifacts
induced by dilution.

Effects of TG, BHQ, or CPA on SERCA1a Biochemistry, Vol. 46, No. 51, 200715165



reaction with the fluoride compoundhasoccurred. In other
words, upon reaction of BeFx with the ATPase catalytic site,
the transmembrane region of the ATPase complex with TG,
at least as evidenced by the Trp residues, hasnotexperienced
any change, although one of the loops connecting the
transmembrane and the cytosolic domainshasexperienced
a drastic change. Similar results were obtained after reaction
of ATPase with aluminum fluoride, with the same conclusion
(data not shown). These results make it possible to under-
stand that previous crystals of Ca2+-free ATPase complexed
with TG and fluoride salts revealed transmembrane domains
pretty similar to those in the absence of fluoride,despitethe
fact that the cytosolic domains were different (8, 12, 13):
TG fixes the ATPase transmembrane domain irrespective of
what happens in the cytosolic domains following binding of
the fluoride compound (AlF4 or MgF4 in previously published
crystalline forms) and thereby may mask part of the
information that would have been derived from inhibitor-
free crystals.

Almost similar results were obtained using other well-
characterized inhibitors of Ca2+-ATPase, instead of TG,
either BHQ or CPA (Figure 3C,D). In the case of BHQ,
however, concentrations of BHQ much larger than stoichio-
metric (30 µM in Figure 3C) were required to prevent
fluorescence changes upon addition of BeFx almost com-
pletely (2 µM BHQ hardly changed anything, data not
shown). This fits with the relatively poor affinity with which
under similar conditions BHQ was found to prevent luminal
opening of the Ca2+ binding sites (28). In contrast, and again
consistent with the45Ca2+ binding measurements in (28),
CPA was effective at 1µM; in this case, the fluorescence
recording suggests that the binding of CPA (or the resulting
blockade of transmembrane segment movements) is not
instantaneous, but requires a few minutes of incubation (see
also below). For both BHQ and CPA, addition of the
inhibitor resulted in an apparent drop in Trp fluorescence,
while as for TG, subsequent additions induced smaller drops
(not shown). This is because all these inhibitors have a dual
effect on ATPase intrinsic fluorescence: they perturb it by
binding to the ATPase and simultaneously induce inner filter
effects due to their own absorbance in the UV region (data
not shown). BHQ also has some weak fluorescence itself,
which counterbalances in part the inner filter effect and
complicates more detailed analysis (data not shown).

Effects of TG or Other Inhibitors on a Reporter Group
(Fluorescein) at Lys515 in the Nucleotide Binding Domain.
From the above results, we concluded that in the presently
available crystals where Ca2+-free ATPase is complexed with
AlF4 or MgF4 andTG, TG has probably driven the ATPase
transmembrane domain into a fixed state irrespective of what
had happened in the cytosolic domains following binding
of the fluoride compound (see, e.g., refs8, 12, and13). One
question, then, is to which extent, in these crystals, TG could
have altered the organization of the cytosolic domains too,
despite the fact (Figure 1) that ATPase reaction with the
fluoride compound had remained possible. To address this
issue, we explored the response to the addition of TG of an
extrinsic label located in the cytosolic region, namely, FITC
bound at Lys515 in the nucleotide binding domain. TG has
already been reported to block the FITC fluorescence changes
induced by Ca2+ addition or removal, but reports of the effect
of TG per se on FITC fluorescence are scarce in the literature

(see, e.g., refs25 and66).
As a preliminary result, under the exact same conditions

as those documented above, i.e., in the presence of DMSO
and KCl at pH 7, Figure 4 first shows the previously
undocumented fact that the response of FITC fluorescence
to ATPase reaction with BeFx is a drop in FITC fluorescence
(Figure 4C), similar in sign to its response to ATPase reaction
with Pi (Figure 4D, a previously undocumented drop too),
whereas ATPase reaction with AlF4 triggers a response of
opposite sign (Figure 4B, a rise in FITC fluorescence, rather
similar to that classically observed (39) upon ATPase reaction
with another putative transition state, orthovanadate; see
Supporting Information Figure S2A). Thus, the E2‚BeFx

species again appears to be more similar to the true E2P
species than to the E2‚AlF4 or E2‚VO4 species. When TG
was added to the FITC-labeled E2‚BeFx species, FITC
fluorescence rose quite significantly (Figure 4C); in contrast,
there was only a slight change upon addition of TG to E2‚
AlF4 (Figure 4B) (while TG addition to E2P (Figure 4D)
increased FITC fluorescence back to the level found in the
absence of Pi (Figure 4A), as expected from the dynamic
nature of phosphorylation from Pi).

From these results, we may infer that the ATPase structure
around Lys515 in the previously published TG‚E2‚AlF4

crystals (13) probably didnotsuffer much from the presence
of TG, but the ATPase structure in a putative TG‚E2‚BeFx

FIGURE 4: In E2‚BeFx (or E2P), the fluorescence of FITC bound
to Lys515differsfrom that in E2‚AlF4 (or E2‚VO4, not shown). FITC
fluorescence hardly responds to TG addition to E2‚AlF4 (or E2‚
VO4) but responds quite significantly to TG addition to E2‚BeFx.
The fluorometer cuvette contained 0.02 mg/mL FITC-SR in
100 mM KCl, 20% DMSO, 5 mM Mg2+, and 150 mM Mops-
Tris at pH 7 and 20°C. Sequential additions were made, when
indicated by arrows: Ca2+ (20 µM) and EGTA (0.2 mM) (in all
panels), KF (1 mM) and AlCl3 (B) or BeCl2 (C) (both at 50µM)
or Pi (2 mM, followed by another identical addition of 2 mM) (D),
and TG (1µg/mL each addition, in all panels). The excitation
wavelength was 495 nm, and the emission wavelength was
520 nm (bandwidths were 2 and 10 nm, respectively). In the various
panels, the first addition of TG saturates the ATPase. The traces
have been corrected for the (small) artifacts induced by dilution.
Effects of TG addition to the E2‚VO4 species are shown in
Supporting Information Figure S2.
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crystal, if such a structure were to become available, might
deviate more significantly, even in the cytosolic region, from
its TG-free counterpart, again assuming the latter could also
become available. It is however fair to recall that in previous
experiments where TNP-AMP bound in the cytosolic
domain, instead of FITC, was used as the reporter group,
addition of TG to the E2‚BeFx species left hydrophobicity
around the TNP group essentially unaltered (36); thus, those
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
the fluorescein is located), it may be recalled that TG is
known to reduce the ATPase affinity for MgATP (14, 40-
42; see also below).

Focusing on the E2‚VO4 and E2‚AlF4 species, whose
formation is most clearly revealed by the fluorescein reporter
group, formation of these species was not prevented by the
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
S3), i.e., under conditions where the fluorescence rise
associated with VO4 binding has been extensively described
(39). Note that TG-dependent and VO4-dependent FITC
signals are significantly larger in the absence than in the
presence of DMSO (as shown by comparing Figure S3A with
Figure S2A and Figure S3C with Figure S2C), which makes
the former conditions more favorable to study the effects of
TG or VO4 on FITC fluorescence. Other inhibitors influenced
FITC fluorescence in a manner qualitatively similar to that
of TG: they all increased the basic fluorescence level of
FITC but did not prevent formation of the transition-state
analogue (Supporting Information Figure S4). BHQ was
again less effective than TG or CPA, as at a concentration
of a few micromolar it blocked the effect of subsequent
addition of Ca2+ only partially.

Effects of TG or Other Inhibitors on Other Forms of Ca2+-
Free ATPase, As Deduced from Intrinsic Fluorescence
Responses to Mg2+ or ATP.We then explored the effect of
TG, BHQ, and CPA on two other events: binding of Mg2+

and ATP to Ca2+-free ATPase. These two events are known
to give rise to distinct Trp fluorescence changes, which were
observed here in the absence of DMSO and KCl. The Trp
fluorescence changes accompanying Mg2+ addition at neutral
or alkaline pH (43) were completely obliterated in the
presence of TG (part A versus part B of Figure 5). This was
also essentially true in the presence of BHQ at 10µM (Figure
5C), but again BHQ appeared to bind with relatively poor
affinity, as the rate of its dissociation upon subsequent
addition of excess Ca2+ was much faster than for TG (at
only 3 µM BHQ, Trp fluorescence remained sensitive to
Mg2+ and the rate of the subsequent Ca2+-induced rise was
faster than at 10µM BHQ, while at 30µM BHQ, this rate
was slowest, data not shown). In the presence of CPA, it
turned out that addition of Mg2+ after CPA induced a further
drop in Trp fluorescence (Figure 5D): this peculiar feature
probably reveals that CPA itself binds tighter (or to a larger
extent) to the ATPase at millimolar concentrations of Mg2+

than at the micromolar concentration found in nominally
Mg2+-free buffer and hence is more efficient in quenching
Trp fluorescence (see the Discussion).

We then studied the effects of inhibitors on the Trp
fluorescence changes that normally accompany ATP addition
to Ca2+-free ATPase (44, 45, 34, 19). In the presence of
Mg2+, where the affinity for ATP (MgATP, in fact) is high
in the absence of TG, TG completely inhibited these
fluorescence changes (Figure 6A,C), a fact which was
previously noted (46) but only briefly commented upon as
reflecting the known TG-induced drop in the affinity of the
ATPase for MgATP (46, 41, 67). Remarkably, however, this
was also the case in the total absence of free Mg2+ (Figure
6B,D), i.e., under conditions where the binding of ATP (with
poorer affinity) has been suggested to be almost unaltered
by TG (47). In relation with that suggestion, and because of
the existence of seemingly contradictory results obtained
under different ionic conditions (14), we performed [γ-32P]-
ATP binding experiments under our ionic conditions (using
a filtration assay), and we were able to confirm the suggestion
in ref 47: at the relatively high concentration of [γ-32P]ATP
we used (30µM), i.e., with the ATPase nucleotide binding
site essentially fully saturated in the presence of Mg2+ and
only partially in the absence of Mg2+, TG hardly affected
the amount of ATP bound in the absence of Mg2+ (and the
amount of ATP bound to the ATPase-TG complex was in
fact higher in the absence of Mg2+ than in its presence;

FIGURE 5: TG (as well as BHQ) completely obliterates the response
of ATPase Trp residues to the addition of Mg2+ to Ca2+-free
ATPase. The response to Mg2+ in the presence of CPA is masked
by enhanced CPA interaction with the ATPase following addition
of Mg2+. The fluorometer cuvette contained 0.1 mg/mL SR in
150 mM Mops-Tris at pH 7 and 20°C. Sequential additions were
made as follows, when indicated by arrows: Ca2+ (100µM), EGTA
(1 mM), inhibitor if any [in panel B TG (1µg/mL), in panel C
BHQ (10 µM), and in panel D CPA (0.3µg/mL)], then Mg2+

(20 mM), and last (double arrow) Ca2+ again (at 1 mM, added
twice in panel A, which is the control). The excitation wavelength
was 290 nm, and the emission wavelength was changed to 320 nm
to optimize the Mg2+-dependent signal (43); bandwidths were
2 and 10 nm, respectively. This experiment was performed at pH
7 in the absence of KCl, but similar results were also obtained at
pH 7.5 (which further optimizes the Mg2+-dependent signal; see
ref 43) or at pH 7 but in the additional presence of 100 mM KCl
(which slightly depresses it, unpublished results). Traces have been
corrected for the (small) artifacts induced by dilution.
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see the squares in part F versus part E of Figure 6). Both in
the presence and in the absence of Mg2+, the amount of
bound ATP remained significant in the presence of TG. Thus,
the total absence of ATP-induced fluorescence changes under
any of these two conditions implies that TG completely
prevented the Trp residues in the membrane from experienc-
ing any distinct change in environment upon the residual
binding of ATP to the ATPase cytosolic domain: ATP still
binds to the ATPase (with modest affinity) despite the
presence of TG, but (as previously observed after formation

of an E2‚BeFx 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 of Mg2+,
30 µM 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 [γ-32P]ATP remained bound
in the presence of BHQ (Figure S5E); 10µM BHQ was not
sufficient in the presence of Mg2+ (data not shown). In the
absence of Mg2+, 10 µM BHQ was sufficient to eliminate
the fluorescence response to ATP addition (compare Figure
S5B with its control in Figure 6B), although [γ-32P]ATP
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 free Mg2+,
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 [γ-32P]ATP 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 Mg2+. In the presence of Mg2+, 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 of [γ-32P]ATP
bound after short periods (Figure S5E; see also ref67). At
later times, Trp fluorescence rose slowly (compare Figure
S5C with its control in Figure 6A), possibly revealing slow
displacement of CPA from its binding site(s) (as also found
in Figure 5D) concomitant with a slow increase in the amount
of bound [γ-32P]ATP (Figure S5E).

Effects of TG or Other Inhibitors on Ca2+-Free ATPase
in the Absence of Any Other Ligand, As Deduced from Mild
Proteolysis Experiments with Proteinase K.Last, we studied
the effects of inhibitors on Ca2+-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
experiments in Figures 5 and 6, we chose here to keep
proteolysis media devoid of DMSO and KCl; compared with
the previous proteolysis experiments illustrated in Figure 1,
we had to use a lower proteinase K to SR membrane ratio
in the new experiments, because both DMSO and KCl
appear to slow ATPase proteolysis (Figure S6 in the
Supporting Information). As an introduction to these experi-
ments, let us first recall (30, 48) that, during mild treatment
of SR vesicles with proteinase K in the presence of Ca2+, a
number of well-characterized initial products are formed,
including membranous peptides derived from either the
C-terminal (p83C, p27/28C, and p19C) or the N-terminal
(p28N and a small amount of p81N) part of the ATPase, as
well as water-soluble p29/30 fragments derived from the

FIGURE 6: TG completely obliterates the response of ATPase Trp
residues to the residual binding of either MgATP or ATP. (A-D)
The fluorometer cuvette contained 0.1 mg/mL SR in 150 mM
Mops-Tris at pH 7 and 20°C. Sequential additions were made as
follows, when indicated by arrows: Ca2+ (100µM), EGTA (1 mM),
Mg2+ (5 mM; A, C) or EDTA (2 mM; B, D), and TG if any
(1 µg/mL; C, D); then, increasing concentrations of ATP were
added, 3µM first, then 30µM more, then 300µM more, and last
two or three additions of 300µM again (arrowheads). The excitation
wavelength was set at 298 nm to reduce the inner filter effect due
to ATP absorbance, while the emission wavelength was kept at
320 nm; bandwidths were 2 and 10 nm, respectively. Traces have
been corrected for the (very small) artifacts induced by dilution.
(E, F) [γ-32P]ATP binding to the ATPase (in the presence of
30µM ATP) under almost exactly the same conditions, as deduced
from filtration experiments. At time zero, 30µM [γ-32P]ATP was
added to Ca2+-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
Mg2+ (E) or 0.5 mM EDTA (F), and preincubated in the absence
(circles) or presence (squares) of 1µg/mL TG. After various
periods, 2.5 mL aliquots were filtered on Millipore HA filters and
double-counted without rinsing. In panel E, the tendency for bound
ATP to become slightly lower after long periods most probably
reveals Mg2+-dependent ATP hydrolysis by contaminant enzymes.
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central and cytosolic nucleotide binding domain (see lanes
2-5 in gel A of Figure 7, corresponding to an experiment
performed at pH 6.5). The C-terminal peptide p83C results
from ATPase cleavage at T242-E243, and the T242-E243
bond is indeed peripheral (and therefore accessible to
proteolysis) in the structure of the Ca2+-bound form of Ca2+-
ATPase (7). In the absence of Ca2+, as seen by lanes 6-9
in gel A, a new high molecular mass peptide is also formed
(compare lanes 6-9 with lanes 2-5; see also Figure 1 in
ref 49): this p95C peptide, a C-terminal one, is formed
together with its N-terminal counterpart, p14N, after ATPase
cleavage at L119-K120 (30).

Similar experiments were repeated in the absence of Ca2+

but now in the presence of TG. TG was previously described
to only moderately slow overall proteolysis of the initial

ATPase (35). We confirmed this, but in addition we found
that the presence of TG has a clear qualitative effect on the
pattern of proteolysis: p83C becomes much weaker, while
p95C is now predominant (lanes 2-5 in gel B versus lanes
6-9 in gel A of Figure 7). In Danko et al.’s previous paper
(35), the same qualitative trend (although less pronounced
under the conditions of that paper) is also visible (see Figure
2 in ref 35), and a similar TG-induced inversion of the p83
to p95 ratio has been reported in Western blots (50, 67).
We also found that the presence of CPA, instead of TG,
during proteolysis in the presence of EGTA, exerts effects
on formation of p95C and p83C that are qualitatively similar
to those exerted by TG, although slightly less pronounced
(Figure 7B, lanes 6-9): the overall loss of intact ATPase is
again slowed, and the formation of p95C is again favored at

FIGURE 7: The presence of TG (or CPA) during proteinase K treatment of Ca2+-free ATPase slows cleavage at T242-E243, 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/mL) at 20°C
for various periods of time, in proteolysis buffer (100 mM Mops-NaOH and 5 mM Mg2+ at pH 6.5) containing either 0.3 mM Ca2+ (lanes
2-5) or 0.5 mM EGTA (lanes 6-9). After proteolysis arrest and sample denaturation, 4µg of 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 (lanes 2-5) or CPA (lanes 6-9), both at 20µg/mL (i.e., about 30µM
for TG and 60µM for CPA; 2 mg/mL SR corresponds to about 10-14 µM ATPase, assuming 5-7 nmol of ATPase/mg of protein).
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the expense of p83C. The same result, including the fact
that the effect was weaker, was found when BHQ was used
(Figure S7 in the Supporting Information). The more
prominent p95C band and the reduced p83C band, in the
presence of TG or the other inhibitors, must be due to a
slowing of the cut at T242-E243 rather than to stimulation
of the cut at L119-K120, as disappearance of intact ATPase
is slower in the presence of inhibitors than in their absence
(i.e., in the absence of inhibitors, formation of the p95C
peptide in the absence of Ca2+ is underestimated because
cleavage at T242-E243 also occurs). Thus, we conclude that
TG, BHQ, and CPA all reduce the rate of cleavage at T242-
E243, with the effect of BHQ or CPA being slightly less
pronounced.

A conceivable interpretation for this inhibitor-induced
alteration in the proteolysis pattern might be that Ca2+-free
ATPase explores various conformations, only a few of which
correspond to the true E2 conformation, with this true
conformation, defined as being the conformation reactive to
Pi, being the only one able to bind TG (25, 26, 40, 51). It
has indeed already been suggested that Ca2+-free ATPase is
in dynamic equilibrium between a true “E2” state and a Ca2+-
free “E1” state (partly resembling the Ca2+-saturated ATPase
conformation) (39). However, the E2/E1 equilibrium is
generally thought to depend on the pH (and temperature),
being about 50/50 under neutral conditions at 20°C, but
being almost fully shifted toward the E2 form under more
acidic conditions (39), partly because the E2 species corre-
sponds to a form in which protons (to be countertransported
for Ca2+) are bound and occluded (52); it was recently
suggested explicitly that, at pH 6, TG could stabilize the
ATPase in the protonated “HnE2” state (14).

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 Ca2+-free ATPase is
in the Ca2+-free E1 state in the absence of TG). However,
the result of the experiment did not fit with this prediction:
the effect of TG on ATPase susceptibility to proteolysis in
the absence of Ca2+ was prominentboth at pH 6 (Figure
8A) and at pH 7 (Figure 8B), and the p95C to p83C ratio in
the absence of TG was even lower at pH 6 than at pH 7, so
that the relative effect of TG was even stronger at pH 6 than
at pH 7. Whether this result fits better or not with the
alternative and previously proposed possibility (53-55) that,
irrespective of pH, TG (as well as other inhibitors such as
BHQ or CPA) drives the ATPase toward a state that
somehowdiffers from that of inhibitor-free ATPase, will be
discussed below.

DISCUSSION

At present, due to the known instability of detergent-
solubilized Ca2+-free forms of ATPase, the diffracting
crystals we have for some of these forms of ATPase were
all obtained in the presence of inhibitors (mostly TG, but
also BHQ or CPA). These forms (with or without fluoride,
for instance) do differ in their cytosolic regions, but for a
given type of inhibitor (TG for instance) they have rather

similar organizations in their transmembrane domain. The
likely reason for the latter fact is now made clear by our
results: TG does not prevent a number of events from
occurring in the ATPase cytosolic domain, e.g., reaction with
fluoride compounds (Figure 1B) or binding of ATP with
reduced affinity (Figure 6E,F), but it apparently prevents the
transmembrane helices from responding to these cytosolic
events (Figures 3 and 6A-D). Thus, the present work
emphasizes that, to better understand the various conforma-
tions of sarcoplasmic reticulum ATPase during its catalytic
cycle, especially its Ca2+-free forms, we do need crystals
prepared in theabsenceof inhibitor. Indeed, from the
beginning, TG was considered as a “dead-end complex” (25),
and as was explicitly stated a few years later after directed
mutagenesis and chimeric exchange experiments, “perturba-
tions produced by binding of either inhibitor within the stalk
segment interfere with the long-range functional linkage
between ATP utilization in the ATPase cytosolic region and
Ca2+ binding in the membrane-bound region” (56). Here,
we have demonstrated this directly with native sarcoplasmic
reticulum ATPase. Although we are not able to exactly
pinpoint the nature of the perturbations exerted by the
inhibitors, we show that, beyond the transmembrane region,
they extend to the loop(s) connecting this region and the
cytosolic domains (Figures 7 and 8) and even higher above
the membrane, up to fluorescein bound to Lys515 in the
nucleotide binding domain (Figure 4); the effects of TG on
the headpiece of Ca2+-free ATPase were in fact predicted
(67). All this should be kept in mind when the structures of
the forms obtained in the presence of TG or other inhibitors
are considered. ThiscaVeatholds especially for the ATPase
crystalline forms obtained with fluoride compounds (TG‚
E2‚MgF4, or TG‚E2‚AlF4), 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 E2‚BeFx 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
though nucleotide binding still takes place (Figure 6 and
Supporting Information Figure S5).

Our results about the effect of Mg2+ binding to Ca2+-
ATPasesat least as concerns the particular type of Mg2+

binding which results in Trp fluorescence changes observable
under neutral or alkaline conditionssmay also be discussed.
The exact reason for this effect of Mg2+ has been disputed
from the start. One of the possibilities is that this Mg2+ ion
could bind to one of the two Ca2+ sites, resulting in a shift
of the ATPase conformation toward a Ca2+-free but “E1-
like” new conformation (43, 57). In this case, the blockade
of the effect of Mg2+ by TG would indeed be easily
understandable. However, Trp fluorescence experiments with
the E309Q mutant (mutated at Ca2+ binding site “II”) showed
that Mg2+ was able to bind to this mutant and to induce
normal fluorescence changes, although Ca2+ was no longer
able to induce such changes (58); thus, in that work, it was
suggested that Mg2+ wasnotbinding at any of the Ca2+ sites
in the transmembrane region. If this is correct, the binding
site for Mg2+ (at least for this Mg2+ ion) could then be
between Asp703 and Asp707 in the catalytic site, as observed
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in a recently obtained E2(TG)AMPPCP crystal (PDB
structure deposited as 2DQS, to be commented upon
elsewhere), and the Trp response to Mg2+ would reveal
Mg2+-induced long-distance reorganization (in the absence
of inhibitor) of the transmembrane region of the ATPase,
and again this long-distance reorganization would turn out
to be blocked by TG. However, at variance with the
suggestion in ref58, it is fair to recognize that site II of
E309Q might have retained the ability to bind Mg2+ even
though it has lost the ability to bind Ca2+. Thus, a firm
conclusion about the exact site to which Mg2+ has to bind
to induce Trp fluorescence changes must probably be delayed
until experiments with other mutants have been performed.

The results obtained with ATP and MgATP may also be
shortly discussed here. Although, as well-known, TG affects
the binding of MgATP very significantly, we confirmed that,

as recently described (47), TG affects the binding of ATP
in the absence of Mg2+ to a very slight extent only; it was
previously known, too, that TG hardly affects the binding
of ATP analogues such as TNP-ATP (46) or TNP-8N3-
ATP (41). MgATP and ATP might in fact bind in slightly
different conformations (59), and a complex of Ca2+-free
ATPase with TG might conceivably bind nucleotides
(e.g., AMP-PCP) in a still somewhat different conformation.

Our results also add a few details to the characterization
of the effect of BHQ and CPA. As concerns BHQ, our results
confirm that this inhibitor binds with relatively poor affinity
(in the range of a few micromolar in most of our experi-
ments), but otherwise acts rather similarly to TG. In likely
relation with this, the structure of the ATPase in BHQ‚
ATPase crystals was not found to be very different from
that in the presence of TG (17). As concerns CPA, we deduce

FIGURE 8: At both pH 6 and pH 7, the presence of TG in the absence of Ca2+ blocks ATPase cleavage by proteinase K at T242-E243
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 Mg2+ and 0.5 mM EGTA and the absence (lanes 2-5) and presence (lanes 6-9) of 0.02 mg/mL TG, but now in a medium
consisting of either 50 mM Mes-Tris at pH 6 (A) or 50 mM Mops-Tris at pH 7 (B). After proteolysis arrest and sample denaturation,
4 µg of protein was loaded per lane, on a 12% acrylamide gel.
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from the Trp fluorescence results (Figures 3D, 5D, and S5C)
that it reorganizes the transmembrane domain with kinetics
which is not very fast (on the minute time scale in the
presence of Mg2+), compared with the much faster kinetics
with which TG and BHQ act (54, 60). However, we also
suspect that the mere binding of CPA to ATPase might
depend on Mg2+ availability (part C versus part D of
Supporting Information Figure S5). Similarly, partition of
the well-known ionophore calcimycin (A23187) into sarco-
plasmic reticulum membranes (see, e.g., ref61) is favored
by millimolar concentrations of Mg2+ (unpublished data).

As concerns the effects of inhibitors on the proteolytic
susceptibility of ligand-free ATPase (at least using proteinase
K as the protease), our similar results at different pH values
(Figure 8) might at first sight be taken as rendering less likely
the possibility that inhibitors could stabilize the true E2
conformation of the pump, the true E2 conformation being
defined as the dynamic ensemble of conformations making
the ATPase reactive to Pi, as opposed to the “Ca2+-free E1”
conformation which, in Ca2+-free ATPase, is in a pH-
dependent equilibrium with E2 (39): they might seem to
support the previous alternative suggestion (53-55) that
these inhibitors drive the ATPase toward states which, at
least in some respect, “differ” from the average E2 state
prevailing at pH 6 in Ca2+-free ATPase. In fact, in available
crystals, the exact conformations of ATPase complexed with
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 data might
be worth a comment in this respect. As an alternative to (or
in addition to) the idea of TG shifting the “average”
conformation of the protein into a slightly “different” one,
we suggest that TG and the other inhibitors probably slow
the cut at T242-E243 mainly because their “freezing” effect
on the movements of the transmembrane segments of the
ATPase propagates up to the links between the A-domain
and the membrane domain: i.e., reduced susceptibility to
proteolysis of the peripheral T242-E243 bond is probably
not mainly due to steric hindrance in a new conformation,
but to slowing of the protein dynamics in the region of these
links, a slowing which turns out to be more or less similar
for hydrophobic inhibitors bound at different sites near the
transmembrane region. A similar slowing of the chain
dynamics probably explains the protection of the cleavage
sites around V734 and V747 in the M5 helix which is also
observed upon TG binding (67). The ATPase might be
inhibited as the result of such binding because protein
“breathing” (i.e., transient increases in the protein trans-
membrane cross-sectional area) is probably involved in the
various transitions in the catalytic cycle (24, 62). This could
well be what has been dubbed by Logan-Smith et al. a
“global conformational change” (64), except that we now
might have to change our traditional loose way of talking
about conformational changes into a more realistic one,
taking into account the intrinsic flexibility and dynamic state
of the protein.

The suggestion that the changes in proteolytic susceptibil-
ity of the T242-E243 bond observed in the present work
after TG addition are due to changes in peptide chain
dynamics, rather than to domain rotation and changes in bond

accessibility, makes even more remarkable the fact that the
alternative explanation was correctly offered by Danko et
al. (35) to explain the earlier and somewhat similar findings
that the same T242-E243 bond was protected (but now
fully) upon formation of E2P analogues (as confirmed in
Figure 1): in that case, this alternative explanation did prove
true, as rotation of the A-domain during the transition to E2P-
related structures was subsequently deduced from crystal
structures (10, 12).

To conclude, our main finding in this work is that,
especially in the case of the formation of Ca2+-free ATPase-
fluoride complexes in the presence of beryllium, but also
after the mere binding of ATP or MgATP, the membrane
helices no longer respond to what is happening in the head
domains after binding of TG or other inhibitors, as if the
various regions of the protein were now “uncoupled”. This
is obviously due to the fact that the loops connecting the
ATPase transmembrane and cytosolic domains are flexible.
The role of these flexible links to accommodate thermal
fluctuations and simultaneously permit coupling of Ca2+

transport to ATP hydrolysis has been discussed recently (17).
Such flexibility might also be the basis for the long-disputed
possible “slipping” of the pump under special circumstances
(see, e.g., refs63-65).
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Figure S1. E2.MgF4 and E2.VO4 also are protected from cleavage both in the absence and 
presence of TG. Mg2+ is required for the effect of fluoride, and Be2+ alone is not sufficient.  
 This experiment was run exactly in parallel with the one illustrated in Fig. 1 of main text. SR 
membranes (1 mg protein/ml) in 100 mM KCl, 20% DMSO, 150 mM Mops-Tris, 0.5 mM EGTA and 
5 mM Mg2+ (or zero Mg2+ in one case, see below) at pH 7 and 20°C were incubated in the presence of 
various additions: 1 mM KF alone in the continued presence of Mg2+ (lanes 2 & 3), 1 mM KF and 
0.5 mM EDTA (lanes 4 & 5; in this case, the initial medium did not contain Mg2+, so that incubation 
took place in the absence of free Mg2+), 0.05 mM BeCl2 alone (lanes 6 & 7), or 0.2 mM orthovanadate 
(lanes 8 & 9). Incubation lasted 5-10 minutes, except for incubation with Mg2+ and fluoride which 
lasted 85 minutes, a longer period required under these conditions to inhibit almost all of the SR 
ATPase activity (see Fig S3 in Supplemental Material of ref. 28). Then TG (0.01 mg/ml) was added to 
some of the samples, for 5-10 minutes again. Lastly, proteinase K was added at 0.3 mg/ml, and 
proteolysis took place for 60 minutes. After proteolysis arrest and sample denaturation, 2 g protein 
per lane was loaded for SDS-PAGE, here on a 9% acrylamide gel. Lane 10 contains molecular mass 
markers (LMW Pharmacia kit). Lane 1 contains intact SR (2 µg protein per lane, again) in the absence 
of proteinase K.
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Figure S2. FITC, bound to Lys515 in the cytosolic region, responds to formation of E2.VO4 or 
E2.AlF4 in similar manners.  Subsequent addition of TG only slightly affects FITC fluorescence. 
Preliminary addition of TG does not prevent VO4-dependent or AlF4-dependent FITC changes. 

A, This experiment was run in parallel with the one illustrated in Fig. 4 of main text. The 
fluorometer cuvette contained 0.02 mg/ml FITC-SR in 100 mM KCl, 20 % DMSO, 5 mM Mg2+ and 
150 mM Mops-Tris at pH 7 and 20°C. Sequential additions were made, when indicated by arrows: 
Ca2+ (20 µM), EGTA (0.2 mM), 0.2 mM orthoVO4, and TG (1 µg/ml each addition). The traces have 
been corrected for the (very small) artefacts induced by dilution. B, For comparison, Panel B of Fig. 4 
has been reproduced here, recalling the effect of adding 1 mM KF and 0.05 mM of AlCl3 instead of 
VO4. C, D, Similar experiments, except that TG was now added before VO4 (C) or AlF4 (D). Here, the 
initial addition of Ca2+ was at 10 µM, and after EGTA addition TG was added at 0.2 µg/ml, twice. The 
final addition of 700 µM Ca2+ (double arrow) confirms that TG is indeed bound to the ATPase, since 
vanadate release is prevented. The traces have been corrected for the (very small) artefacts induced by 
dilution.
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Figure S3. In the absence of DMSO, too, TG addition after VO4 does not alter much the FITC 
fluorescence resulting from the previous addition of VO4. Preliminary addition of TG raises 
FITC fluorescence but does not prevent VO4-dependent changes to occur. 
 The fluorometer cuvette contained 0.02 mg/ml FITC-SR in 100 mM KCl, 5 mM Mg2+ and 
150 mM Mops-Tris at pH 7 and 20°C, now in the absence of DMSO. A, sequential additions were 
made when indicated by arrows: Ca2+ (10 µM), EGTA (0.2 mM), orthoVO4 (0.2 mM), TG (0.2 µg/ml 
each addition), and lastly Ca2+ (0.7 mM, double arrow), which did not induce any change because of 
the presence of TG. Panel B, same experiment in the absence of TG (for control). Panel C, same 
experiment as the one in Panel A, but with TG added before VO4. The traces have been corrected for 
the (very small) artefacts induced by dilution.   
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Supplemental Figure S4 
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Figure S4. TG, CPA or BHQ all raise FITC fluorescence and do not prevent FITC from 
experiencing fluorescence changes addition of VO4.
 The fluorometer cuvette contained 0.02 mg/ml FITC-SR in 100 mM KCl, 5 mM Mg2+ and 
150 mM Mops-Tris at pH 7 and 20°C (in the absence of DMSO). Sequential additions were made, 
when indicated by arrows: Ca2+ (10 µM), EGTA (0.2 mM), and then inhibitors -TG (Panel B,
0.2 µg/ml each addition, i.e. 0.3 µM), BHQ (Panel B, about 0.7 µg/ml again each addition, i.e. 1 µM), 
or CPA (Panel C, 1 µg/ml again each addition, i.e. 3 µM), followed by 0.2 mM orthoVO4, and lastly 
Ca2+ (0.7 mM) to check for the extent of blockade of the Ca2+-induced signals (the concentration of 
BHQ used here did not block fully those events, due to its poor affinity for the ATPase). The traces 
have been corrected for the (very small) artefacts induced by dilution. 
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Supplemental Figure S5 
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Figure S5. BHQ also inhibits the response of ATPase Trp residues to ATP addition, although 
again with poor affinity in the presence of Mg2+. CPA is much less efficient, especially in the 
absence of Mg2+ where CPA might not interact at all.  
 This experiment was run in parallel with the one in Fig. 6 of main text. Panels A-D, The 
fluorometer cuvette contained 0.1 mg/ml SR in 150 mM Mops-Tris at pH 7 and 20°C. Sequential 
additions were made as follows, when indicated by arrows: Ca2+ (100 µM), EGTA (1 mM), Mg2+

(5 mM, Panels A and C) or EDTA (2 mM, Panels B and D) and either BHQ (10 µM followed by 
another 20 µM in Panel A; 10 µM only in Panel B) or CPA (0.3 µg/ml in Panels C and D); then, 
increasing concentrations of ATP were added, 3 µM first, then 30 more, then 300 more, and lastly 1 or 
2 additions of 300 µM again (arrowheads). The excitation wavelength was set at 298 nm and the 
emission wavelength was 320 nm, to improve Mg2+-dependent signals and to reduce as much as 
possible the inner filter effect of ATP (bandwidths were 2 and 10 nm, respectively). Traces have been 
corrected for the (very small) artefacts induced by dilution. 

Panels E-F, [ -32P] ATP binding to the ATPase (in the presence of 30 µM ATP) under almost 
exactly the same conditions, as deduced from filtration experiments. At time zero, 30 µM [ -32P] ATP 
was added to Ca2+-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 Mg2+ (Panel E) or 0.5 mM EDTA (Panel F) and preincubated in the 
absence (circles) of inhibitor or in the presence of 30 µM BHQ (triangles) or 0.3 µg/ml CPA 
(diamonds). After various periods, 2.5 ml aliquots were filtered on Millipore HA filters and double-
counted without rinsing.  
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Figure S6. KCl and DMSO slow down ATPase cleavage by proteinase K in the absence of Ca2+

at pH 7. 
A, SR membranes (1 mg protein/ml) were treated with proteinase K (0.03 mg/ml) at 20°C for 

various periods of time, in a proteolysis buffer containing either 150 mM Mops-Tris, 5 mM Mg2+ and 
0.5 mM EGTA at pH 7 (lanes 2-5) or, in addition, 20% DMSO (lanes 6-9). After proteolysis arrest and 
sample denaturation, 2 g protein was loaded per lane, on an 8 % acrylamide gel. Lanes 1 and 10 
contain molecular mass markers (LMW Pharmacia kit). 

B, Same experiment in the additional presence of 100 mM KCl. 

Both KCl and DMSO slow down ATPase cleavage, although on the ATPase side, DMSO is known to 
stabilize the E2 form required for formation of E2P and KCl is known to have the opposite effect. In 
additional experiments, we found that LiCl and KCl had similar slowing down effects under the 
conditions of this experiment as well as in the absence of Mg2+, and also in the presence of Ca2+  

together with Mg2+ (data not shown). 
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Supplemental Figure S7 
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Figure S7.  BHQ also favours p95 during ATPase cleavage in the absence of Ca2+, by protecting 
the T242-E243 bond, although not exactly to the same extent as TG. 

A, SR membranes (2 mg protein/ml) were treated with proteinase K (0.03 mg/ml) at 20°C for 
various periods of time, in proteolysis buffer (100 mM Mops-NaOH and 5 mM Mg2+ at pH 6.5) 
containing either 0.3 mM Ca2+ (lanes 2-5) or 0.5 mM EGTA (lanes 6-9). After proteolysis arrest and 
denaturation, 4 g 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 experiments illustrated in 
Fig 7 of the main text, performed in parallel with the one illustrated in Panel B below.   
 B, SR membranes were similarly treated in the presence of EGTA, except for the additional 
presence of either BHQ (lanes 2-5) or TG (lanes 6-9), both at 30 µM (for 2 mg/ml SR, this 
corresponds to  3 to 2 mol TG/mol ATPase, assuming 5 to 7.5 nmol ATPase/mg protein). Adding a 
30-fold higher concentration of BHQ did not increase further protection of ATPase, while adding TG 
together with BHQ did (data not shown).  
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Use of Glycerol-Containing Media To Study the Intrinsic Fluorescence Properties of
Detergent-Solubilized Native or Expressed SERCA1a†

Cédric Montigny,‡,§ Bertrand Arnou,‡,§ Estelle Marchal,‡,§ and Philippe Champeil*,‡,§

CNRS, URA 2096, Systèmes membranaires, photobiologie, stress et détoxication, F-91191 Gif-sur-YVette, France, and
CEA, iBiTecS, Institut de Biologie et Technologies de Saclay, F-91191 Gif-sur-YVette, France

ReceiVed April 11, 2008; ReVised Manuscript ReceiVed July 28, 2008

ABSTRACT: Rapid irreversible inactivation of Ca2+-free states of detergent-solubilized SERCA1a (sarco-
endoplasmic reticulum calcium ATPase 1a) has so far prevented the use of Trp fluorescence for functional
characterization of this ATPase after its solubilization in various detergents. Here we show that using
20-40% glycerol for protection makes this fluorescence characterization possible. Most of the ligand-
induced Trp fluorescence changes previously demonstrated to occur for SERCA1a embedded in native
sarcoplasmic reticulum membranes were observed in the combined presence of glycerol and detergent,
although the results greatly depended on the detergent used, namely, octaethylene glycol mono-n-dodecyl
ether (C12E8) or dodecyl maltoside (DDM). In particular, at pH 6, we found a C12E8-dependent unexpectedly
huge reduction in SERCA1a affinity for Ca2+. We suggest that a major reason for the different effects of
the two detergents is that high concentrations of C12E8, but not of DDM, slow down the E2 to E1 transition
in solubilized and delipidated SERCA1a. Independently of the characterization of the specific effects of
various detergents on SR vesicles, our results open the way to functional characterization by Trp
fluorescence of heterologously expressed and purified mutants of SERCA1a in the presence of detergent,
without their preliminary reconstitution into liposomes. As an example, we used the E309Q mutant to
demonstrate our previous suspicion that Ca2+ binding to Site I of SERCA1a in fact slightly reduces Trp
fluorescence, and consequently that the rise in this fluorescence generally observed when two Ca2+ ions
bind to WT SERCA1a mainly reflects Ca2+ binding at Site II of SERCA1a.

Sarcoplasmic reticulum (SR1) Ca2+-ATPase (SERCA1a)
is an integral membrane protein of 994 amino acids. It is
involved in the transport of Ca2+ from the cytosol to the SR
lumen during the relaxation of fast twitch muscle, an energy-
consuming active transport process which is coupled to ATP
hydrolysis by this protein. The catalytic cycle for this process
comprises Ca2+ binding to SERCA1a, followed by the
transient formation of an ATP-derived, energy-rich inter-
mediate, a covalent aspartyl-phosphorylated enzyme (thus,
like other cation transporters, SERCA1a belongs to the family
of P-type ATPases). After this formation, a spontaneous

conformational transition of the phosphorylated enzyme
allows the transport sites to change their orientation from
one side of the SR membrane to the other, lose their affinity
for Ca2+, and therefore release the bound ions toward the
SR lumen. Enzyme dephosphorylation then occurs and
returns SERCA1a to its initial state. Detailed study of the
ATPase catalytic cycle was originally made possible by the
high level of expression of SERCA1a in rabbit skeletal
muscle (about 70% of the total membrane protein in SR),
and later by the heterologous expression of many mutants
(e.g., refs (1-5), see more references in the Supporting
Information). In 2000, detergent-solubilized SERCA1a was
crystallized and the revelation of its structure at atomic
resolution provided invaluable new insights (6). The trans-
membrane region was found to be organized into 10 R-helical
transmembrane spans (M1 to M10), two of which (M4 and
M6) are interrupted at the level of the Ca2+ binding sites.
This region (and the corresponding stalk above the mem-
brane) is surmounted by a large cytosolic head, subdivided
into three domains: a phosphorylation domain (P), a nucle-
otide-binding domain (N) and an “actuator” domain (A). This
first successful crystallization, obtained in the presence of
Ca2+, was followed within a few years by the successful
crystallization of other forms of SERCA1a, thought to be
reliable analogues of various intermediates in the catalytic
cycle (see references in the Supporting Information). Crystals
of wild-type and mutated Ca2+-ATPase, purified after het-
erologous expression in yeast, were also recently obtained
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with satisfactory resolution (7, 8). All these results have
allowed significant clarification of the structural basis of
ATP-driven ion pumping by SERCA1a. It nevertheless
remains desirable to broaden the range of techniques avail-
able for studying the functional features of the SERCA1a
protein and some of its mutants, as well as the specific effects
of various detergents on this protein, considered as a model.

One way of following the changes in the conformation of
a protein at a particular step of its catalytic cycle is to take
advantage of the spectroscopic properties of its tryptophan
residues, which may act as intrinsic reporters. SERCA1a
contains thirteen tryptophan residues, one in the nucleotide
binding domain and twelve in the transmembrane region of
the protein, and over many years it has been shown that the
addition of various ligands to SERCA1a triggers specific
changes in their fluorescence intensity (9-12). Such experi-
ments, originally performed with native SR SERCA1a, have
also been extended to heterologously expressed SERCA1a
after its purification to an appropriate degree. However, with
one exception (13) these Trp fluorescence measurements with
expressed and purified SERCA1a were restricted to proteins
previously reconstituted into proteoliposomes (14-16). One
good reason for this preliminary reconstitution was that the
incubation of native SERCA1a in detergent in the absence
of Ca2+ was known to lead to relatively fast irreversible
inactivation of its activity, much faster than when SERCA
was kept embedded in lipids or in the presence of
Ca2+ (17-22). Another reason for preliminary protein
reconstitution was that, even before denaturation could take
place, the presence of detergent was suspected to alter and
often reduce the amplitude of the observable fluorescence
changes (23-26). On the other hand, elimination of the
detergent around the protein for its reconstitution into
proteoliposomes is generally lengthy, and unfortunately often
leads to loss of material and significant protein inactivation.
It would therefore be desirable to skip the reconstitution step
before Trp fluorescence measurements.

Here, we show that it is possible to solubilize native SR
SERCA1a in the presence of excess detergent and still be
able to monitor ligand-dependent changes in Trp fluores-
cence, provided the medium is supplemented with a high
concentration of glycerol. In fact, glycerol has often been
added to SERCA1a to stabilize it during long-term storage
or purification in the presence of detergent (27-29). In the
presence of glycerol and of two of the detergents commonly
used to isolate and characterize Ca2+-ATPase, most of the
previously documented ligand-dependent fluorescence signals
remained of acceptable size, at least for one or the other of
these detergents. This enabled us to study here the specific
effects of two detergents, DDM and C12E8, on solubilized
SERCA1a derived from native SR vesicles, effects which
have only rarely been documented in detail beyond the
overall alteration of SERCA1a activity and stability (among
the few examples, see refs 30, 31). Similar experiments were
also possible for heterologously expressed and purified
mutants of SERCA1a, extending the range of functional tests
applicable to SERCA1a mutants. As an example (other
examples are given in ref 8, we studied here the E309Q
mutant of SERCA1a, modified at one of its two Ca2+ sites.

EXPERIMENTAL PROCEDURES

SR Membranes and Chemicals. SR membranes were
prepared as previously described (32, 33). Octaethylene
glycol mono-n-dodecyl ether (C12E8) was purchased from
Nikkol Chemical (Tokyo, Japan), and n-dodecyl �-D-mal-
topyranoside (DDM), from Anatrace (Maumee, OH). Strepta-
vidin Sepharose high performance resin was provided by GE
Healthcare (Orsay, France). Thapsigargin (TG stock solution
was 1 mg/mL in DMSO, i.e., about 1.5 mM) was from VWR
International (#586005, Fontenay-sous-Bois, France). 1,2-
dioleoylphosphatidylcholine (DOPC) was purchased from
Avanti Polar Lipids (Alabaster, AL). The concentrated stock
solutions of detergent:DOPC mixtures (2:1, w/w), prepared
at 40 mg/mL:20 mg/mL, were clear (the DDM/DOPC
mixture was quite viscous). As glycerol of low quality may
contain contaminants contributing undesired UV absorbance
and fluorescence, we used the Merck pro analysi glycerol
(#1.04092). Glycerol concentrations are expressed as w/w
or v/v, depending on the particular protocol used for
preparation of the buffer in the corresponding experiments.
All other chemical products were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France). [32P]Pi was from
Perkin-Elmer (NEX 054).

Trp Fluorescence Measurements. Fluorescence was mea-
sured with a SPEX Fluorolog spectrofluorometer (Horiba/
Jobin-Yvon, Longjumeau, France). The intrinsic fluorescence
of SR SERCA1a (34-36) was recorded with SR membranes
at either 0.02 mg/mL or 0.1 mg/mL protein in a temperature-
regulated and continuously stirred 2 mL cuvette, with
excitation and emission wavelengths set at 295 and 320 nm
respectively (bandwidths were 5 nm and either 10 or 5 nm,
depending on the protein concentration). The increased
viscosity provided by glycerol, when present, did not prevent
efficient stirring of the corresponding cuvette. The medium
used for each experiment is indicated in the corresponding
figure legend. Depending on the experiment, this medium
was supplemented with various concentrations of Ca2+,
EGTA, Mg2+, nucleotides, or Pi. To compute [Ca2+]free

concentrations, the dissociation constant of the Ca ·EGTA
complex was taken to be 0.4 µM at pH 7 in the absence of
Mg2+ (37), and was assumed to be the same in the pre-
sence of glycerol. The Maxchelator software was used
(http://maxchelator.stanford.edu/ and ref 38). In some of the
experiments performed in the presence of Mg2+, [Ca2+]free

was also varied by adding different concentrations of a
Mg-EDTA mixture to 100 µM [Ca2+]total (35, 39), and the
results were similar. In the latter case, the apparent affinity
for Ca2+ depends on the ratio of dissociation constants for
Ca ·EDTA and Mg ·EDTA, and this ratio cancels off any
putative effect of glycerol on individual constants.

Steady-State ATPase ActiVity Measurements. These mea-
surements were performed using a classical enzyme coupled
assay, by measuring the rate of NADH oxidation in the
presence of 0.1 mg/mL lactate dehydrogenase, 0.1 mg/mL
pyruvate kinase, 1 mM phosphoenolpyruvate and 0.1-0.25
mM NADH (17).

Phosphorylation from [32P]Pi. SR vesicles, suspended at
0.1 mg/mL in the absence or presence of detergent, were
supplemented with [32P]Pi (whose specific activity was set
to about 0.025 mCi/µmol). After 30 s at 20 °C, the reaction
(in 0.3 mL) was quenched by rapidly adding excess acid

12160 Biochemistry, Vol. 47, No. 46, 2008 Montigny et al.



(2 mL of TCA 500 mM + H3PO4 30 mM). The quenched
sample was loaded onto two superimposed filters (Millipore
HA) and thoroughly rinsed with the same acid solution before
counting. Using this combination of strong acid and HA
filters made it possible to precipitate and recover essentially
all protein on the top filter (in the presence of detergent too,
as in ref (54)), as testified by the absence of protein-
associated counts on the second filter.

Expression, Purification and Assay of E309Q and E309A
Mutants. The yeast expression plasmid pYeDP60-SERCA1a-
BAD(WT) was the one described by Jidenko et al. (16). To
insert the E309 to Q mutation into the expression vector, a
previously prepared vector, pYeDP60-SERCA1a[E309Q]-6His
(15), was digested by EcoRI and BssHII to extract the DNA
fragment containing the mutation. This fragment was used
to replace the corresponding wild-type sequence in pYeDP60-
SERCA1a-BAD(WT). For the mutation of E309 to A, the
initial vector containing the appropriately mutated sequence
of SERCA1a was generously given by J. P. Andersen, and
treated as described in ref (8). All constructions were checked
by sequencing. The resulting plasmids for the two mutants
were named pYeDP60-SERCA1a[E309Q]-BAD and pYeDP60-
SERCA1a[E309A]-BAD. The plasmids were used to trans-
form the Saccharomyces cereVisiae yeast strain W303.1b/
Gal4 (a, leu2, his3, trp1::TRP1-GAL10-GAL4, ura3, ade2-
1, canr, cir+) using the lithium acetate/single stranded carrier
DNA/PEG method (40). Growth conditions, clone selection,
recombinant protein expression and membrane preparation
have all been previously described (41). Expression levels
for the mutated proteins were similar to those observed for
WT, i.e., about 0.1 mg of recombinant protein/g of yeast
(about 4 mg/L of culture) was found in the “light membrane”
fraction.

This fraction was solubilized by DDM for subsequent
purification of recombinant Ca2+-ATPase by Streptavidin
affinity chromatography (8). After purification, the recom-
binant proteins were concentrated 15- to 20-fold on Cen-
triprep 30 filtration units (Millipore, Saint Quentin en
Yvelines, France). Final samples contained about 0.2-0.6
mg/mL of protein, in a buffer consisting of 40 mM Mops-
Tris at pH 7, 80 mM KCl, 40% (w/w) glycerol (the glycerol
concentration was increased from 20 to 40% at the end of
the concentration step, to ensure SERCA1a stability during
storage at -80%) and 5-8 mg/mL DDM. This high final
concentration of DDM results from our use of the Centriprep
30 units, which retain and therefore concentrate the DDM
micelles together with the purified proteins. Note that, unlike
Jidenko et al. (16), we did not further purify our samples by
HPLC, as this proved unnecessary for the present fluores-
cence measurements.

RESULTS

Effect of Glycerol on the Critical Micellar Concentration
and Critical Solubilization Concentration of DDM and C12E8.
As a preliminary step, the effects of glycerol on the critical
micellar concentration (cmc) and the critical solubilization
concentration (csc) of the DDM and C12E8 detergents were
tested. The cmc and csc of DDM and C12E8 only rose by
less than a factor of 2 at 40% w/w glycerol, with intermediate
values at 20% glycerol (data not shown; see corresponding
methods and references in the Supporting Information).

Effect of Ca2+ on the Trp Fluorescence of Glycerol-
Stabilized Detergent-Solubilized SERCA1a at pH 7. It is well-
known that Ca2+ binding to the high affinity binding and
transport sites in the transmembrane domain of SERCA1a
affects the intrinsic (i.e., Trp) fluorescence of this protein
by a few percent (9). This classical observation is illustrated
in the experiment shown as panel A in Figure 1, using native
SR membrane vesicles. In this experiment, an initial addition
of Ca2+ on top of the contaminating Ca2+ in the medium
left the observed Trp fluorescence of SERCA1a unaltered,
because, under these conditions at pH 7, the SERCA1a sites
were already saturated with the contaminating Ca2+ (3-5
µM). In contrast, Ca2+ chelation by EGTA reduced this
fluorescence by a few percent, and subsequent addition of
Ca2+ in several steps allowed the fluorescence gradually to
recover its initial high level. The concentration of free Ca2+

for half-recovery (Ca1/2) was in the submicromolar range,
as previously found at pH 7 in the absence of Mg2+ (e.g.,
ref (42)).

It is also well-known that similar fluorescence measure-
ments are impossible, or at least extremely problematic, in
the presence of solubilizing concentrations of detergents such
as the DDM or C12E8 which will be used in this work,
because solubilized SERCA1a is prone to fast irreversible
inactivation (within minutes) if its Ca2+ binding sites remain
unoccupied (17-22). Such inactivation results in a fairly
rapid decrease of ATPase fluorescence, on top of the slow
downward drift observed usually (and especially at low
membrane concentrations), and further addition of Ca2+ after
a few minutes is then unable to induce any change back to
the initial fluorescence level of the Ca2+-saturated ATPase.
For example, this is illustrated for C12E8 in panel C of Figure
1. Here, we found that the presence, together with detergent,
of high concentrations of glycerol, known to protect solu-
bilized SERCA1a from inactivation (27), kept the fluores-
cence of solubilized SERCA1a stable, even in the absence
of Ca2+, and thus made it possible to observe significant rises
in fluorescence intensity upon subsequent addition of Ca2+.
This effect of glycerol, used at 40% w/w for the experiments
illustrated in Figure 1, was observed for both DDM and C12E8

(see panel D of Figure 1 for C12E8; corresponding data for
DDM are illustrated in panels E and F of Figure S1 in the
Supporting Information). Protection against inactivation was
also observed at only 20% glycerol, although for shorter
periods (not shown). In the absence of detergent, glycerol
alone left Ca2+-dependent changes essentially intact (32)
(panel B in Figure 1), although the affinity for Ca2+ observed
was slightly altered (see below for analysis).

As a collateral advantage of the simultaneous use of
glycerol and detergent, note that the above-mentioned slow
downward drift in fluorescence intensity which is generally
superimposed on the ligand-induced changes independently
of irreversible inactivation became even slower than in the
absence of detergent (compare Figure 1D and Figure S1F
in the Supporting Information with Figures 1A and 1B),
perhaps because detergent was adsorbed onto the cuvette
walls and the stirring bar, thereby preventing adsorption of
the protein itself. Note also that the ATPase Trp fluorescence
level itself changed slightly when detergent was added (e.g.,
Figure 1, C and D): this is commented upon in the Supporting
Information, in relation with Figure S1 in the Supporting
Information.

Trp Fluorescence of Detergent-Solubilized SERCA1a Biochemistry, Vol. 47, No. 46, 2008 12161



Traces like those illustrated in Figure 1 A, B, D (and in
Figure S1F in the Supporting Information) made it possible
to deduce, from the progressive recovery of fluorescence
upon Ca2+ supplementation, the apparent affinity for Ca2+

of membrane-embedded or detergent-solubilized Ca2+-AT-
Pase (Figure 1E). Glycerol alone reduced this affinity
moderately, as Ca1/2 rose from 0.3-0.4 µM to 1.5-2 µM.
This reduction in affinity, here deduced from the assumption
that Ca2+ chelation by EGTA does not change much in the
presence of glycerol, is consistent with the fact that in the
presence of glycerol and absence of EGTA, the initial
addition of 20 µM Ca2+ on top of the contaminating Ca2+

raised the Trp fluorescence level up to its maximal level,
whereas in the absence of glycerol (as shown in Figure 1A),
the same addition of 20 µM Ca2+ had absolutely no effect.
The additional presence of detergent, either DDM or C12E8,
reduced this affinity further, as Ca1/2 rose to still higher
values, 7-9 µM, in the presence of 2 mg/mL of either
detergent. However, the effects of DDM and C12E8 did not
appear to be identical, as in addition to raising Ca1/2, DDM

reduced the apparent cooperativity for Ca2+ binding quite
significantly, whereas this was much less the case for C12E8

(closed triangles versus closed squares in Figure 1E). Similar
results were obtained when experiments were repeated in
the presence of 5 mM Mg2+, as illustrated in Figure S2 in
the Supporting Information: in the presence of Mg2+, while
the apparent affinity of solubilized ATPase for Ca2+ was
poorer than in its absence (a well-known fact for membrane-
embedded SERCA1a, presumably due to competition be-
tween Mg2+ and Ca2+, see, for instance, refs 11, 42), the
additional presence of detergent together with glycerol again
shifted Ca1/2 to still higher values, and DDM again specif-
ically reduced the apparent cooperativity for Ca2+ binding.
The poorer affinity and/or possibly poorer cooperativity of
Ca2+ binding to detergent-solubilized SERCA1a compared
with membrane-embedded ATPase have often been alluded
to and discussed (or denied) in previous investigations with
solubilized ATPase (e.g., refs (17, 18, 30, 43, 44), additional
references are provided together with the legend to Figure

FIGURE 1: Binding of Ca2+ to membrane-embedded or detergent-solubilized Ca2+-ATPase in the presence of glycerol (here at pH 7 in the
absence of Mg2+), as deduced from Trp fluorescence changes. (A-D) SERCA1a intrinsic fluorescence was measured with SR vesicles
suspended at a final protein concentration of 0.02 mg/mL in a 2 mL quartz cuvette, in a buffer containing 100 mM KCl and 50 mM
Mops-Tris at pH 7 and 20 °C (panel A), supplemented with 40% (w/w) glycerol as required (panels B and D). The initial step consisted
of adding 20 µM Ca2+ (4 µL of a 10 mM stock solution) on top of the contaminating Ca2+ (3-5 µM) already present in the buffer. This
was followed, as required, by the addition of 2 mg/mL C12E8 (panels C and D) or 2 mg/mL DDM (not shown here, but see Figure S1 in
the Supporting Information, panels E and F). Subsequent addition of 0.75 mM EGTA (5 µL of a 300 mM stock solution) then reduced
[Ca2+]free to about 0.013 µM, and the fluorescence intensity at this step was arbitrarily taken as 100%. Several amounts of extra total Ca2+

were then added, in the order and at the concentrations stated below together with the resulting final concentrations of total and free [Ca2+]:
first, 0.3 mM (as 2 µL of a 300 mM stock solution), resulting in [Ca2+]total ) 0.325 mM and [Ca2+]free ) 0.29 µM; 0.3 mM again (2 µL
at 300 mM), resulting in [Ca2+]total ) 0.625 mM and [Ca2+]free ) 1.8 µM; 0.1 mM (2 µL at 100 mM), resulting in [Ca2+]total ) 0.725 mM
and [Ca2+]free ) 8.2 µM; 0.1 mM again (2 µL at 100 mM), resulting in [Ca2+]total ) 0.825 mM and [Ca2+]free ) 79 µM; and last, 0.3 mM
(2 µL at 300 mM), resulting in [Ca2+]total ) 1.125 mM and [Ca2+]free ) 376 µM. To estimate [Ca2+]free according to MaxChelator (a rough
value is indicated on the figure itself), the dissociation constant of the Ca2+ · chelator complex was assumed to be the same, irrespective of
the presence or absence of glycerol (see text). The relative error in estimating these free Ca2+ concentrations is largest around 10 µM free
Ca2+. The traces shown illustrate a representative experiment of several which gave similar results. Fluorescence intensities were corrected
for the small changes due to sample dilution on the addition of ligands. (E) Changes in ATPase fluorescence as a function of free Ca2+ were
deduced from the traces in panels A, B and D, and from the trace in panel F of Figure S1 in the Supporting Information, after correction
for the intensity drift, and plotted as fractional values after normalization to 1 of the maximal change in fluorescence in each series. These
various curves were fitted to Hill equations with Hill coefficients of 1.8 (no glycerol, no detergent, open circles), 1.5 (40% glycerol, no
detergent, closed circles), 1.3 (40% glycerol, 2 mg/mL C12E8, closed triangles) and 0.7 (40% glycerol, 2 mg/mL DDM, closed squares), but
exact values for these Hill coefficients are subject to strong uncertainties because of the small number of data points; the only clear fact is
the reduced cooperativity in the last curve. Before normalization, the maximal Ca2+-dependent relative changes in fluorescence were about
6.2%, 6.1%, 4.6% and 3.2% for the traces in panels A, B, D, and panel F of Figure S1 in the Supporting Information.

12162 Biochemistry, Vol. 47, No. 46, 2008 Montigny et al.



S2 in the Supporting Information). This question will be
addressed again in the Discussion.

The Dramatic Effect of Solubilizing Concentrations of
C12E8 on SERCA1a Affinity for Ca2+ at pH 6. As pH per se,
in the absence of Ca2+, is thought to affect the conformational
state of SERCA1a (55, 67), we extended to more acidic
conditions our characterization by Trp fluorescence of the
binding of Ca2+ to solubilized SERCA1a, and found that,
under these conditions, C12E8-solubilized SERCA1a dis-
played an unexpected behavior. At pH 6 in the presence of
glycerol (here in the absence of potassium but presence of
lithium), solubilization of SERCA1a (0.1 mg/mL SR) with
excess C12E8 (from 0.4 up to 10 mg/mL C12E8) indeed raised
the Ca1/2 values for Ca2+-induced changes in Trp fluorescence
to extremely high, millimolar values (see Figure 2D versus
Figure 2B), i.e., the apparent affinity of SERCA1a for Ca2+

dropped to extremely poor values. Nevertheless, this was
not the case for DDM, which, at solubilizing concentrations,
only led to a moderate increase in the Ca1/2 (Figure 2C versus
Figure 2B). The data for different concentrations of solubi-
lizing detergent are given for DDM and C12E8 in Figures
2E and 2F respectively. In the same series of experiments,
the apparent affinity of SERCA1a for Ca2+ in the presence
of low, nonsolubilizing concentrations of detergent was also
tested, and the results, also illustrated in Figures 2E and 2F,
confirmed the moderate increase in Ca1/2 previously observed

when SR membranes were “perturbed” by various detergents,
either DDM (39), C12E8 (data not shown), Triton X-100 (44)
or SDS (45). For large solubilizing concentrations of DDM,
the Ca1/2 was in fact smaller than for small nonsolubilizing
concentrations (Figure 2E) (as previously deduced from
ATPase activity measurements under standard ionic condi-
tions, see Figure 5 in ref (39)). For C12E8, the opposite was
true, because in the presence of large solubilizing concentra-
tions of C12E8, the Ca1/2 became much higher than in the
presence of nonsolubilizing concentrations (Figure 2F). Note,
incidentally, that the presence of 1 mg/mL DOPC together
with 2 mg/mL C12E8 left the apparent Ca2+ affinity of
SERCA1a at an intermediate value, corresponding to the
affinity displayed by C12E8-saturated or minimally solubilized
SR membranes (data not shown).

The unexpectedly huge shift of Ca1/2 to millimolar values
in the presence of solubilizing concentrations of C12E8 at
pH 6 was not restricted to assay conditions in the absence
of KCl and presence of LiCl, but was also observed in the
presence of KCl. This was shown not only by Trp fluores-
cence experiments similar to those reported above but now
performed in the presence of KCl (Figure 3A,B), but also
by simple ATPase activity measurements, at 10 µM Mg ·ATP
(Figure 3C), performed with a standard coupled enzyme
assay (the presence of KCl in fact was a prerequisite for
such ATPase activity measurements with this technique,

FIGURE 2: Ca2+ binding to membrane-embedded, DDM-solubilized or C12E8-solubilized Ca2+-ATPase at pH 6 and absence of KCl, as
deduced from Trp fluorescence changes. (A-D) SERCA1a intrinsic fluorescence was measured with SR vesicles suspended at a final
protein concentration of 0.1 mg/mL in a 2 mL quartz cuvette, in a buffer containing 150 mM Mes-Tris, 100 mM LiCl and 20 mM MgCl2,
at pH 6 and 20 °C (panel A), in the absence of glycerol (panel A) or in the presence of 20% (v/v) glycerol (panels B-D); 2 mg/mL
detergent was then added as required (DDM for panel C, C12E8 for panel D). Next (the illustrated traces start here) 2 mM EGTA was added,
resulting in a free Ca2+ concentration of about 0.1 µM. The fluorescence intensity at this step was taken as 100%. Various amounts of Ca2+,
on top of the contaminating 3-5 µM total Ca2+, were then added, resulting in different final concentrations of free [Ca2+]. These amounts
are listed below in the order of their addition, together with the resulting concentrations of free [Ca2+]: 0.2 mM, resulting in [Ca2+]total )
0.205 mM and [Ca2+]free ) 4 µM ([Ca2+]free was estimated according to MaxChelator); 0.5 mM, resulting in [Ca2+]total ) 0.705 mM and
[Ca2+]free ) 20 µM; 1 mM, resulting in [Ca2+]total ) 1.7 mM and [Ca2+]free ) 140 µM; 1.3 mM, resulting in [Ca2+]total ) 3 mM and
[Ca2+]free ) 1 mM; 4 mM, resulting in [Ca2+]free ) 5 mM; and 10 mM, resulting in [Ca2+]free ) 15 mM. Values were corrected for the small
changes in intensity due to sample dilution on the addition of ligands. (E, F) After correction for the intensity drift, fluorescence intensities
as a function of free Ca2+ for a given concentration of detergent (DDM in panel E, C12E8 in panel F) were deduced from the traces in panels
A-D and from similar traces at other detergent concentrations, and plotted as %, relative to the fluorescence intensity at the lowest free
Ca2+ concentration, under the following conditions: crosses and continuous thin line, no detergent and no glycerol; closed circles and
continuous thick line, 20% glycerol and no detergent; closed right-side-up triangles and dash-dot lines, glycerol and nonsolubilizing
concentrations of detergent (0.1 mg/mL DDM for panel E, 0.07 mg/mL C12E8 for panel F); dashed lines and open symbols, solubilizing
concentrations of detergent, either 0.4 mg/mL (upside-down triangles), or 10 mg/mL (diamonds). As the results obtained with 2 mg/mL
detergent (deduced from the traces in panels C and D) were close to those obtained with 10 mg/mL (diamonds in panels E and F), they
were omitted, for clarity. These various curves were fitted to Hill equations with Hill coefficients between 1.5 and 2 for both intact and
solubilized membranes.
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because of the potassium-dependence of the pyruvate kinase
activity in this assay). Millimolar concentrations of Ca2+

stimulated ATPase activity in the presence of glycerol after
solubilization by C12E8 at pH 6, contrasting with the more
classical inhibitory effect of the same high concentrations
of Ca2+ on the activity of membrane-embedded or DDM-
solubilized SERCA1a (Figure 3C). To address the question
of whether the C12E8-induced large increase in the Ca1/2 for
ATPase activation only occurred in the presence of glycerol
or, instead, was a more general feature, we performed
additional ATPase measurements in the absence of glycerol.
Using 5 mM Mg ·ATP instead of only 10 µM, we were able
to perform these additional experiments in the absence of
glycerol reliably, because high Mg ·ATP concentrations have
been reported to efficiently reverse the instability of solu-
bilized SERCA1a (17, 46). Under these conditions, i.e. in
the absence of glycerol, a very large increase in the Ca1/2

for ATPase activation at pH 6 was again apparent for
SERCA1a solubilized with C12E8, whereas with DDM, the
increase was again much smaller (Figure 3D).

The different Effects of DDM and C12E8 at Solubilizing
Concentrations on the Kinetics of Ca2+-Induced Conforma-
tional Rearrangement. In addition to making it possible to
monitor Ca2+ binding to solubilized SERCA1a at equilibri-
um, the presence of glycerol in the above-mentioned
fluorescence experiments at pH 6, by slowing down the Ca2+-
induced conformational rearrangement of SERCA1a suf-

ficiently (32), made it possible, at least at pH 6, to resolve
the kinetics of the Ca2+-induced fluorescence rises, without
resorting to more complicated stopped-flow experiments.
Figure 2B-D shows that the rate of this Ca2+-induced
rearrangement was slightly accelerated by solubilizing
concentrations of DDM, whereas solubilizing concentrations
of C12E8 did not result in such acceleration, but in significant
slowing down instead; as concerns C12E8, the same conclu-
sion can be derived from Figure 3A,B. This unexpected
slowing down of the Ca2+-induced rearrangement by high
concentrations of C12E8, but not DDM, contrasts with the
fact that this rearrangement is accelerated in the presence of
either C12E8 or DDM at low, nonsolubilizing concentrations
(25, 26, 47), or in the simultaneous presence of C12E8 and
lipid at a C12E8 to DOPC ratio of about 2 to 1 (data not
shown; see also panels B and F versus panel A in the
subsequent Figure 5).

A possible consequence of this slowing down of the Ca2+-
induced transition by high concentrations of C12E8 (as
opposed to DDM) in the absence of extra lipid is that the
E2/E1 equilibrium of SERCA1a might shift toward E2 in
the presence of solubilizing and delipidating concentrations
of C12E8, rendering Ca2+ binding strongly unfavorable,
especially at pH 6. This will be a key point when the effects
of C12E8 versus those of DDM are discussed below.

Consequences of the Ca2+ Affinity Changes for Trp
Fluorescence Detection of the TurnoVer of SERCA1a Solu-

FIGURE 3: In the presence of KCl too, the affinity of SERCA1a for Ca2+ at pH 6 drops dramatically after solubilization with C12E8. This
affects Ca2+-dependent ATPase activities, both in the presence of glycerol at low Mg ·ATP and in its absence at high Mg ·ATP. (A, B) Trp
fluorescence was measured with 0.1 mg/mL SR vesicles in a buffer containing 20% glycerol, 150 mM Mes-Tris, 100 mM KCl and 20 mM
MgCl2 at pH 6 and 20 °C, in the presence of 2 mg/mL C12E8 (panel B) or in the absence of C12E8 (panel A). EGTA (2 mM) was added,
resulting in a free Ca2+ concentration of about 0.1 µM (at this stage, the fluorescence intensity was taken as 100%); this was followed by
additions of Ca2+, on top of the contaminating 3-5 µM total Ca2+, in the order and at the concentrations given below together with the
resulting final concentrations of free [Ca2+]: 0.2 mM resulting in [Ca2+]total ) 0.205 mM and [Ca2+]free ) 4 µM ([Ca2+]free was estimated
according to MaxChelator); 0.5 mM, resulting in [Ca2+]total ) 0.705 mM and [Ca2+]free ) 20 µM; 1 mM, resulting in [Ca2+]total ) 1.7 mM
and [Ca2+]free ) 140 µM; 1.3 mM, resulting in [Ca2+]total ) 3 mM and [Ca2+]free ) 1 mM; 4 mM, resulting in [Ca2+]free ) 5 mM; and last,
10 mM, resulting in [Ca2+]free ) 15 mM. Fluorescence intensities were corrected for the small changes due to sample dilution on the
addition of ligands. (C) ATPase activity was measured by a coupled enzyme assay, here in the presence of 10 µM Mg ·ATP, under each
of three conditions: the absence of detergent (circles), the presence of 2 mg/mL DDM (triangles), or the presence of 2 mg/mL C12E8
(squares). The medium, which also contained 0.1 mg/mL SR vesicles, 20% glycerol, 150 mM Mes-Tris, 100 mM KCl and 20 mM MgCl2
at pH 6 and 20 °C as for the experiments shown in panel A, was first supplemented with 0.1 mM Ca2+ and subsequently with final Ca2+

concentrations of 1, 5 and 15 mM for the ATPase activity measurements. (D) This panel shows similar ATPase activity measurements, but
in the presence of 5 mM Mg ·ATP, without glycerol and with 0.01 mg/mL SR (see the different Y scale) in otherwise the same media, again
in the absence of detergent (circles), in the presence of 2 mg/mL DDM (triangles), or in the presence of 2 mg/mL C12E8 (squares). Here
too, the medium was initially supplemented with 0.1 mM Ca2+. Then, either various concentrations of EGTA were added sequentially, to
explore the effect of lower free Ca2+ concentrations (open symbols), or extra Ca2+ was added, to explore the effect of higher free Ca2+

concentrations (dotted symbols).
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bilized in Different Detergents at pH 6. Previous studies with
membrane-embedded SERCA1a have suggested that the
ability of Trp fluorescence to monitor SERCA1a enzymatic
turnover depends on whether the E2P and E2 species, often
considered to display lower fluorescence than the E1 and
E1P species, accumulate to a significant or insignificant
extent at steady-state during turnover (see, for instance,
refs 48, 49). In previously published reports, different media
have been shown to favor accumulation of E2P or E2 species
at steady state (and therefore observation of clear turnover-
dependent drops in fluorescence), and a pH 6 medium, devoid
of potassium and supplemented by lithium if desired (50),
fulfills these requirements (47, 49). With such a medium, in
the presence of ionophore to make SR vesicles permeable
to Ca2+ (note that as a side effect, the ionophore we used,
calcimycin [A23187], quenched a large fraction of SERCA1a
fluorescence (49), accounting for the low initial fluorescence
level illustrated in Figure 4), and first in the absence of
glycerol (panel A in Figure 4), a clear turnover-dependent
drop in fluorescence was found to result from ATP addition
to the permeabilized vesicles at both 100 µM and 1 mM
Ca2+, as illustrated by the beginning of the fluorescence trace
in Figure 4A (the Ca2+ concentration was raised from 100
µM to 1 mM Ca2+ to allow full saturation of the Ca2+ binding
sites of membrane-embedded SERCA1a, despite the acidic
pH). Increasing concentrations of detergent were then added,
and the result for DDM, here in the absence of glycerol, is
also shown in Figure 4A. Small, nonsolubilizing (or mini-
mally solubilizing) concentrations of DDM (0.1 mg/mL)
reduced the size of the turnover-dependent fluorescence drop
but not its rate, as previously reported (26). When higher
concentrations of detergent were added, from 0.5 to 10 mg/
mL, solubilization of the membranes occurred, as confirmed
by the recovery of Trp fluorescence from its previous
quenching by the nearby calcimycin ionophore (49). How-
ever, when ATP-dependent signals were then recorded, signs
of turnover-dependent irreversible inactivation were detect-
able at the highest concentrations of DDM (Figure 4A, see
dotted zone for 10 mg/mL), as expected on the basis of a
previous report with C12E8 at pH 8.5 (48). Similar signs of
inactivation were also observed with C12E8 at pH 6 in the
absence of glycerol (not shown).

In the presence of 20% glycerol (here, v/v) (Figure 4B),
the initial turnover rate for membrane-embedded SERCA1a
was slower than in its absence, and raising the Ca2+

concentration from 100 µM to 1 mM again accelerated this
rate slightly, because of the more complete saturation of the
Ca2+ sites (see the beginning of the trace in Figure 4B). After
solubilization, the presence of glycerol apparently eliminated
turnover-dependent irreversible inactivation (Figure 4B).
Highly reproducible ATP turnover-dependent fluorescence
drops were therefore observable for all concentrations of
DDM up to 10 mg/mL (higher concentrations were not
tested). The glycerol-induced slowing down of the ATPase
activity of membrane-embedded SERCA1a was reversed by
both low and very high concentrations of DDM, although
not exactly to the same extent. Similar experiments per-
formed at pCa 4 only (instead of pCa 3) revealed the same
qualitative features. Thus, assay conditions at pH 6 in the
presence of glycerol are appropriate for revealing, by intrinsic
fluorescence, the ATPase activity of DDM-solubilized ATPase.

When the same experiments (at pH 6 in the presence of

glycerol) were repeated in the presence of C12E8, there was
again no sign of any irreversible inactivation of the solubi-
lized SERCA1a, and ATP turnover was again accelerated
by the nonsolubilizing or only minimally solubilizing
concentration of 0.07 mg of C12E8/mL (as with 0.1 mg/mL
DDM). In this case, however, higher, fully solubilizing
concentrations of C12E8 inhibited turnover dramatically:
Figure 4C shows the results for 0.5 and 2 mg/mL C12E8,
and the same was true at 10 mg/mL (not shown). In
accordance with the results in Figures 2 and 3, this dramatic
inhibition of turnover proved to be due, at least in part, to
the fact that SERCA1a had acquired a very poor affinity for
Ca2+ under these new conditions, because when Ca2+ was
increased to 3 mM and even further, up to 10 mM, the time
required for ATP exhaustion was reduced (final portion of
the trace in Figure 4C). Conversely, when the experiment

FIGURE 4: Turnover-dependent changes in Trp fluorescence at pH
6 in the absence of KCl, in the absence or presence of glycerol, in
the presence of various concentrations of DDM or C12E8, and in
the presence of various concentrations of Ca2+. Here, Trp fluores-
cence was measured with 0.1 mg/mL SR vesicles in a buffer
containing 150 mM MesTris, 100 mM LiCl and 20 mM MgCl2 at
pH 6 and 20 °C, in the absence (panel A) or presence (panels B
and C) of 20% glycerol (here, v/v); 100 µM Ca2+ was then added
(the corresponding fluorescence level was taken as the 100% level),
followed by 2 µg/mL of ionophore A23187, i.e., calcimycin, which
induced rapid (but not instantaneous) fluorescence quenching
through resonance (“Förster”) transfer. The illustrated trace starts
here. The next step consisted of adding 10 µM Mg ·ATP (upside-
down triangle), followed by 0.9 mM Ca2+ to raise the Ca2+

concentration to 1 mM, and then Mg ·ATP again (upside-down
triangle again). Next, detergent (DDM for panels A and B and C12E8
for panel C) was sequentially added at the final total concentrations
indicated (0.1, 0.5, 2 and 10 mg/mL for DDM; 0.07, 0.5, and 2
mg/mL for C12E8), with repeated additions of ATP between the
detergent additions to test the turnover-dependent signals (upside-
down triangles). At the end of the experiment illustrated in panel
C, 2 mM and then an extra 7 mM Ca2+ were added, bringing the
total Ca2+ to 3 mM (10 µM ATP was also added at each step,
upside-down triangles). Values were corrected for the small changes
in intensity resulting from dilution on the addition of ligands.
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was conducted in the presence of 100 µM Ca2+ only,
turnover-dependent fluorescence signals were not detectable
at all for the solubilized SERCA1a, even at 0.5 mg/mL C12E8,
and turnover-dependent signals only appeared after the Ca2+

concentration was raised to millimolar concentrations (data
not shown). Note that this stimulation of ATPase activity
by high Ca2+ concentrations occurs despite the inhibition
expected, at these concentrations, to result from the substitu-
tion of Ca ·ATP for the normal substrate, Mg ·ATP (51).

Note that similar experiments were also performed in
another medium known to favor accumulation of E2P or E2
species at steady state, namely, at alkaline pH in the presence
of a high Mg2+ concentration (48). In this medium, unfor-
tunately, the additional presence of 40% glycerol under the
same conditions was not sufficient to reduce to zero the
irreversible inactivation of SERCA1a known to occur
(Figure 7E in ref (48)) in the absence of glycerol and
presence of solubilizing concentrations of detergent (see
Figure S3A in the Supporting Information, and corresponding
comments). Back to the pH 6 situation, note also that Ca2+

release experiments performed under similar conditions (data
not shown, but see a short description in the Supporting
Information) were consistent with the Trp fluorescence results
and the here-demonstrated very poor affinity of SERCA1a
for Ca2+ in the presence of C12E8 at pH 6.

Effects of Pi or Fluoride Salts on Trp Fluorescence in
Ca2+-Free and Glycerol-Protected Detergent-Solubilized
ATPase. We then attempted, in the combined presence of
glycerol and detergent, to detect the formation of ADP-
insensitive phosphoenzyme (E2P) from Ca2+-free solubilized
SERCA1a, as was shown to be possible for membrane-
embedded SERCA1a (10, 32). Initial attempts using a pH
7, KCl-containing medium, supplemented with 20% DMSO
to make the medium more favorable to E2P formation (52, 53),
did not allow us to observe any Pi-dependent fluorescence
changes in the presence of detergent (DDM or C12E8), either
in the absence or in the presence of glycerol (data not shown).
We then attempted to create different favorable conditions,
by leaving potassium out of the medium and buffering it at
pH 6, either in the absence of DMSO but presence of 40%
glycerol, or in the presence of 15% DMSO and 20% glycerol
(DMSO itself afforded partial protection against detergent-
induced denaturation). In the latter situation, the rise in Trp
fluorescence concomitant with E2P formation was easily
detectable in the absence of detergent (see Figure 5A), but
in the presence of detergent (either DDM or C12E8) there
was again little evidence for any change in Pi-dependent
fluorescence (Figure 5, C and D), although with C12E8, very
small but reproducible changes in Trp fluorescence could
still be observed. This only very small signal was disap-
pointing, because E2P formation has been reported to remain
possible in the presence of some of the most common
detergents, although less favorable than in the absence of
detergent (see, for instance refs (30, 44, 54),).

As the conditions for these fluorescence experiments,
namely, low protein and high detergent concentrations,
presumably lead to SERCA1a delipidation, we then won-
dered whether the residual presence of phospholipid together
with detergent would help to make Pi-induced changes
detectable. We found that this was indeed the case, but
remarkably, only in the presence of C12E8 (Figure 5F) and
not of DDM (Figure 5E). From the point of view of the
fluorescence responses to Pi addition, the incubation of SR
vesicles with a 2:1 (w/w) mixture of C12E8 and DOPC,

FIGURE 5: Pi-dependent changes in Trp fluorescence for membrane-
embedded or detergent-solubilized Ca2+-free SERCA1a. Effect of
additional lipids. SR vesicles were suspended at 0.1 mg/mL protein
(corresponding to about 0.05 mg/mL of SR lipid) in a buffer
containing 150 mM Mes-Tris, 20 mM Mg2+, 15% DMSO and 20%
glycerol (w/w) at pH 6 and 20 °C, either in the absence of detergent
(panel A) or together with one of the following five agents or
combinations: 0.1 mg/mL of C12E8 (panel B), 2 mg/mL DDM (panel
C), 2 mg/mL C12E8 (panel D), 2 mg/mL DDM + 1 mg/mL DOPC
(panel E), or 2 mg/mL C12E8 + 1 mg/mL DOPC (panel F). Ca2+

(1 mM) was then added, followed by 10 mM EGTA, and last Pi,
in two amounts of 2 mM each (single arrow, then double arrow).
Values were corrected for the small changes in fluorescence
intensity resulting from dilution on the addition of ligands.

FIGURE 6: Formation of E2P from [32P]Pi in membrane-embedded
or detergent-solubilized Ca2+-free SERCA1a, as deduced from
standard acid quenching experiments. SR vesicles were suspended
at 0.1 mg/mL protein in a buffer containing 150 mM Mes-Tris, 20
mM Mg2+, 2 mM EGTA, 15% DMSO and 20% glycerol (w/w) at
pH 6 and 20 °C, either in the absence of detergent (closed circles,
panels A and B), or together with one of the following five agents
or combinations: 2 mg/mL DDM (squares, panel A), 2 mg/mL
DDM + 1 mg/mL DOPC (triangles, panel A), 2 mg/mL C12E8
(squares, panel B), or 2 mg/mL C12E8 + 1 mg/mL DOPC (triangles,
panel B). Various concentrations of [32P]Pi were then added,
followed after 30 s by acid quenching and filtration. Observed EP
levels were fitted to Michaelian curves with a common EP max
(5.14 nmol/mg).
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obtained from an optically clear, concentrated 2:1 mixture
(in which the lipid had therefore been almost fully solubi-
lized) gave results not very different from those obtained
after incubation of the same SR vesicles with a small, only
minimally solubilizing amount of C12E8 alone, i.e., when 0.1
mg/mL C12E8 was added to 0.1 mg/mL SR protein and
therefore about 0.05 mg/mL SR lipid (so that the overall
detergent to lipid ratio was similar in both experiments): in
both experiments, the Pi-induced rise in Trp fluorescence
was quite satisfactory (Figure 5, F and B). Note that in both
cases, the Ca2+-dependent changes also displayed smaller
amplitude and faster kinetics than in SR vesicles in the
absence of any detergent (compare panels A, B and F in
Figure 5). Results similar to those illustrated in Figure 5,
A,F (in the presence of lipid) were in fact also obtained in
the absence of glycerol (data not shown), presumably because
the presence of lipid together with detergent was sufficient
to protect solubilized SERCA1a from EGTA-induced ir-
reversible denaturation (19-21).

To understand the above results, we measured under the
exact same conditions, using standard acid quenching
methods, the actual amount of phosphoenzyme (E2P) formed
from phosphate, added as [32P]Pi. We found (Figure 6) that
the presence of detergent alone increased the concentration
of [32P]Pi required for half activation of E2P formation, with
a more deleterious effect for DDM than for C12E8. The
additional presence of DOPC allowed the recovery of a more
favorable situation in the presence of C12E8 (Figure 6B), but
not in the presence of DDM (Figure 6A). This result is
qualitatively consonant with the fluorescence results. Nev-
ertheless, it appears that, at the concentrations of Pi (2 and
4 mM) used in the Trp fluorescence measurements illustrated
in Figure 5, very significant amounts of E2P were formed
in the presence of either detergent in the absence of lipid,
whereas Pi-dependent changes in fluorescence were minimal.
Thus, the combined results in Figures 5 and 6 indicate that
the absence of a Pi-dependent Trp fluorescence signal does
not necessarily imply the absence of E2P formation, but that
only specific conditions (in this case, C12E8 + DOPC) allow
Trp fluorescence to be sensitive to this formation. This will
be further discussed later. Note that the increased concentra-
tion of [32P]Pi required for half activation of E2P formation
in the presence of glycerol and detergent was not the result
of time-dependent partial inactivation, because the (reduced)
levels of E2P found in the presence of glycerol and detergent
remained stable when the time of contact of SERCA1a with
the detergent was varied, on a time scale of a few minutes
(data not shown).

As a further check, we studied, under the same conditions,
the ability of Trp residues in solubilized Ca2+-free SERCA1a
to reveal the putative formation from beryllium fluoride of
E2 ·BeF3, an E2P analogue, and found results similar to those
for E2P detection: Trp fluorescence rose on the addition of
beryllium and fluoride in the presence of C12E8 plus DOPC,
as it does in membranes (33, 53), but did not rise in the
presence of DDM plus DOPC (Figure S4 in the Supporting
Information).

Effects of Mg-ATP, ATP or Mg2+ on Trp Fluorescence in
Ca2+-Free Detergent-Solubilized and Glycerol-Protected
ATPase. The Trp fluorescence response of solubilized but
glycerol-stabilized SERCA1a to nucleotides was also inves-
tigated. For this study, as acidic conditions are known to

have an unfavorable effect on the affinity of SERCA1a for
Mg ·ATP (12), we reverted to a standard pH 7 situation.
Figure 7 shows an experiment in which, after an initial
addition of EGTA and 5 mM Mg2+ (to be commented upon
below), various concentrations of Mg ·ATP (ranging from
0.3 to 300 µM) were added to SR vesicles to trigger the
anticipated increase in fluorescence caused by Mg ·ATP
binding to the ATPase. For the highest concentrations of
added Mg ·ATP, e.g., 300 µM (several such additions were
made; see double arrows in Figure 7A), a drop in fluores-
cence intensity was observed, instead of a rise, because of
the inner-filter effect of the UV absorbance of nucleotide at

FIGURE 7: Binding of Mg-ATP to Ca2+-free membrane-embedded
or detergent-solubilized ATPase in the presence of glycerol, as
deduced from Trp fluorescence changes. (A-D) The initial step
consisted of adding 2 mM of EGTA to SR vesicles suspended at
0.02 mg/mL in a buffer containing 100 mM KCl, 50 mM Mops-
Tris and 100 µM Ca2+ at pH 7 and 20 °C (panel A), in the presence,
as required, of 40% (w/w) glycerol (panels B-D) and 2 mg/mL
detergent (DDM for panel C or C12E8 for panel D). This was
followed by the addition of 5 mM Mg2+ and then of increasing
concentrations of Mg ·ATP (final total concentrations are indicated
on the figure). Double arrows correspond to additions of 300 µM.
Several such additions were made to estimate the inner filter effects
due to nucleotide absorbance (double arrows without numbers).
Values were corrected for the small changes in intensity resulting
from dilution on the addition of ligands, but not for the changes
due to these inner-filter effects. Note that using 295 nm instead of
a shorter excitation wavelength minimizes the inner-filter effect of
the nucleotide, and using 320 nm instead of a longer emission
wavelength maximizes the Mg2+-induced signal, see ref 11. (E)
After correction for the drift and inner-filter effects, relative
fluorescence levels in the presence of the various concentrations
of Mg ·ATP were plotted for the four conditions above: without
glycerol and without detergent (open circles), with glycerol but
without detergent (closed circles), or with glycerol and either 2
mg/mL DDM (closed squares) or 2 mg/mL C12E8 (closed triangles).
Data points were fitted to equations whose Hill coefficients all fell
into the 1.05 ( 0.1 range.
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these high concentrations (36). For lower concentrations of
Mg ·ATP, the inner-filter effect was marginal, thus allowing
unambiguous evaluation of the “true” effect of Mg ·ATP
addition on Trp fluorescence. We found that glycerol alone
reduced the apparent affinity for Mg ·ATP binding (Figure
7B versus Figure 7A), but that the presence of DDM on top
of glycerol reversed this effect (Figure 7C versus Figure 7
A and B). The apparent dissociation constants for Mg ·ATP
binding to DDM-solubilized SERCA1a in the presence of
glycerol or to membrane-embedded SERCA1a in the absence
of glycerol were fairly similar (5-8 µM at pH 7 and 5 mM
Mg2+ see Figure 7E). Contrarily to DDM, however, C12E8

did not reverse the apparent affinity for Mg ·ATP binding,
and left this affinity poor, or even poorer (Figure 7D and
7E). The same trend was observed in the absence of Mg2+,
i.e., the mere presence of glycerol again made ATP-induced
Trp fluorescence changes less easily observable, in terms of
both amplitude and affinity, and this loss of affinity for ATP
binding was again reversed by DDM, but not by C12E8 (data
not shown).

The effect of Mg2+ alone in these experiments is worth a
word of comment. The effect of Mg2+ on the Trp fluores-
cence of Ca2+-deprived ATPase is thought to result from
Mg2+ binding either to the Ca2+ binding sites or to other
sites on the ATPase (11, 15). In the absence of detergent,
glycerol strongly reduced the Mg2+-dependent rise in Ca2+-
free ATPase fluorescence (compare panels A and B in Figure
7), as previously reported (32), but DDM again counteracted
this reduction by glycerol and made the Mg2+-dependent rise
clearly detectable again (panel C in Figure 7). Again, C12E8

behaved differently from DDM, as it did not reverse the loss
in the Mg2+-dependent rise, and in fact induced further loss
(panel D in Figure 7; see also Figure S5 in the Supporting
Information, where a higher concentration of Mg2+ was
tested). The Mg2+-dependent Trp fluorescence changes are
therefore consonant with the effects of the same detergents
on the apparent affinity for Mg ·ATP.

Incidentally, we also tested whether, in the presence of
glycerol, nucleotides remained effective in changing the Trp
fluorescence of detergent-solubilized Ca2+-saturated SERCA1a
(the E1 form), as they are, to a moderate extent, for
membrane-embedded SERCA1a. ADP (or AMPPCP, not
shown) indeed slightly raised Trp fluorescence of both DDM-
and C12E8-solubilized SERCA1a (Figure S6 in the Supporting
Information). Of course, in this case, glycerol was not
indispensable to the success of the experiment, as Ca2+ alone
maintained solubilized SERCA1a in a stable form (36). In
the presence of glycerol and DDM, addition of ADP and
then aluminum fluoride clearly triggered the formation of a
species with still higher fluorescence (Figure S6C in the
Supporting Information), presumably the Ca2 ·E1 ·ADP ·AlFx

species (36), but in the presence of C12E8 on top of glycerol,
a rise in Trp fluorescence was hardly discernible on the
addition of AlFx after ADP (Figure S6D in the Supporting
Information). Note that glycerol alone apparently slowed
down the formation of Ca2 ·E1 ·ADP ·AlFx, as illustrated in
panel B versus panel A in Figure S6 in the Supporting
Information).

FITC Labeling Is Probably Not of Much Use for Studying
the Effects of Binding to Solubilized ATPase of Ligands Like
Ca2+. At this point we labeled SR ATPase with FITC at
Lys515 in the nucleotide-binding domain (55, 53), to

ascertain whether or not, in the presence of glycerol and
DDM or C12E8, FITC fluorescence in the labeled ATPase
would retain some of the properties previously described in
the absence of detergent. In solubilized and Ca2+-deprived
FITC-ATPase, FITC fluorescence did remain stable in the
presence of 40% glycerol, in contrast with its previously
reported instability in the absence of glycerol (18). However,
although inactivation of the ATPase was apparently blocked,
chelation or subsequent addition of Ca2+ only induced small
changes in FITC fluorescence, and this was already the case
in the mere presence of glycerol and absence of detergent.
These somewhat disappointing results are shown as Figure
S7 in the Supporting Information, panels A-F. Probably
because of this adverse effect of glycerol, FITC-labeled
ATPase was not much useful either to detect the possible
formation of complexes of Ca2+-free ATPase complexes with
vanadate, in the presence of glycerol and detergent (Figure
S8 in the Supporting Information, panels A-D).

Trp Fluorescence Experiments with Heterologously Ex-
pressed Mutants. In addition to the study of rabbit SR
SERCA1a solubilized in different detergents, the study of
SERCA1a mutants after their heterologous expression in
yeast and subsequent purification in the presence of DDM
(16) will also benefit from the present results. As an example,
we show here experiments performed with the initial aim of
confirming, in the presence of detergent, an observation we
had previously made with WT and a Ca2+ site mutant of
SERCA1a, E309Q, after both had been purified and recon-
stituted in lipids (15). Because the E309Q mutant lacks Site
II for Ca2+ binding but remains able to bind Ca2+ at Site I,
we had wondered whether this binding was sufficient to
induce Trp fluorescence changes. In that earlier work,
performed with SERCA1a proteins expressed with a histidine
tag, purified and reconstituted, the expressed proteins had
suffered to a significant extent from the reconstitution
protocol (as shown by the fact that ATPase activities and
Ca2+-dependent Trp fluorescence changes were both lower
for the WT enzyme than for native SR vesicles). Neverthe-
less, we had considered significant the fact that, with the
E309Q mutant, Ca2+-dependent fluorescence changes were
reduced to virtually zero, whereas Mg2+-dependent changes
were still observable (15).

Similar experiments, performed here using SERCA1a
tagged with a biotin acceptor domain (BAD), purified by
streptavidin chromatography and kept solubilized in the
presence of glycerol and detergent (8), made it clear that,
for the E309Q mutant lacking Site II, Ca2+-dependent
changes were indeed reduced to virtually zero, as initially
suspected, whereas Mg2+-dependent changes were still
observable, although with a reduced amplitude (bottom left
trace in Figure 8). A similar conclusion was derived from
experiments in which a second Site II mutant, E309A, was
used, instead of the E309Q mutant (data not shown). Note
that, in the present experiments, Ca2+-dependent relative
changes in fluorescence were of similar magnitude for yeast-
expressed WT SERCA1a and for control solubilized rabbit
SR SERCA1a (middle and top left traces in Figure 8).

Nevertheless, a closer look at the results of these new
experiments, compared to those we reported previously (34),
showed that Ca2+-induced Trp fluorescence changes not only
were reduced to virtually zero in the E309Q mutant but also
were converted to a small signal of opposite sign (see the
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dashed line in the bottom left trace of Figure 8), while in
the E309A mutant, the residual small signal kept the same
sign (not shown, but see below). For E309Q, this signal of
opposite sign, of borderline reliability compared with the
noise level, was more clearly visible in the presence of Mg2+,
added from the start (central traces in Figure 8), and even
more clearly when KCl was replaced by NaCl (right traces
in Figure 8). Conversely, this small signal was less clear
when 290 nm was used as the excitation wavelength, instead
of 295 nm (data not shown). Remarkably, in a previous
stopped-flow study of the EGTA-induced Trp fluorescence
changes in native SR membranes, the presence of NaCl and
an excitation wavelength in the long wavelength range (295
nm) had both been found optimal, during dissociation of the
two Ca2+ ions from their sites, for revealing the transient
occupation of an ATPase state with lower fluorescence than
the final equilibrium state in the absence of Ca2+. This
“super-low” fluorescence had been proposed to be due to
an E1-like state with only one residual Ca2+ ion bound,
instead of the two initially bound ions (35). A similar
proposal had also been previously derived from the observa-
tion that in the presence of perturbing concentrations of
DDM, i.e., under conditions where cooperativity for the
binding of the two Ca2+ ions was lost, binding of Ca2+ to

its binding site of highest affinity in fact reduced Trp
fluorescence, although Ca2+ binding to both sites raised it
(39). The results of the present experiments, in which only
one Ca2+ ion can bind to the E309Q mutant, at “Site I”, are
fully consistent with these previous proposals.

To make sure that the E309Q and E309A mutants had
not been denatured during purification, we checked, using
the glycerol- and DMSO-containing medium at pH 6
previously used for the experiments illustrated in Figures 5
and S4, that, in the presence of C12E8 and DOPC in a 2:1
ratio (w/w), the putative formation of the E2 ·BeF3 species
induced rises in Trp fluorescence of fairly similar amplitudes
for all SERCA1a proteins, namely, these expressed mutants,
the expressed WT SERCA1a, and the rabbit SR SERCA1a.
We found that this was indeed the case (right portion of the
traces in Figure S9 in the Supporting Information). Note that,
as a result of the prevailing C12E8/lipid ratio, Ca2+ chelation
by EGTA induced Trp fluorescence changes of relatively
small amplitude even for native SR SERCA1a (Figure S9A
in the Supporting Information) and expressed WT SERCA1a
(Figure S9B in the Supporting Information). Nevertheless,
for the expressed E309Q mutant, the above-reported change
in the sign of the Ca2+-dependent signal was even more
apparent (Figure S9C in the Supporting Information) than
under the conditions of the experiment in Figure 8. Again,
this change of sign did not occur for E309A (Figure S9D in
the Supporting Information).

DISCUSSION

When native SERCA1a is solubilized by detergent in the
absence of glycerol, the amplitudes of certain ligand-induced
changes in its Trp fluorescence may be reduced (see, for
instance, ref 23), and the SERCA1a instability which results
from solubilization and delipidation (e.g., in the presence of
a large excess of detergent) makes fluorescence measure-
ments even more difficult (see, for instance ref (18)). We
found here that clear Ca2+-dependent changes again became
observable in the presence of glycerol together with solu-
bilizing concentrations of detergent (Figure 13), and this was
also true of other ligand-induced changes, although success
in some cases depended on the particular detergent used and
required the simultaneous addition of lipid (Figures 4-7).
In the combined presence of glycerol and detergent, the
steady drift in intensity, which under other conditions is not
always easily distinguished from ligand-induced changes,
became even slower than in the absence of detergent, perhaps
because of reduced adsorption of the protein onto the cuvette
walls. Thus, the main message conveyed by the present work
is that adding glycerol to the medium for experiments with
detergent-solubilized SERCA1a is effective not only for
ensuring long-term stability of the overall ATPase activity
of the solubilized SERCA1a as was long ago demonstrated
(see, for instance, refs 17, 27) but also, more specifically,
for making feasible with solubilized SERCA1a most of the
Trp fluorescence experiments which in membrane-embedded
SERCA1a have proved useful for detecting and quantifying
ligand-induced conformational transitions. The protective
effect of glycerol on solubilized and delipidated SERCA1a,
which is especially visible in the absence of Ca2+, might be
partly due to the slowing down by glycerol of the dynamics
of the SERCA1a polypeptide chain (56), partly to more

FIGURE 8: Binding of Ca2+ to the yeast-expressed SERCA1a mutant
E309Q triggers small Trp fluorescence changes, of a sign opposite
to that for the corresponding SR or WT SERCA1a changes.
SERCA1a (either extracted from native SR, or yeast-expressed as
WT or E309Q and purified, middle and bottom traces, respectively)
was diluted 20-fold in a medium containing 100 mM KCl (or 100
mM NaCl for the last traces on the right) and 50 mM Mops-Tris at
pH 7 and 20 °C (panel A), and supplemented with 20% (w/w)
glycerol, 2 mg/mL DDM, and extra Ca2+, whose final total
concentration was 100 µM, including the Ca2+ added together with
the expressed enzyme. The final concentration of SERCA1a was
about 10 µg/mL in all cases. Left traces: 2 mM EGTA was added,
followed by 5 mM Mg2+ and then another 15 mM (to reach 20
mM). Central and right traces (the latter in the presence of NaCl
instead of KCl): the medium contained 5 mM Mg2+ from the start;
2 mM EGTA was added, followed by 3 mM Ca2+. Values were
corrected for the small changes in fluorescence intensity resulting
from dilution on the addition of ligands. The traces for SR, WT
and E309Q were shifted vertically in relation to each other, for
clarity.
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general and previously discussed effects of cosmotropes (57).
Note that we checked that in the presence of glycerol up to
40% w/w, there was not much change in the cmc or in the
solubilizing efficiency of DDM or C12E8.

An attractive consequence of this message is that it opens
the way to easier Trp fluorescence studies with heterolo-
gously expressed SERCA1a mutants, as such studies will
be possible without the previous need to reconstitute these
mutants into liposomes as in previous studies (14-16), an
additional step during which inactivation hazards may occur.
To our knowledge, only one previous study took advantage
of this possibility, but it was restricted to the characterization
of expressed WT SERCA1a (13). Recently, in a different
work, we studied the D351A and P312A mutants by such
Trp fluorescence measurements in the simultaneous presence
of glycerol and detergent, without reconstitution (8). Here,
as another example, we used the E309Q mutant, which lacks
Site II, one of the two sites for Ca2+ binding, to prove a
suggestion originally derived from both kinetic experiments
with native SR vesicles (35) and equilibrium experiments
performed under conditions in which the cooperativity of
Ca2+ binding had been lost (39). The suggestion was that
Ca2+ binding to Site I in WT SERCA1a in fact slightly
reduced Trp fluorescence, implying that Ca2+ binding to Site
II only was mainly responsible for the generally observed
rise in Trp fluorescence. The results obtained here with the
E309Q mutant fully support this suggestion.

Note, however, that for another Site II mutant, the E309A
mutant, EGTA-induced fluorescence changes at pH 7 were
again reduced compared to WT, but nevertheless kept the
“normal” sign. This observation might at first sight be
connected with the fact that the E309Q mutant was previ-
ously reported to be completely unable to be phosphorylated
from ATP, whereas an E309A mutant could be phosphory-
lated at high enough Ca2+ concentrations (4, 58, 59).
However, it is fair to note that these E309Q and E309A
mutants were derived from rabbit and frog SERCA1a,
respectively. If the difference in their behavior is nevertheless
due to the mutation itself, it would fit very well with our
fluorescence data, and both sets of results would imply that
some residual binding of Ca2+ to the mutated Site II in
E309A is possible, but none at all to the corresponding site
in E309Q, despite the fact that mutation of E to Q is generally
thought to be more conservative than mutation to A.
Alternatively, or as a complementary possibility, our results
might be discussed in connection with previous findings
suggesting, from both proteolytic and TG inhibition studies,
that mutation of the E309 side chain could result in unusual
properties for the mutant (60-62). These results could imply
that, beyond its role in liganding Ca2+, the side chain at
residue 309 might play a significant role in stabilizing or
destabilizing interhelical interactions in the transmembrane
region in the absence of Ca2+. In rat gastric H+,K+-ATPase,
residues involved in the cation-binding site have already been
suggested to participate in a conformationally sensitive
interhelical network (63, 64), and related interhelical interac-
tions can indeed be found in the SERCA1a published
structures. In SERCA1a in the absence of Ca2+, the different
abilities of E, Q and A side chains at position 309 to establish
this type of interhelical connection might differ and account
for the existence of differences between WT and the various
mutants, beyond differences in their Ca2+ binding ability.

Even in WT SERCA1a, Trp fluorescence measurements
could of course be considered as a mere black box from
which little detailed molecular information will ever be
derived. For instance, the results in Figures 5 and 6 imply
that the absence of a Pi-dependent Trp fluorescence signal
does not necessarily imply the absence of E2P formation,
and show that only specific conditions allow Trp fluorescence
to be sensitive to this formation (in this case, C12E8 +
DOPC). A conceivable explanation for this fact could be
that some of the Trp residues which normally change
fluorescence as a result of the protein transition to a particular
new conformation (e.g., E2P) are Trp residues which reside
at the interface between the protein, the hydrophobic region
of the membrane and the water phase: as a result, the
presence of fairly well positioned phospholipid headgroups
(and not only highly disordered detergent chains) in this
region, close to these Trp residues, might be critical for
discriminating between the fluorescence intensities of these
Trp residues in the two conformations of the protein. Note,
for instance, that, in the presence of Ca2+ and AMPPCP, a
phospholipid headgroup was found very close to W107 of
the protein, a Trp residue which together with the trans-
membrane M2 probably moves significantly during the
various conformational transitions of SERCA1a (68), and
that another phospholipid headgroup was found nearby in
one of the Ca2+-free forms of SERCA1a (e.g., 2AGV in the
PDB) but not after fluoride binding and relocation of M2
(69). The ability of additional DOPC to compete with one
particular type of detergent close to these residues, but not
necessarily with the other, could account for its possible
effects on the amplitude and sign of the Trp fluorescence
signals during a particular transition.

Irrespective of detailed (and speculative) interpretation, an
attractive prospect of our findings is that they open the way
to the study of the different effects exerted on SERCA1a by
different solubilizing detergents. In fact, only few of the
previous reports about the overall ATPase activity of
SERCA1a include detailed descriptions of how the various
intermediate steps in the catalytic cycle are altered by one
or the other detergent under solubilizing conditions (see, for
instance, refs 17, 30, 31, 44, 54, 65). Detailed information
about the specific effects of DDM and C12E8 was only
obtained when each of these two detergents was added to
SR membranes at a concentration below its cmc and was
therefore inserted into the membranes without inducing
solubilization (see, for instance refs 25, 26, 39, 47).

Under fully solubilizing conditions, our experiments make
it possible to pinpoint specific effects on SERCA1a of the
solubilizing concentrations of DDM and C12E8: (1) these
concentrations tend to reduce the equilibrium affinity of the
ATPase for Ca2+ (Figure 1), at least for the Ca2+ ion bound
to Site II (Figure 8), in ways specific to each detergent,
especially at pH 6 where C12E8 has a distinctly unfavorable
effect on Ca2+ binding (Figures 2-4); (2) C12E8 is more
favorable than DDM for SERCA1a phosphorylation from
Pi, especially in the presence of added lipid (Figures 5 and
6); (3) conversely, DDM, but not C12E8, allows Mg ·ATP
and ATP (as well as Mg2+ alone, probably) to retain a high
affinity for binding to SERCA1a in the presence of glycerol
(Figure 7); (4) a striking finding which also emerges from
the present work, despite its poor kinetic resolution, is that,
at least at pH 6, solubilizing concentrations of DDM reverse
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the inhibition by glycerol of the Ca2+-induced transition,
whereas the same concentrations of C12E8 do not reverse this
inhibition and even induce further slowing down under
delipidating conditions (Figure 2, A-D; Figure 3, A versus
B; Figure 5, A-D). To explain these various results in detail
is beyond the scope of the present report, and at this stage,
a complete characterization by stopped-flow experiments of
the rates of the various ligand-induced fluorescence changes
in solubilized SERCA1a is still lacking. We can nevertheless
already make a fair suggestion about the detergent-induced
changes in the rate of what is known as the E2 to E1
transition.

This E2 to E1 transition is generally thought to precede
Ca2+ binding to the E1 form. In SR membranes, we know
that glycerol per se slows down this transition (Figure 9 in
ref (32)), while both DDM and C12E8 accelerate it under
nonsolubilizing but “perturbing”conditions (25, 26, 47); it
is also already clear that, at pH 6, the E2 to E1 transition is
the main rate-limiting step for the effect of Ca2+ addition,
and becomes even more so in the additional presence of
glycerol (32). We suggest that a slowing down of the E2 to
E1 transition, exerted by solubilizing C12E8 concentrations
(depending on the exact detergent to lipid ratio), is a key
event accounting for most of the observations in the present
work concerning the differences between the effects of DDM
and C12E8.

Our ATPase activity and turnover results at pH 6 in the
presence of glycerol provide a first illustration of the probable
validity of this suggestion. Under these conditions, the E2
to E1 transition presumably is the main rate-limiting step
for overall ATP hydrolysis, and this is why nonsolubilizing
concentrations of both DDM and C12E8 stimulate overall ATP
hydrolysis (Figure 4B,C), in distinct contrast with what is
observed under more usual conditions, i.e., at pH 7.5 in the
absence of glycerol, conditions under which nonsolubilizing
concentrations of both DDM and C12E8 inhibit overall
activity (26, 47): nonsolubilizing concentrations of C12E8 and
DDM are known to stimulate the rate of the E2 to E1
transition under a variety of conditions (Figure 10C in ref
(47); Figure 3 in ref (26)), and therefore are expected to
reverse the inhibitory effect of glycerol on this step and to
stimulate overall ATPase activity in the present experiments.
Conversely, the fact that, at pH 6 and with glycerol, overall
ATPase activity reverts to very low values in the presence
of solubilizing concentrations of C12E8 but not of DDM
(Figures 4C and 4B) (and remains low in the presence of
C12E8 even after saturation of the Ca2+ sites) is consistent
with the idea that solubilizing C12E8 is no longer able to do
what nonsolubilizing C12E8 was doing, because it no longer
accelerates the E2 to E1 transition but probably slows it
down. In contrast, at pH 7.5 in the absence of glycerol, C12E8

is known to keep ATPase activity relatively high (whereas
DDM strongly inhibits it (21)), because under these new
conditions, the E2 to E1 transition is no longer rate-limiting.

The slowing down by C12E8 (but not DDM), at high,
delipidating concentrations, of the rate of the E2 to E1
transition at pH 6, is also likely to account for part if not all
of the huge reduction in the affinity for Ca2+ of C12E8-
solubilized SERCA1a (Figures 2, 3). At pH 6, the E2 to E1
pre-equilibrium which precedes Ca2+ binding is indeed
generally considered to already shift very much in favor of
E2 (in fact E2 ·Hn) in the absence of glycerol (75, 67), and

glycerol probably shifts this equilibrium even further (32):
thus, any slowing down of the E2 to E1 transition rate, as
occurs with solubilizing concentrations of C12E8 (but not of
DDM), will directly contribute to a further shift in the
equilibrium toward E2, and hence to the observed further
shift of Ca1/2 values, up to millimolar values (Figures 2, 3).
The same is probably true in the absence of glycerol at pH
6, because conventional ATPase activity measurements
revealed a similar shift of the Ca1/2 value for ATP hydrolysis
activation in the presence of C12E8 (Figure 3D). Incidentally,
note that these conventional ATPase activity measurements,
in the absence of glycerol but presence of a high Mg ·ATP
concentration, could be performed without suffering from
the adverse effect of irreversible ATPase denaturation,
presumably because the constant presence of a high Mg ·ATP
concentration protected the Ca2+-free forms of solubilized
SERCA1a from inactivation (17, 27) just as efficiently as
glycerol did in “turnover” experiments at low ATP concen-
trations (although presumably via a different mechanism).
As mentioned under Results, when lipids were added together
with detergent, they also to some extent rendered glycerol
superfluous, for similar reasons.

The same differential effect of C12E8 in favor of E2 might
also account in part for the fact that formation of E2P (from
Pi) or E2 ·BeF3 (from fluoride), two species formed from
the E2 state of SERCA1a, is more favorable in the presence
of C12E8 than in the presence of DDM, especially in the
presence of additional lipids (Figures 5 and 6). A similar
differential shift by C12E8 (but not DDM) of the E2 to E1
equilibrium in favor of E2, not only at pH 6 but also under
other conditions, would also account in part for our observa-
tions concerning binding of nucleotides and Mg2+ (Figure
7): if one accepts the view that the E1 conformation has a
higher affinity for ATP than the E2 conformation, a widely
accepted notion in the Na+,K+-ATPase field, and the view
that Mg2+-dependent changes are accompanied by a shift of
the E2 to E1 equilibrium toward E1, as suggested in refs
11,66,67, a C12E8-induced shift of this equilibrium in the
opposite direction, in favor of E2, would indeed account for
the poorer binding of Mg ·ATP, ATP and Mg2+ (Figure 7
and data not shown) in the presence of C12E8 than in the
presence of DDM. Note that, in the absence of detergent,
the similar effect of glycerol alone, shifting the E2 to E1
equilibrium toward E2, is also the simplest explanation for
the reduced affinity of SERCA1a for Ca2+ and Mg ·ATP,
and the increased apparent affinity for Pi, observed in the
presence of glycerol. Conversely, a DDM-induced shift of
the E2 to E1 equilibrium toward E1 might contribute to the
poorer cooperativity of Ca2+ binding at pH 7 in the presence
of DDM, compared with C12E8 (Figure 1E and Figure S2E
in the Supporting Information), because of the previously
discussed view that a major determinant of the cooperativity
of Ca2+ binding is the balance of this E2/E1 equilibrium (any
shift of this equilibrium toward E2 increases cooperativity,
see ref 42): at pH 7, conditions under which the equilibrium
is probably not very different from 1 under usual conditions
(see, for instance ref (55)) and the cooperativity not the
highest (42), DDM could further reduce the cooperativity
for Ca2+ by favoring E1 instead of E2.

From a “historical” point of view, the unexpected very
large reduction in the affinity for Ca2+ of SERCA1a
solubilized in the presence of C12E8 at pH 6 probably enables
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us, 25 years later, to understand why, in ref (30), pCa 4 was
not sufficient to protect SERCA1a from irreversible activa-
tion after SR membrane solubilization with C12E8 at pH 6
(Figures 4, 8 and 9 in ref (30)). A large reduction in affinity
for Ca2+ probably also accounts in part for the fact, long
considered somewhat mysterious, that, to achieve appropriate
protection of the solubilized Ca2+-bound state of SERCA1a
in the first successful crystallization attempts (in the presence
of C12E8 at pH 6.1), the addition of unusually high concen-
trations of Ca2+ (and lipid) was found to be required (6, 29).
The relatively poor affinity of ATPase for Ca2+ under these
original solubilization conditions probably contributed to this
requirement, which should therefore no longer be considered
mysterious.
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a 300 mM stock solution) then reduced [Ca2+]free to about 0.013 µM, and the fluorescence intensity 
at this step was arbitrarily taken as 100%. Several amounts of extra total Ca2+ were then added, in 
the order and at the concentrations stated below together with the resulting final concentrations of 
total and free [Ca2+] : firstly, 0.3 mM (as 2 µl of a 300 mM stock solution), resulting in 
[Ca2+]total=0.325 mM and [Ca2+]free=0.29 µM;   0.3 mM again (2 µl at 300 mM), resulting in 
[Ca2+]total=0.625 mM and [Ca2+]free=1.8 µM;  0.1 mM (2 µl at 100 mM), resulting in 
[Ca2+]total=0.725 mM and [Ca2+]free=8.2 µM; 0.1 mM again (2 µl at 100 mM), resulting in 
[Ca2+]total=0.825 mM and [Ca2+]free=79 µM; and lastly, 0.3 mM (2 µl at 300 mM), resulting in 
[Ca2+]total=1.125 mM and [Ca2+]free=376 µM. For panel F, a supplementary addition of 0.3 mM (2 µl 
at 300 mM) was performed, resulting in [Ca2+]total=1.425 mM and [Ca2+]free=676 µM. To estimate 
[Ca2+]free according to MaxChelator (a rough value is indicated on the figure itself), the dissociation 
constant of the Ca2+.chelator complex was assumed to be the same, irrespective of the presence or 
absence of glycerol (see text). The traces shown illustrate a representative experiment of several 
which gave similar results. Fluorescence intensities were corrected for the small changes due to 
sample dilution on the addition of ligands. Excitation and emission wavelengths were 295 nm and 
320 nm respectively, with bandwidths of 5 and 10 nm respectively.  
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Comment: Note that the ATPase Trp fluorescence level itself changed slightly when 
detergent was added (Supporting Figure S1, C-F). Presumably, this change is mainly due to 
alterations in the environment and dynamics of the Trp residues, many of which reside at the 
interface between the protein and the lipid phase and may therefore not only sense local small 
changes in the protein conformation but also interact with detergent headgroups. The fluorescence 
change observed upon detergent addition may also be due to various other factors, including 
changes in the ability of contaminating Ca2+ to saturate ATPase sites, the presence of fluorescent 
contaminants in the detergent (this not very significant for the detergents we used here), 
solubilization-induced reduction of the inner filter effects due to turbidity, desorption from the 
cuvette walls of previously adsorbed SR vesicles, etc. As a final result, the overall emission 
spectrum of the ATPase Trp residues did not shift by more than 1-2 nm upon solubilization (data 
not shown), which is much less than the 20 nm shift from the overall spectrum of the Trp residues 
in membrane-embedded SERCA1a (λmax ≈ 328 nm) to the spectrum of pure Trp in buffer 
(λmax ≈ 348 nm).  
 
Supporting Figure S2: Binding of Ca2+ to membrane-embedded or detergent-solubilized Ca2+-
ATPase in the presence of glycerol, as deduced from Trp fluorescence changes, here at pH 7 
in the presence of 5 mM Mg2+. Fluorescence was measured as described in the legend to Figure 1 
of the main text, but in the presence of 5 mM Mg2+, added after EGTA (the effect of Mg2+ itself on 
Trp fluorescence is described and discussed in the text, in relation to Figure 7 and the Supporting 
Figure S5). (A-D) SR vesicles were suspended at a final protein concentration of 0.02 mg/ml in a 2-
ml quartz cuvette, in a buffer containing 100 mM KCl and 50 mM Mops-Tris at pH 7 and 20°C, 
supplemented with 40% (w/w) glycerol as required (Panels B, C and D).  20 µM Ca2+ (4 µl of a 10 
mM stock solution) was then added, on top of the contaminating Ca2+ (3-5 µM) already present in 
the buffer, followed, as required, by 2 mg/ml DDM (Panel C) or 2 mg/ml C12E8 (Panel D). The 
traces illustrated here start under these conditions. Subsequent addition of 0.75 mM EGTA (5 µl at 
300 mM) then reduced [Ca2+]free to about 0.013 µM, and the fluorescence intensity at this stage was 
arbitrarily taken as 100%.  5 mM Mg2+ was added (5 µl of a 2M stock solution), which only 
raised[Ca2+]free slightly (to 0.015 µM). Several amounts of total Ca2+ were then added, in the order 
and at the concentrations given below together with the resulting final concentrations of total and 
free [Ca2+] : 0.3 mM (2 µl of a 300 mM stock solution), resulting in [Ca2+]total=0.325 mM and 
[Ca2+]free=0.34 µM ; 0.3 mM again (2 µl at 300 mM), resulting in [Ca2+]total=0.625 mM and 
[Ca2+]free=2.2 µM; 0.1 mM (2 µl at 100 mM), resulting in [Ca2+]total=0.725 mM and 
[Ca2+]free=9.2 µM; 0.1 mM again (2 µl at 100 mM), resulting in [Ca2+]total=0.825 mM and 
[Ca2+]free=79 µM; and lastly 0.3 mM again (2 µl at 300 mM), resulting in [Ca2+]total=1.125 mM and 
[Ca2+]free=376 µM. For the experiments shown in panels C and D, another  0.75 mM Ca2+ was 
added (5 µl at 300 mM), resulting in [Ca2+]total=1.875 mM and [Ca2+]free=1125 µM. As in the 
experiments described in the legend to Supporting Figure 1, we assumed, when estimating [Ca2+]free 
according to MaxChelator (a rough value is indicated on the figure itself), that the dissociation 
constant of the Ca2+.chelator complex was the same, irrespective of the presence or absence of 
glycerol, although we did take the presence of Mg into account. Fluorescence intensities were 
corrected for the small changes due to sample dilution on the addition of ligands. Excitation and 
emission wavelengths were 295 nm and 320 nm, and bandwidths, 5 and 10 nm respectively. (E) 
Changes in fluorescence as a function of free Ca2+ were deduced from the traces in Panels A-D after 
correction for the intensity drift, and plotted as fractional values after normalization to 1 of the 
maximal change in fluorescence in each series. These various curves were fitted to Hill equations 
with Hill coefficients of 1.7 (no glycerol, no detergent, open circles), 1.6 (40% glycerol, no 
detergent, closed circles), 0.9 (40% glycerol, 2 mg/ml DDM, closed squares) and 1.7 (40% glycerol, 
2 mg/ml C12E8, closed triangles). Before normalization, the Ca2+-dependent maximal changes in 
fluorescence were about 5%, 6%, 4% and 3.5% respectively for the traces in Panels A, B, C and D.  
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Note that similar experiments were repeated in the presence of 1 mM Mg2+. In those 
experiments, [Ca2+]free was varied by adding different concentrations of an Mg-EDTA mixture to 
100 µM [Ca2+]total (35, 39), and similar results were obtained. 
 
 Additional references for previously observed changes in Ca2+ affinity after solubilization : see 
suppl. ref. 21 and 22. 
suppl. ref. 21. Murphy, A.J., Pepitone, M., and Highsmith, S. (1982) Detergent-solubilized 

sarcoplasmic reticulum ATPase. Hydrodynamic and catalytic properties. J. Biol. Chem. 257, 
3551-3554. 

suppl. ref. 22. Lüdi, H., Rauch, B., and Hasselbach, W. (1982) The influence of detergents on the 
Ca2+- and Mg2+-dependent adenosine triphosphatase activity of the sarcoplasmic reticulum. 
Z. Naturforsch. 37c, 299-307. 

 
 
Supporting Figure S3. Turnover-dependent changes in Trp fluorescence at pH 8 with 10 mM 
Mg2+ under several conditions: in the absence or presence of glycerol, and in the presence of 
various concentrations of DDM or C12E8. Here, Trp fluorescence was measured with 0.1 mg/ml 
SR vesicles in a buffer containing 100 mM KCl, 60 mM Tes-Tris and 10 mM MgCl2 at pH 8 and 
20°C, in the absence of glycerol (Panel A) or in its presence (46% w/w, i.e. about 40% v/v, for 
Panels B and C); 100 µM Ca2+ was then added (the corresponding fluorescence level was taken as 
the 100% level), followed by 2 µg/ml of the A23187 ionophore calcimycin, which induced non-
instantaneous fluorescence quenching. The illustrated trace starts here. Next, 10 µM Mg.ATP was 
added (upside down triangle), followed by C12E8 for the experiments illustrated in Panels A and B,  
and by DDM for those shown in Panel C. Detergents were added at the following final total 
concentrations: for C12E8, 0.07, 0.5, 2 and, for the experiments shown in Panel A, 10 mg/ml;  for 
DDM, 0.1, 0.5, and 2 mg/ml. ATP was added after the detergent (upside down triangles) to test for 
turnover-dependent signals. Fluorescence intensities were corrected for the small changes resulting 
from dilution on the addition of ligands. 
 Comment: It appears that using this high pH medium, the additional presence of 40% 
glycerol was not sufficient, even at moderate solubilizing concentrations of C12E8, 0.5 and 2 mg/ml 
(Panel B), to reduce the SERCA1a inactivation known to occur during turnover of Serca1a in the 
solubilized state (48). The situation was slightly more favorable with DDM, as a transient turnover-
dependent fluorescence drop with minimal inactivation was distinguishable, for instance, at 2 
mg/ml DDM (Panel C), but turnover-dependent signals remained sluggish. This unfavorable 
situation probably results from two factors, reported in ref. 21: (i) irreversible inactivation by C12E8 
of the Ca2+-free form of SERCA1a is faster under alkaline conditions than at neutral pH and also 
faster than inactivation by DDM under the same alkaline conditions, and (ii) irrespective of the 
particular detergent, inactivation by detergent of the E2P form of SERCA1a, transiently occupied 
during turnover, is faster than inactivation of its E2 state. 
 
Additional Ca2+ release experiments (data not shown). 
 In complementary experiments, we also attempted to reveal turnover-dependent Ca2+ release 
from Ca2+-equilibrated solubilized SERCA1a, and to compare it with the previously demonstrated 
turnover-dependent Ca2+ release from SERCA1a embedded in leaky membrane preparations (47, 
48, and suppl. refs. 23-25). Using a diode-array spectrophotometer and the Ca2+-sensitive dye 
Antipyrylazo III, we recorded the changes in absorbance occurring at various wavelengths upon 
addition of MgATP to Ca2+-equilibrated SERCA1a (26). At pH 6, but not at pH 8 in the presence of 
Mg2+, Antipyrylazo III proved satisfactorily sensitive to small changes in free Ca2+ (around 100 µM 
or even 300 µM, see below), not only in the absence but also in the presence of 20% glycerol. 
Starting from “classical” conditions, at pH 6 and in the absence of glycerol, we realized at the outset 
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that the anticipated turnover-dependent transient change in the dye absorbance was in fact 
superimposed onto transient changes in the turbidity of the sample (the latter changes were also 
detectable in the absence of the dye), and that these changes in turbidity vanished at high ionic 
strength. For this reason, most of the subsequent experiments in the absence of potassium were 
indeed performed in its absence, but in the additional presence of 100 mM LiCl, which eliminated 
the transient changes in turbidity. Under these conditions (at pH 6 and in the presence of glycerol), 
using ionophore A23187-permeabilized SR vesicles, and starting from 300 µM Ca2+ to compensate 
at least partially for the shifts in the ATPase affinity for Ca2+ revealed in Figures 2E & 2F, we found 
that solubilizing concentrations of DDM reduced Ca2+ release but left it distinctly visible (data not 
shown). This is consistent with the moderate shift in the ATPase affinity for Ca2+ and the putative 
acceleration of the rate-limiting E2 to Ca2E1 transition in the presence of DDM.  On the other hand, 
solubilizing concentrations of C12E8 reduced this Ca2+ release to zero, which is consistent with the 
much larger shift in the ATPase affinity for Ca2+ in the presence of C12E8 than of DDM.  
 
suppl. ref. 23. Watanabe, T, Lewis, D., Nakamoto, R., Kurzmack, M., Fronticelli, C., and Inesi, G. 

(1981) Modulation of calcium binding in sarcoplasmic reticulum adenosinetriphosphatase. 
Biochemistry 20, 6617-6625. 

suppl. ref. 24. Wakabayashi, S., Ogurusu, T., and Shigekawa, M. (1986) Factors influencing 
calcium release from the ADP-sensitive phosphoenzyme intermediate of the sarcoplasmic 
reticulum ATPase. J. Biol. Chem. 261, 9762-9769. 

suppl. ref. 25. Champeil, P, and Guillain, F. (1986) Rapid filtration study of the phosphorylation-
dependent dissociation of calcium from transport sites of purified sarcoplasmic reticulum 
ATPase and ATP modulation of the catalytic cycle. Biochemistry 25, 7623-7633. 

 
 
Supporting Figure S4: E2.BeF3 formation raises Trp fluorescence at pH 6 in the presence of 
C12E8/DOPC (2/1 w/w), but no rise is observed in the presence of DDM/DOPC (2/1 w/w).  
Ca2+ (0.3 mM) was added to SR vesicles suspended at 100 µg/ml in a buffer containing 150 mM 
Mes-Tris, 20 mM Mg2+, 15% DMSO and 20% glycerol (w/w) at pH 6 and 20°C (top trace) together 
with, as required, 2 mg/ml C12E8 + 1 mg/ml DOPC (middle trace) or 2 mg/ml DDM + 1 mg/ml 
DOPC (bottom trace). The preparation was then supplemented with 5 mM EGTA, 5 mM Mg2+, 
1 mM KF, and 50 µM BeCl2. Fluorescence intensities were corrected for the small changes 
resulting from dilution on the addition of ligands, and the fluorescence traces were shifted in 
relation to each other for clarity. 

Comment: Under different ionic conditions known to allow E2.BeF3 formation although not 
to favor E2P formation, namely at pH 7 in the presence of KCl and absence of DMSO, a small rise 
in fluorescence also occurred when beryllium and fluoride were added in the presence of C12E8 and 
DOPC, whereas a slight drop in fluorescence was observed in the presence of DDM and DOPC, 
and an even larger drop, in the absence of DOPC (data not shown). The use of aluminum fluoride 
instead of beryllium fluoride under the latter conditions only led to minimal sluggish drops in 
fluorescence (data not shown), similar to those seen in membranes (33, 53). 
  
 
Supporting Figure S5: Effect of Mg2+ on the Trp fluorescence of Ca2+-free membrane-
embedded or detergent-solubilized ATPase at pH 7 in the absence or presence of glycerol. The 
initial step consisted of adding 2 mM EGTA (as 4 µl of a 1M stock solution) to SR vesicles 
suspended at 20 µg/ml ml in a buffer containing 100 mM KCl, 50 mM Mops-Tris and 100 µM Ca2+ 
at pH 7 and 20°C (Panel A), in the presence of 40% (w/w) glycerol (Panels B-D) and of 2 mg/ml 
detergent as required (DDM for Panel C or C12E8 for Panel D). This was followed by two 
successive additions of Mg2 + (as 5 and then 15 µl of a 2M stock solution) so as to reach final Mg2+ 
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concentrations of 5 mM and then 20 mM. Before the addition of Mg2+, the fluorescence intensity 
was taken as 100%. Values were corrected for the small changes in intensity resulting from sample 
dilution on the addition of ligands. Excitation and emission wavelengths were 295 nm and 320 nm, 
with bandwidths of 5 and 10 nm respectively (note that using 320 nm instead of a longer emission 
wavelength maximizes the Mg2+-induced signal, see 11).  
 
 
Supporting Figure S6. Effects of ADP and AlFx on Trp fluorescence in the presence of Ca2+    

under four conditions: in the absence of glycerol and detergent (A), in the presence of glycerol 
alone (B) or in the presence of both glycerol and 2 mg/ml detergent, DDM (C) or C12E8 (D). 
Trp fluorescence was measured in 100 mM KCl and 50 mM Mops-Tris at pH 7 and 20°C in the 
absence of glycerol (Panel A) or in the presence of 40% (w/w) glycerol (Panels B-D). SR was 
present at 20 µg/ml. 100 µM Ca2+ was added, followed, for the experiments shown in Panels C and 
D, by 2 mg/ml detergent, 2 mM EGTA (the illustrated traces start at this step), 5 mM Mg2+ and 
3 mM Ca2+ (to reach pCa 3).  ADP was then added, in two successive amounts of 50 µM each, 
followed by 1 mM KF and 50 µM AlCl3 (see ref. 36 and suppl. ref. 26). Fluorescence intensities 
were corrected for the small changes resulting from sample dilution on the addition of ligands. 
 
suppl. ref. 26. Troullier, A., Girardet, J.L., and Dupont, Y. (1992) Fluoroaluminate complexes are 

bifunctional analogues of phosphate in sarcoplasmic reticulum Ca2+-ATPase. J. Biol. Chem. 
267, 22821-22829 

 
 
FITC labeling is probably not of much use for studying the effects of binding to solubilized 
ATPase of ligands like Ca2+. 

Extrinsic fluorescence of FITC-labeled SR membranes (again suspended at 0.02 mg/ml 
protein) was also measured. SERCA1a in SR vesicles was previously been labeled with FITC as 
described earlier (suppl. ref. 27), except that FITC was initially diluted in dimethylsulfoxide 
(DMSO) instead of dimethylformamide (53). Excitation and emission wavelengths were set at 495 
nm and 520 nm respectively (bandwidths were 2 and 10 nm respectively). Results are shown as 
Supporting Figures S7 and S8. 

 
suppl. ref. 27. Champeil, P., Riollet, S., Orlowski, S., Guillain, F., Seebregts, C.J., and McIntosh, 

D.B. (1988) ATP regulation of sarcoplasmic reticulum Ca2+-ATPase. Metal-free ATP and 8-
bromo-ATP bind with high affinity to the catalytic site of phosphorylated ATPase and 
accelerate dephosphorylation. J. Biol. Chem. 263, 12288-12294. 

 
 
Supporting Figure S7: Glycerol protects Ca2+-free FITC-ATPase from detergent-induced 
denaturation, but FITC fluorescence is no longer very sensitive to Ca2+. FITC fluorescence in 
FITC-labeled SR was measured with 20 µg/ml FITC-SR protein suspended in a buffer containing 
100 mM KCl and 50 mM Mops-Tris at pH 7 and 20°C, supplemented with 40% (w/w) glycerol as 
required (Panels B, C and D). Excitation and emission wavelengths were 496 and 520 nm 
respectively, and bandwidths, 2 and 10 nm respectively. The initial step consisted of adding 
100 µM Ca2+ on top of the contaminating Ca2+ (3-5 µM) already present in the buffer. This was 
followed, as required, by the addition of 2 mg/ml DDM (Panels C&E) or 2 mg/ml C12E8 
(Panels D&F). The next additions were 2 mM EGTA and later, 3 mM Ca2+, to test the FITC 
fluorescence response to Ca2+. Values were corrected for the small changes in intensity resulting 
from dilution on the addition of ligands, but not for the changes resulting from medium acidification 
due to proton release by EGTA on the second addition of Ca2+. 
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Comment: In solubilized and Ca2+-deprived FITC-ATPase, FITC fluorescence did remain 
stable in the presence of 40% glycerol (Supporting Figure S7, Panels C,D versus Panels E, F). 
However, although inactivation of the ATPase was apparently blocked, chelation or subsequent 
addition of Ca2+ only induced small changes in FITC fluorescence, and this was already the case in 
the mere presence of glycerol and absence of detergent (Supporting Figure S7, B-D). The same was 
true in the presence of lipid (DOPC) together with C12E8 (not shown). In the absence of detergent, 
40% glycerol alone in fact not only reduced but also reversed the sign of the now very small effect 
induced by Ca2+ chelation or its subsequent addition (Supporting Figure S7B), although there was 
no obvious glycerol-induced or detergent-induced spectral change in bound FITC fluorescence (not 
shown). When the Ca2+-dependent changes in FITC fluorescence were studied with only 20% 
glycerol  at pH 6 instead of pH 7, they were again reduced by detergent (2 mg/ml of DDM or C12E8   
versus no detergent)  to small residual signals of questionable usefulness (data not shown).   
 
 
Supporting Figure S8. FITC-labeled ATPase response to orthovanadate in the absence of 
glycerol and detergent (A), in the presence of glycerol alone (B) and in the presence of both 
glycerol and 2 mg/ml detergent, DDM (C) or C12E8 (D).  FITC fluorescence was measured with 
20 µg/ml FITC-labeled SR, suspended in 100 mM KCl, 5 mM Mg2+ and 50 mM Mops-Tris at pH 7 
and 20°C (Panel A) under each of the four following conditions: in the absence of glycerol 
[Panel A], in the presence of 40% glycerol alone [Panel B] or in the presence of 40% glycerol and 
2 mg/ml detergent (DDM [panel C] or C12E8 [Panel D]). 200 µM Ca2+ was then added, followed by 
2 mM EGTA, two supplements of 0.2 mM orthovanadate (VO4) and 1 µg/ml of thapsigargin (TG). 
Fluorescence intensities were corrected for the small changes resulting from dilution on the addition 
of ligands. 

Comment:  Observation of an orthovanadate-dependent rise in FITC fluorescence (55) was 
still possible in glycerol-containing media, but to a reduced extent. The situation was not much 
better in the presence of DDM, and in the presence of C12E8, the significance of the recorded signals 
was unclear (Supporting Figure S8). Thus, FITC labeling does not seem very promising for 
studying SERCA1a solubilized in excess detergent and glycerol, probably because of the 
unexpected adverse effect of glycerol on FITC fluorescence changes.     
 
 
Supporting Figure S9. Although Ca2+ binding to the yeast-expressed SERCA1a mutant E309Q 
triggers changes in Trp fluorescence in a direction opposite to that for SR or WT SERCA1a 
(or E309A), this mutant forms E2BeF3 fairly normally.  SERCA1a, either from native SR (panel 
A) or recombinant and purified in detergent (WT, mutated to E309Q, or mutated to E309A, see 
panels B, C and D respectively) was diluted 20-fold in a medium containing 150 mM Mes-Tris 
(pH 6 and 20°C), 20 mM Mg2+, 15% DMSO, 20% glycerol (w/w), 2 mg/ml C12E8 + 1 mg/ml 
DOPC, and enough Ca2+ or DDM to result in final concentrations of 200 µM Ca2+ and 0.5 mg/ml 
DDM, including the Ca2+ and DDM derived from the medium in which the recombinant proteins 
were suspended. 2 mM EGTA was then added, followed by 1 mM KF and then 50 µM BeCl2. 
Fluorescence intensities were corrected for the small changes due to sample dilution on the addition 
of ligands.  
 



Supporting Fig S1.  Glycerol protects Ca2+-free SERCA1a
from detergent-induced denaturation (here at pH 7, [Mg2+] = 0), 

both with C12E8 and with DDM.
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Supporting Fig S2.  Binding of Ca2+ to membrane-bound or 
detergent-solubilized, glycerol-protected SERCA1a, as deduced from

Trp fluorescence changes at pH 7 in the presence of 5 mM Mg2+.
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Supporting Fig S3.  Turnover-dependent changes in Trp fluorescence 
at pH 8 and 10mM Mg2+ (100 mM K+, ± 40% glycerol).
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Supporting Fig S4.  E2.BeF3  formation raises Trp fluorescence 
in the presence of C12E8/DOPC (2/1 w/w), but 

no rise is observed in the presence of DDM/DOPC (2/1 w/w).
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Supporting Fig S5. Effect of Mg2+ on the Trp fluorescence of Ca2+-free 
membrane-embedded or detergent-solubilized ATPase at pH 7, 

in the absence or presence of glycerol . 
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Supporting Fig S6.  Effects of ADP and AlF4 on the Trp fluorescence of
Ca2+-saturated membrane-embedded or detergent-solubilized SERCA1a 

in the presence of glycerol.



Supporting Fig S7.  Glycerol protects Ca2+-free FITC-ATPase
from detergent-induced denaturation, 

but FITC fluorescence is no longer very sensitive to Ca2+.
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Supporting Fig S8. Poor FITC response to VO4, too, 
in the presence of glycerol (and detergent)
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Supporting Fig S9. Although Ca2+ binding to the yeast-expressed 
SERCA1a mutant E309Q triggers changes in Trp fluorescence in a 

direction opposite to that for SR or WT SERCA1a, 
both this mutant and the E309A mutant form E2BeF3 fairly normally. 
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Crystal Structure of D351A and P312A Mutant Forms of the
Mammalian Sarcoplasmic Reticulum Ca2�-ATPase Reveals
Key Events in Phosphorylation and Ca2� Release*□S
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In recent years crystal structures of the sarcoplasmic reticu-
lum Ca2�-ATPase (SERCA1a), stabilized in various conforma-
tions with nucleotide and phosphate analogs, have been
obtained. However, structural analysis of mutant forms would
also be valuable to address key mechanistic aspects. We have
worked out a procedure for affinity purification of SERCA1a
heterologously expressed in yeast cells, producing sufficient
amounts for crystallization and biophysical studies.We present
here the crystal structures of two mutant forms, D351A and
P312A, to address the issue whether the profound functional
changes seen for these mutants are caused by major structural
changes. We find that the structure of P312A with ADP and
AlF4� bound (3.5-Å resolution) and D351A with AMPPCP or
ATPbound (3.4- and3.7-Å resolution, respectively) deviate only
slightly from the complexes formed with that of wild-type
ATPase. ATP affinity of the D351A mutant was very high,
whereas the affinity for cytosolic Ca2� was similar to that of the
wild type.We conclude froman analysis of data that the extraor-
dinary affinity of the D351A mutant for ATP is caused by the
electrostatic effects of charge removal and not by a conforma-

tional change. P312A exhibits a profound slowing of the Ca2�-
translocatingCa2E1P3E2P transition,which seems tobedue to a
stabilization of Ca2E1P rather than a destabilization of E2P. This
can be accounted for by the strain that the Pro residue induces in
the straight M4 helix of the wild type, which is removed upon the
replacement of Pro312 with alanine in P312A.

The sarco(endo)plasmic reticulum Ca2�-ATPase (SERCA)5
plays a crucial role in muscle relaxation by re-accumulating
Ca2� into the sarcoplasmic reticulum lumen at the end of the
contractile event (1, 2). The fast twitch muscle isoform
(SERCA1a) can easily be prepared in large yield from rabbit
skeletal muscle, which has facilitated many biochemical and
biophysical studies, thus leading to a detailed description of its
functional and structural properties (3–7). SERCA belongs to
the family of P-type ATPases characterized by the formation
during the catalytic cycle of an energy-rich covalent aspartyl-
phosphorylated intermediate. The cycle of phosphorylation
and dephosphorylation is coupled with Ca2�/H� exchange
through conformational changes between the so-called “E1”
and “E2” forms in phosphorylated anddephosphorylated states.
Ca2� binding from the cytoplasmic side in the E1 form is
required for phosphorylation of the enzyme fromATP,whereas
the dephosphorylation occurs subsequently to the luminal
release of Ca2� from E2P and leads to proton countertransport
(Scheme 1). Key residues involved in the binding of Ca2� and
ATP (8–11) and in the phosphorylation reaction (12, 13) were
initially identified by site-directed mutagenesis, and essential
information about residues involved in conformational
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changes and energy transduction has also been gained from the
detailed studies of SERCAmutants (see e.g. Refs. 8 and 13–17).
A very significant step forward in the understanding of the
structure-function relationships of SERCA was taken by the
crystallization and three-dimensional structure clarification at
atomic resolution of catalytic intermediates, stabilized in sev-
eral cases by structural analogues of ATP and phosphoryl
groups (see e.g. Refs. 18–25). The cytosolic part of the protein
consists of a transduction (“actuator”) domainA, a phosphoryl-
ation domain P containing the phosphorylated aspartic acid
residue Asp-351, and a nucleotide-binding domain N. The
membrane-embedded region to which these cytosolic domains
are linked is organized in 10 transmembrane spans, M1–M10,
which accommodate the Ca2� binding sites, nested in internal
loops or kinks of M4 andM6 (23, 26). The formation of a com-
pact Ca2�-occluding Ca2E1P state ensures coupling between
phosphoryl transfer and vectorial Ca2� transport (21, 25). The
phosphorylation/Ca2� occlusion step is followed by a major
conformational rearrangement involving both the cytosolic
and the transmembrane regions, resulting in theCa2E1P3E2P
transition (cf. Scheme 1), in which theA domain rotates (24, 25)
and the membrane domains separate, allowing release of Ca2�

toward the lumen (27).
Many structural details correlate well with the results of

functional studies of mutants with changes to specific residues,
thus providing a sound basis for the use of site-directed
mutagenesis to obtain further insight into how the long range
communications between the cytoplasmic and membranous
parts of the protein are brought about. The analysis of the func-
tional consequences of mutations has reached a level where it
encompasses rapid kinetic quench-flow studies of the partial
reaction steps (28) andmost recently also biophysical measure-
ments of conformational transitions by fluorescence changes,
made feasible by large scale expression in yeast (15, 29). A num-
ber of mutations appear to accelerate or block partial reactions
in the functional cycle and displace E1–E2 and/or E1P–E2P
equilibria. However, in the absence of direct structural infor-
mation the fundamental question arises whether the effect of a
given mutation is caused by the displacement of the equilib-
rium between already existing conformations in the wild-type
enzyme, or whether it is the result of induction of local or global
structural changes not seen in the wild type. To deal with this

question there is a need for an analysis of the structures of the
mutant proteins.
So far, the success in three-dimensional crystallization of

Ca2�-ATPase, as well as other eukaryotic membrane proteins
like cytochrome oxidase (30), bovine rhodopsin (31), and aqua-
porins (32), has to a large extent been dependent on their puri-
fication in relatively large amounts from natural sources, ena-
bling optimization of the conditions for obtaining well
diffracting protein crystals (33). This fortunate situation does
not exist for Ca2�-ATPasemutants or for themajority ofmem-
brane proteins from mammalian sources, which, however, can
be prepared by recombinant expression systems. The first
reports on successful crystal structure determination of eukary-
otic membrane proteins, purified from an overexpression host
(yeast), came in 2005 (SERCA1a (34), the shaker K� channel
protein (35)). With a new procedure for affinity purification of
SERCA1a heterologously expressed in yeast cells (36), we
were able to produce sufficient amounts, in the milligrams
range, of SERCA1a for crystallization and biophysical stud-
ies (34). Extending this technique to Ca2�-ATPase mutants
would open the possibility of linking, in a more definitive
way than before, the structural data obtained by x-ray dif-
fraction with those arising from the functional analysis of
Ca2�-ATPase mutants, to address key functional aspects of
the Ca2� transport mechanism.

To explore these possibilities, we have focused on two
mutants, D351A and P312A, which have been selected for crys-
tallization due to their important functional characteristics as
previously determined in the mammalian COS cell expression
system (12, 16, 37). Both of thesemutations prevent theATPase
from hydrolyzing ATP and transporting Ca2�. In mutant
D351A the negatively charged side chain of the conserved
aspartate, constituting the phosphorylation site in the P-do-
main, has been removed, resulting in an inability of the mutant
enzyme to undergo phosphorylation (12). It was demonstrated
that ATP andMgATP bind with much higher apparent affinity
to D351A as compared with the wild-type enzyme (37), leading
to the hypothesis that in the wild type a significant electrostatic
repulsion exists between the �-phosphate of ATP and the neg-
ative charge of Asp351, whichwas considered to be overcome by
highly favorable interactions of ATP with other residues. This
hypothesis would also explain the observation of an enhanced
nucleotide protection against proteolysis in the D351Amutant
(38). However, an alternative possibility could be that the high
affinity state is the result of a particular structure of themutant,
induced by the mutation per se, and as such irrelevant to the
function of the wild-type enzyme. The other mutant, P312A, is
characterized by an extremely slow transition from the ADP-
sensitive Ca2E1P phosphoenzyme intermediate to the ADP-
insensitive E2P state, the step that releases the Ca2� ions
toward the lumen (16). Pro312 is located at the border of the
unwound part of transmembrane segment M4, next to the
308PEGLmotif containing theCa2� binding residueGlu309, and
the question here is also whether the block of Ca2E1P3 E2P
reflects an abnormal structure of themutant or different kinetic
properties of the Ca2E1P3 E2P transition.
In this communicationwe have addressed these questions by

determining the crystal structure of the above mutants with

Scheme 1. Ca2�-ATPase reaction cycle. Simplified scheme illustrating the
partial reaction of the Ca2�-ATPase reaction cycle.
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bound nucleotide. The large scale expression in the yeast sys-
tem of the D351A mutant has also been utilized to investigate
by fluorescence measurements whether the change induced by
the mutations has any consequences for the long range com-
munication between the Ca2� binding sites and the phospho-
rylation site. As will be shown this approach, in conjunction
with data obtained by previously established methodology, has
allowed us to obtain an improved understanding of the mech-
anistic roles of Asp351 and Pro312 in ATPase function.

EXPERIMENTAL PROCEDURES

Chemicals—All chemical products were purchased fromSig-
ma-Aldrich unless specified otherwise. Restriction and modifi-
cation enzymes were fromNew England Biolabs (Ozyme, Saint
Quentin en Yvelines, France). High activity bovine thrombin
was fromCalbiochem (VWR International, Fontenay sous Bois,
France), the streptavidin-SepharoseTM High Performance was
purchased fromGEHealthcare BiosciencesAB (Orsay, France).
All products for yeast and bacteria cultures were purchased
from Difco (BD Biosciences, Le Pont de Claix, France). 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was from
Avanti Polar Lipids (Alabaster, AL), n-dodecyl-�-D-maltoside
(DDM) was from Anatrace (Maumee, OH) and octaethylene
glycol mono-n-dodecyl ether (C12E8) was purchased from
Nikkol Chemical (Tokyo, Japan).
Plasmid Constructions—SERCA1a mutants (SERCA1amut)

in pMT2 vector (D351A) or p91023 (P312A) were the ones
previously used for expression in COS cells (16, 37). The yeast
expression plasmid pYeDP60-SERCA1a-BAD was as previ-
ously described (36). Each plasmid was digested by EcoRI (cut
on the plasmid upstream the cDNA of SERCA1a) and BssHII
(internal site at �2038 in SERCA1a). Fragments were purified
using the QIAquick gel extraction kit (Qiagen). The 2.1-kb
EcoRI-BssHII fragment of SERCA1amut cDNA containing the
mutation was subcloned in the opened EcoRI-BssHII
pYeDP60-SERCA1a-BAD, replacing the corresponding WT
SERCA1a cDNA. To keep the same environment between the
EcoRI site and the ATG, which is important for expression in
yeast, another step of subcloning was performed: pYeDP60-
SERCA1a-BAD and new pYeDP60 plasmids containing
SERCA1amut-BAD cDNA were digested by KpnI (internal site
at �640 in SERCA1a and at �3304 in pYeDP60). After purifi-
cation, the 2.76-kb KpnI fragment containing themutation was
ligated to KpnI-cleaved pYeDP60 (using anNEBQuick ligation
kit, Ozyme, Saint Quentin en Yvelines, France) to obtain the
pYeDP60-SERCA1amut-BAD containing the D351A or P312A
mutation. The constructions were checked by sequencing.
These plasmids were transformed and amplified in Escherichia
coli JM109. Plasmids DNA were purified using a QIAprep 8
Turbo Miniprep kit (Qiagen).
Yeast Transformation—The Saccharomyces cerevisiae yeast

strain W303.1b/Gal4 (a, leu2, his3, trp1::TRP1-GAL10-GAL4,
ura3, ade2–1, canr, cir�) was the same as previously described
(39). Transformation was performed according to the lithium
acetate/single-stranded carrier DNA/PEG method (40).
Yeast Culture, Mutant Expression, and Preparation of Mem-

brane Fractions—Growth conditions and criteria for expres-
sion of the mutants were the same as previously published for

native SERCA1a expressed in yeast (36). Yeast cells were bro-
ken with glass beads. For membrane preparation by differential
centrifugation (36, 39), the P3 pellet, corresponding to the light
membrane fraction (where the level of SERCA1a activity is
highest), was finally suspended inHepes-sucrose buffer (20mM
Hepes-Tris (pH 7.5), 0.3 M sucrose, 0.1 mM CaCl2) at a final
volume corresponding to 0.5 ml/g of the initial yeast pellet).
From 1 liter of culture, 40 g of yeast was obtained and from the
P3 pellet, 250 mg of membrane proteins was obtained with a
SERCA1a (wild type or mutants) content of �1% as estimated
byWestern blot analysis using an anti-SERCA1a antibody (39).
SR-SERCA1a from rabbitmuscle, used as a standard for protein
estimation, was prepared as previously described (41).
Purification of the Mutants by Streptavidin-Agarose

Chromatography—The light membrane fraction (“P3” frac-
tion), suspended in the Hepes-sucrose buffer, was first solubi-
lized by DDM (6 mg/ml) at a protein concentration of 2 mg/ml
in a buffer containing 50 mM Tris-HCl (pH 7), 0.1 M NaCl, 20%
glycerol, 1 mM CaCl2, 1 mM �-mercaptoethanol, and 1 mM
phenylmethylsulfonyl fluoride. After stirring for 2.5 h at room
temperature, non-solubilized material was pelleted by centrif-
ugation at 120,000 � g for 30 min at 4 °C. All subsequent steps
(unless otherwise specified) were then performed in a cold
room. The supernatant after the centrifugation step was mixed
with streptavidin-SepharoseTM High Performance resin at a
ratio of 40:1 (v/v), using typically 1 ml of resin per 0.4 mg of
SERCA1a (corresponding to 40 ml of solubilized proteins with
an average solubilization yield of 50%), and stirred gently over-
night at 4 °C. The suspensionwas then loaded onto a number of
11� 100mmcolumns (BioSepra) andwashed, first with a “high
salt” buffer (50 mM Tris-HCl (pH 7), 1 M NaCl, 20% glycerol, 1
mM CaCl2, 0.05% DDM, buffer:resin, 12:1 (v/v)), and then with
a “low salt” KCl buffer (50mMTris-HCl (pH 7), 50mMKCl, 20%
glycerol, 2.5 mM CaCl2, 0.05% DDM, buffer:resin, 12:1 (v/v)).
All the resin in the columns was resuspended in the “low salt”
KCl buffer (buffer:resin, 1:1 (v/v)) and introduced into a larger
column (40� 200mm,BioSepra,MA) and thrombinwas added
(20 units of thrombin/ml of resin). The column was sealed and
placed on a wheel, and the mixture was stirred gently at room
temperature for 30 min, followed by a second addition of
thrombin and stirring of the mixture for another 30 min. To
inactivate thrombin, 2.5mMphenylmethylsulfonyl fluoridewas
then added, and the proteolytically cleaved SERCA1a proteins
eluted from the columnby three successive additions of theKCl
buffer (buffer:resin, 1:1 (v/v)). The eluted fractions containing
the Ca2�-ATPase (�2 mg of protein with a Ca2�-ATPase con-
tent of�40%, as evidenced by gel electrophoresis) were pooled,
and the glycerol concentration increased to 40%before freezing
the samples in nitrogen and storage at �80 °C.
HPLCGel Filtration—For crystallization experiments, DDM

was exchanged with C12E8 by size-exclusion chromatography,
an additional step that also led to improvement of the purity of
the Ca2�-ATPase preparation. For this, the pool of SERCA1a
mutant proteins (typically 30 ml) was first concentrated on
Centricon Ultracel-YM 30 (Amicon, Millipore, Bedford, MA)
until the volume was smaller than 500 �l. The concentrate was
applied at 0.5 ml/min to a silica gel-filtration column (0.78
cm � 30 cm TosoHaas TSK-gel G3000SWXL column, Sigma-
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Aldrich), mounted on a Gold HPLC System (Beckman Coulter,
Roissy CDG, France), and equilibratedwith 100mMMOPS (pH
6.8), 80mMKCl, 1mMCaCl2, 1mMMgCl2, 15% sucrose, and 0.5
mg/ml C12E8. The eluted fractions containing the Ca2�-
ATPase peak were pooled (�1.5 ml) and concentrated on Cen-
tricon-30 to a final volume of�50�l, resulting in a final protein
concentration of 8–10 mg/ml and a concentration of C12E8
estimated to be �10–12 mg/ml on the basis of previous C12E8
binding data (42).
Protein Crystallization—For crystallization, the concen-

trated, delipidated, and C12E8-solubilized Ca2�-ATPase was
supplemented with phospholipids (DOPC), to reach a C12E8:
DOPC ratio of 3:1 (w/w). Thiswas done by adding the sample to
a centrifuge tube that had been deposited with a thin layer of
N2-dried DOPC, vortexing the tube, and storing it overnight at
4 °C. The next day the sample often exhibited a slight haziness,
arising from non-solubilized lipids, in which case it was clari-
fied by addition of a slight amount of C12E8 stock solution, until
having a clear solution. In addition the sample was subjected to
centrifugation at 120,000 � g for 20 min to remove aggregated
(inactive) protein, arising during the preparation. Agents were
then added to induce the formation of ATPase crystals in the
presence of 10mMCa2� together with either 1mMATP, AMP-
PCP, or ADP together with 1mMAlF4� (as a structural analogue
of phosphate). An initial 96 conditions of PEG/salt screening
(33) were performed using a liquid-handling Mosquito robot
(TTP Labtech, Cambridge UK), which distributed 100- �
100-nl drops of protein and crystallization buffer for equilibra-
tionwith 100�l of well solution. After a fewhours (up to 2 days)
at 19 °C, crystals started to appear. The best crystals were
obtained at 10% sucrose, 12% PEG 2000 monomethyl ether,
0.2 M NaOAc, and 3% tert-butanol or 6% 2-methyl-2,4-pen-
tanediol for P312A; and 7% PEG 6000, 0.2 M Na2C3H2O4, and
6% 2-methyl-2,4-pentanediol for D351A. These conditions
were subjected to further grid screen optimization with 1- �
1-�l hanging drops equilibrating against 450 �l of well solution
at 19 °C. After 1 week suitable crystals were cryoprotected (2 �l
of 40% PEG 4000 or 5 �l of 50% sucrose added to the drop) and
picked up in nylon-fiber loops (Hampton Research, Riverside,
CA)mounted on 18-mmmetal pins. Crystals were flash-cooled
and stored in liquid nitrogen. Data were collected at the Swiss
Light Source (for P312A mutant) or at the Berliner Elektronen
Speicher Synchrotron (for the D351A mutant) beamlines. The
crystals diffracted anisotropically, to 3.4 Å for the D351A crys-
tals and to 3.5 Å for the P312A crystals. Crystallographic data
were processed and scaled by using the XDS package (43). An
unbiased difference Fourier map using experimental
Fobs(SERCA1a P312A mutant) � Fobs(SERCA1a D351A
mutant) difference coefficients was calculated to reveal the
structural differences between SERCA1a D351A and P312A
mutants.
Ca2�-ATPase Reconstitution into Proteoliposomes—After

the streptavidin chromatography step and concentration of the
affinity-purified SERCA1a on Centricon 30 to a Ca2�-ATPase
concentration of 0.1 mg/ml in a medium containing 0.5 mg of
DDM/ml, 20% glycerol, 2.5 mM Ca2�, 50 mM Tris (pH 7.0), and
50 mM KCl, the protein was mixed gently with DOPC (protein:
DOPC, 1:3 (w/w)) for 30 min at 4 °C. Biobeads SM-2 absorbent

(Bio-Rad) were prepared as described in a previous study (44).
Detergentwas removed by addingBiobeads at a Biobeads:DDM
ratio of (200:1, w/w) and incubating with gentle stirring at 4 °C
for 3 h. Biobeads were then removed, and the reconstituted
protein was stored at 4 °C.
ATP Affinity Measurement—ATP equilibrium binding to

mutant D351A reconstituted into proteoliposomes was meas-
ured byMillipore filtration. 10�g ofD351Awas incubatedwith
various amounts of [�-32P]ATP (0.5 nM to 5 �M) in 2 ml of
buffer (50 mMMOPS, pH 7.2, 100 mMKCl, 1 mMMgCl2) in the
presence of either 100 �M CaCl2 or 2 mM EGTA, for 1 min at
20 °C. Then the sample was filtered on two superposed Milli-
pore GS 0.22-�m filters under mild vacuum. The radioactivity
of the filters was measured by liquid scintillation counting. The
32P radioactivity of the lower filter (corresponding to the wet
volume) was subtracted from the 32P radioactivity of the upper
filter to obtain the amount of ATP bound to the reconstituted
protein.
Fluorescence Measurements—Fluorescence measurements

were performed with a Spex fluorolog instrument at 20 °C.
Intrinsic fluorescence of SERCA1a or mutants was measured
with excitation and emission wavelengths set at 290 and 330
nm, with bandwidths of 2 and 20 nm, respectively (Fig. 3), or
295 and 320 nm, with bandwidths of 5 and 10 nm, respectively
(Figs. 4 and 5). Changes in tryptophan fluorescence were mon-
itored at 20 °C after 20-fold dilution of concentrated WT
SERCA1a or mutants (to final concentrations of 0.1 mM Ca2�

and 7.5 �g of protein/ml forWT SERCA1a or D351A, and 5 �g
of protein/ml for P312A) into a medium containing 40 mM

MOPS-Tris, pH 7.0, 80 mM KCl, 40% glycerol, 1 mg/ml DDM,
and supplemented with Ca2�, EGTA, orMg-EDTA (according
to previous studies (45, 46)) as indicated in the legends of Figs.
3–5. SR vesicles from rabbit muscle (at 8 �g/ml) served as a
control. In ATP binding measurements, 5 mM MgCl2 and
EGTAwere also added to the buffer, and various additionswere
performed, as indicated in the legends of Figs. 4 and 5.
Phosphorylation Studies on P312A Expressed in COS Cells—

The P312Amutant was also expressed in COS-1 cells (12), and
measurements of phosphorylation from [�-32P]ATP or 32Pi (in
the absence of a Ca2� gradient), and of dephosphorylation,
were carried out essentially as previously described (14, 16).
The Ca2� gradient-dependent phosphorylation from 32Pi (47,
48) was studied following passive Ca2� loading of the microso-
mal vesicles by incubation overnight with CaCl2 added in con-
centrations ranging from 10 �M to 40 mM. The Ca2�-loaded
vesicles were diluted into a phosphorylation medium contain-
ing 32Pi and EGTA to removeCa2� from themediumoutside of
the vesicles. Further experimental details are given in the figure
legends.
For quantification of enzyme phosphorylation, the acid-pre-

cipitated proteinwaswashed by centrifugation and subjected to
SDS-PAGE in a 7% polyacrylamide gel at pH 6.0, and the radio-
activity associated with the separated Ca2�-ATPase band was
determined by imaging using a Packard CycloneTM Storage
Phosphor System. The experiments were generally conducted
at least twice, and the data were analyzed by nonlinear regres-
sion using the SigmaPlot program (SPSS, Inc.).
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RESULTS

Protein Expression and Purification—The strategy used to
obtain the D351A and P312A proteins suitable for crystalliza-
tion and biophysical measurements was to express in yeast
these mutated forms of rabbit SERCA1a, fused to a biotinyla-
tion acceptor domain (BAD) by a linker containing a thrombin
cleavage site (36). This construct allowed purification of the
mutant by avidin chromatography after in vivo biotinylation in
yeast, using thrombin to release the mutant protein from the
affinity column.
MutantD351Awas expressed in yeast at about the same level

as WT SERCA1a-BAD, whereas P312A was expressed at a
somewhat lower, but nevertheless comparable level (Fig. 1).
From 4 liters of yeast culture, we were able to purify the two
mutants in the milligrams range at a concentration of 8–10
mg/ml as required by the crystallization protocol.
[�-32P]ATPBindingMeasurements onD351A—As described

in the introduction, previous studies of D351A using the mam-
malian expression system had demonstrated an extraordinarily

high affinity of this mutant for ATP
(37). Using the yeast-expressed,
purified, and reconstituted mutant
D351A, it was feasible to measure
directly [�-32P]ATP equilibrium
binding over a wide range of ATP
concentrations from �0.1 nM to 1
�M by filtration (Fig. 2). An
extremely tight [�-32P]ATP binding
to D351A was indeed obtained in
the presence of Ca2�, resulting in a
K0.5 value of 11 nM (at pH7.2). In the
absence of Ca2� (i.e. after addition

of EGTA), the binding was weaker (with a K0.5 of 117 nM), in
accordance with the previous observation using an indirect
method for the samemutant (37). But still this value represents
a much higher affinity than observed for WT SERCA1a (Kd �
3–5 �M at pH 7.0–7.2 (see e.g. Refs. 18 and 49)).
FluorescenceMeasurements onMutants—By tryptophan flu-

orescence measurements, it was also possible to estimate the
affinity of the yeast-expressed SERCA1a mutants for Ca2� and
ATP. When excited in the UV regions the protein with its 13
tryptophan residues responds with a fluorescence signal, which
is affected by changes in the conformation of the native protein
induced by addition of ligands such as Ca2� or EGTA, and
Mg2� orMgATP. Previousmeasurements of fluorescence with
wild-type yeast-expressed SERCA1a were performed after
reconstitution of the purified (detergent-solubilized) SERCA1a
into proteoliposomes (29, 36). This method has been used in
preference to detergent-solubilized SERCA1a, which, as is well
known (e.g.Refs. 50 and 51), inactivates very rapidly in the pres-
ence of calcium chelators. Moreover, the detergent concentra-
tion is known to affect (and reduce) the amplitude of the fluo-
rescence signals (e.g. Refs. 52 and 53). Yet, reconstitution
generally leads to a certain loss of material, and possibly to
partial inactivation of the SERCA1a (in our hands ATPase
activity was somewhat decreased after reconstitution of the
purified proteins, data not shown).
As an alternative to reconstitution, we found here that it was

possible to perform the fluorescence experiments directly on
detergent-solubilizedCa2�-ATPase by the use of the same high
concentration of glycerol (40% v/v) in which we stored our
preparations in the deep-freezer after affinity chromatography.
Under these conditions, SERCA1a was not only very efficiently
protected from inactivation, but simultaneously the ligand-de-
pendent fluorescence signals remained stable and of a decent
size, both when DDM (Fig. 3) and C12E8 (data not shown) were
used. These conditions with 40% glycerol, where SERCA1a
remained stable, were therefore used to investigate the
response of wild-type or mutant SERCA1a to ligand binding.
Ca2� Binding Affinity Measurements—Fig. 3 shows the fluo-

rescence changes observed when Ca2� chelators were added at
concentrations designed (as in Ref. 46) to result in a change of
the free Ca2� concentration from 100 �M to 1 �M and 0.04 �M,
before a final shot of Ca2� re-established the free Ca2� concen-
tration at its initial value of 100 �M. The similar relative ampli-
tudes in all four cases excludes that a major proportion of the

FIGURE 1. Level of expression of wild-type (WT), D351A, and P312A rabbit SERCA1a in yeast light mem-
branes, as detected by Western blotting. Light membranes (2 �g) of yeast expressing WT SERCA1a, or
D351A and P312A mutants, were loaded in duplicate onto 10% SDS-polyacrylamide gel for electrophoresis and
then transferred onto polyvinylidene difluoride-membrane. Western blots were then hybridized with an anti-
SERCA1a polyclonal antibody as previously described (36). SR membranes (10, 25, and 50 ng of protein, respec-
tively) were also loaded to allow, by comparison, quantification of the SERCA1a-BAD expressed in each light
membrane fraction. The positions of SERCA1a with the BAD domain (SERCA1a-BAD) and SERCA1a control from
rabbit SR are indicated by arrows.

FIGURE 2. [�-32P]ATP binding to D351A mutant, as determined by Milli-
pore filtration. Binding of [�-32P]ATP (0.5 nM to 5 �M) was measured by load-
ing on GS Millipore filters 10 �g of purified and reconstituted D351A in 50 mM

MOPS, pH 7.2, 100 mM KCl, 1 mM MgCl2, in presence of either 100 �M Ca2�

(circles) or 2 mM EGTA (triangles) and variable concentrations of [�-32P]ATP as
indicated. The duplicate data points at each concentration of ATP were from
separate experiments performed on different days. The data points were fit-
ted to the Hill equation with the Hill coefficient set to 1 and yielded a K0.5 value
of 11 nM in the presence of Ca2� and a K0.5 value of 117 nM in the presence of
EGTA.
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yeast-expressed SERCAs could have adopted a non-native
structure (except perhaps for P312A).
The fluorescence changes occurring upon decreasing the

free concentration of Ca2� from 100 �M to 1 �M free Ca2�,
relative to the maximal changes occurring upon reduction to
still lower free concentrations of Ca2�, were similar for all four
SERCA1a proteins, indicating that theD351Amutation did not
result in any significant difference inCa2� affinity, as compared
with the wild-type yeast-expressed SERCA1a (and this was
probably the case also, although less clear-cut, for the P312A
mutation). The apparent Kd for Ca2� deduced from these data
and from similar experiments performed at other free Ca2�

concentrations (data not shown) is �1.5–2 �M. This value is
only slightly higher (due to DDM) than in the absence of deter-
gent under otherwise identical conditions, which is in accord-
ance with previous studies of SR Ca2�-ATPase (e.g. Ref. 54).
Note, however, that detergent seems to accelerate very much
movements of Ca2� between the bulk medium and SERCA1a

Ca2� fixation site II (55), which
might blur any effect of the muta-
tions in native membranes.
Effects of Mg2� and ATP

Binding—Fluorescence changes are
also observed uponbinding ofMg2�

and MgATP to Ca2�-free SR
SERCA1a (56, 57). This effect is
shown in Figs. 4 (A and B) for native
SR SERCA1a and for yeast-ex-
pressed and purifiedWT SERCA1a,
respectively. Here, a first addition of
EGTA resulted in Ca2� chelation
and formation of a Ca2�-free con-
formation with low fluorescence.
The following addition of 5 mM
Mg2� caused an increase of the flu-
orescence signal. Finally, various
concentrations of MgATP were
added (0.3, 3, 30, and 300 �M),
revealing the anticipated increase of
fluorescence caused by ATP bind-
ing to the protein. At the highest
concentrations of ATP, e.g. 300 �M,
a drop in intensity was observed
instead of a rise, because of the
inner-filter effect caused by the UV
absorbance by the nucleotide. The
magnitude of the inner filter effect,
which might mask a real increase in
fluorescence due to ATP binding to
the protein, is best evaluated by
repeating the ATP additions in
increments of 300 �M, beyond the
levels required to saturate the ATP
binding site on the protein, to
allow true fluorescence changes to
be deduced from these measure-
ments at the lower concentrations
of ATP (see Ref. 58).

For SR andWT SERCA1a, the addition of 0.3 �MMgATP in
the absence of Ca2� only gave rise to a slight increase in
SERCA1a fluorescence, whereas 50% of the maximal fluores-
cence increase was observed at �3 �M MgATP for both
enzymes (see traces A and B in Fig. 4), a value in the expected
range (e.g. Ref. 57). A similar value was found for the P312A
mutant, although the fluorescence changes were lower and
noisier, and it seems that P312AandWTSERCA1ahave similar
ATP affinities (data not shown). For mutant D351A (see Fig.
4C), the addition of Mg2� raised Trp fluorescence in a manner
similar to that found with wild-type enzyme. On the other
hand, with this mutant 0.3 �MMgATP added in the absence of
Ca2�was sufficient to increase the fluorescence signal by�50%
of themaximal change observed upon saturationwithATP (see
Fig. 4C). At these low ATP concentrations, inner filter effects
are not significant. Thus, the estimated ATP0.5 value was �0.2
�M for D351A. This confirmed the high ATP affinity of the
D351A mutant illustrated in Fig. 2.

FIGURE 3. Comparison of the Ca2� affinities of SR SERCA1a (A) or yeast-expressed WT-SERCA1a (B) and
D351A (C) or P312A (D) mutants, as deduced from fluorescence measurements. The initial buffer for these
Trp fluorescence measurements (excitation and emission wavelengths of 290 nm and 330 nm, respectively)
consisted of 40 mM MOPS, pH 7, 80 mM KCl, 1 mM MgCl2, 40% glycerol, and 1 mg/ml DDM at 20 °C. The 20-fold
dilution of SR and yeast-expressed proteins resulted in protein concentrations of 8 �g/ml for SR SERCA1a, 7.5
�g/ml for WT SERCA1a and D351A, and 5 �g/ml for P312A. 100 �M Ca2� was present after dilution for the
yeast-expressed proteins, whereas it was added for SR SERCA1a. Subsequent additions of Mg-EDTA, EGTA, and
Ca2�, as indicated, then resulted in free Ca2� concentration of 1 �M, 0.04 �M, and 100 �M (46). For this figure,
the initial fluorescence intensity has been normalized to 100 in all cases, but actual levels were consistent with
the estimated final concentration of protein. The small changes of intensity due to sample dilution upon
addition of ligands have been corrected for. This is one of three different independent experiments, which all
gave the same results.
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Fig. 5A shows that addition of 3
�MMgATP to theD351Amutant in
the presence of Ca2� induced a rise
in Trp fluorescence similar to that
seen in the absence of Ca2�. Such an
experiment is not feasible with the
WT SERCA1a, which would
become phosphorylated and start
turning over utilizing theATP in the
presence of Ca2�. The fluorescence
responses observed upon addition
of lower concentrations of ATP
demonstrated that the affinity of
D351A for ATP in the presence of
Ca2� is higher than in the absence
of Ca2� with a Kd of the order of
0.01�M (data not shown), consistent
with the [�-32P]ATP binding meas-
urements illustrated in Fig. 2. This
experiment allows us to check that
affinity for nucleotide seems to be not
affected by the conditions of meas-
urement, i.e. in the presence of DDM
and glycerol. In Fig. 5B the same type
of experiment as in Fig. 5A was
repeated in the presence of 10 mM
Ca2� and 50 �M AMPPCP (i.e. the
concentrations and typeofnucleotide
used in the crystallization conditions)
leading to the same Trp fluorescence
responses as described above (see
controls in supplemental Fig. S1).
Crystallization—To increase the

purity of the samples, the mutants
purified by avidin chromatography
were submitted to an additional step
of size-exclusion chromatography.
We also used this step as an opportu-
nity for detergent exchange (from
DDM to C12E8, present at 0.5 mg/ml
in theHPLC buffer), because C12E8 is
better suited thanDDM for the prep-
aration of Ca2�-ATPase crystals (33).
The HPLC fractions containing the
D351A or P312A proteins were
pooled and concentrated to �10 mg
of protein/ml, followed by relipida-
tion with DOPC. After incubation
overnight at 4 °C, thedetergent/phos-
pholipid ratio was finally adjusted,
and the sample was ultracentrifuged
to eliminate aggregated material.
With the help of a nanoliter dispens-
ing robot, many conditions for crys-
tallization could be tested and opti-
mal conditions could be identified
using a total of only 500 �g of pure
protein per mutant.

FIGURE 4. Comparison of the ATP affinities, in the absence of Ca2�, of SR SERCA1a (A), yeast-expressed
WT SERCA1a (B), and mutant D351A (C). Trp fluorescence measurements were performed in 40 mM MOPS,
pH 7, 80 mM KCl, 40% glycerol, and 1 mg/ml DDM at 20 °C. A 20-fold dilution of SR and yeast-expressed proteins
resulted in concentrations of 8 �g/ml for SR SERCA1a and 7.5 �g/ml for both WT SERCA1a and D351A. A total
of 100 �M Ca2� was also present as a result of this dilution for yeast-expressed proteins, while it was added for
SR SERCA1a. 2 mM EGTA was then added to chelate this Ca2� and reduce fluorescence down to its minimal
level, resulting in an internal control for subsequent fluorescence changes. 5 mM Mg2� was then added to the
buffer, followed by increasing concentrations of MgATP, as indicated. The small changes of intensity resulting
from dilution upon addition of ligands have been corrected for, but those due to inner-filter effects at high
concentrations of ATP have not. At least three different experiments gave the same results.
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Crystals of D351A were obtained in the presence of 10 mM
Ca2� and 1 mM AMPPCP as for native SR SERCA1a (21) or
expressed WT SERCA1a (34). In addition a successful crystal-
lization of D351A was obtained with ATP replacing the non-
hydrolyzable analogue, which was feasible with this mutant,
because of the inability to hydrolyze ATP. For P312A, which is
characterized as a mutant for which the ADP-sensitive phos-
phoenzyme (Ca2E1P) piles up at steady state (16), the crystalli-
zation condition containedAlF4� andADP togetherwith 10mM
Ca2� (21). The crystals displayed the samemorphology as those
of the native SERCA1a under comparable conditions. A full
data setwas collected at 3.4Å forD351A in complexwithAMP-
PCP and at 3.7 Å for D351A in complex with ATP, and the
crystals of P312A with ADP plus AlF4� gave a data set at 3.5 Å
(summarized in Table 1). There is a high level of isomorphism

betweenWT SERCA1a and the two
mutants, P312A and D351A, as can
be seen from Figs. 6B and 7A,
respectively. However, for a close
comparison with that of the wild-
type enzyme (34) we were con-
fronted with the obstacle that the
mutants crystallized in a different
space group, P21 instead of C21. The
P21 crystal form is nearly identical
to the C2 form, but a slight change
of the crystal packing has lead to
deterioration of the C-centering,
yielding now two copies in the
asymmetric unit. This prevented us
from computing difference Fourier
maps between the mutants and the
wild-typeenzyme.Ontheotherhand,
we were able to compute a difference
map between the mutants, Fobs
(P312A:ADP:AlF4�) � Fobs(D351A�
AMPPCP), which confirmed both
the absence of the aspartate side
chain in the D351A mutant (Fig.
7B), the absence of the proline side
chain in the P312A mutant (Fig.
6C), and slight differences in the
binding of the nucleotides. How-
ever, apart from this no other signif-
icant differences between the two
mutants were observed. Finally, the
difference map of D351A with
bound ATP and AMPPCP,
Fobs(D351A�ATP) � Fobs(D351A�
AMPPCP) showed that, while both
nucleotides are bound in the same
overall bent conformation, the posi-
tion of the �-phosphate appears to
be slightly different (Fig. 7C). Taken
together the structural information
obtained from the crystals of D351A
and P312A allow the conclusion
that the mutations per se only result

in subtle conformational changes, at least in the respective
Ca2E1�ATP/AMPPCP and Ca2E1P forms.
Phosphorylation Studies on P312A—The normal structure of

P312A in the Ca2E1P form raises the question whether the
block of the Ca2E1P3 E2P transition previously described (16)
is due to an inability to form an E2P intermediate in the ground
state. As illustrated in Fig. 8, we therefore re-examined the
Ca2E1P3 E2P transition and the functional properties of E2P
in the P312A mutant in more detail than previously, using the
COS-1 cell-expressed enzyme. At 0 °C the rate constant of
phosphoenzyme turnover following phosphorylation with
[�-32P]ATP was reduced 60- to 70-fold in P312A, relative to
that of the wild type, and the phosphoenzyme remained ADP-
sensitive (i.e. Ca2E1P) throughout the experiment (Fig. 8A). At
25 °C the turnover of the phosphoenzyme formed from ATP

µµµµ µµµµ
µµµµ

µµµµ
µµµµ

A

B

FIGURE 5. Comparison between ATP binding to D351A mutant at pCa4 (A) and AMPPCP binding to
D351A at pCa2 (B). Fluorescence measurements were performed in 40 mM MOPS, pH 7, 80 mM KCl, 40%
glycerol, 1 mg/ml DDM at 20 °C. A 20-fold dilution of yeast-expressed and purified D351A mutant resulted in
7.5 �g/ml D351A and 100 �M Ca2� in the buffer. As an internal control for the fluorescence changes, 1 mM EGTA
was then added to decrease the fluorescence level to its minimal value, followed by addition of 5 mM Mg2�,
and 1 mM Ca2� was finally added to recover the initial free Ca2� concentrations of 100 �M. Then, MgATP
was added (3 �M, twice) (A). Alternatively, to compare with the conditions for crystallization, 10 mM Ca2�

was first added and then 50 �M AMPPCP (three times) (B). The small changes in intensity due to dilution
have been corrected for.
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was likewise markedly (�10-fold) reduced in P312A relative to
wild type, although it is also noteworthy that the temperature
dependence is steeper in the mutant than in the wild type. On
the other hand, the dephosphorylation rate was wild type-like
following backward phosphorylation of E2 with Pi, i.e. the rate
of E2P3 E2 � Pi is normal, in the P312A mutant (Fig. 8D), cf.
Scheme 1. This, together with the close to normal (�2-fold
reduced) apparent affinity for Pi in the backward phosphoryla-
tion with Pi (Fig. 8C), excludes any significant destabilization of
the Ca2�-free E2P form of the mutant. Hence, in P312A as
opposed to certain other SERCAmutants with mutation in the
cytoplasmic domains (8), accumulation of Ca2E1P is not caused
by alteration of the properties of the Ca2�-free E2P form.

To examine whether the E2P
state of the P312A mutant also
exposed the Ca2� binding sites to
the lumen in a normal way, we stud-
ied the well known (see e.g. Refs. 47
and 48) Ca2� gradient-dependent
formation of E2P from Pi (Fig. 9).
This is an assay that up to now had
never been performed with
expressed ATPase. Themicrosomal
vesicles containing expressed WT
SERCA1a or mutant were loaded
withCa2� at a high concentration of
20 mM and then diluted into a
medium containing 32Pi and EGTA
(to chelate Ca2� in themediumout-
side the vesicles and thereby allow
phosphorylation from Pi). The high
luminal Ca2� concentration is
known to allow the reaction of the
wild type with Pi even under condi-
tions that in the absence of a Ca2�

gradient promote dephosphorylation (neutral pH, presence of
K� without organic solvent) (48), the effect of the luminal Ca2�

being attributed to a shift toward the right of the equilibrium
E2P� 2Ca2�

lumen7Ca2E2P7Ca2E1P (Scheme 1, steps 3–5).
Phosphorylation with 32Pi dependent on the high luminal Ca2�

concentration was likewise observed with the P312A mutant,
indicating that the mutation did not interfere with the luminal
exposure of the Ca2� sites in E2P (Fig. 9A). The phosphoen-
zyme formed with the wild type as well as the mutant under
these conditions disappeared rapidly upon addition of ADP, as
expected because of the equilibrium Ca2E2P7 Ca2E1P, lead-
ing to the formation of ADP-sensitive Ca2E1P, whereas the E2P
formed in the absence of a high luminal Ca2� concentration

FIGURE 6. Crystals and crystal structures of yeast-expressed P312A mutants of SERCA1a in the presence
of Ca2�, ADP, and AlF4

�. A, crystals obtained for P312A mutant in the presence of ADP and the phosphate
analogue AlF4

�. B, overall view of the crystal structure of P312A�ADP�AlF4
� mutant shown in yellow, aligned with

the WT structure of Ca2E1�ADP�AlF4
� (pdb code: 1T5T), shown in green. C, enlarged view of the calcium binding

site in the transmembrane region where the structure of WT Ca2E1�ADP�AlF4
� is aligned with the structure of the

P312A mutant. In the WT structure, the residues Pro312, Glu309, and the bound Ca2� ions are displayed; in the
P312A mutant structure, Ala312, Asp309, and the Ca2� ions are displayed. Fobs(P312A�ADP�AlF4

�) �
Fobs(D351A�AMPPCP) difference Fourier map reveals a clear negative peak (displayed at �3.24�, blue mesh),
which confirms the absence of the proline side chain in P312A mutant.

TABLE 1
Crystallographic data obtained for D351A and P312A crystals
The non-anomalous data collection statistics are reported for the mutants forms except for the D351A�ATP form where the anomalous data statistics are shown.

Data D351A�AMPPCP D351A�ATP P312A�ADP�AIF4�

Space group P21 P21 P21
Cell dimension (Å, °) a � 152.9 a � 152.7 a � 150.6

b � 75.8 b � 76.0 b � 75.6
c � 162.6 c � 163.1 c � 161.8
� � 108.9 � � 108.8 � � 108.6

Beam line SLS-XO6SA SLS-XO6SA SLS-XO6SA
Wavelength (Å) 1.1272 1.0723 1.0706
Resolution (Å)a 30-3.4 (3.5-3.4) 50-3.7 (3.8-3.7) 30-3.5 (3.6v3.5)
Completeness (%) 98.2 (83.0) 96.3 (87.2) 99.7 (99.8)
Unique reflections 48,648 37,013 44,047
Redundancy 3.7 (3.4) 3.0 (2.1) 4.2 (4.2)
Rmerge (%)b 10.5 (66.7) 20.3 (57.4) 25.4 (88.3)
I/�I 11.89 (2.55) 6.7 (2.4) 7.0 (2.5)
Wilson B-factorc 87.5 66.3 82.1
Model Resolution (Å) 30-3.4 (3.46-3.4) No model refined 30-3.5 (3.66-3.5)
R/Rfree (%)d 26.5/29 (46.9/42.9) No model refined 20.8/25.8 (31.5/33.8)
Ramachandran (%) 77.9/19.9/2.0/0.3 No model refined 78.5/19.3/1.9/0.3
r.m.s.d. bonds (Å) 0.009 No model refined 0.008
r.m.s.d. angles (°) 1.54 No model refined 0.98
Average B-value (Å2)e 102 No model refined 97.38

a Values in parentheses refer to the highest resolution shell, except when otherwise stated.
b Rmerge � �h�i�Ii(h) � 	I(h)
�/�h�i�Ii(h), where Ii(h) is the ith measurement.
c Determined by TRUNCATE of the CCP4 program package.
d Rfree is the R-factor calculated for a randomly picked subset with �1000 reflections excluded from the refinement.
e Fractions of residues in the most favorable/allowed/generous/disallowed regions of the Ramachandran plot according to PROCHECK.
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was exclusively ADP-insensitive (Fig. 9A) (47). By loading the
vesicleswith variousCa2� concentrations, it was also feasible to
determine an apparent affinity for luminal Ca2�. Importantly,
we found that the P312A mutant displayed a significant
increase of the luminal Ca2� affinity relative to the wild type
(Fig. 9B), which may be accounted for by a displacement of the
equilibriumE2P7Ca2E2P7Ca2E1P in favor of one or both of
the latter intermediates.What is excluded is that Ca2E2P can be
considered to be destabilized with respect to Ca2E1P, i.e. that
formation of Ca2E1P from the Ca2E2P species is impossible in
the mutant.

DISCUSSION

Recent methodological and technological progress has led to
advances in the clarification of the structure of membrane pro-
teins by x-ray crystallography (33), especially for a number of
prokaryotic membrane transporters. Compared with this,
structural determination at atomic resolution of eukaryotic
membrane proteins is still lagging behind, but the preparation
of diffracting crystals of SERCA1a with structural analogues of
the physiological ligands, representing many different func-
tional states, has led to significant progress in understanding
the pump function of this P-type ATPase (59, 60), and this
progress has been made possible by the ready availability of the
protein in large amounts at an already sufficient purity level
from an animal source (skeletal muscle). However, when deal-
ing with Ca2�-ATPase mutants we are in the same situation as
with most eukaryotic membrane proteins that are only avail-
able in small amounts and require extensive purification for
crystallization, including solubilization by detergents with no

loss of functional properties. The yeast-expression method
developed in our laboratory for this purpose relies on the
expression of a fusion protein consisting of SERCA1a and the
BAD domain, which has allowed us to obtain fair amounts of
purified and active protein amenable to both functional inves-
tigation and crystallization (34, 36). Our results provide for the
first time an answer to a fundamental question in relation to
Ca2�-ATPase mutants: whether the functional changes result-
ing frommutations reflectmajor structural deviations from the
wild type. At least for the two mutations under study here,
D351A and P312A, despite the profound changes in the func-
tional properties, we can now conclude that they are only asso-
ciated with rather subtle structural changes, which makes it
imperative to discuss the structural basis of the functional dis-
turbance from this point of view .
The D351A Mutant—For this mutant we have confirmed a

previous observation, namely that it exhibits an extraordinarily
high affinity for ATP. We were able to deduce this both from
classic [�-32P]ATP bindingmeasurements, performed by filtra-
tion of D351A reconstituted into proteoliposomes (Fig. 2), and
fromTrp fluorescencemeasurements performedusing purified
protein still solubilized inDDM(Fig. 4). Fromamethodological
point of view it is of interest that we found that under appropri-
ate conditions (40% glycerol added to Ca2�-ATPase solubilized
by 1mg/ml DDM) information could be obtained directly from
the detergent-solubilized state, obviating the need to go
through the complete reconstitution procedure used previ-
ously (15, 36). In addition to confirming the reliability of the
previous measurement of an ATP affinity in the nanomolar

FIGURE 7. Crystal structures of yeast-expressed D351A mutants of SERCA1a in the presence of Ca2� and AMPPCP (or ATP). A, overall view of the crystal
structure of D351A�AMPPCP mutant showed in yellow, aligned with the WT structure of Ca2E1�AMPPCP (PDB code: 1T5S), shown in green. B, enlarged view of
the phosphorylation site where the structure of WT Ca2E1�AMPPCP is aligned with the structure of the D351A mutant. In the WT structure, the residues Asp351,
Phe487, Asp703, and the Ca2��AMPPCP substrate analogue are displayed; in the mutant structure, Ala351, Phe487, Asp703, and Ca2��AMPPCP are displayed.
Fobs(P312A�ADP�AlF4

�) � Fobs(D351A�AMPPCP) difference Fourier map reveals a clear positive peak (displayed at 7�, red mesh), which confirms the absence of
the aspartate side chain in D351A mutant. (Differences between ADP�AlF4

� and AMPPCP are also apparent in the difference map albeit at lower (3.0 �) contour
level, not shown.) C, the computed structure of D351A with AMPPCP shown here was similar to that of D351A with ATP-bound except for a positive and a
negative peak (displayed at 4� and �4�, purple and orange mesh, respectively) in the Fobs(D351A�ATP) � Fobs(D351A�AMPPCP) difference Fourier map, which
we interpret as a slight shift of the position of �-phosphate in ATP, otherwise there were no clear differences between the D351A�AMPPCP and the D351A�ATP
structures.
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range in D351A (37), we also show that the D351A mutation
does not alter the affinity for Ca2� (Fig. 3), thus demonstrating
that the removal of this negative charge at the catalytic site does
not influence the long range interaction with the Ca2� binding
sites and the equilibrium between the E1 and E2 forms. In this
respect there seems to be a difference from the corresponding
Na�,K�-ATPase mutation, which appears to displace the
E1–E2 conformational equilibrium in favor of E2 (61).
The inability ofD351A to utilizeATP in the presence of Ca2�

allowed for the first time crystallization of the intermediate
with Ca2� and ATP simultaneously bound. Moreover, D351A
measurements of ATP-induced Trp fluorescence responses
were feasible even in the presence of Ca2�, which activates

phosphorylation in the wild type. Hence, with this mutant it
was possible to compare the fluorescence response induced by
MgATP at a moderate (100 �M) Ca2� concentration with that
observed upon addition of AMPPCP under crystallization con-
ditions at 10 mM Ca2� (i.e. presumably as a Ca�AMPPCP com-
plex, see Ref. 62) (Fig. 5). This provides an interesting confir-
mation of the physiological relevance of the x-ray data obtained
with crystals formed in the presence of the very high Ca2� con-
centration of 10 mM. Furthermore, we found that the effect of
Mg2� on the conformation of the SERCA1a pump remained
observable with the D351Amutant (Fig. 4C). This long studied
effect of Mg2� (56, 63), was previously suggested not to depend
on the once hypothesized binding of Mg2� to the first Ca2�

FIGURE 8. Functional analysis of the phosphoenzyme in COS cell-ex-
pressed wild type (circles) and P312A (triangles). A, rate of forward proc-
essing of Ca2E1P phosphoenzyme at 0 °C (open symbols) and ADP sensitivity
of the phosphoenzyme (closed symbols). The wild-type and P312A were phos-
phorylated for 15 s at 0 °C in 40 mM MOPS/Tris (pH 7.0), 80 mM KCl, 5 mM MgCl2,
1 mM EGTA, 0.955 mM CaCl2 (giving a free Ca2� concentration of 10 �M during
phosphorylation), 2 �M calcium ionophore A23187, and 5 �M [�-32P]ATP. The
phosphoenzyme was chased at 0 °C by addition of 10 mM EGTA, and acid
quenching was performed at the indicated time intervals (open symbols). The
lines show the best fits of a monoexponential decay function to the data,
giving the following rate constants: wild type, k � 6.8 � 0.1 min�1; P312A, k �
0.10 � 0.01 min�1. To test the ADP sensitivity of the phosphoenzyme (closed
symbols) 1 mM ADP (pH 7.0) was added at the indicated times following the
EGTA chase, and acid quenching was performed 4 s later. B, rate of forward
processing of Ca2E1P phosphoenzyme at 25 °C. The wild-type and P312A
were phosphorylated for 5 s at 25 °C in 40 mM MOPS/Tris (pH 7.0), 80 mM KCl,
5 mM MgCl2, 0.1 mM CaCl2, 2 �M calcium ionophore A23187, and 5 �M

[�-32P]ATP. The phosphoenzyme was then chased at 25 °C by addition of 10 mM

EGTA, and acid quenching was performed at the indicated time intervals. A
monoexponential decay function was fitted to the data, giving the following rate
constants: wild type, k � 150 min�1 (too fast to determine accurately by manual
mixing, from Ref. 28; it is �300 min�1); P312A, k � 33 � 2 min�1. C, Pi depend-
ence of E2P formation in the backward direction of normal turnover. Wild type
and P312A were phosphorylated for 10 min at 25 °C in 100 mM MES/Tris (pH
6.0), 10 mM MgCl2, 2 mM EGTA, 30% (v/v) DMSO, and varying concentrations of
32Pi, followed by acid quenching. The lines show the best fits of the Hill equa-
tion (EP � EPmax�[Pi]

n/(K0.5 � [Pi]
n)) to the data, giving the following K0.5 values

and Hill coefficients (nH): wild type, K0.5 � 12 � 1 �M, nH � 0.9; P312A, K0.5 �
23 � 2 �M, nH � 0.8. D, Rate of E2P hydrolysis. Phosphorylation from 32Pi (0.5
mM) was carried out for 10 min at 25 °C in 100 mM MES/Tris (pH 6.0), 10 mM

MgCl2, 2 mM EGTA, and 30% (v/v) DMSO. The phosphorylated sample was
chilled on iced water, and dephosphorylation was studied at 0 °C by a 19-fold
dilution into ice-cold buffer containing 50 mM MOPS/Tris (pH 7.0), 10 mM

EDTA, 2 mM EGTA, and 5 mM H3PO4, followed by acid quenching at serial
times, as indicated. A monoexponential decay function was fitted to the data,
giving the following rate constants: wild type, k � 2.1 � 0.1 min�1; P312A, k �
1.9 � 0.1 min�1.

FIGURE 9. Function of the luminal Ca2� sites in the E2P state of COS cell-
expressed wild type and P312A. A, radioactive Ca2�-ATPase bands on
phosphorylation gel illustrating the stimulatory effect of luminal Ca2� on the
formation of E2P from 32Pi. The microsomal vesicles were loaded with Ca2� in
the lumen by incubation overnight (�18 h) on ice in 150 mM MOPS/Tris (pH
7.0), 125 mM sucrose, 75 mM KCl, and the indicated CaCl2 concentration
(“[Ca2�]lum”). The phosphorylation was determined at 25 °C by a 50-fold dilu-
tion of the Ca2�-loaded vesicles into a phosphorylation medium containing
150 mM MOPS/Tris (pH 7.0), 125 mM sucrose, 77 mM KCl, 10 mM EGTA (remov-
ing Ca2� on the outside of the vesicles as required for Pi phosphorylation),
and 0.5 mM

32Pi, followed by acid quenching 1 min later. The effects of 20 mM

and 0.01 mM luminal Ca2� are shown in lanes 2 and 4. The background (bg)
determined by replacing EGTA in the phosphorylation medium (i.e. on the
outside of the vesicles) by 2.5 mM CaCl2 to prevent the phosphorylation with
Pi is shown in lane 7. In a control experiment corresponding to lane 1 the
Ca2�-ionophore A23187 (final concentration 19 �M) was added shortly
before initiation of the phosphorylation to allow Ca2� to leak out of the ves-
icles. In lane 3, the ADP sensitivity of the phosphoenzyme formed in the pres-
ence of 20 mM luminal Ca2� is demonstrated by the addition of 1 mM ADP 2 s
prior to acid quenching. The max EP in lane 5 indicates for reference the max-
imal phosphorylation level determined under conditions of stoichiometric
phosphorylation (100 mM MES/Tris (pH 6.0), 10 mM MgCl2, 2 mM EGTA, 125 mM

sucrose, 30% (v/v) DMSO, and 0.5 mM
32Pi). In lane 6, the ADP insensitivity of

the phosphoenzyme formed under these conditions is demonstrated by the
addition of 1 mM ADP 2 s prior to acid quenching. B, quantitative analysis of
gels corresponding to various luminal Ca2� concentrations for wild type (cir-
cles) and P312A (triangles). The phosphorylation of the Ca2�-loaded micro-
somes was carried out as for lanes 2 and 4 of panel A. The ordinate shows the
results in percentage of the maximal phosphorylation level (max EP in panel A)
following subtraction of the background obtained as for lane 7 of panel A. The
lines show the best fits of the equation (EP � EPmin � (EP� � EPmin)�[Pi]

n/
(K0.5 � [Pi]

n)) to the data, with EPmin accounting for the basal phosphorylation
level in the absence of a Ca2� gradient and EP� representing the extrapolated
phosphorylation level at infinite intravesicular Ca2�. The K0.5 values obtained
were: wild type, 7.9 � 0.4 mM; P312A, 2.6 � 0.1 mM.
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binding site (29). The present data indicate that it does not
depend, either, on the putative binding of Mg2� to the Asp351-
negative charge.
With the D351A mutant, the crystals obtained diffracted to

3.4-Å resolution in the presence of AMPPCP and Ca2�, and to
3.7-Å resolution in the presence of ATP and Ca2�. The differ-
ence Fourier maps show that the triphosphate moiety of both
nucleotides are bound in nearly the same bent conformation as
in wild-type Ca2�-ATPase (Fig. 7C). The elevated affinity of the
D351Amutant for ATP (37) and the similar effect of the corre-
sponding Na�,K�-ATPase (61) mutation have been inter-
preted in terms of a decrease in binding energy of the wild type,
which is caused by the approach of the negatively charged
�-phosphate and the Asp351 carboxylate group leading to for-
mation of the aspartyl-phosphoanhydride. Fig. 10 illustrates the
electrostatic environment of the phosphorylation site, as based
on the Ca2E1-AMPPCP structure (21). The negatively charged
residues of this site are Asp351, Asp703, and Asp707, which are
counterbalanced by Lys684, also essential to phosphorylation
(13), and by a bound divalent cation (Ca2� in the crystal struc-
ture (62), Mg2� in the physiological situation) coordinated by
Asp351, Asp703, Thr353, and the �-phosphate of the trinucle-
otide. Lys684 and the divalent cation, by interactionwithAsp351,
will provide charge delocalization of the carboxylate group of
Asp351, permitting the approach of the�-phosphate to form the
transition state of the phosphorylated Ca2E1P intermediate
with MgATP as the substrate. Furthermore, Lys684 and Mg2�,
by their interposition between the negatively charged groups,
will exert a partial screening effect of the electrostatically neg-
ative field, arising from Asp703 and Asp707. Replacement of
Asp351 by alanine or asparagine (37) will tip the balance in favor

of positively charged groups at the phosphorylation site and
thereby enhance the affinity for nucleotide binding. The simi-
larity between the structures of thewild-typeCa2�-ATPase and
theD351Amutant, with no difference between themain chains
aroundAsp351 (Fig. 7), supports the hypothesis of a purely elec-
trostatic effect with no major conformational changes in
D351A.
On the basis of the distances among the relevant charged

groups the magnitude of the effect can be roughly quantified
from electrostatic theory. Such calculations call for an estimate
of the change in electrostatic potential (
�), caused by removal
of the electrostatic charge from the carboxylate group of
Asp351. According to Coulomb’s law, the presence of an elec-
trostatic point charge causes a change in the surrounding elec-
trostatic potential, 
� � e�k/D�r, where e is the electronic unit
charge (1.6 � 10�19 C), k is Coulomb’s constant (9�109
N�m2�C�2), D is the dielectric constant at the binding site, r is
the distance (in meters), C is coulombs, and N is newtons. As
indicated in Fig. 10 the distance between the charges of the
carboxylate group and the �-phosphate can be estimated to be
4 Å, which by insertion of a suitable value for the dielectric
constant inside the protein (D � 20) leads to a 
� value of 0.18
V induced by removal of the charge from the Asp351 carboxy-
late group. By application of the Nernst equation this corre-
sponds to a 1250-fold increase in binding affinity at 20 °C, as
calculated from the expression, ln Keqt � ln Keq,int � z�F�
�/
R�T, where Keq,int represents the (intrinsic) equilibrium con-
stant of the discharged state, z is ion charge,F is Faraday,R is gas
constant, and T is absolute temperature. An increase in affinity
of this order ofmagnitudewill suffice to account for themarked
increase in nucleotide binding affinity as indicated by aKd value
for the dissociation constant ATP of 0.01 �M for the Ca2�-
bound6 D351A mutant. Similarly the effect of the mutation on
the nucleotide binding affinity in the Ca2�-depleted ATPase
can be estimated from the E2�TG�AMPPCP structure (PDB
code 2C88), where TG is thapsigargin (18). Here the �-phos-
phate is located at the periphery of the P-domain, with the
result that the distance fromAsp351 is increased to 9 Å. Assum-
ing this conformationwill be retained after removal of one elec-
tronic charge at the phosphorylation site, the estimated
increase in binding affinity will be 24-fold, we then compared it
with an experimentally determined increase of �45-fold (from
a Kd of 0.11 �M for the D351Amutant in the present work, to 5
�M in native Ca2�-ATPase (18)). Thus, the data are consonant
with binding of monovalently (rather than divalently) charged
MgATP (which appears to be a reasonable proposition at pH
7.2 andD� 20), and the electrostatic interactions becomemore
prominent when the Ca2�-ATPase resulting from binding of
Ca2� is converted to the Ca2E1 state. It should be emphasized
that the above calculations are dependent on the near identity
of the mutant and wild-type structure, such that any move-
ments of other charged groups (including the coordinated
Mg2�) can be neglected. The good agreement between the cal-
culation and the measurement of binding affinity underscores

6 Please notice that in Fig. 10 as well as in Fig. 7 the Ca2� ion shown results
actually from the replacement of the normally acting Mg2�, whereas the
two Ca2� ions in Fig. 6 are the physiological, transported ions.

FIGURE 10. The electrostatic environment of the phosphorylation site as
depicted by the structure of the Ca2E1�AMPPCP complex (PDB code: 1T5S).
The figure shows in ball and stick representation the charged amino acid residues
surrounding the central Asp351, in addition to bound divalent cation (green
sphere: represented by Ca2� rather than Mg2� in the crystal structure due to the
high Ca2� concentration (62)) and the �-phosphate residue of bound AMPPCP.
The distance between the O�1/O�2 carboxylate and the oxygen atoms of the
�-phosphate is �4 Å. For further explanation, see the text.
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FIGURE 11. The structural consequence of the P312A mutation. Upper part: comparison of the M4 helix between the native E1P (1T5S) (magenta sticks) and
the E1P mutant P312A in Ca2E1�ADP�AlF4

� form (yellow sticks) structure. On the right, the two structures are superimposed on residues 605–745. Lower part:
comparison of P312A (E1P) and native SERCA1a in E2�BeF3

� form (E2P). Yellow: P312A in Ca2E1�ADP�AlF4
�form (E1P). Green: native SERCA in E2�BeF3

� form (E2P).
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the conclusion drawn from the comparison of the crystal struc-
tures of mutant and wild type.
The P312A Mutant—The other mutant studied, P312A, was

crystallized in a transition state of phosphorylation as
Ca2E1�ADP�AlF4� (which structurally resembles Ca2E1P). The
crystallization conditions were similar to those used for crystal-
lization of the native enzyme in the same state (21), and the
crystals diffracted to 3.5-Å resolution. Like the D351Amutant,
the P312A structure shows no significant deviation from the
wild-type structure, even in the 308PEGLP segment where only
the absence of the Pro312 side chain is noted (Figs. 6 and 11,
upper part). In the wild type, this part of the M4 helix is
unwound at Pro308 to accommodate one of the bound Ca2�

ions, and there is no reason to believe that there is any differ-
ence in this regard for the P312A mutant. In agreement with
this view we observed that the Ca2� affinity of the cytoplasmi-
cally facing high affinity sites is probably not altered very signif-
icantly by the P312A mutation (Fig. 3). The reason why the
ability of the P312A mutant to hydrolyze ATP and translocate
Ca2� is severely curtailed was previously shown to be due to a
slowing of the Ca2E1P3 E2P transition (16), and this conclu-
sion is confirmed by the more extensive functional measure-
ments in the present study (Fig. 8, A and B). It is of note that
mutation in the same region of the closely related Na�,K�-
ATPase (where Leu rather than Pro is present in the homolo-
gous position to Pro312) likewise causes a block of the Na3E1P3
E2P transition (64). Fig. 11 (lower part) compares the con-
formation of M4 of the P312A mutant and of the wild type in
the E2P ground state (resulting from the Ca2E1P3 E2P tran-
sition), based on the E2-BeF3 crystal structures as reported
recently by us (27) and by Toyoshima’s group (65). Although
the two new E2P structures differ in important respects, espe-
cially concerning the presence of a wide open luminal channel
for release of Ca2� in our structure (27), they do align well with
respect to the kink that is formed by the unwound part of M4
(Fig. 11). The change of orientation of this unwound part ofM4
in all E2 conformations, which in the E2P ground state contrib-
utes to the formation of the luminal exposure of the Ca2� sites
in E2P, is likely caused by a push, after phosphorylation, of the
P-domain on theM4helix. This leads to its downward displace-
ment (�5 Å) in the membrane (25, 27). What then could
explain the slowing of the Ca2E1P 3 E2P transition in the
mutant? Apart from a possible destabilization of transition
states along this overall transition, for yet unknown reasons,
several hypotheses were considered. Initially, before perform-
ing the phosphorylation experiments illustrated in Fig. 9, we
had tentatively considered the possibility that the absence of
Pro312 in the P312A mutant might prevent this helix from
adopting the bent conformation that apparently is required (27)
for opening the phosphoenzyme Ca2� site toward the lumen.
But such destabilization of the Ca2E2P form was subsequently
excluded by our measurements of the Ca2�-dependent phos-
phorylation in P312A, which showed that luminal Ca2� had
normal access to its sites on E2P (Fig. 9). Therefore Ala312 does
not inhibit the formation of either Ca2E2P or the open form
(ground state) of E2P. We have therefore considered another
explanation for the slowing of the Ca2E1P3 E2P transition in
the P312A mutant. We propose that the replacement of Pro312

by alanine is relieving an inbuilt constrained region7 corre-
sponding to the Ca2� binding site I. This could explain the
slowing of the Ca2E1P3 E2P transition in the mutant. Stabili-
zation of a close to normal Ca2E1P conformation by the P312A
mutation is consistent with the similar crystal structures of the
mutant and the wild type and would also be consistent with the
right shift of the equilibrium E2P � 2Ca2�

lumen7 Ca2E2P7
Ca2E1P observed in the presence of a Ca2� gradient (Fig. 9B).
Additionally, our data reveal that the temperature dependence
between 4 °C and 20 °C for the E1P3 E2P transition is steeper
for the mutant than for WT, meaning that higher activation
energy is needed for the transition between E1P and E2P for the
mutant.
Finally, how can the “proline effect” be compared with other

known structure of membrane proteins, transporters or chan-
nels? Interestingly, in the molybdate and sulfate ABC trans-
porters, residues with significant conservation include a Pro-
XXX-Pro sequence as in M4 of SERCA1a. These prolines are
present in what has been pointed out as one of the gate regions
in the molybdate transporter structure (66). In the voltage-de-
pendent potassium channel Kv1.2 (35, 67), there is a Pro-X-Pro
sequence in S6 inner helices, which allow these inner helices to
curve so that they can form the correct interaction with the rest
of the structure, an essential feature for the coupling of the
voltage sensor movements to pore opening and closing. In sev-
eral othermembrane transporters the proline appear to be crit-
ical residues for transport (see e.g. Refs. 68 and 69). Conforma-
tional dynamics simulations indicate that proline can create a
weak point in a helix that is thought to facilitate movements
required for the function of some membrane proteins (see e.g.
Ref. 70). On the other hand, Pro residues are sometimes found
to be replaced by other residues in critical kink regions ofmem-
brane proteins, e.g. by Gly in the KcsA channel, and by Leu in
Na,K-ATPase in the position homologous to Pro312 in Ca2�-
ATPase. For such data Yohannan et al. (71) have advanced evi-
dence in favor of the view that other residues, as a result of
evolutionary changes, can replace Pro in critical kink regions,
when the optimized packing of the surrounding structure puts
the non-Pro residue under strain to the same degree as by a Pro
residue in a helical or other folded structure. The advantage of
having a leucine present in the Na�,K�-ATPase at the position
corresponding to Pro312 of the Ca2�-ATPase may be related to
the difference between the affinities of the “high affinity” sites
for Na� and Ca2� in the respective proteins, which amounts to
�1000-fold. Hence, because the Na�-bound E1P form of the
Na�,K�-ATPase is less stable than the Ca2�-bound E1P form

7 It is worth noting that the transmembrane segment M4 in both E1P (1T5S)
and E2P (3B9B) contains a canonical type I turn in the 308PEGLP312 region
separating the M4 segment into two �-helices, and type I turns are well
fitted for places in a sequence where conformational readjustments must
occur (J.-M. Neumann, CEA, Saclay, personnel observation). Indeed, the
phi, psi angles in 1T5S are �100, �6 for Gly310 (which is i�2 of Pro308, the
beginning of this turn) and �59, �22 for Glu309 (which is i�1), consistent
with a canonical type I turn. Having two prolines as PXXXP constrains the
choice of a hydrogen bond between i (Pro308) and i�3 (Leu311) through
this turn type I. Introducing an alanine in 312 instead of a proline gives a
second opportunity to Pro308 to make an i�4 hydrogen bond with the NH
of Ala312, which is impossible with a proline in 312. That this possibility can
occur has been tested using simple modeling protocols (J.-M. Neumann
and M. le Maire, CEA, Saclay, unpublished observation).
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of the Ca2�-ATPase, there may not be the same requirement
for a proline in the Na�,K�-ATPase as in the Ca2�-ATPase, to
allow the transition from E1P to E2P to occur at a reasonable
rate.
Concluding Comments—The methodology worked out here

for yeast expression and purification of Ca2�-ATPase mutants
in relatively large yield holds promise for correlating functional
and structural properties of Ca2�-ATPase investigated by bio-
physical techniques such as x-ray crystallography, intrinsic flu-
orescence, etc. As many Ca2�-ATPase mutants with different
functional deficiencies have previously been characterized
enzymatically, mainly by phosphorylation and transport assays,
the structural background for these changes should become
clearer. The present results are in accordance with the simpli-
fying concept that the mutations either affect the affinity for a
ligand binding to a particular conformational state, due to local
changes in the binding site (the electrostatics in the case of
D351A), or displace the equilibrium between basic conforma-
tions that already exist in the wild-type enzyme (as seen for
P312A). The third, highly relevant possibility, that aberrant
properties of mutants are caused by the induction of new con-
formational states not existing in the wild type is not supported
in the case of D351A and P312A, and only future crystallization
studies on other Ca2�-ATPase mutants will be able to reveal
the extent to which this is also the case for other mutants of
central importance. Of course, for such investigations to be
fruitful there are important difficulties that have to be over-
come for each mutant, such as the proper expression and sta-
bility of the purifiedmutated proteins in detergent. Beyond this
scope, our methods for yeast expression and purification hope-
fully also will find a place in the study of the structure of other
membrane proteins.
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To Peter McPhie, Executive Editor, Analytical Biochemistry  
 
June 20th, 2009 
Sir, 
 
 I am hereby submitting for publication as “Notes and Tips” in Analytical Biochemistry a short 
manuscript entitled: “Glycyl betaine slows down irreversible denaturation of detergent-solubilized 
SERCA1a”, by Cédric Montigny, Bertrand Arnou, and myself. 
 
 We have already submitted to Analytical Biochemistry a closely related manuscript (the 
previous ABIO-09-203) but that previous manuscript was not accepted, based on a number of 
comments by the reviewers. We wish to submit it again, after revision and now in a slightly shorter 
format, hopefully to be published as “Notes and Tips”. As discussed in more detail below, we think 
that many of the reviewers’ comments are probably appropriate for a detailed full article, but not for a 
contribution to the “Notes and Tips” section (at least according to the description of this section which 
is given in the Instructions to Authors).    
   

Like other membrane proteins, the Ca2+-transport ATPase known as “SERCA1a” becomes 
labile in the presence of solubilizing concentrations of detergent, and rapid irreversible inactivation of 
SERCA1a may then occur (especially for Ca2+-free states). In this work we show that high 
concentrations of glycyl betaine, one of the many relatively inert solutes which over years have been 
found useful to stabilize soluble proteins, greatly stabilize SERCA1a after its solubilization with 
nonionic detergents like dodecylmaltoside (DDM) or octaethylene glycol monododecyl ether (C12E8) 
(these detergents are commonly used for its purification or crystallization). Betaine might therefore, at 
high concentrations, turn out to be very useful as a stabilizing agent for SERCA1a, or perhaps other 
membrane proteins. 

 
Reviewer #1 of our previous submission stated that our “experiments are well performed and 

the results clearly presented”, and we thank him for this judgment. However, he regretted that we did 
not discuss in greater detail the various possible reasons why glycyl betaine stabilizes detergent- 
solubilized Ca2+-ATPase (reasons which have been debated at length in the case of soluble proteins), 
and he suggested that we would have been in a better position if we had done more studies (for 
instance, we could have examined the effect of glycyl betaine on the various transitions between 
intermediate species in the ATPase catalytic cycle, and this might indeed have provided interesting 
information). We feel that this regret of a much wider scope for our manuscript cannot decently be 
taken as an objection against publication of our work as a “Notes and Tips” contribution, as this 
section of the Journal, if we understand the Instructions to Authors, is considered to be appropriate for 
welcoming simple but useful “kitchen tricks”.  

Reviewer #1 also urged us to demonstrate crystallization in presence of glycyl betaine and to 
analyze the corresponding crystals, something we would certainly love to be able to do immediately. 
However, we again feel that it would not be really fair to use the present lack of a crystal as an 
objection to publication of our methodological results as “Notes and Tips”. It is now fashionable to 
think that every laboratory should be able to do both biochemistry and cristallogenesis (as well as 
many other things, from molecular biology to cell biology), but unfortunately this is not yet the case in 
our lab, and like in all labs we nevertheless need to have our work recognized. When our colleagues 
from Japan or from Denmark in the Serca1a field have succeeded in obtaining the desired crystals (we 
have sent them our results, of course), there is no doubt that they will be happy to quote the method 
previously published (we hope ☺!) in Analytical Biochemistry. Meanwhile, other groups interested in 
other membrane proteins will also perhaps be stimulated by our results (which the reviewer found 
reliable). 

 Reviewer #2 suggested that since the stabilizing effect of betaine has already been described 
for photosystem II, our study does not unveil a strictly novel method. This is partly true of course, but 
again we think that the mere extension of the number of membrane proteins which could benefit from 
a “kitchen trick” deserves publication. Membrane proteins remain difficult to handle, and their 
stabilization during purification, characterization and crystallization is a current and major bottleneck 
in the membrane proteins field. We think our results will be helpful in this respect. 
 More specifically, Reviewer #2 had a few comments: 

Cover Letter
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* (1) He had questions about our methods, and we therefore tried to make the revised text clearer: yes, 
the activity of SERCA1a was assayed with detergent-solubilized SR membrane vesicles. In these 
vesicles, 70% of the protein consists of SERCA1a, and we have shown SDS-PAGE gels of our SR 
membranes, for instance, in Champeil et al. (1978) JBC 253, 1179-1186, or Montigny et al. (2007) 
Biochemistry 46, 15162-15174. nevertheless, this proportion has no incidence on the rationale of our 
results or on their analysis, and we feel that showing such gels again together with our present results 
would be of no real use.  
* (2) He also regretted the absence of gel filtration experiments to “substantiate the effect of betaine 
on denaturation and provide insight into the underlying mechanism”. Although I agree that denatured 
Serca1a aggregates more easily than active Serca1a, and that this aggregation can be detected by gel 
filtration, aggregation would provide much more indirect evidence than the directly measured 
irreversible inactivation of Serca1a activity shown in our present version; thus, I again would see no 
real interest in including such data. 
* (3) He also seemed to think that, since a few Serca1a crystals have already been obtained with 
glycerol as a protein stabilizer, obtaining Serca1a crystals with glycine betaine would be redundant. 
Scientists in our field have of course been made very happy with the information about Serca1a 
derived from these already available few crystals, but it is obvious to me (and to most, of us, I think) 
that new crystals will also be of interest, especially if they reveal new crystallization patterns, if they 
correspond to new forms of Serca1a or if they show selected features with higher resolution (e.g. 
lipids). Moreover, most of the Ca2+-free forms of Serca1a which have been crystallized up to now have 
been obtained in the presence of Serca1a specific inhibitors,  necessary for stabilization of the protein 
during crystallogenesis, and these inhibitors do bias the structure of the membrane-embedded domain. 
The use of new stabilizing agents could therefore be useful to avoid the use of such inhibitors. 
* (4-7) Reviewer #2 made a few comments about Figure 1, but we have now deleted that Figure. He 
also suggested that our figures should not have a key for the symbols inside the figures, and we 
followed this advice (we only left titles to indicate what Panels A, B, C… were about). As suggested 
by this reviewer, Results and Discussion sections have now been written together as one section. As 
suggested, too, the unusual temperature dependence of detergent-solubilized SERCA denaturation is 
no longer discussed in any detail (but it is still mentioned, because it is of real significance). And we 
have tried to correct the residual typos… 

In case decision about acceptability of our submission would require an additional round of 
review instead of being taken simply in the editorial office, we can again suggest, as previously, that 
among Editorial Board members, Dr T.A. Keiderling in Chicago, Illinois would probably handle our 
manuscript in an expert manner. As potential referees, we also suggest, as previously, A.G. Lee in 
Southampton (agl@soton.ac.uk),  J.P. Andersen, J.V. Møller or P. Nissen in Aarhus (jpa@fi.au.dk, 
jvm@biophys.au.dk, or pn@mb.au.dk), C. Toyoshima in Tokyo (ct@iam.u-tokyo.ac.jp), G. Inesi, 
previously in Baltimore and now in California (ginesi@cpmcri.com), H. Suzuki in Asahikawa 
(hisuzuki@asahikawa-med.ac.jp), D. Stokes in New York (stokes@saturn.med.nyu.edu), L. de Meis 
in Rio de Janeiro (demeis@bioqmed.ufrj.br), or the recently retired D.B. McIntosh in Cape Town 
(northstationfarm@gmail.com), or again, as specialists of ion pumps outside the SERCA field, S.D. 
Karlish in Rehovot (steven.karlish@weizmann.ac.il), or M. Esmann in Aarhus 
(ME@BIOPHYS.AU.DK).   
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À : CHAMPEIL Philippe 980494 
Objet : ABIO-09-203: Decision 
 
Ms. No.: ABIO-09-203 
Title: Glycyl betaine slows down irreversible denaturation of detergent-
solubilized SERCA1a 
Analytical Biochemistry 
 
Dear Dr champeil, 
 
Your manuscript has been reviewed by individuals knowledgeable in this 
field. The reviewers felt that the material was not acceptable based 
largely on the reasoning that is noted in the reviewers' comments below.  
 
I regret the negative outcome but appreciate having received the manuscript 
for consideration in Analytical Biochemistry. 
 
Sincerely, 
 
Peter McPhie 
Executive Editor 
Analytical Biochemistry 
 
Reviewers' comments: 
 
 
Reviewer #1: This article describes the finding that Glycyl betaine 
stabilizes detergent solubilized Ca-ATPase and suggests that this might be 
of importance for crystallization purposes. The experiments are well 
performed and the results clearly presented. The Discussion is however not 
very informative. I do not like sentences like the following in Discussion: 
"Betaine is only one of the many relatively inert solutes which over years 
have been found to stabilize various soluble proteins [12, 29-30], acting 
as "cosmotropic" agents for reasons which have been discussed at length. 
These reasons remain partly controversial, and probably in some cases are 
specific of the protein studied." It is not very helpful to the present 
readers to be referred to a lot of inconclusive literature. It would have 
been appropriate to discuss in this paper in depth possible reasons (even 
the "controversial" reasons) why Glycyl betaine stabilizes detergent 
solubilized Ca-ATPase. Perhaps the 
authors would be able to provide answers if they had done more studies. For 
example they could have examined the effects of Glycyl betaine on the 
conformational equilibria/reaction cycle of the Ca-ATPase. This might in 
any case provide interesting information. If they really want to promote 
Glycyl betaine as an agent helpful in crystallization, they could also have 
demonstrated crystallization in presence of Glycyl betaine. Crystallization 
of the Ca-ATPase is no longer an impossible task. Many high-resolution 
crystal structures of this enzyme in various conformations have been 
described during the last 9 years, and the authors collaborate intensely 
with crystallization laboratories that can do this, judging from their 
publication record. With respect to Glycyl betaine the goal must be to 
obtain a Ca-ATPase crystal with this compound present and thereby 
demonstrate its location in the structure. 
 
 
 
Reviewer #2: The osmolyte glycine betaine is known to suppress or reverse 
protein aggregation, assist protein refolding, counteract the deleterious 
effects of urea and salts on protein stability, and enhance the 
thermotolerance of proteins.  In this study, Montigny and colleagues 
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investigate the effects of glycine betaine on the activity of detergent-
solubilized sarcoplasmic reticulum Ca2+-ATPase (SERCA, isoform 1a).  The 
authors show that glycine betaine protects solubilized SERCA1a against loss 
of ATPase activity over time, slows down SERCA1a inactivation due to 
detergent solubilization, and enhances the stability of SERCA1a in the 
presence of Ca2+, which per se reduces irreversible inactivation of 
SERCA1a.  Best protection of SERCA1a ATPase activity is achieved with 1M 
glycine betaine in the solubilization buffer.   
The effects of glycine betaine on SERCA1a in its natural membrane 
environment have been investigated and published previously, as the authors 
of this paper state themselves (refs. 26, 27, 28).  More importantly, the 
protective effect of glycine betaine (? 1M) on the activity of detergent-
solubilized oxygen-evolving photosystem II from cyanobacteria has been 
shown previously (Boussac A et al, J Biol Chem 2004; 279: 22809-22819); 
this appears to be the first study demonstrating a stabilizing effect of 
glycine betaine on detergent-solubilized integral membrane proteins.  The 
present study by Montigny and colleagues does therefore not unveil a novel 
method or a significant further development of an existing method.   
Specific points: 
1. Methods section, SERCA1a preparation; the authors should describe how 
detergent extraction of SERCA1a from SR membrane vesicles was done - at 
what concentration were the detergents (DDM and C12E8) used?  was SERCA1a 
purified any further by chromatography (as described in an earlier paper by 
Montigny and colleagues; Biochemistry 2008; 47: 12159-12174)?  or was the 
activity of SERCA1a assayed with detergent-solubilized SR membrane 
vesicles, as the figure legends suggest?  what was the purity of the final 
SERCA1a or SR membrane vesicle preparation used for assaying ATPase 
activity?  the authors should show an SDS-PAGE to that effect.   
2. ATPase activity derived from the rate of NADH oxidation is used as the 
only readout of protein stability.  In order to substantiate that glycine 
betaine slows down irreversible SERCA1a denaturation and provide insight 
into the underlying mechanism(s), the authors should show gel filtration 
analysis of detergent-solubilized SERCA1a under various conditions (in the 
presence or absence of glycine betaine, in the presence or absence of EGTA 
or Ca2+, and so on), or use an alternative approach.   
3. The authors claim that glycine betaine might become useful as a 
stabilizing agent for purification and crystallization of SERCA.  In fact, 
crystal structures of all major states in the reaction cycle of SERCA have 
already been determined (Sorensen et al, Science 2004; 304: 1672-1675.  
Toyoshima and Mizutani, Nature 2004; 430: 529-535.  Olesen et al, Nature 
2007; 450: 1036-1042.  Jensen et al, EMBO J 2006; 25: 2305-2314).  And in 
those studies, glycerol at ? 20% was included in the solubilization buffer, 
which according to the authors of this study proved superior over glycine 
betaine in protecting detergent-solubilized SERCA1a against denaturation.  
Thus, the proposed application for glycine betaine appears to be redundant, 
at least in the case of SERCA. 
 
4. Figure 1; only scale bars for time (1 min) and absorbance change (?OD 
0.1) are given, but y-axis and x-axis are not labeled with numerals.  It 
would be helpful for the reader, if instead of the scale bars, the 
respective unit labels would be given on y-axis and x-axis. 
5. Figure 2 and 3; for sake of clarity, each panel of those two figures 
should have a key for the symbols right next to it (and not inside the 
figure and along the data). 
6. Results and Discussion sections should be written together as one 
section.  The discussion of the temperature dependence of denaturation of 
C12E8-solubilized SERCA with reference to former work (last sentence of 
second paragraph on page 3) should be omitted because it is irrelevant for 
this study, and only distracts from the focus of this study. 
7. There are typos and spelling errors throughout the manuscript; for 
example, line 11, page 2: "conteract" instead of "counteract". 
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Short Title: Betaine stabilizes detergent-solubilized SERCA1a. 

Category assignment: Membranes and Receptors. 

 
1Abbreviations used : SERCA1a, sarco-endoplasmic reticulum Ca2+-ATPase, isoform 1a; SR, 

sarcoplasmic reticulum; ATPase, adenosine triphosphatase; EGTA, [ethylenebis-

(oxyethylenenitrilo)]tetraacetic acid; Tes, N-tris[hydroxymethyl]methyl-2-aminoethane sulfonic acid; Tris, 

tris(hydroxymethyl)aminomethane; C12E8, octaethylene glycol mono-n-dodecyl ether; DDM, n-dodecyl 

β-D-maltopyranoside; DOPC, 1,2-dioleoylphosphatidylcholine; cmc, critical micellar concentration. 

 

 

ABSTRACT   

 Many membrane proteins become labile when they are solubilized by detergent. Here we show 

that the presence of high concentrations of glycyl betaine stabilizes one of these proteins, the sarcoplasmic 

reticulum Ca2+-ATPase (SERCA1a), solubilized with nonionic detergents like dodecylmaltoside (DDM) 

or octaethylene glycol monododecyl ether (C12E8). Betaine at high concentrations might therefore become 

useful as a stabilizing agent for detergent-solubilized SERCA1a (or perhaps other membrane proteins), for 

instance during purification procedures and functional characterization, or possibly during the long 

periods of time required for crystallogenesis. 

 

 

Keywords: SERCA, membrane protein, detergent, solubilization, stability, betaine. 
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 Like many other membrane proteins, SERCA1a1, the ATP-dependent Ca2+ pump of skeletal 

muscle cell endoplasmic reticulum [1-2], becomes fairly unstable after its solubilization by detergent, 

especially in the absence of its natural ligands, Ca2+ or ATP (e.g. [3] and references herein). Such 

irreversible inactivation of solubilized SERCA1a has already been shown to be slowed down by including 

glycerol in the solubilization buffer (e.g. [4-5] and references herein). However, glycerol is only one out 

of several fairly inert water-soluble molecules (e.g. polyols and sugars, or certain amino acids) which, at 

high concentrations, have been reported to protect the native structure of various water-soluble or 

membrane-bound proteins, possibly by favouring compact states for these proteins. Another one of these 

molecules, sometimes called “cosmotropic” osmolytes, is glycyl betaine (or betaine for simplicity), an 

effective enhancer of the tolerance of plants (including the sugar beet Beta vulgaris L.) against abiotic 

stress (e.g. [6]). In several cases betaine was indeed reported to counteract denaturation and result in easier 

expression, purification or even crystallization of specific proteins (e.g. [7-10]). Here we describe the 

previously unnoticed protecting effect exerted by betaine on detergent-solubilized SERCA1a. The use of 

this stabilizing agent for detergent-solubilized SERCA1a might be an alternative to the use of glycerol 

during purification procedures in which glycerol viscosity would severely slow down chromatography and 

ultrafiltration steps. We also hope that by making crystallogenesis possible under new conditions, its use 

could lead to new crystalline forms obtained in the absence of inhibitors [11, 22]. 

 

Sarcoplasmic reticulum (SR) membrane fragments were prepared as previously described [11]. 

The nonionic detergents C12E8 (octaethylene glycol monododecyl ether) and DDM (n-dodecyl β-D- 

maltopyranoside) were from Nikko Chemicals Ltd (Japan) and Anatrace Inc (U.S.A.), respectively. DOPC 

(dioleoyl phosphatidylcholine) was from Avanti Polar Lipids (U.S.A.). Glycyl betaine (thereafter called 

“betaine”, for simplicity) was from Fluka. The betaine stock solution was prepared by adding 12 g of solid 

betaine to 15 g of buffer A (100 mM KCl, 50 mM Tes-Tris and 1 mM Mg2+, at pH 7.5 and 20°C), 

resulting in a final volume of about 25 ml and therefore a final betaine concentration of about 4 M, 

together with concentrations of KCl, Tes and Mg2+ lower by about 40% than in the initial buffer A. The 

residual Ca2+-dependent ATPase activities of SERCA1a, either within SR membrane fragments or 

solubilized by detergent under the conditions indicated in the Figure legends, were determined at 20°C 

with a coupled enzyme assay, using a Hewlett-Packard HP 8453 diode-array spectrophotomer and an 

assay medium consisting of buffer A supplemented with 0.1 mM Ca2+, 0.05 mM EGTA, 5 mM MgATP, 

0.1 mg/ml pyruvate kinase, 0.1 mg/ml lactate dehydrogenase, 1 mM phosphoenol pyruvate, an initial 

concentration of 0.2 to 0.3 mM NADH, and the additional presence of 1 mg/ml C12E8 (e.g. [3]).  

 

We found that the well-known time-dependent irreversible inactivation generally observed upon 

incubation of detergent-solubilized SERCA1a for a few minutes in the absence of Ca2+ ([3, 5] and 

references herein) was slowed down by including betaine in the solubilizing incubation medium 

(Figure 1). This betaine-dependent stabilization of the Ca2+-free solubilized SERCA1a occurred for both 



Montigny et al. 

 3

C12E8- and DDM-solubilized SERCA1a (Panels A and B, respectively, in Figure 1). It also occurred after 

solubilization at a reduced detergent/protein concentration (Panel C), i.e. when reduced delipidation 

already protects SERCA1a from irreversible denaturation to a significant extent ([3] and references 

herein). It was dependent on the betaine concentration: betaine concentrations up to 1 M enhanced 

stability while higher betaine concentrations were less effective (Panel D). Protection by 1 M betaine was 

only slightly less effective than that provided by 20% glycerol (data not shown). In parallel experiments, 

we checked that betaine up to at least 0.6 M had no significant perturbing effect on overall ATPase 

activity in the presence of C12E8 (data not shown).  

We also tested the stabilizing effect of 1 M betaine in the presence of Ca2+, i.e. under conditions 

where time-dependent inactivation of the solubilized SERCA1a is much slower (under such conditions, 

Ca2+ binds to its high affinity transport sites on SERCA1a and “cross-links” some of the protein 

transmembrane segments, presumably slowing down the dynamics of this region of the protein, see [12] 

and references herein). In this case, SERCA1a was much more stable, but betaine was again helpful over 

long periods, in fact even more helpful, on a relative basis. Figure 2 illustrates this result: over a few days 

at either 20°C or 6°C, betaine was as potent as 20 % v/v glycerol (about 2.8 M) in stabilizing SERCA1a, 

solubilized with either C12E8 or DDM (Panels A-C in Figure 2 ), and this was true irrespective of the 

temperature during incubation (note that time-dependent irreversible inhibition of C12E8-solubilized 

SERCA1a in the presence of detergent alone is slower at 20°C than at 6°C, as previously mentioned  

(Figure 12B&C in [13]) for DDM). The protecting effect of betaine was similar to or even higher than the 

one afforded by including additional lipid together with detergent (here, dioleoyl phosphatidylcholine, 

DOPC, see Panel D).  

In separate controls, we found by fluorescence measurements with Anilinonaphtalene sulfonate 

[14] and by light scattering measurements [15] that betaine did not significantly alter the critical micellar 

concentration of C12E8 and DDM or the ability of these detergents to solubilize SR membranes, excluding 

this as a possible cause of the observed protection of solublized SERCA1a (data not shown). 

Independently, we found that the presence of 1 M betaine together with solubilized SERCA1a leaves it 

possible to use Trp fluorescence for characterizing ligand-dependent conformational changes of the 

solubilized SERCA1a (data not shown), as was recently found to be also the case in the presence of 

glycerol [5].  

 Although specific effects of betaine on the function of SERCA1a inserted in its natural membrane 

environment have already been described [16-18], the stabilizing effect exerted by betaine on detergent-

solubilized SERCA1a has not yet been reported. The reason for this protection of SERCA1a is not fully 

elucidated. Photosytem II, another membrane protein, was previously found to be protected by betaine in 

its detergent-solubilized form [9], and this was apparently due to betaine preventing the dissociation of an 

associated protein chain [19]. In contrast, various soluble (and in some cases monomeric) proteins were 

suggested to be protected by inert osmolytes by a different mechanism, involving exclusion of these 

osmolytes from the water-protein interface [e.g. 20-21].  
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Irrespective of detailed reasons for this protection, protection of the solubilized SERCA1a by 

betaine, although not 100% in the absence of Ca2+ (Figure 1), was quite impressive in the presence of 

Ca2+, even in the absence of lipid (Figure 2). Therefore, betaine at high concentrations could become 

useful as a stabilizing agent for detergent-solubilized SERCA1a (and probably other membrane proteins, 

too). Betaine, instead of glycerol or together with a reduced concentration of glycerol, could for instance 

prove useful for the purification of detergent-solubilized membrane proteins by procedures in which the 

intrinsic viscosity of glycerol would slow down operation (e.g. for column equilibration and elution 

media, or for ultrafiltration). Betaine, which is already proposed by commercial crystallization screens as 

one of the classical additives used at low concentrations, could also be used at higher concentrations to 

stabilize the detergent-solubilized protein during the lengthy incubation periods required for its 

crystallization, to hopefully lead to the discovery of new crystalline forms or perhaps to higher resolution 

crystals of SERCA1a.   
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Figure legends 

 

Figure 1. Protection conferred by glycyl betaine against irreversible inactivation of detergent-

solubilized Ca2+-free ATPase. SR membranes (1 mg/ml SR protein) were incubated in a medium 

containing 100 mM KCl, 50 mM Tes-Tris, 1 mM Mg2+ at pH 7.5 and 20°C (buffer A) in the quasi-absence 

of free Ca2+ (0.1 mM total Ca2+ and 1 mM EGTA, Ca2+
free ~ 5 nM), in the absence or presence of detergent 

and in the absence or presence of glycyl betaine. The detergent was either C12E8 or DDM, at a 

concentration (if present) of 5 mg/ml, except for Panel C for which 1.5 mg/ml was also used. The 

concentration of glycyl betaine (if present) was 1M, except for Panel D for which various concentrations 

were used, as indicated on the abscissa. After various incubations periods, aliquots were diluted 250-fold 

into a C12E8-containing ATPase assay medium, and the residual ATPase activity of Serca1a was deduced 

from the Ca2+-dependent fraction of the rate of NADH oxidation. Panel A, circles, incubation in the 

presence of 5 mg/ml C12E8, in the absence (open symbols) or presence (closed symbols) of 1M betaine; 

controls were performed in the absence of detergent (squares). Panel B, triangles, incubation in the 

presence of 5 mg/ml DDM, in the absence (open symbols) or presence (closed symbols) of 1M betaine; 

squares correspond to the previously mentioned controls in the absence of detergent. Panel C, diamonds, 

incubation was performed in the presence of 1.5 mg/ml C12E8, in the absence or presence of 1M betaine 

(open and closed symbols, respectively); separate incubations in the absence or presence of 5 mg/ml C12E8 

and absence of betaine were also performed for control (open squares and circles, respectively). Panel D, 

closed symbols, incubation was performed in the presence of 5 mg/ml C12E8 and various concentrations of 

betaine; the residual ATPase activity was measured after either 5 minutes (circles) or 15 minutes 

(triangles). Controls incubated in the absence of detergent were also included (open symbols). 

 

Figure 2. Protection conferred by glycyl betaine (compared with glycerol or lipids) against 

irreversible inactivation of detergent-solubilized Ca2+-saturated ATPase.  SR membranes (1 mg/ml 

SR protein) were incubated in a medium containing 80 mM KCl, 40 mM Tes-Tris, 0.8 mM Mg2+ and 

1 mM Ca2+, in the absence (squares) or presence of 5 mg/ml detergent, either C12E8 (circles, Panels A, B & 

D) or DDM (triangles, Panel C), and in the absence (open symbols) or presence of either glycyl betaine at 

1 M (closed symbols) or glycerol at 20 % v/v (grey symbols). Temperature was either 6°C (Panels A, C, 

D) or 20°C (Panel B), with pH set at 7.5 in both cases. Panel D reproduces some of the data points from 

Panel A and compares them with the results obtained (inverted triangles) in an experiment where the 

incubation medium contained dioleoyl phosphatidylcholine (DOPC) in addition to C12E8 (2 mg/ml and 5 

mg/ml respectively), in the absence of betaine. After various periods, aliquots were diluted 250-fold into a 

C12E8-containing ATPase assay medium for residual ATPase activity measurement, as for Figure 1 

experiments. Panels A  & D, incubation with C12E8 at 6°C ; Panel B, incubation with C12E8 at 20°C; 

Panel C, incubation with DDM at 6°C ; for this Panel, [Ca2+] during incubation was only 0.8 mM.  
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ABSTRACT: Sarcoplasmic reticulum Ca2+-ATPase is an ion pump whose catalytic cycle includes the transient
formation of an acyl phosphate at Asp351, and fluorescein isothiocyanate is a covalent inhibitor of ATP
binding to this pump, known to specifically derivatize Lys515 in the nucleotide-binding site. It was previously
found that an unusually stable, phosphorylated form of fluorescein-ATPase, with low fluorescence, is
obtained following Ca2+ loading with acetyl phosphate as energy source and then chelation with EGTA
of Ca2+ on the cytosolic side. Here we show that the phospho-linkage in this low fluorescent species is
stable at alkaline pH, unlike the acyl phosphate at Asp351. Moreover, the low fluorescence and stable
phosphoryl group track together in primary and secondary tryptic subfragments, separated by SDS-PAGE
after denaturation. Finally, normal fluorescence and absorbance are recovered upon treatment with alkaline
phosphatase after extensive trypsinolysis. We conclude that the low fluorescent species is the result of the
phosphoryl group being transferred from Asp351 to the fluorescein moiety during pump reversal, yielding
fluorescein monophosphate tethered to Ca2+-ATPase.

Ca2+-ATPase (SERCA1a) from skeletal muscle sarcoplas-
mic reticulum (SR)1 is an ATP-dependent Ca2+/H+ pump
belonging to the family of P-type ATPases, so named
because an acyl phosphate, formed through transient phos-
phorylation of an aspartyl group (Asp351 in the case of SR
Ca2+-ATPase), is an essential part of the catalytic cycle. The
cycle (resulting in Ca2+/H+ counter-transport) comprises
several intermediates, which are often separated into E1 and
E2 forms and include intermediates with occluded ions
(represented below with square brackets):

2Ca2+
cyt + nH+

lum +ATPf 2Ca2+
lum + nH+

cyt +ADP+ Pi

Ca2.E1fCa2.E1.ATPf [Ca2].E1 ∼ PfHn.E2Pf

[Hn].E2fCa2.E1

The transitions between some of these intermediates have
often been studied using fluorescein as an extrinsic reporter
group. Fluorescein isothiocyanate (FITC) specifically de-
rivatizes SR Ca2+-ATPase at Lys515 in the nucleotide-binding

site, and the fluorescence level of bound fluorescein is
sensitive to its specific environment in various conforma-
tional states. Fluorescein-ATPase, although unable to use
MgATP as a substrate, remains capable of Ca2+ pumping
with smaller substrates like acetyl phosphate or p-nitrophenyl
phosphate (1–3).

Many years ago it was reported that loading FITC-labeled
SR vesicles with Ca2+ using acetyl phosphate as energy
source and then adding EGTA (or adding EGTA and
inorganic phosphate to FITC-labeled SR vesicles previously
passively loaded with Ca2+) converts fluorescein-ATPase into
an extremely low fluorescence species (here dubbed “Lfs”)
(4). We subsequently found that this species also has low
absorbance, that it is a phosphorylated species, but that the
phospho-species formed has unusual properties: it is stable
for several weeks in the absence of free Ca2+ (even after
dissipation of the Ca2+ gradient required for its formation),
and yet it is rapidly hydrolyzed upon readdition of Ca2+,
through Ca2+ binding to high-affinity sites on the cytoplasmic
side of the vesicles (i.e., the ATPase can apparently re-enter
the catalytic cycle in the forward direction) (5). This
phospho-species first seemed related to the [Ca2].E1 ∼ P
catalytic intermediate, yet without the 2 occluded Ca2+ ions
at the transport sites. However, this view was subsequently
not confirmed by cross-linking experiments with glutaral-
dehyde within the cytosolic domain, nor by an 8 Å resolution
structure of Lfs obtained by electron microscopy (which
showed that, in the presence of decavanadate and thapsi-
gargin(TG),Lfswassimilar totheclassicalTG.E2.decavanadate
structure); proteolytic digestion patterns with proteinase K
and trypsin also failed to reveal any specific property of Lfs,
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compared with control unphosphorylated fluorescein-ATPase
(6). Questioning the previous idea that Lfs was a fluorescein-
ATPase form phosphorylated at the catalytic Asp351 but
endowed with an unusual conformation, we then considered
the possibility that Lfs could result, instead, from chemical
modification of the fluorescein itself. Nevertheless, our initial
experiments did not succeed in confirming this possibility
(6).

Here we examine additional properties of Lfs (pH stability,
fluorescence level and 32P content of tryptic peptides, as well
as sensitivity of the fluorescence intensity to alkaline
phosphatase), and show that they are fully consistent with
transfer of the phosphoryl group from Asp351 to the fluores-
cein moiety, by reversal of the catalytic cycle. Such transfer
results in formation of a tethered phosphofluorescein which,
conversely, can be used as substrate for a single enzyme
turnover in the forward direction after readdition of Ca2+.
Phosphorylation of fluorescein on the 3-O or 6-O of the
xanthenone ring is indeed known to be possible and to
produce a low absorbance and resultant low fluorescence
compound, relatives of which are commonly used as fluo-
rogenic substrates for assaying protein phosphatases (7–9).

EXPERIMENTAL METHODS

[32P]Acetyl phosphate was synthesized by the method of
Bodley and Jencks (10). SR was isolated from rabbit skeletal
muscle by the method of Champeil et al. (11). SR deriva-
tization with FITC (Sigma # F-7250, prepared as a 10 mM
solution in dimethyl formamide or dimethyl sulfoxide) was
performed at room temperature for 20 min at pH 8.0 (as in
ref (12)), in 50 mM EPPS/TMAH, 0.3 M sucrose, 0.1 mM
CaCl2, 2 mM MgCl2, with 4 mg of SR protein/mL and a
quasi-stoichiometric amount of FITC (25 µM FITC). The
pH was then adjusted to pH 7.5 with maleic acid and the
preparation placed on ice.

Lfs formation from [32P]acetyl phosphate was performed
at room temperature by loading FITC-labeled SR vesicles
(0.4 mg of protein/mL) with Ca2+ for 2 min in the presence
of 50 mM MOPS/TMAH, pH 7.5, 0.3 M sucrose, 100 mM
NaCl, 0.1 mM CaCl2, 2 mM MgCl2, and 1 mM [32P]acetyl
phosphate (a relatively low concentration for Lfs formation,
nevertheless chosen to reduce the total amount of radioactiv-
ity handled), and then adding EGTA (5 mM); in some cases,
Lfs stability was enhanced by adding EDTA (25 mM) as
well.

The pH-dependence of the stability of the phospho-species
was investigated by first preparing 32P-labeled Ca2+-ATPase
in the Lfs medium (adding [32P]acetyl phosphate, EGTA and
EDTA as described above), then denaturing the protein by
vortexing aliquots (0.25 mL, i.e. 0.1 mg of protein) with solid
urea (150 mg per aliquot, resulting in 7-8 M urea) to which
small amounts of concentrated acetic acid, maleic acid, or
Tris had been added to adjust pH (to 4, 5-7 or 8-9.5,
respectively). After 1 h incubation at 37 °C, samples were
quenched with 5 mL of ice-cold 4% (w/v) trichloroacetic
acid and 20 mM phosphoric acid, filtered on Whatman GF/F
filters, washed thoroughly with the acid mix, and the
radioactivity remaining on the filters was measured.

Limited trypsinolysis of 32P-labeled Lfs was carried out
by adding trypsin at room temperature in the same medium
(0.4 mg of SR protein/mL, trypsin to SR protein ratio ) 2%

or 4% w/w). The reaction was stopped by vortexing aliquots
(75 µL) with solid urea (48 mg) plus solubilization solution
(8 µL of 12% sodium dodecyl sulfate, 9 M �-mercaptoet-
hanol, and a trace amount of Bromophenol Blue). The
samples were analyzed by SDS-PAGE, according to the
method of Laemmli (13) (3 h at pH 8.6, performed in a cold
room at 4 °C, and yet gel plates warm to touch at the end of
electrophoresis, perhaps 30-40 °C) with either 7.5% acry-
lamide or a gradient of 7-18%. CaCl2 (1 mM) was added
to the running and stacking gels, to favor separation of A
and B fragments (14).

For Lfs formation from nonradioactive acetyl phosphate
before the alkaline phosphatase experiments, the conditions
were similar but 10 mM acetyl phosphate was used, instead
of only 1 mM, because of the poor apparent affinity of this
substrate (5); the medium also contained 50 mM TES-Tris
(at pH 7.5), 0.3 M sucrose, 0.1 mM CaCl2, 5 mM MgCl2,
100 mM NaCl, and again 0.4 mg of FITC-labeled SR protein/
mL. After 5 min loading, 2 mM EGTA was added, followed
by 4 µg/mL TG (an inhibitor of Ca2+ binding to Ca2+-
ATPase) to stabilize Lfs. Control fluorescein-ATPase was
prepared similarly, but with a different order of addition of
the various ligands: EGTA, then TG, and only then acetyl
phosphate. Extensive trypsin digestion of either Lfs or the
control fluorescein-ATPase was then carried out, by adding
trypsin and Tris-base from concentrated solutions and raising
the temperature: thus, trypsinolysis occurred at 37 °C and
pH 8, with 12.5% trypsin (w/w) (about 0.4 mg/mL FITC-
labeled SR protein/mL and 0.05 mg/mL trypsin). Other
aliquots were incubated simultaneously but without trypsin
(“untreated samples”). After 3-4 h of incubation, samples
were diluted 10-fold into 100 mM NaCl, 0.3 mM sucrose, 5
mM Mg2+, 100 mM Tris-Cl, pH 8 at 37 °C, the fluorescence
level and absorbance spectrum measured, and their changes
upon addition of alkaline phosphatase (final concentration 1
µg/mL, 7.5 units/mL) recorded.

RESULTS

Some of the characteristics of Lfs have been detailed
previously, its main features being an unusually low fluo-
rescence and a different absorption spectrum with lower
absorbance at 495 nm and higher absorbance at 430 nm
(typical experiments are recalled in Figure 1A and B), as
well as an unusually high stability when kept at a very low
concentration of free Ca2+ (5). In Figure 1C, we now report
an additional characteristic, i.e. the pH stability of the
phospho-species at 37 °C following denaturation of the
protein in 7-8 M urea. The control experiment with
unmodified ATPase phosphorylated at Asp351 (closed circles)
reveals the expected lability at alkaline pH of the acyl
phosphate bond (15). In contrast, in Lfs (triangles), the
phospho-species is stable at alkaline pH, suggesting a
phosphate ester. This type of bond, known to be formed,
for instance, upon kinase-dependent phosphorylation of
serine, threonine, or tyrosine, in our case would also be
consistent with phosphorylation on the 3-O or 6-O group of
the xanthenone ring of the fluorescein attached to Lys515.
Note that a second control experiment was performed with
FITC-labeled SR vesicles incubated with [32P]acetyl phos-
phate but to which EGTA had not been added (open circles
in Figure 1). In this case the pH-dependence of stability was
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more similar to that for control ATPase, although it included
a small pH-independent component. The latter would be
consistent with the partial decrease in fluorescence and
absorbance observed during Ca2+ loading with acetyl phos-
phate (i.e., formation of a small proportion of phospho-
fluorescein), even before EGTA addition (4, 5) (as recalled
in Figure 1A).

Ca2+-ATPase has a particularly sensitive tryptic cleavage
site at Arg505 (T1 cleavage site), which separates the protein
in two fragments of approximately equal size, one containing
Asp351 (A fragment, comprising residues 1-505) and the
other Lys515, with the attached fluorescein if present (B
fragment, comprising residues 506-994) (16). Figure 2
shows the results of T1 cleavage of Lfs compared to a control

fluorescein-ATPase. All samples were applied in duplicates
on the same gel, 8 lanes apart, so that after fluorescence
imaging (see central part of Figure 2) the gel could be cut
down the center and the left part submitted to Coomassie
Blue staining while the right duplicate section was kept for
radioactivity imaging. Separation of the A and B fragments
was achieved in these experiments (thanks to the presence
of excess Ca2+ during separation, ref 14), and, as expected,
fluorescein attached to Lys515 migrated together with the B
fragment (see the left part of the figure). Two significant
and unexpected facts were observed. First (middle right
frame, but this is of course also visible in the other half of
the gel, in the middle left frame), and irrespective of cleavage,
the fluorescein-ATPase in Lfs (as well as in its B fragment)
had distinctly lower fluorescence compared with the control
fluorescein-ATPase, i.e. low fluorescence remained associ-
ated with the Lfs sample despite its treatment with urea and
SDS before SDS-PAGE, and the low fluorescence persisted
in the B fragment following T1 cleavage, showing that native
association with the A fragment (with Asp351) has nothing
to do with this low fluorescence. Such low fluorescence for
the denatured Lfs protein and its major fragment tends to
rule out the possibility that it could be due to an unusual
conformation of the membraneous ATPase chain, phospho-
rylated at Asp351 or any other amino acid residue, and
suggests that the fluorescein label itself may well have been
modified chemically in Lfs. Second, after radioactive imaging
of the right part of the gel (extreme right frame) the
phosphoryl group in Lfs was found to associate with the B
fragment, not with the A fragment which bears Asp351

(horizontal lines inserted to help visual alignments). Note
that in the last lane of the right part of the gel (Lfs, 10 min
trypsin; fluorescence and radioactivity), slight abnormalities
in the running of the gel, as clearly seen by the position and
upward tilt of the residual small band corresponding to full
length Ca2+-ATPase, artifactually raise the position of the
B band; the opposite is true of the last lane of the left part
of the gel.

The result of more sustained digestion with trypsin is
shown in Figure 3. Among the many subfragments formed
(Coomassie Blue-stained, top gel), the 32P-labeled phosphoryl
group in Lfs was found to specifically associate (see bottom
gel, imaged for radioactivity) with those subfragments
(circled bands) which also are fluorescent (center gel, imaged
for fluorescence), and even in these smaller fragments the
fluorescence was lower than in the corresponding ones in
control fluorescein-ATPase (“C1”, on the left). This again
supports the possibility that fluorescein itself has been
modified in Lfs. In these experiments A and B fragments
migrated at similar rates, because formation of Lfs had been
achieved by adding both EGTA and a high concentration of
EDTA for maximal stability, and excess CaCl2 had not been
added to the denatured samples.

The second control sample in Figure 3 (“C2”, on the right,
i.e. FITC-labeled SR vesicles loaded with Ca2+ using
[32P]acetyl phosphate, but to which EGTA was not added
subsequently) is also noteworthy, as prior to electrophoresis
it must have been phosphorylated mostly at Asp351: in
agreement with Figure 1 (and due to the instability of the
acyl phosphate under the alkaline Laemmli conditions), the
“C2” lane indeed reveals only a very small amount of
residual radioactivity. Again, part of this small amount of

FIGURE 1: Formation of the “low fluorescence species” (Lfs), and
pH stability of denatured phospho-species. (A) Typical fluorescence
recording (495 nm/520 nm) of the formation of Lfs upon addition
of 10 mM acetyl phosphate and then 7 mM EDTA (in the presence
of 5 mM Mg2+) to FITC-labeled SR vesicles at 0.02 mg/mL protein
in Lfs medium; the subsequent addition of 3 mM Ca2+ allows
fluorescence to recover, as previously observed (5). (B) This
formation can also be monitored by absorbance measurements; here,
FITC-labeled SR vesicles were at 0.4 mg/mL protein, and addition
of acetyl phosphate was followed by addition of EGTA (2 mM)
and then TG (4 µg/mL). Traces recorded at 495 nm and at 430 nm
are shown, and they evidence a change in the spectrum of the bound
chromophore, as previously observed (5). (C) pH-dependence of
the denatured phopho-species. Control, underivatized SR vesicles
(“control ATPase”) and control, FITC-labeled SR vesicles (“control
F-ATPase”) were Ca2+ loaded in Lfs medium with 1 mM [32P]acetyl
phosphate for 2 min at room temperature. In a third sample, the
low fluorescent species (“Lfs”) was formed by adding EGTA to
control FITC-labeled SR vesicles after this 2 min loading period.
In all cases, proteins were then denatured, by vortexing aliquots
with solid urea to which small aliquots of acid or Tris had been
added, to bring the urea concentration to 7-8 M and the solution
pH to that shown on the abscissa. The samples were incubated at
37 °C for 1 h, acid quenched, the protein collected on filters, and
the radioactivity on the filters measured. The radioactivity is
expressed as a percentage of the value at pH 4.0.
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residual radioactivity could be due to a small proportion of
phosphate ester on fluorescein, as the latter is expected to
be in equilibrium with the phosphorylated Asp351 during Ca2+

loading.
As mentioned, phosphorylation of fluorescein on the 3-O

or 6-O of the xanthenone ring is known to result in a low
absorbance and low fluorescence compound (8), and related
phosphorylated fluorescein molecules are commonly used
as fluorogenic substrates for assaying protein phosphatases,
which release fluorescein from the fluorescein phosphate (7–9).
We asked whether normal fluorescence could be recovered
from Lfs by adding such a phosphatase (in our case alkaline
phosphatase): in our first attempts, the answer was no, even
at 37 °C and pH 8 (Figure 4A, left traces), including (data
not shown) after heat denaturation or after denaturation with
1% SDS followed by 10-fold dilution. However, extensive
trypsinolysis of Lfs prior to alkaline phosphatase treatment
did allow Lfs to slowly recover normal fluorescence upon
subsequent incubation with alkaline phosphatase (center trace
in Figure 4A), whereas alkaline phosphatase was without
effect on similarly trypsinized control fluorescein-ATPase.
This is critical evidence that the fluorophore itself in Lfs
has been chemically modified, to form fluorescein mono-

phosphate and become sensitive to alkaline phosphatase
(provided alkaline phosphatase has access to it, thanks to
trypsinolysis). Note, in this respect, that adding alkaline
phosphatase to trypsinized Lfs allowed the fluorescence to
rise much more slowly than when the same concentration
of alkaline phosphatase was added to fluorescein diphosphate
(Figure 4A, extreme right trace), which is consistent with
fluorescein monophosphate bound to tryptic peptides having
hindered access to the active site of alkaline phosphatase,
compared with free fluorescein monophosphate.

We previously noted that the low fluorescence species Lfs
had low absorbance too, around 500 nm (5). Experiments
identical to the fluorescence experiments described above,
but in which absorbance properties were monitored after
addition of alkaline phosphatase, also revealed, for trypsinized
Lfs, alkaline-phosphatase dependent recovery of absorbance
in this region (Figure 4, B-E). Moreover, upon addition of
alkaline phosphatase, the time-dependent rise in Lfs absor-
bance around 500 nm was accompanied by a clear absor-
bance drop over the 330-460 nm range: judging from the
absorbance spectrum of fluorescein monophosphate, this is
exactly the range of wavelengths where absorbance of (free)
fluorescein monophosphate exceeds that of fluorescein (8).

FIGURE 2: Association of phosphoryl group and low fluorescence with primary tryptic fragments. Two samples, both prepared from FITC-
labeled SR vesicles, were digested with trypsin for various periods (0.4 mg/mL SR protein and 0.008 mg/mL trypsin, i.e. 2% w/w): either
the classically formed Lfs (FITC-labeled SR vesicles loaded with Ca2+ for 2 min with [32P]acetyl phosphate, then incubated with excess
EGTA for 1 min) or a control sample prepared in the same final medium (here, FITC-labeled SR vesicles incubated with 1 mM [32P]acetyl
phosphate in the presence of excess EGTA from the start). At the times indicated, aliquots were vortexed with solubilization solution +
urea, excess Ca2+ was added (to ensure subsequent separation of A and B fragments), and the samples were subjected to SDS-PAGE.
Each sample loaded into a lane in the first half of the gel was duplicated in the second half of the gel. For the zero time point, trypsin was
omitted. The gel was visualized for fluorescence, then sliced down the middle, and one-half (the left one) stained with Coomassie Blue
(bottom left arrow), and the other (the right one) dried and subjected to radio-imaging (bottom right arrow). The lane marked M shows
molecular weight markers. The main band at close to the 97 kDa marker is the uncleaved Ca2+-ATPase, and primary tryptic fragments are
labeled A (residues 1-505) and B (residues 506-994). Dotted lines indicate the approximate position of the vertical cut, and horizontal
band alignments. An alignment of an unknown protein of high molecular weight (possibly oligomers of denatured ATPase), which was
fluorescent and radiolabeled sufficiently, was also performed in order to be more certain of the trypsin fragment alignments.
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Incidentally, note that for both Lfs and control fluorescein-
ATPase, the prior trypsinolysis was accompanied by a

marked reduction in sample turbidity, as expected. In the
case of control fluorescein-ATPase, it was also accompanied
by a slight shift of the λmax for bound fluorescence (from
501 to 495 nm), probably due to partial disruption of the
protected environment around the bound fluorescein (e.g.,
Figure 9B in ref 17.).

DISCUSSION

The results presented here provide compelling evidence
that in the ATPase form (Lfs) generated by acetyl phosphate-
supported Ca2+ loading of FITC-derivatized vesicles followed
by addition of EGTA, the remarkably stable phospho-species
formed is not an ATPase with an acyl phosphate bond at
Asp351 (as in the phosphoenzyme normally found during the
catalytic cycle), but instead, a species with a phosphate ester

FIGURE 3: Association of phosphoryl group and low fluorescence
with secondary tryptic subfragments. Initial samples, similar
although not identical to those described for Figure 2, consisted of
Lfs (FITC-labeled SR vesicles loaded with Ca2+ for 2 min with
[32P]acetyl phosphate, then supplemented with EGTA to form Lfs,
and then with EDTA to stabilize Lfs further) and a control sample,
“C1” (FITC-labeled SR vesicles supplemented with EGTA and
EDTA first, and only then [32P]acetyl phosphate). They were here
subjected to more sustained tryptic digestion, using 4% (mg of
trypsin/mg of SR protein) trypsin and longer digestion periods (for
the time labeled 40 min, the digestion was in fact done for 20 min,
SDS was then added to 1% (w/v), and the digestion continued for
a further 20 min in the presence of SDS; trypsin retains significant
activity in the presence of 1% SDS). The digestion was stopped
by vortexing aliquots with solubilization solution + urea, and then
the samples were subjected to SDS-PAGE with an acrylamide
gradient of 7-18%. “C2” is another control where the FITC-labeled
vesicles were incubated with [32P]acetyl phosphate for 2 min, the
reaction stopped with SDS + �-mercaptoethanol, and then EGTA
and EDTA added. The top gel is Coomassie Blue-stained, the
middle one shows fluorescence, and the bottom one radioactivity.
Small bands in trypsin-treated Lfs which are both radiolabeled and
of low fluorescence are circled. The gel used for Coomassie Blue
staining was different from that used for fluorescence and radio-
activity visualization, although the same samples were used and
electrophoresis was performed in parallel. Lanes marked M show
molecular weight markers.

FIGURE 4: The low fluorescence and low absorbance of Lfs revert
to normal fluorescence and normal absorbance upon addition of
alkaline phosphatase to trypsinized samples. After Lfs formation
from nonradioactive AcP (10 mM acetyl phosphate was used, to
maximize the amount of Lfs) and preparation of a control
fluorescein-ATPase (incubated with the same ligands added in a
different order, see Experimental Methods), samples were supple-
mented with trypsin (12.5% w/w) when desired and slightly
alkalinized, and brought to 37 °C for incubation (the final pH was
8). After 3 or 4 h incubation, samples were diluted 10-fold (to 0.04
mg/mL FITC-SR protein) for recording their fluorescence or
absorbance characteristics at various times after addition of alkaline
phosphatase (final concentration 1 µg/mL). (A) Fluorescence
continuous measurements (495 nm/520 nm). In this series of
measurements, the effect of alkaline phosphatase addition to
fluorescein diphosphate (at about 0.25 µM, roughly equivalent to
the concentration of fluorescein in derivatized SR vesicles) was
also included. (B-E) Absorbance spectra for the various samples
(as indicated) at various times after addition of alkaline phosphatase
(0, 0.5, 2, 5 or 10 min). In parallel absorbance experiments with
fluorescein diphosphate, the much faster kinetics previously il-
lustrated for fluorescence recovery in panel A was also observed
(not shown).
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on the fluorescein moiety attached to Lys515. The chemical
structure of one of the possible isomers of fluorescein
monophosphate (8, 9) is shown on top of Figure 5.

This phosphorylation of fluorescein itself, not Asp351,
accounts nicely for the stability of the phosphoryl group,
for the low fluorescence and the low absorbance (at 500 nm)
of Lfs (including after denaturation of the protein), for the
coincidence of the 32P radioactivity with fluorescence in the
primary tryptic fragment containing Lys515 (and not Asp351)
as well as in smaller secondary subfragments, and for the
ability of alkaline phosphatase to slowly but definitely allow
small tryptic fragments of Lfs to recover normal fluorescence
and absorbance properties for the fluorescein moiety. It also
accounts for most of the puzzling electron microscopy, cross-
linking and proteolysis observations reported in ref 6. One
feature still requiring an explanation is that in the 8 Å
resolution structure of Lfs in the additional presence of
decavanadate and TG also reported in ref 6, Lfs, rather oddly,
accommodated decavanadate at the interface of the three head
domains, whereas the unphosphorylated fluorescein ATPase
did not: presumably, phosphorylation of the fluorescein
moiety forces the fluorescein rings to relocate elsewhere
within the binding pocket (see below), away from the
decavanadate binding site. A crystal structure of E2.TG.

AMPPCP (PDB code 2C88, ref 18, or 2DQS) shows that
the R-and �-phosphates of nucleotide, together with a Mg2+

ion, focus toward Glu439 in domain N, and interact with the
protein matrix in a manner significantly different from that
in the [Ca2].E1.AlF4.ADP species (PDB code 1T5T, ref 19);
if, in the combined presence of EGTA, decavanadate, TG
and Mg2+, the phosphorylation of fluorescein in Lfs causes
a similar interaction of its phosphoryl group with Glu439, this
could well explain a shift in position of the xanthenone
structure, compared to control fluorescein-ATPase. Based on
handmade modeling, such a pendulum-like movement of the
rings is indeed compatible with maintaining the link to
Lys515; for the 3O, it would require a move of ∼4 Å from
the position in the model in Figure 5 (see below).

Thus, unexpectedly, it appears that after acetyl phosphate-
supported Ca2+-loading of vesicles containing FITC-deriva-
tized Ca2+-ATPase and pump cycle reversion on the addition
of EGTA, the phosphoryl group can be transferred to the
fluorescein moiety. This transfer implies proximity of Asp351

(in domain P) and the fluorescein moiety (in domain N) in
the initial Asp-phosphorylated state (presumably the
[Ca2].E1∼P phosphoenzyme), and also implies that after such
transfer Ca2+ ions originally bound to this phosphorylated
state are no longer occluded and can dissociate from the
ATPase (see also below) and thereby trigger disruption of
the N/P domain proximity, making the phospho-transfer
irreversible at low free [Ca2+] and resulting in a Ca2+-free
state with an ordinary conformation (E2) but a phosphory-
lated fluorescein instead of the normal fluorescein. Con-
versely, the extreme sensitivity of Lfs to Ca2+ (low fluores-
cence, low absorption and stable phosphorylation are lost
immediately upon readdition of Ca2+ to nondenatured Lfs,
see ref 5) can now be readily explained by the fact that, upon
Ca2+ rebinding to the ATPase high affinity transport sites
(oriented to the cytoplasmic side), the covalently attached
fluorescein monophosphate will come close to Asp351 again
and will be used as a substrate in the forward direction of
catalysis, for a single turnover. Indeed, the kinetics of Ca2+

transport during this process is consistent with the phosphoryl
group re-entering the cycle after the binding of Ca2+ to
normal outwardly exposed sites (5). As the rate of this
binding was found similar to the rate of Ca2+ binding to
normal fluorescein-ATPase or unlabeled ATPase (5), this,
incidentally, implies that the tethered fluorescein monophos-
phate does not accelerate the “E2 to E1” transition, unlike
the genuine substrate ATP.

We have suggested previously that FITC may be modeled
into the catalytic site of Ca2+-ATPase crystallized with ADP
+ AlF4, such that the isothiocyanate moiety is proximal to
the amino group of Lys515 and the 3-O xanthenone oxygen
superimposes with the attacking/departing oxygen of the
�-phosphate of ADP (6). Such a model is presented in Figure
5, showing the 3-O oxygen appropriately positioned for
acceptance of the phosphoryl group (mimicked by an AlF4

group in 1T5T) from Asp351. This supports the possibility
that the formation of a tethered fluorescein monophosphate
is “simply” the result of the cycle going in the reverse, with
fluorescein replacing ADP and the E1-fluorescein mono-
phosphate species being an analogue of the E1.ATP nonco-
valent species formed before phosphorylation; and the
tethered fluorescein monophosphate could well readopt a
similar position during re-entry into the cycle in the presence

FIGURE 5: Model for phosphorylation of fluorescein: docking of
FITC in the active site of Ca2+-ATPase in an E1P-like structure.
Top: Chemical formulas for fluorescein (left), here shown as the
dianionic fluorescent form, and fluorescein monophosphate (right),
here shown as isomer “A” (8, 9). Bottom: The structure of FITC,
built up manually with software in Accelrys DS ViewerPro,
was manually introduced into the structure of Ca2+-ATPase
(Ca2.E1.ADP.AlF4; PDB accession code 1T5T), in the cavity of
the ATPase accommodating ADP. The distance of the nitrogen atom
of Lys515 to the sulfur atom of the isothiocyanate group is 1.2 Å.
The fitted FITC (atom specific coloring) and the ADP experimen-
tally determined (yellow) are shown simultaneously; the adenine
ring of ADP and the benzoyl ring of FITC are superimposed and
coplanar. AlF4, close to Asp351, is also shown in yellow. The green
spheres indicate Mg2+ ions. Favorable contacts (green lines) are
made with Arg678 that normally hydrogen bonds with 3-O ribose
of ADP.
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of Ca2+. Note, however, that the bound fluorescein can
probably not adopt the same position during loading of the
vesicles with acetyl phosphate, because of likely steric
clashes of the edge of the xanthenone ring with the acetyl
group: thus the covalently attached (nonphospho) fluorescein,
at some stage, possibly during the [Ca2].E1∼P to E2P
transition to account for the strict dependence of Lfs on a
Ca2+ gradient, must be free enough to adopt alternative
positions in the nucleotide-binding site, or alternatively the
apposition of domains N and P is variable. The latter would
be consistent with the rather weak interactions between them
seen in some of the atomic structures, especially in the open
Ca2.E1 structure, coupled with flexing of the linking hinge.
The ability of bound fluorescein to adopt different positions
was in fact previously suggested on the basis of the ability
of ATP (if not MgATP) to affect FITC fluorescence
significantly, by binding to a low affinity site (12).

Our finding that the fluorescein in derivatized [Ca2].E1 ∼
P behaves very much like ADP in unlabeled Ca2+-ATPase
might have a bearing on the proposal that departure of ADP
from the catalytic site is the critical trigger for domains N
and P separation, domain A rotation and E2-P state
formation (20, 21). Obviously, the tethered fluorescein does
not depart the catalytic site, and yet the [Ca2].E1 ∼ P
transition to E2P does not seem to be much inhibited when
the covalently attached fluorescein monophosphate is used
as substrate on the addition of Ca2+ or when acetyl phosphate
is used as substrate with the fluorescein-ATPase. Domains
N and P are mainly held together by Glu519-Arg678 and
Arg560-Asp627 links, where both arginines are also interacting
with the ADP (ribose hydroxyls and �-phosphate oxygens,
respectively). There is an additional hydrogen bond between
the attacking/departing oxygen atom of the �-phosphate and
Thr353 of domain P. When fluorescein replaces ADP, the
interdomain interactions could remain (the Glu519-Arg678

interaction is shown in Figure 5; the other interactions are
omitted in order not to complicate the view). As shown in
Figure 5, Arg678 could also interact very favorably with the
xanthenone ring. The side chain of Arg560 could salt-link
favorably with the carboxyl of the smaller phenyl ring of
the fluorescein and the 3O-Thr353 interaction could also
survive, as positioning this attacking/departing oxygen must
be critical for catalysis. Thus, it is not clear that replacing
the ADP with fluorescein necessarily weakens head domain
interactions, and one then may query whether release of ADP
really is the critical trigger for the [Ca2].E1∼P to E2P
transition. Perhaps, dissociation of ADP may be rather seen
as a means of driving the reaction forward by preventing
the backward reaction to ATP, rather than a trigger to E2P.
The only requirement for the transition from [Ca2].E1∼P to
E2P probably is that the phosphate chain in ADP reorients
(while the base moiety could remain bound to Phe487) and
leaves the vicinity of the now phosphorylated Asp351.

Finally, beyond accounting for the mystery of the low
fluorescent intermediate reported by U. Pick so many years
ago, the phosphorylation of fluorescein by reversal of the
pump, and its dependence on lumenal Ca2+, might turn out
to be useful in the development of an assay for measuring
Ca2+ binding to lumenal sites of mutant ATPase, or for
detecting mutants with stabilized phosphorylated states. Such

an assay would shed light on the pathway for Ca2+ release
from the transport sites located midway in the membrane to
the lumen.
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It has long been known that pH buffers used for bio-
chemistry experiments may also bind divalent cations and
that caution is therefore needed when selecting a buffer
for a particular experiment [e.g., [1–6]]. For our own exper-
iments with a Ca2+-transporting, Mg2+-requiring, and
ATP-dependent enzyme (SERCA1a, a membranous Ca2+

pump), we initially had selected Mops1, as many of our
colleagues were also doing, as one of a few reportedly
innocuous buffers. Yet, in a very nice review published in
Analytical Biochemistry in 2003 [7] emphasizing the pitfalls
associated with the binding of divalent cations to unfortu-
nately noninnocent buffers, we discovered that Mops had
been reported not only to bind ‘‘soft’’ or ‘‘borderline’’
divalent cations such as Cd2+, Ni2+, or Cu2+ but also to
bind Mg2+, a prototype of ‘‘hard’’ metal ions (Table 1 in
that review). The reference quoted by the review was a
work by Dr. Azab et al. [8] published in 2001 in a chemistry
journal. Needless to say, we were greatly alarmed to read
that Mops was binding Mg2+ quite strongly, with log
b1 = 3.51, i.e., with submillimolar affinity (Table 1 in the
review, and Dr. Azab’s Table 7), and that ternary
Mops-Mg2+-ATP complexes could even form! Such a
submillimolar affinity for the mere binary complex would
be a disaster for all those (like us) who routinely perform
experiments with, say, 20 or 50 mM Mops and yet without
0003-2697/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.ab.2007.02.025

* Corresponding author. Fax: +33 1 6908 8139.
E-mail address: philippe.champeil@cea.fr (P. Champeil).

1 Abbreviations used: ADA, N-[2-acetamido] iminodiacetic acid; Mops,
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ane; Tes, N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid; Mes,
2-(N-morpholino)ethanesulfonic acid; GSH, glutathione (c-L-glutamyl-L-
cysteinyl-glycine).
further thought interpret the effects that they observe at
millimolar total concentrations of Mg2+ (say, in the
absence of ATP) as revealing millimolar dissociation
constants for binding of this ion to its protein targets: if
the affinity of Mops for Mg2+ really is submillimolar then
most of the total Mg2+ under such circumstances must be
bound to Mops and true dissociation constants for binding
of free Mg2+ to its protein targets must be much lower than
previously estimated! We then performed a few measure-
ments under various conditions using a classical metallo-
chromic indicator (antipyrylazo III) to detect free Mg2+.
We also repeated potentiometric pH-meter experiments
like those reported by Dr. Azab. The outcome was that
we were not able to reveal any strong Mg2+ binding to
Mops (or to a few other common ‘‘Good’s’’ buffers [1]).

The inset in Fig. 1 shows the chemical structure of anti-
pyrylazo III, a metallochromic dye previously used mainly
because of its sensitivity to Ca2+ [9–14]. Fig. 1A shows how
Mg2+ ions affect its absorption spectrum in an aqueous
medium buffered with 150 mM Tes-NaOH at pH 7; note
that the fairly good isobestic points in the spectra of
Fig. 1A suggest a simple Mg2+-dependent equilibrium
between two and only two forms of antipyrylazo III, free
or complexed with Mg2+. Fig. 1B shows a plot of the
absorbance changes of antipyrylazo III as a function of
added Mg2+ in experiments where either Tes-NaOH (open
circles) or Tes-Tris (open squares) were used as buffers:
similar results were obtained, so that individual symbols
cannot be distinguished in Fig. 1B. Such experiments were
then repeated using 150 mM Mops as the buffer (right-side-
up open triangles) instead of Tes. If Mg2+ were to form
complexes with Mops, this would reduce the apparent
ability of Mg2+ to interact with antipyrylazo III, and
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Fig. 1. Antipyrylazo III as a probe of the binding (or absence of binding) of Mg2+ to various buffers. (Inset), Antipyrylazo III chemical structure. (A)
Antipyrylazo III was diluted to 10 lM in 150 mM Tes-NaOH at pH 7, and its absorption spectrum was measured (continuous line). Increasing
concentrations of Mg2+ were then sequentially added: 0.04, 0.2, 0.8, 4, 20, and 80 mM final total concentrations, respectively (dotted or dashed lines in A).
Absorption spectra were recorded using a Hewlett–Packard diode-array spectrophotometer (HP 8453A), in which cuvettes (with 1-cm optical pathlength)
were continuously stirred and maintained at 20 �C. The stock solutions of MgCl2 (from Sigma–Aldrich) and antipyrylazo III (from Fluka) were 2 M and
2 mM, respectively (in water). Other chemicals were from Sigma–Aldrich. (B) Antipyrylazo III absorbance changes as a function of [Mg2+]total in the
experiment illustrated in A were evaluated by measuring the difference between ODs at 490 nm and 390 nm (a wavelength pair chosen to afford fair
sensitivity to Mg2+ and yet minimize dilution-induced artifacts) (open circles). This titration was repeated under identical conditions except that the
aqueous medium, buffered at pH 7 and 20 �C in all cases, now contained Tes-Tris (open squares), Mops-Tris (right-side-up open triangles), imidazole
(upside-down triangles), or ADA (open diamonds), all at 150 mM, or 15 mM Mops-Tris and 80 mM KNO3 (closed triangles) (omitting KNO3 resulted in
slightly stronger apparent affinity, as expected from the effect of ionic strength on antipyrylazo III interaction with Mg2+; not shown). A control
experiment was also performed with 150 mM Tes-Tris plus 5 mM ATP (closed squares, dotted line). (C) Similar experiment except that the medium
contained 100 mM KNO3 in all cases and was now buffered at pH 8.5, with either 150 mM Tes-Tris (open circles), Mops-Tris (open triangles), Mes-Tris
(open squares), or ADA-NaOH (open diamonds), or with 15 mM ADA-NaOH and 135 mM Tris-HCl (dotted diamonds, dotted line). Wavelengths were
chosen differently because pH alters the Mg2+-induced differential spectrum.
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therefore the corresponding curve in Fig. 1B would shift to
the right, as the total Mg2+ added is plotted on the x scale
of this figure. We, however, found no difference between
Mops-Tris and Tes-Tris or Tes-NaOH (right-side-up-open
triangles versus open squares or circles), suggesting that
Mops does not bind Mg2+ significantly under these condi-
tions, compared with Tes.
In contrast, including 5 mM ATP together with the Tes-
Tris buffer resulted in the typical behavior anticipated from
the known fairly strong [15] binding of Mg2+ to ATP
(closed squares in Fig. 1B). Replacing Tes by ADA, a buf-
fer already known to bind Mg2+ moderately although sig-
nificantly (reported log K = 2.5, [1,2,4,7]), also resulted in
a pronounced shift to the right for an ADA concentration
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of 150 mM (open diamonds in Fig. 1B), as expected,
whereas Imidazole induced a smaller shift (upside-down
open triangles). As also expected, the shift observed in
the presence of ADA became much smaller if the concen-
tration of ADA was reduced to 15 mM only, together with
135 mM either Tes or Mops (not shown here). Similar
experiments with various buffers were repeated at pH 8.5
in the presence of 100 mM KNO3, and the same qualitative
behavior was again observed (Fig. 1C). The possibility that
Tes or Mops could both bind Mg2+ to a significant,
although similar, extent was excluded by the fact that when
Mops was diluted 10-fold, nevertheless keeping the ionic
strength constant by addition of KNO3, we found the same
antipyrylazo III titration curve (closed triangles in Fig. 1B)
as at the 10-fold larger concentration of Mops (open right-
side up triangles in Fig. 1B). Our conclusion is that these
two buffers, Tes and Mops, do not bind Mg2+ to any sig-
nificant extent at pH 7 or 8.5. Additional comments on
these experiments are provided as Supplementary
Material.

We also performed a classical type of experiment [e.g.,
4,5,16] to reveal binding of divalent cations to buffers (if
any): we measured the changes in pH occurring when
increasing amounts of NaOH are added to an initially acid
(4 mM HNO3) solution of buffer (at 1 mM), in the absence
or presence of the divalent cation suspected to bind to this
buffer. This is the type of experiment claimed by Azab et al.
[8] to support the existence of significant binding of Mg2+

to Mops. Our own experiments are described in Supple-
mentary Material (as Fig. 2), and they again contradict
the idea that Mg2+ could interact with Mops to any signif-
icant extent.

Beyond controversy about exact numbers for binding
constants and from a different, methodological point of
view, our work illustrates that as an alternative to (or
in combination with) simple pH-meter experiments for
the estimation of absolute constants it is relatively
straightforward for biochemists to estimate apparent,
conditional constants under the specific conditions of a
given series of experiments: to put our results in a posi-
tive perspective indeed, we show that metallochromic
dyes are useful tools to measure thermodynamic condi-
tional constants fairly easily under the exact conditions
of the experiment in the lab, without relying only on
extrapolation from the absolute constants reported in
the literature.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.ab.2007.
02.025.
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Supplementary material for the Ms: 
 

Use of metallochromic dyes and potentiometric pH-meter titration to detect 
binding of divalent cations to “Good’s” buffers :  
Mops does not bind Mg2+ under usual conditions. 

 
by 

Cédric Montigny and Philippe Champeil 

 
  
 
 

Additional comments on Figure 1 and the use of Antipyrylazo III as a probe of the binding (or 
absence of binding) of Mg2+ to various buffers. 

The experiments with ADA can be given satisfactory quantitative interpretation. Considering for 
instance those performed at pH 8.5 in the presence of 100 mM KNO3, the absorbance change induced by, 
say, 8 mM [Mg2+]total  in the presence of 150 mM ADA is approximately equivalent to the one induced by 
0.2 mM [Mg2+]  in the absence of ADA, i.e. [Mg]free can be assumed to be about 0.2 mM in the presence 
of 150 mM ADA. Thus, [Mg.ADA] is close to 8 - 0.2 = 7.8 mM under these circumstances, [ADA]free is 
close to 150 – 7.8 = 142.2 mM, and the (conditional) dissociation constant 
( [Mg]freex[ADA]free/[Mg.ADA] ) can be estimated to be about (0.2 x 142.2 / 7.8) mM, i.e. about 3.6 mM.  
The apparent (conditional) affinity of ADA for Mg2+ therefore appears to be of the order of magnitude 
expected from the reported absolute log K value of 2.5 for binding of Mg2+ to the deprotonated form of 
ADA (1-2, 4, 7) (and from the known pKa of ADA, close to 6.7). 
 It was also mentioned in the main text that including 5 mM ATP together with the Tes-Tris 
buffer during the titration of Antipyrylazo III with Mg2+ results in the typical behaviour anticipated for 
the known fairly strong binding of Mg2+ to ATP: a strongly diminished free Mg2+ for total Mg2+ 
concentrations lower than 5 mM (closed squares and dotted line in Figure 1B). From those data, an 
apparent dissociation constant can also be estimated, of about 0.06 mM, again reasonably consistent with 
the reported logK value of 4.2 for Mg2+ binding to deprotonated ATP (and its known pKa) (15).  

This experiment with ATP nevertheless reveals a possible limitation of the easy use of 
antipyrylazo III under certain conditions, namely the fact that this dye may form ternary complexes (as 
already known in the case of Ca2+-antipyrylazo III complexes, e.g. Ca(Ap)2, see refs 13, 14): in the 
presence of ATP, both the altered maximum in Figure 1B curve with closed squares and the differential 
spectrum recorded (not shown) reveal slight deviation from a simple situation, suggesting formation of 
ternary ATP-Mg-Ap complexes, and rendering the use of antipyrylazo III less simple. Note that in our 
hands, in addition to or as an alternative to antipyrylazo III, another metallochromic dye with simpler 
behaviour, murexide, was found to be very useful for characterizing complexes of various ligands with 
metal ions, among which Ca2+ of course, but also lanthanides or Cd2+ (17-20), or even Co2+ or Mn2+ 
(unpublished). 

 
Additional references: 
17. Champeil, P., Riollet, S., Orlowski, S., Guillain, F., Seebregts, C. J., and McIntosh, D. B. (1988) ATP 

regulation of sarcoplasmic reticulum Ca2+-ATPase. Metal-free ATP and 8-bromo-ATP bind with 
high affinity to the catalytic site of phosphorylated ATPase and accelerate dephosphorylation, 
J. Biol. Chem. 263, 12288-12294. 

18. Champeil, P., Menguy, T., Soulie, S., Juul, B., de Gracia, A. G., Rusconi, F., Falson, P., Denoroy, L., 
Henao, F., le Maire, M., and Møller, J. V. (1998) Characterization of a protease-resistant domain 
of the cytosolic portion of sarcoplasmic reticulum Ca2+-ATPase. Nucleotide- and metal-binding 
sites, J. Biol. Chem. 273, 6619-6631. 

19. Henao, F., Orlowski, S., Merah, Z., and Champeil; P. (1992) The metal sites on sarcoplasmic 
reticulum membranes that bind lanthanide ions with the highest affinity are not the ATPase Ca2+ 
transport sites, J. Biol. Chem. 267, 10302-10312. 

20. Leverrier, P., Montigny, C., Garrigos, M., and Champeil, P. Cadmium complexes with glutathione 
revisited (submitted). 
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Classical pH-meter titration to reveal binding of divalent cations to buffers (if any). 

 
To start with, we used ATP as a model ligand and checked that in such pH-meter experiments we 

were able to reveal the well known formation of an ATP complex with Mg2+. Indeed, this was indicated 
by the fact that in the presence of Mg2+, the region where ATP acts as a buffer was significantly shifted 
towards lower pH (Panel A in Figure 2).   

Interpretation of such a shift in terms of the actual binding constant is usually performed with the 
help of a dedicated software, not always user-friendly. But simple-minded qualitative interpretation of 
the data can be deduced from classical analysis of simple competition between protons (H) and a 
competing metal ion (M) for binding to a buffer. In such a model, the apparent dissociation constant for 
protonation in the presence of the competing metal, KH’, can be expressed as follows: 

KH’ = KH ( 1 + M/KM ) ,      KH being the constant in the absence of the competing metal, all 
constants being expressed as dissociation constants (both for protons (H) and metal ions (M)), and M 
being the concentration of free metal). An identical formalism is indeed used, conversely, to analyze at a 
given pH the apparent affinity for metal of a protonatable chelator (21), and even more widely to analyze 
competition between a ligand and a competitor for binding to a Michaelian enzyme. Thus, in the case of 
ATP illustrated in Figure 2A, the mere shift of the pKa (= - log KH ) region by about 1 pH units in the 
presence of 1 mM Mg2+ implies that the dissociation constant KM of the Mg.ATP complex is one order of 
magnitude smaller than the concentration of [Mg2+]free (about 0.5 mM at pH=pK’H), i.e. it is about 5.10-5  
M, as indeed indicated in stability constant tables (e.g. 15). Analogous results were obtained with 1 mM 
ADA in the absence or presence of Ca2+ (data not shown), instead of 1 mM ATP in the absence or 
presence of Mg2+, and they were again consistent with the known affinity of ADA for Ca2+ (1-2, 4, 7).  

Similar experiments (again taken as controls), illustrated in Figure 2B but now performed with 
another ligand, the “BisTris” buffer, in the absence or presence of copper (Cu2+, a metal ion with which 
BisTris is known to interact strongly), showed an even larger shift of the apparent pKa of BisTris in the 
presence of  Cu2+ versus in its absence, in agreement again with the reported very strong binding of Cu2+ 
to BisTris (logK= 5.27, see ref. 5); in addition, in this case, there was an abnormality in the final portion 
of the titration (dashed-dotted line), presumably due to precipitation of a copper complex (see below). 

Experiments were then finally performed with Mops buffer (Figure 2C), in the absence or 
presence of  Mg2+, Ca2+, Ni2+ or Cu2+, under conditions exactly identical to those mentioned in ref. 8. The 
presence or absence of Mg2+ or Ca2+ had no effect on the observed titration. Neither had the presence of 
1 mM Ni2+, except when NaOH was added in excess over HNO3+Mops, in the final portion of the 
titration, where it induced some strange effect again (upside down triangles and dashed line). As to Cu2+, 
its addition did not result in any clean shift in pKa, but it did result in pronounced abnormal behaviour 
within the buffering region itself (squares and dashed line). In fact, by simply monitoring the turbidity of 
our samples under identical conditions (data not shown), we found that precipitation started to occur 
immediately after the buffering region in the case of Ni2+, and at its very beginning in the case of Cu2+ 
(hence the justification for the dashed lines).  

We therefore find no evidence for any strong complex of Mops with either Mg2+, Ca2+, or even 
Ni2+, and in contrast with the claim in ref. 8, we suggest that Mops is an innocuous buffer with respect to 
the binding of Mg2+ under pH conditions usual for biochemistry experiments with this buffer. It is 
difficult for us to discuss more deeply this discrepancy with the conclusion in that reference, because raw 
pH-meter titration curves with Mops are not shown in that paper.  

 
 
Additional reference: 
21. Portzehl, H., Caldwell, P. C., and Rüegg, J. C. (1964) The dependence of contraction and relaxation 
of muscle fibres from the crab Maia squinado on the internal concentration of free calcium ions, 
Biochim. Biophys. Acta 581-591.
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Figure 2. Classical pH-meter titration to reveal binding of divalent cations to buffers (if any). 
Various buffers were suspended at 1 mM in 100 mM KNO3 and 4 mM HNO3 at 20°C (total volume was 
25 ml), in the absence or presence of 1 mM divalent cation (as indicated below). Small volumes (up to 
1.8 ml total) of concentrated NaOH (100 mM) were then added sequentially, and pH was measured after 
each addition, using a glass electrode and a Radiometer PHM 240 pH-meter. Panel A, 1 mM ATPNa2 in 
the absence (triangles) or presence (circles) of 1 mM Mg2+; ATP was added from a stock 220 mM 
solution which had been previously buffered at pH 6.4 with NaOH. Panel B, 1 mM BisTris in the 
absence (triangles) or presence (squares) of 1 mM Cu2+; BisTris was added from a stock 500 mM 
solution which had been previously buffered at pH 7 with HCl. Panel C, 1 mM Mops (added as the acid 
form) in the absence (right side up triangles) or presence of 1 mM Ca2+ (diamonds, hidden below the 
other symbols), Mg2+ (circles), Ni2+ (upside down triangles, partially hidden) or Cu2+ (squares). The 
dotted curve with crosses is a control titration performed in the absence of any buffer or divalent cation. 
 
 
 
 
 
 



�

� !IE�

�
�
�
�
�
�
�
�
�
�
�
�
�

 ����������	 ��	�����	
������	��	��������	
 "!7?�G?�"H?%&�J�(�3�$8�:&G$!$8�HI��)�C�(�$�7��

�
��0��������+�3�
��2
&��+�?	���2���3+���	����
���

�
�
	
&���	
�B����������&��**1+�T1!�9��!E���7(�

�
�
�



�

� !IU�

�
�



www.elsevier.com/locate/yabio

ANALYTICAL

BIOCHEMISTRY

Analytical Biochemistry 371 (2007) 215–228
Metal binding to ligands: Cadmium complexes with
glutathione revisited

Pauline Leverrier 1, Cédric Montigny 1, Manuel Garrigos, Philippe Champeil *

CNRS, URA 2096 (Protéines Membranaires Transductrices d’Énergie), and CEA, iBiTec-S, SB2SM, Laboratoire des protéines membranaires,

CEA Saclay, F-91191 Gif-sur-Yvette, France

Received 8 June 2007
Available online 26 July 2007
Abstract

We studied the interaction of c-L-glutamyl-L-cysteinyl-glycine (glutathione, GSH) with cadmium ions (Cd2+) by first performing
classical potentiometric pH titration measurements and then turning to additional spectroscopic methods. To estimate the residual
concentrations of free cadmium, we studied the competition of glutathione with a Cd2+-sensitive dye, either an absorbing dye
(murexide) or a fluorescent one (FluoZin-1), and consistent results were obtained with the two dyes. In KCl-containing Tes, Mops,
or Tris buffer at pH 7.0 to 7.1 and 37 �C (and at a total Cd2+ concentration of 0.01 mM), results suggest that free cadmium con-
centration is halved when the concentration of glutathione is approximately 0.05 mM; this mainly reflects the combined apparent
dissociation constant for the Cd(glutathione) 1:1 complex under these conditions. To identify the other complexes formed, we used
far-UV spectroscopy of the ligand-to-metal charge transfer absorption bands. The Cd(glutathione)2 1:2 complex predominated over
the 1:1 complex only at high millimolar concentrations of total glutathione and not at low submillimolar concentrations of total
glutathione. The apparent conditional constants derived from these spectroscopy results made it possible to discriminate between
sets of absolute constants that would otherwise have simulated the pH titration data similarly well in this complicated system.
Related experiments showed that although the Cl� ions in our media competed (modestly) with glutathione for binding to
Cd2+, the buffers we had chosen did not bind Cd2+ significantly under our conditions. Our experiments also revealed that Cd2+

may be adsorbed onto quartz or glass vessel walls, reducing the accuracy of theoretical predictions of the concentrations of species
in solution. Lastly, the experiments confirmed the rapid kinetics of formation and dissociation of the UV-absorbing Cd(glutathione)2

1:2 complexes. The methods described here may be useful for biochemists needing to determine conditional binding constants for
charge transfer metal–ligand complexes under their own conditions.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Cd2+; GSH; Potentiometric titration; Metal-sensitive dyes; Ligand-to-metal charge transfer complexes
Cadmium ions (Cd2+), like many other heavy transition
metals, are toxic to living cells and bind to specific targets
at micromolar concentrations. Among the numerous
potential ligands in the cell, Cd2+ ions also bind to the tri-
peptide c-L-glutamyl-L-cysteinyl-glycine (glutathione)
(Scheme 1), which is present in millimolar concentrations
in the cytosol and, therefore, reduces the concentration of
0003-2697/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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cytosolic free Cd2+, hence its potential toxicity [1,2]. In
the yeast cytosol, it has been suggested that the Cd(gluta-
thione)2 1:2 complex formed, rather than the 1:1 complex,
was specifically transported into the vacuolar compartment
by Ycf1p, a transport protein previously known to be
involved in yeast resistance to Cd2+ [3]. In addition, cad-
mium and glutathione could also be cotransported out of
the cell by another yeast ABC transporter, Yor1p, again
with a Cd/glutathione ratio of 1:2 [4]. Such Cd(glutathi-
one)2 complexes, therefore, are of particular biological rel-
evance. Our interest in their possible cotransport by a third

mailto:philippe.champeil@cea.fr


Scheme 1. Predominant form of glutathione (c-L-glutamyl-L-cysteinyl-
glycine) at neutral pH. At pH 7.0, most glutathione molecules bear two
negative charges on the (deprotonated) carboxyl groups (COO�) plus one
positive charge resulting from the presence of two protons: one on the
sulfhydryl group (SH) and one on the ammonium group (NH3

þ). This is
the H2L� species with one net negative charge. Cd2+ binding occurs
mainly via deprotonation of the sulfhydryl group (with additional
debatable levels of deprotonation), with the possible formation of either
Cd(glutathione) or Cd(glutathione)2 complexes (see Table 1).
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related transporter, the human multidrug resistance-associ-
ated protein (hMRP1),2 led us to reexamine in some detail
the formation of the various Cd2+ complexes with glutathi-
one, the Cd(glutathione)n complexes (with no predeter-
mined notion of their degree of protonation).

The binding of Cd2+ to glutathione is complicated
because four chemical groups in glutathione may undergo
protonation or deprotonation and because metal–ligand
complexes with various stoichiometries may form. The
ammonium group and the sulfhydryl group are deproto-
nated only in rather alkaline conditions, whereas the two
carboxyl groups are protonated only in very acidic condi-
tions; the corresponding logK values reported by Martell
and Smith [5] are approximately 9.5, 8.6, 3.5, and 2.1 at
25 �C and an ionic strength of 0.15 M. Thus, in neutral
conditions, glutathione has two deprotonated carboxyl
groups (RCOO�), whereas the sulfhydryl (RSH) and
ammonium (RNH3

þ) groups both are protonated. At pH
7.0, therefore, glutathione bears one net negative charge
and can be described as H2L� or GSH�.3 Assuming a
pKa close to 9.0 for the sulfhydryl group [6,7], the HL2�

or GS2� form with a deprotonated sulfhydryl group
accounts for, at pH 7.0, only approximately 1% of the
amount of the major form shown in Scheme 1 (H2L� or
GSH�).
2 Abbreviations used: hMRP1, human multidrug resistance-associated
protein; Tris, tris(hydroxymethyl)aminomethane; Mes, 2-(N-morpholi-
no)ethanesulfonic acid; Mops, 4-morpholinepropanesulfonic acid; Tes, N-
tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid; GSSG, oxidized
glutathione; Ap, antipyrylazo III; EGTA, [ethylenebis-(oxyethylene-
nitrilo)]tetraacetic acid.

3 GSH is the abbreviation for glutathione (c-L-glutamyl-L-cysteinyl-
glycine). Nevertheless, this abbreviation is not used frequently in the text
(except in figures) because it might be considered to imply that the
sulfhydryl group remains protonated in all cases. Instead, we use either
GSH� for the sulfhydryl-protonated main species of glutathione at pH 7.0
in the absence of ligands (Scheme 1) or GS2� for the sulfhydryl-
deprotonated species, as appropriate.
The various forms of glutathione with different degrees
of protonation probably bind Cd2+ with different affinities.
Furthermore, Cd2+ complexes with two glutathione ligands
rather than one exist, and complexes with two metal ions
per glutathione ligand, or three glutathione ligands per
metal ion, have even been described in some reports [6–
14]. Chemical texts on this topic tend to be confusing: for
instance, Supplemental Tables 1 and 2 in Supporting Infor-
mation present the different constants and complexes
described in some such previous studies. Moreover, ther-
modynamic constants have in some cases been obtained
under conditions far from common in biochemistry exper-
iments (e.g. at 3 M ionic strength in [10]) and cannot there-
fore be directly extrapolated to the usual range of
conditions for biochemical experiments. Finally, although
dedicated software has made it possible to predict the
detailed composition of a particular medium from thermo-
dynamic constants, these programs are not necessarily
user-friendly, and it is difficult for the experimentalist to
predict what will happen in particular solutions, in the pos-
sible presence of other competitors for Cd2+ binding.

Discrepancies between previous studies may result from
the complexes formed being identified purely by fitting ad
hoc models to pH titration data, with the resulting absolute
constants potentially depending on the model used. There-
fore, we carried out both classical pH titration experiments
and additional experiments, aiming to resolve some of the
ambiguities by directly determining ‘‘apparent’’ or ‘‘condi-
tional’’ binding constants under conditions commonly used
in biochemistry experiments. These additional experiments
included studies with absorbing or fluorescent ‘‘reporter’’
dyes, making it possible to determine, by means of compe-
tition experiments, the residual concentration of free Cd2+

in solution after the formation of complexes with glutathi-
one. We also used UV spectroscopy to evaluate directly the
formation of Cd(glutathione)n complexes resulting in
strong ligand-to-metal charge transfer absorption bands.

The results of our additional experiments restricted the
range of constants likely to be correct for describing the
formation of some of these complexes. The methods
described here may be useful to other scientists wishing
to determine conditional dissociation constants under their
own specific conditions. Finally, our results might have
some significance for consideration of published reports
of Cd2+ transport in the presence of glutathione.

Materials and methods

Potentiometric titration experiments were performed
with a Radiometer PHM240 pH meter using a combined
glass electrode. Commercial pH 4.0, pH 7.0, and pH 10.0
standard buffers were used for calibration. The NaOH used
for titration was freshly diluted from a commercially avail-
able Titrasol solution.

Absorption spectra were recorded with a Hewlett–Pack-
ard diode array spectrophotometer (HP 8453A), and fluo-
rescence spectra were recorded with a SPEX fluorometer



Table 1
Thermodynamic constants for formation of various complexes of Cd2+

and glutathione

Complex formeda Abbreviated name
(MmHhLl)

Cumulative constant
(logbmhl)

b

H3Glu(aq) H3L 21.6
H2Glu[�] H2L 18.1
HGlu[2�] HL 9.5

Cd(HGlu)(aq) MHL 15.7
CdGlu[�] ML 8.5
CdGlu(OH)[2�] MH�1L �1.7

Cd(HGlu)2[2�] MH2L2 30.0
CdGlu(HGlu)[3�] MHL2 22.1
Cd(Glu)2[4�] ML2 12.4
Cd(Glu)2OH[5�] MH�1L2 2.4

CdOH[+] MH�1 �10.07
Cd(OH)2(aq) MH�2 �20.34

CdCl[+] ML 1.3
CdCl2(aq) ML2 2.0

a The various complexes of Cd2+ and glutathione with protons are listed
in order from the most protonated to the least protonated. This table gives
the values used to fit the pH titration data in Fig. 1A and the additional
spectrometry data in Supplemental Fig. S6. The constants for Cd2+

binding to OH�, required for fitting the pH titrations in Fig. 1A, were
taken from the standard JCHESS database. In line with the effect of
50 mM chloride on our spectrometry measurements in Supplemental
Fig. S1B (open circles vs. open triangles), the last two lines also show the
constants used to take into account the formation of cadmium chloride
complexes (see, e.g., Ref. [5]) in our spectrometry experiments (performed
in the presence of 50 mM KCl).

b The cumulative (or ‘‘gross’’) constant for formation of the MmHhLl

complex, as used in the JCHESS database and expressed in terms of
activity rather than concentration, is defined as bmhl = [MmHhLl]/([M]m

[H]h [L]l).
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(Fluorolog). Absorbance measurements were made with
continuous stirring in quartz cuvettes with a 1-cm optical
pathlength (with the exception of those shown later in
Fig. 4A, where the optical pathlength was only 1 mm).

Buffer A consisted of 50 mM KCl and 50 mM Tes–
NaOH, and buffer B consisted of 50 mM KCl and
50 mM Tris–Mes. In both cases, the pH was set at 7.4 at
22 �C. Based on published tables [15,16] and our own mea-
surements of the temperature dependence of the pKa of
these buffers, we estimate that the pH became 7.0 to 7.1
when the cuvette was brought to 37 �C. (For the experi-
ment illustrated later in Fig. 4A, 5 mM phosphate was
used, buffered to pH 7.4 at room temperature, and then
again brought to 37 �C.)

Glutathione and CdCl2 were purchased from Sigma–
Aldrich and used without further purification. Stock solu-
tions of glutathione (40 mM) and CdCl2 (20 mM) were pre-
pared daily in buffer A (at neutral pH, glutathione
oxidation occurs only very slowly, in weeks). Dilution arti-
facts resulting from the addition of these chemicals were
generally small (<3% in Figs. 2 and 3); in Fig. 5, where they
are more significant, such dilution artifacts were corrected
for. Murexide was obtained from Sigma–Aldrich, and Flu-
oZin-1 (potassium salt) was obtained from Molecular
Probes (Invitrogen). A 2-mM stock solution of murexide
and a 1-mM stock solution of FluoZin-1 were prepared,
both in water. Other chemicals were obtained from
Sigma–Aldrich.

The various equilibria were simulated with JCHESS
software available at the website http://chess.ensmp.fr.
The various constants listed in Table 1 were used
without correction for nonideality. The IUPAC database
can be ordered from the website www.acadsoft.co.uk/
index.html.

Results

Classical pH titration of glutathione in the presence and

absence of Cd2+

We first carried out a classical type of experiment
[17,18], titrating the pH changes following the addition of
increasing amounts of NaOH to a solution containing
3 mM HNO3 and 1 mM glutathione, in the presence or
absence of Cd2+ at a total concentration of either 0.5 or
1 mM (Fig. 1). In this experiment, glutathione was added
as the neutral (H3L) species. In the absence of Cd2+, the
addition of NaOH up to final concentrations between 3
and 4 mM confirmed the very acidic pKa (<4.0) anticipated
for the first deprotonation site of H3L (i.e., the third pro-
tonation site of L3�, one of the two carboxyl groups). As
expected, further addition of NaOH up to concentrations
between 4 and 6 mM (i.e., in excess by >1 mM with respect
to 3 mM HNO3) revealed the alkaline pKa values of the
other two deprotonation sites of H3L to be close to 8.5
and 9.5, respectively, corresponding to the deprotonation
of H2L� (the major species present at pH 7.0) and HL2�
(see, e.g., Ref. [5]). In the presence of Cd2+, buffering
capacity was nearly lost in this alkaline region, and the buf-
fering region shifted toward lower pH (open arrow) [17],
confirming the formation of complexes between glutathi-
one and Cd2+. The exact pattern observed depended on
whether the Cd2+-to-glutathione ratio was set at 0.5 or 1
(Fig. 1).

Compared with the results for 1 mM glutathione alone,
the shift to the right by approximately 2 mM of the appar-
ent equivalence point in the presence of 1 mM glutathione
and 1 mM Cd2+ (from 4 mM to �6 mM NaOH) suggests
that Cd2+ deprotonates the H2L� species more than once.
Thus, the metal Cd2+ ion (M) does not merely (as sug-
gested in Ref. [6]) bind to the sulfhydryl-deprotonated
(HL2�) species, generating the CdHGlu(aq) species
(MHL); rather, it also binds to the fully deprotonated
(L3�) species, resulting in the formation of at least some
CdGlu[�] (ML). If this were not the case, a shift of only
1 mM in equivalence point would have been observed.
Nevertheless, if we assume at first, for the sake of simplic-
ity, that glutathione acts as a simple buffer, with the sulfhy-
dryl-deprotonated HL2� species able either to gain a
proton to become H2L� or to form a 1:1 neutral complex
with the metallic Cd2+ ion, these titration curves may be

http://chess.ensmp.fr
http://www.acadsoft.co.uk/index.html
http://www.acadsoft.co.uk/index.html
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Fig. 1. pH titration of glutathione in the presence or absence of Cd2+ (and pH-dependent speciation of Cd2+ in the presence of glutathione, taking into
account the results of the additional spectrometry experiments described below). (A) Glutathione was suspended at 1 mM in 100 mM KNO3 and 3 mM
HNO3 at 20 �C (total volume 25 ml) in the absence (circles) or presence of 0.5 mM Cd2+ (triangles) or 1 mM Cd2+ (squares). Small volumes (up to 1.8 ml
total) of concentrated (100 mM) NaOH were added sequentially, and pH was measured during this titration after calibration with known buffers and
preliminary titration in the absence of glutathione. In this panel, the various lines correspond to fits to the experimental data, computed with JCHESS
software and the various constants listed in Table 1, selected for compatibility with the spectrometry results. The open arrow pointing downward
emphasizes the change in apparent pKa resulting from competition between protons and Cd2+ for binding to the sulfhydryl group. The various vertical
dotted lines correspond to titration endpoints after deprotonating one, two, or three groups in H3L. (B and C) Computed speciation of Cd2+ as a function
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interpreted roughly without the need for complex software.
If we consider the region in which glutathione is active as a
buffer with a pKH of approximately 8.5, its shift by roughly
3.0 pH units in the presence of 1 mM [Cd2+]total implies
that the dissociation constant KM of the individual
Cd2+(GS2�) complex is three orders of magnitude smaller
than the competitor [Cd2+]free (presumably �0.5 mM at
pH = pK 0H). This would place this constant in the submi-
cromolar range, as reported in a previous study [11]. In
terms of total glutathione concentration, the corresponding
apparent dissociation constant for the 1:1 Cd(glutathione)
complex would be of a few tens of micromoles, as reported
in a previous study [13] (see also supplementary material).

However, more quantitative analysis of the data with 0.5
and 1 mM Cd2+ is difficult and requires dedicated software
to simulate the multiple equilibria involved. We used
JCHESS software (see Materials and methods), and our
findings are dealt with later in the Discussion. However,
it should already be stressed here that we could not identify
one particular set of constants as being significantly better
than certain alternatives for simulating our pH titration
data. One possible reason for this is the use of too few
metal and ligand concentrations in our experiments. How-
ever, it is at least as likely that there are too many equilibria
involved in this problem for constants derived from such
pH titration experiments alone to be reliable unambigu-
ously (at least for experiments carried out in an ordinary
biochemistry laboratory). Published studies have shown
that, in addition to the various 1:1 complexes and depend-
ing on pH, a number of 1:2 complexes—Cd(HGlu)2[2�]
(MH2L2), Cd(HGlu)Glu[3�] (MHL2), and Cd(Glu)2[4�]
(ML2)—are likely to form (see, e.g., Ref. [10]). We found
that, starting from a fairly reasonable fit with a given set
of constants for all of these equilibria, increasing 1:2 com-
plex formation constants by a factor of up to 2 and
decreasing 1:1 complex formation constants accordingly
gave nearly equally satisfactory fits to our pH titration
data. The additional contribution of hydroxylated spe-
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cies—CdGluOH[2�] (MH�1L) and Cd(Glu)2OH[5�]
(MH�1L2)—also seems to be critical to account for the
final part of the titration curves for pH values greater than
9.0; however, not all of these complexes are mentioned in
all reports (see, e.g., Refs. [6,9,10]). The simulation in this
region of the titration curve also depends heavily on the
constants assumed for the formation of the CdOH[+] or
[Cd 2+
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speciation, illustrated in Figs. 1B and C, are considered in
the Discussion.) Instead, we used complementary spectro-
scopic measurements to overcome the ambiguity associated
with these initial pH titration data.

Free cadmium concentration in solution in the presence of

glutathione (or plain buffers) as assessed with the
metallochromic reporter dye murexide

To begin, we aimed at determining the residual concen-
tration of unbound Cd2+ in the presence of glutathione
using indicators (or reporters) of free Cd2+ in experiments
involving competition between glutathione and the indica-
tor. In a first series of experiments, we used murexide as a
probe for free cadmium. This well-known metallochromic
dye has been used extensively for monitoring free Ca2+

concentration [19–21]. Murexide changes color when it
binds Ca2+ (a weak binding with millimolar affinity). We
found that it changed color in a similar manner on binding
cadmium (Fig. 2A), with an apparent Kd for cadmium of
approximately 0.14 mM in buffer B at 37 �C (Fig. 2B).
Most significant for our purpose, a larger concentration
of total Cd2+ was required in the presence of glutathione
than in its absence to produce a given change in murexide
absorbance.

For instance, in the presence of 0.2 mM [glutathione]total

(dotted circles in Fig. 2B), 0.2 mM [Cd2+]total was required
to produce an absorbance change equivalent to that pro-
duced by 0.08 mM [Cd2+]total in the absence of glutathione
(open squares in Fig. 2B). Because the absorbance of
murexide was similar in both cases, we can assume that
[Cd2+]free was also similar at close to 0.08 mM. Thus, in
the presence of 0.2 mM [glutathione]total, and assuming
the formation of predominantly Cd(glutathione) 1:1 com-
plexes under these conditions of low [glutathione]total,
[Cd(glutathione)] can be estimated at 0.12 mM and [gluta-
thione]free can be estimated at 0.08 mM (regardless of mean
protonation level). Therefore, the apparent (conditional)
dissociation constant for formation of the 1:1 complex,
([Cd2+]free · [glutathione]free/[Cd(glutathione)]), can be
estimated at slightly more than 0.05 mM. A similar value,
approximately 0.05 mM, was deduced from experiments
in which increasing concentrations of glutathione were
added to a small fixed concentration of [Cd2+]total (squares
in Fig. 2C). The oxidized form of glutathione (GSSG)
decreased free cadmium concentration very inefficiently
(diamonds in Fig. 2C), confirming that cadmium binding
to glutathione under our conditions involves mostly the
sulfhydryl group rather than the carboxyl groups.

In these experiments, the small fixed concentration of
[Cd2+]total was 0.01 mM, which is smaller than the Kd for
the Cd(murexide) complex, ensuring that the murexide sig-
nal was linearly related to Cd2+ concentration. This simple
analysis of competition between the Cd2+ sensor (murex-
ide) and glutathione should involve no major bias because
we carefully kept the concentrations of indicator or Cd2+

below the dissociation constant of the Cd(indicator) com-
plex (�0.14 mM for Cd(murexide) [Fig. 2B]). For instance,
using 10 lM murexide and a total concentration of Cd2+ of
0.01 mM (as in Fig. 2C), no more than 10% of total Cd2+

should bind to murexide.
We investigated whether the above apparent dissocia-

tion constant could have been influenced by competition
with other components of the medium by titrating murex-
ide with cadmium in the absence of glutathione, now in
various buffers. As described in more detail in the supple-
mentary material (Supplemental Fig. S1), we found that
in the absence of glutathione and the presence of 50 mM
Cl�, nearly half of the total cadmium was bound to Cl�

(cf. open triangles and open circles in panel B of Supple-
mental Fig. S1), consistent with previous results (see, e.g.,
Ref. [13]). In contrast, the Tris, Mes, Mops, and Tes buffers
did not bind Cd2+ under our conditions, whereas Tricine
and Bistris buffers did.

Competition between a particular ligand and a metal-
sensitive indicator for the binding of this metal remains
simple to analyze only if metal–indicator–ligand ternary
complexes do not form. This indeed seems to be the case
for murexide, which is thought to give rise mostly to 1:1
complexes with metals [19–21] and which appears to do
so in the presence of glutathione as well, as shown by the
nice isobestic points obtained under most conditions (not
shown). (At very high concentrations of glutathione, never-
theless, there was some spectroscopic evidence for weak
interactions between murexide and glutathione.) In con-
trast, when we attempted to use the divalent cation-sensi-
tive dye antipyrylazo III (Ap) [22], known to form
ternary complexes with Ca2+ (Ca(Ap)2) [23,24], glutathione
interacted with the Cd(Ap) complexes, as indicated by the
appearance of a new spectroscopic signature (data not
shown). For this reason, we preferred murexide over other
metal-sensitive dyes for the current study despite the dem-
onstrated utility of these other dyes in other contexts [25].
Nevertheless, we also cross-checked the results obtained
with murexide with those obtained by another Cd2+-sensi-
tive probe, FluoZin-1, used at a concentration even lower
than that for murexide so as to minimize artifacts. This is
described next.

Free cadmium concentration in solution in the presence of

glutathione as determined in complementary experiments

with the cadmium-sensitive fluorophore FluoZin-1

FluoZin-1 (Molecular Probes) (see Fig. 3 inset) is a fluo-
rescein derivative that can be used as an indicator for Zn2+

or Cd2+ because its fluorescence intensity increases with the
concentration of either of these two metal ions in a fairly
selective manner with moderate affinity; the absorption
spectrum also shifts by a few nanometers (data not shown).
A typical trace illustrating the fluorescence behavior of
FluoZin-1 on Cd2+ chelation or on Cd2+ addition is shown
in Fig. 3A. In such experiments, the titration of FluoZin-1
with cadmium indicated an apparent affinity of approxi-
mately 0.04 mM in buffers that did not complex cadmium
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(open triangles and dashed cross in Fig. 3B). Similar exper-
iments, performed in different buffers, confirmed that Tris,
Mes, Mops, or Tes, at a concentration of 50 mM, displayed
no detectable Cd2+ binding at near-neutral pH (even in the
presence of bicarbonate at a concentration of a few milli-
molar), although such binding was observed with Tricine,
for instance (data not shown). This relatively poor appar-
ent affinity of approximately 0.04 mM ensures that 1 lM
FluoZin-1 has no significant effect on free Cd2+ concentra-
tion. The presence of glutathione shifted this apparent
affinity to the right such that, in the presence of 0.4 mM
[glutathione]total, a total cadmium concentration of
0.14 mM had a similar effect on fluorescence as did
0.02 mM cadmium in the absence of glutathione; that is,
[Cd2+]free presumably was close to 0.02 mM in both cases.
The apparent conditional dissociation constant for forma-
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tion of the Cd(glutathione) 1:1 complex (again assuming
that it was dominant here) under these conditions, there-
fore, is slightly lower than 0.05 mM. Values of the same
order of magnitude were obtained in experiments where
increasing concentrations of glutathione were added to
FluoZin-1 equilibrated with a small concentration of cad-
mium (small enough to again ensure a linear FluoZin-1
response), that is, approximately 0.05 mM (Fig. 3C).

The results obtained with FluoZin-1 are consistent with
those obtained with murexide. Therefore, both indicators
reflect the equilibria prevailing in their absence. Both reveal
the disappearance of free cadmium from the medium,
probably concomitant with the formation of a Cd(glutathi-
one) 1:1 complex. Because our typical conditions included
50 mM of the competing Cl� ions, and the amount of Cd2+

bound to Cl� under these conditions was nearly equivalent
to the free Cd2+ concentration (see Supplemental Fig. S1),
our observed dissociation constant of approximately
0.05 mM probably corresponds to a true conditional disso-
ciation constant in the 0.02- to 0.03-mM range for Cd(glu-
tathione) formation in the absence of Cl� (at pH 7.0–7.1,
�0.1 M ionic strength, and 37 �C).

FluoZin-1 revealed an inconvenient property of cad-
mium that never would have been detected in classical
pH titration experiments: the significant adsorption of
Cd2+ onto the quartz walls of the cuvette (and probably
also onto the walls of cuvettes made of other materials,
including glass). An indication that such adsorption is
occurring is provided by the small transient undershoots
or overshoots observed in Fig. 3A following the chelation
or addition of small concentrations of cadmium. We rea-
soned that previously adsorbed cadmium might indeed dis-
sociate slowly from the walls on equilibration with the new
lower cadmium concentration prevailing after the addition
of the chelator, resulting in a corresponding slow increase
in the Cd2+ concentration of the medium. The reverse pro-
cess would occur following the addition of cadmium. This
would not be easy to detect at high cadmium concentra-
tions (at which FluoZin-1 fluorescence becomes saturated)
or in the presence of cadmium-complexing ligands (which
may buffer these changes in Cd2+), but this should be more
apparent at low cadmium concentrations. In fact, even
more significant transient overshoots were observed in
the presence of lower concentrations of total cadmium,
especially in the absence of KCl (see Supplemental
Fig. S2). This adsorption is not particularly surprising
given that quartz and glass are made of silicates and, there-
fore, are likely to bind cations. However, it clearly
decreases the accuracy with which thermodynamic con-
stants can be estimated reliably, particularly if this adsorp-
tion remains undetected; conversely, undetected adsorption
may account for some of the discrepancies in published
results. Appropriate cleaning or coating procedures could
be used to minimize this adsorption. Nevertheless, because
such adsorption probably occurs in most biochemistry lab-
oratories, its existence in itself reduces the precise rele-
vance, for real biochemistry experiments, of absolute
thermodynamic constants taken from chemical databanks
(even assuming that they are correct).

Cd(glutathione)n complexes as revealed by metal-to-ligand

charge transfer (far-UV absorption)

We then carried out UV spectroscopy experiments in the
absence of an indicator with the aim of directly detecting
the Cd2+ complexes formed in the presence of glutathione
because charge transfer complexes of sulfhydryl com-
pounds with Cd2+ are known to absorb light in the far-
UV spectral region [26–28]. To minimize possible artifacts
due to the strong absorption of most buffers in this spectral
region, we first explored the properties of the Cd(glutathi-
one)n complexes by diluting our samples in 5 mM phos-
phate and recording their spectra in a cuvette with a 1-
mm optical pathlength. The addition of 0.5 mM cadmium
to 1 mM glutathione resulted in significantly higher absor-
bance in the far-UV region than was observed with 1 mM
glutathione alone (see Supplemental Fig. S3A for these
absorbance spectra). The differential spectrum is shown
in Fig. 4 A, a broad band peaking in the 220-nm region,
typical of charge transfer bands for S–Cd bonds.

We then switched to 1-cm optical pathlength cuvettes,
facilitating the sequential addition of cadmium with stir-
ring and data collection (as well as more reliable tempera-
ture control in the spectrophotometer used). We also
switched to an ionic medium buffered without phosphate
(to eliminate the formation of cadmium–phosphate com-
plexes) and containing KCl (as found in cytosol-like media
in many biochemical experiments). Over the limited range
of wavelengths observable under these conditions (because
of the too high levels of background absorbance in the far-
UV region due to buffer and KCl [see Supplemental
Fig. S3B]), the sequential addition of cadmium (up to
1.5 mM) to glutathione (0.4 mM) led to a saturable
increase in absorbance as expected (Fig. 4B). Following
the addition of even larger concentrations of cadmium
(e.g., 2 mM in Fig. 4B), precipitation occurred, presumably
because of the formation of large Cdm(glutathione)n poly-
nuclear species. This event was clearly discernible on the
spectra as a distinct contribution of light scattering to the
apparent absorbance at long wavelengths (turbidity). Plots
of absorbance at a particular wavelength as a function of
time (Fig. 4D) showed that the UV-absorbing Cd(glutathi-
one) species formed rapidly, with the cadmium-dependent
absorbance changes occurring within the mixing period
(<1 s). In this experiment, these absorbance changes were
nearly superimposable at all wavelengths after appropriate
normalization (but see more detailed discussion below of
other cases at higher concentrations of glutathione).

The increase in absorbance at one particular wavelength
was plotted as a function of total cadmium added (Fig. 4C,
250 nm in this case). When this experiment was repeated in
the presence of 0.3 mM [ethylenebis-(oxyethylenenitril-
o)]tetraacetic acid (EGTA), a classical chelator of divalent
metals [29,30], EGTA proved to be a much stronger Cd2+
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trap than glutathione because Cd2+-induced changes in
absorbance were detected only when the concentration of
Cd2+ added exceeded the concentration of EGTA. When
EGTA was added after the formation of the light-absorb-
ing complexes of glutathione with Cd2+, absorption
changes were also fully and rapidly reversed (Fig. 4D),
revealing the rapid dissociation of the preformed Cd(gluta-
thione)n complexes. If GSSG was used instead of glutathi-
one, the GSSG absorption spectrum was found to be
insensitive to the addition of Cd2+ and the spectrum of
the Cd2+ plus GSSG mixture was insensitive to the addi-
tion of EGTA (data not shown). The same was true for
S-methyl-glutathione (data not shown), again confirming
that charge transfer complexes of Cd2+ with the sulfhydryl
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moiety of glutathione play the main role in the observed
absorption changes. We also carried out experiments simi-
lar to those presented in Fig. 4B in the presence of buffers
thought to bind Cd2+ and, therefore, to compete with glu-
tathione, with the expected competition being observed
(data not shown).

Remarkably, in Fig. 4C (open symbols), cadmium-
dependent changes did not cease abruptly after the addi-
tion of 0.2 mM total cadmium (corresponding to half of
the glutathione concentration used) as would have been
the case if the Cd(glutathione)2 1:2 complex (the complex
identified as important for resistance to cadmium toxicity
in yeast [3]) had been formed with high affinity. Therefore,
we investigated this issue in more detail, repeating similar
experiments at different total concentrations of glutathione
and cadmium (Fig. 5).

We carried out experiments similar to those described
above but varying the total concentration of glutathione
to which Cd2+ was sequentially added. At high glutathione
concentrations, absorbance increased up to very high levels
following the addition of Cd2+. To observe saturation
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This poor apparent affinity and high extinction coeffi-
cient are also consistent with the observed difference in
initial slopes for the different concentrations of glutathi-
one in Figs. 5A and B. If the main complex influencing
UV absorption had been a 1:2 complex formed with very
high affinity, small additions of Cd2+ to excess glutathi-
one would have resulted in stoichiometric complex for-
mation in all cases and, therefore, in plots with
identical initial slopes and sharp breaks before the pla-
teau region at positions depending on total glutathione
concentration.

We also carried out the complementary experiment
(Fig. 5C) in which increasing concentrations of glutathione
were added sequentially to a small and fixed concentration
of total cadmium (0.1 mM). Half-maximum Cd2+-depen-
dent absorbance was observed for a total glutathione con-
centration close to 1 mM (dashed cross in Fig. 5C), that is,
for a concentration of glutathione more than one order of
magnitude larger than the apparent dissociation constant
for Cd(glutathione)1 1:1 complexes (see above). This result
confirms the poor apparent constant for formation of the
complex mainly responsible for UV absorbance (presum-
ably the 1:2 complex).

At high total glutathione concentrations, in which 1:2
complexes form as soon as Cd2+ is added, the slight
decrease in cadmium-dependent absorbance after the
peak close to the 1:2 stoichiometric ratio of Cd2+ to glu-
tathione is also consistent with the fact that 1:1 and 1:2
complexes do not have the same extinction coefficients
(and do not have exactly the same spectrum, with the
spectrum of the 1:2 complex being shifted toward longer
wavelengths). At low or intermediate concentrations of
glutathione, Cd(glutathione)2 1:2 complexes with high
extinction coefficients form with low affinity together
with Cd(glutathione)1 1:1 complexes with much lower
extinction coefficients but with stronger affinities. This
complex situation accounts for the characteristic features
of the curves in Figs. 5A–C (see further comments in
relation to Supplemental Figs. S4A–C).

We also performed independent experiments for
which we first prepared a stock solution containing
10 mM Cd2+ and 20 mM glutathione in buffer A. This
stock 1:2 mixture was then diluted to various extents
in buffer A, resulting for each point (closed symbols in
Figs. 5A and B) in a final concentration of [Cd2+]total

as indicated on the x axis of Figs. 5A and B but with
a concentration of [glutathione]total now being twice that
of [Cd2+]total. Cd(glutathione)2 1:2 complexes must have
formed in this stock mixture due to the high concentra-
tions of cadmium ions and glutathione present. How-
ever, the absorbance values measured for a given final
total cadmium concentration (after dilution) were lower
than those measured in the presence of a fixed high con-
centration of glutathione (e.g., 4 mM). This again implies
that the Cd(glutathione)2 complex is in rapid dynamic
equilibrium, displaying rapid spontaneous dissociation
on dilution.
Discussion

Possible binding of Cd2+ to buffers, apparent (conditional)

dissociation constants for the Cd(glutathione)n 1:1 and 1:2

complexes, and UV absorption properties of these complexes

Our data (e.g., Supplemental Fig. S1) first confirm the
suspected formation of complexes between cadmium and
various buffers, such as Tricine [31], and confirm previous
numbers for complexation of cadmium by Bistris [17].
Although they also suggest that Tris buffer itself is not
too much of a problem at pH 7.0 provided that it is not
buffered with HCl, this latter fact does not conflict with
the reported binding of Tris base to Cd2+ under alkaline
conditions [32]; rather, it simply reflects the predominance
at pH 7.0 of the protonated form of Tris (due to the rela-
tively alkaline pKa of Tris). Lastly, Good’s buffers, such
as Tes, Mops, and Mes [15], the Cd2+-binding properties
of which have not been reported before, also seem to pose
little problem. This point is of practical importance for bio-
chemical experiments with Cd2+.

As concerns the binding of Cd2+ to glutathione, we
deduce from our experiments with murexide or FluoZin-1
that the concentration of free cadmium is halved when
the concentration of glutathione is approximately
0.05 mM (Figs. 2C and 3C) in KCl-containing Tes, Mops,
or Tris buffer at pH 7.0 to 7.1 and 37 �C (with an initially
low concentration of total cadmium, e.g., 0.01 mM).
Because the presence of 50 mM Cl� per se also appears
to grossly halve the concentration of free Cd2+ (Supple-
mental Fig. S1), the ‘‘true’’ conditional dissociation con-
stant for what we believe to be the Cd(glutathione) 1:1
complex, therefore, appears to be in the 0.02- to 0.03-
mM range at pH 7.0 to 7.1 and 37 �C. More precise estima-
tion remains difficult due to the poorly controlled possible
adsorption of cadmium onto the vessel walls (Fig. 3A and
Supplemental Fig. S2). Nevertheless, this result is consis-
tent with calculations based on previously published abso-
lute constants (e.g., those in Refs. [9,11]) and with the
conditional constant of 10�5 M reported in one previous
study [13] under slightly more alkaline pH conditions
(pH 7.3). It is more difficult to compare our results with
those of a previous study [10] (selected by the NIST data-
base) because this would imply correction for the very high
ionic strength used in that previous study (3 M).

In the Cd(glutathione)2 1:2 complex that is now dis-
cussed, a single Cd2+ ion is thought to be bound to the
deprotonated sulhydryl groups of two different glutathione
molecules. Our UV spectroscopic study suggests that the
concentration of free glutathione required for half-maximal
formation of this 1:2 complex is close to 1 mM (see
Fig. 5C), that is, more than 10 times higher than the con-
centration required for half-maximal formation of the 1:1
complex (�0.05 mM in our KCl-containing medium [see
Figs. 2C and 3C]). Thus, at glutathione concentrations in
the range of 0.1 to 1 mM, we conclude that both types of
complex are likely to exist, making different contributions
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to the absorbance signal observed in the UV region of the
spectrum.

It has been suggested that in such complexes, the extinc-
tion coefficient (with respect to Cd2+) of the ligand-to-
metal charge transfer band of lowest energy (i.e., that
found at the highest wavelength) increases with the number
of sulfhydryl ligands of the metal (see, e.g., Ref. [26]). Thus,
when increasing concentrations of cadmium are added to a
fixed concentration of glutathione, absorbance at a high
wavelength increases to a greater extent if 1:2 complexes
are formed than if 1:1 complexes are formed. If concentra-
tions and binding constants under specific conditions allow
the sequential formation of 1:2 and 1:1 complexes, the
intensity of this charge transfer absorption band would
be expected to peak following the sequential addition of
Cd2+. Such a peak for the long-wavelength shoulder of
the absorption band was indeed found at the anticipated
stoichiometric ratio in a recent study of Cd2+ binding to
model peptides [28]. The same rationale fully accounts
for our own observation of an absorbance peak (instead
of a true plateau) when the cadmium concentration is
increased in the presence of a fixed high concentration of
glutathione (Fig. 5A).

The spectrometry methods used here make it possible to
determine apparent conditional constants under any par-
ticular experimental condition taking into account, for
example, the possible presence of competing components
in the medium (e.g., buffers, Cl� ions [see Supplemental
Fig. S1]). Those methods using free Cd2+ indicators pro-
vide relevant estimates for the formation of the Cd(gluta-
thione) 1:1 complex, whereas UV spectroscopy provides a
rough estimate of the apparent conditional constant for
formation of the Cd(glutathione)2 1:2 complex. This is of
interest because formation of this latter complex at a par-
ticular pH is not easily predicted ‘‘by eye’’ from absolute
thermodynamic tables.

Absolute constants for formation of various

(metal)m(proton)h(ligand)l complexes

The determination by far-UV spectrometry of the for-
mation of the Cd(glutathione)2 1:2 complex is of even
greater interest because it reduces the unavoidable ambigu-
ity of the results of classical pH titration experiments for
such a complicated system. As already mentioned, as the
final outcome of our efforts to fit our own pH titration
data, we found by trial and error, and assuming that 1:1
and 1:2 species form with various levels of protonation,
that the absolute constants in Table 1 (shown as log10 val-
ues) fitted our pH titration results (Fig. 1A) fairly well. The
same set of constants also fitted all of the characteristic fea-
tures of our spectrometry data more than adequately (see
Supplemental Fig. S5). But it must be emphasized here that
the spectrometry results were required to reduce the ambi-
guity of the pH titration results; simultaneously modifying
the apparent affinity for Cd2+ of the 1:1 complexes by a
factor of 2 in one direction and the apparent affinity for
Cd2+ of the 1:2 complexes by a factor of 2 in the other
direction had little effect on the fit for pH titration data
but had a clearly detrimental effect on the fit to spectrom-
etry results (see Supplemental Fig. S5). Thus, the collection
of spectroscopic data in addition to classical pH titration
experiments was requested for us to discriminate between
otherwise acceptable fits of the numerous equilibria
involved in such experiments.

The resulting simulated speciation of Cd2+ at various
pH values in the presence of 1 mM total glutathione (Figs.
1B and C) confirms that 1:1 and 1:2 complexes coexist at
pH 7.0 (vertical dashed lines in Figs. 1B and C). At pH
7.0, 1:2 complexes become dominant only at very high mil-
limolar concentrations of total glutathione, whereas 1:1
complexes are dominant at very low submillimolar concen-
trations of total glutathione (simulations not shown). At
low total glutathione concentrations, the constants pro-
posed in a previous study [10] would result in concentra-
tions of 1:2 complexes at pH 7.0 three times higher than
predicted by the constants in Table 1 (and established given
our UV measurements in Fig. 5C). Besides the higher ionic
strength in that previous study [10], one reason for the dis-
crepancy may be that spectrometry experiments can be per-
formed both at high and low total glutathione
concentrations, corresponding to nearly pure extreme situ-
ations in which either the 1:2 or 1:1 species dominate. In
contrast, despite the desirability of performing pH titration
experiments with a large enough number of different metal
and ligand concentrations, such experiments are difficult to
perform at very low glutathione concentrations unless
extreme care is taken to avoid pH errors due to atmo-
spheric CO2.

Our interpretation of the data also implies the existence
between pH 6.0 and 7.0 of Cd2+ complexes with a fully
deprotonated glutathione (L3�), whereas previous studies
[6,7] suggested that, at pH values below 7.0, essentially
no such ‘‘ML’’ species formed. However, this assumption
was based on the results of NMR experiments performed
with very high concentrations of glutathione (300 mM in
some cases). Conversely, the protonated ‘‘MHL’’ form of
the complex was omitted in another recent report [14]. Nei-
ther of these omissions seems to be consistent with our
experimental data. Nevertheless, it is fair to recognize that
we devoted little attention to the putative additional forma-
tion of more rarely described species such as M2L,
M2H3L3, and MH3L3 [6,9].

Physiological relevance, kinetics for formation of the various

(metal)m(proton)h(ligand)l complexes, and conclusion

The low affinity with which Cd(glutathione)2 1:2 com-
plexes are formed (submillimolar) probably accounts for
the fact that demonstration of the uptake of 109Cd-labeled
complexes into membrane vesicles has remained limited to
only one study to date [3]. Cd(glutathione)2 1:2 complexes
form to only small extents at the low total concentrations
generally used in biochemical uptake experiments. How-
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ever, this poor affinity is not a real problem in cells where
the total concentration of glutathione is thought to be on
the order of several millimolar. Cd(glutathione)2 1:2 com-
plexes will form there, and these complexes will be elimi-
nated by the cell detoxification systems [3].

Our results also show that 1:1 and 1:2 complexes form
and dissociate rapidly compared with the time scale of
hand mixing. This finding is consistent with two types of
previous reports suggesting millisecond time scales for rates
of exchange: NMR experiments, in which (thanks to rapid
exchange) the 13C resonance lines of individual carbon
atoms of glutathione remained narrow despite the signifi-
cant Cd2+-dependent chemical shifts [6,7,33], and tempera-
ture jump relaxation experiments performed with
glutathione complexes with another divalent cation, zinc
(Zn2+) [34]. Thereby, our data suggest that the extensive
incubation period used previously to prepare radiolabeled
109Cd(glutathione)2 complexes (24 h at 45 �C in Ref. [3])
may have been unnecessary.

In conclusion, under our experimental conditions at pH
7.0 to 7.1 and 37 �C, Cd2+ formed 1:1 complexes with glu-
tathione with moderate apparent strength (conditional dis-
sociation constant of a few tens of micromoles), whereas
1:2 Cd(glutathione)2 complexes become dominant only at
higher millimolar concentrations of total glutathione
because those 1:2 complexes were formed with poorer
apparent affinity. Probable formation constants for the
various complexes are shown in Table 1. However, of even
greater importance than these absolute numbers, our work
shows that apparent conditional constants can be esti-
mated without difficulty under the specific conditions of a
given series of experiments even by nonchemists (and that
such estimation may in fact be required to discriminate
between models). Thus, we hope that this work will prove
to be useful to the many biochemists interested in toxic
metals (not only Cd2+) forming light-absorbing charge
transfer complexes with biological ligands.
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Analysis of some of the available literature about the formation of glutathione complexes 

 
At first glance, there seems to be little agreement in the published literature concerning the 

details of Cd2+ binding to glutathione. For instance, Supplemental Table 1 shows numbers for constants 
in some of these publications, as listed on the IUPAC database at the beginning of 2006: this table seems 
to suggest that the reported association constant “K1” (given here as the logarithm of this constant) may 
differ by as much as 104 from one reference to another, with two references seemingly indicating a value 
close to 106, and another two indicating a value close to 1010. 

 
 

  Supplemental Table 1 
Binding of Cd2+ to glutathione, as quoted in the IUPAC database in 2006 
 
 Cd++  nmr NaNO3 25°C 0.40M U    M   K1=6.16  1990KRa (ref. 11)  
                                       K(Cd(NTA)+L)=5.28              
----------------------------------------------------------------------------- 
Cd++   gl  KNO3 25°C 0.20M C         K1=6.18      1990KUa (ref. 35)  
                                          B(CdHL)=13.43                  
----------------------------------------------------------------------------- 
Cd++ gl  NaClO4  25°C 3.00M C         K1=10.18  1976CWa (ref. 10)  
                                         B2=15.35 

B(CdHL)=17.02                  
                                          B(CdHL2)=25.08                 
                                          B(CdH2L2)=33.03                
                                          B(CdH-1L)=0.29                 

B(CdH-1L2)=3.17 
----------------------------------------------------------------------------- 
Cd++  gl  KNO3    25°C 0.15M U         K1=10.50    1955LMa (ref. 8)  

 
 
 

However, on closer examination, the situation appears to be less extreme. Firstly, the second 
reference indicated in this table (1990KUa, see ref.[35] in Additional References at the end of 
Supplemental material ) in fact concerns Cd2+ binding to the oxidized form of glutathione, GSSG, rather 
than to glutathione itself (and following an exchange of e-mails, this reference should by now have been 
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removed from the IUPAC database). Secondly, the constant extracted from the first reference (1990KRa, 
[11]) does not seem to have been introduced in a manner consistent with that for the other references. 
This constant has simply be copied from the original paper, without taking into account the fact that, in 
the original paper, the constants indicated referred to Cd2+ binding to GS2- (i.e. HL2-), rather than to the 
fully deprotonated ligand (i.e.L3-) as in the rest of the table (and generally in the IUPAC database). When 
this is taken into account, the quantitative discrepancy between the values quoted in this first reference 
[11] and those quoted in the third and fourth references (1976CWa and 1955LMa, [10] and [8] in this 
Ms) becomes much smaller [6,7].  
 

However, the discrepancy remains significant, because the authors of 1976CWa ([10] in this Ms, 
i.e. the reference selected in [5], the NIST database) believe that Cd2+ can bind strongly to the fully 
deprotonated L3-, whereas the authors of 1990KRa ([11]) cite previous evidence that Cd2+ binds to 
protonated ligand only (HL2-, or GS2-) (at least close to neutrality, see [6,7]). However, this alternative 
view is not supported the results presented in [14] concerning complexes of zinc with glutathione.  

It is also worth pointing out that the various constants were obtained under different temperature 
or ionic strength conditions. For example, the data in [10] (1976CWa) were obtained in the presence of 
3 M KNO3, and therefore cannot easily be used for experiments under conditions typical of ordinary 
biochemical experiments.  

Beyond the 1976CWa constants referred to in the IUPAC data base, Supplemental Table 2 also 
lists some of the other constants already published, together with the various complexes sometimes 
considered to exist. 

 
 
 

Supplemental Table 2  
Previously reported thermodynamic constants for the formation of various complexes 

 
Complex formed a 

 
Abbrev. 

name 
(MmHhLl) 

Cumulative 
constant (log βmhl) b,  

from 1976CWa c  

Cumulative 
constant (log βmhl) b, 

from 1971PW c 

Cumulative 
constant (log βmhl) b, 

from 1979RGE c 
     

H3Glu(aq) H3L 22.86 21.50 21.61 
H2Glu[-] H2L 19.04 17.96 18.21 
HGlu[2-] HL 9.88 9.42 9.49 

     
Cd(HGlu)(aq) MHL 17.02 15.19 15.65 (6.16+9.49) 

CdGlu[-] ML 10.18 8.59 - 
CdGlu(OH)[2-] MH-1L 0.29 -0.53 (8.59-9.12) - 

     
Cd(HGlu)2[2-] MH2L2 33.03 30.45  31.06 (12.06+2*9.5) 

CdGlu(HGlu)[3-] MHL2 25.08 22.81 21.7 (31.06-9.36) 
Cd(Glu)2[4-] ML2 15.35 13.39 - 

Cd(Glu)2OH[5-] M H-1L2 3.17 - - 
     

Other complexes   M2L (13.29) M2H3L3,  MH3L3 
 

a The various complexes are listed from the most protonated to the least protonated. Note that refs. 8 and 
5 also suggest that M2L and M2H3L3, and MH3L3 complexes, respectively, are formed.  
b The cumulative constant for formation of the MmHhLl complex (here given as log βmhl) is defined as: 

βmhl = [ MmHhLl ] / ([M]m [H]h [L]l)  

c The three columns on the right show the constants found in (or calculated from) [10], [9] and [6], 
respectively. We made no attempt to correct for differences in activity or ionic strength.  



 3

 
 
Rationale for a tentative simple interpretation of classical pH titration curves 

 
For an initial rough interpretation (i.e. without the use of complicated software) of titration 

curves similar to those shown in Fig. 1, glutathione may be assumed, for the sake of simplicity, to act as 
a simple buffer with the sulfhydryl-deprotonated HL2- (or GS2-) species either being protonated to form 
H2L- (or GSH-, the dominant species at pH 7) or forming a 1:1 neutral complex with the metallic Cd2+ 
ion. In this situation, a classical analysis of the simplest model of competition between protons (H) and 
the single metallic ion (“M”) would predict that:  K’H = KH (1 + [M]/KM ), all constants being expressed 
as dissociation constants and M being the concentration of free metal. An identical formalism is used for 
analysis at a given pH of the apparent affinity for metal of a protonatable chelator [36], and is even more 
widely used for analyses of competition between a ligand and a competitor for binding to a Michaelian 
enzyme. Thus, considering the region in which glutathione is active as a buffer with pKH ≈ 8.5, its shift 
by about 3 pH units in the presence of 1 mM [Cd2+]total would imply that the thermodynamic dissociation 
constant KM of the individual Cd2+.(GS2-) complex is three orders of magnitude smaller than the 
competitor [Cd2+]free (according to this hypothesis, about 0.5 mM at pH = pK’H). This would place it in 
the submicromolar range, as previously reported (e.g. [11]). Given that, for a pKa of the sulfhydryl group 
close to 9, the sulfhydryl-deprotonated HL2- (or GS2-) species is present in amounts corresponding to 1% 
the amount of the main species H2L- (or GSH-) species at pH 7, this would correspond to an apparent 
dissociation constant for the 1:1 Cd(glutathione) complex (in terms of concentration of total glutathione) 
of a few tens of µM, as reported in a previous study [13].       

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Possible role of medium components in competition with glutathione for the binding of Cd2+ 
 

As cadmium, like other “borderline” or “soft” metal ions, may also bind to components of ionic 
solutions other than glutathione, including chloride ions or some of the usual buffers (e.g. [1, 13, 15, 17, 
29, 37-38]; reviewed in [39]), we measured the apparent affinity of murexide for Cd2+ in media in which 
different buffers had been used to fix pH at the same desired value. In such experiments, any formation 
of cadmium complexes with the buffer should reduce the apparent ability of cadmium to interact with the 
indicator (and with glutathione, if present): curves like those in Fig. 2B of the main text should shift to 
the right, as they are plotted as a function of the total cadmium added. A similar rationale has been used 
to deduce Ca2+ binding to Bis-Tris from its competition with murexide, and the results obtained [40] 
were consistent with those obtained with other methods [17]. As a control, we tested the competition 
between ATP and murexide for the binding of Cd2+, and obtained an apparent dissociation constant for 
the Cd2+.ATP complex of about 0.02 mM (data not shown), consistent with reference values [41]. We 
therefore used the same approach to assess Cd2+ binding, if any, to constituents of our ionic media other 
than glutathione (see Supplemental Fig. S1 below). 
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Murexide (at 10 µM) as a probe of Cd2+ binding to buffers or Cl- 
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Supplemental Figure S1. Murexide (at 10 µM) as a probe of cadmium binding to buffers or Cl-.  

Titration with cadmium was carried out as in Fig. 2B (squares), but with a different aqueous 
medium. Panel A, this medium contained 50 mM KCl in the presence of either Tris-Mes, as for Fig. 2B 
(squares), or Tes-NaOH (circles), or Mops-NaOH (right side up triangles), or tricine-Tris (open 
diamonds), or Tris-HCl (upside down triangles); in all cases, the buffer concentration was 50 mM, and 
pH was about 7-7.1 at 37°C. In the case of Tricine-Tris, an intermediate case was also studied: 5 mM 
Tricine-Tris supplemented with 45 mM Tris-Mes (dotted diamonds, dotted line). Panel B, in this 
experiment, the murexide stock solution was one day older and had therefore experienced slight 
bleaching (hence a 10 % loss of absorbance). Continuous lines, same experiment as above in the 
presence of 50 mM Tes-NaOH, with either 50 mM KCl as before (open circles), or 50 mM KNO3 (open 
triangles). Dashed lines, similar experiment, with either 50 mM BisTris-Mes (closed diamonds) or 
50 mM Tes-NaOH (closed circles), but with medium containing 1 M KNO3 rather than 50 mM KCl and 
kept at 25°C and pH 7 (to reproduce the conditions of experiments in [17]). 

 
  
Comments: Supplemental Fig. S1A shows that 50 mM Tris-Mes, Tes-NaOH and Mops-NaOH 

gave results similar to those obtained for murexide with added [Cd2+]total, whereas Tricine-Tris resulted in 
a very significant shift to the right due to competition between murexide and Tricine for binding to Cd2+ 
(diamonds in Fig. S1A), as expected from the observations reported in [31]. Strong competition between 
murexide and Bis-Tris was also observed (closed diamonds versus closed circles in Supplemental Fig. 
S1B), allowing to calculate an apparent dissociation constant of 5-7 mM for the Cd(Bis-Tris) complex, 
consistent also with the previously reported absolute value of 102.47 for KCd

Cd(Bis-Tris) [17].  
As our standard buffers A & B also contained 50 mM KCl, we tested whether the Cl- anion itself 

bound Cd2+, as suggested in [13]: we found that it did, as replacing KCl by KNO3, which eliminated 
competition between Cl- and murexide for Cd2+ binding, increased the apparent affinity of murexide for 
Cd2+ by a factor of almost 2 (compare open triangles and open circles in Fig. S1B). Thus, in the presence 
of 50 mM Cl-, almost half the available cadmium is bound to Cl-. This is why the use of Tris-HCl rather 
than Tris-Mes also resulted in moderate competition for the binding of cadmium to murexide (upside 
down triangles versus squares in Fig. S1A).  
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Cd2+ adsorption onto the cuvette walls, as revealed by FluoZinTM-1,  
another probe for the binding of Cd2+ to buffers or glutathione 
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Supplemental Figure S2. Cd2+adsorption onto the cuvette walls, as revealed by FluoZinTM-1, may be 
highly significant. In these experiments, 0.005 mM of Cd2+ only was added to 1 µM FluoZinTM-1 in 
50 mM Mops-NaOH buffer (here at 20°C and pH 7.4), in the presence (left) or absence (right) of 50 mM 
KCl. The observed transient overshoot in final fluorescence in the cuvette was greater than that observed 
at 0.04 mM Cd2+ in Figure 3A of the main text, especially in the absence of KCl (in its presence, Cl- 
partly complexes Cd2+ and K+ probably adsorbs onto the silicate walls of the quartz cuvette: both 
phenomena minimize Cd2+ adsorption). Once this adsorption had reached equilibrium (or was close to 
equilibrium), glutathione was added sequentially, as for the experiments in Figure 3C of the main text 
(and as expected, GSH was a more efficient competitor of FluoZinTM-1 in the absence of the Cl- than in 
its presence). Following the addition of glutathione, the changes in FluoZinTM-1 fluorescence (reflecting 
free Cd2+ concentration) were rapid, suggesting that Cd(glutathione) complexes formed rapidly (as also 
shown in Fig. 4D of main text).  
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Cd2+-dependent changes in UV absorption in the presence of GSH,  
and interference of Tes/KCl absorption in the far-UV region 
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Supplemental Figure S3. Far-UV spectra of glutathione with and without cadmium, and strong 
absorbance of  KCl/Tes in the far-UV region. Spectra were recorded with a quartz cuvette with a 1 mm 
optical path-length, using 5 mM phosphate as the buffer. In Panel A, the zero absorption line was 
obtained with no sample at all in the beam path (just air). Dashed line, buffer supplemented with 1 mM 
glutathione. Continuous line, buffer supplemented with 1 mM glutathione and 0.5 mM cadmium. Dotted 
line, buffer only (with cuvette); for rigorous comparison, this buffer (labeled as “Blk”) here consisted of 
5 mM phosphate together with a 1:40 dilution of buffer A, in which cadmium and glutathione were 
dissolved for the additions cited above. Dashed-dotted-dotted line, buffer supplemented with 0.5 mM 
cadmium alone (this spectrum is probably contaminated by the increase in turbidity resulting from low 
levels of cadmium precipitation,with phosphate). In Panel B, the cuvette (here again with a 1 mm optical 
path-length) contains “buffer A” (i.e. 100 mM KCl with an “ordinary” buffer, 20 mM Tes-NaOH). The 
strong absorbance in the UV region explains why a 5 mM phosphate buffer had to be chosen for the 
experiments in Panel A, and why recorded spectra were limited to wavelengths exceeding 230 nm when 
a cuvette with a 1 cm optical path length was used for the experiments illustrated in Fig. 4B of main text. 
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Additional evidence for the simultaneous presence of Cd(GSH)n 1:1 and 1:2 complexes  
at low or intermediate GSH concentrations,  

and their unequal contribution to UV absorption on the low-energy side 
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Supplemental Figure S4. Additional evidence for the simultaneous presence of Cd(GSH)n 1:1 and 
1:2 complexes at low and intermediate GSH concentrations, and their unequal contribution to UV 
absorption on the low-energy side. Panels A-C are derived from the experiment illustrated in 
Fig. 5A&B of the main text. Panel A, the data illustrated in Fig. 5A (absorbance at 270 nm) are here re-
plotted on an expanded scale, to make the maximum in these curves more visible, when present (same 
symbols as for Fig. 5A). Panel B, similar plot for absorbance at 250 nm: the data illustrated in Fig. 5B 
are re-plotted here on a Y scale allowing easier comparison with the results in Panel A. Panel C, the 
maximal absorbance for each of the curves with open symbols in Fig. 5A is plotted against the 
[glutathione]total for these curves (0.1, 0.4, 1, 2 and 4 mM, respectively). This is a log-log plot, and the 
dashed-dotted line indicates the slope that would correspond to linear dependence, with the dotted line 
indicating the slope that would correspond to quadratic dependence. 
   
Additional comments on Figure 5 of the main text. The maximal absorbance reached at high cadmium 
concentrations in Fig. 5A and 5B was not proportional to [glutathione], or to [glutathione]2. Instead, it 
was proportional to [glutathione]n, with n lying between 1 and 2 (Supplemental Fig. S4C). This suggests 
that both Cd(glutathione)2 1:2 complexes and Cd(glutathione) 1:1 complexes may form, but with 
different apparent affinities, and that the two complexes do not contribute equally to the observed far-UV 
absorbance: at high glutathione concentrations, Cd(glutathione)2 1:2 complexes predominate (low 
apparent affinity in terms of glutathione concentration and high extinction coefficient), whereas at low 
glutathione concentrations Cd(glutathione)1, 1:1 complexes predominate (higher apparent affinity but 
lower extinction coefficient at 270 nm). These findings also provide a rational explanation for the fact 
that the midpoint observed when glutathione was added to 0.1 mM total cadmium in Fig. 5C (close to 
1 mM and essentially reflecting the apparent dissociation constant for formation of the 1:2 complex) was 
significantly higher than the midpoint observed when Cd2+ was added to 0.1 mM total glutathione in 
Fig. 5B (about 0.1 mM or slightly less, upside down triangles in Fig. 5B: this second midpoint is strongly 
dependent on formation of the 1:1 complex). The difference in extinction coefficients for the two types 
of complex also contributes to the heavy dependence of the initial slopes in Fig. 5A on total glutathione 
concentration.    
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JCHESS simulation using the constants in Table 1, in the presence of 50 mM KCl at pH 7, 
of various titrations of glutathione with Cd2+ or of Cd2+ with glutathione 
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Supplemental Figure S5. JCHESS simulation using the constants in Table 1, in the presence of 
50 mM KCl at pH 7, of various titrations of glutathione with Cd2+ or of Cd2+ with glutathione. 
Panels A-C, simulated UV absorbance properties of various combinations of total GSH and total Cd2+ 
(compare with the data in Fig. 5, A-C) in a pH 7 buffer also containing 50 mM KCl. Units for the 
simulated absorption on the Y scale are concentration units (mM) for the Cd2+ complexes, independent of 
exact extinction coefficients. The simulated absorbance was considered to be a linear combination of the 
concentrations of (i) the sum of all 1:2 complexes and (ii) the sum of all 1:1 complexes. Coefficients for 
this linear combination were considered not to depend on complex protonation, and were selected on the 
basis of their ability to account for the clearer maximum for absorbance at 270 nm than for absorbance at 
250 nm (Supplemental Figure S4A versus S4B, and  [28]). These coefficients were 0.9 and 0.1 for 
simulating absorbance at 270 nm and 0.8 and 0.2 for simulating absorbance at 250 nm, i.e. the extinction 
coefficients of the 1:2 and 1:1 complexes were assumed to be in a 9/1 ratio at 270 nm but in an 8/1 ratio 
at 250 nm: at 250 nm the relative contribution of the 1:1 complex was more significant, as expected [28]. 
Panel C illustrates simulation of the situation in which glutathione is added to 0.1 mM [Cd2+]total (as in 
the UV spectroscopy experiments in Fig. 5C). The black dashed line shows the simulated concentration 
of the MH2L2 complex alone (with its expected sigmoidicity), whereas, for detailed comparison with Fig. 
5C of the main text, the black continuous line shows the simulated combination of 1:2 and 1:1 complexes 
representing absorbance at 250 nm (sigmoidicity is not observed here, because of the dominant 
contribution of 1:1 complexes at low GSH concentrations). The gray lines in Panel C show the results of 
simlar simulations performed with a constant double the normal value for formation of the MH2L2 1:2 
complex but half the normal value for formation of the MHL 1:1 complex. These different constants 
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have little effect on the fit to the pH titration data in Fig. 1 of the main text, but they clearly result in an 
inadequate simulation of the UV absorption data in Fig. 5C of the main text, because the apparent 
affinity for GSH becomes too high. Panel D, simulated free Cd2+ concentration (revealed with murexide 
or FluoZinTM-1, compare with data in Fig. 2C or Fig. 3C), during the titration of 10 µM Cd2+ with 
increasing concentrations of glutathione under the same conditions.  

For these simulations with JCHESS, the constants shown in Table 1 were used (except for the 
gray lines in Panel C), including those for Cd2+ complexation with Cl- . No correction for either ionic 
strength or temperature was introduced, although spectroscopic measurements were performed at 37°C, 
whereas the constants used here to fit them are those used to fit our pH-meter data, collected at room 
temperature). For this reason, the simulation is shown here as a separate figure, not as a fit of the actual 
spectrometry data points in Fig. 5 or Figs. 2&3. In Panel D, the units on the Y scale for differential 
absorbance values are Cd2+ concentration units (mM), independent of the detailed spectral properties of 
the Cd2+(murexide) complex. The free Cd2+ concentration in the absence of GSH is about 0.005 mM 
only, instead of 0.01 mM, because Cl- binds about half of the 0.01 mM Cd2+ present.   
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