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Jesper V. Møller�, Steven J. D. Karlish**, and Marc le Maire‡ ‡‡
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Biophysique des Fonctions Membranaires, Département de Biologie Joliot Curie, CEA Saclay, 91191 Gif-sur-Yvette Cedex,
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We have analyzed the Fe2�-catalyzed oxidative cleav-
ages of Ca2�-ATPase in the presence of Ca2�, with or
without the ATP analog 5�-adenylyl-�,�-imidodiphos-
phate (AMP-PNP) or in the presence of the inhibitor
thapsigargin. To identify the positions of cleavages as
precisely as possible, we have used previously identified
proteinase K and tryptic fragments as a standard, ad-
vanced mass spectrometry techniques, as well as spe-
cific antibodies. A number of cleavages are similar to
those described for Na�,K�-ATPase or other P-type
pumps and are expected on the basis of the putative
Mg2� binding residues near the phosphorylated Asp351

in E1 or E2P conformations. However, intriguing new
features have also been observed. These include a Fe2�

site near M3, which cannot be due to the presence of
histidine residues as it was postulated in the case of
Na�,K�-ATPase and H�,K�-ATPase. This site could rep-
resent a Ca2� binding zone between M1 and M3, preced-
ing Ca2� occlusion within M4, 5, 6, and 8. In addition, we
present evidence that, in the non-crystalline state, the
N- and P-domain may approach each other, at least tem-
porarily, in the presence of Ca2� (E1Ca2 conformation),
whereas the presence of Mg�ATP stabilizes the N to P
interaction (E1�Mg�ATP conformation).

Sarcoplasmic reticulum (SR)1 Ca2�-ATPase is a central
member of the family of P-type cation-pumping ATPases (1, 2)
that actively transport cations (such as Ca2�, Na�, K�, and H�

or even heavy metals) by a mechanism involving the formation
of a phosphorylated intermediate. The Ca2�-ATPase present in
mature skeletal muscle, SERCA1a, contains 994 amino acid

residues and has a molecular mass of 110 kDa (3). The protein
has 10 trans-membrane spans M1–10 and a bulky cytosolic
region, consisting of three major domains that are connected to
the membrane-embedded part by a stalk. Two of these do-
mains, the nucleotide binding domain (N) and the phosphoryl-
ation domain (P), are formed by the amino acid residues located
between the membrane-spanning segments M4 and M5. The
third domain (termed A) is formed from both the N-terminal
tail and the amino acids located between segments M2 and M3.
Recently, new structural and mechanistic information on this
transport protein has been gained as a result of x-ray diffrac-
tion analysis of three-dimensional crystals of the protein (4–6).
In combination with a wealth of other data obtained by site-
directed mutagenesis (7, 8), by physicochemical techniques
such as fluorescence with extrinsic and intrinsic (tryptophan)
probes or Fourier transform infrared (e.g. 9, 10), and by bio-
chemical techniques such as limited proteolysis, this has led
to proposals for the actual transport mechanism for P-type
ATPases (e.g. 11–16).

The tertiary structures of SERCA1a have been obtained by
high resolution x-ray diffraction analysis of three-dimensional
crystals produced from detergent-solubilized ATPase, either in
the presence of Ca2� (E1Ca2 conformation, Ref. 4) or in the
absence of Ca2� but in the presence of the inhibitor thapsigar-
gin (E2(Tg) conformation, Ref. 5). The structure revealed in
Ca2� (4) is very “open” with little interaction between the
cytosolic domains. By contrast, a much more compact structure
was obtained in the absence of Ca2�, suggesting that cytosolic
domains undergo large scale movements during the transition
from one intermediate form to the other during catalysis (4, 5).

It is of interest that similar evidence of a compact E2 con-
formation accompanying active cation transport has emerged
from detailed analysis of the degradation pattern, resulting
from Fe2�-catalyzed oxidative cleavages of Na�,K�-ATPase
(Ref. 17 and references therein and Ref. 18) and H�,K�-ATPase
(19). This approach has turned out to give valuable information
on the location of Mg2� and ATP�Mg2� binding sites and also
suggestive evidence on interactions between cytoplasmic do-
mains during the enzymatic cycle. Remarkably, the proximity
of some residues, far removed from each other in the linear
sequence, inferred by this approach (20) has later found strik-
ing support from the three-dimensional structures of SERCA1a
(4, 5) and the haloacid dehalogenase superfamily (see “Discus-
sion” in Ref. 19). The key feature of the Fe2�-catalyzed cleavage
approach is that a number of peptide bonds in the immediate
vicinity of bound Fe2� are cleaved by the very reactive OH�
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radicals produced by the Fenton reaction. Identification of the
cleavage positions reveals their proximity in the native struc-
ture. Since Fe2� can replace Mg2� in its binding site, near the
phosphorylation site or in the Mg�ATP complex, the identifica-
tion of the various cuts is thought to reflect changes in the
position of the Mg2� site(s) in different conformations of the
pumping cycle.

In connection with these studies, the question arises as to
the extent that information obtained with one ATPase type
such as Na�,K�-ATPase, or its close relative H�,K�-ATPase,
can be safely applied to other P-type ATPases, including
SERCA, which is the only cation transporting ATPase for
which a three-dimensional structure is available. However,
extension of the Fe2�-catalyzed cleavage approach to other
P-type ATPases has been limited so far. For Ca2�-ATPase,
which is cleaved under these conditions (53), Hua et al. (21)
have described Ca2�- and ATP-dependent cleavages around
the phosphorylation site and at Thr441 in the N-domain,
whereas Valiakhmetov and Perlin (22) have reported ATP-
dependent cleavage sites in the conserved C-terminal regions
of proton ATPase. In this report, we describe in detail the
Fe2�-catalyzed oxidative cleavages of SERCA1a. We find that
applying this procedure to SERCA1a results in a rather large
number of cleavage products with a pattern that is dependent
on the conformation of the enzyme. As an alternative to
N-terminal sequencing to identify the cleavage positions,
which is usually not feasible after oxidative cleavage, we
have estimated molecular masses of fragments as precisely
as possible, by comparison with a number of well known
SERCA1a proteolytic fragments, by the use of mass spec-
trometry techniques, and with specific antibodies. From
these data, it has been possible to define, with a rather high
degree of certainty, how the fragments can be accounted for
by cleavage at relatively few positions, in a conformation-de-
pendent manner. A number of cuts are similar to those de-
scribed previously for the other pumps, but novel features are
also emerging.

MATERIALS AND METHODS

Fe2�-catalyzed Oxidative Cleavage of Sarcoplasmic Reticulum Ca2�-
ATPase—Unless otherwise noted, all chemical products came from
Sigma. SR membranes were prepared from rabbit skeletal muscle as
described previously (23, 24). The membranes, stored at a protein
concentration of 20–60 mg/ml, were resuspended at 0.4 mg/ml in 50 mM

Tris, pH 7.2, and 50 mM KCl either (i) with no Ca2� added or (ii) with
the addition of 0.1 mM Ca2� or (iii) incubated with 50 �M thapsigargin
(added to the suspension from a 1 mM thapsigargin stock solution in
Me2SO). At pH 7.2, both the first and second condition stabilize the
Ca2�-ATPase in an E1 conformation since the level of contaminating Ca2�

(�10 �M) is sufficient to saturate the high affinity binding sites of
Ca2�-ATPase, whereas the third condition (the addition of thapsigar-
gin) stabilizes the Ca2�-ATPase in an E2(Tg) conformation (25). Exper-
iments were also performed at a lower pH, in a buffer containing 50 mM

Mes, pH 5.5, 50 mM KCl, with or without the addition of 0.1 mM Ca2� or
50 �M thapsigargin. The rationale for using pH 5.5 was, as suggested
from previous findings (26), to bring the ATPase into an E2 conforma-
tion without the addition of thapsigargin or EGTA; the use of the latter
in the present experiments is problematic since it chelates Fe2� with an
even higher affinity than Ca2�. Indirect evidence that, at pH 5.5 with-
out added Ca2�, the ATPase is indeed present mainly in an E2 confor-
mation was obtained from enzyme activity measurements. Whereas at
pH 7.2, the ATPase was fully activated in the absence of added Ca2�,
relative to that measured spectrophotometrically at 0.1 mM Ca2� (27),
at pH 5.5, only 15% activation was observed.

In the standard procedure for producing Fe2�-catalyzed fragments of
Ca2�-ATPase by oxidative cleavage, we first incubated the membrane
suspensions for 5 min at 4 °C with 10 �M FeSO4, added from a freshly
prepared FeSO4 stock solution (1 mM), and then for 2 min at 20 °C
before initiating the cleavage reaction by the addition of ascorbate/H2O2

at final concentrations of 5 or 10 mM ascorbate and 9 mM H2O2. The
ascorbate and H2O2 were added from stock solutions of freshly prepared
200 mM ascorbic acid, 200 mM Tris (pH 7.2) or 200 mM ascorbic acid, 200

mM Mes (pH 5.5) and 90 mM hydrogen peroxide. After 5–60 min (usu-
ally 10 min), the reaction was stopped by the addition of EDTA and
deferoxamine (Sigma) at final concentrations of 20 and 4 mM, respec-
tively. The membrane suspensions were chilled at 0 °C before the ad-
dition of equal volumes of a 2-fold concentrated gel sample buffer (0.1 M

Tris/HCl, pH 8, 4% SDS, 5 mM EDTA, 1.4 M �-mercaptoethanol, 8 M

urea, and 0.025% bromphenol blue). After heating for 1 min at 100 °C,
the samples were cooled for 5 min at room temperature before loading
onto 10% 7 � 9 cm Laemmli gels, which were stained with Coomassie
Blue or electroblotted onto polyvinylidene difluoride paper for Western
blot analysis. For mass spectroscopy, samples were prepared as de-
scribed above but with the following modifications. When the Fe2�-
cleaved fragments were to be analyzed after extensive trypsinization,
gels were first immersed for 10 min in a Coomassie Blue staining
solution (40% methanol, 10% acetic acid, 0.1% Coomassie Blue R250)
and destained with 10% methanol, 10% acetic acid, 1% glycerol until the
bands could be seen. The bands were then excised onto a clean glass
plate and stored in tubes with some acetic acid at 4 °C before trypsiniza-
tion and mass spectrometry analysis (MALDI-TOF MS and nanoscale
electrospray (nanoESI)-quadrupole-time of flight (Q-TOF) tandem mass
spectrometry (MS/MS)). The protein bands were in gel reduced and
alkylated by dithiothreitol and iodoacetamide, respectively, before over-
night enzymatic digestion with trypsin as described previously (28).
When intact iron-cleaved fragments were to be analyzed, the iron cleav-
age incubation time was increased to 40 min to accumulate a maximum
amount of the different fragments. After the cleavage reactions, the
samples were centrifuged 15 min at �20000 � g on an MR22i JOUAN
centrifuge at 4 °C. The membrane pellets were resuspended in 20 �l of
buffer (50 mM Tris, pH 7.2, 50 mM KCl or 50 mM Mes, pH 5.5, 50 mM

KCl) and kept at 0 °C until the addition of equal volumes of a 2-fold
concentrated gel sample buffer (0.1 M Tris/HCl, pH 8, 4% SDS, 5 mM

EDTA, 1.4 M �-mercaptoethanol, 8 M urea, and 0.025% bromphenol
blue). After heating for 1 min at 100 °C, the samples were left for 5 min
at room temperature before loading onto 10% 16 � 16 cm Laemmli gels.
Each lane contained about 80 �g/40 �l protein with 1 mM thioglycolate
acid added to the cathode buffer. Depending on the type of mass spec-
trometry analysis, the gels were then processed differently. For analy-
sis of the intact bands, the gel was stained over a period of 20 min in a
GelCode solution (Perbio, Bezons, France) and destained in Millipore-
filtrated water until the bands became visible. The bands were excised
from the gel on a clean glass plate and kept at 4 °C. In another series of
experiments, the intact fragments were examined by mass spectroscopy
after blocking their sulfhydryl groups with iodoacetamide (see Table II,
with alkylation). In that case, the samples were cleaved and centrifuged
as before, but after centrifugation, the membrane pellets were sus-
pended in 200 �l of a 100 mM sodium acetate, pH 4.5, 0.5% SDS, 50 mM

dithiothreitol and were incubated for 60 min at room temperature.
Iodoacetamide was then added at a final concentration of 250 mM, and
the tubes were incubated for an additional 60 min at room temperature.
Proteins were precipitated overnight at �20 °C by the addition of 4
volumes of a 2:1 methanol:ether solution.

Fe2�-catalyzed Oxidative Cleavage of Renal Na�,K�-ATPase—Pig
kidney Na�,K�-ATPase was prepared as described (29). Oxidative
cleavage of renal Na�,K�-ATPase catalyzed by Fe2� ions or the
ATP�Fe2� complex was performed essentially as described previously
(20, 30, 31). For preparation of samples to be analyzed by MALDI-TOF
MS, �3 mg of Na�,K�-ATPase was cleaved in one of the following
conformational states. E2(Rb)�Fe2� or E1Na�Fe2� enzyme was sus-
pended in media containing 10 mM Tris HCl, pH 7.4, 20 mM RbCl (or 20
mM NaCl) and incubated for 10 min at room temperature with 1 �M

FeSO4, 5 mM ascorbate, 5 mM H2O2; E1�ATP�Fe2�; the enzyme was
suspended in a medium containing 50 �M AMP-PNP, 250 mM NaCl, 10
mM TrisHCl, pH 7.4, and incubated at room temperature for 30 min
with 5 �M FeSO4, 5 mM ascorbate, 5 mM H2O2; E2P�Fe2� (see Table II):
the enzyme was incubated with 130 mM NaCl, 1 mM ATP, and 50 �M

FeSO4 for 2 min at 0 °C; 1 mM ouabain was then added, and after 1 min,
4 mM deferoxamine (Sigma), 20 mM ascorbate, and 20 mM H2O2 were
added, and the suspension was incubated for a further 4 min. At the end
of each incubation, the cleavage reactions were arrested by the addition
of 10 mM deferoxamine, 10 mM EDTA, and the membranes were col-
lected by centrifugation and resuspended in a medium containing 25
mM imidazole, 1 mM EDTA, and 10 mM RbCl. The enzyme (0.5 mg/ml)
was then solubilized with an equal volume of the non-ionic detergent
C12E10 (1.5 mg/ml), and undissolved protein was removed by centrifu-
gation. Protein was further precipitated from the detergent solution by
the addition of 4 volumes of methanol:ether 3:1 (v:v) overnight at
�20 °C and collected by centrifugation. The precipitated protein was
dissolved in 0.5% SDS, applied to a TSK-3000 size exclusion high
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pressure liquid chromatography column, and eluted with a solution of
100 mM sodium acetate, pH 4.5, 0.1% SDS (32). 50 mM dithiothreitol was
added to each fraction, and after an overnight incubation at 4 °C, solid
iodoacetamide was added to 250 mM and incubated for 1 h at room
temperature, and then 50 mM dithiothreitol was added to quench the
excess of iodoacetamide. The protein was precipitated again with 4 vol-
umes of methanol:ether and collected. Protein was dissolved in 5-fold
concentrated gel sample buffer with 5 mM EDTA added. Fragments were
separated on long 10% Tricine-SDS gels, which were stained with Coo-
massie Brilliant Blue and/or colloidal stain GelCode (Pierce).

Preparation of Cleavage Fragments for Intact Mass Measurements by
MALDI-TOF Mass Spectrometry, Electroelution of Protein, and Ex-
change of SDS by Deoxycholate—Electroelution of protein from pieces of
the SDS-gels was performed in GeBAflex-tubes (Gene Bio Application
Ltd., Kfar Hanagid, Israel) at 150 V for 2 h (see Ref. 33). The elution
buffer contained 0.025% SDS, 25 mM Tris, and 250 mM Tricine, pH 8.5.
Following electroelution, SDS was efficiently removed by precipitating
the protein solution with 50% trichloracetic acid in the presence of 0.5%
sodium deoxycholate (NaDOC) for 15 min at room temperature. After
centrifugation, the pellets were resuspended in the cold acetone and
centrifuged again after overnight incubation at �20 °C to remove traces
of unbound NaDOC, and samples were subjected to mass spectrometric
analysis. Acetone can also be replaced by methanol. Estimation of the
protein recovery was performed by densitometric analysis.

MALDI-TOF-Mass Spectrometry of Whole Fragments—Aliquots of
the electroeluted proteins dissolved in 80% formic acid, followed by
dilution to a final concentration of 10% formic acid and immediate
sonication for 5 min at 30 °C, were used for MALDI-TOF MS by using
dry droplet (34) methods. 2,5-dihydroxybenzoic was used as matrixes
for analysis. Mass spectrometric analysis was performed on a Bruker
Reflex IIITM MALDI-TOF mass spectrometer (Bruker, Bremen, Ger-
many), equipped with a delayed extraction ion source, a reflector, and a
337-nm nitrogen laser.

Analysis of Protein Digests by MALDI-TOF MS and nanoESI-Q-TOF
MS and MS/MS—The tryptic digests were analyzed first in reflector mode
on an Applied Biosystems STR MALDI TOF mass spectrometer (Applera,
Framingham, MA) equipped with a delayed extraction ion source and a
337-nm N2 laser to generate a peptide mass fingerprint, and then they
were analyzed by nanoESI MS/MS using a hybrid nanoESI quadrupole-
time of flight mass spectrometer (Q-Tof2, Waters, Micromass, Manches-
ter, UK) in direct infusion mode with metal-coated glass capillaries
(Proxeon, Odense, Denmark). In automatic mode, data acquisition was
realized by switching between the survey acquisition in MS mode and
fragmentation acquisition in MS/MS mode on the four most intense ions
detected in the former survey scan and using dynamic exclusion after-
ward. Mass data collected during an analysis were processed and con-
verted into a pkl file using the MasslynxTM software (Micromass) to be
submitted to the search software Mascot (www.matrixscience.com). Pro-
tein identifications were obtained by comparison of experimental data
with the NCBInr data base. In manual mode, bi- or tri-protonated pre-

cursors were selected for fragmentation and were manually processed
using the Peptide Sequencing software (MasslynxTM, Waters).

Other Methods—ATPase activities were measured at 23 °C with an
ATP generating system (27) in 50 mM Mes (pH adjusted to 5.5, 6, or 7
with NaOH), 50 mM KCl, 5 mM Mg�ATP, and 5 mM Mg2�, without or
with 0.1 mM added Ca2�. For estimation of molecular masses, the
electrophoretic mobility of the Fe2�-cleaved fragments was compared
with that of well known proteolytic cleavage products (35), obtained by
treating Ca2�-ATPase (1 mg of protein/ml) with proteinase K (0.03
mg/ml) for 5 min at 20 °C in a 50 mM Bis-Tris, pH 6.5, 50 mM NaCl, 10
mM MgCl2, and 1 mM EGTA buffer. Tryptic peptides were obtained by
treating Ca2�-ATPase (2 mg protein/ml) with trypsin (0.04 mg/ml) for
5–120 min at 20 °C in a buffer containing 50 mM Mes-Tris, pH 6, 50 mM

NaCl, and either 2 mM EGTA or 0.1 mM Ca2�. The reaction was stopped
by trypsin inhibitor (0.1 mg/ml) and phenylmethylsulfonyl fluoride (2
mM) as described previously (36). Western blotting was performed as
described (35). SERCA rabbit polyclonal sequence-specific antibodies
577–588 and 985–994 were prepared against the corresponding pep-
tides coupled to keyhole limpet hemocyanin as described previously (35,
37), whereas N-terminal antibody MAP 1–15 was prepared without
coupling to keyhole limpet hemocyanin by a multiple antigenic (“den-
dritic”) peptide (38) corresponding to the 15 N-terminal amino acids of
the SERCA1a protein (Research Genetics). The Na�,K�-ATPase C-
terminal antibody anti-KETYY was described previously (32).

RESULTS

Fe2�-catalyzed Oxidative Cleavage—Fig. 1 shows the effect
of a wide range of Fe2� concentrations on the oxidative cleav-
age of Ca2�-ATPase in the presence of ascorbate and H2O2. As
can be seen, many bands appear on the Coomassie Blue-
stained gel, particularly in the E2 conformation induced by the
addition of thapsigargin (Tg). Extensive cleavage is observed at
10–50 �M Fe2�, but it is also possible to induce cleavage at very
low Fe2� concentrations. Thus, fragments are already visible at
0.5 �M Fe2� provided that ascorbate and H2O2 are not below a
concentration of about 10 mM. At the protein concentration
used in these experiments, the Ca2�-ATPase is present at
about 3 �M; thus, the Fe2�/Ca2�-ATPase molar ratio is low,
suggesting that the fragments are the consequence of the bind-
ing of a few specifically located Fe2� ions. The cleavage at pH
5.5 is slightly more extensive, but the pattern resembles that at
pH 7.2. The two extrinsic proteins, calsequestrin and M55,
remain essentially unaffected by the cleavage conditions except
at very high Fe2� concentrations and low pH. We have explored
further the nature of the cleavage products with the aid of
sequence-specific antibodies: one directed to the N terminus

FIG. 1. Effect of Fe2� concentration on of SERCA1a proteolysis. SR membranes (0.4 mg/ml) were proteolyzed by incubation for 10 min with
ascorbate/H2O2 and various concentrations of Fe2�, as indicated on top of the figure. The incubation media were 50 mM Tris, pH 7.2, 50 mM KCl,
0.1 mM Ca2� (indicated as Ca2� on top of the gel, E1 conformation) or 50 mM Tris, pH 7.2, 50 mM KCl, 50 �M thapsigargin (indicated as Tg on top
of the gel, E2 conformation) or 50 mM Mes, pH 5.5, 50 mM KCl, with no Ca2� added (indicated as pH 5.5 on top of the gel, E2 conformation). About
3.8 �g of Ca2�-ATPase was loaded in each lane on a 10% Laemmli gel. Coomassie Blue staining is shown. Cals/M55, calsequestrin and the M55
glycoprotein; NC, non-cut (control SR); MSM, molecular size markers.
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(antibody MAP 1–15), one to the C terminus (antibody 985–
994), and one to a sequence near the middle of the ATPase
polypeptide chain (antibody 577–588). Fig. 2, A–C, presents
Western blots obtained with these antibodies in the presence or
absence of added Ca2� or of Tg. Although the data are complex,
close examination shows that they are amenable to detailed
analysis. As a first observation, we note that most of the bands
on the blots are present as complementary pairs, e.g. as heavily
stained bands p68N/p41C, p21N/p89C (lane labeled pH 7.2, Tg)
and p79N/p30C (lane labeled pH 7.2, 0.1 mM Ca2�). The sum of
these fragments adds up to that of uncleaved ATPase, which is
as expected since, according to previous experience, oxidative
cleavage results in each polypeptide chain being cut only once
(20). However, there appear to be exceptions to this rule since
the use of Ab 577-588 provides unambiguous evidence for the
presence of peptides that react neither with the N-terminal nor
with the C-terminal antibody (p40 and p48), and these peptides
must therefore be derived from doubly cleaved ATPase. A com-
parison of the fragmentation pattern in the different lanes
leads to the following conclusions. 1) At pH 7.2, the principal
Ca2�-specific bands are p79N, p30C, p61C, and p36N, which
are present together with a number of less prominent N-termi-
nal and C-terminal bands at p30N and p29C. All bands formed
at 10 �M Ca2� and 0.1 mM Ca2� at pH 7.2 are present in nearly
equal amounts, in accordance with Ca2�-ATPase being present
in the same E1 conformation. 2) In the presence of Tg at pH 7.2,

the most intense bands are p21N/p89C, p68N/p41C, p32C, p40,
and p48, all of which originate from cleavage in the cytosolic
domain and are probably related to the processes by which the
ATPase is dephosphorylated (see below). 3) At pH 5.5, the
degradation pattern in the presence of Ca2� resembles that at
pH 7.2, but N-terminal bands tend to be weaker at 10 �M Ca2�

(in which the ATPase approaches an E2 conformation, cf. “Ma-
terials and Methods”). At this pH, the effect of Tg also tends to
be less distinct except for an abundant formation of p38N
originating from cleavage at the phosphorylation site (see be-
low). 4) Subsidiary bands (p28N/p29N, originating from the
membrane interface sector) are formed in about equal amounts
at pH 7.2 and 5.5 in the presence or absence of Tg. The above
conclusions, based on the antibody data, were corroborated by
the Coomassie Blue-stained gel (data not shown).

In a number of additional experiments, we explored the
effect of variations of the incubation time and of the concentra-
tions of Fe2� and ascorbate. In general, these experiments
demonstrated, as expected, the simultaneous emergence of
complementary bands. Furthermore, the use of gels with a
lower acrylamide content enabled a better resolution of pep-
tides with high molecular masses than observed in Fig. 2. Fig.
3 shows a direct comparison of the cleavage pattern of Ca2�-
ATPase and Na�,K�-ATPase analyzed by Western blots, using
C-terminal antibodies against both ATPases. Given that the
condition in Rb� for Na�,K�-ATPase corresponds to the E2

FIG. 2. Fe2�-oxidative cleavage re-
vealed by Western blots. SR mem-
branes (0.4 mg/ml) were proteolyzed by
the addition of 10 �M Fe2� and incubated
for 10 min with 10 mM ascorbate, 9 mM

H2O2. The incubation media were: in the
left part of the blot, 50 mM Tris, pH 7.2, 50
mM KCl, with either no Ca2� added (indi-
cated as �10 �M Ca2� on top of the blot,
E1 conformation) 0.1 mM Ca2� (as indi-
cated on top of the blot, E1 conformation),
or 50 �M thapsigargin (indicated as Tg on
top of the blot, E2 conformation), or in the
right part of the blot, 50 mM Mes, pH 5.5,
50 mM KCl, with no Ca2� added (indi-
cated as �10 �M Ca2� on top of the gel, E2
conformation), 0.1 mM Ca2� (as indicated
on top of the gel, E1 conformation), or 50
�M thapsigargin (indicated as Tg on top of
the blot, E2 conformation). About 1 �g of
Ca2�-ATPase was loaded in each lane on
a 10% Laemmli gel. After transfer to poly-
vinylidene difluoride membranes, the
blots were revealed using antibodies Ab
MAP 1–15 against the N terminus (A), Ab
577-88 against the central part (B), and
Ab 985-94 against the C terminus (C), all
of them at a dilution of 3000�. The ECL
system (Amersham Biosciences) was
used, and the films were exposed about 2
min. The last lane on the right, before the
prestained standard, contained SR vesi-
cles cleaved with proteinase K (PK SR) in
the presence of EGTA as described under
“Materials and Methods.” The peptides
are labeled as described previously (35),
based on their apparent mass (those pro-
duced by cleavage with Fe2� or proteinase
K), N or C indicating whether the peptide
contains the N or the C terminus of the
protein based on the Western blots (see
Table I to locate them in the SERCA1a
sequence). NC, non-cut (control SR).
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conformation for Ca2�-ATPase after thapsigargin binding,
whereas the addition of Na� for Na�,K�-ATPase corresponds
to the E1 conformation for Ca2�-ATPase in the presence of
Ca2�, the figure demonstrates a basic similarity between the
oxidative cleavage pattern of the two ATPases. This is also the
case after binding of nucleotide (AMP-PNP). Fig. 4 shows in
more detail the effect of AMP-PNP addition on Ca2�-ATPase; it
is seen that at a low concentration of AMP-PNP (10 �M), there
is an increase in the formation of the complementary p79N/
p30C and p48N/p61C bands, accompanied by a reduced forma-
tion of p36N/p73C and p28N/p81C. Higher concentrations of
nucleotide (100 �M and 1 mM), on the other hand, result in a
marked decrease or disappearance of all fragment. As de-
scribed previously for Na�,K�-ATPase (31), these are the fea-
tures expected for a nucleotide�Fe2� complex acting as an af-
finity cleavage reagent at the lower nucleotide concentration
and by competitive displacement of the nucleotide�Fe2�complex
from Ca2�-ATPase by uncomplexed AMP-PNP at the high con-
centrations. Furthermore, the reduction in the intensity of
fragments produced by bound Fe2� without nucleotide (p36N/
p73C and p28N/p81C) may be considered to be due to chelation

of Fe2� by the added nucleotide, thereby reducing binding to
the Fe2� sites (Table I).

A summary of the data is presented in Table I, which shows
tentative assignments of peptides based on cleavage points
deduced from: 1) apparent molecular masses on SDS-PAGE
calibrated with molecular masses markers and with well iden-
tified proteinase K and tryptic peptides and 2) Western blots
with three different sequence-specific antibodies (such as the
ones shown in Figs. 2 and 3) by comparison with proposed
Fe2�-induced cleavage sites of the Na�,K�-ATPase and
H�,K�-ATPase, as described in Table I of Shin et al. (19). The
site designations (sites I and II) are also taken from this table,
whereas the domain designation is based on the Ca2�-ATPase
structural model (4, 5). In accordance with the previous stud-
ies, the cleavage pattern is thus interpreted in terms of two
separate Fe2� binding sites, site I being located in the cytosolic
domain and site II being located in the membrane interface
region. It can be seen that according to this analysis, site I
cleavages are strongly conformation-dependent, whereas this
is hardly the case for cleavages at site II. Most of the previously
identified cleavage positions for Na�,K�-ATPase and H�,K�-

FIG. 3. Comparison of Fe2�-oxidative cleavage of Ca2�-ATPase and Na�,K�-ATPase revealed by Western blots. Cleavage conditions
for Ca2�-ATPase were the same as in Fig. 2 (pH 7.2 buffer). In lane 4, the medium contained 10 �M AMP-PNP in addition to 0.1 mM Ca2�. Ab
985-994 was used as in Fig. 2. Samples of cleaved renal Na�,K�-ATPase were produced as in Fig. 1 of Patchornik et al. (43), and the incubation
medium contained NaCl (lane 7), RbCl (lane 8), or NaCl and AMP-PNP (lane 9). Ab anti-KETYY (dilution 3000�) was used to reveal lanes 6–9
(exposure time 2 min). NC, non-cut (control SR); PPS, prestained standard.

FIG. 4. Effect of increasing concentrations of AMP-PNP on Fe2�-oxidative cleavage of Ca2�-ATPase as revealed by Western blots
using N-terminal (A) or C-terminal antibodies (B). The conditions of cleavage were the same as in Fig. 3 except that increasing concentrations
of AMP-PNP were used, as indicated on top of the lanes. Ab MAP 1–15 (A) or Ab 985-994 (B) both diluted 3000 times were used as in Fig. 2, but
the films were exposed for a longer period (10 min). The lane labeled Tryp SR contained SR vesicles cleaved with trypsin as described under
“Materials and Methods” so that the peptides formed could be used as intrinsic markers of molecular mass (see Table I for the identification of these
peptides). NC, non-cut (control SR).

Fe2�-catalyzed Oxidative Cleavages of Ca2�-ATPase 43975



ATPase are also found in the Ca2�-ATPase, but there are also
a few additional cuts, particularly at site II near residue 260 in
trans-membrane segment M3 or in site I near residues 330 and
720 in the P-domain (observed only in Ca2�), whereas a new
(minor) cut near 730 at the end of the P-domain is observed in
both Ca2� and Tg. On the other hand, we could not identify
with certainty the cleavage near the residue 48 (at the entrance
to trans-membrane segment M1), expected to be present on the
basis of observations with Na�,K�-ATPase (19). The location of
the cleavage sites is also shown on a linear map of the ATPase
polypeptide chain in Fig. 5, with an indication of which cleav-
ages are related to site I and to site II, respectively, and which
cleavages are increased by nucleotide binding (site Ia).

Validation of Cleavage Sites by Mass Spectroscopy—All at-
tempts to define cleavage sites of Ca2�-ATPase by N-terminal
sequencing were unsuccessful because oxidative cleavages or-
dinarily do not produce free N termini of the fragments, thus
precluding Edman degradation (39). However, the assignments
of the cleavage position in Table I could be confirmed in a few
cases by mass spectrometry, after elution of peptide fragments
from the SDS gels. For the p21N peptide, the exact position of

cleavage was determined after extensive tryptic cleavage and
mass measurements (by MALDI-TOF MS, ESI-Q-TOF, MS/MS
in automatic and manual mode). This analysis unambiguously
revealed cleavage after Thr181. Furthermore, the analysis of
the MS/MS-sequenced fragmentation pattern of the 170–181
peptide reveals a -CO NH2 amide in the C terminus instead of
COOH (indicated by the fact that there is a deficit of mass of
one dalton due to the presence of NH2 instead of OH; data not
shown), as expected according to the mechanism proposed by
Berlett and Stadtman (39). Thus, p21N corresponds to the
residues 1–181, close to the predicted cleavage point Glu183 in
the TGES motif, based on the data obtained with Na�,K�-
ATPase and H�,K�-ATPase (19, 31). The complete p21N pep-
tide, as well as other peptides both from the Ca2�-ATPase and
from the Na�,K�-ATPase, were analyzed by MALDI-TOF MS.
This involved the use of a newly developed procedure to elute
the fragments from the SDS-PAGE and then exchange the SDS
by NaDOC, which is compatible with the MALDI-TOF MS
procedure. Examples of spectra of the p21N fragment of Ca2�-
ATPase and the corresponding fragment of Na�,K�-ATPase
are shown in Fig. 6. For p21N, we obtained an average mass of

TABLE I
Location and masses of cleavage fragments of Ca2�-ATPase based on the results obtained on Na�,K�-ATPase and H�,K�-ATPase and on

formerly identified proteinase K and trypsin fragments of the Ca2�-ATPase
Proteinase K fragments are defined in Ref. 35, and the trypsin fragments are defined in Refs. 51 and 52.

Tentative assignments Name of
fragment Site and domain Conditions Theoretical mass

kDa
182GESVSV . . . p89C Site I A Tg 50 �M pH 7.2, major (minor at pH 5.5) 89.1

p21N 20.5
255EFGEQLS . . . p81C Site II All conditions, major 81.4

p28N membrane 28.2
260LSKVI . . . p80C Site II Ca2� 10 �M or 0.1 mM pH 7.2 (minor) 80.2

p29N membrane 29.2
731SEMV . . . p80N Site I P All conditions (minor) 79.9

p29C 29.5
720MGSG . . . p79N Site Ia P Ca2� 10 �M or 0.1 mM pH 7.2 79.0

p30C and Ca2� 0.1 mM pH 5.5 (minor in Tg); 30.5
increased in 10 �M AMP-PNP

703DGVNDA . . . p78N Site I P Tg 50 �M pH 7.2 77.3
p32C (and all conditions at pH 5.5: minor) 32.1

330NAIV . . . p73C Site I P Ca2� 10 �M or 0.1 mM pH 7.2 73.2
p36N 36.2

351DKTGT . . . p71C
p38N

Site I P Tg 50 �M pH 7.2 and all conditions at pH
5.5 (minor)

71.2
38.3

623MITG . . . p68N Site I P Tg 50 �M pH 7.2, major 68.4
p41C (and all conditions at pH 5.5: minor) 41.1

437VGEATET . . . p61C Site Ia N Ca2� 10 �M or 0.1 mM at pH 7.2 and 5.5 61.8
p48N (minor in Tg) increased in 47.6

10 �M AMP-PNP
182GESV( . . . )IRVI622 p48 Site I A and P Tg 50 �M pH 7.2, major 48.1

p21N 20.5
623MITG . . . p41C 41.1

255EFGEQLS( . . . )IRVI622

623MITG . . .

p40
P28N
p41C

Site I and II
membrane
and P

Tg 50 �M pH 7.2 40.3
28.2
41.1

120KEY . . . p95C Proteinase K 96.1
243EQDKT . . . p83C 82.8
350DKTG( . . . )MGSI611 p29/30 �29
1M( . . . )QMAAT242 p28N 26.6
747VEEG . . . p27C 27.8
808GFNPP . . . p19C 20.1
1M( . . . )SSR505 A Trypsin 55.4
506AAV . . . B 54.0
1M( . . . )DPR198 A2 22.1
M1( . . . )IVR334 A3 36.6
729TAS . . . B3 29.7
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20,421.5 � 32.2 Da (n � 3), whereas the value expected on the
basis of Met1–Thr181, including acetylation of Met1, is 20,341
Da. The experimental value is slightly larger than expected,
but this can easily be accounted for by a possible oxidation of
methionine residues (due to the high H2O2 concentration)
and/or covalent binding of acrylamide monomers (Mr � 70 Da)
in SDS-PAGE gels, which can react with the cysteines of the
protein (40). In an attempt to avoid the uncertainty of acryl-
amide binding, some samples were alkylated with iodoacet-
amide before analysis (Table II). In the table, we have assumed
that alkylation by iodoacetamide occurred on all the cysteine
residues, but this could be an overestimate, in particular for
membrane proteins (40).2 Despite these reservations concern-
ing the extent of alkylation and/or possible methionine oxida-
tion, Table II demonstrates excellent agreement between
MALDI-TOF MS analysis with the values deduced from the
comparative gel electrophoretic analysis. In the case of
Na�,K�-ATPase, the N termini of two fragments could be de-
termined by Edman degradation (214ESE216 C terminus and
712VNDS715 C terminus in site I, see Ref. 20). By comparing the
theoretical masses of these two fragments and those found by
MS, we can estimate, independently, that masses of fragments
in the 20–80 kDa range are determined by MALDI-TOF MS
with an accuracy of 2–4 residues, respectively.

DISCUSSION

Fe2�-catalyzed oxidation of Ca2�-ATPase results in a num-
ber of bands appearing in SDS-PAGE. To identify the points of

cleavage, N-terminal sequencing would have been the method
of choice, but it is usually not feasible to use Edman degrada-
tion after oxidative cleavage due to blocked N termini of
cleaved fragments. Therefore we have used alternative meth-
ods to identify the cuts as precisely as possible: i) by use of
specific antibodies and careful molecular mass estimates based
on a number of well known SERCA1a proteolytic fragments
from proteinase K or trypsin. Because in this case the migra-
tion rate of unknown fragments is compared with that of pro-
teolytic fragments from the same protein, serving as an “ideal
standard,” the cleavage points can be rather precisely located
(probably within 5 residues); ii) molecular masses were inde-
pendently measured by several mass spectrometry techniques
(MALDI-TOF MS, ESI-Q-TOF, MS/MS). In one case (p21N
ending at Thr-181), the latter technique allowed us to identify
that the C-terminal amino acid is cleaved as an amide; to our
knowledge, this is the first time that an oxidative cleavage
position could be detected so precisely by mass spectrometry (1
Da). This determination confirms the tendency of oxidative
peptide bond cleavage to take place between the amino group
and the � carbon on the C-terminal side of the cleaved peptide
bond (39). For MALDI-TOF MS analysis, a new protocol was
developed to prepare the intact peptides electroeluted from
SDS-PAGE (33). This involved a number of steps, in particular
a careful removal of SDS after electroelution from the SDS-
PAGE by exchange with NaDOC. This method has the impor-
tant feature of allowing estimation of masses by MALDI-TOF
MS of any water-soluble and hydrophobic proteins eluted from
SDS-gels. The resulting mass measurements were generally in
very good agreement with the cleavage proposed on the basis of
the known cleavage sites in Na�,K�-ATPase and H�,K�-
ATPase and the SDS-PAGE calibration mentioned above. From
all these data, it has been possible to define with a rather high
degree of certainty (2–4 residues in the range 20–80 kDa,
respectively) how the cleavage products can be accounted for by
cleavage at relatively few positions in a conformation-depend-
ent manner. In relation to the cleavage mechanism, it was
noticed previously that a glycine residue is found next to the
two exactly known Fe2�-catalyzed cleavage positions of
Na�,K�-ATPase (TGDG1VNDS and TG1ES), and we now
find this also with Ca2�-ATPase at T1GES. With the greater
accuracy of determination by MS, it now seems that this is
usually the case (Table I). This generalization helps to locate
inexactly known cleavage positions. In addition, the mechanistic
implication could be that the side chain of the residue on one or
the other side of the glycine makes contact with the bound iron,
and the lack of a side chain at the glycine residue creates the
space that allows access of the OH radical to the peptide
backbone.

The present investigation shows that Fe2�-catalyzed oxida-
tion of Ca2�-ATPase results in a cleavage pattern that in many
respects is similar to that of Na�,K�-ATPase and H�,K�-
ATPase (19). In all cases, there is evidence that Fe2� cleavage
in the cytosolic domains (site I) is associated with conserved
sequences, important for enzyme catalysis. This is especially
evident in the E2 conformation in which cleavage localizations,
in addition to the phosphorylation site, include the 181TGES184

motif in domain A and the 623MTGD626 conserved sequence in
the P-domain, both of which are involved in ATPase dephos-
phorylation. Furthermore, in the E2 conformation, there is
cleavage at the Mg2� bound at the phosphorylation site, involv-
ing the Asp703 residue in the TGD703GVNDA region in the
C-terminal end of the P-domain (41). As shown in Fig. 7A
(residues in green), all of the aforementioned motifs are assem-
bled around Asp351 in the E2(Tg) (1IWO; Ref. 5) structural
model. This is also the case for E2(V) (1KJU; Ref. 42) structural2 M. le Maire, unpublished data.

FIG. 5. A linear map of the various fragments of the Ca2�-
ATPase identified after proteolytic attack by Fe2�. The conditions
and appearance of these peptides are detailed in Figs. 1–3 and Table I.
Site I is in the cytosolic region, whereas site II is in the membrane
interface. Site Ia designates the two cleavages that were increased by
nucleotide binding (Figs. 3 and 4).

Fe2�-catalyzed Oxidative Cleavages of Ca2�-ATPase 43977



model (data not shown). It has recently been unequivocally
shown that Fe2� mimics normal Mg2� binding sites in E2
conformations, leading to production of the TGES and VNDS
site I cleavages in Na�,K�-ATPase (18, 43). Our data thus
confirm the functional importance and joint involvement of
these motifs in the E2 conformation of the ATPase.

Fewer site I cleavages take place in the E1Ca2 (1EUL; Ref. 4)
conformation (Fig. 7B, residues in yellow or white), probably as

an indication of the absence of cytosolar high affinity binding
sites of Fe2� under these conditions. In the E1Ca2 conforma-
tion, according to both the x-ray and other structural evidence,
the ATPase is in a more open and flexible state than it is in the
E2(Tg) (5) and E2(V) (42) state. In agreement with previous
evidence on Na�,K�-ATPase (17) and H�-ATPase (22), we have
detected a cleavage site in the N-domain probably located near
Glu439 in the 437VGEATE442 region, close to the Thr441 Fe2�

TABLE II
MALDI-TOF MS analysis on fragments of Ca2�-ATPase or Na�,K�-ATPase electroeluted from SDS-gels

The predicted mass is the average mass, including, for Ca2�-ATPase, the N-terminal acetylation. When no alkylation was performed, the MALDI
mass is the experimental result without subtraction (but see “Results” concerning possible acrylamide covalent binding), whereas in the case of
alkylation, we have assumed complete modification. Thus, we have subtracted 57 times the number of cysteine in this sequence, but we have not
taken into account possible methionine oxidation. There is a total of 24 cysteines in Ca2�-ATPase and 23 in Na�,K�-ATPase.

Known (*) or predicted length of fragments Catalyst, site, domain, conformation Predicted mass MALDI mass

Da Da � S.E..
Ca2� ATPase

(*)1MEAAH . . . T181 Fe2� site I A
E2(Tg)

20,381 20,421 � 32 (n � 3)
(no alkylation)

1MEAAH . . . K436 ATP�Fe2� site I N 47,666 45,835 � 426 (n � 6)
437VGEA-C terminus E1�ATP�Fe 61,882 61,443 (n � 2)

(with alkylation)

1MEAAH . . . K329 Fe2� site I P 36,143 35,805 � 168 (n � 6)
E1Ca2 (with alkylation)

182GES . . . I622 Fe2� site I A, P 48,086 48,312 � 183 (n � 4)
E2(Tg) (with alkylation)

1MEAAH . . . I622 Fe2� site I P 68,440 70,548 � 90 (n � 4)
623MITG-C terminus E2(Tg) 41,128 (no alkylation)

41,528 � 58 (n � 4)
(no alkylation)

41,963 � 464 (n � 5)
(with alkylation)

Na� K� ATPase
1GRDK . . . G213 ATP�Fe2� site I A E2P 23,421 23,196 � 52 (n � 11)
(*)214ESE-C terminus 88,852 89,814 � 374 (n � 11)

(with alkylation)

1GRDK . . . G442 ATP�Fe2� site I N 48,296 48,562 (n � 2)
443DASE-C terminus E1�ATP�Fe 64,003 64,427 (n � 2)

(with alkylation)

1GRDK . . . G711 ATP�Fe2� site I P 77,747 77,762 � 102 (n � 6)
(*)712VNDS-C-terminus 34,552 34,745 � 109 (n � 8)

(with alkylation)
E1�ATP�Fe

283HFIH-C terminus Fe2� site II M 81,481 81,999 (n � 2)
E2(K) or E1Na (with alkylation)

608MVTG-C terminus Fe2� site I P E2(K) 45,614 45,696 � 124 (n � 5)
(with alkylation)

FIG. 6. MALDI-TOF MS spectra of
the p21N fragment of Ca2�-ATPase
and analogous fragment of Na�,K�-
ATPase. The fragments were electro-
eluted from GelCode-stained gels and
SDS-exchanged with NaDOC, and
MALDI-TOF spectra were recorded as de-
scribed under “Materials and Methods.”
See also Table II.
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oxidation site on Ca2�-ATPase identified by Hua et al. (21). The
formation of this cleavage is enhanced by nucleotide binding,
but still, there is evidence from the gels that the cleavage is
present in distinct amounts already in the E1Ca2 conformation.
This is remarkable since, according to the published 1-EUL
x-ray structure (Fig. 7B), the residue is about 25 Å removed
from the site I center. This finding could suggest a flexible
structure of the E1 conformation such that the N-domain can
rotate by thermal motion already in the E1Ca2 conformation
and, at least momentarily, make contact with the phosphoryl-
ation site. Glutaraldehyde cross-linking of residues Lys492 and
Arg678 in the presence of Ca2� and in the absence of ATP also
suggest this possibility (44). It has previously been proposed
that the Glu439 in conjunction with the Asp703 residue plays a
role in the metal coordination after Mg�ATP binding (18, 43).
However, according to recent structural analysis of Ca2�-
ATPase in the Ca2E1�AMP-PCP form, Glu439 does not coordi-
nate with Mg2� (6), but in this conformation, in which the N-
and P-domains are glued together by bound nucleotide, Glu439

is much closer (7–8 Å) to the Mg2� coordinated with Asp703�-
phosphate, Asp351, and Asp703 than in the E1Ca2 form (Fig. 8).3

In addition, Glu439 and Asp703 in the nucleotide-bound E1 form
are located in an internal and solvent-filled cleft formed be-
tween the N-, P-, and A-domains. Furthermore, the cleavages
at Glu443 and Glu710 of Na�,K�-ATPase always appear or
disappear in parallel (18, 31). It is therefore definitely possible
that the cleavage in the N-domain could represent the product
of close transient associations of the N- and P-domains medi-
ated by the bound AMP-PNP�Fe2� complex, whereas the crys-
tal structure may represent a more stable form in which the
N-and P-domains are less close to each other. Interestingly,
recent infrared spectroscopy results (10) suggest that nucleo-
tide binding induces a conformation that is characteristic of the

bound nucleotide, pointing at a further line of investigation in
which future work might be helpful. In any event, the approach
of the ATP molecule bound to the N-domain toward the P-

3 The same is true concerning the second Mg2� binding site reported
by Sørensen et al. (6), which is located at a distance of about 5 Å
from Glu439 but which so far has only been detected corresponding to
the phosphorylated transition state.

FIG. 8. Ca2�-ATPase in the Ca2E1�AMP-PCP form (Sørensen et
al. (6)) showing the proximity of Glu439 to the Mg2� ion binding
site. A magnesium ion is coordinated with the �-phosphate, Asp351,
Asp703, the carbonyl of Thr353, and two water molecules. A solvent-
exposed water molecule of the coordination sphere of the magnesium
ion is indicated in magenta. Glu439 does not coordinate with Mg2� but is
much closer in this form (7–8 Å) to the Mg2� than in the E1Ca2 form,
in line with our proteolysis results obtained by adding AMP-PNP. We
expect the Fe2� ion to bind at this site. Note that Glu439 is positioned
right at the N terminus of a helix, thus with a positive dipole. This
might explain the preference of a released hydroxyl radical (perhaps
from the position of the magenta water molecule) to attack in that exact
region. The figure is provided by courtesy of Poul Nissen.

FIG. 7. Topological location of the Fe2� cleavage points obtained in thapsigargin (A) or in Ca2� (B), based on structural models of
Ca2�-ATPase and the results shown in Table I. The representations are based on the structures deposited in the Protein Data Bank with the
following accession codes: 1IWO (A) and 1EUL (B). The color code is as follows: red for Asp351, green for E2(Tg)-specific splits, yellow for
E1Ca2-specific splits, but white for E1Ca2-specific splits enhanced by AMP-PNP. Blue indicates Glu255, a split observed both in E2(Tg) and in
E1Ca2. Ser731, which is a minor cut and unspecific, is not indicated to avoid overloading.

Fe2�-catalyzed Oxidative Cleavages of Ca2�-ATPase 43979



domain is required for phosphorylation of Asp351 to take place,
and the parallel N- and P-cleavages can be seen as reflecting
this fact. However, it remains uncertain to what extent Mg2�

binding extends beyond residues in the phosphorylation motif
and Asp703, as demonstrated in the crystal structure of nucle-
otide-bound Ca2�-ATPase (6) and suggested from site-directed
mutagenesis experiments in Na�,K�-ATPase (41).

As novel findings, we have detected a cleavage site near
720MGSG723 between the P6 and P7 helix of the P-domain. As
can be seen from Fig. 7B, it is close to the phosphorylation site
in the E1Ca2 conformation and, being part of a highly con-
served P-type ATPase region, may function as a residue with
catalytic properties or participate in the formation of a Mg2�

binding site, subject to the same uncertainties as the Glu439

residue. In any case, such as that of 437VGEATE442 discussed
above (Fig. 4), there is, in the presence of AMP-PNP, an in-
creased cleavage of 720MGSG723, suggesting involvement in the
Mg�ATP binding process (in Fig. 7, these two sites are colored in
white). Although the major ATP�Fe2�-induced cleavage site of
Na�,K�-ATPase is at 712VNDS715, rather than at the homolo-
gous 727MGIA730, it was pointed out in Patchornik et al. (31)
that the broad band is usually resolved as a doublet, with a less
prominent fragment 1.5 kDa smaller than the major fragment.
Thus, the Na�,K�-ATPase may, in fact, be cut at both
712VNDS715 and 727MGIA730. The functional importance of
Met720 has been recently underlined since a mutation in the
homologous Met731 of the Na�,K�-ATPase is associated with
familial hemiplegic migraine (45). Finally, we observed weak
cleavage sites near 731SEMV734, the occurrence of which ap-
pears to be largely conformation-independent, but it is close to
a specific K� binding site, probably of modulatory importance,
that involves Asp732.4

Site II cleavages are mainly confined to the 255EFGE258

region in the S3 stalk, close to the membrane region. Site II is
far removed from the cytosolic site and appears to be subject to
cleavage in a largely conformation-independent manner; this
site is colored in blue in Fig. 7, A and B. Interestingly, the
corresponding region in Na�,K�-ATPase (HFIH) has a basic
content of amino acid residues. Based on the present data, site
II is unlikely just to reflect unspecific binding of Fe2� by com-
plexation with histidine such as could be conceived to be the
case on the basis of the Na�,K�-ATPase data alone. Possibly,
the cleavages in this region could represent binding of Fe2� at
a Ca2� pre-binding site suggested to be present somewhere in
the M1–3 zone (4, 5, 46–49, 54) to form a gateway for the
intramembranous binding and occlusion of Ca2� at Glu309

(Ca2� binding site 2). In contrast to findings on Na�,K�-
ATPase, we could not detect with certainty a cleavage site at
the S1/M1 border that could further support this suggestion.
However, there is a technical difficulty in assessing this as the
homologous site of 97EYVK100 in Na�,K�-ATPase occurs at a
more N-terminal location in Ca2�-ATPase (at 48SLWEL52). A
cleavage at this position would produce a very large fragment
(104,000 Da), very close to that of the complete enzyme
(109,000 Da), and most likely, our SDS-PAGE system would
not resolve it. It is interesting to note that the thapsigargin
binding site is located near site II (5). Recently, Eckstein-
Ludwig et al. (50) showed that Artemisinin, a potent antima-
laria drug, inhibits PfATP6, an ortholog of SERCA1a present in
Plasmodium falciparum, probably by binding at the same site
as thapsigargin. The inhibition was found to be dependent
upon the presence of Fe2� ions and thus could be prevented by
the presence of deferoxamine. The basis for the Artemisinin

effect appears to be that an endoperoxide bridge generates
short-lived radicals in the presence of Fe2�. This emphasizes
the importance of oxidative stress in the cellular environment
and opens new perspectives on Fe2�-oxidative damages.
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