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Abstract

We studied binding of ATP and of the ATP analogs adenosine 5′-(β,γ-methylene)triphosphate (AMPCP) and β,γ-imidoadenosine 5′-
triphosphate (AMPPNP) to the Ca2+–ATPase of the sarcoplasmic reticulum membrane (SERCA1a) with time-resolved infrared spectroscopy. In
our experiments, ATP reacted with ATPase which had AMPPCP or AMPPNP bound. These experiments monitored exchange of ATP analog by
ATP and phosphorylation to the first phosphoenzyme intermediate Ca2E1P. These reactions were triggered by the release of ATP from caged ATP.
Only small differences in infrared absorption were observed between the ATP complex and the complexes with AMPPCP and AMPPNP
indicating that overall the interactions between nucleotide and ATPase are similar and that all complexes adopt a closed conformation. The spectral
differences between ATP and AMPPCP complex were more pronounced at high Ca2+ concentration (10 mM). They are likely due to a different
position of the γ-phosphate which affects the β-sheet in the P domain.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ca2+–ATPases [1] and related P-type ATPases are multi-
domain proteins that couple uphill ion transport to ATP
hydrolysis via molecular movement within and between
domains. A prominent example is the sarcoplasmic reticulum
Ca2+–ATPase which mediates muscle relaxation by the removal
of cytosolic Ca2+. Key events for Ca2+–ATPase function are
Ca2+, H+ and ATP binding, as well as phosphorylation of D351
by ATP and the interconversion between two phosphoenzyme
intermediates, Ca2E1P and E2P.

Binding of two cytosolic Ca2+ (E2/E1→Ca2E1) enables
ATP to phosphorylate D351 of the ATPase which occludes the
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bound Ca2+. The first phosphoenzyme intermediate (Ca2E1P),
which is ADP-sensitive, converts to an ADP-insensitive form
(E2P) that is more rapidly hydrolysed. Phosphoenzyme
conversion is associated with Ca2+ release towards the
sarcoplasmic reticulum lumen against the concentration gra-
dient. E2P picks up protons from the lumenal side of the
membrane that are counter-transported and released to the
cytoplasmic side upon Ca2+ binding [2–4].

Binding of ATP induces conformational changes that are
relatively large compared to those associated with the
phosphorylation reaction as seen by infrared spectroscopy
[5]. The conformational change upon nucleotide binding
depends to a surprising degree on individual interactions
between ATPase and nucleotide [6,7]. It was concluded that
the ATPase interacts with the γ-phosphate [7], the ribose
hydroxyls and the amino function [6] of ATP. The missing of
individual interactions produces more than just local effects: it
affects the entire conformational change upon binding. This
suggests a concerted conformational change for which all
interactions need to be in place [6]. TNP-AMP binding to
Ca2E1 seems to cause small structural changes that are largely
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Fig. 1. Structures of ATP, AMPPCP and AMPPNP. The differences between
these structures are shown in bold.
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opposite to those induced by ATP [8]. As a consequence, the
(average) structure of the nucleotide–ATPase complex is
characteristic of the nucleotide bound. This explains some of
the conflicting results obtained with different ATP analogs for
the Ca2+–ATPase and the Na+/K+–ATPase which has led to a
controversy about the number of binding sites as summarised
previously [9,10].

The interactions identified by infrared spectroscopy were
later confirmed by X-ray crystallography [11,12]. Binding of
ATP closes a cleft between two of the cytoplasmic domains of
the ATPase [13,14]: the nucleotide-binding domain (N domain)
and the phosphorylation domain (P domain). Closure of the
cleft delivers the γ-phosphate to the phosphorylation site D351
in the P domain [11,12]. The two domains are bridged by ATP
in the ATP–ATPase complex (Ca2E1ATP) which also provides
an explanation for the drastic structural effects of modifying the
ribose 3′-OH and the adenine amino function. Interactions of
both groups stabilize the closed conformation of the complex,
3′-OH directly via an interaction with R678 in the P domain, the
amino group indirectly because its interaction with K515 seems
to position the ribose hydroxyls such that interaction with the P
domain is possible.

The X-ray structures of the ATP bound state Ca2E1ATP
[11,12] were obtained with the ATP analog AMPPCP instead of
ATP. These structures are almost identical to the structures of a
Ca2E1P analog [12,15]. In particular, in both states the side
chain orientation of the Ca2+ ligand E309 is locked [11] and a
putative Ca2+ access channel between transmembrane helices
M1 and M2 is closed off [12]. This similarity between the two
structures obscures the structural cause for the functional
difference between the ATP bound state and Ca2E1P. In the ATP
bound state the Ca2+ ions are accessible whereas they are
occluded in Ca2E1P. A recent study has shed light on this
paradox concluding that the Ca2E1AMPPCP complex has
different properties and structures at μM and mM Ca2+

concentration and resembles at low Ca2+ concentration more
the ATP complex and at high Ca2+ concentration more Ca2E1P
[16]. In particular, Ca2+ dissociation is slowed down by
AMPPCP at high but not at low Ca2+ concentrations. High
Ca2+ concentration have been used to obtain the crystal
structure of the AMPPCP complex [11] whereas most other
studies have been done at lower Ca2+ concentration.

Here we investigate with infrared spectroscopy the structures
of the Ca2+–ATPase complexes with ATP, AMPPCP and
AMPPNP (see Fig. 1 for the structures of these nucleotides). We
show that the structures of the complexes with AMPPNP and
AMPPCP are similar to each other as seen by infrared
spectroscopy but that they are slightly different from that of
the complex with ATP.

We use the photolytic release of effector molecules from
inactive, photosensitive precursors (caged compounds) to start
the partial reactions of the Ca2+–ATPase [17–19]. This allows
the sensitive detection of the small infrared absorbance changes
that are associated with these reactions. These changes reflect
changes of protein structure in the amide I and amide II region
of the infrared spectrum and environmental changes like
changes in hydrogen bonding. The sensitivity is high enough
to detect environmental changes around single atoms in this
15000 atom protein [20].

2. Materials and methods

2.1. Sample preparation

Samples for infrared spectroscopy were prepared as described [21]. SR
vesicles were dialysed in the presence of 15 μM Ca2+ which saturates the Ca2+

binding sites of the ATPase. A vesicle suspension together with additions was
then dried on a CaF2 window and subsequently rehydrated with water.
Approximate concentrations in Ca2+ samples were: 100–150 mg/ml protein,
300 mM Mops/KOH pH 7.0, 150 mM KCl, 10 mM free CaCl2, 20 mM
glutathione, 50 mMAMPPNP or AMPPCP, 12 or 20 mM caged ATP, 0.5 mg/ml
Ca2+ ionophore A23187, and 1–2 mg/ml adenylate kinase. Low Ca2+/high Mg2+

samples contained 3 mM MgCl2 and 0.15 mM free CaCl2 (i.e. not counting the
Ca2+ bound to the ATPase which corresponded to ∼2 mM) instead of 10 mM
CaCl2. Control samples contained 200 mM instead of 50 mM AMPPCP. This is
expected to slow down nucleotide exchange and subsequent protein reactions
considerably. Accordingly, no bands of ATPase phosphorylation can be seen in
these spectra indicating that phosphoenzyme decay is no longer rate-limiting.
Samples in 2H2O were prepared in the same way as 1H2O samples but
rehydrated with 2H2O. The protein concentration in our samples might be
perceived as high but is slightly less than found in cells [22]. In addition, the
ATPase concentration within the sarcoplasmic reticulum membrane is not
altered by our sample preparation.

2.2. FTIR measurements

Time-resolved FTIR measurements were performed at 1 °C as described
[5,23]. Several experiments were averaged and the spectra normalized to equal
protein content as described [23]. Binding of AMPPCP and AMPPNP were
studied in displacement experiments. The initial state in these experiments was
Ca2E1AMPPXP where AMPPXP stands for AMPPNP or AMPPCP. Displace-
ment of AMPPXP by ATP and subsequent transition to Ca2E1P was triggered by
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the release of ATP from caged ATP. The sample composition was such that
Ca2E1P accumulated and its decay was rate limiting. To study nucleotide
binding in displacement experiments may seem complicated, but is a direct way
to assess structural differences between two nucleotides. The small absorbance
differences between two nucleotides can be recorded with very high fidelity
because they are obtained in single time-resolved experiments. This avoids
comparison of spectra obtained with different samples which might give rise to
artifacts. Because of similar results with AMPPCP and AMPPNP, only the
AMPPCP spectra are shown and their experimental details described. For
AMPPCP, the displacement experiments yielded spectra of the complete
reaction to the first phosphoenzyme intermediate Ca2E1AMPPCP→Ca2E1P
and of the partial reactions of (i) nucleotide exchange Ca2E1AMPPCP→Ca2E1ATP
and (ii) of phosphorylation after exchange of AMPPCP for ATP Ca2E1ATP→
Ca2E1P.

The AMPPCP→E1P spectrum reflects the absorbance change that is
associated with the reaction Ca2E1AMPPCP→Ca2E1P. It is the absorbance of
Ca2E1P minus that of Ca2E1AMPPCP. The absorbance change with respect to a
spectrum before ATP release was recorded 14–68 s after ATP release for Ca2+/
1H2O samples, 12–31 s after ATP release for Ca2+/2H2O and Mg2+/1H2O
samples and 12–20 s after ATP release for Mg2+/2H2O samples.

The nucleotide exchange spectrum was obtained in the early phase of a
displacement experiment. It reflects the absorbance change associated with
exchange of AMPPCP by ATP on the ATPase: Ca2E1AMPPCP→Ca2E1ATP. It
is the absorbance change 0.14–1.2 s after ATP release for Ca2+/1H2O samples,
and that 0.14–0.68 s after ATP release for Ca2+/2H2O, Mg2+/1H2O and Mg2+/
2H2O samples.

The phosphorylation spectrum in the presence of AMPPCP was obtained in
the later phase of a displacement experiment Ca2E1AMPPCP→Ca2E1ATP→
Ca2E1P and predominantly reflects the change in absorbance between
Ca2E1ATP and Ca2E1P (absorbance of Ca2E1P minus that of Ca2E1ATP).
Therefore it is expected to have the same shape as the phosphorylation spectrum
in the absence of AMPPCP [5,23] which reflects the same reaction. The
Fig. 2. Infrared difference spectra of displacement experiments in which AMPPCP
Ca2E1AMPPCP. The transition to Ca2E1P was triggered by the release of ATP f
Ca2E1AMPPCP→Ca2E1ATP. Thin line: AMPPCP→E1P spectrum in 1H2O reflec
2H2O. (C) 0.15 mMCa2+ and 3 mMMg2+ in 1H2O. (D) Control spectra obtained with
(bold line) and 14.4–72 s (thin line) after ATP release. These times of spectra recor
phosphorylation spectrum in the presence of AMPPCP was calculated for Ca2+/
1H2O samples by subtraction of spectra obtained 0.14–3.2 s and 14–68 s after
ATP release. The time interval for the early spectrum characterising Ca2E1ATP
was extended with respect to that used to characterise the same state in the
nucleotide exchange spectrum in order to achieve a better signal to noise ratio.
Modifying the time interval for the early spectrum in the subtraction did not
change the shape of the resulting spectrum.

From the time constant for the rise of the marker band of the phosphorylation
reaction at 1719 cm−1 [5,24,25] it was calculated that at the time of recording the
0.14–3.2 s spectrum already 34% of the ATPase molecules were phosphorylated
in the Ca2+/1H2O samples. Thus the spectrum resulting from the subtraction
represents only 66% of the full extent of the phosphorylation reaction. Therefore
it was multiplied by 1.52 (=100%/66%) and the resulting spectrum is termed
phosphorylation spectrum in the presence of AMPPCP.

3. Results

3.1. AMPPCP→ATP displacement experiments at high Ca2+

Binding of AMPPCP and AMPPNP to the Ca2+–ATPase
was studied in displacement experiments. The initial state in
these experiments was therefore Ca2E1AMPPCP or Ca2-
E1AMPPNP. Release of ATP from caged ATP triggered
exchange of AMPPXP by ATP and subsequent phosphorylation
to Ca2E1P. Only experiments with AMPPCP are shown, since
the results with AMPPNP were similar. For experiments with
AMPPCP under different conditions, Fig. 2A–C show spectra
of the full reaction Ca2E1AMPPCP→Ca2E1P as thin lines
(AMPPCP→E1P spectra) and of the first partial reaction,
was replaced by ATP at pH 7, 1 °C. The initial state in these experiments was
rom caged ATP. (A)–(C) Bold line: nucleotide exchange spectrum reflecting
ting Ca2E1AMPPCP→Ca2E1P. (A) 10 mM Ca2+ in 1H2O. (B) 10 mM Ca2+ in
samples that contained 200 mM instead of 50 mMAMPPCP recorded 0.14–1.2 s
ding were the same as for the spectra in (A).
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nucleotide exchange Ca2E1AMPPCP→Ca2E1ATP, as bold
lines (nucleotide exchange spectra). Fig. 3 shows the second
partial reaction as bold line: phosphorylation after exchange of
AMPPCP for ATP Ca2E1ATP→Ca2E1P (phosphorylation
spectrum in the presence of AMPPCP). For comparison, the
respective spectrum in the absence of AMPPCP is also shown
as dotted line in Fig. 3. Fig. 2D shows control spectra recorded
at the same times as the spectra in Fig. 2A.

The spectral range shown covers the amide I (1700–
1610 cm−1) and amide II (1580–1520 cm−1) regions of the
infrared spectrum which are both sensitive to structural changes
of the peptide backbone. The main focus of the discussion is on
the amide I region. Amino acid side chains can contribute in the
whole spectral region shown. The large band near 1526 cm−1 is
mainly due to the photolysis of caged ATP [18,26,27].

Fig. 2A shows spectra obtained at different times in a
displacement experiment at 10 mM Ca2+ in 1H2O. After ATP
release, the ATPase became phosphorylated as indicated by the
marker band for phosphorylation at 1719 cm−1 [5,24,25] in the
AMPPCP→E1P spectrum (thin line in Fig. 2A). A control
spectrum recorded in the same time interval is shown as thin
line in Fig. 2D. It shows only very small bands, and its
subtraction from the AMPPCP→E1P spectrum (not shown)
produced only small changes in the amide I region. It was
interesting to observe that the negative 1673 cm−1 band
developed faster than most of the other bands, in particular than
the band at 1719 cm−1. An early stage of the reaction from
Ca2E1AMPPCP to Ca2E1P is shown as bold line in Fig. 2A
which is attributed predominantly to the exchange of AMPPCP
by ATP, i.e. it shows the absorbance of Ca2E1ATP minus that of
Ca2E1AMPPCP. Apart from the band at 1672 cm−1, this
spectrum exhibits additional bands in the amide I region: the
positive bands at 1650 and 1633 cm−1. The three bands indicate
differences between the structures of the ATP and AMPPCP
complexes. None of the bands at 1672, 1650 and 1633 cm−1 in
the nucleotide exchange spectrum is seen in the control
spectrum recorded in the same time interval (bold line in Fig.
2D) at 4-fold higher AMPPCP concentration. Accordingly, a
subtraction of the control spectrum does not eliminate these
bands (not shown). However, the control spectrum shows a
positive band at 1695 cm−1 because of which we do not
interpret the positive bands at 1695 and 1684 cm−1 in the
nucleotide exchange spectrum. The 1695 cm−1 band in the early
control spectrum and the 1652 cm−1 band in the later spectrum
are associated with photolysis byproducts [18,27].

Fig. 2B shows spectra in 2H2O which correspond to the
1H2O spectra shown in panel a. Slightly different time intervals
were used for the spectra in 2H2O. Similar band profiles and
peak positions are observed in 1H2O and 2H2O. The band at
1672 cm−1 is slightly downshifted to 1664 cm−1 which is
indicative of amide I bands. The best assignment of this band is
to turn structures because the band positions in 1H2O and 2H2O
are both outside the range usually given for the high
wavenumber component of β-sheets [28,29]. The bands at
1650 and 1633 cm−1 shift slightly towards higher wavenum-
bers. Several explanations for this are possible. (i) Part of the
1650 cm−1 band in 1H2O seems to shift down, leaving a smaller
band at 1653 cm−1 in 2H2O and increasing the intensity on the
high wavenumber side of the 1633 cm−1 band (1H2O band
position). As a consequence, the band position is shifted up to
1634 cm− 1 in 2H2O. Shifts and changes in absorption
coefficient of other overlapping bands could further contribute
to an apparent upshift of the 1633 cm−1 band. (ii) Amide I
bands could be overlapped differently in 1H2O and 2H2O by
other, unidentified bands of side chains. (iii) The bands might
originate from absorbance changes of carboxylate groups of a
Glu or Asp residue. The band of the antisymmetric stretching
vibration of carboxylate groups exhibits an upshift of 9 cm−1 in
2H2O for groups that are completely exposed to water [30,31].
A carboxylate band at 1633 or 1650 cm−1 would indicate that
this carboxylate group chelates a metal ion in the bridging or
unidentate mode [31–33].

Particular in the case of the 1633 cm−1 band, we think that
the observed upshift most likely is an apparent one because of
overlap by negative bands on both sides of the 1633 cm−1 band.
This overlap is different in 1H2O and 2H2O: on the low
wavenumber side a negative band at 1624 cm−1 is observed
clearly only in 2H2O and on the high wavenumber side the
negative band at 1642 cm−1 in 1H2O (not labeled in Fig. 2A) is
found at 1644 cm−1 in 2H2O. The combined effect of the
negative bands and the partial downshift of the 1650 cm−1 band
will shift the 1633 cm−1 band up in 2H2O. In conclusion, we
tentatively assign the 1633 cm−1 band to an amide I vibration of
a β-sheet because its band position seems to be essentially
unchanged in 2H2O. This indicates that the involved backbone
section does not undergo 1H/2H exchange and thus is rather
rigid. The alternative assignment to a polar or charged side
chain that is insensitive to solvent deuteration is less likely since
polar side chains usually exchange much faster than amide
protons [34] in line with experiments showing exchange within
several minutes [35,36].

Bands near 1630 cm−1 are indicative of β-sheets with a
considerable number of parallel or antiparallel strands and we
have previously tentatively assigned the large bands at 1641 and
1627 cm−1 in nucleotide binding spectra to the structural
change of the β-sheet in the P domain [37]. Thus it is tempting
to speculate that the 1633 cm−1 band in the nucleotide exchange
spectrum (bold line in Fig. 2A) is also caused by amide I
vibrations of the β-sheet in the P domain. This β-sheet is better
aligned in the ATP bound structure [11]. The better the
alignment, the more strands participate in the coupled amide I
vibrations of the β-sheet, and the lower will be the band position
[38,39]. The band position at 1633 cm−1 would then indicate
involvement of parts of the β-sheet that are less well aligned
than those corresponding to the main band at 1627 cm−1 in ATP
and AMPPNP binding spectra [5,40]. In the nucleotide
exchange spectrum in 2H2O (bold line in Fig. 2B) the positive
bands in the β-sheet region is accompanied by a negative band
at 1624 cm−1. This could indicate a shift of a small portion of
the main band towards higher wavenumbers, implying that parts
of the β-sheet become less well aligned upon AMPPCP→ATP
exchange.

A kinetic evaluation (not shown) of the band at 1719 in 1H2O
and of that at 1717 cm−1 in 2H2O gives rate constants for



Fig. 3. Comparison of phosphorylation spectra in the presence and absence of
AMPPCP in 1H2O. Both spectra reflect predominantly Ca2E1ATP→Ca2E1P.
Bold line: spectrum obtained in the later phase of a displacement experiment:
Ca2E1AMPPCP→Ca2E1ATP→Ca2E1P. Dotted line: spectrum obtained in the
later phase of experiments in the absence of AMPPCP: Ca2E1→Ca2-
E1ATP→Ca2E1P [5,23]. Thin line: phosphorylation spectrum in the presence
of AMPPCP corrected for ongoing nucleotide exchange. First, the control
spectrum (bold line in Fig. 2D) was subtracted from the nucleotide exchange
spectrum (bold line in Fig. 2A). This eliminates signals from the photolysis of
caged ATP in the nucleotide exchange spectrum. The resulting spectrum was
multiplied by 0.6 and subtracted from the phosphorylation spectrum in the
presence of AMPPCP.
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phosphorylation of 0.25 s−1 (time constant 4 s) in 1H2O and of
0.3 s−1 (time constant 3.5 s) in 2H2O. These rates are 3-fold
slower than those of phosphorylation in the absence of
AMPPCP [5]. The rates in the presence of AMPPCP suggest
that at the time of recording of the nucleotide exchange spectra
in Fig. 2A and B, about 15% of Ca2E1P had already formed in
1H2O and 11% in 2H2O. However, a correction (not shown) of
this contribution by subtraction of the phosphorylation
spectrum in the presence of AMPPCP (see Fig. 3) produced
only slightly altered nucleotide exchange spectra. A notable
difference in 1H2O was a slight shift of the 1633 cm−1 band to
1631 cm−1 caused by subtraction of the 1638 cm−1 phosphor-
ylation band. Also in an nucleotide exchange spectrum recorded
in the shorter time interval of 0.14–0.64 s, the band is found at
1631 cm−1.

3.2. AMPPCP→ATP displacement experiments at low Ca2+

and high Mg2+

Fig. 2C shows spectra of experiments with 0.15 mM free
Ca2+ and 3mMMg2+ instead of 10mMCa2+ in 1H2O. The Ca

2+

binding sites of the ATPase were saturated because the Ca2+

concentration was never lower than 15 μM during sample
preparation. The experiments were done to investigate whether
the differences between AMPPCP and ATP binding are specific
for Ca2+ as might be expected from the previous studies [16].
The nucleotide exchange spectrum shows a broad negative band
at 1669 cm−1 (not labeled in Fig. 2C). Otherwise the spectrum is
nearly featureless in the amide I region: only very small bands
are observed at 1652 and 1633 cm−1. At the time of recording
the nucleotide exchange spectrum, the ATPase was phosphory-
lated to 18%. Correction of this contribution by subtracting the
phosphorylation spectrum in the presence of AMPPCP did not
significantly change the spectrum, it enhanced somewhat the
1683/1669 cm−1 difference feature and reduced the small
1652 cm− 1 band, but not the 1633 cm− 1 band. The
AMPPCP→E1P spectrum at low Ca2+/high Mg2+ bears strong
resemblance to the AMPPNP→E1P spectrum at high Ca2+ (not
shown) and is also similar to the AMPPCP→E1P spectrum
shown in Fig. 2A.

High Ca2+ and low Ca2+/high Mg2+ conditions produce both
the negative band near 1670 cm−1 in nucleotide exchange
spectra (compare bold lines in Fig. 2A and C). Under low Ca2+/
high Mg2+ conditions the band seems to be broader than at high
Ca2+. This causes the shoulder on the low wavenumber side of
the 1672 cm−1 band in the AMPPCP→E1P spectrum (thin line
in Fig. 2C) which is not observed with high Ca2+ (thin line in
Fig. 2A). The 1650 and 1633 cm−1 bands of the nucleotide
exchange spectrum with high Ca2+ (bold line spectrum in Fig.
2A) are only just observed at low Ca2+ in the presence of Mg2+

(bold line spectrum in Fig. 2C). For the 1633 cm−1 band, this is
in line with the relatively reduced amplitude of this band in the
AMPPCP→E1P spectrum at low Ca2+/high Mg2+ (compare
thin line spectra in Fig. 2A and C). The much reduced bands at
1650 and 1633 cm−1 indicate less structural changes upon
AMPPCP→ATP exchange at low Ca2+/high Mg2+ as com-
pared to high Ca2+. This implies that the structure of the
AMPPCP complex is more like that of the ATP complex under
low Ca2+/high Mg2+ conditions.

In the AMPPCP→E1P spectra in 1H2O there is a small shift
of the highest wavenumber band from 1719 cm−1 in the
presence of Ca2+ (thin line in Fig. 2A) to 1718 cm−1 with Mg2+

(thin line in Fig. 2C). This has been observed before in the
absence of AMPPCP [24,25] and supports the assignment of
this band to the C=O group of phosphorylated D351. Similarly
in 2H2O, the band is found at 1717 cm−1 with Ca2+ (Fig. 2B)
and at 1709 cm−1 with Mg2+ (not shown).

3.3. Phosphorylation spectra at high Ca2+

After AMPPCP is exchanged by ATP, the phosphorylation
reaction (Ca2E1ATP→Ca2E1P) is expected to be the same as in
experiments where ATP is released in the absence of AMPPCP.
This is scrutinized in Fig. 3 where the phosphorylation spectrum
in the absence of AMPPCP (dotted line) is compared to that in
its presence (bold line). In the amide I spectral region between
1610 and 1700 cm−1, bands are found at the same positions and
with the same sign. Even the amplitudes agree very well if it is
considered that both spectra were normalized as described in
Materials and methods. The small difference between the
spectra resembles a spectrum of AMPCP→ATP exchange with
bands at 1673 and 1637 cm−1 which seem to indicate that
AMPPCP→ATP exchange is still ongoing during the time
interval that was used to record the phosphorylation spectrum in
the presence of AMPPCP. Indeed, the amplitude of the
1673 cm−1 band is larger in the AMPPCP→E1P spectrum
(thin line in Fig. 2A) than in the nucleotide exchange spectrum
(bold line in Fig. 2A) indicating that exchange is not complete at
the time of recording the exchange spectrum. Upon correcting
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the phosphorylation spectrum in the presence of AMPPCP for
the contribution of ongoing nucleotide exchange, we obtained
the thin line spectrum of Fig. 3. The agreement of this spectrum
with the phosphorylation spectrum in the absence of AMPPCP
is even better, in particular the relative amplitudes of the
negative bands. This indicates that the structural changes upon
phosphorylation are the same in the presence and absence of
AMPPCP.

Correction of the nucleotide exchange spectrum for the full
extent of nucleotide exchange makes it comparable in amplitude
to the phosphorylation spectrum, indicating a similar extent of
net backbone structural change. As discussed for the 1633 cm−1

band in the nucleotide exchange spectrum, the 1638 cm−1 band
in the phosphorylation spectrum (dotted line in Fig. 3) could be
caused by a part of the β-sheet in the P domain that becomes
less well aligned upon phosphorylation.

3.4. Experiments with AMPPNP at high Ca2+

With AMPPNP, the AMPPNP→E1P spectrum (not shown)
was similar to the respective spectrum with AMPPCP with
bands at 1722 (+), 1701 (+), 1690 (−), 1673 (−), 1653 (+) and
1634 (+) cm−1. In addition, a subtraction of an AMPPNP
binding spectrum from an ATP binding spectrum (not shown)
produced a spectrum similar to the nucleotide exchange
spectrum with AMPPCP (bold line in Fig. 2A) with bands at
1696 (+), 1686 (+), 1671 (−), 1661 (+) and 1632 cm−1 (+). With
AMPPNP it was less obvious than with AMPPCP that the 1672/
1673 cm−1 band develops faster than the marker band for
phosphorylation at 1719 cm−1. This can be attributed to the
nucleotide exchange reaction and the subsequent phosphoryla-
tion reaction being more convoluted because exchange is nearly
rate limiting in these experiments. Otherwise, AMPPNP
behaved similar to AMPPCP in our experiments.

4. Discussion

4.1. Structures of the ATP complex and the AMPPXP
complexes are slightly different

This work studied structural differences between the ATPase
complexes with ATP, AMPPNP and AMPPCP. We confirm and
substantiate a previous observation [40] that binding of ATP and
of the ATP analog AMPPNP gives slightly different infrared
difference spectra in the amide I spectral region which is
sensitive to backbone structure and hydrogen bonding to the
backbone carbonyl oxygens. In the case of AMPPCP, these
differences could be recorded here with uprecedented accuracy
because we were able to observe them directly in a time-
resolved displacement experiment. The obtained nucleotide
exchange spectrum (Fig. 2A, bold line) gives evidence that also
the AMPPCP complex adopts a structure that is slightly
different from that of the ATP complex, the difference being
more pronounced at high Ca2+ than at low Ca2+/high Mg2+. In
contrast, the phosphorylation reaction Ca2E1ATP→Ca2E1P
generates similar spectra in the presence and the absence of
AMPPCP. This indicates that the structural change upon
phosphorylation (Ca2E1ATP→Ca2E1P) is not affected by the
presence of AMPPCP.

4.2. Difference in secondary structure between ATP and
AMPPCP complex

The amplitude of the signals in the nucleotide exchange
spectra is small but comparable to those of the phosphorylation
reaction if the full extent of the AMPPCP→ATP exchange
reaction is considered. For the phosphorylation spectrum in the
absence of AMPPCP, the number of amide groups involved in a
net secondary structure change has been estimated to be 3–10
[5] and we conclude that a similar number of residues is
involved in the AMPPCP→ATP exchange reaction. These
numbers seem to be realistic, as discussed previously [37], but it
has to be kept in mind that they reflect the net change in
secondary structure. The actual number of residues changing
their structure can be considerably larger.

4.3. Molecular model of the structural differences between
AMPPCP and ATP complex

The AMPPCP→ATP exchange spectra at high Ca2+ (Fig.
2A and B) indicate that a β-sheet and a turn structure are
involved in the structural difference between ATP and
AMPPCP complex. The β-sheet is possibly the β-sheet in the
P domain which interacts with the γ-phosphate and the ribose
hydroxyls and changes structure upon nucleotide binding [11].
Since the presence of γ-phosphate and ribose hydroxyls has a
drastic effect on the spectral change in the amide I region upon
binding [6,7], a small displacement of them can explain the
spectral differences between the ATPase complex with ATP and
ATP analogs. Of these functional groups we suggest the γ-
phosphate to cause the structural difference between ATP and
AMPPXP complexes because the nucleotide exchange spectra
are sensitive to the catalytic ion Mg2+ or Ca2+ that binds with
the γ-phosphate. A shift of 0.3 Å of the γ-phosphate location
can be expected from the different bond lengths and bond
angles between β- and γ-phosphate of ATP and AMPPCP [41]
(assuming no change in atomic positions for the rest of the
nucleotide).

The different properties of the AMPPCP complex at high
Ca2+ and low Ca2+/high Mg2+, observed here and previously
[16], may be explained by differences in ion coordination [16]
at a crucial position between the two parts of the β-sheet in the P
domain. With Mg2+, the β-sheet seems to adopt very similar
structures with ATP and AMPPCP as indicated by the small
amplitude of bands in the β-sheet region of the nucleotide
exchange spectrum (Fig. 2C). With Ca2+, the structures are
different. Changes in β-sheet structure could be transmitted
further to the Ca2+ binding sites for example via M4 which
connects to one end of the β-sheet and contains the Ca2+ gate
[11,42,43] E309 or via interaction with the loop between
transmembrane helices 6 and 7 of which helix 6 contains D800,
a residue that coordinates both Ca2+. Interestingly, the
chromium complex of ATP leads to a stable Ca2+ occluded
complex [44,45].
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4.4. The backbone structure of the AMPPCP complex is less
“Ca2E1P-like” than the ATP complex according to infrared
spectroscopy

Because the AMPPCP complex at 10 mM Ca2+ behaves in
many respects like a Ca2E1P analog [16] it could be expected
that the AMPPCP complex is more “Ca2E1P-like” than the ATP
complex. In contrast to this expectation, the infrared spectrum
of the AMPPCP complex at high Ca2+ is less Ca2E1P-like than
that of the ATP complex. This holds for the amide I region
which is sensitive to backbone structure and is true under both
conditions tested, at high Ca2+ and low Ca2+/high Mg2+, as
discussed in the following. The relevant spectra are compared in
Fig. 4 for the high Ca2+ condition and we will consider four
scenarios in the following.

(I) It can be assumed that the AMPPCP complex has the
same structure as Ca2E1P. In this case the AMPPC-
P→E1P spectrum (thin line) should not show any
absorbance changes in the amide I region because the
structures of AMPPCP complex and Ca2E1P are the
same. This is not observed, the AMPPCP→E1P
spectrum exhibits signals in the amide I region which
indicate that the structures of the AMPPCP complex and
Ca2E1P are different.

(II) The structure of the AMPPCP complex could resemble that
of a transition state between the ATP complex and Ca2E1P.
We will discuss this scenario using marker bands for the
Ca2E1P structure. These are the positive bands in the
phosphorylation spectrum without AMPPCP (dotted line)
and in the AMPPCP→E1P spectrum (thin line), found at
1653 and 1637 cm−1. In scenario II, the structure of the
AMPPCP complex is closer to that of Ca2E1P than the
structure of the ATP complex. Thus, upon AMPPCP→
ATP exchange, structural characteristics of Ca2E1P should
Fig. 4. Comparison of AMPPCP→ATP exchange spectrum (bold line),
AMPPCP→E1P spectrum (thin line) and phosphorylation spectrum in the
absence of AMPPCP (dotted line) at high Ca2+. The latter spectrum was
multiplied by 0.77 in order to normalize the spectra to the same amplitude at
1719 cm−1 which is a marker band of the phosphorylation reaction. The larger
amplitude of this band in the experiments without AMPPCP indicates higher
accumulation of Ca2E1P under these conditions or imperfections of the
normalization to equal protein content.
be lost and one should observe the Ca2E1P bands as nega-
tive bands at 1653 and 1637 cm−1 in the AMPPCP→ATP
exchange spectrum. This is neither observed at high Ca2+

(bold line in Fig. 4) nor at low Ca2+/highMg2+ (bold line in
Fig. 2C).

(III) It can be assumed that the structures of the ATP and the
AMPPCP complex are identical. In this case, the
AMPPCP→E1P spectrum (thin line in Fig. 4) should
be identical to the phosphorylation spectrum in the
absence of AMPPCP (reflecting Ca2E1ATP→Ca2E1P,
dotted line). In addition, there should be no absorbance
changes upon AMPPCP→ATP exchange (bold line
spectrum). Both predictions of this scenario are not
observed, indicating that the AMPPCP complex has a
structure that is different from that of the ATP complex.

(IV) In the last scenario it will be assumed that the structure of
the AMPPCP complex differs more from the Ca2E1P
structure than the ATP complex. In consequence, larger or
additional conformational changes are required in the
transition from the AMPPCP complex to Ca2E1P than in
the transition from the ATP complex. This will produce
larger or additional bands for the former transition (thin
line) than for the latter (dotted line). Clearly, this scenario
describes our spectra best. The amplitudes of bands
characteristic of Ca2E1P (at 1653 and 1637 cm−1) are
larger for the transition from the AMPPCP complex and
there is an additional negative band at 1673 cm−1, not
observed for the transition from the ATP complex. This
negative band therefore indicates a structural characteristic
of the AMPPCP complex that is neither present in the ATP
complex, nor in Ca2E1P. The same is true at low Ca2+/
high Mg2+(bold line in Fig. 2C).

Concluding this section on the backbone structure of the
AMPPCP and ATP complexes, the spectral differences in the
amide I region between nucleotide complex and Ca2E1P are not
smaller for AMPPCP than for ATP as could be expected from
the results by Picard et al. Instead they are larger, indicating that
also the structural differences are larger. This is based on the
properties of bands throughout the amide I region, in particular
the Ca2E1P marker bands at 1653 and 1637 cm−1 and the band
at 1673 cm−1 which is characteristic of the AMPPCP complex.
The Ca2E1P marker bands are not observed as negative bands in
the AMPPCP→ATP exchange spectrum indicating that there is
no loss of Ca2E1P characteristics upon AMPPCP→ATP
exchange. The negative 1673 cm−1 band is only observed for
AMPPCP indicating that additional structural changes are
required in the transition from the AMPPCP complex to
Ca2E1P as compared to the transition from the ATP complex.

On the other hand, outside the amide I region there is a band
at 1596 cm−1 in the phosphorylation spectrum without
AMPPCP (dotted line in Fig. 4) that is not present in the
AMPPCP→E1P spectrum at high Ca2+ (thin line) and at low
Ca2+/high Mg2+ (thin line in Fig. 2C). Thus in this respect, the
Ca2E1AMPPCP complex is more like Ca2E1P than like
Ca2E1ATP. The 1596 cm−1 band is in the spectral region of
the antisymmetric stretching vibration of carboxylate groups. It
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does not shift in 2H2O [23] which indicates that the respective
group is not in contact with water. In line with this, the rather
high wavenumber indicates involvement in a salt bridge or ion
chelation in a unidentate binding mode [31–33] if the tentative
assignment to a carboxyl group is correct.

In conclusion, the infrared spectra indicate that the backbone
structure of Ca2E1AMPPCP is more distant from that of
Ca2E1P than that of Ca2E1ATP. On the other hand a side chain
interaction – possibly an ion chelating Asp or Glu residue – of
Ca2E1AMPPCP is like that in Ca2E1P. The larger similarity in a
side chain interaction of the AMPCP complex with Ca2E1P
cannot explain the Ca2E1P-like properties of the AMPPCP
complex at high Ca2+ concentrations observed by Picard et al.
[16] because it is also observed at low Ca2+/high Mg2+. The
same two observations were made for AMPPNP at high Ca2+

(not shown).
Thus it remains an apparent discrepancy between the

expectation of a more Ca2E1P-like structure of the AMPPCP
complex at high Ca2+ and the less Ca2E1P-like backbone
structure deduced from the infrared spectra at high Ca2+ and low
Ca2+/high Mg2+ as compared to the ATP complex. Possible
explanations are:

(i) The ATPase could adopt a structure in the AMPPCP
complex at high Ca2+ which is different from that of
Ca2E1P and its ADP·AlFx analog but in spite of that
behaves similarly regarding the properties probed by
Picard et al. [16]. Thus there could be several structural
ways for the ATPase to achieve similar functional
properties.

(ii) The bands discussed might not be relevant for the
observed functional properties or infrared spectroscopy
might not observe the relevant structural changes.
Infrared spectroscopy of the Ca2+–ATPase seems to
report predominantly conformational changes in well
defined and stable backbone stretches, not of flexible
hinge regions [6]. In line with this consideration,
movement of the A domain towards the P domain does
not contribute to a large extent to our spectra [6].

(iii) Protein concentration could be important. It is high, but
comparable to physiological values in our infrared
experiments and also high in crystals but much lower in
the work by Picard et al. [16].

4.5. All ATPase nucleotide complexes studied here seem to
adopt a closed conformation of the N and P domains

In their interpretation of the different properties of the
AMPPCP complex at high and low Ca2+, Picard et al. [16]
suggest that the ATPase nucleotide complexes could exist in
different forms with bent and extended conformations of the
nucleotide. The bent conformation would be adopted in solution
at low Ca2+ and would provide only little stabilization for the
closed conformation of the cytoplasmic domains and allow Ca2+

dissociation. The extended conformation, found in the crystals
and with AMPPCP at high Ca2+, would stabilize the closed
conformation which occludes Ca2+.
Reaction rates of ATPase phosphorylation [46], changes in
fluorescence levels [47,48], and our infrared spectra [5,23]
support the view that there is a conformational change in the
reaction from the ATPase nucleotide complex to Ca2E1P. It
follows that the structures of the complex and that of the
phosphoenzyme Ca2E1P are different in line with the above
suggestion.

At variance with the suggestion of an open conformation of
the nucleotide–ATPase complex in solution however, our
results indicate that all nucleotide ATPase complexes adopt a
closed conformation at least for the N and P domains as
discussed in the following first for ATP at high Ca2+, then for
AMPPNP at high Ca2+ and finally for AMPPCP at high and low
Ca2+.

The spectral changes upon ATP binding are considerably
larger than upon phosphorylation at high Ca2+ [5] and at low
Ca2+/high Mg2+ (not shown) indicating that most of the
conformational change to the closed conformation takes place
upon binding. Under our standard conditions of 10 mM Ca2+,
the nucleotide binding spectra are very sensitive to the presence
of the ribose hydroxyls [6] and of the γ-phosphate [7], which is
readily explained [37] by their interactions with the P domain in
the closed conformation [11,12].

AMPPNP binding at 10 mM Ca2+ causes very similar
spectral changes (band positions and band amplitudes) as ATP
binding [6,40], indicating that the interactions between ATPase
and γ-phosphate as well as ribose hydroxyls of AMPPNP are
largely in place. For this, γ-phosphate and ribose hydroxyls
need to interact with the P domain in a closed structure of the
AMPPNP complex.

AMPPCP at high Ca2+ and low Ca2+/high Mg2+ behaves
similarly to AMPPNP at 10 mMCa2+ as indicated by the similar
AMPPXP→E1P spectra. This gives evidence for a closed
structure also of the AMPPCP complexes irrespective of the
Ca2+ concentration. If a more open conformation were adopted
in the ATPase AMPPCP complex under one of these conditions,
bands characteristic of the transition into the closed conforma-
tion [6] should be observed in AMPPCP→E1P spectra, in
particular the ATP binding bands at 1641 and 1627 cm−1

[5,6,40]. They have a much larger amplitude (ΔΔA1627–1641=
0.0035) than bands in the AMPPCP→E1P spectra (max
ΔA=0.0002), transition into the closed conformation should
therefore easily be detected. However, the bands are not
observed in the AMPPCP→E1P spectra at high and low Ca2+,
confirming that the AMPPCP complex adopts a closed
conformation under both conditions. For a different nucleotide
– ITP – on the other hand, these bands have been observed in
the phosphorylation reaction with ITP [37]. ITP causes only a
small conformational change upon binding [6] indicating a
more open conformation of the ATPase ITP complex and
requiring part of the transition to the closed conformation to be
performed in the subsequent phosphorylation reaction.

5. Conclusions

The structure of the ATPase complex with ATP is only
slightly different from those with AMPPCP and AMPPNP and
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all complexes seem to form a closed conformation. The
structure of one or several turns is more Ca2E1P-like in the
complex with ATP than in the complexes with the ATP analogs
AMPPCP and AMPPNP. The structure of a β-sheet, likely the
β-sheet in the P domain, is similar for the AMPPCP and ATP
complexes with Mg2+ as catalytic ion, but different with Ca2+.
This is likely caused by differences in ion coordination that
affect the structure of the β-sheet in the P domain and which are
further transmitted to the Ca2+ binding sites where they affect
Ca2+ dissociation as observed previously [16].
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