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Structural Changes of the Sarcoplasmic Reticulum Ca®*-ATPase upon
Nucleotide Binding Studied by Fourier Transform Infrared Spectroscopy

Frithjof von Germar, Andreas Barth, and Werner Mantele
Institut fur Biophysik, Johann Wolfgang Goethe Universitat Frankfurt, D-60590 Frankfurt am Main, Germany

ABSTRACT Changes in the vibrational spectrum of the sarcoplasmic reticulum Ca®*-ATPase upon nucleotide binding were
recorded in H,O and 2H,0 at —7°C and pH 7.0. The reaction cycle was triggered by the photochemical release of nucleotides
(ATP, ADP, and AMP-PNP) from a biologically inactive precursor (caged ATP, P3-1-(2-nitrophenyl) adenosine 5'-triphosphate,
and related caged compounds). Infrared absorbance changes due to ATP release and two steps of the Ca®*-ATPase reaction
cycle, ATP binding and phosphorylation, were followed in real time. Under the conditions used in our experiments, the rate
of ATP binding was limited by the rate of ATP release (k,,, = 3 s ' in H,O and k,,, = 7 s~ ' in ?H,0). Bands in the amide
I and Il regions of the infrared spectrum show that the conformation of the Ca®"-ATPase changes upon nucleotide binding.
The observation of bands in the amide | region can be assigned to perturbations of a-helical and B-sheet structures.
According to similar band profiles in the nucleotide binding spectra, ATP, AMP-PNP, and ADP induce similar conformational
changes. However, subtle differences between ATP and AMP-PNP are observed; these are most likely due to the protonation
state of the y-phosphate group. Differences between the ATP and ADP binding spectra indicate the significance of the
v-phosphate group in the interactions between the Ca®* -ATPase and the nucleotide. Nucleotide binding affects Asp or Glu
residues, and bands characteristic of their protonated side chains are observed at 1716 cm™~' (H,0) and 1706 cm™ " (°H,0)
and seem to depend on the charge of the phosphate groups. Bands at 1516 cm™" (H,0) and 1514 cm™" (?H,,0) are tentatively
assigned to a protonated Tyr residue affected by nucleotide binding. Possible changes in Arg, Trp, and Lys absorption and
in the nucleoside are discussed. The spectra are compared with those of nucleotide binding to arginine kinase, creatine

kinase, and H-ras P21.

INTRODUCTION

Muscle contraction is triggered by an increase in the Ca®"
concentration in skeletal muscle cells. For relaxation, Ca®*
has to be transported back into the sarcoplasmic reticulum
(SR) by the intrinsic membrane protein Ca®"-ATPase,
which couples active Ca®™" transport to ATP hydrolysis. The
reaction cycle is shown in a simplified form in Fig. 1
(Andersen, 1989). The model for the reaction cycle by de
Meis and Vianna (1979) is based on the assumption of two
main functional conformational states, E;, and E,, of the
protein. Two Ca>* ions are bound to high-affinity binding
sites from the cytoplasmic side of the membrane, which
allows ATP to phosphorylate the enzyme (Ca,E,-P). The
following transition from the E,;-P form of the phosphoen-
zyme to the E,-P form is associated with a reorientation of
the Ca”*-binding sites from the cytoplasmic to the luminal
side of the membrane and a decrease in the Ca’*-binding
constant by three orders of magnitude, which leads to Ca**
release into the SR lumen. Hydrolytic cleavage of the phos-
phoenzyme E,-P completes the reaction cycle (Andersen,
1989). This work focuses on the structural effects of nucle-
otide binding to the ATPase, which is not only an interme-
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diate step in the reaction cycle but also serves regulatory
purposes (Andersen, 1989).

The reaction cycle can be triggered using “caged” sub-
strates that are biologically inactive, UV-sensitive substrate
analogs and rapidly releasing the free, active substrate with
a UV-light flash. In combination with the Fourier transform
infrared (FTIR) technique it is possible to detect conforma-
tional changes in the polypeptide backbone, in single amino
acid side chains, and in functional groups of the substrate.
The first infrared investigations of the Ca>*-ATPase were
made at low time resolution, and ADP binding but not ATP
binding could be investigated (Barth et al., 1994). Time
resolution is greatly improved by using the rapid scan
technique, with a time resolution of 65 ms. Thus spectra of
sequential states of the protein can be obtained, as can
kinetic traces of individual difference bands (Barth et al.,
1996). In these measurements it was possible to observe the
intermediate ATPase state, in which ATP is bound to the
ATPase before the formation of the phosphoenzyme. The
infrared spectra were analyzed in terms of the extent of net
secondary structure change in individual reaction steps,
which was found to be rather low for all reaction steps
investigated. However, changes induced by nucleotide bind-
ing are as prominent as changes by phosphorylation and
phosphoenzyme conversion (Barth et al., 1996).

To gain more insight into the structural implications of
nucleotide binding, we have studied here changes in the
vibrational spectrum of the SR Ca?"-ATPase upon binding
of ATP, ADP, and the nonhydrolyzable ATP analog AMP-
PNP (adenylyl-imido-diphosphate). AMP-PNP contains an
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FIGURE 1 Simplified scheme of the reaction cycle (Andersen, 1989).

NH group between the 8- and y-phosphate groups instead
of an oxygen, which is hydrolyzed only very slowly by the
Ca?"-ATPase (Taylor, 1981) and therefore does not allow
accumulation of enzyme states in the reaction cycle beyond
nucleotide binding.

MATERIALS AND METHODS
Sample preparation

SR vesicles were prepared as described (de Meis and Hasselbach, 1971).
After overnight dialysis of these SR vesicles in H,O or *H,O buffer, IR
samples were prepared by drying 10 ul of SR suspension onto a CaF,
window with a trough of 5-um depth and 8-mm diameter in a gentle stream
of nitrogen and resuspending it immediately in 0.6 ul of 12% glycerol in
H,0 or 2H,0. The sample was sealed with a second flat CaF, window and
thermostatted at —7°C during the experiment. The samples contained ~1
mM Ca?*-ATPase, ~0.5 mg/ml Ca®"-ionophor A23187, ~2 mg/ml ade-
nylate kinase, ~100 mM imidazole HCI (pH 7.0), ~100 mM KClI, and
~10 mM CaCl,. Concentrations of the caged nucleotides and the number
of experiments are listed in Table 1.

The ADP binding constant of SR Ca**-ATPase under the conditions of
IR samples is smaller than for ATP, as shown by the higher ADP concen-
tration needed to generate saturating protein signals. We thus doubled the
concentration of caged ADP to maximize the amount of ADP bound to the
Ca’"-ATPase.

FTIR measurements

Measurements were carried out with a modified Bruker IFS 66 spectrom-
eter equipped with a HgCdTe detector of selected sensitivity. Photolytic
release of ATP, ADP, and AMP-PNP from their respective caged deriva-
tives was triggered by a xenon flash tube (Barth et al., 1991). The flash
energy was set to release ~2-3 mM ATP or AMP-PNP or ~4—6 mM ADP

TABLE 1 Number of experiments and concentrations of
different caged nucleotides

Caged nucleotide

concentration No. of No. of
Nucleotide (mM) samples  experiments
Caged ATP H,0 20 18 88
’H,0 20 6 31
Caged AMP-PNP  H,O 20 27 27
’H,0 20 19 19
Caged ADP H,O 40 5 5
2H,0 40 10 10
['*N]Caged ATP  H,O 20 6 30
’H,0 20 6 28
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per flash. The concentration of the released nucleotide is thus two to six
times higher than the ATPase concentration. Before the flash, one refer-
ence spectrum with 100 scans (/) was recorded. After the flash, 70 spectra
were recorded, 30 spectra with one scan each, 20 spectra with two scans,
and 20 spectra with 50 scans. Each scan consisted of one complete forward
and backward mirror movement, taking 65 ms.

Data processing

Difference spectra were directly obtained from spectra recorded from the
same sample by calculating the ratio —log(///,) from each spectrum after
the flash (/) and the reference spectrum recorded before the flash (/). For
a better comparison, difference spectra were normalized to equal protein
content as described previously (Barth and Mintele, 1998).

The spectra averaged between 1 and 2 s after the flash are characteristic
of the nucleotide bound state of the protein but also show signals due to the
photolysis reaction (see Results). Spectra of samples, prepared as described
above with the same salt concentration but without protein, were recorded
in the same time interval to obtain the “pure” photolysis spectra of the
caged nucleotides. They were subtracted from the protein spectra, which
results in the “pure” nucleotide binding spectra showing predominantly
bands arising from nucleotide-protein interaction and, ideally, no photol-
ysis signals. The subtraction factor was judged to be correct when the 1525
cm ! region of the processed spectrum corresponded to that region in the
spectrum obtained with ['°N]caged ATP. With this compound, because of
labeling at the nitro position of the (2-nitrophenyl)ethyl-ester group, the
1525 cm ™! photolysis band shifts to 1499 cm ™', which allows the identi-
fication of protein bands in the 1525 cm ™' region. As the released ATP is
identical to that of the unlabeled caged ATP, the same interactions between
the protein and the nucleotide are expected, and thus the spectrum obtained
with ['*N]caged ATP can be used as a reference for a complete compen-
sation for the 1525 cm ™' v, "*NO, band of the photolysis reaction.

AMP-PNP and ADP do not allow progression of the reaction cycle
beyond the nucleotide-bound state at a significant rate, and the spectra
recorded between 1 and 2 s and between 2 and 67 s are the same. For a
better signal-to-noise ratio, the AMP-PNP and ADP binding spectra were
calculated from the spectra obtained in the longer time interval.

For the kinetic analysis of ATP-induced difference spectra, selected
bands showing the three partial reactions of nucleotide release, nucleotide
binding, and phosphorylation were integrated as described previously
(Barth et al., 1996). The fitting was done with the program Origin, and the
kinetic constants obtained from the analysis of 20 (H,0) or 17 (*H,0)
bands were averaged.

RESULTS AND DISCUSSION
Interpretation of the kinetic data

Photolytic release of ATP from caged ATP in SR samples
triggers the Ca”*-ATPase reaction cycle. As observed ear-
lier (Barth et al., 1996), in our samples containing 10 mM
CaCl,, the Ca,E,-P state accumulates, and three different
reactions can be observed: photolytic release of ATP, ATP
binding to the Ca®"-ATPase, and ATPase phosphorylation.
Kinetic analysis was performed at 20 different bands of the
spectrum obtained with ATP in H,O (Fig. 3 4) and 17 bands
of the spectrum obtained with ATP in *H,O (Fig. 4 4) to
establish the optimum time interval for the observation of
the ATPase intermediate with bound ATP, Ca,E,ATP.
Marker bands characteristic of a specific reaction are shown
in Fig. 2. Formation or decay of these bands reveals the rate
constants of the respective reactions.
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FIGURE 2 Kinetic traces of selected infrared bands in Ca>*-ATPase
samples with caged ATP. (4) Kinetics in H,O monitoring photolysis (1382
cm™ ! band, closed triangles and thin line), ATP binding (1445 cm ™' band,
closed squares and thin line), and phosphorylation to form the E,-P state
(1720 cm™! band, open circles and bold line). (B) Kinetics in *H,O
monitoring photolysis (1470 cm ™" band, closed triangles and thin line),
phosphorylation to form the E,-P state (1719 cm ™' band, open circles and
bold line), and consecutive ATP binding and phosphorylation (1663 cm ™"
band, closed squares and thin line). Photolysis of caged ATP was moni-
tored with samples containing no Ca®"-ATPase.

The release of ATP from caged ATP in H,O is monitored
best by the decay of the positive band at 1382 cm ™', which
is characteristic for the aci-nitro intermediate of caged ATP
photolysis (Barth et al., 1997). Concomitant with the decay
of this intermediate, ATP is released, which can therefore be
monitored at 1382 cm™'. The decay of this band was fitted
with a single exponential rate constant of k,,, = 2.64 s !
(Fig. 2 4), which is consistent with data for the temperature
dependency of caged ATP photolysis (Barth et al., 1997).

ATP binding leads to a negative band at 1445 cm ™' (Fig.
3 A). It is small directly after the photolysis flash but
increases in (negative) intensity with a rate constant of
kapp = 3.04 s~ ! (Fig. 2 A), until it reaches a constant value
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FIGURE 3 Infrared difference spectra upon nucleotide release in SR
samples in H,O at —7°C. Bold line: Spectra of nucleotide release in SR
samples, showing the nucleotide binding state. Thin line: Photolysis spectra
of the caged nucleotide. Labels refer to the spectra of SR samples. (4)
Difference spectra obtained in samples containing caged ATP. (B) Differ-
ence spectra obtained with caged AMP-PNP. (C) Difference spectra ob-
tained with caged ADP. (D) Difference spectra obtained with ['*N]caged
ATP.

after ~1 s. The rate of ATP binding is very similar to the
rate of ATP release, which implies that the rate of ATP
binding to the Ca?"-ATPase is limited by ATP release from
caged ATP. Both reactions are complete after ~1 s.
Phosphorylation results in a positive band at 1720 cm™
in the FTIR difference spectrum (Barth et al., 1996; Barth
and Maintele, 1998). This band is not observed with either
AMP-PNP or ADP. Under the present conditions its ampli-
tude is zero in the first 2 s after the photolysis flash but
increases significantly afterward with an estimated rate con-
stant of k,,, = 0.21 s~ ! (Fig. 2 4, fitting a single exponen-
tial to the data obtained after complete ATP release, i.e.,
after 1 s). Thus phosphorylation is more than 10-fold slower
than ATP binding, and the state of ATP binding of

1
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Ca,E,ATP is best observed between 1 and 2 s after the
flash. During this interval ATP release and binding are
almost complete, but Ca®"-ATPase phosphorylation is still
very low. Consequently, the 1720 cm™ ! band is not ob-
served in the ATP binding spectrum shown in Fig. 3 4. It
should not be confused with the small 1716 cm™' band
observed in H,O upon ATP binding (Fig. 3 4), which has a
smaller amplitude and a different band position and is more
strongly affected by deuteration.

In 2H,O only the phosphorylation reaction can be moni-
tored at a marker band showing this partial reaction exclu-
sively (Fig. 2 B). Two seconds after the flash a positive band
at 1719 cm™ ! starts to grow monoexponentially with a rate
constant of k,,, = 0.18 s~ '. All other bands show a time
dependency composed of two first-order reactions. As an
example ATP binding and phosphorylation can be observed
at the formation and subsequent partial decay of the band at
1663 cm™ ! (Fig. 2 b, filled squares), which rises with a rate
constant of k,,, = 7.15 s~ ! and partially decays with a rate
constant of k,,, = 0.18 s~ !'. The rate of the photolysis
reaction in “H,O was determined separately for samples
without Ca®*-ATPase. The decay of the band at 1470 cm ™!
assigned to the vibration of the C==N bond of the aci-nitro
intermediate (Barth et al., 1997) shows a rate constant of
Kapp = 7.53 s~!'. Again, the rate of ATP binding to the
ATPase seems to be determined by the rate of photolysis.

Difference spectra of the release of AMP-PNP or ADP in
Ca?"-ATPase samples show time-dependent changes only
during the first second after the flash, which can be attrib-
uted to the photolysis reaction and to nucleotide binding.
The Ca®"-ATPase does not become phosphorylated to a
significant extent by AMP-PNP, as judged by the lack of
bands characteristic for phosphorylation (Barth et al., 1996),
which is in line with previous observations (Taylor, 1981).

The rate of the photolytic release of ATP from caged
ATP is higher in *H,O than in H,O. A primary isotope
effect, which is caused by X-H bond cleavage, is unlikely to
be the reason for the different rates, because it is expected
to slow down the reaction by a factor between 6 and 8 in
2H20 (Conners, 1990; Isaacs, 1987). A factor of 0.5, as
observed here, represents an inverse kinetic isotope effect
and may be caused by a change in pK, values of acidic
residues in 2H,O affecting the H™ catalysis of ATP release
(Isaacs, 1987).

Infrared difference spectra of nucleotide release
from caged derivatives

The photolysis of caged nucleotides in control samples
without Ca”?*-ATPase results in FTIR difference spectra
(thin lines in Figs. 3 and 4), which are discussed here briefly
because they superimpose on the protein absorbance
changes of Ca®"-ATPase samples (bold lines in Figs. 3 and
4). Positive bands refer to the product of the reaction, while
negative bands refer to the initial state of the educts. The
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FIGURE 4 Infrared difference spectra upon nucleotide release in SR
samples in ?H,0 at —7°C. Bold line: Spectra of nucleotide release in SR
samples, showing the nucleotide binding state. Thin line: Photolysis spectra
of the caged nucleotide. Labels refer to the spectra of SR samples. (4)
Difference spectra obtained in samples containing caged ATP. (B) Differ-
ence spectra obtained with caged AMP-PNP. (C) Difference spectra ob-
tained with caged ADP. (D) Difference spectra obtained with ['°N]caged
ATP.

band pattern of the ATP, ADP, and AMP-PNP photolysis
spectra between 1800 and 1300 cm ™' are nearly identical
because bands in this region are due to the 1-(2-nitro)-
phenylethyl group of the caged nucleotide. The negative
bands at 1525 and 1345 cm™' have previously been as-
signed to the symmetrical and antisymmetrical stretching
vibrations of the disappearing NO, group, and the positive
band at 1688 cm ™' to the C=0 group of the nitrosoaceto-
phenone (Barth et al., 1991, 1995, 1997).

Bands in the region between 1300 and 900 cm ™' are
dominated by changes of phosphate or P-O-P backbone
vibrations. The transformation of the y-PO,” group of
caged ATP to the PO;*~ group of free ATP is observed at
1254 and at 1120 cm™ ' (Fig. 3 A4). In the AMP-PNP
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spectrum (Fig. 3 B), the influence of the NH group in
AMP-PNP shifts the 1254 cm™ ' band to 1244 cm ™. From
a comparison of spectra at pH 3, 7, and 11 in the region of
v,, PO;*~ absorption we estimate that approximately two-
thirds of the released AMP-PNP molecules are protonated at
pH 7, whereas ATP is fully deprotonated (data not shown).

For ['°N]caged ATP, spectral shifts arise from the isoto-
pic substitution (Fig. 3 D). The negative bands at 1527 and
1343 cm ™! of the antisymmetrical and symmetrical NO,
vibrations of caged ATP are downshifted by 28 and 17
cm ', respectively (Barth et al., 1997). As described in
Materials and Methods, this caged ATP isotope enabled us
to correctly subtract the photolysis bands from the spectra of
Ca?"-ATPase samples recorded with unlabeled nucleotides.
The resulting spectra are dominated by the effects of nucle-
otide binding to the Ca®**-ATPase and are thus termed
nucleotide binding spectra.

General comparison of the nucleotide binding
spectra obtained with ATP, ADP, and AMP-PNP

Difference spectra of nucleotide release in Ca”*-ATPase
are shown in Fig. 3 for samples in H,O and in Fig. 4 for
samples in H,0, together with the photolysis spectra used
for the subtraction of the photolysis bands. The band posi-
tions observed here are in excellent agreement with those
observed in previous work (Barth et al., 1994, 1996), which
were recorded at the higher temperature of 1°C in a different
buffer.

Below 1300 cm ™', bands assigned to the photolytic re-
lease of the nucleotides dominate the spectra of Ca®*-
ATPase samples, obscuring bands due to nucleotide binding
in this region. Because small changes in the position or
amplitude of a photolysis band may cause artificial bands in
the subtraction procedure, we refrain from discussing bands
of nucleotide binding spectra below 1300 cm ™~ '. Nucleotide
binding spectra with compensated photolysis bands are
shown in Fig. 5.

The nucleotide binding spectra of ATP and AMP-PNP
agree very well between 1800 and 1300 cm ™' (Fig. 5, 4 and
B). This is not surprising, because ATP and AMP-PNP are
remarkably similar molecules in size and shape. The bond
length and angles of the P-O-P and P-NH-P bridges between
the B- and y-phosphates are 1.63 A and 128.7° for ATP and
1.68 A and 127.2° for AMP-PNP (Yount et al., 1971;
Larsen et al., 1969). With regard to the interactions of the
bridging group, the proton of the imido group of AMP-PNP
does not seem to interact with water molecules (Larsen et
al., 1969). For ATP, quantum chemical calculations reveal
only a slightly negative partial charge on the bridging ox-
ygen, -0.12¢ to -0.17e, compared with -0.63¢ to -0.70e for
the terminal oxygens of the y-phosphate group (Saenger,
1984). Therefore, it seems unlikely that the bridging oxygen
of diphosphates interacts strongly with polar or charged
groups (King, 1994), and we think that strong interactions
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FIGURE 5 Nucleotide binding spectra (photolysis bands subtracted) at
—7°C. Large labels refer to the bold line spectra, small labels refer to the
thin line spectra. (4) H,0; bold line: ATP; thin line: AMP-PNP. (B) H,0;
bold line: ATP; thin line: AMP-PNP. (C) H,O; bold line: ADP; thin line:
ATP; (D) *H,0; bold line: ADP; thin line: ATP.

of the Ca?*-ATPase with the bridging groups of ATP and
AMP-PNP are unlikely.

However, subtle differences (discussed below) between
the ATP and AMP-PNP binding spectra are observed,
which may be caused by the difference between ATP and
AMP-PNP in their pK, values (Klement et al., 1957; Yount
et al., 1971). Under our conditions at pH 7.0, two-thirds of
AMP-PNP molecules are protonated at the y-phosphate, in
contrast to ATP, which is completely deprotonated (see
preceding section). We propose that the different protona-
tion state of the y-phosphate group is the reason for the
subtle differences between the nucleotide binding spectra of
ATP and AMP-PNP discussed below.

The nucleotide binding spectra of ATP and ADP also
show similarities, with most of the bands present at the same
position (Fig. 5, C and D). The most significant difference
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between the ATP and ADP binding spectra is the amplitude
of the bands. Despite the higher concentration of released
ADP they are much smaller, which may be explained by
incomplete binding of ADP to the ATPase. This would
affect only the band amplitudes and not the band positions
of the ADP binding spectrum. It is known that the affinity
of Ca,E, for ADP is ~10-fold lower than the affinity for
ATP (Pickart and Jencks, 1984; Wakabayashi and
Shigekawa, 1990). The dissociation constant for ADP bind-
ing was found to be in the 20—100-uM range, which would
be sufficiently low to ensure saturating ADP binding in our
experiments. Therefore we have to assume a higher disso-
ciation constant of the ADP-ATPase complex under the
conditions of concentrated infrared samples compared to the
diluted samples used in the work cited above. This has been
observed earlier under different conditions (Barth et al.,
1994) and may be explained by a high ionic strength de-
creasing the affinity for ADP, as has been observed for the
Na*,K"-ATPase (Nerby amd Esmann (1997). However, it
was possible to obtain ADP-saturated ATPase under the
previous conditions, and the amplitude of the bands was
similar to the amplitude in the ATP binding spectrum ob-
served here. Here the conditions for the ADP binding spec-
tra were kept as close as possible to those of the ATP
binding spectra, which were optimized for maximum obser-
vation time of Ca,E,;ATP. Further differences between the
ATP and the ADP binding spectrum are discussed below
and arise because the y-phosphate group is missing in ADP.

Changes of secondary structure

Binding of nucleotides leads to changes in the secondary
structure of the Ca®"-ATPase (Fig. 5). This is observed best
at the intense signals between 1610 and 1700 cm ™', which
seem to be dominated by amide I modes, because there are
only small shifts in H,0. Several discrete bands in the
amide I range imply that different secondary structure ele-
ments are involved in nucleotide binding. The extent of net
secondary structure change upon nucleotide binding is com-
parable to that of other partial reactions (Barth et al., 1996).

Without selective isotope labeling, it is difficult to local-
ize the changes in secondary structure elements and at-
tribute them to specific domains or residues. Because nu-
cleotide binding changes the Ca* binding properties of the
Ca?"-ATPase (Maclntosh et al., 1996), it is possible that
changes in the secondary structure upon nucleotide binding
are not restricted to the nucleotide binding domain. Predic-
tions of structure propose a mixture of alternating a-helices
and B-strands in this domain (MacLennan et al., 1997).
Changes in an a-helix structure may be the reason for the
positive band at 1652 cm™ ' (*H,0: 1651 cm™ ') and the
negative sidebands in the ATP binding spectra (Fig. 5, 4
and B). The negative band at 1666 cm ' (*H,0: 1663
cm ') can alternatively be caused by a conformational
change in a turn structure. 3-strands involved in ATP bind-
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ing are likely to cause the bands at 1695 cm ™' (*H,O: 1692
em '), 1640 cm ™!, and 1627 cm ™.

The peak positions of most of the amide I bands in the
AMP-PNP and ADP binding spectra are very similar to
those of the ATP binding spectra. They are listed in Table
2 together with their tentative assignment. A difference
between ATP and the other two nucleotides is observed near
1676 cm ™ '. Here, all three nucleotide binding spectra show
a positive band in *H,0, which might be caused by a
structural change in a turn structure. In H,O, however, this
band is observed only for AMP-PNP and ADP at a similar
position but at 1682 cm ™' for ATP, most likely because of
overlap of a negative band at 1674 cm™'. This band seems
to be characteristic of ATP binding and will be discussed
below.

Many bands in the amide I region have a higher intensity
in 2H,0, probably because small isotope shifts lead to less
overlap in H,O between negative and positive bands of
different peptide groups in this “crowded” spectral region.

In conclusion, the infrared absorbance changes in the
amide [ region give first-time evidence for changes in
a-helix, B-sheet, and turn structure elements upon nucleo-
tide binding. This is in general agreement with the predicted
structure of the nucleotide binding domain (MacLennan et
al., 1997; Magller et al., 1995).

The amide II vibration absorbs near 1550 cm ™' (Arrondo
et al., 1993). Negative bands at 1540 and 1528 cm ™! are
observed in the nucleotide binding spectra and can be as-
signed to amide II modes, because they are strongly reduced
in 2H,O (Figs. 5, 4 and B). In the ?H,0O spectra, only small
bands remain at 1542 and 1524 cm™'. A reason for these
remaining bands could be an incomplete 'H/*H exchange of
backbone protons deeply buried inside the protein. It can be
excluded that an incomplete subtraction of the intense pho-
tolysis band at 1527 cm™ ' is the reason for this feature,
because these two bands are also seen in the spectra with
samples containing ['°N]caged ATP (Fig. 4 D). An assign-
ment of the 1528 cm ™' band to Lys is also possible and will
be discussed below.

The negative 1540 cm ™' amide IT band is not observed in
the ADP binding spectrum (Fig. 5, C and D). Instead a small
positive band at 1536 cm ™! is observed. The lack of the

TABLE 2 Band positions and tentative assignments in the
amide | region

ATP AMP-PNP ADP .
Tentative
H,0 ’H,0 H,O0 ’H,0 H,0 ’H,0 assignment
1652 1651 1653 1651 1651 1649 a-helix
1695 1692 1693 1692 1695 1693 B-sheet
1640 1640 1640 1639 1639 1637 B-sheet
1627 1627 1626 1626 1628 1627 B-sheet
— 1676 1677 1677 1675 1677 turn
1666 1663 1664 1662 1664 1658 turn
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1540 cm ™! band shows that some of the structural changes
induced by ATP are not induced by ADP.

In ?H,0, the amide II" mode of the polypeptide backbone
appears near 1450 cm™' (Arrondo et al., 1993), and we
tentatively assign the negative band at 1437 cm ™' (1436
cm~ ! for AMP-PNP) and most of the band intensity at 1467
cm ' in the 2H,0 ATP and AMP-PNP binding spectrum
(Fig. 5 B) to this mode.

To summarise: absorbance changes in the amide I and II
regions show that many of the secondary structure changes
are observed for all three nucleotides tested, with ATP and
AMP-PNP causing very similar changes to the Ca?*-AT-
Pase structure. However, differences have been observed
between ATP and AMP-PNP binding on the one hand and
ADP binding on the other. This points to an important role
of the y-phosphate in determining the conformation of the
functional ATP-ATPase complex.

Individual amino acid side chains affected by
nucleotide binding

Infrared difference spectra not only show changes in struc-
ture and hydrogen bonding of secondary structure elements
but also reveal changes in the environment and protonation
state of single amino acid side chains (Barth et al., 1996;
Barth and Mintele, 1998). A positive band at 1716 cm ™' in
the ATP binding spectrum that shifts to 1706 cm ™' in *H,0
is readily assigned to the C=0 mode of a protonated Asp or
Glu residue (Fig. 5, 4 and B) (Venyaminov and Kalnin,
1990; Chirgadze et al., 1975). The spectra obtained with
ADP and AMP-PNP show only the positive band at 1706
cm™ ' (AMP-PNP) (1705 cm ™! for ADP) in *H,O, but not
the positive H,O band at 1716 cm™ ' (Fig. 5). This may
indicate that the 1716 and 1706 cm~' bands may not be
caused by the same carboxyl group. Alternatively, a single
group with a pK, that is sensitive to the charge of the
nucleotide and to H/”H exchange could cause both signals.
Then the signals would be caused by the protonation of a
carboxyl group induced by the negative charge of the phos-
phates. In “H,O the less charged AMP-PNP (because it is
protonated) and ADP induce protonation, as does ATP. In
H,O the pK, value of carboxyl groups is generally lower
than in *H,O, and only the highly charged ATP molecule is
able to increase the pK, value sufficiently to induce proto-
nation. For AMP-PNP and ADP the pKg upshift is too small
and the residue would still be deprotonated after nucleotide
binding.

Deprotonated Asp and Glu residues absorb at 1574 and
1560 cm ™', respectively (1584 and 1567 cm ™' in 2H,0), for
the antisymmetrical stretching vibration and at 1402 (1405
in ?H,0) and 1404 cm™ ' for the symmetrical stretching
vibration (Venyaminov and Kalnin, 1990; Chirgadze et al.,
1975). Deprotonated Glu or Asp side chains seem to par-
ticipate in nucleotide binding because the negative bands at
1578, 1562, and 1403 cm ™' (*H,O: 1589, 1562, and 1401
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cm ') can tentatively be assigned to those residues. The
larger amplitude of the negative bands at 1589 and 1562
em™ ! in *H,0 as compared to H,O is in line with the
stronger absorption of v,, CO,~ in *H,O and supports the
assignment of these bands to carboxylate groups (Asp: €
(H,0), 380 M~ ' ecm ™ '; € (*H,0), 820 M~ ' cm ™ '; Glu: €
(H,0), 470 M~ ' em™'; € (*H,0), 830 M~ ' cm™ ') (Veny-
aminov and Kalnin, 1990; Chirgadze et al., 1975).

In summary, there is a clear indication in the spectra that
carboxyl groups are affected by nucleotide binding, owing
to a change of environment and/or protonation, which
seems to be caused by the charge of the phosphate groups.

The AMP-PNP and the ADP binding spectra show a
positive band at 1677 cm™'. In the ATP binding spectrum,
the band is observed at 1682 cm ™' in H,O. This shift seems
to be caused by the overlap of an additional negative band
at 1674 cm ™! in the ATP binding spectrum. In ?H,O only
this 1674 cm ™! band shifts to smaller wavenumbers, reveal-
ing the “true” peak position of the positive band at 1676
cm !, as observed for AMP-PNP and ADP at 1677 cm ™ .
Thus a negative band at 1674 cm ™' that is sensitive to H/*H
exchange is observed only for ATP binding. There are two
possibilities for an assignment of this band: 1) an amide I
mode that shifts to 1663 cm ™' in *H,O, where a negative
band is observed with higher intensity for ATP than for
AMP-PNP (Fig. 5 B); 2) the asymmetrical stretching mode
of the Arg side chain, expected at 1673 cm ™' in H,O and at
1608 cm ™' in *H,O (Venyaminov and Kalnin, 1990; Chir-
gadze et al., 1975). Indeed in *H,O at 1612 cm ™', a shoul-
der possibly caused by a negative band is more pronounced
in the ATP binding spectrum than in the AMP-PNP binding
spectrum. Arginine is the only amino acid besides lysine
with a positively charged side chain that can compensate for
the negative charges of the phosphate groups of ATP. For
that reason, Arg is frequently assumed to interact with the
phosphate groups in different enzymes. Mutants of the
Ca’*-ATPase, where Arg*® is exchanged, show a signifi-
cant change in ATPase activity (MacLennan et al., 1997;
Maclntosh et al., 1996; Andersen, 1995).

In H,O, the ATP and AMP-PNP binding spectra (Fig. 5
A) both show a positive band at 1516 cm ™! that shifts to
1514 cm ™' in ?H,O (Fig. 5 B). Band position and shift upon
H/*H exchange are characteristic of a protonated Tyr resi-
due (Venyaminov and Kalnin, 1990; Chirgadze et al., 1975;
Takeuchi et al., 1988; Dollinger et al., 1986; Rothschild et
al., 1986). In experiments with site-directed mutants, Tyr
has not been discussed as a critical amino acid side chain for
ATP binding. However, an interaction of a Tyr residue is
conceivable because the Ca®>*-ATPase has several Tyr side
chains in the nucleotide binding domain (Martonosi, 1992).
An interaction of Tyr with the y-phosphate group of GTP is
observed in the crystal structure of the GTP binding site of
the GTPase H-ras p21 (Pai et al., 1990). To summarize: we
tentatively assign the band at 1516 cm™ ' to a protonated Tyr
residue.

Biophysical Journal 78(3) 1531-1540



1538

The negative band at 1528 cm ™' may be assigned either
to an amide I mode as discussed above or to the Lys NH; "
symmetrical deformation mode (Venyaminov and Kalnin,
1990). In line with both possible assignments, the band
intensity is considerably reduced in “H,0. Because of the
positive charge of its side chain, Lys is a possible candidate
for binding the negatively charged phosphate groups of
ATP. Mutants of the SR Ca®"-ATPase that lack Lys**? lose
~50% of their ATPase activity (MacLennan et al., 1997;
Andersen, 1995). Lys®'® is predicted to be close to the a-
and B-phosphate groups, and mutations that replace this
residue exhibit decreased Ca?* transport activity (Mar-
tonosi, 1992; Clarke et al., 1990).

Band positions and relative amplitudes of the two nega-
tive bands at 1445 and 1339 ¢cm™! are in line with an
assignment to the Trp side chain (Fabian et al., 1994; Lautie
et al., 1980). Trp>? is the only Trp residue in the cytosolic
domain C of the Ca?>"-ATPase (MacLennan et al., 1997).
Experiments with a fragment of this domain (Asp®' to
Arg®"®) show fluorescence changes of this Trp residue upon
nucleotide binding, indicating that the environment of this
particular amino acid has changed (Champeil et al., 1998).
Trp>? is predicted to be close to the adenine ring of bound
ATP (MacLennan et al., 1997), and the aromatic rings of
Trp might be a good partner for interaction with the purine
of ATP. However tempting it may be, we refrain from
assigning the negative bands at 1445 and 1339 cm ™! in the
H,0 spectra to Trp>?, because it is possible that nucleotide
binding leads to conformational changes apart from the
nucleotide binding domain that affect one of the other 12
Trp residues.

In conclusion, the infrared spectra have revealed that
protonated and unprotonated carboxyl group(s) and a pro-
tonated Tyr residue are affected by nucleotide binding.
These residues have not been discussed so far in this con-
text. Contributions of Arg, Lys, and Trp to nucleotide bind-
ing are also in line with the spectra.

Structural changes of ATP

ATP is the most preferred substrate for the Ca”*-ATPase.
Other triphosphate nucleotides are accepted, but the ATPase
activity is decreased significantly (Inesi and de Meis, 1985).
For this reason, the adenine ring of ATP is expected to
interact with the Ca?*-ATPase. Here we discuss signals in
the ATP binding spectra that may be caused by the nucle-
oside moiety of ATP and exclude the phosphate modes
because their signals are strongly disturbed by photolysis
bands.

The strongest signal in an ATP absorbance spectrum
above 1300 cm ™' is a band at 1660 cm ™', which is assigned
to the amino group of ATP (Tsuboi and Takahashi, 1973).
Because of the strong overlap of amide I modes, a possible
signal is not expected to be visible in the difference spectra.
Other vibrations of purine have rather small extinction
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coefficients. Negative bands in the H,O nucleotide binding
spectra at 1492, 1370, and 1339 cm ™' might correspond to
signals in the absorbance spectrum of ATP at 1480, 1378,
and 1338 cm™'. In an ATP absorbance spectrum in *H,0,
the 1378 and 1338 cm ™' bands are shifted upward to 1381
and 1341 cm™ !, while the 1480 cm ™! band remains at the
same positions. The same behavior is observed in the “H,0O
nucleotide binding spectrum, which shows negative bands
at 1492 (no shift), 1374 (+4 cm™ '), and 1340 cm™' (+ 1
ecm '), The 1339 cm™ ' band in H,O may also be assigned
to a Trp residue as discussed above.

Comparison with infrared difference spectra of
other proteins

In the amide I region, which is sensitive to protein confor-
mation, ATP and AMP-PNP binding to the Ca?*-ATPase
leads to six or seven difference bands in H,O and “H,0. So
far, infrared difference spectra of nucleotide binding to three
other proteins have been studied: GTP binding to H-ras P21
(Gerwert et al., 1993), ADP and ATP binding to creatine
kinase (Raimbault et al., 1996), and arginine kinase in *H,O
(Raimbault et al., 1997). They often show bands at positions
similar to those observed for the Ca®>*-ATPase, but the sign
often differs. The number of bands corresponding in posi-
tion and sign to those of ATP binding to the Ca?*-ATPase
is highest for GTP binding to H-ras P21, with three bands
coinciding at 1671, 1629, and 1615 cm™'. These positions
are characteristic of (3-sheet or turn structures. A band at
1639 cm ™! agrees in position but has the opposite sign, and
three further bands do not agree in position. Thus there seem
to be some similarities in the structural effects of nucleotide
binding to the Ca?"-ATPase and to H-ras P21, especially
for B-sheet or turn structures. Loops often connected to
B-strands undergo the principal interactions with the nucle-
otide in H-ras P21 (Wittinghofer and Pai, 1991). The cor-
relation of band positions in the Ca?*-ATPase nucleotide
binding spectra seems to be better with creatine kinase and
arginine kinase, with six bands coinciding. However, the
sign of these bands is opposite those of the Ca®*-ATPase
for all of the bands of creatine kinase and for five bands in
the 1630—1700 cm ™' region of ADP binding to the arginine
kinase. Only the arginine kinase band at 1625-1628 cm '
coincides in sign. Thus, while similar secondary structure
elements seem to be affected by nucleotide binding to
creatine kinase, arginine kinase, and the Ca?"-ATPase, the
effects of nucleotide binding to the two kinases seem to be
largely opposite those of the Ca®*-ATPase. In arginine
kinase the nucleotide is bound close to B-sheet and loop
structures (Zhou et al., 1998). For all three proteins the band
at 1637-1639 cm ™' is positive, whereas the Ca>*-ATPase
band at 1640 is negative. This may point to an “unusual”
structural rearrangement when ATP binds to the Ca®’-
ATPase.
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CONCLUSIONS

Rapid-scan FTIR spectroscopy is able to monitor structural
changes induced by the binding of molecules to an enzyme,
even if this is a short-lived intermediate state. Nucleotide
binding to the Ca®"-ATPase leads to slight changes in
secondary structure elements, with a distinctive contribution
arising from the y-phosphate group. Binding of the y-phos-
phate also results in structural and environmental changes of
single amino acid side chains. The charge on the y-phos-
phate group seems to be important in the interaction with a
carboxyl group. The environment of unprotonated carbox-
ylate groups and of a protonated Tyr side chain changes
upon nucleotide binding.
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