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Infrared spectroscopy has been used to map sub-
strate-protein interactions: the conformational changes
of the sarcoplasmic reticulum Ca%*-ATPase upon nucle-
otide binding and ATPase phosphorylation were moni-
tored using the substrate ATP and ATP analogues (2’'-
deoxy-ATP, 3’'-deoxy-ATP, and inosine 5'-triphosphate),
which were modified at specific functional groups of the
substrate. Modifications to the 2’-OH, the 3’-OH, and the
amino group of adenine reduce the extent of binding-
induced conformational change of the ATPase, with par-
ticularly strong effects observed for the latter two. This
demonstrates the structural sensitivity of the nucleo-
tide-ATPase complex to individual interactions between
nucleotide and ATPase. All groups studied are impor-
tant for binding and interactions of a given ligand group
with the ATPase depend on interactions of other ligand
groups.

Phosphorylation of the ATPase was observed for ITP
and 2'-deoxy-ATP, but not for 3'-deoxy-ATP. There is no
direct link between the extent of conformational change
upon nucleotide binding and the rate of phosphoryla-
tion showing that the full extent of the ATP-induced
conformational change is not mandatory for phospho-
rylation. As observed for the nucleotide-ATPase com-
plex, the conformation of the first phosphorylated
ATPase intermediate E1PCa, also depends on the nucle-
otide, indicating that ATPase states have a less uniform
conformation than previously anticipated.

Ligand binding to proteins controls vast numbers of cellular
processes and has attracted great scientific and economic in-
terest. Protein and ligand flexibility are important determi-
nants of the interaction and often lead to ligand binding modes
that are not anticipated from structures obtained with other
ligands. To these “failure(s) of the rigid receptor hypothesis” (1)
is added here an impressive example: induced-fit binding of
nucleotides to the Ca®*-ATPase. This finding stems from a
systematic mapping of substrate-protein interactions with in-
frared (IR)! spectroscopy. New approaches like this are wel-
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come in the field of ligand-protein recognition, since the most
informative techniques, NMR and x-ray crystallography, are
laborious and problematic for some systems. Methods like flu-
orescence and luminescence that require less expenditure also
provide less molecular information. We expect that this tech-
nology gap will be bridged by IR spectroscopy.

IR spectroscopy, one of the methods of vibrational spectros-
copy, provides direct information on the molecular level, is
cost-effective, and can be universally applied from small solu-
ble proteins to large membrane proteins under near-physiolog-
ical conditions. Work summarized in recent reviews (2-5) has
shown that the vibrational spectrum changes characteristically
when a ligand binds to a protein. This provides a direct obser-
vation of ligand binding: no marker compound has to be intro-
duced to report the binding process, as with many other meth-
ods. Previous work has mostly focused on individual
interactions between a ligand and a protein by monitoring the
influence of the protein environment on the vibrational fre-
quency of a particular group of the ligand, the signal of which
is identified in a complex vibrational spectrum with the help of
isotopically labeled ligands (6—8).

Here we employ a different approach to probe the role of
single functional groups of a ligand in the interaction with a
protein: using IR spectroscopy we monitored the protein con-
formational change induced by binding of substrate analogues,
which are modified at specific functional groups of the sub-
strate. This identifies those functional groups that are impor-
tant in the interaction with the protein; structure-interaction
relationships are obtained that are similar to structure-activity
relationships in drug development that relate the chemical
structure of compounds to their pharmacological activity.

This work studies the ATP binding site of the sarcoplasmic
reticulum (SR) CaZ*-ATPase (9—12). The SR Ca2?*-ATPase, an
intrinsic membrane protein of about 110-kDa molecular mass,
catalyzes Ca?" transport from the cytoplasm of muscle cells
into SR for relaxing a flexed muscle. The energy required for
this active transport process is provided by hydrolysis of the
substrate ATP, which phosphorylates the ATPase at Asp35l.
The specificity of the SR Ca%*-ATPase for nucleotides is not
high and not only ATP, but also some other nucleotides and
non-nucleotide substrates enable Ca®™ uptake (13-18).

The ATPase structure (19) of the Ca®*-loaded state E1Ca,
shows three cytoplasmic domains, the nucleotide binding do-
main (N-domain), the phosphorylation domain (P-domain), and
the actuator domain (A-domain). The structure has been solved
with and without 2',3'-0-(2,4,6-trinitrophenyl)adenosine 5'-
monophosphate (TNP-AMP), which binds to the N-domain at

AMPPNP, B,y-imidoadenosine 5’-triphosphate; E1Ca,, the nucleotide-
free ATPase; EINTPCa,, the nucleotide-ATPase complex; DTGS, deu-
terated triglycine sulfate; MSA, maximum signal amplitude; IMPPNP,
B,y-iminoinosine 5’-triphosphate.
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considerable distance from the phosphorylation site Asp®®!

with less structural effects than ATP (20, 21). ATP is thought to
bind to the surface of the N-domain with the phosphate groups
pointing toward the phosphorylation site Asp®*! (21), and most
of the residues associated with the nucleotide binding site are
located in the N-domain (12, 16, 20-24). Closure of the cleft
between N- and P-domain is thought to occur to bring ATP
close to Asp®®! upon nucleotide binding (20, 21). In line with
that, mutations at Asp®®!, Lys®°2 (25), and Thr°® (26) alter the
affinity of ATP to the ATPase.

IR spectroscopy has been used to characterize conforma-
tional changes of several partial reactions of the Ca?"-ATPase
pump cycle, as reviewed in Ref. 2. To detect the small IR
absorbance changes generally associated with protein reac-
tions, the reactions have to be triggered directly in the IR
cuvette for which we use the photolytical release of nucleotides
from photolabile derivatives, i.e. P3-1-(2-nitrophenyl)ethyl nu-
cleotides (caged nucleotides) (27). Here we characterize the
conformational change induced by binding of the following ATP
analogues: inosine 5'-triphosphate (ITP), 2'-deoxy-ATP, and
3’-deoxy-ATP (Fig. 1). They differ from ATP at individual func-
tional groups which allows us to investigate the impact of these
groups on the binding-induced conformational change.

EXPERIMENTAL PROCEDURES
Materials

IR samples were prepared as described previously (28). Approximate
concentrations of the samples based on 1-ul sample volume were: 1.2
mM Ca®*-ATPase, 0.5 mg/ml Ca®* ionophore (A23187), 150 mM methyl-
imidazole (pH 7.5), 150 mm KCI, 10 mm CaCl,, 5 mm DTT, and 10 mm
caged nucleotide. ITP samples were also prepared with 10 mm DTT
because of a higher conversion of caged ITP in these samples.

In our control samples the nucleotide binding site was already sat-
urated with B,y-imidoadenosine 5'-triphosphate (AMPPNP) at the be-
ginning of the experiment. The composition of these samples was the
same as of that with caged AMPPNP (10 mMm) except for the presence of
AMPPNP (5 mm). Photolysis of caged AMPPNP in these samples did not
lead to further nucleotide binding and conformational changes, they
only revealed the effects of caged compound photolysis.

We did not use the physiological co-substrate Mg®* but 10 mm Ca?*
instead. These conditions were chosen to block the E1PCa, — E2P
transition to achieve a maximum level of E1PCa, in the steady state
after nucleotide release while slowing down the phosphorylation reac-
tion (29). Replacement of Mg?" at the catalytic site by Ca®" decreases
the rate of phosphorylation by 1 order of magnitude (30-32), enabling
a longer observation time for EIATPCa, and therefore a better signal to
noise ratio of the ATP binding spectrum. Ca®* instead of Mg®* has been
used by us before (29, 33, 34) and gave very similar spectra for the
E1Ca, — E1PCa, (34) and the E1Ca, — E2P reaction (compare Fig. 6A
of Ref. 34 and Fig. 4a of Ref. 29).

Methods

FTIR Measurements—Time-resolved Fourier transfer IR measure-
ments of the Ca®*-ATPase reaction were performed at 1 °C as described
previously (28, 29). Photolytic release of nucleotides from their respec-
tive caged derivatives was triggered by a xenon flash tube or a XeCl
excimer laser. Spectra were obtained in the following way: a reference
spectrum was recorded with the protein in the E1Ca, state. After
applying a photolysis flash or a sequence of flashes, we started to record
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time-resolved IR spectra with 65-ms time resolution. The number of
photolysis flashes needed for saturating signals was determined as
described under “Titration of IR Signals.” Difference spectra were ob-
tained by subtracting the reference spectrum from a spectrum obtained
after nucleotide release. They reflect ATP binding and ATPase phos-
phorylation as well as the photolysis reaction. The spectra were nor-
malized to a standard protein concentration before averaging spectra
from different samples (amide II absorbance: 0.26) as described (35). A
photolysis spectrum was then subtracted as described in the following
paragraph to eliminate the photolysis band. The resulting spectra are
named nucleotide binding spectra or E1PCa, formation spectra.

Subtraction of the Photolysis Spectrum—The spectrum obtained with
the control samples shows only signals caused by the photolysis of caged
AMPPNP. It is named photolysis spectrum and was used to subtract the
photolysis bands from the raw difference spectra as described (33) using
the same time interval for both spectra. This photolysis spectrum is
identical to that of other caged nucleotides above 1300 cm ™%, i.e. outside
the region of phosphate absorption.

Nucleotide Binding Spectra—For the nucleotide binding spectra time
windows after the photolysis flash were evaluated in which the nucle-
otide-ATPase complex (E1INTPCa,) accumulates. They were between
0.46 and 0.90 s for ATP or between 0.46 and 3.24 s for ATP analogues.
23 experiments from 12 samples were averaged for the ATP binding
spectrum (~3 mM released ATP, one flash), four experiments from four
samples for the ITP binding spectrum (~6.6 mMm released ITP, three
flashes), eight experiments from four samples for the 2’-deoxy-ATP
binding spectrum (~3 mM released 2’-deoxy-ATP, one flash), and three
experiments from three samples for the 3’-deoxy-ATP binding spectrum
(~3 mM released 3'-deoxy-ATP, one flash).

Spectra of EIPCa, Formation—The difference spectra of E1PCa,
formation (E1Ca, — E1PCa,) in Fig. 4 were obtained by subtracting the
reference spectrum (E1Ca,) from the spectrum of the protein in the
E1PCa, state obtained in the time window between 4.5 and 28.1 s. A
photolysis spectrum averaged in the same time window was subtracted
using the same subtraction factors as for the respective nucleotide
binding spectra.

Kinetics of Nucleotide Binding and Phosphorylation Reaction and
Fitting Procedures—The time constants of nucleotide binding and
ATPase phosphorylation were obtained by fitting the integrated band
intensities of the marker band at 1628 cm ! for nucleotide binding and
two marker bands at 1721 and 1549 cm ™' for phosphorylation (29, 35)
with the second (the third for ITP results) and first order exponential
decay equations, respectively (Origin 5.0), and averaging the resulting
time constants. 23 experiments were averaged for ATP, 8 for 2'-deoxy-
ATP and 11 for ITP.

Titration of IR Signals—To obtain saturating signals, we titrated the
amplitude of bands at 1641/1628 cm ™' by repeating an experiment on
the same sample consisting of a reference spectrum, a photolysis flash,
and a spectrum of 300 scans in a time interval when the first phos-
phoenzyme E1PCa, had formed. The number of flashes needed for
saturating signals was used in further experiments.

Absorption Spectra of Nucleotides—Absorption spectra of 500 mm
ATP, 2'- and 3'-deoxy-ATP dissolved in H,O were measured using two
BaF, windows (5-um path length) with a Bruker Vector 22 spectrome-
ter equipped with a deuterated triglycine sulfate (DTGS) detector at
20 °C at different pH values. The population of the C,.-endo and C,.-
endo puckering modes of the three nucleotides were obtained by calcu-
lating the ratio of the areas of bands fitted to the spectrum near 830
cm ™! for C,-endo puckering and near 814 cm ™' for C,-endo puckering
(36-38).

RESULTS

Titration of IR Signals with Nucleotide Binding—We first
established the nucleotide concentration needed to obtain sat-
urating IR signals. For that we used the difference in ampli-
tude of the band pair at 1628 and 1641 cm™ ! in the amide I
region of the IR spectrum, which is sensitive to conformational
changes. This difference is termed maximum signal amplitude
(MSA). Fig. 2 shows the result of titrations with ATP, ITP,
2'-deoxy-ATP, and 3'-deoxy-ATP applying a total of eight flashes,
which released ~9.4 mwm nucleotide. According to Fig. 2, the
binding-induced amplitude difference MSA reached saturating
values with the first flash for ATP, 2’- and 3'-deoxy-ATP, and
with the third flash for ITP. From the photolysis efficiency of 30%
we then calculated the saturating nucleotide concentration
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Fic. 2. Titration of IR signals of E1PCa, formation (1 °C, pH
7.5). MSA is the difference between the absorbance change at 1628
cm ! and that at 1641 cm 1. Data points are connected by lines to guide
the eye of the reader. Approximate concentrations of the samples were:
1.2 mm Ca®*-ATPase, 0.5 mg/ml Ca®* ionophore (A23187), 150 mm
methylimidazole, 150 mM KCl, 10 mm CaCl,, 10 mm DTT, and 10 mMm
caged nucleotide.

assuming 1 ul of sample volume: 3 mm (one flash) for ATP and
2'- and 3'-deoxy-ATP and 6.6 mwm (three flashes) for ITP.

For these titration experiments, spectra where evaluated in
a time slot where the first phosphoenzyme E1PCa, accumu-
lates. Strictly speaking, they have therefore determined the
nucleotide concentration necessary for saturating E1PCa,, not
for saturating EINTPCa,. However, the reactions of nucleotide
binding and of phosphorylation are well separated in time,
which ensures that EINTPCa, also saturates in the time slot
evaluated for the nucleotide binding spectra: time constants for
nucleotide binding (¢,) and phosphorylation (¢,) and the time
slot of spectra recording for the nucleotide binding spectra (¢,)
were: for ATP, ¢, ~ 0.11 s, ¢, = 2.0 s, £, = 0.46-0.90 s; for
2'-deoxy-ATP, ¢, ~ 0.25 s, t, = 6.7 s, ¢, = 0.46-3.24 s; for
3'-deoxy-ATP, ¢, ~ 0.49 s, ¢, > 100 s, ¢, = 0.46-3.24 s; and
for ITP, ¢, ~ 0.23 s, t, = 8.66 s, t, = 0.46-3.24 s (see
“Methods”). The starting time of 0.46 s for spectra averaging
might seem to be early for ITP and 2’- and 3’-deoxy-ATP, since
it is close to the time constant for nucleotide binding. However,
increasing the starting time to 1.5 s for 3’-deoxy-ATP and 0.8 s
for ITP and 2'-deoxy-ATP did not change the maximum signal
amplitude MSA by more than 3%. Therefore we kept the time
slot for averaging consistent for the three ATP analogues and
as large as possible for an optimum signal to noise ratio.

Nucleotide Binding Spectra—Fig. 3A shows IR absorbance
changes induced by nucleotide binding to the Ca?"-ATPase.
The spectra reflect the difference in absorbance between the
initial nucleotide-free state E1Ca, and the nucleotide-ATPase
complex EINTPCa,. Negative bands are characteristic of
E1Ca, and positive bands of EINTPCa,. Groups or structures
not involved in the conformational change do not show up in
the difference spectra.

The difference spectra reflect conformational changes of the
protein backbone in the amide I (1700-1610 cm ™ 1) and amide
II (1580-1500 cm 1) region of the spectra. In addition, envi-
ronmental and structural changes of side chains and nucleotide
contribute in the whole mid-IR region shown. We will focus
here on the binding-induced absorbance changes in the amide
I region.

The spectrum of ATP binding is in close agreement with the
AMPPNP binding spectrum as noted before (33). The positive
signal near 1653 cm ! is characteristic of an a-helical struc-
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FiG. 3. A, nucleotide binding spectra (E1Ca, — EINTPCa,) of ATP,
2'-deoxy-ATP, 3’-deoxy-ATP, and ITP binding to the Ca?*-ATPase (1 °C
and pH 7.5). The labels indicate the band positions of the ATP binding
spectrum. B, MSA values of the nucleotide binding spectra with S.D.
bars. MSA is the difference between the absorbance change at 1628
cm ! and that at 1641 cm ™! in the nucleotide binding spectra. In the
samples there were: 1.2 mm Ca?*-ATPase, 0.5 mg/ml Ca®?* ionophore
(A23187), 150 mM methylimidazole, 150 mm KCI, 10 mm CaCl,, 5 mMm
DTT (10 mm DTT for ITP samples), and 10 mM caged nucleotide.

ture, the signals near 1693, 1641, and 1628 cm ! of B-sheets.
Turn structures likely contribute to the signals near 1665
cm 1. The spectrum indicates that a-helices, B-sheets, and
turns are affected by ATP binding in line with previous find-
ings (33).

The contour of all nucleotide binding spectra is similar; the
main difference is the amplitude of the signals indicating var-
ious extents of conformational change. For further evaluation
we used the MSA (difference between the absorbance change at
1628 cm ! and that at 1641 cm ™ 1). As shown in Fig. 3B, the
largest binding-induced signals were obtained with ATP and
AMPPNP (28) (MSA ~ 3 X 10~ 3), medium size signals (MSA ~
2 X 10 %) with ADP (28), and 2'-deoxy-ATP, and the smallest
signals (MSA ~ 1 X 10" 2) with ITP and 3’-deoxy-ATP. The
different amplitudes of the nucleotide binding spectra cannot
be explained by incomplete binding to the ATPase, since we
have verified that saturating signals have been obtained (see
above). MSA values shown in Fig. 3 for nucleotide binding
spectra differ slightly from MSA values shown in Fig. 2, for
which a time slot was evaluated in which E1PCa,, not
E1INTPCa,, accumulated, because of conformational changes
accompanying the phosphorylation reaction.

Spectra of Phosphoenzyme Formation—Phosphorylation
leads to the appearance of two bands at 1721 and 1549 cm ™ ?,
which serve here as marker bands for the first phosphorylated
intermediate E1PCa, (29, 35). ATP, 2'-deoxy-ATP, and ITP,
but not 3’-deoxy-ATP, phosphorylate the ATPase at a rate that
is sufficiently high to observe accumulation of the E1PCa,
state. Fig. 4 shows spectra of E1PCa, formation from E1Ca,,
i.e. the absorbance of E1PCa, minus the absorbance of E1Ca,
(see “Methods”). As found for nucleotide binding, the shape of
the E1PCa, formation spectra is similar for the analogues but
the amplitude is different. In contrast, the same amplitude is
observed for the band at 1721 cm ™, which has been tentatively
assigned to the C=0 group of Asp>®! formed upon phosphoryl-
ation (34, 35). This local probe of the phosphorylation reaction
shows that E1PCa, accumulates to the same extent with ITP
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and 2’-deoxy-ATP as with ATP. The smaller signals obtained
with the analogues can therefore not be explained by incom-
plete phosphorylation. Instead they are due to a smaller extent
of conformational change showing that the conformation of
E1PCa, depends on the nucleotide used for phosphorylation of
the ATPase.

Phosphorylation Rate—The rate of phosphorylation was
measured using the marker bands at 1721 and 1549 cm 1 (29,
35). The kinetics of the two bands is shown in Fig. 5. Phospho-
rylation of the ATPase by 2'-deoxy-ATP or ITP is slower (0.15 =
0.01s 'and 0.12 + 0.01 s~ !, respectively) than by ATP (0.51 +
0.03 s~ 1). Slower phosphorylation of the ATPase with ITP and
2'-deoxy-ATP compared with ATP has been observed (39, 40),
but without specifying the rate for ATP. Previous findings
revealed a low phosphoenzyme concentration for both 2'- and
3’'-deoxy-ATP (40), which we found only for 3'-deoxy-ATP. This
is likely due to the different buffers used, since nucleotide
binding (41) and the associated conformational change (28)
depend on the composition of the medium.

DISCUSSION

Interaction between ATPase and ATP—Our results show
that modifications to the amino, 2'-OH, 3'-OH, and 7y-phos-
phate groups of ATP affect the binding-induced conformational
change of the ATPase. These groups are therefore important
for the interaction between ATP and the ATPase. 3'-OH and
the region near the amino group have the most significant
influence on the induced-fit movement of the ATPase, since
modification to either of these groups reduces the extent of
backbone conformational change seen by IR spectroscopy to
only one-third of that obtained with ATP. They are therefore
important groups of ATP that anchor ATP to the ATPase. The
importance of the functional groups of ATP investigated here
for several partial steps of the ATPase reactions cycle has been
shown before (39, 40, 42). The new finding here is that modi-
fications of the ATP molecule have a direct effect on the struc-
ture of the nucleotide-ATPase complex. This is valid not only
for side chain orientation as often found (1) but also for back-
bone conformation: with some ATP analogues the binding-
induced conformational change of the backbone seen by the IR
spectroscopy was found to be only one-third of that for ATP.

The effects of modifying ATP on nucleotide binding might
have several causes: (i) a direct interaction of the modified
group of ATP with the ATPase, (ii) a direct interaction of the
“new” group of the ATP analogue, and (iii) an indirect effect on
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the interactions between protein and ATP via a change in
electron density or conformation of ATP.

A direct interaction is the most likely cause for the reduced
extent of conformational change observed for the deoxy-ATPs,
since (i) no sterical restrains are expected from the replacement
of the hydroxyl groups by the smaller hydrogen atoms, and (ii)
effects on the equilibrium between sugar conformations of ATP
in solution seem to be less relevant for the sugar conformation
of the bound ATP molecule discussed as follows. 2’- or 3'-H
substitution influence the sugar conformation in solution; ac-
cording to the absorption spectra of ATP and 2’- and 3’-deoxy-
ATP with deprotonated phosphate groups, the ratios of C, -
endo and Cg-endo puckering of these three nucleotides are
60:40, 80:20, and 70:30, respectively. This shows that free
nucleotides prefer C, -endo puckering, particularly deoxynucle-
otides. Similar results for ATP and 2’-deoxy-ATP were ob-
tained before (43—45). NMR investigations demonstrate that
C,- and Cg-endo types of conformations are in rapid equilib-
rium in solution (43), indicating only a small activation barrier
between the conformations. Despite the predominant Cy.-endo
puckering in solution, the ATPase seems to choose the Cs.-endo
conformation for binding, as determined by NMR (45). There-
fore the conformation of the nucleotide-ATPase complex will
not depend on the predominant sugar puckering in solution
and the effects of ribose OH substitution are best explained by
direct interactions of the ribose hydroxyls with the ATPase.

It is less certain whether the reduced extent of conforma-
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tional change found with ITP can be explained by a localized
interaction between the amino group and the ATPase. In ITP
the carbonyl group replaces the amino group of ATP, and one of
the two endocyclic nitrogen atom is protonated. These alter-
ations are not localized only on the amino group but will change
the electron density distribution in the entire six-membered
ring and its hydrogen bonding pattern. Therefore the interac-
tion seems to be located on the six-membered ring of adenine.
Since the most drastic alteration is at the amino group, it is
likely, but not mandatory, that our results reflect a direct
interaction of the ATPase with the amino group.

All functional groups of ATP investigated here are important
for inducing the conformation of the ATP-ATPase complex that
is competent for phosphoryl transfer. This is shown by the
dependence of the phosphorylation rate on the modification of
2'-OH, 3’'-OH, and the adenine amino group. Therefore, inter-
actions distant from the phosphate groups contribute to ap-
proaching or forming the phosphate binding pocket. Binding of
ATP to the ATPase turns out to be an interactive process where
the formation of interactions of a given functional group of ATP
is reinforced by interactions of other groups, which can be at
the opposite end of the ATP molecule.

Distance between y-Phosphate and Asp?*’—Qur data show
that phosphorylation does not strictly depend on the full extent
of the conformational change achieved by ATP binding. This is
in line with the observation that pseudo substrates like acetyl
phosphate are able to produce the same kind of phosphoenzyme
as ATP (42), although they are not expected to induce the same
conformational change as ATP, because their structures are
even more different from ATP than those of the nucleotides
investigated here.

There is no simple link between the extent of conformational
change upon nucleotide binding and the ability to form the
phosphoenzyme: (i) the extent is larger for 2’'-deoxy-ATP than
for ITP but the apparent phosphorylation rates are very close,
and (ii) the extent is similar for ITP and 3’-deoxy-ATP, but
significant phosphorylation is only observed for ITP. If the
conformational change detected in our spectra and the distance
between y-phosphate and phosphorylation site Asp®®! were
correlated, a small conformational change would place the
v-phosphate further away from Asp®°! than a larger one and
result in slower phosphorylation. Therefore the conformational
change seen in our spectra seems to be not or only weakly
correlated with the distance between y-phosphate and Asp3°?.
This finding is in line with models where the y-phosphate in
the nucleotide-ATPase complex is still some distance away
from the phosphorylation site, as proposed by Hua et al. (46) for
the Ca®?*-ATPase and Ettrich et al. (47) for the Na™/K"-
ATPase. Then, the y-phosphate arrives at the catalytic site only
after nucleotide binding, which could take place during the
conformational change after nucleotide binding that has been
identified as the rate-limiting step for phosphorylation (48). A
v-phosphate in some distance to the phosphorylation site pro-
vides a possibility of binding a regulatory ATP molecule to the
phosphoenzyme at the same site (49).

Concerted Conformational Change—The interactions be-
tween nucleotide and protein induce a concerted conforma-
tional change upon nucleotide binding: they join forces to in-
duce strain in the protein. If one of the interacting groups is
modified to become a less effective binder, the interactions with
the respective binding pocket are impaired, the strain is re-
lieved, and a smaller conformational change is produced. A
weakened interaction therefore affects the conformational
change as a whole instead of producing only local effects. This
concept explains that the modifications of ATP studied reduce
all bands in the amide I region of the difference spectrum. If an
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interaction between nucleotide and ATPase had only local ef-
fects on the protein structure, a weakened interaction would
selectively reduce the amplitude of difference bands associated
with that conformational change, but not of all of the bands as
observed here. Particularly interesting is that functional
groups of ATP, which interact with different domains of the
protein, produce the same type of conformational change: the
amino function is thought to interact with the N-domain (19,
24, 46) and the y-phosphate with the P-domain (25, 26, 46).
Despite that, the absence of the y-phosphate in ADP (28) or of
the adenine amino group in ITP both reduce the amplitude of
the same bands. This shows that the concerted conformational
change detected here is caused by interactions of the nucleotide
with different protein domains: the N- and the P-domain.

Nucleotide-specific Conformation—Our results suggest that
nucleotide binding induces a conformation that is characteris-
tic of the bound nucleotide, as proposed earlier from experi-
ments that did not monitor the conformation of the nucleotide-
ATPase complex directly (50). In light of the known flexibility
of the N-domain (51, 52), this conformation might represent an
average conformation. The (average) conformation adopted in
the ATPase-nucleotide complex seems to be very sensitive to
individual interactions between ATPase and nucleotide, since
the extent of conformational change depends dramatically on
the presence of individual functional groups of ATP.

Our finding of a nucleotide specific conformation of the nu-
cleotide-ATPase complexes is supported by previous reports, in
which different effects of different nucleotides were found on
fluorescence properties (17, 18, 53), partial reaction rates (54—
57), protection against proteolysis (21), effects of aromatic com-
pounds (58), nucleotide binding properties of mutants (25), and
uncoupling (59).

The structures of the nucleotide-ATPase complexes studied
differ in two aspects: (i) the extent of the conformational change
induced by nucleotide binding differs as indicated by the dif-
ferent amplitudes of the amide I signals, and (ii) structural
details of the nucleotide-ATPase complex differ as shown by the
subtle differences of band positions and spectral shape among
the nucleotide binding spectra.

A structure characteristic of the nucleotide is inferred not
only for the nucleotide-ATPase complex but also for E1PCa,
where the conformation of the phosphoenzyme depends on the
nucleotide that was used for phosphorylation.

The small conformational change upon ITP binding observed
here suggests that soaking E1Ca, crystals with B,y-imino-
inosine 5’-triphosphate (IMPPNP) may not disrupt the crystals
as ATP does (19) because of the relatively small conformational
change seen here for ITP. This may therefore enable the inves-
tigation of nucleotide binding at atomic resolution. The confor-
mational change induced by ATP binding may then be extrap-
olated from the conformational change seen upon IMPPNP
binding.

The Conformational Change Reflected in IR Spectra—Con-
formational changes in two regions of the protein were pro-
posed to occur upon nucleotide binding (21): (i) movement of the
N-domain toward the P-domain and (ii) movement of the A-do-
main toward the P-domain. The latter does not seem to con-
tribute to a large extent to our spectra for the following reason:
Danko et al. (21) studied protection of the ATPase against
proteolytic attack by various nucleotides. This effect is thought
to reflect a movement of the A-domain. They found no effect for
ADP, indicating that ADP does not promote significant move-
ment of the A-domain. Our IR spectra of nucleotide binding,
however, show that ADP binding induces a conformational
change, the extent of which is two-thirds of that induced by
ATP (28) (Fig. 3B). This shows that the conformational change
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of the A-domain contributes not or only to a small extent to the
IR difference spectra.

Instead, it is likely that the anticipated hinge movement of
the N- and P-domain upon ATP binding causes the amide I
signals. The hinge movement will, however, not directly reflect
in our spectra, because highly mobile structural elements give
broad IR bands before and after the conformational change,
which largely cancel in the difference spectrum. Therefore IR
spectroscopy will largely miss a conformational change in the
mobile hinge region itself. In line with this, only small bands in
a limited spectral region (1660 to 1680 cm ') can be assigned to
mobile structures, since they exchange their amide proton upon
"H,0/”H,0 exchange (33). Instead the nucleotide binding
bands in the amide I region are caused by backbone stretches
within well defined and stable structures, since they are hardly
affected by 'H,0/2H,0 exchange (33). In line with this finding
of conformational changes in well structured regions, NMR
spectroscopy has detected changes of backbone conformation in
the N-domain upon AMP binding (60).

These conformational changes in well structured regions
might report the hinge movement indirectly, since a conforma-
tional change in the hinge region will also affect the connecting
stretches. These stretches become more ordered the more they
are incorporated into the domains and therefore give rise to
distinct bands in the amide I region; a hinge movement will
alter the relative orientation of the connecting amide groups
and their hydrogen bonding and therefore affect their amide I
signals. From these considerations we think that our spectra
detect the hinge movement indirectly because it is reported by
structured backbone stretches that link hinge and domains.

The Hinge Movement between N- and P-domain—The hinge
movement upon nucleotide binding seems, however, to be less
pronounced than anticipated in the structural models (61, 62).
Fluorescence energy transfer experiments show that distances
between fluorescence labels in the N- and the P-domain do not
change between E1Ca, or an E2 conformation, as reviewed in
Ref. 63. Of particular interest is the unchanged distance of two
pairs of residues for which a change in distance is expected
from the two x-ray structures (19, 46). The distance between
Cys®** and Lys®'® increases from 46 A in E2 to 50 A in E1Ca,,
and that between Cys344 and Glu439 changes from 38 A in E2
to 45 A in E1Ca,. These distance changes should result in
decreases in fluorescence energy transfer by 33 and 41%, re-
spectively, which are not observed (64, 65).

The hinge movement can bring the N- and P-domain close
together in the E1Ca, state, since they can be cross-linked with
glutaraldehyde (66). The cross-linked cleft of E1Ca, resembles
that of the E2 structure, since the cross-linked residues are
only 5 A apart in the E2 structure but 21 A in the E1Ca,
structure. In line with these experiments, closure of the hinge
could be modeled with the N- and P-domain structures of
E1Ca, without steric clashes, and this brings the two cross-
linked residues as close as 4 A (62). The mobility of the N-
domain (51, 52) implies that it is likely to move rather inde-
pendently from the rest of the protein and that the hinge angle
might depend less on the E2 and E1Ca, state than expected
from the crystal structures. The more closed conformation in
E2 and the open cleft between the N- and P-domain in E1Ca,, of
the crystal structures therefore most likely do not represent the
average conformation of these states in solution. They are
probably adopted in the crystals because of crystal contacts
that are made possible by the mobility of the N-domain in both
states (51, 52). In solution the average position of the N-domain
will be probably in between those observed in the two crystal
structures. Therefore it is plausible to assume that the cleft is
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less open for E1Ca, in solution than in the E1Ca, crystal
structure, and that upon nucleotide binding the hinge move-
ment between the N- and P-domain will be smaller than antic-
ipated from the crystal structure.

Our results demonstrate that IR spectroscopy can be used to
map ligand-protein interactions and may become an important
tool for research as well as for drug and herbicide optimization.
In the particular case of ATP binding to the SR Ca?"-ATPase,
modifications to the 2’-OH, 3’-OH, and amino group of ATP
reduce the induced-fit movement of the Ca?"-ATPase, with the
six-membered ring of adenine and the 3’-OH of ribose exerting
key interactions. Nucleotide binding seems to be a flexible and
interactive process: the conformation of the complex is charac-
teristic of the bound nucleotide, and the interactions to a given
ligand group depend on interactions of other ligand groups.
This finding may also shed new light on the ongoing contro-
versy on the number of nucleotide binding sites. Many of these
studies have been conducted with ATP analogues. If binding of
an ATP analogue induces a conformation that is characteristic
of only that analogue, results with different analogues are not
necessarily comparable and do not necessarily reflect the ef-
fects of ATP binding. Therefore we propose that some of the
conflicting results can be explained by the different conforma-
tions of the complexes obtained with different analogues.
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