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Changes in the vibrational spectrum of the sarcoplas-
mic reticulum Ca2*-ATPase in the course of its catalytic
cycle were followed in real time using rapid scan Fou-
rier transform infrared spectroscopy. In the presence of
Ca?*, the cycle was induced by the photochemical re-
lease of ATP from a biologically inactive precursor
(caged ATP, P3-1-(2-nitro)phenylethyladenosine 5'-
triphosphate). Absorbance changes arising from ATP
binding to the ATPase were observed within the first 65
ms after initiation of ATP release. After ATP binding, up
to two subsequent partial reactions of the ATPase reac-
tion cycle were observed depending on the buffer com-
position (10 mm CaCl, + 330 mm KCl or 1 mm CaCl, + 20%
Me,S0O): (i) formation of the ADP-sensitive phosphoen-
zyme (k,,, = 0.79 s™' = 15% at 1 °C, pH 7.0, 10 mm CaCl,,
330 mm KCl) and (ii) phosphoenzyme conversion to the
ADP-insensitive phosphoenzyme concomitant with Ca2*
release (k,,, = 0.092s™" = 7% at 1 °C, pH 7.0, 1 mm CaCl,,
20% Me,SO). Each reaction step could well be described
by a single time constant for all associated changes in
the vibrational spectrum, and no intermediates other
than those mentioned above were found. In particular,
there is no evidence for a delay between the transition
from ADP-sensitive to ADP-insensitive phosphoenzyme
and Ca?* release. In 2H,0 a kinetic isotope effect was
observed: both the phosphorylation reaction and phos-
phoenzyme conversion were slowed down by factors of
1.5 and 3.0, respectively.

The small amplitudes of the observed changes in the
infrared spectrum indicate that the net change of sec-
ondary structure is very small and of the same order of
magnitude for ATP binding, phosphorylation, and phos-
phoenzyme conversion. Therefore, our results do not
support a distinction between minor and major second-
ary structure changes in the catalytic cycle of the
ATPase, which might be expected according to the clas-
sical E;-E, model.

The Ca?*-ATPase of the SR! is an intrinsic membrane pro-
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tein, which couples active Ca%*-transport across the SR mem-
brane to the hydrolysis of ATP. Its reaction cycle is shown in a
simplified form in Fig. 1. Ca2?" is bound from the cytoplasmic
side of the membrane to high affinity binding sites of the
ATPase (step on the left of Fig. 1), which enables the ATPase to
use ATP as a substrate (1). Phosphorylation by ATP (upper step
in Fig. 1) results in the occlusion of the bound Ca®?" in the
protein. The subsequent conversion of the phosphoenzyme
from the ADP-sensitive to the ADP-insensitive form (step on
the right of Fig. 1) leads to Ca2" release into the SR lumen.
Hydrolytic cleavage of the phosphoenzyme completes the reac-
tion cycle (bottom step in Fig. 1). An ATP molecule is shown
bound to the ATPase throughout the cycle, which is the case at
millimolar ATP concentrations (reviewed in Ref. 2).

The original model of the reaction cycle from deMeis and
Vianna (3) was based on the assumption of two main functional
states, £, and E,, of the protein. The interconversion between
E, and E,, is thought to be associated with a reorientation of the
Ca%*-binding sites from the cytoplasmic side to the luminal
side of the membrane and a change in reactivity of the phos-
phorylation site. However, Jencks and co-workers (4—7) ques-
tioned the existence of reaction intermediates of the E,/E,
model. They propose a switch mechanism in which Ca2?* bind-
ing and release switch the reaction specificity of the phospho-
rylation site, whereas phosphorylation and dephosphorylation
switch the accessibility of the Ca2™" sites (5).

Infrared spectroscopy allows one to test the assumption that
there are only two main conformations, E; and E,, in the
ATPase reaction cycle which are interconverted by a major
conformational change. Conformational changes of the protein
will lead to changes in the amide I absorption of the polypep-
tide backbone, which is sensitive to secondary structure. This
enables an estimate of the net change of secondary structure.
According to the E;-E, model, we would expect relatively large
changes of amide I absorption for the two steps involving CaZ*
binding or dissociation (vertical steps in Fig. 1) and only minor
changes for the phosphorylation and dephosphorylation steps
(horizontal steps in Fig. 1).

Detection of subtle changes in the vibrational spectrum be-
tween two enzyme states requires the sensitivity of FTIR spec-
troscopy and that the interconversion between the two states
can be triggered in the infrared cuvette, for example by the
photochemical release of effector molecules from inactive pre-
cursors (termed “caged compounds”). Using this approach, sev-
eral steps of the Ca2"-ATPase reaction cycle have been inves-
tigated (8—10) and infrared difference spectra were obtained,
which show the difference between the initial state and the

ence spectrum calculated from a spectrum recorded at the indicated
time interval after the photolysis flash and a reference spectrum re-
corded before the flash; E; and E,, functional states of the ATPase as
described in the text; E,-P, ADP-insensitive phosphoenzyme; FTIR,
Fourier transform infrared.
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final state or the steady state accumulating after release of the
effector molecules. The time resolution previously available in
such experiments did not allow the authors to follow the time
course of the reactions. As a consequence, no transient states
could be observed. This problem was partially solved by com-
paring and subtracting difference spectra of different reaction
steps obtained for particularly conditioned samples. Difference
spectra of phosphoenzyme conversion and the phosphorylation
reaction could thus be obtained (8). However, this approach did
not allow us to detect reaction intermediates, and the normal-
ization procedure needed to compare different samples limits
the reliability of these difference spectra. In addition, the spec-
trum of the phosphorylation reaction was obtained by subtract-
ing a spectrum of Ca,E-ADP from a spectrum of Ca,E,-P-ATP,
and therefore reflects not only the reaction of interest (ATPase
phosphorylation) but also the effects of binding of ATP’s y-phos-
phate to the ATPase. These limitations of steady-state infrared
spectroscopy can be overcome by time-resolved infrared spec-
troscopy. This approach also avoids the intrinsic disadvantage
of using caged compounds in infrared spectroscopy, i.e. the
overlap of the absorbance changes of interest by absorbance
changes due to the release of the effector molecule from the
caged compound. Since the release reaction is fast compared
with the ATPase reactions of phosphorylation and phosphoen-
zyme conversion, its contribution to the spectra can be
separated.

Rapid scan FTIR spectroscopy allows one to collect the spec-
tral data within milliseconds. This makes it possible to follow
in real time the formation and decay of intermediates in the
ATPase reaction cycle. There are three advantages of time-
resolved infrared spectroscopy compared with other common
methods for the kinetic investigation of the Ca?"-ATPase reac-
tions, which rely on the detection of radioactive Ca?" or phos-
phate bound to the protein or on fluorescence measurements.

(i) Infrared spectroscopy is non-invasive, i.e. there is no need
to label the protein; therefore, possible perturbations of protein
structure due to the artificially introduced label are avoided.

(ii) The observation is not restricted to a limited number of
chromophores (i.e. Trp residues) or to an extrinsic fluorescence
label, which will largely reflect local changes in the vicinity of
the chromophore(s) and may miss conformational changes oc-
curring in distant regions of the protein. Instead, in infrared
spectroscopy all carbonyl “chromophores” of the backbone am-
ide groups are monitored, and this will reveal any change in
backbone conformation even if very small.

(iii) In the same experiment it is possible to follow the kinet-
ics of an overall conformational change of the polypeptide back-
bone, as well as the fate of single protein groups directly in-
volved in a catalytic reaction. Thus infrared spectroscopy
simultaneously looks, on the one hand, at highly specific local
sites and, on the other hand, at the protein as a whole. As
reactions at local sites we may consider here the formation of
the aspartylphosphate group, dissociation of the complex be-
tween Ca2" and the chelating protein groups, and changes of
interaction to the phosphate group that are associated with the
conversion from the ADP-sensitive to the ADP-insensitive
phosphoenzyme.

In this work we report time-resolved changes in the infrared
spectrum of the ATPase that occur after ATP release. For the
first time the contributions to the infrared difference spectra of
ATP binding, ATPase phosphorylation, and phosphoenzyme
conversion could clearly be separated in the time domain. For
the phosphorylation reaction and phosphoenzyme conversion
reaction, infrared absorbance changes were monitored at time
intervals of 65 ms and were evaluated in order to analyze the
number of intermediates in the reaction. We are especially
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interested in the following questions. (i) Do all local reactions
associated with a particular reaction step proceed at the same
time? (ii) Is it possible to reveal the triggering step of a partial
reaction, i.e. does the protein change its conformation first
before a local reaction can take place or, in contrast, do local
reactions trigger and precede an overall change of protein
conformation? In particular, is there a conformational change
after Ca,E;-P formation but before Ca?" release that may
orient the Ca?* binding sites toward the SR lumen?

MATERIALS AND METHODS

Sample Preparation—Ca®"-ATPase prepared according to Ref. 11
was a generous gift of W. Hasselbach (Max-Planck-Institut, Heidelberg,
Germany). Infrared samples were prepared as described previously
(12). Briefly, after overnight dialysis in H,O or 2H,0 buffer, 10 ul of SR
suspension plus appropriate additives to give the final sample compo-
sition (see Table I) were dried onto a CaF, window with a trough of 8 um
depth and 8 mm diameter. They were then rehydrated with approxi-
mately 0.6 ul of solvent (H,O or 2H,0 containing 0 or 20% Me,SO). The
sample was sealed with a second flat CaF, window and was thermo-
stated at 1 °C during the experiment. The composition of the samples,
which is specified in Table I, was designed to accumulate the Ca,E;-P
state in samples termed type I samples and the E,-P state in samples
termed type II samples.

Two kinds of control samples were prepared. One contained caged
AMP-PNP instead of caged ATP; the other was prepared without
ATPase, but otherwise had the same sample composition as the type I
and the type II samples.

Caged AMP-PNP was synthesized as described in Ref. 13 for caged
ATP using AMP-PNP from Boehringer (Mannheim, Germany) as the
starting material.

FTIR Measurements—FTIR measurements were performed with a
modified Bruker IFS 66 spectrometer equipped with a HgCdTe detector
of selected sensitivity. Data were acquired with double sided interfero-
grams in a forward-backward mode at a spectral resolution of 4 cm ™!
with the Blackman-Harris 4-term apodization function. The time
needed for one interferometer cycle was 65 ms. The experiment started
with the recording of spectra coadded from 300, 40, 4, and 1 scan (to
check the signal to noise ratio and base-line stability) and a reference
spectrum coadded from 300 scans characterizing the unperturbed sam-
ple. The time was set to zero, and photolysis of caged ATP was triggered
with a xenon flash tube (12). The voltage of the flash power supply was
set to release approximately 2-3 mm ATP/flash. Subsequently 10 spec-
tra at 1 scan each, 10 spectra at 4 scans each, 10 spectra at 40 scans
each, and 10 spectra at 300 scans each were recorded. After completion
of the experiment done with one flash, the sample was allowed to
equilibrate for at least 30 min at room temperature before the next flash
was applied. Up to six flashes were applied to one sample. Spectra
obtained from the average of several flashes did not differ significantly
from spectra obtained from only the first flash. The spectra were nor-
malized according to the protein content using the amide I or amide II
absorbance as described in Ref. 12.

Calculation of Difference Spectra—The difference spectra were cal-
culated as indicated in Fig. 2 (sample and reference spectra are labeled
(+) and (—), respectively). The kinetic FTIR experiment produced dif-
ference spectra calculated with respect to the reference spectrum re-
corded before the flash, i.e. the absorbance of the ATPase states evolv-
ing after ATP release minus the absorbance of Ca,E;. At appropriate
times after ATP release, they thus represent the absorbance changes
associated with ATP binding (Ca,E; — Ca,E;-ATP), Ca,E;-P formation
(Ca,E, — Ca,E,-P-ATP) and E,-P formation (Ca,E, — E,-P-ATP). Spec-
tra calculated in this way, i.e. with the reference spectrum recorded
before the flash, are abbreviated AA with the time interval of recording
indicated in brackets, for example AA(71-385 ms) for the ATP binding
spectrum. These spectra also show absorbance changes due to the
photolysis reaction.

The phosphorylation spectrum of type I samples shows absorbance
changes due to the reaction Ca,E,-ATP — Ca,E,-P-ATP. It was calcu-
lated by subtracting the absorbance of Ca,E;ATP (AA(71-385 ms))
from the absorbance of Ca,E,-P-ATP (AA(3.25-11.0 s)). An analogous
spectrum was calculated in order to obtain the phosphorylation spec-
trum for the type II samples; however, the simple subtraction AA(3.25—
11.0 s) minus AA(71-385 ms) resulted in a spectrum showing absorb-
ance changes not only due to the phosphorylation reaction, but also due
to the phosphoenzyme conversion reaction, which had already begun.
The latter absorbance changes had to be eliminated. For this, a fraction
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TABLE 1
Approximate concentrations of ATPase and other constituents in the ATPase samples

Concentrations are based on a 1-ul sample volume and 4.5 nmol of active ATPase/mg of protein (19-25). The true sample volume varied between

0.6 and 1.2 pl. Mops, 4-morpholinepropanesulfonic acid.

Sample name  ATPase Buffer pH K" Ca?"  Glutathione Caged ATP ATP released A23187 Adenylate kinase =~ Me,SO
mm mm mMm mm mm mm mg/ml mg/ml %
Type I sample 0.7 300 mm Mops 7.0 330 10 20 2-3 0.5 2 0
Type II sample 0.7 300 mM imidazole 7.0 0 1 20 2-3 0.5 2 20

of the conversion spectrum (described below) was subtracted to obtain
the “pure” phosphorylation spectrum. The criterion for a correct sub-
traction was a flat base line above 1730 cm ™! so that the band at 1758
cm™ !, which is characteristic for the phosphoenzyme conversion reac-
tion (Fig. 4d and Ref. 8) did not appear in the phosphorylation
spectrum.

The phosphoenzyme conversion spectrum monitors absorbance
changes due to the reaction Ca,E,-P-ATP — E,-P-ATP. For its calcula-
tion a spectrum after Ca,E;-P formation, AA(3.25-11.0 s), was sub-
tracted from AA(87.6—146 s) after completion of E,-P formation. Since
part of the conversion reaction had already proceeded before the se-
lected time interval, this spectrum was normalized to give the full
extent of the conversion spectrum using the bands at 1758 and 1570
cm ™. They are characteristic for the E,-P state and are not overlapped
by bands of the phosphorylation reaction (see Fig. 4, ¢ and d). The
normalization was done with respect to the amplitude of these bands in
the spectrum of E,-P formation (Ca,E; — E,-P-ATP, AA(87.6-146 s);
Fig. 4a).

For the spectra of control samples, the same time intervals were
evaluated as for the phosphorylation and conversion reaction if not
stated otherwise.

Fitting Procedures—For fitting of selected infrared absorbance
changes to a kinetic model, we used integrated band intensities. Inte-
gration was performed with respect to a base line that was drawn
between two data points of the spectrum at each side of the band. If
necessary, special care was taken to generate integration boundaries
leading to an integrated area characteristic for only one band out of a
complex difference profile. This was used to separate the contributions
of phosphorylation from those of phosphoenzyme conversion and to
avoid overlap with bands that appeared in the control spectra. For
example if the band of interest was disturbed by an overlaid difference
profile consisting of a minimum and an adjacent maximum, the inte-
gration was carried out from the superimposed minimum to the maxi-
mum. In this way the base line for the integration connects the super-
imposed minimum and maximum and therefore follows closely the
contour of the superimposed difference profile. This keeps the area
between base line and superimposed difference profile to a small value.
Moreover, negative and positive contributions are expected to cancel
nearly completely. As a consequence, the integral is dominated by the
band of interest with only a minor contribution from the overlaid band
profile.

Fitting was done with the program “Mexfit” written by K. H. Miiller
(Max-Planck-Institut fiir molekulare Physiologie, Dortmund, Germany)
and auxiliary software written by S. Gryzbek in our laboratory. To
determine the rate constant of a reaction, several selections of bands
with a high signal to noise ratio were used, which generally comprised
(i) a broad selection of bands with good signal to noise ratio, some of
them however showing a small slow base-line shift; (ii) a selection of
bands without slow base-line drift; and, additionally for type II samples,
(iii) a selection of bands characteristic only of the phosphorylation
reaction; and (iv) a selection of bands characteristic only for the con-
version reaction.

For the kinetic analysis the time slots of spectra recording were
represented by their average time. The data were fitted with one time
constant for bands only characteristic for one partial reaction, with two
time constants for bands characteristic for both reactions. An additional
time constant was introduced when a slow base-line drift was superim-
posed onto the bands of interest. The time constants for one reaction
obtained from the different selections of infrared bands were averaged
to get the final time constant for the reaction. The error was set to
include all fit results for the different band selections.

In order to achieve a better signal to noise ratio, signals of up to six
consecutive ATP releases in one sample were averaged to obtain the
kinetic constant for the phosphorylation reaction. Evaluating only the
first ATP release did not lead to significantly different time constants.
In contrast, for the conversion reaction in type II samples, only the first
flash was evaluated since the time-constant for the averaged signals of

up to six consecutive ATP releases in H,O was nearly 30% larger. This
effect was not found in 2H,0; however, the fit results of different data
sets vary more when all flashes are evaluated than upon evaluation of
only the first ATP release.

The same programs were also used to fit the whole set of time-de-
pendent difference spectra in order to calculate difference spectra that
correlate to the time constants of the reaction. These spectra showed a
slightly lower signal to noise ratio than spectra obtained by direct
subtraction (described above). Both types of spectra showed good agree-
ment. Therefore the difference spectra resulting from the fit were only
used as a control for the more directly obtained spectra.

RESULTS

Infrared Absorbance Changes—ATP release from an inactive
but photolabile precursor in ATPase samples leads to infrared
absorbance changes evolving with time. In spite of their small
amplitude, we were able to measure them precisely and to
follow their time course. The changes are represented here in
the form of difference spectra, which were calculated according
the scheme shown in Fig. 2. Negative and positive bands in a
difference spectrum are due to molecular groups that change
their structure or their interaction with the local environment
in the course of the reaction, negative bands being character-
istic for the initial state, positive bands for the intermediate or
final state. The initial time resolution of the ATPase-associated
absorption changes is limited owing to the ATP release reaction
from caged ATP, which is complete only in the second spectrum
recorded 71-126 ms after the photolysis flash. We have used
two different sample compositions (see Table I) to accumulate
the CayE;-P state in type I samples and the E,-P state in type
II samples.

Infrared Difference Spectra of Type I Samples—Fig. 3 shows
infrared absorbance changes due to ATP release in type I
samples, which contain no Mg?" but 10 mm CaCl, and 330 mm
KCl. These conditions were chosen to block the Ca,E,-P — E,-P
transition in order to achieve a maximum level of Ca,E;-P in
the steady state after ATP release while slowing down the
phosphorylation reaction. Replacement of Mg?" at the catalytic
site by Ca2* decreases the rate of phosphorylation by 1 order of
magnitude (14—16). The high Ca®" concentration (17) and the
presence of K* (14, 15, 18) in our samples ensure that the
accumulating phosphoenzyme is ADP-sensitive (CayE;-P).

The phosphoenzyme may accumulate to less than 100% of
active ATPase molecules (4—5 nmol of active ATPase/mg of
protein; Refs. 19-25) after ATP addition owing to the use of
Ca?" instead of Mg2* as the catalytic ion. This was observed
(15) using a low Ca2* concentration of 0.1 mm, which does not
inhibit the decay of Cay,E;-P. Other studies (16, 18) using
higher Ca®" concentrations of 0.2—10 mm show that 90-100%
of the active ATPase molecules become phosphorylated. In our
previous report (8), we used both Mg2?" and Ca2" as the cata-
lytic ion. The band at 1719 cm ™! that appears upon ATPase
phosphorylation (Fig. 3b, discussed below) showed the same
intensity in both samples and in the samples of this work. We
conclude that the replacement of Mg?* by CaZ* at the catalytic
site does not significantly decrease the amount of phosphoen-
zyme in our samples.

The catalytic production of millimolar ADP concentrations in
our highly concentrated ATPase samples may decrease the
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Ca,E,- ATP Ca,E-P-ATP

2ca” 4{ I\z Ca™’
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P, H,0

Fic. 1. Simplified scheme of the reaction cycle (2).

amount of Ca,E;-P by favoring the back reaction from Ca,E;-P
to Ca,E,ATP (26-29) (upper step in Fig. 1). These studies
report a decrease to 35—70% of the maximum phosphoenzyme
level at ADP concentrations in the millimolar range. However,
according to the following considerations, ADP is unlikely to
reduce the phosphoenzyme level in our samples.

(i) High Ca®* concentrations in the millimolar range as in
our samples inhibit the back reaction Ca,E,-P — CayE; cata-
lyzed by ADP (18), thereby reducing the effect of ADP on the
phosphoenzyme level. The effect was attributed to the forma-
tion of the Ca?* complex of ADP, which is not the substrate for
the back reaction (18).

(i) Our samples contained a small amount of adenylate
kinase, which removes the ADP produced. This is evident from
the absorbance changes associated with the slow steady state
hydrolysis of ATP (data not shown) observed after the ATPase
is completely phosphorylated. A positive band appearing at 980
cm™ ! indicates AMP and ATP production. This band is not
present in samples without adenylate kinase (data not shown).
Instead, a positive band near 950 cm ™! is observed, which is
due to ADP production. Therefore adenylate kinase does re-
move the ADP produced. The following observations may indi-
cate that ADP is not removed immediately and that it is tran-
siently present. A small band near 940 cm ! which appears
upon ATPase phosphorylation may be assigned to the reaction
product ADP. In the spectrum of slow steady state ATP hydrol-
ysis, a negative shoulder at 930 cm ™! may be due to the con-
sumption of ADP. Although these assignments are not unam-
biguous, the observations are in agreement with ADP being
transiently present. If the ADP transiently present were to
initially decrease the phosphoenzyme level, we would expect
the bands formed during the initial phosphorylation reaction to
increase further as ADP is removed. This is not observed
within the time of the experiment (3.5 min).

(ii1) The ATPase concentration used in the studies cited
above was at least 100 times lower than in our infrared sam-
ples. A high concentration of the two cation-binding proteins
calbindin and calmodulin was reported to reduce their cation
binding affinity and was explained by the general phenomenon
of electrostatic screening (30). Therefore it is possible that the
affinity of CayE,-P for ADP is reduced in the infrared samples
as compared with diluted samples.

In conclusion, the phosphoenzyme level in our samples does
not seem to be drastically reduced by ADP. We have to assume
that the phosphoenzyme binds ATP under our conditions of
high (greater than millimolar) ATP concentrations (2) (for ev-
idence in the spectra see “Discussion”). Therefore we attribute
the infrared signals shown in Fig. 3 to the reaction CaE; —
Ca,E,-P-ATP.

Fig. 3a shows two difference spectra representing an inter-
mediate and the final stage of this reaction, AA(71-385 ms)
(solid line) and AA(3.25-11.0 s) (dotted line). They were calcu-
lated from spectra recorded at the indicated time intervals
after the photolysis flash and a reference spectrum before the
flash (see Fig. 2 for a scheme of spectra calculation). In addition
to absorbance changes due to the ATPase reaction, they also
show changes due to the photolysis reaction, i.e. the band at
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Ca,E, " CayB-ATP—2 Ca,E-P-ATP -2+ E,-P. ATP
- + L - + - B ]

ATP binding

Phosphorylation Conversion

i

Ca, E P formation

&

E, P formation

Fic. 2. Reaction steps investigated in this study. The lower part
of the scheme illustrates the calculation of difference spectra. Spectra of
connected enzyme states were subtracted; + and — refer to the sign of
the spectrum in the calculation.

1529 cm ! as well as the dominating bands below 1350 cm !

(for a discussion of the photolysis difference spectrum, see Refs.
12 and 31).

The first spectrum, AA(71-385 ms) (solid line), shows major
bands in the 1700—-1600 cm ! region and between 1500 and
1380 cm !, which cannot be attributed to the photolysis reac-
tion. Because of the striking agreement with the difference
spectrum (32) after release of AMP-PNP, a non-hydrolyzable
ATP analogue, these changes are attributed to the ATP binding
reaction CayE; — Ca,E;ATP and the solid line spectrum in Fig.
3a is therefore termed ATP binding spectrum.

Small changes are observed afterward, which are most
clearly seen in Fig. 3a above 1700 cm ™! and near 1553 cm ™ 1.
After 3 s the steady state is reached in which the Ca,E;-P state
accumulates. Thus the dotted spectrum in Fig. 3a, AA(3.25-
11.0 s), represents the reaction Ca,E,; — Ca,E-P-ATP and is
therefore termed the Cay,E; — CayE-P spectrum.

As already mentioned above, a regulatory ATP molecule is
expected to bind to the phosphoenzyme. In our spectra in Fig.
3a, it is obvious that bands which can be attributed to ATP
binding (solid line) are still present in the late spectrum after
complete CayE-P formation (dotted line), i.e. bands at 1663,
1641, 1627, and 1477 to 1402 cm ™}, indicating that a nucleotide
is still bound to the phosphoenzyme. The possibility that a
regulatory ATP molecule but not the reaction product ADP
binds to the phosphoenzyme can be rationalized for the follow-
ing reasons. (i) It is known that millimolar ATP concentrations
accelerate all major steps of the reaction at low ATPase con-
centration (typically less than 1 mg/ml) (2, 33). (ii) The spectra
of ADP (8) and ATP binding (this work) differ particularly near
1620 cm ! at the low wavenumber side of the 1627 cm ™! band,
where the amplitude is higher for ATP. Thus, if ADP were to
bind to the phosphoenzyme, we should observe a decrease in
absorption at approximately 1620 cm ™! in the reaction from
Ca,E-ATP to the phosphoenzyme. This is not observed. Con-
sidering these arguments, we conclude that ATP is bound to
CayE,-P in the type I samples.

Fig. 3b shows absorbance changes after ATP binding, which
take place between 400 ms and 3 s after photolysis. The spectra
were calculated by subtracting the ATP binding spectrum from
the spectra of CayE-P formation, thus showing the effects of
the phosphorylation reaction Ca,E;"ATP — Ca,E-P-ATP. Af-
ter 3 s the reaction is complete and the corresponding differ-
ence spectrum is subsequently termed the phosphorylation
spectrum (solid line in Fig. 3b). A spectrum at an earlier stage
of the time course is shown as the dotted line in Fig. 3b. Neither
spectrum shows bands due to the photolysis reaction since
these cancel in the subtraction.

The band at 1719 ecm ™! in Fig. 3b showing formation of a
C=0 group was tentatively attributed to the phosphorylated
Asp?°! (8). However, owing to the steady state approach of this
study (8), it was in principle possible that the band was caused
by the binding of ATP’s y-phosphate and not the phosphoryla-
tion reaction. The kinetic approach used here shows unambig-
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Fic. 3. Infrared difference spectra upon ATP release in type I
samples in H,O (1 °C, pH 7.0). Average of a total of 26 ATP releases
in six different samples. Labels refer to the solid line spectra. a, spectra
of ATP binding (solid line, Ca,E,; — Ca,E,-ATP, AA(71-385 ms)) and of
Ca,E,-P formation (dotted line, Ca,E, — Ca,E-P-ATP, AA(3.25-11.0
s)), both showing infrared bands due to the photolysis reaction. b,
difference spectra of the phosphorylation reaction (Ca,E,ATP — Ca,E;-
P-ATP) at different time intervals. Solid line, phosphorylation spectrum
AA(3.25-11.0 s) minus AA(71-385 ms); dotted line, AA(655-1423 ms)
minus AA(71-385 ms). ¢, comparison between the phosphorylation
spectrum (solid line) and the control spectrum after release of AMP-
PNP (dotted line).

uously that the formation of the 1719 cm ™! band is due to the
phosphorylation reaction.

The same phosphorylation spectrum was obtained in sam-
ples containing only 3 mm CaCl,, but the amplitudes relative to
those of the ATP binding spectrum were smaller than for the
samples containing 10 mm CaCl,. We think that this is due to
a smaller extent of inhibition of the phosphoenzyme conversion
step leading to a smaller Ca,E;-P concentration in the steady
state of the low Ca?* samples.

Control Spectra—Two kinds of control samples were used to
check the effect of side reactions of the photolysis by-products
on the infrared difference spectra. Side reactions are expected
in the presence of the reducing agent glutathione. In one kind
of control experiment, caged ATP was released in samples
containing no ATPase but otherwise of a composition identical
to the type I samples. In the other kind of control experiment
AMP-PNP instead of ATP was released from caged AMP-PNP
in ATPase containing samples. A difference spectrum of the
latter samples obtained in the same time interval as the phos-
phorylation spectrum is shown as a dotted line in Fig. 3c.
Generally, the absorbance changes of this control spectrum are
very small (<0.2-102), and in most spectral regions the phos-
phorylation spectrum is only slightly affected by side reactions.
However, some of the control signals are comparable in their
amplitude to those of the phosphorylation spectrum (near 1655,
1260, and 1150 cm ™ 1). Therefore special attention was paid
when evaluating the kinetic signals of the phosphorylation
reaction in order to minimize the effect of possibly overlapping
bands of side reactions (see “Materials and Methods”). The
bands of the control spectrum are also observed upon caged
ATP photolysis in ATPase-free samples and can therefore be
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Fic. 4. Infrared difference spectra upon ATP release in type 11
samples in H,O (1 °C, pH 7.0). Average of a total of 28 ATP releases
in seven different samples. Labels refer to the solid line spectra. a,
spectra of ATP binding (solid line, Ca,E; — Ca,E;-ATP, AA(71-385
ms)), predominantly Ca,E,-P formation (dashed line, Ca,E; — Ca,E;-
P-ATP, AA(2.21-3.24 s)) and E,-P formation (dotted line, Ca,E; —
E,-P-ATP, AA(87.6-145.9 8)), all also showing infrared bands due to the
photolysis reaction. (b) Same as in a, but the ATP binding spectrum is
subtracted from the spectra of Ca,E,-P formation and E,-P formation,
therefore representing the reactions of predominantly Ca,E,-ATP —
Ca,E-P-ATP (dotted line) and Ca,E,"ATP — E,-P-ATP (solid line). c,
comparison between phosphorylation spectrum (solid line, Ca,E-ATP
— CayE,-P-ATP) and control spectrum after release of AMP-PNP (dot-
ted line). The phosphorylation spectrum was calculated by subtracting
from AA(3.25-11.02 s) the ATP binding spectrum AA(71-385 ms) and
absorbance changes due to already formed E,-P-ATP as described under
“Materials and Methods.” For the control spectrum AA(3.25-11.0 s) and
AA(71-645 ms) were subtracted. d, comparison between the conversion
spectrum (solid line, Ca,E,-P-ATP — E,-P-ATP, normalized AA(87.6—
146 s) minus AA(3.25-11.0 s) as described under “Materials and Meth-
ods”) and the control spectrum after release of AMP-PNP (dotted line),
calculated from spectra obtained in the same time intervals and mul-
tiplied with the same normalization factor.

attributed to a slow reaction following caged ATP photolysis,
which most likely involves the photolysis by-product nitro-
soacetophenone. A detailed study of these reactions is currently
under way.

Infrared Difference Spectra of Type II Samples—Fig. 4 shows
spectra obtained with type II samples. Owing to the addition of
20% Me,SO and the omission of K*, the ADP-insensitive phos-
phoenzyme intermediate E,-P is expected to accumulate in
these samples (25, 34). In contrast to our previous experiments
(8), these samples contained 1 mm Ca2" instead of 15 mm Mg?™,
which may have an influence on the amount of E,-P accumu-
lating. To address this point, the two bands at 1192 and 1758
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cm ™! known to be characteristic for the E,-P state (8) (see also
Fig. 4, a and d) were taken as markers for E,-P and their
amplitudes investigated under varying conditions. The replace-
ment of Mg2* by Ca®* did not change the amplitudes of these
marker bands in the presence of 20% Me,SO, indicating that
the accumulation of E,-P is not perturbed by the presence of
Ca®" in our samples. The omission of Me,SO leads to a signif-
icant reduction of the marker band intensities even under
otherwise optimal conditions for E,-P accumulation (15 mm
Mg2*, no K"), the decrease being even more drastic when MgZ*
was replaced by 2 mm CaZ*. This corresponds to the finding of
only 20-40% of the phosphoenzyme in the E,-P form in the
presence of Ca®" and the absence of K™, Mg2™, and Me,SO (15,
16, 18). In our type II samples, however, as demonstrated by
the E,-P marker bands, the presence of 20% Me,SO ensures
the accumulation of the E,-P state. As already discussed for
CayE,-P, a regulatory ATP molecule is expected to bind to the
phosphoenzyme (for the discussion of the effects of ATP binding
on the spectra, see below).

Fig. 4a shows absorbance changes occurring in the time
course of the reaction Ca,E; — E,-P-ATP, taken at different
time ranges after photolysis (solid line, AA(71-385 ms); dashed
line, AA(2.21-3.24 s); dotted line, AA(87.6—146 s)). The spectra
reveal two reaction intermediates (solid line and dashed line)
before E,-P-ATP is finally formed (dotted line). They also show
absorbance changes due to the photolysis reaction (band at
1529 cm ™! and the dominating bands below 1350 cm ™ 1). Owing
to the similarity of the early spectrum (solid line) to a difference
spectrum obtained after release of the ATP analogue AMP-
PNP (data not shown), we attribute the early spectrum to ATP
binding to the ATPase and call it the ATP binding spectrum.
The dashed line spectrum represents a second intermediate in
the reaction and not just partially formed E,-P-ATP because it
is different from the final spectrum of E,-P-ATP formation.
This is most evident from the band above 1700 cm ™!, which has
a different position in the spectrum of the second intermediate
(dashed line, 1719 cm ™ 1) from that in the late spectrum (dotted
line, 1710 cm™1). In addition, fast and slow kinetics of bands
can be detected already by visual inspection; The band at 1689
cm ™! has evolved to nearly half of its maximal amplitude in the
second intermediate spectrum (dashed line), whereas other
bands have evolved to a much lesser extent at that time (see for
example bands at 1758, 1671, 1606, and 1192 cm ™ !; these
bands are labeled in Fig. 4b). This second intermediate will be
shown to be Cay,E;-P when discussing Fig. 4c. Therefore, the
dashed line intermediate spectrum is attributed to formation of
mainly Cay,E;-P-ATP with a small contribution of already
formed E,-P-ATP.

A regulatory ATP molecule is still bound to the enzyme in the
E,-P state. This is evident at 1641 and 1629 cm ™!, where ATP
binding bands are still observed after E,-P formation has fin-
ished (dotted spectrum).

Fig. 4b shows absorbance changes after ATP binding is com-
plete. They correspond to an intermediate and the final stage of
the reaction Cay,E"ATP — E,-P-ATP. The intermediate spec-
trum is dominated by bands due to the phosphorylation reac-
tion (Cay,E"ATP — CayE,-P-ATP), whereas the late spectrum
shows the effects of both phosphorylation and phosphoenzyme
conversion (CayE,‘ATP — E,-P-ATP). The two phosphoen-
zymes are again discernible at the two bands mentioned above.

The solid line spectrum shown in Fig. 4¢ allows the identifi-
cation of the intermediate in the reaction from Ca,E,ATP to
E,-P-ATP. The spectrum corresponds to the absorbance at an
intermediate time interval after photolysis (3.25-11.0 s) minus
the absorbance of the ATP bound state Ca,E,-ATP with a
correction to cancel the absorbance changes due to already

Time-resolved Infrared Spectroscopy of Ca’®*-ATPase
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Fic. 5. Kinetics of selected infrared bands of type I samples

(1 °C, pH 7.0). Labels refer to the wavenumber of absorption in cm™?.

Different constants were added to each kinetic trace to obtain a clear
presentation. +, 1719; O, 1689; A, 1546; ¢, 1399; [, 1131.

formed E,-P-ATP (see “Materials and Methods”). Thus it shows
only absorbance changes due to the reaction from Ca,E-ATP to
the intermediate state. This spectrum is in very good agree-
ment with the phosphorylation spectrum of type I samples
shown in Fig. 3b. We take this argument as evidence for the
attribution of the solid line spectrum in Fig. 4c¢ to the phospho-
rylation reaction Ca,E,ATP — Ca,E;-P-ATP and term it the
phosphorylation spectrum. In conclusion, one intermediate in
the reaction from Ca,E,ATP to E,-P-ATP was found and iden-
tified to be Cay,E,-P-ATP.

The dotted line in Fig. 4c shows the control spectrum re-
corded after release and binding of AMP-PNP to the ATPase to
investigate possible absorbance changes that are not associated
with phosphorylation, for example due to side reactions of the
photolysis by-product with glutathione. A comparison with the
solid line spectrum shows that most phosphorylation bands are
hardly affected by the side reactions, whereas some bands will
have a side reaction contribution (1655 and 1251 cm ') and one
band can be attributed to the side reaction (1501 cm™1).

The solid line of Fig. 4d shows a difference spectrum of the
late events of E,-P-ATP formation after complete Ca,E,-P-ATP
formation (AA(87.6-145.9 s) — AA(3.25-11.02 s)), i.e. absorb-
ance changes due to phosphoenzyme conversion Cay,E;-P-ATP
— E,-P-ATP. This spectrum was normalized as described under
“Materials and Methods” and is termed the conversion spec-
trum. It is in good agreement with the conversion spectrum
shown in Fig. 8 of Ref. 8, which was obtained in a much more
indirect way by comparing normalized difference spectra of
different samples in different buffers. The dashed line of Fig.
4d shows the control spectrum for type I samples after AMP-
PNP release. Owing to the larger amplitude of the conversion
signals, the conversion spectrum is much less affected by side
reactions than the phosphorylation spectrum.

Time Constants of the Infrared Difference Bands—The time
course of absorbance changes after ATP binding was analyzed.
For type I samples, Fig. 5 shows the time course and the fit at
selected wavenumbers which monitor changes in the absorp-
tion region of Asp and Glu side chain C=0 modes (1719 cm ™ 1),
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Fic. 6. Kinetics of selected infrared bands of ¢ype II samples

(1 °C, pH 7.0). Labels refer to the wavenumber of absorption in cm™?.

Different constants were added to each kinetic trace to obtain a clear
presentation. +, 1712; O, 1653; A, 1570; ¢, 1399; [, 1192.

of the amide I and II modes of the polypeptide backbone (1689
and 1546 cm !, respectively), of Asp and Glu carboxylate
modes (1399 cm™1), and of phosphate vibrations (1131 cm™1).
The signal at 1719 cm ™! was tentatively assigned to the for-
mation of a C=0 group in Asp>>! upon its phosphorylation (8).
All signals in H,O were fitted with a time constant of 1.27 s =
15% (kyp, = 0.79 s7%, pH 7.0, 1 °C). In *H,0 the reaction was
1.5-fold slower than in H,O with a time constant of 1.96 s *
15% (kypp = 0.51 574, p?H 7.0, 1 °C).

Fig. 6 shows the time course of absorbance changes at se-
lected wavenumbers for type II samples comprising the absorp-
tion regions of protonated carboxyl groups of Asp and Glu side
chains (1712 cm 1), of the amide I vibration (1653 cm ™ 1), of Asp
and Glu carboxylate groups (1570 and 1399 cm™ 1), and of
phosphate groups (1192 cm™1). The signals above 1700 cm™?!
were tentatively attributed to the protonation of carboxylate
groups after Ca2" release, the signals at 1570 and 1399 cm ! to
Ca®* release from carboxylate groups (v,, and v,) (8). It is
evident that the time course observed needs to be analyzed
with two time constants. The proportion of the signal occurring
in the fast phase is largest at the 1712 cm ™! band. The fast
reaction is associated with the phosphorylation reaction. In
type II samples, phosphorylation seems to proceed slightly
slower than in type I samples, the time constants being 1.44 s
*15% (kafp =0.69s 1) in H,0 and 2.63 s = 10% in 2H,0 (k,
= 0.38 s~ *, 1.8-fold slower than in H,O).

These phosphorylation rates are in agreement with pub-
lished values. In the presence of 0.2-10 mm Ca?*, 100 mm KCl,
and in the absence of Mg?" at pH 7.0 and 0 °C, they vary
between 0.1 and 0.6 s~ ! (14, 15, 18). The lowest value (18) was
obtained with 0.5 um ATP, which is not saturating. Extrapola-
tion of the ATP dependence (18) of the rate constant to satu-
rating ATP concentrations leads to a rate constant twice as
high as that observed at 0.5 um ATP. At 5 °C in the absence of
K" a value of 0.6 s™! was found (16). A change in Ca%* con-
centration from approximately 0.1 mMm to 10 mm does not sig-
nificantly affect the rate constant (14, 15, 18).

The slow time constant of type II samples is due to phos-
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phoenzyme conversion and Ca2" release. The associated time
constants were found to be 10.9 s + 7% (kapp = 0.092 s}, pH
7.0,1°C) in H,0 and 32.5 s + 10% in 2H,0 (B opp = 0.031 s,
3-fold slower than in H,O, p?H 7.0, 1 °C). The rate in H,O is 4.5
times higher than the value of 0.020 s™! reported in the liter-
ature (15) in the absence of Mg2+ and K* and the presence of
0.1 mm Ca%* at 0 °C and pH 7.0. This value was estimated from
the ratio between the rate of ATP hydrolysis and the level of
ADP-sensitive phosphoenzyme. The discrepancy with our data
may be due to the accelerating effect of high ATP concentra-
tions, which is more pronounced in the absence of alkali ions
(26) or to the presence of Me,SO in our experiments. 20%
Me,SO was found to accelerate Ca®* release from the phos-
phoenzyme by a factor of 4 at pH 7.0, 6 °C, 20 mm MgCl,, 300
muM KCl1 (35), whereas it has virtually no effect at pH 6.0, 20 °C,
20 mm MgCl,, no KCI (36).

Under all conditions ATP binding was complete within 130
ms after the photolysis flash. Afterward all significant infrared
bands of the phosphorylation reaction could be fitted with only
one time constant for type I samples. In analogy, bands due to
the reaction Ca,E; — E,-P-ATP of type II samples were suc-
cessfully fitted with only two time constants, one for the phos-
phorylation reaction, the other for phosphoenzyme conversion
and CaZ%* release. No additional long-lived intermediates were
found.

DISCUSSION

Interpretation of the Kinetic Data—The partial reactions af-
ter ATP binding can be fitted with only two time constants
associated with the consecutive formation of Ca,E,-P and E,-P.
This finding does not support the assumption of additional
long-lived intermediates in the ATPase reaction cycle, such as,
for example, a Ca2*-containing E,-P intermediate. This inter-
mediate is part of the original model for the ATPase reaction
cycle described by de Meis and Vianna (3). However, it is
evident that fast reacting intermediates cannot be resolved
with our method. For example, we could not resolve ADP re-
lease after ATPase phosphorylation from the binding of a reg-
ulatory ATP molecule.

Prior to phosphorylation, a rate-limiting conformational
change in Ca,E;ATP has been reported, which is followed by a
fast phosphorylation reaction (5, 29). Since we observe only one
time constant for the phosphorylation reaction, our phospho-
rylation spectra may represent both the conformational change
of Ca,E,;ATP and the phosphorylation reaction.

The observation of only a single time constant for each reac-
tion step is especially interesting in the light of infrared spec-
troscopy monitoring catalytic reactions at local sites in the
protein, as well as the overall conformational change. The local
effects we consider here are (i) the formation of the aspar-
tylphosphate moiety, (ii) dissociation of the complex between
Ca2* and protein groups, and (iii) changes in the environment
of the phosphate group connected with the transition of the
phosphoenzyme from the state that is ADP-sensitive but stable
against hydrolysis to the state that is ADP-insensitive but
sensitive to hydrolytic attack. These reactions will be reflected
in absorbance changes of the amino acid side chains and the
phosphate group. The signal to noise ratio in the experiments
presented here is good enough to detect absorbance changes of
individual amino acids in the case of the Ca%*-ATPase, a pro-
tein consisting of 1001 amino acids (37). For example, the
positive band at 1719 cm ™! (Fig. 3) has been tentatively as-
signed to formation of a keto group upon aspartylphosphate
formation (8).

In this context, a limited molecular interpretation is of in-
terest. There are specific regions in the spectra in which the
vibrational modes of the backbone amide groups absorb (amide
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I mode, 1700-1610 cm™!; amide II mode, 1580-1500 cm ).
The amino acid side chains and the bound nucleotide absorb in
the entire observed spectral region from 1800 to 900 cm 1, the
transferred phosphate absorbs below 1300 cm™!. Therefore,
spectral regions outside the amide absorption provide the
chance to observe the direct effects of local reactions without
interference from signals due to a conformational change of the
polypeptide backbone. On the other hand, in the regions of
amide absorption, the backbone conformational changes will be
observed. Thus, the restriction of absorption of specific groups
to distinct spectral regions gives infrared spectroscopy the po-
tential to discriminate between a reaction at a local site of the
protein and the resulting or preceding overall conformational
change. Our finding of only one time constant per partial reac-
tion therefore leads to the conclusion that the local reactions
proceed at the same time as the overall conformational change
of the protein backbone. In particular, for the phosphoenzyme
conversion reaction, we found that absorbance changes tenta-
tively attributed to the effects of Ca®" release (1758, 1712,
1570, and 1553 cm 1) proceed at the same time as absorbance
changes in the phosphate region of the spectrum. This indi-
cates that there is no lag phase between the conversion of the
phosphoenzyme from the ADP-sensitive to the ADP-insensitive
form and Ca2" release, and both processes occur in a concerted
manner.

Kinetic Isotope Effect in ?°H,0—The phosphorylation and the
phosphoenzyme conversion reaction are slowed down in 2H,0
by a factor of 1.5 or 3, respectively. A primary isotope effect,
which is caused by X-H bond cleavage, is not likely to be the
reason for the effect since it is expected to slow down the
reaction by a factor between 6 and 8 (38). A kinetic isotope
effect of 1.5, as observed for the phosphorylation reaction, is
well within the range of secondary isotope effects due to a
reorganization of vibrational energy levels of X-H vibrations in
the course of the reaction (38). A kinetic isotope effect of 3, as
observed for the Ca,E,-P — E,-P conversion, is high for a
secondary isotope effect but may be caused by cumulative ef-
fects of several groups.

A shifted pH dependence of the reaction in 2H,0 may also
contribute to the slowing down of phosphoenzyme conversion.
This is due to H;0™ and OH ™ being a stronger acid and base in
2H,0 than in H,O (38, 39) and therefore changing the dissoci-
ation equilibrium of acidic or basic protein residues. The rate of
Ca?"' release from the phosphoenzyme is pH-dependent, in-
creasing with increasing pH near pH 7.0 (35, 36). This pH
dependence is likely to shift in 2H,0. Assuming the titration of
acidic groups to be responsible for the pH dependence, a shift of
the titration curve to higher pH values is expected in 2H,0
since the pK of acidic groups in ?H,O is typically 0.5 higher
than in H,0 (39). Consequently, the rate of Ca?" release would
be slower in 2H,0 than in H,0. However, a typical shift most
likely accounts for only part of the isotope effect, since the rate
would be slowed down by only a factor of 1.3 (estimated from
the pH dependence in Ref. 35). Other effects such as changes of
hydrogen bonding may also contribute to the kinetic isotope
effect. Kinetic isotope effects have been found previously for the
beef heart mitochondrial ATPase (40, 41).

Change of Secondary Structure—The amide I mode of the
polypeptide backbone, which is predominantly a C=0 vibra-
tion, absorbs in the region from 1700 to 1610 cm ™! (42). The
peak position of the amide I mode of a peptide group depends
upon the secondary structure into which it is inserted. Analysis
of amide I band components (for recent reviews, see Refs.
42—45) has been developed as an efficient tool for the analysis
of the secondary structure of proteins. On this basis, the am-
plitude of the infrared difference signals in the amide I region

Time-resolved Infrared Spectroscopy of Ca’®*-ATPase

can be used to estimate the change of secondary structure. If we
proceed along this line, we have to consider the following
limitations.

(i) Signals of conformational changes may overlap in a way
that they cancel each other leading to an underestimation of
the extent of structural change. Therefore the infrared differ-
ence spectrum reveals only the net change of secondary
structure.

(i1) Signals due to amino acid side chains may overlap, al-
though the amide I mode has a strong extinction coefficient (46,
47), which is generally larger than that of amino acid side
chains in the amide I region (48, 49).

(ii1) In addition to a secondary structure change, more subtle
changes such as changes of hydrogen bonding to the C=0
oxygen within a persisting secondary structure will also man-
ifest in the spectrum.

In order to quantify the structural changes of the polypeptide
backbone in the ATPase partial reactions, we here introduce a
change of backbone structure and interaction (COBSI) index.
The calculation of the COBSI index for a difference spectrum of
a partial reaction is carried out in the amide I region from 1700
to 1610 cm™'. It relates the integrated intensity, which is
redistributed upon the reaction to the integrated total protein
absorbance. Half of the sum of the integrated positive and
negative difference bands is divided by the integrated total
protein absorbance.

1700
f 0.5AAbs|dd
1610
COBSI index = —————— (Eq. 1)

1700
J Abs dv
1610

If two states with large differences in the spectrum are
compared, the integrated total protein absorbance is the aver-
aged value of the two states. This assures that the same COBSI
index is obtained for the forward and the backward reaction.

The COBSI index is 1 if the total absorbance in the amide I
region of a protein is shifted strongly in going from state A to
state B so that there is no overlap between the absorbance
spectra of states A and B. If 20% of the backbone C=0 groups
in a protein experience such a shift in absorbance, the COBSI
index will be 0.2. However, in most cases there will be signifi-
cant overlap of the absorption spectra of the two states, the
overlap being most pronounced for, for example, subtle changes
of hydrogen bonding and being less for a change in secondary
structure. Therefore, in order to relate COBSI indices to
changes of structure, COBSI indices for defined structural
transitions were calculated from absorbance spectra in the
literature. These and the COBSI indices for the ATPase reac-
tions are collected in Table II.

COBSI indices for secondary structure transitions between
100% a-helix, B-sheet, and turn structure or transitions from
an ordered to an unordered structure are in the range 0.2—0.6,
indicating that 20—60% of the integrated absorbance is redis-
tributed upon such a transition. As expected, a lower value of
0.09 is obtained when antiparallel and parallel B-sheets are
compared because the backbone is in an extended conformation
in both cases, and the spectral differences may therefore
mainly be caused by changes of hydrogen bonding.

The COBSI indices for the ATPase partial reactions investi-
gated here are of the order of 10~2 to 10~ %. Assuming half of the
total protein being active ATPase (based on typically 4—5 nmol
of active ATPase/mg of protein; Refs. 19-25), the ATPase
COBSI indices have to be multiplied by a factor of 2 and are
then near a value of 0.002. This is more than 2 orders of
magnitude smaller than COBSI indices for a 100% secondary
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TaBLE II

Change of backbone structure and interaction (COBSI) index for ATPase reactions and for selected conformational changes of other proteins or
peptides

The calculation of COBSI indices is described under “Discussion.”

COBSI index/1073

System Reaction Reference H,0 2H,0
Type I samples® Type II samples® Type I samples® Type II samples®
Ca®" ATPase ATP binding This work 1.00 0.64 1.24 1.04
Phosphorylation This work 0.40 0.28 0.37 0.70
Conversion This work 0.80 0.80
Ca?" binding 9) 0.85 0.90
Thermal denaturation (60) 18.5 44.3
Set of proteins used to «a-Helix <> p-sheet® (61, 62) 192, 211
calculate spectra of  a-Helix < turn® (61, 62) 245, 151
pure a-helical, B- a-Helix <> turn® (61, 62) 245, 151
sheet and turn B-Sheet <> turn® (61, 62) 368, 327
structure B« B" (62) 91
Set of peptides used to B-Sheet <> unordered (61) 567
;?11;;1 ls_f;ig;frg_ of a-Helix <> unordered (61) 238
sheet and unordered , _f1elix < B-sheet (61) 580
structure
Ac-(AAAK),-NH, a-Helix <> unordered (63) 255
(peptide K4)
Silk fibroin B-Sheet <> unordered (46, 47) 566 664

“ The discrimination between type I samples and type II samples refers only to the reactions investigated in this work.
® First value is derived from Ref. 61, the second value from Ref. 62. Values obtained from the latter reference for parallel (8%) and antiparallel
(B7) sheet structures were averaged. The deviation from the average value was less than 10%.

structure transition indicating that the ATPase secondary
structure is virtually unperturbed by Ca%* binding, ATP bind-
ing, ATPase phosphorylation, and phosphoenzyme conversion.
Relating the value of 0.002 for the ATPase partial reactions to
the values of 0.2—-0.6 of a secondary structure change involving
all residues, we estimate that the net change of secondary
structure as seen by infrared spectroscopy involves 0.3—1% of
the ATPase residues, i.e. 3—10 amino acids. This estimate does
not rule out the possibility that the secondary structure is
entirely preserved in all reaction steps and the absorbance
differences arise from subtle changes of hydrogen bonding. A
similar conclusion was previously reached by us using a sim-
pler approach, involving a smaller number of partial reactions
and based upon spectra obtained in a more indirect way (8).

The COBSI indices for all partial reactions of the ATPase
investigated are of the same order of magnitude, leading to the
conclusion that the two steps of (i) Ca2* binding and (ii) phos-
phoenzyme conversion concomitant with Ca?* release are not
associated with major secondary structure changes relative to
other partial reactions. Our view is that all steps investigated
are associated with secondary structure changes of comparable
magnitude and that it is not possible to distinguish between
minor and major secondary structure changes in the catalytic
cycle of the Ca%*-ATPase.

The finding of only minor secondary structure changes in the
catalytic cycle of the ATPase is in agreement with fluorescence
energy transfer studies which do not detect changes of dis-
tances between fluorescence labels upon Ca2?" or vanadate
binding or enzyme phosphorylation (see Refs. 50-53, and ref-
erences therein). However, a recent study reported a distance
change in the catalytic cycle of the Na*/K*-ATPase (54). Cir-
cular dichroism experiments indicate slightly larger secondary
structure changes than our infrared results, showing an in-
crease of the signal at 225 nm of up to 5% upon Ca%* binding
and of 2% upon ATPase phosphorylation (E — E,-P) (55). At
present, this small discrepancy cannot be resolved.

A nearly unperturbed secondary structure as observed here
seems to be in conflict with recent small angle x-ray diffraction
data showing a redistribution of 8% of protein mass from the
cytoplasmic side of the membrane into the membrane (56).
However, both methods monitor completely different proper-

ties. Small angle x-ray diffraction monitors the overall shape of
the protein whereas infrared spectroscopy is sensitive to local
changes in the interaction of single amide groups with their
environment. If the data of the two methods are combined, a
reasonable scenario is that movement of large parts of the
protein is promoted by a change in backbone conformation
which involves only a few amide groups and which largely
preserves the existing secondary structure. Other spectroscopic
methods like fluorescence (reviewed in Refs. 53, 57, and 58) and
electron paramagnetic resonance (59) also reveal the conforma-
tional changes associated with the ATPase reaction cycle. The
structural extent of the changes is, however, hard to quantify
with these methods.

Interestingly, thermal denaturation of the ATPase (60) leads
to COBSI indices which are a factor of 20—40 larger than those
of the partial reactions but still about 1 order of magnitude
smaller than expected for a secondary structure change of all
residues. This indicates that the structure is not totally dis-
rupted upon thermal denaturation. This is in line with the
second derivative spectrum of the denatured state, which is
inconsistent with an overall random coil structure. In addition,
the absorbance spectrum shows that intermolecular B-sheets
often observed upon protein denaturation (43) are not the dom-
inant structure of the denatured ATPase.

CONCLUSIONS

The time-resolved infrared spectra described here present a
new access to the analysis of the number of intermediates and
the dynamics of their interconversion in the Ca2*-ATPase re-
action cycle. The use of caged compounds provides high quality
infrared difference spectra of only small absorbance changes at
a time resolution generally of the order of 10-100 ms. Even
absorbance changes as small as 0.0002 can be used to monitor
the time course of the reaction. The results provide no evidence
for long-lived intermediates in the course of E,-P formation
other than Ca,E,;ATP and Ca,E;-P-ATP. For all partial reac-
tions investigated, the secondary structure of the ATPase
seems to be nearly unperturbed.

Time-resolved infrared spectroscopy based on caged com-
pounds can easily be applied to other systems. Therefore we
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expect that this approach will successfully be used for a wide
range of enzyme systems.
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