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Changes of protein structure, nucleotide microenvironment,
and Ca’*-binding states in the catalytic cycle of sarcoplasmic reticulum
Ca?*-ATPase: investigation of nucleotide binding, phosphorylation
and phosphoenzyme conversion by FTIR difference spectroscopy
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Abstract

Changes of infrared absorbance of sarcoplasmic reticulum Ca?*-ATPase (EC 3.6.1.38) associated with partial reactions of its
catalytic cycle were investigated in the region from 1800 to 950 cm ™! in H,O and 2HZO. Starting from Ca,E,, 3 reaction steps
were induced in the infrared cuvette via photolytic release of ATP and ADP: (a) nucleotide binding, (b) formation of the
ADP-sensitive phosphoenzyme (Ca,E,P) and (c) formation of the ADP-insensitive phosphoenzyme (E,P). All reaction steps
caused distinct changes of the infrared spectrum which were characteristic for each reaction step but comparable for all steps in
the number and magnitude of the changes. Most pronounced were absorbance changes in the amide I spectral region sensitive to
protein secondary structure. However, they were small ~ less than 1% of the total protein absorbance — indicating that the
reaction steps are associated with small and local conformational changes of the polypeptide backbone instead of a large
conformational rearrangement. Especially, there is no outstanding conformational change associated with the phosphoenzyme
conversion Ca,E;P — E,P. ADP-binding induces conformational changes in the ATPase polypeptide backbone with a-helical
structures and presumably B-sheet or B-turn structures involved. Phosphorylation is accompanied by the appearance of a keto
group vibration that can tentatively be assigned to the phosphorylated residue Asp®’!. Phosphoenzyme conversion and
Ca®*-release produce difference signals which can be explained by the release of Ca>* from carboxylate groups and a change of
hydrogen bonding or protonation state of carboxyl groups.
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1. Introduction essential for muscle relaxation. It is performed by the

Ca?*-ATPase, an intrinsic membrane protein, that
couples ATP-hydrolysis to Ca’*-transport. Although
the ATPase reaction cycle (Fig. 1A) has been the
subject of detailed investigations for the past years, the
nature of the coupling process is still unknown. The
investigation of structural changes that accompany the
catalytic cycle of the ATPase should help to get more
insight into the coupling process. Of special interest is

Active Ca?*-transport from the cytoplasm of muscle
cells across the sarcoplasmic reticulum membrane is

Abbreviations: Ca,E P, ADP-sensitive phosphoenzyme; E,P,
ADP-insensitive phosphoenzyme; caged ATP (or ADP), P-1-(2-
nitro)phenylethyl ATP (or ADP); 8, deformation vibration; EDTA,

(ethylenedinitrilo)tetraacetic acid; EDTA-Ca’*, Ca?* complex of
EDTA; FTIR, Fourier transform infrared; IR, infrared; v, , asym-
metric stretch vibration; v,, symmetric stretch vibration; Me,SO,
dimethylsulfoxide; Mops, 3-(N-morpholino)propanesulfonic acid;
Nitr-5, 1,2-amino-5-[1-hydroxy-1-(2-nitro-4,5-methylenedioxyphenyl)
methyllphenoxyl-2-(2’-amino-5'-methylphenoxy)ethane-N,N,N’,N'-te-
traacetic acid tetrasodium salt; OD, dimensionless absorbance unit;
SR, sarcoplasmic reticulum.
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the phosphoenzyme conversion from Ca,E P to E,P,
where orientation and affinity of the Ca®*-binding sites
and the reactivity towards ADP are changed. Several
observations indicate that this step is connected with a
structural change, but there is evidence that no major
rearrangement of the ATPase occurs (see references in
[1] and [2]). For lack of a high-resolution structure of
the ATPase, the exact structure of the binding site as
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Fig. 1 (A) Reaction cycle of the Ca?*-ATPase (modified from [1,54]).
Cyt, cytoplasm; lum, SR lumen. (B) Reaction steps investigated by
IR difference spectroscopy. Bold lines: steps directly induced in the
IR cuvette. Dashed lines: spectra of these steps were calculated by
subtraction of difference spectra. Dotted lines: steps not investi-
gated. (C) Flow diagram of spectra recording and calculation. The
arrow symbolizes the photolysis flash.

well as structural details necessary for the Ca’" trans-
port mechanism remain speculative. Furthermore, the
static picture which an X-ray structure might provide
would not give sufficient information on the conversion
of the phosphoenzyme; mechanistic information thus
relies mostly on spectroscopic data.

Infrared (IR) spectroscopy can be used to follow
small structural changes associated with nucleotide
binding and ATPase phosphorylation, provided that
reaction-induced-difference-techniques are applied
[2,3]. With these techniques, a sample and a reference
spectrum are recorded from the same sample in rapid
succession, with a suitable perturbation applied in be-
tween to start the desired reaction. Thus, from the
spectra before and after the perturbation, a difference
spectrum can be calculated that reflects only those
changes of IR absorption which are associated with the
reaction. Negative bands of the difference spectrum

are characteristic for the initial state, positive bands for
the intermediate state or the final product. The accu-
racy of this method is extremely high, since the differ-
ence spectrum is not obtained by subtraction of spectra
from samples prepared under different conditions
(which would lead to inaccuracies arising from varia-
tions of sample concentration and cell pathlength). The
detection limit for our samples in the amide I spectral
region, sensitive to protein secondary structure, is an
absorbance change of much less than 0.1% of total
protein absorbance. While this technique of reaction-
induced-IR-difference-spectroscopy had been origi-
nally developed for the study of photoreactive proteins
which can be stimulated by light absorption, applica-
tion to the study of substrate /cofactor binding to en-
zymes and to enzyme reactions in general seemed
difficult.

Recently, we have reported the use of photolabile
substrate analogues (‘caged substrates’) in combination
with Fourier transform infrared (FTIR) difference
spectroscopy and were able to show that ATPase sam-
ples which hydrolize ATP and perform Ca?*-transport
can be prepared at the low H,O content needed for IR
measurements in the mid IR region (1800 — 950 cm™!)
[2,3]. Photolytic release of ATP in these samples pro-
duced IR absorbance changes that could be assigned to
photolysis of caged ATP, hydrolysis of ATP and to
formation of the ADP-sensitive phosphoenzyme
(Ca,E, — Ca,E,P) in H,O and *H,0. While the aim
of our preceding papers was mainly to present this
IR-spectroscopic method, we here report the investiga-
tion of 3 essential steps of the Ca®*-ATPase reaction
cycle: (i) nucleotide (ADP) binding (step (1) in Fig.
1B), (ii) formation of the ADP-sensitive phosphoen-
zyme (Ca,E, = Ca,E P, step (2) in Fig. 1B), and (iii)
formation of the ADP-insensitive phosphoenzyme
(Ca,E, = E,P, step (4) in Fig. 1B). These reaction
steps result in IR absorbance changes which we have
investigated in H,O and 2HZO in the region from 1800
to 950 cm~!. The obtained difference spectra were
normalized and compared in order to separate the
processes of nucleotide binding, phosphorylation and
phosphoenzyme conversion.

2. Experimental procedures
2.1. Sample preparation and sample terminology

Ca**-ATPase prepared according to De Meis and
Hasselbach [4] was a generous gift of W. Hasselbach
(Max-Planck-Institut fiir medizinische Forschung, Hei-
delberg, Germany). Table 1a lists the composition of
samples for IR spectroscopy which were prepared as
described in [2] for the investigation of different reac-
tion steps. Briefly, SR vesicles were dialysed overnight
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at 5°C in 20 mM 3-( N-morpholino)propanesulfonic acid
(Mops)/KOH (pH or pD 7), 10 mM KClI or LiCl, 0.2
or 1 mM MgCl, and 10 pM CaCl,. After adding the
substances to give the final concentrations listed in
Table 1a, 15 ul of SR-solution were dehydrated under
controlled conditions on a CaF, IR-window, and then
sealed with a second window. In order to remove Na™
from the caged ATP stock solution, the solution was
dialyzed 30 min in a dialysis membrane with small
pores (molecular weight cutoff 100, Medical Industries,
Los Angeles, CA, USA) for the K*-free samples. Sam-
ples are named according to the reaction investigated
(for example Ca,E, — Ca,E,P-sample for the investi-
gation of the reaction Ca,E, — Ca,E,P). Two kinds of
samples were prepared to investigate each of the phos-
phoenzymes Ca, E P and E,P. In the one type (named
Ca,E, - Ca,E ,P-sample and Ca,E,— E,P-sample)
the decay of the respective phosphoenzyme was rate
limiting, but the ATP-hydrolyzing activity was high
enough that all released ATP reacted within the time
of the experiment (4 min). In the other type (named
Ca,E, - Ca,E,P-(high Ca’*)-sample and Ca,E, -
E,P-(+Me,SO)-sample), phosphoenzyme decay and
therefore ATP hydrolysis was inhibited and the phos-
phoenzyme of interest accumulated to a higher extent
as compared to the first type (see Discussion). Samples
to investigate the photolysis reaction were prepared in
the same way, but, instead of drying an ATPase solu-

Table 1a

tion, only caged ATP or caged ADP together with 15
wl of dialyzing buffer were dried.

2.2. Experiments in °H ,0

SR membranes were first dialysed for 1 h in H,O-
buffer and then 15-20 h in *H,O-buffer of the same
composition at 5°C. Samples were dried until free
water was almost completely removed and then rehy-
drated with 0.5-1 wl *H,O with or without 20%
Me,SO.

2.3. Estimation of protein content of the samples

Protein content was estimated from the amide I and
amide Il protein absorbance as described in [2] using
for samples in H,O the amide II band (absorbance
difference between 1544 and 1490 cm ™!, calibration
factor 690 pgem~2OD™!) and for samples in “H,0
the amide I band (absorbance difference between 1704
and 1646 cm™ !, calibration factor 375 ggem =2 OD 1),

2.4. FTIR measurements

FTIR measurements were performed with a Bruker
IFS 25 instrument equipped with a HgCdTe detector
of selected sensitivity. For the difference measure-
ments 9 subsequent single beam spectra (1, I,, I, to

Approximate concentrations of ATPase, cofactors and other constituents in the ATPase samples

Sample name ATP- Mops pH, K* Lit Mg?* Ca’*  Glu- Caged  A23187  Other

ase (mM) pD (@M) (mM) (mM) (mM) ta- ATPor (mg/ml)

(mM) thione ADP

(mM)  (mM)

ADP-binding 1 300 7.0 330 - 3 0.15 10-40 10-40 - -
Ca,E, - Ca,EP 1 300 70 330 - 3 015 10 10 - -
Ca,E, — Ca,E,P-(high Ca?*) 1 300 70 330 - 3 20 10 10 0.5 -
Ca,E, - E,P(onlyin H,0) 1 300 7.0 - 20 15 015 10 6-12 0.5 -
Ca,E; - E,P-(+Me,SO) 1 300 7.0 - 260 15 0.15 10 6-12 0.5 20% Me,SO
Based on 1 p1 sample volume and on 4.5 nmol ATPase /mg protein [53].
Table 1b
Spectra terminology
Name of spectrum Meaning

Flash-induced spectra
Photolysis spectra

ADP-binding-spectra
Ca,E; - Ca,EP-spectra or Ca,E; — E,P-spectra
Ca,E; - Ca,E, P-transient-spectra or Ca,E; — E,P-transient-spectra

Phosphorylation spectrum

Ca,E P - E,P spectrum

AA, (see Fig. 1C)
A A, of samples not containing ATPase

A A, minus photolysis spectrum

early A4, minus late AA4,, for example A4 ,~-A A4,

normalized Ca, E, — Ca, E,P-spectrum minus
normalized ADP-binding-spectrum

normalized Ca,E, — E,P-spectrum minus
normalized Ca,E; — Ca,E P-spectrum
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I,) were recorded between 1800 and 900 cm~'. Be-
tween [, and I, photolysis was triggered by a Xenon
flash tube as described in [2] (see Fig. 1C for a flow
diagram of spectra recording). Spectra were calculated
from 100 averaged interferometer scans per spectrum
except for I, I, and I,, which were calculated from 20
(I, and 1,) or 50 scans (I,), respectively, in order to
achieve a better time resolution immediately after the
flash and to compare [, with [,. Data acquisition for
the spectra after the flash took place in the following
time intervals: I;: 0-8 s; I,: 16-34 s; I;: 42-74 s; I,:
82-114 s; I 122-154 s; 1,: 162-194 s; I;: 202-234 .
The absorbance difference between the reference spec-
trum [/, recorded immediately before the flash, and
the other spectra /, was obtained by calculating A4,
= —log(/,/1,). This is a more direct expression for the
difference spectrum than subtraction of the respective
absorbance spectra. The difference spectrum 4 A4, cal-
culated from the spectra recorded before the flash
served as baseline control. The others showed the
absorbance changes after application of the flash. All
spectra were recorded at 1°C with 4 cm™' resolution
and triangular apodization.

2.5. Subtraction procedures and spectra terminology

Difference spectra 44, to AA,, directly obtained
from the IR measurements of ATPase samples, are
named flash-induced-spectra (see Table 1b for a short
description of the spectra terminology). Difference
bands which can be attributed to the processes of
photolysis or hydrolysis or to structural changes in the
ATPase-nucleotide-complex are named photolysis
bands, hydrolysis bands or ATPase-nucleotide-bands,
respectively. For each ATPase sample, the difference
spectrum of the photolysis reaction was investigated
separately in the same buffer, but in the absence of
ATPase. Then this photolysis spectrum was normalized
to the flash-induced-spectra using the photolysis bands
at 1524, 1346 and below 1300 cm ' [2,3]. However,
these photolysis bands were partly superimposed by
hydrolysis bands or ATPase-nucleotide-bands. Hydrol-
ysis bands are smallest in the first flash-induced-spec-
trum A A, due to the short time between ATP release
and spectra acquisition, and ATPase-nucleotide-bands
are smallest in the last flash-induced-spectrum A4A4,
provided that the decay of the ATPase-nucleotide-
bands could be observed (Ca,E, — Ca,E,P-samples
and Ca,E, - E,P-samples). Therefore, in the case of
overlap by hydrolysis bands (below 1300 cm™!), the
photolysis spectrum should fit well to the first flash-in-
duced-spectrum AA4,. In the case of overlap by AT-
Pase-nucleotide-bands, it should fit to the last flash-in-
duced-spectrum A A,. The normalized photolysis spec-
trum was subtracted from the flash-induced-spectra.
The resulting spectra show mainly the ATPase-nucleo-

tide-bands. Therefore these difference spectra and their
ATPase-nucleotide-bands are named according to the
reaction step investigated, for example Ca,E, —
Ca,E P-spectra and Ca,E, - Ca,E P-bands. These
spectra have to be interpreted cautiously, because the
presence of SR may change position and intensity of
the photolysis bands which may lead to incomplete
subtraction and therefore to artificial difference bands
in the region of photolysis bands which cannot be
attributed to ATPase-nucleotide-bands.

For the investigation of phosphoenzyme formation,
a second independent way of subtracting the photolysis
bands was used. With appropriate sample composi-
tions, the ATP-hydrolizing activity of the samples was
high enough to consume all of the released ATP within
the time of the experiment. Thus, while the phospho-
enzyme decomposes, the decay of bands arising from
phosphoenzyme formation could be observed. This was
used to calculate transient-spectra. These spectra show
the difference between the transient state shortly after
ATP release and the final state, and were obtained by
subtracting one of the later flash-induced-spectra from
the preceding (for example 44, minus AA,). In this
way photolysis bands cancel out and ATPase-nucleo-
tide-bands as well as hydrolysis bands are retained. As
compared to the procedure of subtracting a photolysis
spectrum, hydrolysis bands have the opposite sign in
the transient-spectra, thus facilitating the distinction
between hydrolysis- and ATPase-nucleotide-bands.

2.6. Normalization of IR difference spectra to a uniform
protein content

In order to compare the difference spectra of the
three investigated reactions, they were normalized to a
uniform protein content. First, the linear dependence
of the protein difference bands from the protein con-
tent of the samples was verified. A suitable band is the
1624 cm™! band which appears upon ADP-binding and
phosphoenzyme formation [2] and is not very sensitive
to phosphoenzyme conversion (see Results section).
This band was chosen because of its high intensity and
because it is located sufficiently away from the strongest
water and protein absorption range (around 1650 cm 1)
where baseline instabilities may occur. A linear de-
pendence of the 1624 cm ™! band on the protein con-
tent could be established for most of the samples (data
not shown). However, some of the samples showed a
smaller 1624 cm ™! band. This may be due to sample
inhomogeneities (small air bubbles) which can lead to a
deviation from Lambert-Beer’s law. In the case of
Me, SO-containing-samples, a reduced 1624 cm ™' band
may be due to the development of a critically high
Me,SO concentration during sample preparation,
which leads to irreversible inhibition of Ca?*-ATPase
[5]. For the normalized difference spectra, only sam-
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ples following the linear relation betweeen the protein
content and the 1624 cm ™! band amplitude were used.
Spectra were first normalized to a protein content of
180 wg/cm? (corresponding to an amide I absorbance
of 0.48 OD and to an amide II absorbance of 0.26 OD)
and then averaged.

3. Results
3.1. Binding of ADP to Ca,E,

Fig. 2 shows IR difference spectra arising from the
release of ADP from caged ADP in ATPase samples.
ADP-binding-spectra (thin lines in Fig. 2) reflecting
reaction step (1) in Fig. 1B could be obtained by
subtraction of the photolysis spectrum of caged ADP
(dotted lines in Fig. 2). Bands which are obvious in the
flash-induced-spectra (thick lines) and absent in the
photolysis spectra (dotted lines) arise from ADP bind-
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Fig. 2. IR difference spectra after release of ADP in ADP-binding
samples in H,0 and 2HZO. T =1°C. The numbers give the band
positions of the bold and thin line spectra. (A) Spectra in H,O,
average of four samples. Bold line: average of flash-induced-spectra
AA, to AAs. Thin line: ADP-binding-spectrum. Dotted line: Photol-
ysis spectrum of caged ADP. (B) Baseline spectrum A4 A4, of the
ADP-binding-samples in H,O. (C) Spectra in 2 H,0, average of two
samples. Bold line: average of flash-induced-spectra 44, to 4A4,.
Thin line: ADP-binding-spectrum. Dotted line: Photolysis spectrum
of caged ADP in *H,O. (D) Baseline spectrum A A, of the ADP-
binding-samples in 2HZO.

Table 2

ADP-binding-bands arising from binding of ADP to Ca,E,.

H,0 D,0 H,0 D,0

1692 (+) 1684 (+) 1466 (~) 1466 (—)

1678 (+) 1442 (=) 1432 (-)

1660 (—) 1660 (—) 1428 ()

1650 (+) 1648 (+) 1400 (—) 1400 (-)

1638 (—) 1636 (~) 1370 (= X(?)

1626 (+) 1626 (+) 1320 (= X?)
1604 (+) 1310 (+ X(?)

1578 (=) 1586 (=) 1302 (- X7
1566 (+) 1278 (= X?)

1548 (+ XD 1546 (+) 1196 (=) ~1200(-)

1536 (= X7 1514 (+)

The numbers give the positions of the difference bands in wavenum-
bers. (?) means that the attribution is not secure, (+) or (—~) mean
positive or negative band.

ing to the ATPase and are called ADP-binding-bands.
Their position is shown in Table 2. The size of the
ADP-binding-bands in H,O and 2HZO was compara-
ble to the size of the ATP-induced ATPase-nucleo-
tide-bands (see Fig. 5). However, to obtain saturation
of the amplitude for the ADP-binding-bands, more
ADP had to be released as compared to the amount of
ATP necessary for the saturation of the amplitudes of
the bands of phosphoenzyme formation. In the regions
of the photolysis bands around 1524, 1344 and below
1250 em™' [2,3] the attribution of difference bands
observed in the flash-induced-spectra (thick lines) to
ADP-binding-bands is difficult (see Experimental pro-
cedures section). However, the negative band around
1200 cm = in H,O and *H,0 (Figs. 2A and C) leads to
a significant modification of the shape of the flash-in-
duced-spectrum when compared to the photolysis spec-
trum, and is therefore attributed to ADP-binding.

When the experiments are performed in 2HZO (Fig.
20) instead of H,O (Fig. 2A), several distinct alter-
ations in the ADP-binding-spectrum are observed. The
double band around 1690 cm ™! is shifted by 6-8 ¢m ™!
to lower wavenumbers, new bands appear at 1586 and
1566 cm ! (instead of one band at 1578 cm '), and the
double band at 1442 and 1428 cm ™! is replaced by a
single band at 1432 cm ™! At 1320, 1310, 1302 and
1278 cm ™! small bands appear in ZHZO, which cannot
unambiguously be attributed to ADP-binding-bands
because of their small amplitude. The samples in 2HZO
show stronger ADP-binding-bands than the samples in
H,O0 in spite of their lower protein content.

3.2. Formation of Ca,E,P from Ca,E, in H,0

Ca,E, —» Ca,E,P-samples (investigation of step (2)
in Fig. 1B) contained about 330 mM K* and 3 mM
MgCl, (cf. Table 1a). They were never dried com-
pletely in order to avoid leaky vesicles [6]. Samples
prepared in this way were able to accumulate Ca®* in
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the vesicles [2]. Thus, Ca®'-transport should lead to a
high Ca?*-concentration inside the vesicles in spite of
the lower concentration of about 150 wM in the exter-
nal medium. As a working hypothesis, we assume that
the release of ATP in these samples leads to the
accumulation of the ADP-sensitive phosphoenzyme
(Ca, E P, see discussion section).

Fig. 3 shows absorbance changes due to the release
of ATP in these samples. Transient absorbance changes
due to formation of Ca,E,P [2] (best seen in the region
1700-1600 cm™') are strongest in the first spectrum
recorded in the time range 0-8 s after the photolysis
flash (bold lines in Fig. 3) and decay within 100 s. Small
permanent changes remain (thin lines in Fig. 3) which
cannot be explained by the photolysis reaction. These
resemble the ADP-binding-spectrum (Fig. 2A) and are
therefore attributed to the binding of ADP - as a
product of ATP hydrolysis - to the ATPase. After 100

-0.5-
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Fig. 3. IR difference spectra after ATP release in Ca,E, - Ca,E,P-
samples in H,O. T = 1°C, average of four samples. The numbers give
the band positions of the bold line spectra. (A) Full lines: flash-in-
duced-spectra 4.4, bold: A4, medium: 4 A4,, thin: average of 4.4,
to AA,. Dotted line: Photolysis spectrum. (B) Baseline spectrum
AA4,. (C) Ca,E;— Ca,E P-spectra, calculated from bold: 4A4,,
medium: AA4,, thin: average of A4, to A4, (D) Ca,E; » Ca,EP-
transient-spectra: flash-induced-spectra 4.4, minus 4.4, bold: AA,,
thin: 4A4,.

Table 3

Ca,E, - Ca,E P-bands of the Ca,E; ~ Ca,E,P-samples
H,0 b,0 H,0 D,0

1750 (+) 1740 (+) 1402 (—) 1400 (-)
1714 (+) 1706 (+) 1382 (-)
1692 (+) 1686 (+) 1368 (—) 1374 (-)
1676 (+) 1670 (+) 1352 ()
1660 (—) 1660 (~) 1344 (+) 1344 (+ XD
1650 (+) 1648 (+) 1330 (+)
1638 (—) 1638 (—) 1310 (+) 1308 (+)
1626 (+) 1626 (+) 1286 (—)

1592 () 1588 (—) 1256 (= X?) 1256 (= X7)
1560 (—) 1560 (—) 1232(-X7)

1548 (+) 1546 (+) 1192 (+) 1188 (+)
1532(-) 1526 (-) 1174 (+) 1172 (+)
1514 (+) 1514 (+) 1162 (+ X

1492 (-) 1484 (+) 1144 (+ X7 1148 (+X?)
1464 (~) 1466 (+) 1122 (=X

1444 (-) 1436 (-) 1092 (+) 1092 (+)
1430 (+ X7 1060 (+) 1062 (+)
1426 (= X7 1418 (+)

1422 (+ XD

The numbers give the positions of the difference bands in wavenum-
bers. (?) means that the attribution is not secure, (+) or (—) mean
positive or negative band.

s, the rise of the hydrolysis bands at 1242 and 1090
cm ! [2,3] was complete.

Fig. 3C shows the Ca,E, — Ca,E P-spectra ob-
tained by subtraction of the photolysis spectrum from
the flash-induced-spectra (dotted and full lines, respec-
tively in Fig. 3A). The Ca,E, — Ca,E,P-spectra have
to be interpreted carefully because the subtraction
procedure may lead to artificial bands in the range of
the photolysis bands. Therefore, an independent con-
trol is helpful to support or to question the attribution
of difference bands to Ca,E,; — Ca,E P-bands. This is
done by calculating Ca,E, — Ca,E,P-transient-spectra
(see Experimental procedures section) shown in Fig.
3D. Bands which appear in both, the Ca,E, —
Ca, E,P-spectra (Fig. 3C) and the respective transient-
spectra (Fig. 3D), are attributed to the formation of
Ca,E,P; they are termed Ca,E, — Ca,E P-bands and
listed in Table 3. Bands which are very weak in both
spectra are attributed tentatively to Ca,E, — Ca,E,P-
bands and marked with a question mark in Table 3.
The tentative attribution of the bands at 1256, 1232
and 1162 cm™' (see Fig. 3C) is justified by their ap-
pearance as shoulders in the transient-spectra (1256
and 1232 cm ™!, Fig. 3D) or in the flash-induced-spec-
tra (1162 cm ™!, Fig. 3A).

Ca,E, — Ca,E P-(high Ca’*)-samples contained in
addition to the Ca,E, — Ca,E,P-samples 20 mM
CaCl, and 0.5 mg/ml Ca’*-ionophore A23187 to en-
sure equal distribution of Ca®* inside and outside the
vesicles. Because of the high Ca?*-concentration, the
activity of the samples was very low and the decay of
Ca,E, — Ca,E P-bands could not be observed. The
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Fig. 4. IR difference spectra after ATP release in Ca,E; — Ca,E P-
samples in 2HZO. T =1°C, average of three samples. The numbers
give the band positions of the bold line spectra. (A) Full lines:
flash-induced-spectra 4A4,, bold: AA;, medium: average of 44,
and A A, thin: 4 A,. Dotted line: Photolysis spectrum. (B) Baseline
spectrum AA,. (C) Ca,E, - Ca,E,P-spectra, calculated from bold:
AA,, medium: average of A4, and AA,, thin: 44,. (D) Ca,E; -
Ca,E,P-transient-spectra: flash-induced-spectra A4, minus AAjy,
bold: AA;, medium: AA,, thin: AA4;.

Ca,E, — Ca,E, P-spectra of these samples (not shown)
are in excellent agreement with those discussed above
of the samples with low Ca?* concentration with the
following exceptions: The small broad band around
1750 cm ™! nearly disappears, the band at 1714 cm™!
shifts to 1720 cm ™', and between 1592 and 1560 cm ™!
negative bands are very small.

3.3. Formation of Ca,E,P from Ca,E, in 2H20

Fig. 4 shows the difference spectra of Ca,E P for-
mation in 2HZO (reaction step (2) in Fig. 1B). As in
H,0, the final spectrum taken 3.5 min after ATP
release (thin line in Fig. 4A) resembles the spectrum of
ADP-binding (Fig. 2C). Most bands clearly appear in
both the Ca,E, — Ca,E P-spectra (Fig. 4C) and the
respective transient-spectra (Fig. 4D) and can there-
fore securely be attributed to the Ca,E, — Ca,E,P-
bands. They are listed in Table 3. Other bands appear-

ing in Fig. 4C can tentatively be attributed to these
bands because they lead to a different shape or posi-
tion of bands when the flash-induced-spectra are com-
pared with the photolysis spectrum (broad band be-
tween 1200 and 1120 cm ™!, Fig. 4A) or appear in the
transient-spectra (Fig. 4D) as a dip (1256 cm™ 1), a
positive band (1092 cm ') or a shoulder (1062 cm ™).
The positive band at 1546 cm™! is not seen in the
transient-spectra. As this band cannot be explained by
the photolysis spectrum (dotted line in Fig. 4A), it must
be attributed to the ATPase-nucleotide-complex,
caused probably by nucleotide binding. This would
explain its missing in transient-spectra, because in the
final state at least part of the ATPase binds ADP. In
fact, this band appears in the ADP-binding-spectra
(Fig. 20), making the attribution to nucleotide binding
plausible.

Spectra of Ca,E, — Ca,E P-(high Ca’*)-samples
(not shown) in *H,O showed the same bands as the
Ca,E,; — Ca,E P-spectra, with the following excep-
tions: The small broad band around 1750 cm™! nar-
rows and the band with its maximum at 1706 cm™ ' in

the flash-induced-spectra appears at 1714 cm ™.

3.4. Comparison of ADP-binding-spectra and Ca,E, —
Ca,E,P-spectra

The bands observed in the Ca,E, — Ca,E, P-spectra
(Figs. 3C and 4C) are due to the phosphorylation
reaction, as well as to binding of ATP. The reason for
this is that ATP binding is not only an intermediate
step of the phosphorylation reaction, but also occurs to
the phosphoenzyme, if ATP is released in excess. In
order to distinguish between nucleotide-binding-bands
and bands arising from the phosphorylation reaction
(named phosphorylation bands), ADP-binding-spectra
and Ca,E, - Ca,E,P-spectra were normalized (see
Experimental procedures section) and are compared in
Fig. 5. The difference between the ADP-binding- and
the Ca,E, —» Ca,E,P-spectrum reflects reaction step
(3) in Fig. 1B, i.c., the exchange of ADP for ATP and
the phosphorylation reaction. It is furtheron termed
phosphorylation spectrum. Bands that can be at-
tributed to ATPase phosphorylation and ADP/ATP-
exchange are named phosphorylation bands and listed
in Table 4. To count a band to the phosphorylation
bands, the only fact that it appears in the phosphoryla-
tion spectra is not sufficient because artificial bands
have to be considered arising from the subtraction
procedures and the normalization. Thus, a phospho-
rylation band has to manifest itself also in a different
shape or position of bands when comparing ADP-bind-
ing-spectra with Ca,E,; — Ca,E P-spectra. Bands
which were not attributed to Ca,E, —» Ca,E P-bands
or ADP-binding-bands in the preceding sections are
not considered (for example the 1470 cm~! band in
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Fig. 5. Normalized IR difference spectra associated with ATPase
phosphorylation. 7 = 1°C. The numbers give the band positions of
the bold line spectra. (A) Difference spectra in H,0. Bold line:
phosphorylation spectrum (normalized Ca,E,— Ca,E P-spectrum
minus normalized ADP-binding-spectrum). Thin line: normalized
Ca,E| — Ca,E,P-spectrum, average of two samples, calculated from
A4A,. Dotted line: normalized ADP-binding-spectrum, calculated
from the average of AA, to AA4, of four samples. (B) Difference
spectra in 2HZO. Bold line: phosphorylation spectrum (normalized
Ca,E, —» Ca,EP-spectrum minus normalized ADP-binding-
spectrum). Thin line: normalized Ca,E; — Ca,E P-spectrum, calcu-
lated from the average of A4, and A A, of three samples. Dotted
line: normalized ADP-binding-spectrum, calculated from the average
of A4, to AA, of two samples.

Table 4
Phosphorylation bands arising from ATPase phosphorylation and
exchange of ADP for ATP

H,0 D,0 H,0 D,0
1714 (+) 1712(+) 1514 (+)

1680 (-) 1494 (-) 1482 (+)
1652 (+X7) 1652 (+ XD 1450 (-) 1454 (+)
1640 () 1640 (= X?) 1432 (+) 1430 (+)
1620 (+) 1624 (+) 1404 (=) 1396 (+)
1600 () 1604 (-) 1386 (—)
1582 (+X?) 1580 (+) 1364 (-)
1558 (=) 1562 () 1344 (+)(?)
1546 (+) 1252 (= X7 1250 (= X?)
1532 (= X7 1234 (= X?)

The numbers give the positions of the difference bands in wavenum-
bers. (?) means that the attribution is not secure, (+) or (—) mean
positive or negative band.

Fig. 5A). Using this general procedure, only the band
at 1532 cm~! remains to be discussed. It is clearly
present in the Ca,E; — Ca,E,P-spectra and the re-
spective transient-spectra in H,O. However, it is not
clear whether this band is already present in the ADP-
binding-spectra, since it is in the region of a photolysis
band and may appear too small in the ADP-binding-
spectra, if the photolysis spectrum is not normalized
correctly before subtraction.

Many bands of the Ca,E, — Ca,E,P-spectra arise
from nucleotide binding: For samples in H,O (Fig. 5A,
the positions of the bands are labelled in Fig. 3) the
bands at 1692, 1676, 1660, 1650, 1464, 1444, 1402 and
at 1368 cm ™!, as well as parts of the bands at 1638 and
1626 cm™'; for samples in “H,O (Fig. 5B, the band
positions are labelled in Fig. 4) the bands at 1686,
1670, 1660, 1648, 1638, 1588, 1514, the bands between
1500 an 1300 cm ! and part of the 1626 cm ™' band.
Differences between the Ca,E, — Ca,E,P-spectrum
and the ADP-binding-spectrum around 1650 cm ™! are
probably due to variations between the individual sam-
ples. Below 1150 cm !, no differences between ADP-
binding-spectrum and Ca,E,; — Ca,E,P-spectrum can
reliably be detected for reason of strong overlap by
photolysis bands.

3.5. Formation of E,P from Ca,E, in H,0O

Ca,E, —» E,P-samples were prepared without Na*
and K*, but with 15 mM Mg?*. They contained the
Ca?*-ionophore A23187 in order to prevent a high
Ca®*-concentration inside the vesicles. It can be as-
sumed that the ADP-insensitive phosphoenzyme (E,P)
accumulates in these samples (see discussion section).
Fig. 6 shows the difference spectra of these samples
induced by ATP release in H,O reflecting reaction
step (4) in Fig. 1B. Bands that appear in Ca,E, —
E,P-spectra and in the respective transient-spectra are
counted to Ca,E; — E,P-bands and listed in Table 5.
Small bands are tentatively assigned to these bands. In
the region from 1450 to 1370 cm ™!, the transient-spec-
tra (Fig. 6D) show the same difference signal like the
Ca,E, — E,P-spectra (Fig. 6C) but vertically shifted to
higher AA values. Because on one hand the Ca,E, —»
E,P-spectra are sensitive to subtraction of the photoly-
sis spectrum, and on the other hand the transient-spec-
tra do not show baseline instabilities, we think that the
transient-spectra are more reliable for the attribution
of bands in this region (positive bands at 1434 and 1396
cm ™ !). The flash-induced-spectra in the region of the
photolysis bands between 1290 and 1200 cm ! show a
complicated structure with 4 negative bands at 1268,
1256, 1244 and 1234 cm~!. The 1268 and 1234 cm™!
bands coincide with photolysis bands, which seem to be
incompletely subtracted in the Ca,E, — E,P-spectra
(Fig. 6C). By multiplication of the photolysis spectrum
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Fig. 6. IR difference spectra after ATP release in Ca,E - E,P-
samples in H,0. T =1°C, average of seven samples. The numbers
give the band positions of the bold line spectra. (A) Full lines:
flash-induced-spectra A4, bold: 4,,, medium: AA,, thin: AA.
Dotted line: Photolysis spectrum. (B) Baseline spectrum 4 A4,. (O
Ca,E; — E,P-spectra calculated from bold: 4.4,, medium: average
of 44, and AAj;, thin: average of AA4; and 4A4,. (D) Ca,E, -
E,P-transient-spectra: flash-induced-spectra A A, minus average of
AAg and AAg, bold: AA,, medium: AA;, thin: 4AA,.

by an appropriate constant and recalculation of the
Ca,E, — E,P-spectra, only two negative bands appear
in this region at 1284 and 1252 cm~'. Both show up as
negative band or as indention in the transient-spectra
(Fig. 6D). However, we are careful in attributing them
to Ca,E, = E,P-bands, since in this spectral region
the photolysis bands are sensitive to buffer composi-
tion.

Ca,E, — E,P-(+Me,SO)-samples contained 20%
Me, SO in addition to the Ca,E, — E,P-samples. The
activity of these samples in H,O was too low to ob-
serve the decay of the Ca,E, — E,P-bands within the
time of the experiment (4 min). The addition of Me,SO
leads to few changes in the Ca,E; — E,P-spectra (data
not shown): The 1710 cm~! band shifts to 1708 cm !,
the 1642 cm ™! band shows reduced intensity and the
positive 1514 cm™! band disapears. The 1112 cm™!
and the 1062 cm ™! band are clearly seen already in the
flash-induced-spectra as shoulder or as positive band.

3.6. Formation of E,P from Ca,E, in °H,0

Fig. 7 shows the difference spectra of the Ca,E, -
E,P-(+Me,SO)-samples in 2H20 reflecting reaction
step (4) in Fig. 1B. In contrast to the respective sam-
ples in H,O, the decay of the Ca,E, » E,P-bands
could be observed in 2H20 suggesting that the re-
leased ATP is consumed within the time of the experi-
ment, and therefore a higher activity of these samples
in 2HZO as compared to H,O. Bands that appear in
the Ca,E, — E,P-(+Me,SO)-spectra and the respec-
tive transient-spectra (Figs. 7C and D) are listed in
Table 5 as Ca,E, —» E,P-bands. The 1436 cm ™" band
is not present in the transient-spectra (Fig. 7D), but
shows up very clearly in the flash-induced-spectra (full
lines in Fig. 7A) and is therefore counted to the
Ca,E,; — E,P-bands.

AAbs. (x109)

T T T T
500 1400 1300
Wavenumber / cm™!

Fig. 7. IR difference spectra after ATP release in Ca,E; — E,P-
(+Me,SO)-samples in 2HZO. T =1°C, average of two samples. The
numbers give the band positions of the bold line spectra. (A) Full
lines: flash-induced-spectra 4A4,, bold: average of 44, to 4A4,,
medium: average of A4, and 44, thin: flash-induced-spectrum
recorded 7 min after the photolysis flash. Dotted line: Photolysis
spectrum. (B) Baseline spectrum AA,. (C) Ca,E, — E,P-spectra,
calculated from bold: average of 44, to AA4;, medium: AA;s, thin:
AA recorded 7 min after the photolysis flash. (D) Ca,E, — E,P-
transient-spectra; flash-induced-spectra AA4, minus flash-induced-
spectrum recorded 7 min after the photolysis flash, bold: average of
AA, to AA4;, medium: average of A4, and A4, thin: 44,
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When Me,SO is omitted from these samples the
spectra showed features intermediate between the
Ca,E, — Ca,E P-spectra and the Ca,E; — E,P-
(+Me,SO)-spectra (Fig. 7), but resembled more the
Ca,E, - Ca,E,P-spectra (data not shown). This is in
contrast to the Ca,E, - E,P-samples in H,O where
the addition of Me,SO only lead to few changes in the
spectrum.

3.7. Comparison between Ca,E, — Ca,E, P-spectra and
Ca,E, = E, P-spectra

In order to calculate a difference spectrum for the
phosphoenzyme conversion from Ca,E,P to E,P (step
(5) in Fig. 1B), Ca,E, — Ca,E,P-spectra and Ca,E,
— E,P-spectra were normalized to the same protein
content and are shown in Fig. 8 in H,O and *H,O
(Figs. 8A and B, respectively). The difference, termed
Ca,E,P — E,P-spectrum, is shown as bold line. Table
6 lists the position of those bands of the Ca,E P —
E,P-spectrum which are connected with phosphoen-
zyme conversion and Ca®*-release. They are named
Ca,E P — E,P-bands. As already discussed for the
phosphorylation bands, the appearance of a band in
the Ca,E,P — E,P-spectra is not sufficient to count it
to the Ca,E,P — E,P-bands. It has to reveal itself in a
different position or shape of a band when comparing
the Ca,E, —» Ca,E,P-spectrum and the Ca,E, —
E,P-spectrum as well as the respective transient-spec-
tra. Some bands can only be tentatively attributed to
Ca,E,P — E,P-bands because they are superimposed
by photolysis bands or are in the region of the strongest

Table 5
Ca,E, — E,P-bands of the Ca,E; — E,P-samples in H,O and the
Ca,E,| = E,P-(+Me,SO)-samples in ’H,0

H,0 D,0O H,0 D,0

1750 (+) 1750 (+) 1426 ()

1710 (+) 1704 (+) 1406 (—) 1408 (-)
1686 (—) 1678 (—) 1396 (+)

1670 (+) 1372(-) 1374 (~)
1660 (—) 1662 (—) 1344 (+) 1342 (+)
1650 (+) 1652 (+) 1316 (= X(?)

1642 () 1638 (—) 1294 (+ XM

1624 (+) 1626 (+) 1284 (= XD 1284 (-)
1604 (—) 1596 (—) 1252 (= X7 1254 (~)
1570 (=) 1568 (—) 1192 (+) 1192 (+)
1550 (+) 1552 (+) 1178 (+ X7

1532 (-) 1526 (—) 1164 (+ X7

1514 (+) 1500 (=) 1144 (+ X7 1142 (+)
1496 (—) 1112 (+ X7 1112 (+ X7
1478 (-) 1092 (+X?) 1098 (= X7
1460 (-) 1466 () 1080 (— X?)
1444 () 1062 (+ X?) 1064 (+ X7
1434 (+) 1436 (—) 1048 (= X7

The numbers give the positions of the difference bands in wavenum-
bers. (?) means that the attribution is not secure, (+) or (—) mean
positive or negative band.
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Fig. 8. Normalized IR difference spectra associated with Ca,E P —
E,P conversion and Ca’®*-release. T =1°C. The numbers give the
band positions of the bold line spectra. (A) Difference spectra in
H,O0. Bold line: Ca,EP — E,P-spectrum (normalized Ca,E;—
E,P-spectrum minus normalized Ca,E,; —» Ca,E P-spectrum). Thin
line: normalized Ca,E; — E,P-spectrum, calculated from the aver-
age of AA; and AA, of four samples. Dotted line: normalized
Ca,E; — Ca,E P-spectrum, calculated from 4A4,, average of two
samples. (B) Difference spectra in “H,0. Bold line: Ca,E,P > E,P-
spectrum (normalized Ca,E, — E,P-(+Me,SO)-spectrum minus
normalized Ca,E; — Ca,E P-spectrum). Thin line: normalized
Ca,E, - E,P-(+ Me,S80)-spectrum, calculated from the average of
AA, and AA4, of two samples. Dotted line: normalized Ca,E; —
Ca, EP-spectrum, calculated from the average of 44, and A4, of
three samples.

protein and water absorption, where band intensities
of different samples showed strong variations. With the
exception of the 1192 ecm~! band, no absorbance
changes below 1200 cm™' can be attributed safely to
the Ca,E,P — E,P conversion because they are
masked by the strong photolysis bands.

4. Discussion
4.1. FTIR difference spectra
Starting from Ca,E,, three steps of the ATPase

reaction cycle were investigated with IR difference
spectroscopy in H,O and 2HZO: (a) nucleotide- (ADP-)
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Table 6
Ca,E P — E,P-bands arising from phosphoenzyme conversion and
Ca®"-release

H,0 D,0 H,0 D,0
1756 (+) 1750 (+) 1504 (-)
1704 (+) 1704 (+) 1476 (=) 1470 (=)
1690 (—) 1678 (-) 1460 ()
1668 (+) 1440 (+ X?) 1436 (+)
1658 (= X?) 1424 (-) 1416 (-)
1650 (+ X7) 1652 (+) 1398 (+) 1398 (+)
1638 (+) 1364 (+) 1374 (-)
1626 () 1616 (+) 1352 (+ XD
1608 () 1602 (—) 1336 (+) 1340 (+X?7)
1584 (+) 1314 (= X7 1308 (—)
1570 (=) 1292 (+ X7 1284 ()
1554 (+) 1554 (+) 1254 (~)
1524 (-) 1192 (+) 1192 (+)

The numbers give the positions of the difference bands in wavenum-
bers. (?) means that the attribution is not secure, (+) or {—) mean
positive or negative band.

binding (step (1) in Fig. 1B), (b) formation of Ca,E,P
(step (2) in Fig. 1B) and (c) formation of E,P (step (4)
in Fig. 1B).

Photolytic release of ATP or ADP from their caged
analogues was used to start the reaction in the IR
cuvette. From the spectra before and after the release,
IR difference spectra could be calculated directly.
These flash-induced-spectra contain absorbance
changes due to the photolysis reaction, hydrolysis of
ATP and structural changes in the protein-nucleotide
complex. The latter kind of absorbance change could
be separated from the first by subtracting a difference
spectrum of the photolysis reaction from the flash-in-
duced-spectra. In this way photolysis bands cancel and
the obtained spectra are named according to the reac-
tion investigated (see Table 1b and Experimental pro-
cedures section). ATP-hydrolysis gives rise to ab-
sorbance changes in the spectra of phosphoenzyme
formation. However, in the spectrum recorded immedi-
ately after release of ATP, hydrolysis bands had devel-
oped to only a small extent because of the short time
between ATP release and recording of the spectra. For
this reason, this spectrum (bold line in Figs. 3C, 4C, 6C
and 7C) and the ADP-binding-spectra (thin line in
Figs. 2A and C) show absorbance changes mainly aris-
ing from structural changes of the protein polypeptide
backbone, of amino acid side chains and of the nu-
cleotide upon its binding to the ATPase.

Suspension of the ATPase in 2HZO results in
deuteration of acidic groups (OH, SH, NH,), and
therefore may lead to shifts of IR band positions.
However, only part of the ATPase is accessible for the
solvent 2HZO, and therefore not all acidic groups are
deuterated [7].

4.2. Accumulation of Ca,E P or E,P in our samples

After addition of ATP to Ca,E, under optimal
conditions, the ATPase is phosphorylated to an extent
of nearly 100% until all ATP is consumed. K™ acti-
vates hydrolysis of the ADP-insensitive phosphoen-
zyme (E,P). In the presence of 100 mM K™, the
phosphoenzyme conversion from Ca,E,P to E,P is
therefore the rate-limiting step, and 75-90% of the
ATPases are in the ADP-sensitive form (Ca,E,P) [8-
10]. However, due to the high ATPase concentration of
1 mM in our IR-samples the concentration of the
reaction product ADP is also in the millimolar range.
which may lead to a decrease in the amount of phos-
phoenzyme. Pickart and Jencks [11] reported 40%
phosphoenzyme in the presence of millimolar concen-
trations of ADP and ATP, but at a 100 times lower
ATPase concentration. In order to test the effect of
ADP on our Ca,E, - Ca,E P-spectra, we removed it
by adding 2 pg adenylate kinase to Ca,E, - Ca,E,P-
samples. The resulting difference spectra were in per-
fect agreement with those lacking adenylate kinase,
with the exception of 2 difference bands which are
diagnostic for the consumption of ADP (at 930 cm™!)
and for the production of AMP (at 984 cm~') by
adenylate kinase. We thus assume that the Ca,E,P
intermediate accumulates in our K*-containing sam-
ples (Ca,E, - Ca,E,P-samples).

High Ca®* concentrations (> 1 mM) inhibit ATPase
activity [12,13], presumably due to binding of Ca?* to
the luminal low affinity Ca’?* binding sites. In the
presence of high Ca’* concentrations, the phosphoen-
zyme is nearly exclusively in the Ca,E,P form [14,15],
but part of the ATPase is unphosphorylated and binds
Ca - ATP, which phosphorylates the ATPase 10 times
slower than Mg: ATP [16). The addition of Ca2* at
high concentrations (Ca,E; — Ca,E P-thigh Ca®*)-
samples) leads to only very small changes in the differ-
ence spectra (see Results section), indicating again that
the Ca,E,P intermediate accumulated in both the
Ca,E, - Ca,E,P-samples and the Ca,E, - Ca,E,P-
(high Ca**)-samples in H,O and *H,0.

In buffers where K* is omitted or replaced by Li~,
with high Mg?*- (~ 10 mM) and low Ca?*-concentra-
tions ( < 100 wM), hydrolysis of E,P is the rate limiting
step of the reaction cycle and E,P accumulates to
70-100% (8,9,15]. The amount of E,P can be en-
hanced by the addition of Me,SO [8], since Me,SO
shifts the equilibrium of E,P hydrolysis towards the
phosphoenzyme {17]. In H,0, the difference spectra of
the K*-free samples with and without 20% Me,SO
(Ca,E; —» E,P-samples and Ca,E, - E,P-(+Me,
SO)-samples) were nearly identical (see Results sec-
tion). We therefore conclude that in H,0 E,P accu-
mulates in both kinds of samples. However, when
H,0 was used as solvent, the addition of Me, SO led
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to significant changes in the difference spectrum. With-
out Me,SO the characteristic bands of the Ca,E, —
E,P-(+Me,SO)-spectrum are observed only to a small
extent and the difference spectrum resembled more
the Ca,E; — Ca,E,P-spectra than the Ca,E, —» E,P-
(+Me,SO)-spectra. We conclude that in “H,0O E,P
accumulates only in the Me,SO-containing samples
(Ca,E, = E,P-(+Me,SO)-samples). Because of the
high concentration of released ATP, we can assume
that in our samples ATP is bound to every phosphoen-
zyme intermediate [1,18-20].

4.3. Isotope effect of °H,0 on E, P-hydrolysis

As mentioned above, E,P accumulates to a lower
amount in “H,0 than in H,O in Me,SO-free samples.
This may have two reasons: The Ca,E,P — E,P con-
version may be inhibited in 2HZO, or E,P hydrolysis
may be activated. The last hypothesis is supported by
the significantly higher activity of Me,SO-containing
samples in 2HZO as compared to H,O (see Results
section). This increase of a reaction rate in 2HZO
represents an inverse kinetic isotope effect which is
observed for acid-catalyzed reactions, if the reaction
steps following the initial protonation step are rate
limiting [21,22]. The effect is due to the weaker acidity
and therefore higher concentration of the protonated
intermediate in *H,O.

4.4. Band assignment for the ADP-binding-spectra in
H,0 and *H,0

ADP-binding-spectra in H,O and *H,O are shown
in Fig. 2 reflecting reaction step (1) in Fig. 1B. The
large number of difference bands observed complicates
an unambiguous assignment to functional groups by
simply considering the vibrational frequency. Instead,
we shall propose tentative assignments on the basis of
the frequency region, relative intensities and deutera-
tion effects, in general based on [23], on [24,25] for
amino acid side chains, on [26—30] for amide I absorp-
tion and on [31] for adenosine absorption.

ADP-binding leads to absorbance changes which are
comparable in number and magnitude with those of
phosphoenzyme formation (Fig. 5, step (2) in Fig. 1B)
indicating that the extent of structural changes is
roughly the same in both steps. In the region between
1700 and 1620 cm !, the amide I mode of the peptide
group absorbs, as well as amino acid side chain groups
and the adenine base (1650 cm™!). The bands around
1685 cm ™! can be assigned to strongly hydrogen bonded
carboxyl groups (v-_o of Asp and Glu), or alterna-
tively to the amide I vibration (peptide v._g5) of B-
sheet or B-turn structure. Both functional groups ab-
sorb in szO at about 10 cm™' lower wavenumbers
[24,25,27,30], a fact which is also observed in our spec-

tra. These bands around 1685 cm™' are stronger in

2H20 (compare dotted lines in Figs. 5A and B). This
may be due to the superposition of a negative band in
H,O0 shifting to lower wavenumbers in *H,O. Such a
band may be assigned to the v._, of Asn or Gin,
absorbing around 1680 cm ™! in H,O and shifting to
1650 cm™! (Asn) or 1635 cm ™! (Gln) in *H,0, where
it may contribute to the negative bands which are
stronger in H,0 than in H,O.

Changes in protein conformation which lead to a
variation in the amide I absorption are the most proba-
ble explanation for the bands at 1660, 1650 and 1638
cm~! in H,O and 2HZO. These signals may be inter-
preted in terms of a local decrease of the amount of
B-sheet and coil structure with concominant increase
for a-helical structure, but an alternative interpreta-
tion is a decrease in linewidth of an a-helical structure
leading to a positive band with negative side lobes. The
reason may be a reduction in heterogeneity or mo-
tional freedom. In addition to contributions from pep-
tide C=0O groups, we have to consider IR signals
arising from vibrations of amino acid side chain groups
such as His, Arg, Asn or Gln. However, the NH;
mode of His is an unlikely candidate because of its
small extinction coefficient. Contributions of Arg modes
and the 8NHJ mode of Asn and Gln are improbable,
since the typical band shifts upon deuteration are not
observed. Most bands are stronger in 2HZO, possibly a
consequence of a shift of some of them resulting in a
better separation of positive and negative bands.

The positive 1626 cm ™! band is composed of several
signals, in H,O as well as in 2 H,O. The maximum as
well as the shoulders gain intensity in 2H20. This band
is in the range of the amide I mode of B-sheet struc-
tures, but also at the high-frequency edge of the
antisymmetric stretch vibration of carboxylates
(1,(COO7)). In *H,0, a weak His band or a Tyr ring
vibration may contribute to the 1626 cm ™! band, too.
The latter absorbs in H,O solution at approx. 1600
cm™! and thus may hide the negative band that ap-
pears in the ADP-binding-spectra in 2HZO at 1586
cm™~!. A contribution from amine groups of exchange-
able amino acid side chains or adenine to the 1626
cm ™! band is unlikely, since the typical band shifts in
2HZO to approx. 1230 cm ™' [32] or 1190 cm ™!, respec-
tively, were not observed.

Asp and Glu carboxylate groups (v,(COO™)) in
aqueous solution absorb between 1580 and 1560 cm ™!
(in 2HZO upshifted by 10 cm~!) at positions which are
also found for an adenine ring vibration. The amide 11
mode of the peptide group absorbs around 1550 cm ™.
In this region, no clear ADP-binding-bands are ob-
served in H,O. In contrast, two positive bands at 1566
and 1546 cm™! are observed in *H,O. These bands
can be assigned to either COO~ or Trp modes or to
amide II modes not accessible for deuteration. As the
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two bands are not observed in H,O, we postulate a
negative amide II band superimposed upon them in
H,0, but shifting to 1466 cm~ in *H,0, where it
contributes to the strong negative band. The 1514
cm™! band in 2HZO may be assigned to a Tyr ring
mode. However, the reason for its absence in H,O is
unclear, since only a slight upshift by ca. 4 cm ™! would
be expected.

Carboxylate salts absorb in the region of 1470-1400
cm ™! (#(COO™)) dependant on the structure of the
metal-carboxylate complex [33]. Other groups absorb at
better defined wavenumbers in this region: CH,- and
CH ,-groups, Trp and the amide Il mode in “H,O
around 1466 cm ™!, proline around 1454 and 1420 cm™
[34,35). The negative bands at 1444 and 1428 cm ™! in
H,O merge to one band at 1432 cm ™! in *H,0. This
may be caused by opposite shifts of the two bands
consequent to deuteration. For example, an adenine
band absorbing at 1423 cm™! shifts 2 cm ™! to higher
wavenumbers. Its position depends upon the formation
of hydrogen bonds [31]. In the region from 1450 to
1400 cm™!, CH ,-groups with a neighboring carbonyl
group, i.e., from Asp, Glu, Asn and Gln, also absorb.
The indole ring of Trp absorbs at 1420 cm ™' and Tyr
or carboxylate groups (v (COQO ™)) of Glu or Asp in the
aqueous phase may contribute at 1400 cm ™.

Bands between 1400 and 1300 cm~! can be tenta-
tively assigned to either CH ;-groups (8, 1370 cm ™) or
adenine ring vibrations sensitive to hydrogen bonding
(1370, 1340-1300 cm~!) or Trp-modes (1350 cm™!) or
to CH-groups (1350-1315 cm™).

Binding of phosphate groups to the ATPase is the
most probable explanation for the bands below 1270
cm ™ L. Dehydration of phosphate groups is best seen by
an 20 cm™' upshift of the > PO; stretch vibration
[36,37], which absorbs at 1228 cm~! in ATP and at
1208 cm ™! in ADP [2,3]. Indeed, in the ADP-binding-
spectra, a negative band at 1192 cm™' and a positive
band at approx. 1240 cm™ are observed, as expected
for an upshift of the > PO; band. However, contribu-
tions from Trp, Tyr and Phe cannot be excluded, since
substituted benzenes also absorb between 1200 and
1000 cm ™.

4.5. Interpretation of the ADP-binding-spectra

The ADP-binding-spectra give several hints on the
interaction between nucleotide and ATPase. The a-
phosphate seems to become dehydrated and changes in
hydrogen bonding to the nitrogen atoms of adenine
cannot be excluded. In contrast, hydrogen bonding to
the adenine NH,-group apparently remains un-
changed. In the case of the Na*/K*-ATPase, hydro-
gen bonds are observed to the adenine nitrogen atoms
as well as to the NH ,-group [38].

Difference bands in the region of the amide I ab-

sorption of the peptide group strongly suggest the
involvement of an «-helix in nucleotide binding, which
is a common motiv for other nucleotide binding pro-
teins because of the large dipole moment of an a-helix
[39]. A modification of a B-sheet or turn structure is
also likely to occur, in accordance with the proposition
of Taylor and Green [40], who place the bound nu-
cleotide at the C-terminus of a parallel B-sheet. We
did not find hints for the participation of positively
charged amino acid side chains in binding of the nega-
tively charged phosphates. Lys does not seem to be
involved in binding, since we did not find band shifts
arising from the deuteration of the amine group. In the
region of Arg absorption, bands in H,O and 2HZO
were found, but the typical band shifts of 50-60 cm™!
upon deuteration were not observed. However, this
may be due to the overlap by other bands. The amino
acid His is likely to participate in nucleotide binding
because of the pH-dependency of ADP-binding [41].
but is difficult to detect in IR spectroscopy because of
the small extinction coefficient of its SNHJ vibration.

Several difference bands were found that can tenta-
tively be assigned to carboxylate groups of Asp and
Glu. A modification of the Ca’* binding site may be
responsible for this since it is known that ATP and
ADP accelerate Ca>" binding [42,43].

4.6. Band assignment for the phosphorylation spectra in
H,0 and °H,0

The bold lines in Fig. 5 show the difference between
the ADP-binding-spectra and the Ca,E, — Ca,E, P-
spectra, i.c., the absorbance difference between Ca,E,
- ADP and Ca,E, - ATP reflecting step (3) in Fig. 1B.
For a detailed band assignment the reader is referred
to the preceding discussion of the ADP-binding-spectra.
However, some bands will be discussed here: The
positive band around 1714 cm™! can be assigned to
C = 0O groups of Asp or Glu. If we assume that these
C=0 groups are newly formed from -carboxylate
groups via protonation or esterification, it can be esti-
mated from the magnitude of the band that only one
amino acid per ATPase is involved (based on the € of
the C= O group [24,25] and the amount of ATPase
measured by amide I and amide II absorption, see
Experimental procedures).

In the region of 1660-1620 cm ™', peak positions in
H,0O and 2H20 are nearly identical, indicating that
amino acid side chains that are accessible to deutera-
tion do not give a large contribution to the signals. The
unchanged peak positions rather favor an assignment
to peptide groups or to amino acid side chains in the
core of the protein inaccessible for *H,0.

The band at 1532 cm ™! in H,O is not observed in
2H20. This supports an assignment to the amide II
mode of the peptide group. However, it is not clear
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whether this band can be attributed to the phospho-
rylation bands (see Results section). A band which
presumably corresponds to it in “H,O at 1466 cm ™! is
already present in the ADP-binding-spectra and does

not change upon phosphorylation.
4.7. Interpretation of the phosphorylation spectra

Several processes happen upon phosphorylation of
the ATPase from Ca,E,-ATP to Ca,E,P-ATP. (i)
The residue Asp®®' is phosphorylated, (ii) the two
Ca’" bound to the high affinity binding sites are oc-
cluded [1], and (iii}) ADP is released [44]. (iv) A regula-
tory ATP binds at the catalytic site or is already bound
to a different site [1,20,45,46]. Because the phospho-
rylation spectra are calculated from the difference be-
tween ADP-binding-spectra and Ca,E, » Ca,E,P-
spectra, they also show the effects of ADP/ATP ex-
change.

Phosphorylation of Asp™! from ATP leads to chem-
ical modifications of groups participating in the reac-
tion which manifest themselves in the FTIR difference
spectra. If the carboxylate group of Asp®' does not
exhibit specific interactions with other amino acids, the
two oxygen atoms equally share the negative charge.
This resonance-stabilized COQO ~-form is abolished by
phosphorylation, and a C=0 and a C-O-P group
originate. The corresponding absorbance bands at ap-
prox. 1580 cm™ ' (»,(COO ")) and 1400 cm '
(v(COO™)) should show up as negative bands in the
Ca,E, — Ca,E P-spectra and the phosphorylation
spectra and as positive bands at 1715 ecm™! (ve_p),
around 1270 ecm~! (v ) and between 1030 and 900
cm ! (v p).

Concerning the absorption of the CO-O-P group, it
can be expected that the bond order of the C-O bond
rises due to resonance with the C = O group. This will
lead to absorption at higher wavenumbers as compared
to a C-O-P bond where the C-atom is part of an
aliphatic moiety (absorption at 1030 cm ™! [23,47]). A
similar effect is observed for the C-O-C group: The
C-O absorbance shifts at most 200 cm™! to higher
wavenumbers if one C-atom is part of a phenyl ring or
an ester group. We thus assume that the absorption of
the CO-O-P group is better modelled by the aromatic
rather than the aliphatic C-O-P connection which ab-
sorbs between 1260 and 1160 cm ~'. This conclusion is
supported by the absorption of the K*/Li* salt of
acetyl phosphate in aqueous solution (data not shown)
with bands at 1270 (vc), 1128 (v, (-PO37)), 982
(v (-PO37) and 936 cm ! (vp ).

Phosphorylation modifies phosphate groups in a
similar way as does hydrolysis. A > PO, group disap-
pears and a -POZ~ group appears with corresponding
positive bands at 1170 and 1080 cm ™! and a negative
band at 1230 [2,3].

Some of these expected difference bands appear in
the Ca,E, —» Ca,E P-spectra. At 1714 cm~!, a car-
bonyl band is observed which we tentatively attribute
to the phosphorylation site Asp™®!. The negative bands
in the 1600-1560 cm~! and 1450-1400 cm ™' regions
may indicate the disappearing COO ™~ group. However,
these bands appear already upon ADP-binding, indi-
cating that ADP-binding is sufficient to abolish the
resonance isomery of the carboxyl group. On the other
hand, it is possible that the ATPase in the Ca,E, state
develops specific interactions to the Asp*' carboxyl
group resulting in two unequivalent carboxyl oxygen
atoms. Between 1270 and 1150 cm ™' the phosphoryla-
tion spectra show a negative and a positive band which
may be attributed to the disappearance of the > PO,
group. Below 1200 cm ™!, several bands appear in the
Ca,E, = Ca,E,P-spectra, but it is unclear whether or
not they can be attributed to the phosphorylation reac-
tion.

Several bands of the ADP-binding-spectra are still
observed in the Ca,E, — Ca,E,P-spectra, supporting
our assumption that ATP is bound to the phosphoen-
zyme under the conditions of our experiments.

4.8. Band assignment for the Ca,E,P — E, P-spectra

The bold lines in Fig. 8 show the difference between
the Ca,E, — Ca,E, P-spectra and the Ca,E, - E,P-
spectra reflecting step (5) in Fig. 1B. These difference
spectra show absorbance changes associated with phos-
phoenzyme conversion and Ca?*-release and are there-
fore termed Ca,E,P — E,P-spectra. For a detailed
band assignment, the reader is referred to the preced-
ing discussion of the ADP-binding-spectra. However,
some bands will be discussed here: The bands at 1750
and 1704 cm™! can be assigned to C=O carboxyl
groups which are free (1750 cm ™) and strongly hydro-
gen bonded (1704 cm ™), respectively. The bands can
arise from protonation of COO™ groups or from break-
ing and weakening of strong hydrogen bonds to a
C = O carboxyl group absorbing at lower wavenum-
bers. Indeed, there is a negative band at 1690 cm ! in
H,0 and 1678 cm ™! in *H,0, which can be tentatively
assigned to a strongly hydrogen bonded C = O group.
However, this C =0 mode may also be assigned to
B-sheet or B-turn structures as well as to side chains of
Gln or Asn.

In the region between 1670 and 1650 cm™! only
small band shifts are observed upon deuteration. This
supports an assignment to amide [ vibrations of the
polypeptide backbone or to amino acid side chains
inaccessible for deuteration.

Between 1640 and 1610 cm !, clear differences are
observed between the spectra in H,0 and *H,0. The
strongest positive band in H,O absorbs at 1638 cm ™!
and in *H,O at 1616 cm~"'. The most simple explana-
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tion, a shift from 1638 to 1616 cm™!, has to be re-
jected, since it is too large for an amide I band and too
small for side group absorptions of Arg and Lys. A
probable explanation is that both bands are present in
H,O and ZHZO, but superimposed by a negative band
absorbing around 1620 cm~! in H,O, which is shifting
to approx. 1630 cm ™! in 2HZO. If this is correct, the
negative band can be assigned to carboxyl groups and
the positive bands to B-sheet structures.

At 1570/1554 cm ™! and 1416,/1398 ¢cm ™!, two dif-
ference bands that can be assigned to carboxyl groups
are observed most clearly in “H,O. These signals were
also observed in model spectra for Ca’*-release with
the model compounds free ‘EDTA’ and ‘EDTA - Ca®*’
[6].

4.9. Interpretation of the Ca,E,P — E,P-spectra

Several processes [1] give rise to the Ca,E P —
E,P-spectra: (i) Reorientation of the Ca®* binding
sites to the luminal side, (ii) Ca®*-release, (iii) change
of substrate specifity for the dephosphorylation reac-
tion, (iv) protection of the catalytic site from the sol-
vent [18,19] and (v) the coupling between the processes
at the phosphorylation site and the Ca** binding sites.

A pair of difference signals can be attributed to
Ca’*-release from carboxyl groups. The bands at 1750
and 1704 cm™! may indicate protonation of carboxyl
groups, a process which is expected to occur after
Ca’*-release since Ca®* competes with H* for binding
to the high affinity sites [48]. The positive 1750 cm™!
carboxyl band may also be discussed in connection with
breaking of hydrogen bonds due to the protection of
the catalytic site from the solvent leading to a more
hydrophobic environment. At 1374/1352 cm™! (best
seen in “H,0, Fig. 8B) and 1314 /1292 cm ' (best seen
in H,0, Fig. 8A), pairs of difference bands are found
that may indicate breaking of hydrogen bonds to the
nitrogen atoms of adenine. However, for other adenine
bands sensitive to hydrogen bonding, the characteristic
band shifts were not observed.

It is unlikely that lipid head groups play a role in
phosphoenzyme conversion and Ca”*-release, since no
absorbance changes in the maximum of lipid absorp-
tion at 1736 cm™! were observed. We thus conclude
that the phosphoenzyme conversion does not have a
strong impact on the structure and arrangement of the
surrounding lipids.

4.10. Conformational changes upon nucleotide binding,
phosphorylation and Ca, E,P — E, P conversion

ATPase-nucleotide-bands in the region of amide 1
absorption allow to estimate the conformational
changes in the ATPase polypeptide backbone in the
course of nucleotide binding and phosphorylation. The

difference bands are very small corresponding to at
most 0.6% of the protein absorbance in this region.

IR and circular dichroism spectra of proteins in
different states are mostly interpreted in terms of
changes of the relative portions of secondary struc-
tures. In a crude model, let us therefore assume that
several amino acids change their participation in a
certain secondary structure during a protein reaction.
If followed by IR spectroscopy this should lead to the
disappearance of a band characteristic for the existing
secondary structure and to the appearance of a band
characteristic for the new structure. From the ab-
sorbance change of the strongest positive bands (at
1652 and 1626 cm !, Ca, E, — E,P-(+ Me,SO)-spectra
in 2HZO, Fig. 7), the extinction coefficient of amide I
absorption and the ATPase content of our samples
(see Experimental procedures section), we estimate the
number of amino acids which contribute to these bands
to be around six. This would imply that not more than
six amino acids — corresponding to 0.6% of the total
number - experience a net change of their secondary
structure character.

In spite of this estimation, we think that a better
interpretation of our spectra are small structural modi-
fications within the existing secondary structure, which
lead to band shifts and intensity changes. The number
of amino acids involved here cannot be estimated eas-
ily.

A redistribution of approx. 8% of protein mass from
the cytoplasmic region into the membrane bilayer upon
phosphorylation of the ATPase to Ca,E P was esti-
mated from X-ray diffraction data [49]. In order to
reconcile this with our spectra, we would have to
assume that small modifications of bond angles and
bond distances in the polypeptide backbone lead to
large movements of extended parts of the protein.

4.11. Comparison with other IR investigations

The Ca,E, — E,P-spectra in “H,0 (Fig. 7C) can be
compared with results from other authors using decon-
volution procedures of absorbance spectra to detect
differences in the band composition of the amide I and
amide II absorption. Arrondo et al. [50] have detected
two bands at 1717 and 1677 cm™! that do appear in
the Ca,E, state, but not in an E,P-like state. Two
bands at 1650 and 1537 cm ™! are characteristic for the
E,P-like state. In addition, they observe modifications
at 1741 and 1731 cm ™' In our Ca,E, - E,P-spectra
(Fig. 7C), bands characteristic for the Ca,E -state ap-
pear negative and bands characteristic for the E, P-state
appear positive. Our spectra confirm only two of these
bands at 1677 and 1650 cm ™!, and show a large num-
ber of bands that were not detected by Arrondo et al.
[50]. Part of the discrepancies may arise from differ-
ences between the E,P-like-state of [50] and the E,P-



90 A. Barth et al. / Biochimica et Biophysica Acta 1194 (1994) 75-91

state that accumulates in our Ca,E, — E,P-
(+Me,SO)-samples. Other authors who also used de-
convolution techniques did not find differences be-
tween the two states of the ATPase [7,51].

The Ca,E,P— E,P-(+Me,SO)-spectra of phos-
phoenzyme conversion and Ca’* release in 2H20 re-
ported here can be compared to difference spectra of
Ca’*-binding by the ATPase obtained by [52]. These
authors used the photolytic release of Ca’?* from the
photolabile chelator Nitr-5. Ca®*-binding leads to neg-
ative bands at 1750, 1705, 1653, 1620, 1590, and 1550
cm ™, as well as to positive bands at 1677, 1663, 1644
and 1632 cm~'. After addition of dithiothreitol, they
observe only the bands at 1677, 1663, 1653, 1633 and
1580 cm ™ !. Nearly all of these bands have the same
position in our Ca,E,P — E,P-spectra or Ca,E, —
E,P-spectra, but are of opposite sign. This indicates
that structural changes due to Ca’*-binding are re-
versed during the following reaction to E,P.

5. Conclusions

Photolytic release of ATP or ADP allowed us to
detect very small changes of ATPase-nucleotide IR-ab-
sorption associated with nucleotide binding, ATPase
phosphorylation and phosphoenzyme conversion. The
difference spectra obtained are characteristic for the
individual transitions and exhibit highly detailed band
structures which reflect the molecular processes under-
lying the individual steps.

Although we are able to attribute a number of
bands to changes of peptide absorption, the overall
conformational changes appear to be small; we favor
an interpretation in terms of small modifications within
the existing secondary structure and in terms of amino
acid side chain rearrangements, rather than in terms of
a reorganization of entire protein domains.

The photolytic release of substrates used here to
generate the IR difference spectra is still in its infancy,
and advantages (like the instantaneous triggering and
the high sensitivity) and disadvantages (the generation
of a difference spectrum by the triggering reaction
itself) are evident. Nevertheless, it appears that with
the development of further ‘cages’, taylored specifically
for IR spectroscopy, this technique will become appli-
cable to a wide range of enzyme reactions.
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