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Interactions of Phosphate Groups of ATP and Aspartyl Phosphate with the
Sarcoplasmic Reticulum Ca®*-ATPase: An FTIR Study

Man Liu,* Maria Krasteva,’ and Andreas Barth’

*Institut fiir Biophysik, Johann Wolfgang Goethe-Universitat, Frankfurt am Main, Germany; and TDepartment of Biochemistry
and Biophysics, Stockholm University, Stockholm, Sweden

ABSTRACT Phosphate binding to the sarcoplasmic reticulum Ca®*-ATPase was studied by time-resolved Fourier transform
infrared spectroscopy with ATP and isotopically labeled ATP ([3-'80,, By-'20JATP and [y-'803]ATP). Isotopic substitution
identified several bands that can be assigned to phosphate groups of bound ATP: bands at 1260, 1207, 1145, 1110, and 1085
cm™" are affected by labeling of the B-phosphate, bands likely near 1154, and 1098-1089 cm ™' are affected by y-phosphate
labeling. The findings indicate that the strength of interactions of 8- and y- phosphate with the protein are similar to those in
aqueous solution. Two bands, at 1175 and 1113 cm~', were identified for the phosphate group of the ADP-sensitive
phosphoenzyme CayE1P. They indicate terminal and bridging P-O bond strengths that are intermediate between those of ADP-
insensitive phosphoenzyme E2P and the model compound acetyl phosphate in water. The bridging bond of Ca,E1P is weaker
than for acetyl phosphate, which will facilitate phosphate transfer to ADP, but is stronger than for E2P, which will make the

CayE1P phosphate less susceptible to attack by water.

INTRODUCTION

P-type ATPases are a large family of membrane proteins that
are responsible for active transport of cations across biological
membranes to keep the cationic cellular milieu in correct
balance for cellular function. A fundamental property of P-type
ATPases is their ability to bind the substrate ATP with high
affinity and to catalyze phosphorylation (hence the name P-
type ATPase) of a conserved aspartic acid residue in the pres-
ence of activating ions. The SR Ca>*-ATPase of muscle cells
(SERCALla) (1-9) is a typical P-type ATPase with a single
polypeptide chain and 110-kDa molecular mass. The crystal
structure of presumably the Ca®* form Ca,E1 (6) shows that
the Ca®>*-ATPase consists of a transmembrane region with 10
transmembrane «-helices, a small lumenal region and a
cytoplasmic region comprising the nucleotide binding domain
(N domain), the phosphorylation domain (P domain), actuator
or anchor domain (A domain), and hinge regions.

The Ca®"-ATPase (1) catalyzes Ca®" transport against
a concentration gradient from the cytoplasm of muscle cells
into the SR lumen for muscle relaxation (7-9). The energy
required to transfer Ca®" ions against the electrochemical
potential gradient is derived from hydrolysis of the terminal
phosphate of ATP. The reaction cycle modified from de Meis
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and Vianna (10) is shown in Scheme 1. After binding of
Ca®" from the cytoplasmic side of the SR and binding of ATP,
the y-phosphate of ATP is transferred to Asp®>" and the first
phosphoenzyme intermediate Ca,E1P is formed. The sub-
sequent conversion to the E2P phosphoenzyme intermediate
is associated with Ca®" release to the lumenal side of the SR
membrane. The two phosphoenzyme intermediates Ca,E1P
and E2P have different catalytic properties: Ca,E1P dephos-
phorylates with ADP to reform ATP, whereas E2P hydro-
lyzes and does not react with ADP. The formation of
Ca,E1ATP, as well as the further processing of phosphoen-
zyme intermediates is associated with protein conformational
changes that couple Ca®" transport in the transmembrane
region with ATP hydrolysis in the cytoplasmic region.

Crystal structures of ATPase with a bound ATP analog
AMPPCP (Ca,E1AMPPCP) have been published recently
(11,12). They show that all phosphate groups of AMPPCP
are engaged in interactions with the protein and reveal an
uncommon zigzag conformation of the triphosphate chain
that results in a hydrogen bond between the ribose 3'-OH
and the B-phosphate group.

Previously we studied binding of ATP (13-16) to the
Ca®"-ATPase and the phosphate group of the phosphoen-
zymes (17-19) by time-resolved FTIR difference spectros-
copy (20-28). Modifications at the adenine ring and the
ribose ring of the ATP molecule affect ATP-ATPase inter-
actions upon binding and phosphorylation, as indicated by
effects on phosphorylation rates and on the fingerprint signals
of conformational change in the amide I region (15,29). The
three stretching vibrations of the terminal P-O bonds of the
E2P phosphate group could be identified in an isotope ex-
change experiment which detected a 20% weaker bridging
P-O bond as compared to the model compound acetyl phos-
phate in aqueous solution (19). In these studies, the small
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SCHEME 1 Reaction cycle of the SR Ca*>*-ATPase.

infrared absorbance changes associated with nucleotide binding
and ATPase phosphorylation could be detected because these
reactions were triggered directly in the infrared cuvette using
photolytic release of nucleotides from inactive photolabile
derivatives, i.e., P>-1-(2-nitrophenyl)ethyl nucleotides (NPE
caged nucleotides) (30).

Here, time-resolved FTIR difference spectroscopy was
applied to study the phosphate groups of ATP in the complex
with the Ca>*-ATPase and of the Ca,E1P phosphoenzyme
phosphate group with the help of isotopic labeling. Two
isotopomers of ATP were used, one labeled at the three
terminal oxygens of the y-phosphate ([y-'%03]ATP) and one
labeled at the two terminal oxygens of the B-phosphate and
at the bridging oxygen between (- and 7y- phosphate
([B—lgOz, By—lgo]ATP). Their structures are shown in
Scheme 2. Isotopic labeling was used to assign bands in the
difference spectrum of ATP binding to phosphate groups
of ATP in analogy to previous studies of free GTP and GTP
bound to H-Ras (31-35) and of free ATP (36-38).

EXPERIMENTAL PROCEDURES
Materials
Caged ATP

Labeled caged ATPs were a gift from M. Webb and J. E. T. Corrie (National
Institute for Medical Research, London).
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Sample preparation

SR vesicles were prepared as described (39). After a 60-min dialysis of 50 ul
SR vesicles in 100 ml buffer (10 mM methylimidazole/HCI, pH 7.5, 200 uM
CaCl,, and 10 mM KCl) at 4°C, infrared samples were prepared as before
(15,16), containing ~1.2 mM Ca®"-ATPase, 0.5 mg/ml A23187, 1 mg/ml
adenylate kinase, 150 mM methylimidazole, 150 mM KCl, 10 mM CaCl,,
10 mM dithiothreitol, and 10 mM caged ATP.

Control samples in the absence of ATPase were made for each caged
ATP isotopomer in the same way as described above but without SR
vesicles. Instead, 15 ul buffer were added to maintain the same pH value and
ion concentrations.

In all samples, 10 mM Ca®>" was used instead of the physiological
cosubstrate Mg>* to inhibit the Ca,E1P-to-E2P transition to achieve a
maximum steady-state level of Ca,EIP and to slow down the phosphor-
ylation reaction (40-43). This enables longer observation times for
Ca,E1ATP and Ca,E1P, resulting in a better signal/noise ratio of difference
spectra.

Supplementary experiments were done with " N]caged ATP. Because of
labeling at the nitro position of the (2-nitrophenyl)ethyl group, the pho-
tolysis band at 1526 cm ™! shifts to 1499 cm™! (13,16,38), which allows the
identification of protein bands in the 1526 cm ™" region. Since ATP released
from [*° N]caged ATP is identical to that released from unlabeled ['4N]caged
ATP, its interactions with the protein are expected to be the same, and thus
the spectrum obtained with ['N]caged ATP can be used as a reference for
a complete compensation of the 1526 cm™' photolysis band when the
spectrum associated with the photolysis reaction is subtracted from our raw
data (see below).

Methods
FTIR measurements

Time-resolved FTIR measurements of Ca>"-ATPase partial reactions were
performed at 1°C with a Bruker IFS 66 spectrometer (Bruker Optics,
Ettlingen, Germany), as described previously (29,43). Photolytic release of
ATP was triggered by a xenon flash tube (N-185C, Xenon, Woburn, MA). A
Schott UG11 filter was used to block the flash light of the xenon tube in the
visible and infrared spectral region. This setup released ~3 mM ATP from
10 mM caged ATP. These conditions gave saturating ATP binding signals
as described (15).

A series of time-resolved spectra with a maximum time resolution of
65 ms was recorded after the photolysis flash. They were converted into
difference spectra with respect to a reference spectrum recorded before pho-
tolysis. With each isotopomer, 19-37 experiments were repeated for averaging.

Photolysis spectra

Spectra obtained with control samples in the absence of ATPase were used to
subtract photolysis signals in the spectra of ATPase samples, as described
below. The control sample spectra show only signals evoked by release of free
ATP and byproduct, and by consumption of caged ATP upon photolysis.
They are therefore named *‘photolysis spectra’’.

Binding spectra

To calculate difference spectra that reflect ATP binding, the reference
spectrum characterizing the absorption of the initial Ca,El state was
subtracted from a spectrum that reflected the absorption of Ca,E1ATP. The
latter spectrum was averaged in the time slot from 0.26 to 0.90 s after
the photolysis flash (15). These spectra are named ‘‘uncorrected spectra
of ATP binding’’ in the following. Apart from absorbance changes due to
ATP binding, these spectra also contain signals due to the photolysis
reaction.

Biophysical Journal 89(6) 4352-4363
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Subtraction of photolysis spectrum

Photolysis signals were subtracted using the photolysis spectra, which reflect
only the absorbance changes due to the photolysis reaction. The resulting
spectra are termed ‘‘ATP binding spectra’’, indicating that these spectra show
only signals due to ATP binding (ATP + Ca,E1 — Ca,E1ATP). The correct
subtraction factor in the interactive subtraction was determined with the help
of the uncorrected spectrum obtained with [*N]caged ATP. This spectrum is
shown as a thin line in Fig. 1. Isotopic substitution shifts the v, (NO,) band of
caged ATP from 1526 cm ™' to 1499 cm ™' revealing underlying protein bands
(13). The subtraction factor in the subtraction of photolysis signals was
chosen such that the 1526 cm™' region of the processed spectrum
corresponded to that region in the spectrum obtained with [°N]caged ATP
(13). A comparison of this spectrum (Fig. 1, thin line) with the binding spectra
shown in Fig. 2 A demonstrates the agreement between the resulting binding
spectra and the spectrum obtained with ['*N]caged ATP in the region around
1526 cm™'. The ATP binding spectra with labeled ATP were normalized to
that of unlabeled ATP using the spectral region above 1300 cm ™' outside
phosphate absorption.

Phosphorylation spectra

Phosphorylation spectra with ATP and labeled ATP (reflecting absorbance
changes upon phosphorylation, Ca,E1IATP — Ca,E1P) were calculated from
the same series of time-resolved spectra as binding spectra using different time
slots. They were obtained by subtracting a spectrum that reflected the
absorption of a mixture of Ca,E1ATP and Ca,E1P (0.26-1.9 or 3.2 s after
photolysis flash) from a spectrum that reflected solely Ca,E1P absorption and
which was averaged in the time slot from 3.25 to 16.2 s after the photolysis
flash. The time interval for the first spectrum was longer than that used for the
nucleotide binding spectra. Thus, this spectrum contains a contribution of
partially formed Ca,E1P. However, due to the longer acquisition time, the
quality of this spectrum is better than that of a spectrum obtained in a shorter
time interval, which results in a better phosphorylation spectrum. Since this
spectrum covers only part of the phosphorylation reaction, its amplitude needs
to be corrected to obtain the spectrum of the complete reaction. This was done
for the spectrum with unlabeled ATP by comparison with a difference
spectrum that covered the full reaction (time interval for first spectrum, 0.26—
0.90 s). The spectra with labeled ATP were normalized to the phosphorylation
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FIGURE 1| Comparison of the uncorrected spectrum of ATP binding

(bold line and small black labels), the photolysis spectrum (shaded line and
shaded labels, multiplied by a factor of 0.45, which was used for subtraction
to obtain the ATP binding spectrum in Fig. 2) and the uncorrected spectrum
obtained upon photolysis of [*N]caged ATP (thin line and large black
labels with arrows). Experimental conditions were 1°C, pH 7.5, 3 mM
released ATP, and 10 mM Ca>™.
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spectrum obtained with unlabeled ATP, as described above for the ATP
binding spectra. Phosphorylation spectra with unlabeled and y-labeled ATP
shown in Fig. 2 were calculated with a longer time interval for the first
spectrum, 0.26-3.2 s, and those with B-labeled ATP with the shorter time
interval, 0.26-1.9 s, for reasons explained below. The phosphorylation
spectrum with unlabeled ATP, to which those with the ATP isotopomers are
compared, is virtually identical after normalization to equal band amplitudes
for the two time intervals.

Phosphorylation spectra are not disturbed by photolysis signals because
photolysis is complete before recording of the first spectrum used in the
subtraction. Thus, they are not affected by manual subtraction of photolysis
signals employed in the calculation of binding spectra. It should be noted
that phosphorylation spectra are different from Ca,E1P formation spectra,
described by us in previous articles (15,29,43,44), which reflect absorbance
changes due to the reaction Ca,E1 — Ca,E1P.

IE

IE spectra were used to study band shifts due to isotopic labeling of ATP’s
phosphate groups. IE binding spectra were obtained by subtracting the
binding spectrum of unlabeled ATP from that of labeled ATP. IE phos-
phorylation spectra were obtained by subtracting the phosphorylation
spectrum of labeled ATP from that of unlabeled ATP to get the same sign
as in IE binding spectra for bands of bound labeled and unlabeled ATP. The
time interval for the early spectrum used to calculate the phosphorylation
spectrum was chosen so that the best signal/noise ratio in the IE phos-
phorylation spectra was obtained. For the IE phosphorylation spectrum with
y-labeled ATP the time interval 0.26-3.2 s was used for two phosphorylation
spectra used in the calculation of the IE phosphorylation spectrum. For the IE
phosphorylation spectrum with 8-labeled ATP the shorter time interval 0.26—
1.9 s was used for the two respective spectra. This difference in time intervals
did not alter the bands observed in the IE phosphorylation spectra.

Scheme 3 shows how IE spectra were obtained and how band shifts were
symbolized. IE binding spectra have contributions from bound and free ATP.
IE phosphorylation spectra show contributions of bound ATP (Ca,E1ATP),
phosphoenzyme phosphate (Ca,E1P), and ADP (free or bound to Ca,E1P). In
both types of IE spectra, a downshift of a band for bound ATP due to isotopic
labeling gives rise to a minimum at higher wavenumber close to the spectral
band position of the unlabeled compound and a maximum at lower wave-
number close to that of the labeled compound. We symbolize this kind of shift
with ““d™. A downshift of a band for free ATP due to isotopic labeling will
give rise to the opposite "L’ band profile in the IE binding spectra. The same
band profile is expected for band downshifts of ADP and of the phos-
phoenzyme phosphate group in IE phosphorylation spectra. It should be noted
that the band position in an IE spectrum will not generally correspond to the
peak position in an absorbance spectrum. This is because a small downshift of
a band will decrease the absorbance most on the high-wavenumber side of the
original band and increase the absorbance most on the low-wavenumber side
of the shifted band. Thus, the minima and maxima in IE spectra are often
further apart than the two peak positions in absorbance spectra.

Subtraction of flash artifact

After replacing our flash tube we noted a “‘new’” band at 1282 cm ™. This is
a flash artifact and is observed also when the flash is ignited in the empty
spectrometer. The flash artifact was subtracted from the IE spectra shown in
Fig. 2 E, but is evident in the phosphorylation spectra shown in Fig. 2 D.

RESULTS
Overview

We studied the interactions of the Ca®"-ATPase with phos-
phate groups of ATP and with the aspartylphosphate of
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Ca,E1P by monitoring the reaction sequence Ca,El —
CaE1ATP — Ca,ElP with time-resolved infrared spec-
troscopy. The reactions were triggered by photolytic release
of ATP from caged ATP. We will focus on the spectral
region of phosphate group absorption below 1300 cm ™.

Fig. 1 shows the uncorrected spectrum of ATP binding
(bold line), which reflects absorbance changes due to ATP
binding and due to photolysis of caged ATP (Ca,E1 + caged
ATP — CaE1ATP + photolysis byproducts). Positive
bands are due to the absorption of ATPase in complex with
ATP, of byproducts, and of both bound and extra free ATP
because the ATPase/ATP ratio was 1:2.5 to saturate binding
of ATP. Negative bands are characteristic of caged ATP and
the ATP-free ATPase Ca,El. The uncorrected spectrum of
ATP binding reflects conformational changes of the protein
backbone in the amide I (1700-1610 cm™ ") and amide II
(1580-1500 cm™ ') regions. Absorbance changes of phos-
phate groups are expected below 1300 cm™'. In addition,
environmental and structural changes of side chains and ATP
contribute in the entire spectral region shown. Groups or
structures not involved in the conformational change or in
the interaction do not show in difference spectra.

The photolysis spectrum (caged ATP — ATP + by-
products) is shown as a shaded line in Fig. 1. It was obtained
with samples in the absence of ATPase. Positive bands show
the absorption of free ATP and photolysis byproducts, and
negative bands are characteristic of caged ATP. As described
in Experimental Procedures, the photolysis spectrum was used
to subtract the photolysis signals from the uncorrected
spectrum of ATP binding with the help of the uncorrected
spectrum obtained with [°N]caged ATP, which is shown as
a thin line in Fig. 1. The result of the subtraction of photolysis
signals are ATP binding spectra, which are shown in Fig. 2, A
and B, for ATP and labeled ATP. Here, ATP bands are
positive for bound ATP and negative for free ATP. (This is
because the extra free ATP contribution is over-subtracted in
the subtraction of the photolysis spectrum. Consider the fol-
lowing conditions as an example: 1 Ca,E1 + 2 caged ATP —
1 free ATP + 1 Ca,E1ATP. Thus, in the uncorrected spec-
trum we have positive bands of free and bound ATP. How-
ever, if the photolysis spectrum of the reaction 2 caged ATP
— 2 free ATP is subtracted, the absorption of 1 free ATP
appears negative in the resulting binding spectrum.) No
significant absorbance changes were observed in control
samples that contained the inhibitor thapsigargin (16), which
selectively inhibits the Ca’"-ATPase (45-47); 20 mM EGTA

Liu et al.

(48), which converts the ATPase to a Ca®*-free state; or fluo-
rescein isothiocyanate-labeled ATPase (48), which blocks the
ATP binding site (49,50).

We checked the robustness of our subtraction procedures
in several ways:

1. Compared to the spectra shown in Fig. 1, spectra
obtained with 30% less released ATP (data not shown)
showed essentially the same bands in the region of
phosphate absorption before and after subtraction of the
photolysis signals, in particular the bands at 1147, 1107,
and 1093 cm ™' (see Fig. 1) that will be assigned below to
ATP phosphates bound to the ATPase.

2. Subtraction of photolysis signals from spectra obtained
with a threefold higher concentration of released ATP pro-
duced a very similar binding spectrum (not shown), again
showing the above mentioned bands.

3. A photolysis spectrum in the presence of ATPase was
obtained by subtraction between a spectrum obtained with
high concentration of released ATP and the spectrum under
our standard conditions. The subtraction of this spectrum
(not shown) gave a spectrum very similar to the subtrac-
tion of a photolysis spectrum obtained in the absence of
ATPase (see Fig. 1).

4. The IE phosphorylation spectrum for y-labeled ATP was
calculated with independent subsets of our experiments
(see Fig. S1 in Supplementary Material) to assess the
variation in the spectra between different experiments.
The spectra obtained with the subsets are very similar to
each other as well as to the spectrum obtained with the
full set.

Fig. 2 shows spectra obtained with ATP and labeled ATP
that were used to assign difference bands to phosphate
groups based on band shifts observed with isotopically
labeled ATP. The spectra used for assignment comprise
binding spectra, phosphorylation spectra, and isotope effect
spectra to all of which bound ATP contributes. The assign-
ments are listed in Table 1. They will be useful for future
studies of the phosphate binding of ATP analogs.

Binding spectra shown in Fig. 2, A and B, reflect absor-
bance differences between the initial ATP-free state Ca,E1
and free ATP in solution on the one hand (negative bands)
and Ca,E1ATP on the other hand (positive bands). Above
1300 cm™', outside the absorption region of phosphate
groups, the same band positions and very similar relative

FIGURE 2 (Continued).

Binding spectra shown from 1350 to 1000 cm ™. In A and B, positive bands show the absorption of Ca,E1ATP, negative bands that of free ATP and Ca,El. (C)
Phosphorylation spectra shown from 1750 to 980 cm ™. (D) Phosphorylation spectra shown from 1350 to 1000 cm ™. In C and D, positive bands show the
absorption of Ca,E1P and ADP, negative bands that of Ca,E1ATP. (E) IE binding spectra (thin lines) and IE phosphorylation spectra (bold lines). IE spectra
were calculated by subtraction between spectra obtained with labeled ATP and those obtained with unlabeled ATP (IE binding spectra from binding spectra
shown in A and B, and IE phosphorylation spectra from phosphorylation spectra shown in C and D, see Methods). The sign convention is according to Scheme
3. Arrows with broken lines indicate band shifts of bound ATP, and arrows with solid lines in the lower panel indicate band shifts of the phosphoenzyme
phosphate. (Top) Isotope effects of labeling the B-phosphate. (Bottom) Isotope effects of labeling the y-phosphate.
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wavenumber scale runs according to convention from high wavenumbers on the left-hand side to low wavenumbers on the right-hand side. Illustrated are
downshifts of positive and negative bands upon isotopic labeling. (A) Binding spectra and IE binding spectra, with downshift of a positive band, characteristic
of bound ATP (left), and downshift of a negative band, characteristic of free ATP (right). (B) Phosphorylation and IE phosphorylation spectra, with shift of
a positive band, characteristic of the phosphoenzyme phosphate or ADP (left), and shift of a negative band, characteristic of bound ATP (right). Note that the
sign convention in IE binding and IE phosphorylation spectra is different, to obtain the same band profile for band shifts of bound ATP.

band amplitudes were obtained with ATP and labeled ATP.
This demonstrates the excellent reproducibility of our
infrared spectra. Fig. 2 B shows the binding spectra on
a larger scale below 1350 cm ™' to display band shifts upon
isotopic substitution more clearly. It is evident that bands are
observed at different positions in the three spectra, which is
due to band shifts caused by labeling of oxygen atoms on the
- or y-phosphate (discussed below).

Phosphorylation spectra with ATP or labeled ATP (Fig. 2,
C and D) were obtained by subtracting a spectrum char-
acteristic of Ca,E1ATP from a spectrum characteristic of
Ca,E1P. Therefore, phosphorylation spectra reflect absor-
bance differences between the ATP-bound state Ca,E1ATP
(negative bands) and the ADP-sensitive phosphoenzyme
Ca,E1P with ADP (partially) bound (positive bands).

Fig. 2 E shows IE spectra, which are obtained by a
subtraction of spectra obtained with unlabeled and labeled
ATP. They clearly reveal differences due to the different
absorption of labeled and unlabeled ATP. The IE spectra
shown are robust in the sense that they are only slightly
affected by changes in the time intervals used for spectra aver-
aging and by the subtraction factor used in the calculation of
IE spectra (interactive subtraction of spectra for labeled and
unlabeled ATP). Nevertheless, it is obvious from an in-
spection of the IE spectra outside the region of phosphate
absorption (>1300 cm ™) that a complete compensation of
isotope unrelated bands is impossible in IE spectra. The level
of confidence of these spectra was assessed by evaluation of
independent subsets of our experiments, as shown in Fig. S1
of Supplementary Material.

Expected isotope shifts

Upon '®0 labeling of phosphate groups, their vibrations are
expected to shift downward by up to 40 cm ™" for an isolated
P-O oscillator. For the coupled P-O vibrations of phosphate

groups, shifts of ~40 cm™' are indeed observed for the
symmetric stretching vibrations »4(PO;) and v,(PO3"),
whereas shifts of the respective anti- or asymmetric vibra-
tions, v,, are ~30 cm™ ' (51). Infrared spectra of labeled and
unlabeled ATP (36,52), GTP, and guanosine diphosphate
(32) in aqueous solution have been reported before. The
pattern of labeling is different for the published spectra of
ATP (36) compared with our isotopes in that different
bridging oxygen atoms were labeled in the phosphate
groups. This different labeling pattern will affect differently
those vibrations with a contribution of bridging P-O bonds.
However, vibrations of terminal P-O bonds that are discussed

TABLE 1 Band assignments to phosphate groups of bound
ATP (Ca,E1ATP), bound labeled ATP, free ATP, phosphoenzyme
phosphate moiety (Ca,E1P), and bound ADP (to Ca,E1P)

Band position/cm™ !

[B-"0x,
ATP By-'0] ATP  [y-'805]ATP Assignments
~1250 v,s (PO ) of free ATP
1196 v,5(PO5 ) of B-phosphate

of free ATP

~1260 v,s(PO; ) of bound ATP

1207 1174 v, (PO ) of bound ATP

1154-1145 1128 1130 B- and likely y-phosphate
of bound ATP

1110-1106* 1103 1106* Predominantly a-phosphate
of bound ATP

1098-1085 ~1070 1072-1047  B- and y-phosphate of
bound ATP

1175 1147 Phosphate of Ca,E1P

1130 Possibly phosphate of
Ca,E1P

1113 1098-1089  Phosphate of Ca,E1P

Band positions correspond to Fig. 2 E, except for those marked with an
asterisk.
*Band position from binding spectrum.
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in the following will experience largely similar shifts with
both labeling patterns.

Strategy for band assignments

In the following discussion of band shifts due to isotopic
labeling, we will focus on IE spectra that are shown in Fig. 2
E and reveal isotopic band shifts most clearly. The isotope
shifts manifest in IE spectra as J' and "U band profiles as
explained in ‘“Methods’” and shown in Scheme 3. The high-
wavenumber component of a band profile indicates the ab-
sorption of unlabeled compound, and the low-wavenumber
component that of the labeled compound. As a general
approach we attributed bands that appear similar in both IE
spectra to bound ATP. Additionally, we checked whether or
not a band in an IE spectrum corresponds to a band in the
respective binding and phosphorylation spectra. Bands of
bound ATP contribute to both the binding and phosphory-
lation spectra as positive and negative bands, respectively.
Therefore, they are best assigned by a comprehensive dis-
cussion of band shifts observed in binding, phosphorylation,
and IE spectra. This discussion is provided in Supplementary
Material. Here, the main results are summarized.

B-phosphate bands of bound ATP

The IE spectra of binding and phosphorylation that we
obtained upon $3-labeling are shown in the top panel of Fig. 2
E. The expected downshifts of bands upon isotopic labeling
will give rise to J" band profiles in both IE spectra for bound
ATP, and to "U band profiles for free ATP in the IE bind-
ing spectrum and for ADP in the IE phosphorylation
spectrum.

For free ATP or GTP, the band of the antisymmetric
stretching vibration of a- and 8 — PO, groups, v,s(PO;),
consists of a main band near 1234 cm™' and a shoulder near
1216 cm ™' (32,36). Upon labeling of the B-phosphate, the
v,s(PO; ) band loses intensity and becomes a clear double
band with component bands at 1220-1226 cm ™' and 1178—
1190 cm ™' (32,36). Accordingly, we assign a "U band profile
in the IE spectrum of binding (Fig. 2 E, top, thin line) with
a positive band at 1248 cm™' and a negative band at 1196
cm™ ' to the downshift of the v,s(PO,) band of free ATP
upon labeling. For bound ATP, a small negative band at
1260 cm™' was observed in the IE phosphorylation spec-
trum (Fig. 2 E, top, bold line), which we attribute to the
corresponding intensity decrease of the main v,,(PO5 ) band
of bound ATP. In addition, a U band profile is evident with
the negative band at 1207 cm ™! and the positive band at 1174
cm ™', which we assign to the isotope shift of the shoulder
of the v,(PO; ) band.

Between 1150 and 1100 cm ™', in the spectral region of the
in-phase symmetric stretching vibration of «- and B-PO;
groups, vs(PO5 ) (32,36), four bands at 1145 (—), 1128 (+),
1110 (—), and 1103 (+) cm ™" are observed in the IE binding
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spectrum and the IE phosphorylation spectrum. We attribute
them to two J" band profiles of bound ATP and one "U band
profile of free ATP. The first U band profile of bound ATP
exhibits its negative band at 1145 cm™ ' and its positive band
at 1128 cm™!, the second has its negative band at 1110 cm”!
and the positive band at 1103 cm™'. Overlapped is the
expected "U band profile of free ATP with the positive band
contributing at 1128 cm™".

The absorption spectrum of free ATP shows a shoulder
at 1087 cm ™', which is assigned to the out-of-phase v,(PO; )
vibration (36). The isotope shift of this band of bound ATP
gives rise to a J" band profile that is observed in both the IE
binding spectrum and the IE phosphorylation spectrum. It
consists of the negative band at 1085 cmfl, with a shoulder
at 1094 cm™ !, and a positive band near 1070 cm™ L.

Summarizing the isotope effects upon B-labeling, we have
identified several bands for bound ATP that involve the
B-phosphate: those at 1260, 1207, 1144, 1110, and 1085 cem ™!
for unlabeled ATP, and those at 1174, 1128, 1103, and 1070
cm ! for B-labeled ATP. Several of these bands are obvious
also in the ATP binding spectra: the positive bands at 1200,
1149, 1106, and 1093 cm™! for unlabeled ATP (Fig. 2 B, thin
line), and at 1128, 1100, and 1069 cm™! for B-labeled ATP
(Fig. 2 B, shaded line). The bound ATP bands identified
are also present as negative bands in the phosphorylation
spectra: at 1209, 1148, 1096 (shoulder), and 1087 cm™! for
unlabeled ATP (Fig. 2 D, thin line) and at 1178, 1103, and
1069 cm™ ! for B-labeled ATP (Fig. 2 D, shaded line).

y-Phosphate bands of bound ATP

IE spectra upon +y-labeling are shown in the bottom panel of
Fig. 2 E. Downshifts because of isotopic substitution will
give rise to J" band profiles for bound ATP in both types of
IE spectra, and to "U band profiles for free ATP in the IE
binding spectrum and for the phosphoenzyme phosphate
group in the IE phosphorylation spectrum. Very similar IE
phosphorylation spectra (see Fig. S1 in Supplementary
Material) were obtained from independent experiments at
slightly different conditions of which phosphorylation
spectra were published previously (17).

The positive band at 1249 cm ™' in the IE binding spec-
trum (Fig. 2 E, bottom, thin line) is assigned to an intensity
decrease of the v,,(PO; ) band of free ATP upon y-phosphate
labeling, in line with published (32,36) and our unpublished
absorbance spectra.

The band at 1130 cm™' is observed in the IE phos-
phorylation spectrum and in the IE binding spectrum. It is
therefore assigned to a 7y-phosphate vibration of bound
labeled ATP because bound ATP is the only species that
contributes to both spectra and a positive band is expected
for the labeled isotopomer. The corresponding negative band
of unlabeled bound ATP is likely found at 1154 cm ™" in the
IE binding spectrum and contributes to the negative band at
1147 em™" in the IE phosphorylation spectrum.
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Another "U band profile for bound ATP is evident in both IE
binding and phosphorylation spectra of y-labeled ATP, with
a negative band between 1098 and 1089 cm ' indicating
absorption of unlabeled ATP, and positive bands between
1070 and 1047 cm ™' indicating absorption of y-labeled ATP.

In summary, we have identified two bands for bound ATP
that involve the y-phosphate: presumably one near 1154
cm ! shifting to 1130 cm ™" upon 7-labeling, and another
between 1098 and 1089 cm ™' shifting to 1070-1047 cm ™.
Most of these bands are observed at similar positions as
positive bands in the binding spectra of unlabeled ATP (1093
cm ! and shoulder near 1086 cmfl; Fig. 2 B, thin line) and
of y-labeled ATP (1131 cm™"; Fig. 2 B, bold line). They are
also found in the phosphorylation spectrum with unlabeled
ATP as negative bands at 1148 and 1087 cm™ !, and as a
shoulder at 1096 cm ™' (Fig. 2 D, thin line).

Bands of the Ca,E1P phosphate

Bands that are present in the IE phosphorylation spectrum
but not in the IE binding spectrum upon y-labeling (Fig. 2 E,
bottom) can be assigned to the Ca,E1P phosphate group.
They are found at 1175 (+), 1147 (—), and 1113 cm ! (+).
The former two represent a "U profile expected for the
phosphoenzyme phosphate with the positive 1175 cm ™'
band indicating absorption of the unlabeled phosphate group
and the negative 1147 cm ™" band that of the labeled group.
The positive 1113 cm™" band represents the absorption of
the unlabeled phosphate group. The shifted corresponding
band of the labeled phosphate group is expected to overlap
with negative bands of unlabeled bound ATP in the 1098—
1089 cm ™! region.

These assignments are at variance with our previous study
(17), in which we tentatively assigned a band near 1131
cm ! to the phosphoenzyme phosphate (Ca,E1P). Our more
complete study here does not exclude this assignment, but
suggests an alternative or additional assignment of the 1131
cm ! band to y-labeled bound ATP.

Other bands

In Fig. 2 B, three bands at 1175, 1164, and ~1150 cm 'in
the binding spectra are always observed with ATP or labeled
ATP. The insensitivity to labeling indicates that these bands
cannot be assigned to 3- and y-phosphate. Instead they might
be induced by conformational or environmental changes of
side chains of ATPase. In general, this spectral region cor-
responds to the absorption region of the stretching vibration of
single bonds. In particular v(C-O) of protonated Asp and Glu
could contribute, as could the bending vibration §(C-OH) of
Ser and Tyr, which is sensitive to changes in hydrogen
bonding (53,54). Another possibility is an assignment of these
bands to the stretching vibrations of the PO, and C-O
moieties of phospholipids.

4359

DISCUSSION

Interactions between phosphate groups and
ATPase: B-phosphate

We have identified five bands of unlabeled bound ATP that
are sensitive to labeling of the B-phosphate (see Fig. 2 E, top,
and Table 1) at 1260, 1207, 1145, 1110, and 1085 cm . The
former two represent VaS(PO; ) vibrations, the latter three
v5(PO; ) vibrations that are coupled to - and y-phosphate
vibrations. Compared with bands of free ATP, the bands at
1260 and 1145 cm™! are found at higher wavenumber, the
bands at 1207 and 1110 cm ™! at lower wavenumber, and the
band at 1085 cm™' at similar wavenumber. The different
absorbance in the absence/presence of the ATPase (Fig. 1)
indicates the existence of interactions between the phos-
phates and ATPase resulting in altered P-O bond strengths
and/or an altered phosphate chain conformation, both of
which will change coupling between the vibrations. Cou-
pling of vibrations between S-phosphate and <y-phosphate
explains why we observe three bands for bound ATP in the
vs(PO;3 ) region that are sensitive to B-phosphate labeling as
opposed to only two bands observed for free ATP (36).

Higher wavenumbers of stretching vibration bands in-
dicate stronger bonds and lower wavenumbers weaker
bonds. However, because of coupling it is difficult to draw
conclusions regarding the B-phosphate P-O bond strengths.
Probably the best local reporters of B-phosphate bond
strengths are bands of labeled B-phosphate, because labeling
will reduce the coupling between a and 3-phosphates. They
are found at 1174 and ~1070 cm ™" at positions similar to the
corresponding bands of free 3-labeled ATP (1182 and 1060
cm !, according to our IE absorption spectrum). This indi-
cates that P-O bond strengths of bound B-phosphate are
similar to those of free ATP, i.e., that hydrogen bonds of free
ATP to water are largely replaced by interactions with the
protein for bound ATP. In line with this, both 8-phosphate
oxygens are close to Arg>®® (2.6 and 3.0 A), the closer
oxygen might interact additionally with water and the
more distant one seems to form a hydrogen bond with the
ribose 3’-OH in the crystal structures of Ca,E1AMPPCP
(11,12).

Interactions between phosphate groups and the
ATPase: y-phosphate

Two bands were found to be sensitive to 7y-phosphate
labeling (Fig. 2 E, bottom): likely at 1154, and one between
1098 and 1089 cm™'. The vibrations corresponding to the
1154 cm ™! band and the band between 1098 and 1089 cm "
seem also to be coupled to the B-phosphate. These bands are
in the region of of the absorption of the asymmetric stretch-
ing vibration of the PO%~ group, v,s(PO3 ™), where free ATP
shows only one band near 1120 cm L Thus, this band
seems to split into two components upon binding of ATP
to the ATPase. The average wavenumber is similar to the
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wavenumber of the free ATP band, indicating a similar bond
strength of bound and free ATP.

Comparison to Ras

Similar studies with isotopically labeled phosphates have
been performed previously on GTP binding to Ras (31,33—
35), and have identified bound GTP bands near 1263
(vas of @-PO;3 ), 1216 (v, of B-PO5 ), 1158 and 1142 (v, of
y-PO37), as well as 1124 and 1090 cm ™" (v, of @, B-PO; ).
These bands are generally found at similar positions as for
ATP bound to the ATPase but the extent of coupling between
the phosphate vibrations seems to be different: the a-,
-, and y-phosphate vibrations of GTP bound to Ras seem
to be largely decoupled, whereas they are coupled for ATP
bound to the ATPase.

The Ca;E1P phosphoenzyme

This study has identified two bands of the Ca,E1P phosphate
group that originate from the P-O stretching vibrations of the
terminal P-O bonds, namely, the bands at 1175 and 1113
cm . Up to three bands are expected for the P-O stretching
vibrations in an asymmetric protein environment and the
third band could be located at 1130 cmfl, according to our
previous assignment (17), but an additional or alternative
assignment of this band is possible. The model compound
acetyl phosphate in the symmetric environment of an
aqueous solution shows two bands, that of the degenerated
asymmetric stretching vibration at 1132 cm ™" and that of the
symmetric stretching vibration at 982 cm™' (17). For the E2P
phosphate, bands at 1194, 1137, and 1115 cm~ ! were found
19).

The Ca,E1P band at 1175 cm ™" indicates that the average
terminal P-O bond is stronger than that of acetyl phosphate in
water. Theoretically, a second explanation is possible: that
the upshift is caused by a change in bond geometry. How-
ever, an increase in O-P-O bond angle of ~15° is required to
shift the antisymmetric stretching vibration from 1132 cm ™
to 1175 cm™ ' (51). This required bond angle change seems
to be unrealistically high and in the wrong direction, given
that our estimate for the E2P phosphate is a decrease in bond
angle by 4° from the value for acetyl phosphate (19). Thus,
we consider it unlikely that the shift from 1132 cm ™' to 1175
cm ! is caused solely by a geometry change.

The highest wavenumber band observed for the Ca,E1P
phosphate at 1175 cm ™" is intermediate in position between
those observed for E2P (1194 cm™ ') and acetyl phosphate
(1132 ecm™ ") (19). This indicates that the average terminal
P-O bond strength of CaEIP is closer to that of E2P than
to that of acetyl phosphate. Because there is some doubt
regarding the assignment of the 1130 cm ™' to the phosphate
group we could assign only two of the maximal three bands
of the Ca,E1P phosphate group, making it impossible to
calculate bond strengths of the terminal and the bridging
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P-O bonds for Ca,E1P as previously done for E2P (19).
However, they can be estimated by regarding the highest
wavenumber band as a measure of the average bond strength
of the terminal P-O bonds. This estimation is based on the
observation of only one of the expected three P-O bands of
Ca,E1P and thus may lead to wrong estimates if the other
P-O vibrations of Ca,EIP have frequencies that are very
different from those of the E2P P-O vibrations. However,
this is not expected because the crystal structures of Ca,E1P
and E2P analogs show very similar phosphate environments.
The subtle differences described below between Ca,E1P
and E2P will not be detectable with x-ray crystallography
because the underlying bond length changes are much
smaller than the resolution of the x-ray structures.

In this estimation of P-O bond strengths in Ca,E1P we
assume that the bond strength is proportional to the wave-
number of the highest wavenumber band. This approxima-
tion can be validated for the comparison between E2P and
acetyl phosphate, for which a more sophisticated calculation
of bond strengths is available based on the observation of all
terminal P-O vibrations. This calculation gave 4.9% stronger
P-O bonds for E2P in terms of bond valence (19) and the
estimation assuming proportionality between bond strength
and wavenumber of the highest wavenumber band gives
5.5% stronger P-O bonds for E2P. Thus, the simple
approximation intended for Ca,E1P yields realistic estimates
when applied to E2P.

Applied to Ca,EIP, 1.6% (1175/1194 cm™' = 0.984)
weaker terminal P-O bonds are inferred for Ca,E1P as
compared to E2P, or 3.8% (1175/1132 [ 1.038)
stronger bonds as compared to acetyl phosphate in water. By
comparison with the known P-O bond valences of E2P and
acetyl phosphate (19), the bond valence of the terminal P-O
bonds of Ca,E1P is estimated to be close to 1.39 vu and that
of the bridging P-O bond 0.83 vu (atomic valence of
phosphorus minus three times the bond valence of the
terminal P-O bonds). The corresponding values for E2P are
1.41 and 0.77 vu, and for acetyl phosphate 1.34 and 0.97 vu
(19). Thus, the bond strength of the bridging P-O bond is
~15% lower than for acetyl phosphate but ~8% higher than
for E2P.

A reduced bond strength results in a reduced bond energy.
The bond energy of the bridging P-O bond of E2P is ~18%
lower than that of acetyl phosphate using the average value
obtained from four relationships between bond energy and
other bond parameters (19). Assuming a typical single bond
energy for the bridging P-O bond of acetyl phosphate of 420
kJ/mol, the bond energy of the bridging P-O bond of E2P is
thus reduced by 77 kJ/mol (range 64-90 kJ/mol) with respect
to that of acetyl phosphate (19). Assuming linearity between
bond valence and bond energy, the corresponding reduction
of bond energy for Ca;,E1P is ~62 kJ/mol (range 51-72 kJ/
mol, calculated from the relative reductions in bond order:
~15% for Ca,E1P/~18% for E2P ~ 14.61/18.25% = 0.80
times the reduction in E2P). Such a linear relationship
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between bond valence and bond energy gives similar values
as correlations between bond energy and other bond param-
eters (19).

A weaker bridging P-O bond and stronger terminal P-O
bonds are expected for a transition state in a dissociative
phosphate transfer reaction. For the Ca,E1P intermediate,
the phosphate transfer is to ADP under ATP synthesis. Thus
the bond strength changes observed in going from aqueous
environment to the Ca,E1P environment of the phosphate
group seem to indicate that the enzyme environment
prepares the phosphate group for a transfer reaction with
dissociative character, as also found for E2P (19). Recently,
x-ray structures have been interpreted as giving evidence for
strongly associative phosphate transfer reactions of both
phosphoenzyme intermediates (11,55). AI>~, the mimic of
phosphorus in the x-ray studies, has a distance to the leaving
Asp>! oxygen atom of 1.9-2.1 A and to the attacking
oxygen of 1.8-2.0 A in the Ca,E1P transition-state analog
(11,56), and the respective distances in the E2P transition-
state analog are both 2.1 A (55). From these Al-O bond
lengths in the phosphoenzyme transition state analogs, P-O
bond strengths can be calculated using the bond length L
versus bond valence s relationship s = exp{(162 pm — L)/37
pm} (57), giving bond valences of 0.27-0.58 vu for bonds
between phosphorus and leaving or attacking oxygen (a
single bond would have a bond valence of 1 vu). Thus,
evaluation of the x-ray structures reveals that the transition
states of Ca,E1P and E2P seem to have considerable asso-
ciative and dissociative character, which is in agreement with
the dissociative character inferred from our infrared experiments.

In a 100% dissociative phosphate transfer reaction, the
bond energy of the P-O bond aspartyl or acetyl oxygen has to
be overcome to reach the transition state. In a simplistic view
and in the absence of stabilizing interactions in the transi-
tion state, the activation energy will be the bond energy of
the breaking bond. Thus, the lower P-O bond energies in
CaE1P and E2P, as compared to acetyl phosphate, will
reduce the activation energy by the bond energy difference.
This enhances the rate of Ca,E1P dephosphorylation by a
factor of 10°~10'? compared to acetyl phosphate. Compared
to E2P, the bond energy in Ca,E1P is ~27 kJ/mol higher (=
{420 — 77}kJ/mol X 1.08), corresponding to a slowing
down of phosphate transfer by a factor of 10°~10° in Ca,E1P
with respect to E2P. This will inhibit the dephosphorylation
of Ca,E1P by water, which is an ‘‘unwanted’’ reaction that
would lead to uncoupling of ATP hydrolysis and Ca**
transport. In reality, the bond energy of the breaking P-O
bond will be one of many energy contributions that change in
the approach to the transition state and the effects on the
reaction rate will be less than outlined above in the presence
of some associative character of the transition state.

In summary, the estimated P-O bond strengths of Ca,E1P
indicate stronger terminal P-O bonds and a weaker bridging
P-O bond due to weaker interactions with the environment,
as discussed previously for E2P (19). The effect is, however,
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less than for E2P. The weaker bridging P-O bond as com-
pared to acetyl phosphate will reduce the activation energy
required for bond breakage upon phosphate transfer, which
will be one cause for the fast transfer of the aspartyl
phosphate to ADP (58-60). On the other hand, the bridging
P-O bond of Ca,E1P is stronger than that of E2P, which will
make the aspartyl phosphate of Ca,EIP less susceptible to
attack by water.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www .biophysj.org.
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