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The phosphate group of the ADP-insensitive phos-
phoenzyme (E2-P) of sarcoplasmic reticulum CaZ*-
ATPase (SERCAla) was studied with infrared spectros-
copy to understand the high hydrolysis rate of E2-P. By
monitoring an autocatalyzed isotope exchange reaction,
three stretching vibrations of the transiently bound phos-
phate group were selectively observed against a back-
ground of 50,000 protein vibrations. They were found at
1194, 1137, and 1115 cm ™. This information was evaluated
using the bond valence model and empirical correlations.
Compared with the model compound acetyl phosphate,
structure and charge distribution of the E2-P aspartyl
phosphate resemble somewhat the transition state in a
dissociative phosphate transfer reaction; the aspartyl
phosphate of E2-P has 0.02 A shorter terminal P-O bonds
and a 0.09 A longer bridging P-O bond that is ~20%
weaker, the angle between the terminal P-O bonds is
wider, and —0.2 formal charges are shifted from the phos-
phate group to the aspartyl moiety. The weaker bridging
P-0 bond of E2-P accounts for a 10'1-10'%-fold hydrolysis
rate enhancement, implying that P-O bond destabiliza-
tion facilitates phosphoenzyme hydrolysis. P-O bond de-
stabilization is caused by a shift of noncovalent interac-
tions from the phosphate oxygens to the aspartyl oxygens.
We suggest that the relative positioning of Mg?* and
Lys®®* between phosphate and aspartyl oxygens controls
the hydrolysis rate of the ATPase phosphoenzymes and
related phosphoproteins.

Phosphorylation is one of the fundamental regulatory mech-
anisms in biology (1). It also governs the catalytic mechanism
of the sarcoplasmic reticulum Ca2"-ATPase (SERCAL) (2),
where it controls the ordered sequence of catalytic steps to
ensure the efficiency of the overall catalytic reaction. Here we
study one of the ATPase phosphoenzyme intermediates by
monitoring an enzyme-catalyzed isotopic exchange reaction at
the phosphate group with infrared spectroscopy. The result is
an infrared spectrum at “atomic resolution” in a crowded spec-
tral region. It observes selectively the transiently bound phos-
phate group, a group that cannot be studied by site-directed
mutagenesis. Our approach can be extended to other phospho-
proteins and reveals here the molecular cause of an important
property of the phosphoenzyme studied.

The Ca%*-ATPase (2) pumps two Ca2" ions against a con-
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centration gradient across the sarcoplasmic reticulum mem-
brane, which relaxes a flexed muscle (for reviews see Refs.
3—8). The energy for this active transport process is provided by
the substrate ATP, which phosphorylates the ATPase at Asp®*!
to form at least two consecutive phosphoenzymes, Ca,E1-P and
E2-P. The Ca?" transport step is associated with the conver-
sion from CayE1-P to E2-P. These phosphoenzymes have dif-
ferent catalytic properties; while the first phosphoenzyme in-
termediate Cay,E1-P dephosphorylates with ADP to reform
ATP, the second phosphoenzyme E2-P reacts with water. This
switch of catalytic specificity ensures the efficiency of the pump
process, because the specificity of Ca,E1-P is such that the
energy provided by ATP is not wasted before Ca®" is trans-
ported. After Ca?* transport, E2-P hydrolyzes remarkably
faster than the model compound acetyl phosphate in water.
The time constant for E2-P hydrolysis is between 10 and 100
ms near 25 °C depending on the pH (9-12), whereas that of
acetyl phosphate is 10% s (25 °C, pH 6.8) (13). This 10°-107-fold
acceleration of the reaction by the enzyme is essential for the
fast progression of the pump cycle and therefore for the effi-
cient removal of Ca®" from the cytoplasm.

Obviously, the environment of the phosphate group is impor-
tant in controlling the dephosphorylation properties. It has
been found to become more hydrophobic in the transition from
Ca,E1-P to E2-P (14, 15), and this seems to account for an
increased hydrolysis rate of E2-P as compared with Ca,E1-P
(Ref. 16; reviewed in Ref. 17). The molecular mechanism of
dephosphorylation has, however, not been elucidated.

We were interested in how the environment of the phosphate
group controls its catalytic properties and used infrared spec-
troscopy to study the phosphate group of E2-P in detail. Infra-
red spectroscopy has proved valuable for the investigation of
protein catalysis (18—24) because it allows measurement of
interaction strengths and bond lengths at a level of sensitivity
that exceeds even that of x-ray crystallography and NMR (25).

Since the early days of infrared spectroscopy on proteins, the
power of selective isotopic labeling has been exploited to ob-
serve a specific group in a large protein (26, 27). Because of the
mass effect on vibrational frequencies, infrared absorption
bands of a labeled group are shifted with respect to those of the
unlabeled group and can be identified in the spectrum. Specific
labeling is usually necessary to identify a specific group in the
spectrum, because otherwise the absorption of this group will
be hidden under the overwhelming absorption of other groups.
For the investigation of protein reactions, another necessity in
most cases is the use of reaction-induced infrared difference
spectroscopy, where the reaction of interest is started in the
infrared cuvette. We release a biological compound of interest
from a biologically inactive photosensitive precursor (caged
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compounds), for example ATP from caged ATP! (Ref. 28; re-
viewed in Ref. 29). By calculating the difference between the
infrared absorption before and after start of the reaction, only
those groups are detected that participate actively; the absorp-
tion of the vast majority of passive groups cancels.

Here we combine and extend both approaches to observe
selectively the phosphate group of E2-P; [y-'80,]ATP released
from [y-'80lcaged ATP transfers the labeled y-phosphate to
the ATPase, which then accumulates a labeled E2-P phos-
phoenzyme under appropriate experimental conditions. This
phosphoenzyme catalyzes an isotopic exchange with water at
the phosphate oxygens (9, 30), which can be observed with
infrared spectroscopy. Isotopically labeled caged compounds
were used before in experiments on the Ca®*-ATPase (31, 32)
and on Ras (33-35). They were evaluated by a careful compar-
ison or subtraction of spectra obtained with labeled and unla-
beled compounds. This approach has proved to be of limited
sensitivity for detecting the E2-P phosphate vibrations (36).
The approach here is to combine selective labeling of a protein
with the induction of an autocatalyzed isotopic exchange (36).
Thus we obtain directly a difference spectrum between labeled
and unlabeled E2-P in a single time-resolved experiment. We
observe selectively three stretching vibrations of the phosphate
group of a protein with nearly 50,000 normal modes of vibra-
tion. The vibrational frequencies identified reveal a shift of
electron density from the P—O bond that connects protein and
phosphate to the terminal P-O bonds. This weakens the link to
the protein and accelerates hydrolysis of E2-P. The approach
used here to study one of the Ca2*-ATPase phosphoenzymes
can be extended to other phosphoenzymes, if necessary with
the help of auxiliary proteins to induce phosphorylation or
dephosphorylation.

EXPERIMENTAL PROCEDURES

Time-resolved Fourier transform infrared measurements were per-
formed at 10 °C, and the samples were prepared as described previously
(87). They contained ~0.9 mm Ca®*-ATPase, 100 mM imidazole buffer,
pH 6.5, 5 mM caged ATP, 200 um Ca®*, 20 mm Mg?*, 5 mMm dithiothre-
itol, 0.5 mg/ml Ca®* ionophore A23187, 1 mg/ml adenylate kinase, 10%
Me,SO. All of the spectra were normalized to an identical protein
concentration using the amide II absorbance (31).

Correlation of Vibrational Frequency with Bond Valence—Deng et al.
(38) have defined a fundamental frequency for the stretching vibration
for phosphates, which for PO2™ is v = [(+Z + 212.)/3]%, with v, and v,
being the symmetric and asymmetric stretching vibrations of the ter-
minal P-O bonds, respectively. The frequency of the asymmetric
stretching vibration is weighted by a factor of 2 because this vibration
is doubly degenerate. The fundamental frequency is less dependent on
the geometry of the phosphate group than the asymmetric and sym-
metric stretching vibrations of the terminal P-O bonds themselves (38).
We slightly extend the approach by Deng et al. to phosphate groups in
asymmetric environments by defining the fundamental frequency as
follows: v = [(v + v2 + v2)/3]"* where v,, v,, and v, are the frequencies
of the terminal P-O bonds that we have observed for the E2-P phos-
phoenzyme. In this equation three different frequencies appear for the
three terminal P-O vibrations because the degeneracy of the asymmet-
ric stretching vibrations is lifted by the asymmetric environment of the
E2-P phosphate group. The fundamental frequency can be used to
calculate the bond valence of P-O bonds using the following formula
(38),

s =[0.175 X In(224500 cm ™ /)] +% (Eq. 1)

where s is the bond valence in vu, and 7 is the wavenumber that
corresponds to the fundamental frequency. In our case, where the
phosphate group is in an asymmetric environment, the bond valence s
represents the average bond valence of the three terminal P-O bonds.
The bond valence of the bridging P-O bond was calculated by subtract-
ing the summed bond valences of the terminal P-O bonds from 5, the

! The abbreviations used are: caged ATP, P?-1-(2-nitrophenyl)ethyl
ATP; vu, valence unit(s).
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atomic valence of phosphorus. The average bond valence of external
bonds (noncovalent bonds to the environment) to the terminal phos-
phate oxygens was calculated by subtracting the average bond valence
of the terminal P-O bonds from 2, the atomic valence of oxygen.

Correlation of Bond Valence with Bond Length—Bond valences can
be derived from bond lengths in such a way that they sum up to the
atomic valence within a few percentages (39) for a large number of
oxides. We used Equation 2 (40) with the parameters (41) used to derive
the frequency versus bond valence correlation (Equation 1) (38),

s = LY/LY (Eq. 2)

where s is the bond valence measured in vu, L, is the bond length of a
bond with bond valence s, and L, is the bond length of a bond with a
bond valence of 1 vu. L, and N are constants for a given type of bond (39,
41): N = 4.29, and L, = 1.622 A for P-O bonds (41). Bond lengths
determined differed by 0.01 A (0.6%) or less from those determined with
the exponential expression and more recent parameters from Ref. 40.

It should be noted that the values given in Table I for bond lengths
and bond valences should not be considered to be accurate to three
digits after the decimal point. Three digits are given to avoid rounding
errors when the differences between acetyl phosphate and E2-P
are discussed.

RESULTS

To observe isotope exchange at the E2-P phosphate group,
E2-P was prepared by the release of ATP from caged ATP in the
absence of K™ and the presence of Me,SO and Ca®* ionophore,
which are conditions that accumulate E2-P as discussed and
shown in previous work (37, 42). This work also established a
marker band for E2-P near 1194 cm ™! that was later assigned
to the phosphate group (32). In the present work, sample con-
ditions and temperature were fine-tuned so that the E2-P con-
centration is constant over several minutes. During that time
the ATPase dephosphorylates and rephosphorylates several
times leading to oxygen exchange between water and phos-
phate group (30). If water and phosphate oxygen isotopes are
different, an isotope exchange at the E2-P phosphate group is
the consequence of oxygen exchange that can be followed by
infrared spectroscopy (36). Several isotope exchange experi-
ments were performed using [y-10;]caged ATP in [*®O]water,
[y-1803]caged ATP in [*®O]water, [y—lSOI]caged ATP in
[*6O]water, and [y-1801]caged ATP in [*®O]water. Control sam-
ples contained [y-'®Ozlcaged ATP in ['®Olwater or
[y-180,]caged ATP in [*®O]water.

Fig. 1 shows infrared difference spectra of E2-P formation
from Ca,E1 (CayEl — E2-P) in which the E2-P spectrum was
recorded before and after isotope exchange. The bold line spec-
tra were recorded before isotope exchange, and the thin line
spectra were recorded afterward. The spectra overlap well
above 1300 cm ! where phosphates do not absorb, which con-
firms that the E2-P concentration is constant during the ex-
periment. Below 1300 cm %, spectra before and after exchange
differ because of band shifts that are the result of the isotope
exchange reaction.

The spectra in Fig. 1la were obtained with unlabeled caged
ATP in ['®0]H,0, and the first, bold spectrum is characteristic
of [1603]E2-P as indicated by the marker band at 1194 em ™t
(32). Within 3 min, this band decays because of isotope ex-
change at the phosphate group, and the thin line spectrum is
obtained. The absorbance changes associated with isotope ex-
change are very small. This is expected because they are
caused by frequency shifts of the terminal P-O stretching vi-
brations which account for 3 vibrations of 50,000 protein
vibrations.

The isotope exchange experiment shown in Fig. 16 was car-
ried out in the reverse direction; the ATPase was phosphoryl-
ated with [y-'80;lcaged ATP, which produced ['®0,]E2-P first
and [*®0;]E2-P after oxygen exchange with [**0]H,0. Conse-
quently the first spectrum (bold line) shows only a small signal
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Fic. 1. Infrared difference spectra of the reaction Ca,E1 —
E2-P before and after oxygen isotope exchange at the phosphate
group. Difference spectra were calculated by subtracting a reference
spectrum recorded before the photolysis flash from spectra recorded
between 7 and 28 s (bold line, spectrum before exchange) and between
97 and 195 s (thin line, spectrum after exchange) after the flash. a,
spectra obtained with [y-'°0,]caged ATP in [**0]H,0 (12 experiments
from 3 samples). b, spectra obtained with [y-'®0,lcaged ATP in
[*0]H,0 (13 experiments from 4 samples).

at 1194 cm !, which has increased in the thin line spectrum
after isotope exchange. The comparison of the spectra in panels
a and b of Fig. 1 demonstrate the excellent reproducibility of
the infrared difference spectra.

To show the isotope exchange associated absorbance changes
more clearly, the bold and thin line spectra of Fig. 1 were
subtracted. The spectra obtained are shown in Fig. 2 and are
named isotope exchange spectra. Fig. 2a shows the 60, — 180,
exchange spectrum, with positive bands being caused by
[1803]E2-P and negative bands being caused by [1603]E2-P.
The featureless spectrum above 1300 cm ! demonstrates again
that the E2-P concentration is constant to a very high degree in
this experiment. In addition to bands caused by isotope ex-
change, other reactions might contribute to the spectrum. To
distinguish these bands from isotope exchange bands, the ex-
change experiment was performed in the reverse direction
(**0, — 180,), which should lead to a mirror image spectrum
when compared with that in Fig. 2a.

Fig. 2b shows two of these 0, — 160, exchange spectra. As
expected for the isotope exchange spectrum, bands appear at
the same positions as in Fig. 2a but with the opposite sign. The
spectra show also bands caused by the slow steady state hy-
drolysis of ATP near 1250 and 1060 cm ! (28, 43). The hydrol-
ysis rate is sensitive to the concentration of Me,SO, which is
difficult to control precisely during the preparation of infrared
samples. Therefore the hydrolysis rate varied between experi-
ments. The bold line spectrum is the average of all
experiments, and the thin line spectrum is the average of
experiments with slow hydrolysis. A weighted subtraction of
the spectrum of all samples from the spectrum of samples with
slow hydrolysis was calculated to subtract the hydrolysis bands
from the exchange spectrum (data not shown). The criterion for
appropriate subtraction was a flat spectrum around 1250 cm !
where a strong hydrolysis band is observed. This correction did
not abolish the sharp bands between 1200 and 1090 cm 1,
which shows that they are not associated with hydrolysis.
However, the subtraction reduced the relative amplitudes of
the bands below 1105 cm ™. Before discussing the spectra in
more detail, further controls are shown in Fig. 2c.

Fig. 2c shows several control spectra. For the two full line
spectra no isotope exchange is expected because the isotopes of
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Fic. 2. Infrared difference spectra of isotope exchange at the
phosphate group. Spectra were calculated by subtracting the spec-
trum before exchange from the spectrum after exchange (see Fig. 1). a,
spectrum reflecting the absorbance changes during the reaction E2-
PO, — E2-P'®0,, termed '°0, — '®0, exchange spectrum (12 exper-
iments from 3 samples). b, difference spectra of the reaction E2-P*¥0, —
E2-P'0,, termed '®*0 — '°0 exchange spectra. Bold line, spectrum
averaged from all '*0 — 'O experiments (13 experiments from 4
samples); thin line, spectrum averaged from experiments with low
hydrolytic activity (6 experiments from 4 samples). ¢, control spectra.
Spectra of experiments are shown in which no isotope exchange is
expected because the oxygen isotopes of y-phosphate of ATP and water
were the same (full lines) or because the ATPase was inhibited by the
Ca?* chelator EGTA. Otherwise the conditions and data evaluation was
as for spectra shown in Fig. 1. Thin line, control spectrum obtained with
labeled ATP and labeled water (16 experiments from 4 samples); bold
line, spectrum obtained with unlabeled ATP and unlabeled water (15
experiments from 4 samples); Dotted line, spectrum obtained in the
presence of 20 mM EGTA upon release of [y-'%0,]ATP in [*O]H,0 (1
experiment). d, comparison of *0, — 50, exchange spectrum with
little hydrolysis (¢hin line) and **0, — 80, exchange spectrum (bold
line). Spectra shown are those of @ and b. e, spectrum after subtraction
of absorbance changes not related to isotope exchange. The spectrum
was calculated by subtracting the %0, — '°0, exchange spectrum from
160, — 80, exchange spectrum and dividing by 2.

1400 1300 1000 900

v-phosphate of ATP and water are the same (%0 in the thin
line spectrum and 60 in the bold line spectrum). The dashed
line spectrum shows an experiment where the ATPase was
inhibited by the addition of the Ca?" chelator EGTA. These
spectra demonstrate that the sharp bands between 1200 and
1090 cm ! in Fig. 2 (¢ and b) are only observed when the
isotopes of y-phosphate of ATP and water are different and
when the ATPase is active. Therefore bands with opposite signs
in Fig. 2 (a and b) are attributed to isotope exchange at the
phosphate oxygens of E2-P.

These bands are easily identified in Fig. 2d where the isotope
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exchange spectrum of Fig. 2a and that with slow hydrolysis of
Fig. 2b are shown. The comparison highlights the mirror image
property of the two spectra in the region between 1200 and
1090 cm 1.

The mirror image property is not perfect for the amplitudes
of positive bands at 1159 and 1091 cm ! in the bold line
spectrum. Correction for hydrolysis of the #0; — 150, ex-
change spectrum as discussed above improved the mirror im-
age property by reducing slightly the amplitude of the 1091-
cm ™ ! band. However, we prefer to show the original data here.
Another reason for the small deviation from the ideal mirror
image property could be incomplete isotope exchange in one of
the spectra. We think that isotope exchange is complete for the
80, — 160, exchange as discussed below. However, it might
not be complete for the *0, — 180, exchange. In these sam-
ples, the flat spectrum around 1250 cm ! indicates very slow
steady state hydrolysis of ATP. Therefore, E2-P was more
stable in these samples than in samples for the *0, — 50,
exchange with the possible consequence that isotope exchange
is not complete during the observation time.

To improve further the quality of the exchange spectrum, the
two spectra in Fig. 2d were subtracted and divided by two. This
cancels contributions to the spectrum that are unrelated to
isotope exchange and enhances those related to isotope ex-
change. The resulting spectrum is shown in Fig. 2e. Negative
bands in this spectrum are due to [1603]E2-P and are found at
1194, 1137, and 1115 cm™*. Identification of [1®0,]E2-P bands
is less clear because positive bands are less prominent. The
largest positive bands are observed at 1157 and 1091 cm ™. We
propose that upon 0, — 80, exchange the band at 1194
cm ! shifts to 1157 ecm ™! and that at 1115 cm ™! shifts to 1091
cm L. The band at 1137 cm ™! likely shifts to around 1115 cm ™!
where it partially cancels the [*°04]E2-P band, which explains
the small amplitude of the 1115 cm ! band compared with the
other two ['®0,]E2-P bands. Small bands in the spectrum can
be caused by substrates of E2-P or by a small percentage
of Ca,E1-P.

As a further test for the robustness of our isotope exchange
spectrum, we conducted experiments with singly labeled caged
ATP, [y-180,]caged ATP, which are shown in Fig. 3a. The bold
line shows the experiment in [**O]water reflecting ¥0,0, —
160, exchange (absorbance of ['®0;]E2-P minus that of
[18011602]E2-P), and the thin line shows the experiment in
[8O]water reflecting 20,0, — 180, exchange (absorbance of
[1803]E2-P minus that of [18011602]E2-P).

A discussion of the individual band shifts in the spectra of
Fig. 3a is beyond the scope of this work. One band, however, is
worth mentioning here. Near 1195 cm !, a relatively large
positive band is observed in the bold line spectrum but only a
small band in the thin line spectrum. This indicates that the
amplitude of this band is relatively large for [*°0,]E2-P but
small for ['%0,'®0,]E2-P, which therefore can be used as a
marker band for complete exchange in an %0, — %0, ex-
change experiment. The large amplitude of this band in the
thin line spectrum of Fig. 2d demonstrates that 80, — 1¢0,
exchange is complete or close to complete in this experiment.

The spectra for partial isotope exchange can be used to
mathematically obtain a second spectrum for full exchange. By
subtracting the two spectra, the contribution of [18011602]E2-P
cancels, and the absorbance of ['®0,4]E2-P minus that of
[*®0,]E2-P is obtained. This spectrum is shown as a thin line in
Fig. 3b and compared with the experimental spectrum for full
160, — 80, exchange from Fig. 2e. The match between these
spectra is very good and confirms the above attribution of
bands to isotope exchange.

The spectral positions of the phosphate bands are unaffected
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Fic. 3. Infrared difference spectra of partial and full isotope
exchange. a, infrared difference spectra of partial isotope exchange at
the phosphate group. The E2-P phosphate group was singly labeled by
[y-1%0,'®0,lcaged ATP, and the experiments were conducted in 'O
labeled or unlabeled water. The spectra were calculated by subtracting
a spectrum before exchange from one after exchange using the same
time intervals as for the spectra in Figs. 1 and 2. Bold line, spectrum of
the E2-P'¢0,'%0, — E2-P'60, reaction (6 experiments from 3 samples);
thin line, spectrum for E2-P'¢0,'®0, — E2-P'®0, reaction (6 experi-
ments from 6 samples). b, comparison of spectra for full isotope ex-
change obtained either directly from the experiment or mathematically
from partial exchange spectra (see text). Bold line, spectrum obtained
from experiments of full exchange after subtraction of absorbance
changes not related to isotope exchange (same as in Fig. 2e); thin line,
spectrum calculated by subtracting the two partial exchange spectra
shown in a.

by the presence of Me,SO in our samples; band positions in
isotope exchange spectra were the same for 10-30% Me,SO. In
experiments not designed to monitor isotope exchange, the
1194 cm ! band was observed at the same position in the
presence and absence of Me,SO in spectra like those shown in
Fig. 1.

DISCUSSION

Infrared Bands of the E2-P Phosphate Group—Three bands
of the E2-P phosphate group have been identified: those at
1194, 1137, and 1115 em ™ . They are associated with the P—O
stretching vibrations of the PO4 moiety. The spectral positions
of the phosphate bands are different from those of the model
substance acetyl phosphate in water, which shows only two
bands at lower wavenumbers: that of the symmetric stretching
vibration at 983 cm ! and that of the degenerated asymmetric
vibration at 1132 cm™!. The observation of three bands for
E2-P is due to an asymmetric environment around the phos-
phate group that lifts the degeneracy.

The band at 1194 cm ' has been identified before as a
phosphate band (32) by comparing spectra obtained with la-
beled and unlabeled caged ATP. It was observed at the slightly
different position of 1192 cm™! because Mg?" was absent in
these samples, but 1 mm of Ca%* was present instead. Experi-
ments with only 150 um Ca%* but 1 mm Mg?" and otherwise
identical conditions (data not shown) showed the band at 1194
cm ! as found here at 20 mm Mg?", lower buffer concentration,
and lower pH. Therefore the catalytic cation, which binds with
ATP to the ATPase and remains bound at least until E2-P is
hydrolyzed (44), has a direct influence on the band position of
one of the phosphate bands and binds most likely directly to the
aspartyl phosphate. The band is slightly narrower with Mg2*,
indicating less conformational freedom with the physiological
ion Mg®* than with Ca®".

Summary of Calculations—In the following we will use an
approach outlined by Deng et al. (38) to calculate P-O bond
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TABLE 1
Properties of the E2-P phosphate group and acetyl phosphate
E2-P phosphate group Phosphate group of acetyl phosphate
Terminal oxygen Bridging P-O Terminal P-O Bridging P-O
Wavenumbers of P-O stretching vibrations (cm™1) 1194 1132
1137 1132
1115 982
P-O fundamental frequency or wavenumber (cm™?') 1149 1082
P-0O bond valence (vu) 1.409 0.772 1.343 0.972
Bond valence of external bonding (formal charge) (vu) 0.591 0.657
P-0O bond length (A) 1.497 1.723 1.514 1.633
P-O force constant (10> nm™%) 7.8 3.4 7.4 4.8

strengths, P-O bond lengths, and finally the dissociation en-
ergy of the bridging P-O bond. The general line of calculations
can be summarized as follows. From the observed terminal
P-O vibrational frequencies, we calculate their average P-O
bond strengths or more specifically their average bond valence.
From this, the bond valence of the bridging P-O bond can be
derived, because the sum of all bond valences around phospho-
rus is 5. Bond valences can be correlated with bond lengths and
these with force constants. The latter two can be related to the
dissociation energy of the bridging P-O bond, and this can be
used to estimate the decrease in activation energy and the
increase in dephosphorylation rate that is achieved by enzy-
matic catalysis. Further correlations will be exploited to calcu-
late the average angle between bridging P—-O bond and termi-
nal P-O bonds.

Introduction to Bond Valence—The bond valence model is
based on the classical chemical concept of valence. It ascribes
an atomic valence to each atom, which can be thought of as the
number of electrons participating in chemical bonding. To each
bond is assigned a bond valence, s, in valence units (vu), which
is a measure of bond strength and can be regarded as the
number of electron pairs associated with a bond. The valence
sum rule states that the sum of bond valences equals the
atomic valence. The concept of valence bond strength was orig-
inally developed by Pauling (45) for ionic bonds but applies also
to covalent bonds (39, 46). Because it applies to both ionic and
covalent bonds, bond valence integrates covalent and ionic
contributions to a bond. Bond valence is a powerful concept
because it relates to many observable properties (40, 47). We
will now discuss the bond parameters of the phosphate group
in detail.

Bond Valences of E2-P and Acetyl Phosphate—We have cal-
culated the bond valences of the terminal P-O bonds from the
fundamental frequencies of E2-P and acetyl phosphate in water
(see “Experimental Procedures”). The values, listed in Table I
and Fig. 4, indicate that the enzyme environment of E2-P
increases the bond valence of the terminal P—O bonds by 5% to
1.41 vu via a reduction of external bond valences by 10%. This
results in a cumulative reduction of bond valence of the bridg-
ing P-O bond by 20% to 0.77 valence units. This analysis
assumes that bonding to the attacking nucleophile is negligible
in E2-P. If not, the bond valence of the bridging P-O bond will
be even smaller than stated above. A reduction in bridging P-O
bond valence leads to a corresponding increase in bond valence
of the adjacent C—O bond (because the sum of the two bond
valences has to equal the atomic valence of oxygen), unless the
reduction of P-O bond valence is fully compensated by external
bonding to the bridging oxygen. An increase in C-O bond
valence will decrease the C=0 bond valence to keep the sum of
the bond valences around the carbon atom equal to its atomic
valence of 4. These bond valence changes make the carbon-
oxygen bonds more similar to the product state where they
have equal bond valence.

The bond valence of the C=0 bond of acetyl phosphate can be

estimated to be between 1.6 and 1.7 vu from its band position
in the infrared spectrum at 1718 ecm ™! (31), correlations be-
tween wavenumber and bond length (48, 49), and correlations
between bond length and bond valence (40, 41).

Bond Lengths of E2-P and Acetyl Phosphate—Table I lists
bond lengths of bridging and terminal P—O bonds of E2-P and
acetyl phosphate in water obtained with equation 2 (see Ex-
perimental Procedures). The terminal P-O bonds are shorter
for E2-P by 1% or nearly 0.02 A, whereas the bridging P-O
bond is longer by 5% or nearly 0.09 A. This increase indicates
a weakening of the bond that bridges phosphate group and
enzyme, which will be quantified in the next section.

Bond Energy of the Bridging P-O Bond of E2-P—In the
following we present several estimations of the reduction of
bond energy of the bridging P-O bond of E2-P with respect to
that of acetyl phosphate. (i) Bond energy can be regarded as
linear to bond valence (50). Accordingly the bond energy of the
bridging P-O bond of E2-P is only 80% of that of acetyl phos-
phate. Assuming that the latter is close to a typical P-O single
bond energy of 420 kdJ/mol (51), the bond energy in E2-P is
reduced by 86 kJ/mol with respect to that of acetyl phosphate.
(i1) Bond length L and bond energy E are correlated; for several
oxides, the inverse relationship E ~ (L - L,)" ! has been found
(52), where L, = 1.171 A for P-O bonds (53). Using this rela-
tionship, the bridging P-O bond energy of E2-P is found to be
84% of that of acetyl phosphate. Assuming again a typical value
of the acetyl phosphate bond of 420 kJ/mol, the bond energy in
E2-P is reduced by 68 kdJ/mol with respect to that of acetyl
phosphate. (iii) Further correlations between bond length L
and bond energy can be made indirectly by first correlating
bond length with bond force constant f and then correlating force
constant with bond energy. The equation f = 10®06A~L/0-634)
N/em (54) with the parameters for bonds between first and
second row elements (55) fits an impressive number of com-
pounds and is used to obtain the force constants in Table I.
They can be used to check the data evaluation so far by recal-
culating the vibrational wavenumber in the harmonic approx-
imation. For the average terminal P-O bond wavenumber of
acetyl phosphate, a value of 1085 cm ! is calculated in excel-
lent agreement with the experimental value of 1082 cm 1. The
dissociation energy is proportional to the vibrational frequency
and therefore to the square root of the force constant, if quad-
ratic terms are sufficient to describe the energy levels of an
anharmonic oscillator, which they are for a Morse potential
(56). From this we calculate that the dissociation energy of the
terminal P—O bond of E2-P is reduced to 85% of the respective
acetyl phosphate bond. With the P-O single bond energy of 420
kd/mol, the bond energy of E2-P is reduced by 64 kJ/mol. (iv)
Force constants can be directly correlated with bond energies
(57), which gives a bond energy for the bridging P-O bond of
~400 kd/mol for acetyl phosphate and of 310 kJ/mol for E2-P,
which is about 90 kd/mol lower and corresponds to 78% of the
acetyl phosphate bond energy. The correlation used here does
not include P-O bonds. Therefore the value of 90 kJ/mol is
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Fic. 4. Phosphate bond parameters for acetyl phosphate and E2-P and a model for the phosphate group environment of E2-P.
The italic numbers above the bonds give bond lengths in A, and the non-italic numbers below the bonds give bond valences in vu. Interactions of
Mg?" and Lys®®* with the E2-P phosphate group are inferred from the interpretation of our spectra and protein interactions observed for

aspartylphosphates (see text).

considered less reliable than those obtained by the above
estimations.

Rate Enhancement of Phosphate Hydrolysis by Enzymatic
Catalysis—The above considerations indicate a reduction in
bond energy by about 20% of the bridging P-O bond of E2-P
with respect to acetyl phosphate corresponding to 64-90 kdJ/
mol. Because this is the bond that is broken upon E2-P hydrol-
ysis, the contribution of P-O bond splitting to the activation
energy will be reduced by a similar amount, resulting in a
dramatic 1011-10'%-fold increase in the hydrolysis rate. This
shows that P-O bond destabilization contributes significantly
to the catalysis of phosphoenzyme hydrolysis.

The increase calculated is more than the observed 105-107-
fold acceleration (see Introduction) likely because the rate in-
crease caused by the lower activation energy is partly compen-
sated by a considerable decrease of the pre-exponential factor
in the Arrhenius equation. The same is observed for the model
compound acetyl phosphate; the addition of organic solvents
accelerates hydrolysis of acetyl phosphate by several orders of
magnitude by decreasing the activation energy for hydrolysis
(16). However, the rate enhancement is less than expected
because the effect on the activation energy is partly counter-
acted by a large decrease of the pre-exponential factor. Both
effects are more pronounced in the presence of Mg?"; when the
Me,SO concentration is raised from 0 to 60% in the presence of
0.1 m NaOH, the activation energy decreases from 77.5 to 13.8
kJ/mol, which accelerates the rate more than 10'-fold, but the
pre-exponential factor decreases by 9 orders of magnitude
which results in a total rate enhancement by a factor of 40 (16).

Stabilization of the E2-P Phosphate Group versus P-O Bond
Destabilization—There is an apparent contradiction between
the P-O bond destabilization and less external bonding to the
phosphate group observed in this work and the view that the
phosphate group is stabilized on E2-P (58). The latter was
concluded from the observation that the free energies of free
enzyme E plus phosphate and E2-P are approximately the
same, whereas that of acetyl phosphate is higher than that of
acetate plus phosphate. From this, a stabilization of E2-P of 50
kd/mol (12.5 keal/mol) has been calculated, which was ascribed
to the intrinsic binding energy of the phosphate moiety of the
acyl phosphate when it binds to the active site (58).

This view concentrates on the phosphate group and ascribes
a rather passive role to protein and solvent. In the presence of
protein conformational changes and solvent exclusion, there
may be stabilizing effects that are not localized on the phos-
phate group (but are caused by phosphorylation). The observed

stabilization of E2-P corresponds to the formation of two typical
salt bridges, formation of two or three hydrogen bonds, or the
transfer of two ethyl groups from water to protein (59, 60),
which could take place distant from the phosphate group. Thus
weaker bonding to the phosphate group may be overcompen-
sated by stronger bonding between other groups and by en-
tropic effects. We infer one such effect: stronger bonding to the
aspartyl moiety. Whether this will overcompensate the weaker
bonding to the phosphate group is difficult to conclude. Fur-
thermore, because bond energies are only one contribution to
the Gibbs free energy and because the solvent contribution is
unknown, it is impossible to judge whether these local effects
will stabilize the aspartyl phosphate or not in terms of free
energy. In conclusion, our observation of less external bonding
to the phosphate moiety of aspartyl phosphate does not contra-
dict the observation that the phosphate group on E2-P is sta-
bilized compared with acetyl phosphate if the total system of
solvent and protein is considered.

Geometry of the E2-P Phosphate Group—The changes in
bond lengths induced by the phosphate group environment will
change the geometry of the phosphate group. From results on
YMX; compounds with Cg, symmetry including phosphates
(61), it can be inferred that an increased bridging P-O bond
length makes phosphorus and terminal oxygens come closer to
lie in one plane. According to the correlation for phosphates
(61), the angle between bridging P-O bond and terminal P-O
bonds decreases from a value of 106° for acetyl phosphate in
water to 102° for the E2-P phosphate group. This holds for Cg,
symmetry and might serve as an approximation to the “real
case” of an asymmetric environment of the E2-P phosphate
group. A decrease in angle between bridging and terminal P-O
bonds will increase the angle between two terminal P-O bonds.
This can be rationalized by increased electrostatic repulsion
caused by the higher electron density in bonds with higher
bond strength, in analogy to findings for PO, groups on the
basis of semi-empirical calculations (62). These differences in
phosphate geometry between E2-P and acetyl phosphate will
make the E2-P phosphate group more accessible for nucleo-
philic attack.

Charge Distribution on the E2-P Aspartyl Phosphate Moi-
ety—The bond valence of external bonds can be considered as
formal charges that add up for all atoms of a molecule to the
total charge of the molecule (40). In calculating this sum, ex-
ternal bonds formed by atoms acting as anions are counted
negative, and those of atoms acting as cations are counted
positive (see discussion of charged and neutral molecules in
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Ref. 40). The formal charge of the three terminal acetyl phos-
phate oxygens is —0.657 X 3 = —1.971, and that of the E2-P
phosphate oxygens —0.591 X 3 = —1.773, i.e. 0.2 formal
charges less negative. Because the net charge is the same (—2)
for acetyl phosphate and aspartyl phosphate, the loss of nega-
tive formal charge on the terminal oxygens of E2-P must be
compensated by an equal increase in negative charge or a
decrease in positive charge in the aspartyl moiety. This repre-
sents a shift of negative charge away from the PO5; group
toward the aspartyl moiety of E2-P, rendering the charge dis-
tribution on the aspartyl moiety closer to the product state.

Mechanism of Phosphate Hydrolysis—Two limiting cases for
phosphate transfer reactions have been discussed in the liter-
ature (1): (i) the fully associative mechanism, where the attack-
ing nucleophile and all P-O bonds form single bonds with
phosphorus in the transition state; and (ii) the fully dissociative
mechanism (Sy1), where the bridging P—O bond is completely
broken before a bond is formed with the attacking nucleophile
and the transition state is metaphosphate-like (PO3). The fol-
lowing properties of E2-P in comparison with those of acetyl
phosphate make the ground state of E2-P resemble somewhat
the transition state of a dissociative mechanism: stronger ter-
minal P-O bonds, a weaker bridging P-O bond, less partial
charge on the terminal oxygens, and a shift of charge from the
phosphate moiety to the aspartyl moiety. The lengthening of
the bridging P-O bond by 0.1 A represents about 5% of the
distance change required for the fully dissociative mechanism
(distance larger than 3.3 A (1)). In terms of energy, this corre-
sponds to about 20% of the energy required to break the bond.

Is the E2-P Phosphate Environment Hydrophobic?—The av-
eraged bond valence of all external bonds to each terminal
oxygen in acetyl phosphate is 0.66 vu, which gives 0.22 vu/
hydrogen bond for the ideal oxygen coordination number of four
(one intramolecular bond and three extramolecular bonds) (40),
which correlates well with the Lewis base strength of HPO?Z ™ of
0.22 vu (47). This indicates that hydrogen bonds to acetyl
phosphate in water are stronger than those found between
water molecules (0.17 vu) (40). External bonding to the aspar-
tyl phosphate of E2-P is reduced by 10% to 0.59 vu as compared
with acetyl phosphate in water. Assuming again a coordination
number of four, i.e. three external bonds, the typical bond
valence of an external bond is close to 0.2 vu. This external
bond valence between phosphate oxygens and protein is con-
siderable because their bond valence is comparable with hydro-
gen bonds in ice (0.2 vu) and larger than those between water
molecules (0.17 vu) (40). Therefore it does not seem appropriate
to speak of a hydrophobic environment of the phosphate group,
although the interactions are weakened with respect to those of
acetyl phosphate in water. This weakening can be achieved by
subtle changes in external bond lengths on the order of 0.1 A
according to bond valence versus bond length relationships (40)
as discussed below.

We will now consider two scenarios for the reduction of
external bonding to the terminal phosphate oxygens of E2-P
with respect to acetyl phosphate in water: (i) a uniform weak-
ening of all external bonds discussed at the example of hydro-
gen bonds and (ii) a weakening of one of the external bonds that
accounts for the total difference in external bonding of 0.2 vu
between E2-P and acetyl phosphate. In the first case, the re-
duction of bond valence corresponds to an increase in average
hydrogen bond length. This increase is about 0.06 A calculated
by using the bond valence versus bond length correlation for
hydrogen bonds with distances larger than 1.7 A (40). There-
fore, a slight widening of the phosphate binding cavity is suf-
ficient to weaken the bridging P-O bond by 20%. In the second
case, a loss of one hydrogen bond or a considerable weakening
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of a bond between a terminal oxygen and Mg?" could account
for the weaker external bonds in E2-P. Mg?" typically forms
bonds of 0.33 vu and a bond length of 2.1 A with oxygen. An
increase in bond length to 2.4 A is sufficient to reduce the bond
valence to 0.13 vu and to account for the reduction in external
bonding seen for E2-P. As this discussion shows, subtle
changes in external bond lengths are sufficient to weaken sig-
nificantly the bridging P-O bond with a dramatic impact on the
catalytic power of the enzyme.

Interactions of the Aspartyl Oxygens—Above we have dis-
cussed a shift of —0.2 formal charges from the PO4 group to the
aspartyl moiety. Because formal charge is equivalent to exter-
nal bond valence, the aspartyl moiety of E2-P experiences
interactions with the environment that are different from those
of the acetyl moiety of acetyl phosphate. The obvious target for
the main change in interactions seems to be the two oxygen
atoms of the aspartyl moiety, which are expected to experience
about 0.2 vu stronger external bonds in E2-P.

The external bonds to the carbonyl oxygen of E2-P will there-
fore be somewhat stronger than those of acetyl phosphate,
which account for 0.3—0.4 vu (atomic valence of 2 minus bond
valence of C=0, see above). An external bond to the bridging
oxygen is suggested by the following argument: given that the
bond of the bridging oxygen to the phosphorus atom has a bond
valence of 0.77 vu, the C—O bond is expected to have a bond
valence of 1.23 vu (2 vu — 0.77 vu) in the absence of external
bonding. This is at variance with the principle of maximum
symmetry, which states that bonds tend to be as symmetric as
possible under the given constraints (40). To reduce the asym-
metry between the two bonds, the bridging oxygen will have a
tendency to form external bonds, which lowers the bond va-
lence of the C—O bond. In line with that, protein interactions
with the bridging oxygen have been found for several phos-
phate compounds (63—-67).

The additional interaction to the aspartyl moiety accounts
for about 0.2 valence units, corresponding to one additional
hydrogen bond. It seems difficult to conceive that the aspartyl
phosphate of E2-P should experience one hydrogen bond more
than acetyl phosphate in water. Therefore it is more likely that
the average external bonds to the aspartyl moiety are stronger,
either because hydrogen bonds are shorter or because of inter-
actions with ions. Interaction of the aspartyl moiety with ions
is facilitated in E2-P because —0.2 formal charges are shifted
from the PO moiety to the aspartyl moiety. The charge on the
oxygens can be compensated by Mg2?" and/or by Lys®84, which
is close to Asp®®! in the structures of the Ca®?*-loaded and the
Ca®*-deprived forms of the ATPase (68, 69). Mg®" and a three
coordinate NH; moiety have typical bonding strengths of 0.33
(formal charge divided by number of bonds) so they can form
stronger bonds than neutral hydrogen bond donors. We suggest
that Mg?" and Lys®®* interact with the aspartyl oxygens of
E2-P.

The Role of Mg®"—The position of Mg?" seems to play a key
role in determining the electron distribution on the phosphate
group. The smaller bonding strength of the terminal phosphate
oxygens of E2-P compared with those of acetyl phosphate de-
stabilizes their interaction with Mg?* according to the valence
matching principle (40) and makes them a better match for an
interaction with neutral hydrogen bond donors. In contrast, the
increase in formal charge on the aspartyl oxygens in E2-P
increases their bonding strengths and makes them a better
match for Mg2*. Thus it is conceivable that Mg?" forms weaker
bonds with phosphate oxygens and a stronger bond with an
aspartyl oxygen. Mg?* bridging a phosphate and an aspartyl
oxygen of aspartyl phosphate can be expected in a protein
environment because this binding mode is increasingly adopted
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by the model compound acetyl phosphate when the solvent
polarity is reduced (70). In the reverse reaction, phosphoryla-
tion of the Ca®*-free ATPase by inorganic phosphate, such an
arrangement provides a template for the reactants and cata-
lyzes the reaction by induced intramolecularity (71).

Model for the Environment of the E2-P Aspartylphos-
phate—In the following we propose a model for the interactions
of the aspartylphosphate of E2-P, which is shown in Fig. 4.
According to our model Mg?" bridges the carbonyl oxygen and
a terminal phosphate oxygen; the side chain of Lys®®* interacts
with the bridging oxygen. In line with the important role of
Lys®8 in catalysis suggested here, it was found that this resi-
due is crucial for enzyme phosphorylation and conversion of the
ADP-sensitive phosphoenzyme Ca,E1-P to E2-P (72). Just be-
fore this work was submitted, a new crystal structure of the
ATPase was published (73) that shows for a Ca,E1P analogue
the binding mode suggested here for E2P.

A bridging cation and a Lys close to the bridging oxygen
(2.8—4.0 A N-O distance) are also found for other proteins that
form an aspartyl phosphate intermediate: the receiver/phos-
phoacceptor domain of Spo0OA (64), phosphoserine phosphatase
(65), and B-phosphoglucomutase (66), with the latter two be-
longing to the haloacid dehalogenase superfamily as does the
phosphorylation domain of the Ca?"-ATPase (74). No bridging
cation but a Lys 3.3 A away from the bridging oxygen is ob-
served for the FixdJ receiver domain (67).

A cation bridging a phosphate oxygen and the carbonyl oxy-
gen as such cannot explain the high hydrolysis rate of the
Ca%*-ATPase because two phosphoenzymes with that binding
mode are stable enough to crystallize (64, 66). Therefore we
conclude that the interactions with the aspartyl oxygens must
be weaker for B-phosphoglucomutase and SpoOA than for E2-P,
and the interactions with the phosphate oxygens must be
stronger. Accordingly these two proteins exhibit relatively
strong bonding to the phosphate oxygens and weak bonding to
the aspartyl oxygens as discussed in the following. The Lys
residue is relatively distant (4.0 A) from the bridging oxygen in
the B-phosphoglucomutase structure and the phosphate group
points toward an open cleft with at least one of the phosphate
oxygens in close contact with water molecules seen in the
crystal structure (66). In the crystal structure of SpoOA, two
phosphate oxygens are close to two water molecules in a cleft,
and the bridging cation is Ca2", which forms a bond to the
carbonyl oxygen with an estimated bond valence of only 0.2 vu
(40) (based on the distance of 2.6 A), which is weaker than
those observed with Mg?* in the other structures (65, 66) with
estimated bond valences around 0.4 vu (based on the distance
of around 2.0 A). One of the proteins with the binding mode
discussed here, phosphoserine phosphatase, was not crystal-
lized in the phosphorylated state but with BeF; as aspartyl
phosphate analogue, indicating that the phosphoenzyme hy-
drolyzes more rapidly than B-phosphoglucomutase and SpoOA.
Interestingly, this is the protein where the strongest interac-
tions with the aspartyl oxygens are inferred from the structure:
Lys is closest to the bridging oxygen (N-O distance 2.8 A) and
Mg2* 2.1 A away from the carbonyl oxygen.

The Transition between Cay,E1-P and E2-P—We consider the
above discussion of the differences between acetyl phosphate
and E2-P to be a reasonable template for the changes that
bring about the different chemical properties of Ca,E1-P and
E2-P. The Ca,E1-P aspartyl phosphate seems to be in a similar
environment as acetyl phosphate in water, because their car-
bonyl bands and their highest energy phosphate bands are
found at similar wavenumbers (31). Therefore we propose that
the relative strength of noncovalent bonding to the phosphate
and aspartyl oxygens is one of the key factors that tunes the
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hydrolysis rate of the ATPase phosphoenzymes and related
phosphoproteins. Weaker bonding to the phosphate oxygens
and stronger bonding to the aspartyl oxygens weakens and
elongates the bridging P—O bond, which increases dramatically
the catalytic power of the enzyme. Elongation of the P—O bond
is not accomplished by external mechanical forces acting on
this bond but is an in-built response of aspartyl phosphate to a
shift of interactions from phosphate to aspartyl oxygens. Shift-
ing the relative bonding strengths can be achieved by the
relative positioning of Mg?" and Lys®®* between phosphate and
aspartyl oxygens with only subtle changes in distances being
required. This provides an elegant “handle” for the enzyme to
control hydrolysis.
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