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ABSTRACT: The Raman spectra of the nonbridging=\D bonds in the myosin SMgADP-Vi complex,

often believed to be a transition-state analogue for the phosphotransfer reaction catalyzed by myosin, and
in a vanadate solution model compound have been obtained using Raman difference spectroscopic
techniques. A symmetric/asymmetric pair of modes at 870'démfound for vanadate in solution while

three bands are found in the myosinrBI§ADP-Vi complex at 870, 844, and 829 crh Using empirical
relationships that relate bond order/bond lengths to stretch frequencies, the bond order and bond length
of the three nonbridging ¥O bonds of vanadate in solution were determined to be 1.43:-0u04 vu)

and 1.669 A £0.004 A), respectively. The average bond order and bond length of the nonbridging
V--0 bonds in the SMgADP-Vi complex were determined to be 1.38 vu and 1.683 A. A normal-
mode analysis suggests that the Omoiety approaches a planar conformation in the enzymic complex.

Ab initio calculations show that a water molecule at the S1 ATPase binding site, in line with the apical
O—V bond in the ADP-Vi moiety and believed to be the attacking nucleophile in the phosphotransfer
reaction, can account well for the changes in frequencies of vanadate when it binds to the protein by
forming a moderately strong-vO(H,) bond. Hence, an important role determining the ATPase activity

at the active site of myosin appears to be a strategic positioning of this in-line water molecule. Assuming
that the distortions that vanadate undergoes upon forming tHdg®DP-Vi complex are analogous to

the changes of thg-phosphate of ATP in the transition state of the myosin-catalyzed hydrolysis, our
results suggest that this reaction proceeds close to a conceg2di® process.

The thick and thin filaments of muscle are made up strengths and the readiness to add an additional fifth ligand.
primarily of myosin and actin. In muscle contraction, these Because of these properties, vanadate has been shown to be
proteins slide past each other through an interaction of thea potent inhibitor of many enzymes that catalyze phospho-
globular heads of myosin with monomer units of actin (  transfer §—7). For myosin, vanadate inhibits myosin
2). The binding of ATP to myosin reduces the affinity of ATPase activity by forming an enzymic complex with
myosin for actin, and the subsequent hydrolysis of ATP MgADP (8). This complex is believed to mimic either the
results in a metastable ternary complex myesbP-Pi. The transition state of the hydrolysis reaction or the ABP
release of ADP and Pi is catalyzed by the rebinding of actin. intermediate ¢, 10, and its structure and biochemical
Overall, the energy needed to drive the sequence of stepgproperties have been studied extensively.

leading to the myosin/actin sliding motion is driven by the  Recently, a three-dimensional crystallographic structure
hydrolysis of ATP (cf. ref3); hence, there is considerable of tryncated myosin S1 and its complex with MgABP
interest in understanding binding interactions and structure ygnadate has been determind®)( The vanadate moiety
of the ATP binding site and the enzymic mechanism that i, the myosin SIMgADP-Vi complex is trigonal bipyra-
catalyzes the hydrolysis process. midal, with three short equatoriaF#O bonds and two long
The soluble myosin head fragment, subfragment-1 or S1, apical V-0 bonds. One of the three equatoria#\D bonds
can be isolated, and it contains both the ATPase and actininteracts with a structural Mg while each of the other two
binding sites. Vanadate has been used extensively in theequatorial bonds are hydrogen bonded to protein residues.
studies of enzyme-catalyzed phosphotransfer reactions sinc&ne of the vanadium apical MO bonds is formed with
it not only demonstrates physical and chemical similarities oxygen of the3-phosphate of the ADP leaving group while
with phosphate but also exhibits considerable plasticity in the other is formed with a water molecule. The two apical
the formation of VO bonds with large variations of bond Vv--O bonds are quite long, 2.09 and 2.27 A, respectively,
which suggest that the bonds are weak.
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the Raman spectrum of the proteimanadate complex is Raman Spectroscopyf he difference Raman spectrometer
measured as is that of the protein alone. The difference used in the experiment has been described in detail previously
spectrum between these two spectra contains bands arisingll, 13, 14, 2D The Raman spectra were obtained with
from the vanadate group. The vanadate bands dominate thet0O0 mW at 514.5 nm from an argon ion laser beam. A half-
difference spectrum due to their intrinsic large intensity and wave retarder was used to orient the polarization of the
because most of the protein background spectrum subtractsncident light either parallel or perpendicular to the entrance
out (12—14). Definitive band assignments are accomplished slit of the spectrometer. The symmetry of a vibrational mode
by studies of isotopict®O-labeled vanadates. The bond was assessed in terms of the ratio of Raman intensities
lengths and bond orders of the nonbridging-® bonds are  obtained with the excitation beam in the perpendicular and
determined from empirical correlations relating the vibra- parallel configurations relative to the spectrometer entrance
tional stretch frequencies to these quantities, (1§. The slit. In this optical arrangement, the intensity ratios are 6/7
absolute accuracy is very high. The error in these relation- for an asymmetric mode and6/7 for a symmetric mode
ships is estimated to be withi#0.04 vu and0.004 A for (21). This geometry, rather than the more common one that
bond orders and bond lengths, respectively. From thesedetermines the “depolarization ratio”, was employed to
values for the nonbridging%O bonds, the total bond order maximize signal throughput. The polarization response of
of the apical V-O bonds in the bound vanadate moiety is the spectrometer was calibrated by measurements of the
determined. Moreover, the geometry of the VO bonds can toluene spectrum, where the symmetry of the various bands
also be ascertained from the vibrational frequencies. is known. The resolution of the spectrometer was set at 8

We report here on the Raman difference measurementsc™ * With band positions accurate 3 cn™,
of the nonbridging V¥-O stretch mode frequencies of the Ab Initio Calculations Cartesian force constants and the
myosin SIMgADP-Vi complex and model compounds in Ra@man polarization tensor of an isolated dianionic vanadate
solution. Large changes of the vanadate Raman spectra wer&" Methylvanadate were calculated by Gaussian 94 program
observed when vanadate binds to the complex. Employing (22 at the HF/3-21g* level. The Cartesian force field was
both the previous empirical relationships between bond converted to the internal force field by the program RE-
orders/lengths and frequencies as well as vibrational analysisPONG (Allouche, QCPE) and subsequently “scaled” (by a
from ab initio calculations, the spectral changes can be St of scaling factors) so that the calculated vibrational
explained by a small decrease of the nonbridgirg® bond frequencies and isotopic shifts of the vanadate derivatives
orders of the ADP-Vi moiety in the myosin SIMgADP- were in good agreement W|fch those that were opsgrved. _The
Vi complex and by an increase of the angle between adjacent@man intensities (and their dependencies on incident light
nonbridging \==O bonds. Our results show that formation Polarization) of the new vibrational modes were also
of a fifth long V--O bond with a structural water molecule, ~Calculated, by using the Raman polarization tensor obtained
opposite to the bridging ¥OR bond, can induce the%O in the initial ab initio calculations and the new normal-mode

bond order change and geometry change of the three€igenvectors obtained by the scaled force field. These
nonbridging \-O bonds determined from the stretching guantities were then compared with the experimental spectra

modes frequency shifts. Implications of these structural 0 evaluate the scaling factors. Once a set of satisfactory
results on the reaction mechanism of ATP hydrolysis scaling factors is obtained, calculations on a series of models

catalyzed by myosin are discussed. of the vanadate moiety simulating $AgADP-Vi complex
were then performed by Gaussian 94. The calculated force
MATERIAL AND METHODS fields from these model vanadate complexes were scaled,

using the scaling factors determined from the calculations

Enzyme PreparationsMyosin was prepared from rabbit on the isolated model complex, to produce the vibrational
leg and back muscles as described by Wagner and Yountmodes, Raman intensities, and polarization dependencies.
(17). Chymotryptic S1 was prepared by a modification of
the method of Okamoto and Sekin&8( as previously RESULTS
described 19). The StIMgADP-Vi complex was formed Figure 1A shows the Raman spectrum of vanadate in
by incubation of S1 with MgG| ADP, and Vi as previously  aqueous solution at pH 10. The spectrum using parallel
described19). The StMgADP-AIF, complex was formed  polarized incident laser light is plotted on top of the
by incubation of S1 with 2 mM MgG| 0.2 mM ADP, 5 perpendicularly polarized spectrum. Figure 1B shows a
mM NaF, and 0.1 mM AIG for 30 min at 25°C. The similar spectrum of the same vanadate sample prepared in
complexes were purified by precipitation with 2 volumes of 95% 180 water. At pH 10, vanadate is dianionic and
saturated ammonium sulfate and centrifuged, and the pelletstherefore contains one-vOH bond and three nonbridging
were resuspended in minimal S1 buffer (50 mM Tris, 100 V-0 bonds with similar bond lengths. The stretch motions
mM KCI, 0.01% NaN, pH 8.0 at 4°C) and passed through  of these three bonds are strongly coupled to form a symmetric
a centrifugal gel filtration column as previously described V--O stretch mode and a doubly degenerate asymmetric
(19). The complexes were concentrated using Centricon 50 V-0 stretch. The most prominent Raman band %@
concentrators (Amicon). Since the oxygens on vanadatewater is the symmetric mode, which lies at 870 ¢épand
nonbridging VO bonds exchange with solvent water the much weaker asymmetric mode lies at virtually the same
rapidly, 8O labeling of these oxygens can be achieved by place, 869 cm! (Figure 1A). The symmetric mode domi-
exchanging the above samples by several cycles of dilutionnates the parallel polarized Raman spectrum but becomes
with S1 buffer prepared witFfO water (-95%, Cambridge  the minor band in the Raman spectrum when the perpen-
Isotope Laboratories) and reconcentration using the Centricondicularly polarized laser light is used for Raman excitation.
50. This occurs because the perpendicular/parallel intensity ratio
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FiIGURE 1. (A) Raman spectrum of 100 mM HV® at pH 10. FiIGure 2: (A) Raman difference spectrum between the myosin

The top curve is the parallel polarized spectrum with the Raman S1:MgADP-Vi complex and the myosin SMgADP-AIF4- com-
excitation laser beam parallel to the spectrometer’s entrance slitplex, pH 8. The top curve is the parallel polarized spectrum with
plane, while the bottom graph is the perpendicular spectrum the Raman excitation laser beam parallel to the spectrometer's
(excitation laser beam perpendicular to the spectrometer’s entranceentrance slit plane, while the bottom graph is the perpendicular
slit plane). (B) Same as part A except prepared®® water; 100 spectrum (excitation laser beam perpendicular to the spectrometer’s
mW of the 514.5 nm laser line from an argon ion laser was used entrance slit plane). (B) Same as A except preparédOnwater;
to excite the Raman scattering, and the spectral resolution was 8100 mW of the 514.5 nm laser line from an argon ion laser was
cm L. used to excite the Raman scattering, and the spectral resolution
was 8 cntt. The temperature of the sample was maintained at 4
of the symmetric mode is small (less than 6/7) while that of *C during the Raman measurements.
an asymmetric stretch mode is 6/7 under our experimentalbands in the spectral region between 600 and 1000'cm
conditions (see Material and Methods). The assignment of can be assigned to the=¥O stretch modes of the bound
these bands to %O stretch modes was confirmed BD vanadate moiety on the basis of their shift up#n labeling
labeling of the dianionic vanadate; the frequencies of these of the nonbridging W¥-O bonds in SIMgADP-Vi complex
two modes shift down by about 45 cin(Figure 1B). The (Figure 2B). In addition, a nearly resolved band at 844tm
relative positions of the symmetric and asymmetric modes (best seen in the perpendicularly polarized spectrum of Figure
are important for structural determinations, as will be shown 2B) can also be assigned to a\O stretch. On the basis
below. The Raman spectra of another vanadate modelof the relative intensities of the band at 870 and 829%tm
compound, methylvanadate monoester dianion, shows theand on the changes in intensity they undergo for parallel
same symmetric and asymmetrieAO stretch frequencies  versus perpendicular polarized incident laser light (Figure
at 870 cn?! in solution (12). Therefore, the frequencies 2B), these bands are assigned to “nearly” asymmetric and

V-0 stretch modes due to the three nonbridging-© symmetric \==O stretch modes, respectively. The presence
bonds in dianionic vanadate derivatives are little affected of a third band at 844 cn, which has an intensity ratio
by different R groups of the bridging R&/O3?~ bond intermediate between a symmetric (perpendicular to parallel
formed with vanadium, as long as this bond is formed with polarized intensity ratio near 0) and an asymmetric mode
an oxygen atom. (ratio of 6/7), suggests that tii&, symmetry of the vanadate
Raman difference spectra between theNEJADP-Vi dianion in solution has been broken when vanadate binds to

complex and S1 alone were also measured (data not shown)the STMgADP subfragment. That the symmetry of the three
However, because the binding of MgABPR induced V=0 bonds in the complex is somewhat altered from a
significant protein structural changes and altered frequencies,nearly perfectCs, symmetry in solution is also consistent
this difference spectrum contains many protein Raman bandswith the observation that the intensity ratio of the “sym-
in addition to the Raman bands from the MgADBYi metric” V-=-0O stretch mode in the complex at 829 ¢nusing
moiety. The result of this is to obscure the assignment of perpendicular polarized laser light compared to parallel
the weaker Raman bands of the vanadate moiety, such agolarized light is significantly larger than 0, as shown by
the asymmetric ¥-O stretch mode. Previous X-ray crystal- the finite intensity of the band at 829 ctnin the perpen-
lographic studies have shown that the protein conformationsdicularly polarized spectrum (Figure 2A).

are similar in the myosin SMgADP-Vi and myosin S1 Since the binding site of the S1 subfragment has been
MgADP-AIF, complexes 10, 23. Thus, the Raman dif-  designed to bind dianionie-phosphate of ATP, it is expected
ference spectrum between these two complexes, which showshat the ionic state of vanadate in the binding pocket is also
substantially less contributions from protein, was obtained dianionic. The monoanion, the dominant form for vanadate
and is shown in Figure 2A. Two clearly resolved Raman at the pH 8 conditions of our experimentK{of 8.5; ref
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12), shows a symmetric Raman=O band in solution at  to lower frequency translates to a somewhat higher bond
about 940 cm?, much higher than the observed bands of order and lower bond length for the three bonds. From eqs
the bound vanadate. This100 cnt! difference of the 1 and 2, the three frequencies at 829, 844, and 870'cm
nonbridging V=0 bonds would imply a large reduction of yield bond orders of 1.327, 1.365, and 1.433 vu and bond
V--0 bond order and a large concomitant increase in the lengths of 1.694, 1.685, and 1.669 A, respectively, of the
bond order of the bridging ¥O bonds of the vanadate in  three nonbridging ¥-O bonds.
the SEMgADP-Vi complex (see below). The predicted bond Analytical expressions relating the measured frequencies
order of the bridging V-O bonds in the complex is much  to the force constants and geometry of theQWbonds have
too large to be consistent with the crystallographic results. been obtainedl). To a high degree of accuracy, only three
In addition, monoanionic vanadate can yield only two Raman parameters are important to determine the symmetgjc (
bands of \*-O character while three are observed. We and asymmetrici) V-=-O stretch frequencies in addition
conclude that the ionic state of the bound vanadate isto the mass of the atoms: the=MO stretch force constant,
dianionic. Fs, the \=-O stretch/stretch coupling force constant, Css,
It has been shown that the $AgADP-Vi complex and the G=V--0 angle,?. According to the analytical
undergoes a photoreaction when it is illuminated with UV expressions fors andv,, a change of Fs results in a change
light (19, 24, resulting in the release of ADP and vanadate of bothvsandv,in the same direction, as expected. On the
from the complex. We did not observe significant vanadate other hand, a change of the angler Css results in opposite
release from the SMgADP-Vi complex during our Raman  changes ofs andv, so that the frequency difference between
experiment since such release would result in loss of intensity these two stretch modes changes. When90°, an increase
of the 829 and 870 cnt bands characteristic of the bound of the angle results in as decrease but &, increase. In
vanadate ion and the concomitant gain of signal in positions short, the geometry change of the YO moiety can be
characteristic of free vanadate found in aqueous solution atdetermined on the basis of changes in the-® stretch
pH 8 (see e.g., ref$2 and25). No degradation of the 829  frequenciesys andv, This is because the changes of the
and 870 cm! bands was observed. Apparently, our Raman force constant Fs (thus the bond length) can be determined
excitation laser wavelength, 514.5 nm, is far removed from from the change inv, which is relatively insensitive to
the absorption of the SMgADP-Vi complex so that little geometry changes, and the change of the angle can be
photoreaction occurred. On the other hand, similar experi- determined by the change of the difference betweagmd
ments performed on the 810ADP-Vi complex did result v, provided that some knowledge about the Fs/Css ratio is
in a slow sample degradation during the Raman measure-known (e.g., unchanged as suggested by ab initio calcula-
ment, as shown by a significant intensity reduction of the tions). Thus, the Raman spectral changes of the vanadate
829 cm! band (data not shown). upon forming the SMgADP-Vi complex can be explained
Bond Length/Bond Strength/Vibrational Frequency Rela- by the following physical changes of the WO moiety: an
tionships and the ©-V--0O Angle. Accurate structural increase of the angle between any twe-® bonds (hence
information about bonding in both metal and nonmetal oxides VO3>~ becomes more planar) with a concomitant small
often can be obtained from vibrational spectroscopy by using decrease in the average-»O stretch force constant Fs
two types of empirical relationships. The following equa- (hence, a small increase of the\O bond lengths).
tions hold for vanadates (see reif§ and 15): The increase of the angleupon vanadate binding to the
S1:MgADP-Vi complex can be estimated quantitatively
Svo = (rvoll.791T5'1 Q) using the analytical expressions fay and v, of dianionic
vanadate (eqs 7 and 8 in r&5). For dianionic vanadate in
and solution, the anglé? can be estimated by ab initio calcula-
tions (¢ = 1121°, see below), Fs can be determined directly
Syo =[0.2912 In(21349/)] >* (2) from the fundamental stretch frequency as pointed out above,
and Fs/Css can be determined from the difference between
wheres,o is the valence bond order given in terms of valence vs andv, (Fs/Css= 10.5). Since the Fs/Css ratio does not
units, vu, and defined such that the suns, of all bonds is change much according to ab initio calculatiofiscan be
the valence of the central vanadium atom, which is equal to calculated exactly for a V&~ moiety havingCs, symmetry.
5 (26, 27); rvo is the length of the VO bond given in A; and However, it is clear from the results that the symmetry has
v, given in cn?, is the geometric mean of the observed been broken in the protein complex (two asymmetric modes
nonbridging =0 stretches [ + dv)/(d + 1)] (vs is the are observed at different frequencies), so that the analytical
symmetric stretchy, is the asymmetric stretch, ant= 2 formulas cannot be applied strictly. As an approximation,
is the degeneracy of the asymmetric modes). The absoluteassuming theCz, symmetry and takings = 870 cntt and
error in these relationships in determining bond lengths and v, = 829 cn1! in the StMgADP-Vi complex and assuming
bond orders from frequency measurements is estimated tothat the value of the Fs/Css ratio is the same as in solution,
be within+0.04 vu and+0.004 A for bond orders and bond  then it is calculated that = 119° (a value of 120is a planar
lengths, respectively, and more accurate for determining VO3>~ moiety). Since another O stretch mode was
changes 15). observed at 844 cn (see results), we expect the average
For the vanadate solution model= 869.3 cn! from v, angle ¥ between pairs of ¥-O bonds to be somewhat
= 870 cmtt andv, = 869 cnt?, which yields a bond order  smaller.
of 1.430 vu and a bond length of 1.669 A for each of the  Ab Initio Vibrational Analysis of Dianionic Vanadate.
three nonbridging ¥-O bonds using egs 1 and 2. For the Quantum mechanical ab initio calculations were performed
V-==0 bonds in the S1 subfragment bound vanadate, the shiftto model the vanadate binding and to assess the interactions
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assumed to take place at the binding site. It is well-known
that chemical bond lengths, especially those bonds which _
contain oxygen, are underestimated by ab initio methods at A CH3OVO%
the Hatree-Fock level compared with the observed values
(by about 20%). However, the overestimation of the
calculated spectral differences compared to experimentally
determined values between different conformations of a given
molecule tends to remain consta@8{30). Thus a scaling
procedure can be adopted to reduce the errors in the absolute
frequencies calculated by ab initio methods but to retain its
predicting value on the spectral change of the molecule when
the conformation of the molecule is changed by external
perturbation.

The model system used in our ab initio calculations is
methylvanadate dianion, and the simulated Raman spectra
of vanadate dianion in the%*O stretch mode region based 9.
on the ab initio calculations and empirical scaling of the force B. CHzOVO3 <=0
field are presented in Figure 3A. The results of geometry ®
optimizations indicate that the bridging—\O bond is not
collinear with the bridging & C(H) bond at equilibrium. One
of the nonbridging ¥-O bonds is longer compared to the

867

Intensity

other two, so that th€;, symmetry expected for the three 2
nonbridging V-0 bonds is slightly broken. Three non-

bridging V=0 stretch modes, at 869, 865, and 851 ¢m

respectively, are predicted after application of the scaling

procedure described above (Figure 3A). Thus the calcula-

tions do not take into account fast rotation of the methyl 2

822
——845

group about the bridging bond, which would result in an '
average equal environment for each of the three nonbridging ,-(A

V-0 bonds. However, this result of the calculations is not Lo b benn b benn Beii |
important for our purposes. For a \¥O group with perfect 700 750 g0 850 900 950 1000

Cs, symmetry, the displacements of the three oxygens in the Wavenumbers

symmetric stretch mode are in phase and with the sameggyre 3: (A) Calculated Raman spectrum of dianionic methyl-
magnitude. One asymmetric mode has an eigenfunctionvanadate from ab initio calculations as described in the text. The
where one oxygen has 0 displacement while the other twotop curve is the simulated parallel polarized spectrum, and the

idai : bottom curve is the perpendicular polarized spectrum. The indi-
nonbridging oxygens are out of phase with the same vidual Raman bands are simulated by a guassian function, and the

magnitude. In the S(_acond asymmetrig mode, the diSplace'bandwidth is set to 22 cm. The curves identified at 867 crh
ment of one oxygen is out of phase with the other two and (top) and at 864 crr (bottom) are the envelop (observable) spectra
its magnitude is twice as large. Although the ¥Ogroup arising from the three bands. (B) Calculated Raman spectrum of
in our solution model compound does not have a perfect dianionic methylvanadate _complexed with a water molecu_le at a
Cs, symmetry, the resultant stretch modes can still be water oxygerrvanadium distance of 2.5 A. The top curve is the

. 2. . e . simulated parallel polarized spectrum, and the bottom curve is the
identified on the basis of the above classification. The 869 perpendicular polarized spectrum. The Raman bands are simulated
cm * mode corresponds to the symmetric stretch mode, with by a guassian function, and the bandwidth is set to 10'cifhe

the perpendicular to parallel polarization intensity ratio very curves identified at 822 cm (top) and 869 cm! (bottom) are the
close to 0 (Figure 3A). The character of the 865 émode envelop (observable) spectra arising from the three bands.

is the quite close to the asymmetric modes forz%Qwith ) )
Ca, symmetry since the two (shortery¥O bonds have out here were used in subse_quent.Raman spect_rum calculations
of phase displacements and there is no displacement of the?f vanadate complexes simulating that found inNsJADP-

third oxygen. The mode also has a depolarization ratio V-

characteristic of an asymmetric mode. Likewise the 851 To simulate the vanadate moiety in the-B§ADP-Vi

cm ! mode resembles the second asymmetric mode discussedomplex, a water molecule opposite the bridging® bond
above closely and has an intermediate polarization ratio of methylvanadate dianion was placed at various distances.
(0.12). Calculations were also performed on methyl vanadate The geometry of the complex, with the vanadium-water
where the nonbridging oxygens were replaced®y. The oxygen distance fixed at various lengths, was optimized with
869 cn! band moves to 816 cm, the 856 cm* band to the 3-21g* basis set. The force field and Raman polarization
835 cm?, and the 851 cm' band to 830 cm'. For intensity ratios of normal modes were obtained in subsequent
presentation, all bands were assigned a bandwidth thatfrequency calculations. Using the scaling factors obtained
matches the experimentally determined bandwidth; the in the solution model calculations, the scaled force field and
bandwidth does not come out of the calculations. It can be resulting frequencies were then calculated. Table 1 shows
seen that the agreement between the measured (Figure 1A}he results of calculations on several model complexes with
and calculated Raman spectra (Figure 3A) is reasonable as/—O(H,) distance ranging from 2.25 to 4.0 A (and at
are the!®O-induced shifts. Thus the scaling factors obtained infinity, e.g., no interaction). It was found that for a water
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Table 1. The G-V--0 Angle, CHO—VO3?>~ Bond Length, and
V--0 Bond Length as a Function of WateWethylvanadate
Distance in the Model of the Active Site of Myosin $AgADP Vi
Complex from ab Initio Calculations

CH30VOs:+-OH, O—=V--0 C H3O—VO327
bond length (A) angle (degrees)bond length (A)

V-=-0 bond length
(average, A)

CH3;0VOg? 111.2 1.907 1.636
4.0 1121 1.914 1.636
35 112.4 1.915 1.637
3.0 113.3 1.917 1.639
2.75 114.3 1.918 1.641
2.5 115.6 1.922 1.645
2.25 117.2 1.931 1.651

oxygen-vanadium distance of about 2.5 A the calculated
Raman spectrum of the nonbridging=sO bonds shows a
pattern quite similar to that observed in the Raman spectrum
of the StMgADP-Vi complex. The Raman spectra calcu-
lated from this 2.5 A model complex are presented in Figure
3B. The 822 cm! band moves to 780 crm upon 80
replacement of the nonbridging=%¥O oxygens, the 869 cm
band to 839 cm!, and the 845 cm to 816 cntt. As can

be seen, the calculated pattern of bands and their intensity.

ratios between parallel and perpendicular polarizations, and
shifts upon'®0 substitution, are in quite good agreement with
the observed spectra (compare Figures 2A and 3B). The
crystallographic study of the S¥IgADP-Vi complex places
the V—O(H,) distance at 2.27 AlQ), in very good agreement
with the present results.

The results in Table 1 show that to push a water molecule
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FIGURE 4: A schematic of ADPVi--O(H,) at the S1 binding site,
which defines the molecular coordinates used in the text to describe
the reaction coordinate. For the trigonal bipyramidal transition-state
structure believed to occur in phosphotransfer reactions (cf., ref
46), the nonbridging -O bonds are planar. The following
conventions have been used to categorize the structure of the
transition state: the bond order of R1R2 at the transition state

is much smaller than the reactant states for a dissociative transition
state and substantially larger than the bond order of the ground-
state bridging P-O bond for an associative transition state. The
bond order of the two axial bonds remains the same as that of the
original PO bond for a synchronous reactionZSike). The bond
orders, as defined by valence bond strength (see text), of the ground
states for various bridging REPO:2~ bonds are close to 1.

hydrogen bonding or ionic interactions on all three non-
bridging V==-O bonds and with the metal ions, are required
to reproduce the observed Raman spectrum of vanadate
moiety in the SIMgADP-Vi complex if ions are to be
included in the model complex.

DISCUSSION

A number of structural conclusions can be made on the
basis of our difference Raman spectroscopy studies of the
S1:-MgADP-Vi complex and of the empirical and ab initio
vibrational analyses of the Raman data. Vibrational frequen-

toward vanadium of the vanadate dianion along the bridging cies are determined by the force constants within chemical
V—0O bond from the vanadium end causes two general bonds and the geometry of the atoms that make up a
changes in the V&~ geometry: the first is to increase the molecule. Hence, vibrational frequencies report on bond
average V-0 bond length; the second is an increase of the orders, bond lengths, and geometry. Moreover, both the
average bond angle between twe-\D bonds, resulting in  vanadate model compounds and theN&JADP-Vi complex

a more planar V& moiety. For example, the average can be studied as solution structures by Raman spectroscopy.
V--0 bond length is about 0.009 A longer in the 2.5 A Figure 4 shows a cartoon of the S1 binding site containing
model complex than that in isolated vanadate while the ADPO---VO3? :--O(H,), and the relevant bond lengths and

average angle between two adjacent nonbridging-Q¥
bonds is increased by about 4.4rom 111.2 in isolated
vanadate dianion to 115.6n the 2.5 A model complex.

angles.

The vibrational results show that the ionic state of the
bound vanadate is dianionic. The average bond order of the

A series of calculations was performed using hydroxyl three nonbridging ¥-O bonds for vanadate in the protein
(OH") rather than water as the attacking nucleophile. As complex is decreased by 0.05 vu compared to vanadate in
expected, the presence of a full negative charge on theaqueous solution, from 1.43 to 1.38 vu. This means that,
hydroxy! influenced the vanadate vibrational frequencies although the ionic and hydrogen-bonding interactions be-
much more strongly than does the neutral (but polar) water tween the nonbridging ¥O bonds and Mg /protein
for the same WO distance. Essentially the same shifts in residues are well-coordinated in the-BiADP-Vi complex,
frequency were observed in the ab initio calculations at 3.0 the average strength of these interactions is just a bit stronger
A for OH~ compared to the 2.5 A water results. The results than for those between the nonbridging=\D bonds and
suggest that the attacking nucleophile at the S1 binding site,counterion/water in aqueous solution. Stronger interactions
observed only as an oxygen in the X-ray results, is water would polarize the ¥-O bonds more by bringing about a
rather than OH. It is possible, however, that a highly proportional decrease in their bond orders. The average
solvated or hydrogen-bonded hydroxyl, so that the hydroxyl V-—0O bond length is correspondingly increased slightly to
charge is highly screened, could also account for the 1.683 A in the SIMgADP-Vi complex, which is 0.014 A

experimental results.

Test calculations on model compounds including &Mg
or Na" ion next to one of the nonbridging oxygens were not
successful because the interaction betweeA™Ngd vana-
date moiety was greatly overestimated by ab initio methods.
The results predict that the nonbridgingO bond interact-
ing with Mg?* would be too greatly polarized (data not
shown). Such effects are not observed in our Raman studies
Therefore, much more complex model systems, involving

longer when compared to the solution value. The Brown
and Wu paradigmZ7) has it that the sum of the bond orders
of all VO bonds in the SMgADP-Vi complex is equal to

5. Thus, the total bond order of the two apical bonds should
be about 0.86 vu. Assuming the two apical bonds &Rd

R,, Figure 4) each have a bond order of 0.43 vu, this
corresponds to two ¥O bonds with average bond length
of 2.10 A each. As derived in the Results section, the relative
positioning of the symmetric and asymmetrie\D stretch
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modes confirms that the V@ constellation approaches a y-phosphorus aton3¢—34), and such a positioning of the
more planar conformation than that found in solution by a active site water molecule is certainly consistent with the
substantial amount. From the observed=® stretch structure and hydrogen bonding patterns found at the active
frequencies, it is calculated that the=€/—=-0O bond angle site of S1 (0). We have recently observed the same type
in the SEMgADP-Vi complex @ in Figure 4) may increase  of interaction between bound GTP and the active site water
by up to & relative to the solution model compound, in the GTPase active site of the c-Harvy-ras p21 protein
approaching the value of 12@hich corresponds to a planar based on vibrational spectroscopic studies, suggesting a
VOz?~ group. similar enzymic mechanism for the two proteirgb),

The bond lengths determined from the present spectral The electronic nature of the transition-state structure in a
results are close to, but not identical with, those obtained phosphotransfer reaction can be categorized by whether it
from crystallographyX0). The three equatorial*+O bond is dissociative (one where the bond breaking of the original
lengths found herein, at 1.694, 1.685, and 1.669 A, are onester P-O bond is almost complete before significant
average about 0.02 A longer than those found in the X-ray formation of the new PO bond so that the sum of the apical
crystallographic studies at 1.67, 1.67, and 1.64 A, while the bonds is decreased substantially compared to the original
average of the two VO apical bonds is about 0.08 A shorter. ester P-O bond), associative (wherein there is considerable
This discrepancy is larger than our error in determining bond bond formation between the attacking nucleophile and
lengths,+0.004 A (15). Recently, the spectra of the near- phosphorus before much bond breaking with the leaving
UV circular dichrosim of SIMgADP-Vi in solution and of group so that the summed PO bond order of the apical bonds
vanadate model compounds were repor84).( The protein is increased substantially), or concertegZdike). In the
spectrum resembles that of model octahedral coordinatedlatter case, the summed PO bond strength of the apical bonds
vanadates rather than trigonal bipyramidal coordination. in the transition state remains unchanged compared to the
However, our vibrational results are in agreement with the ground-state ester bond, which is close to 1 for dianionic
X-ray results which find a trigonal bipyramidal coordination. monoester phosphate$5j. Phosphotransfer reactions in-
We observe three Raman bands for the nonbridgirgQ/ volving monoester dianionic phosphate in aqueous solution
bonds in the SMgADP-Vi complex where four are  are via a primarily dissociative pathway, with a metaphos-
expected for octahedral coordination. Moreover, the extra phate-like transition state (r&f6, and references therein).
bond suggested for octahedral coordination would be ex- Here, the bond breaking of the original ester® bond is
pected to yield a much larger downshift in frequency for almost complete before significant formation of the newd
the V==-O stretch frequencies than is observed. bond, and the sum of the bond orders of the broken and new

The active site of S1 contains many groups that can bonds is significantly less than 1. However, the mechanism-
interact with the vanadate group to bring about its change (s) in enzymes is far from clear, and both associative and
in geometry. The ab initio calculations show that the-@ dissociative transition states have been proposed (see, e.g.,
bond orders and the-@V-0 bond angle are quite sensitive refs7, 13,and37—44).
to the distance between the vanadium atom and the oxygen Vanadate’s ability to bind to phosphotransfer enzymes
of the attacking in-line KO water molecule at the binding  derives from its ability to increase its coordination sphere
site. The spectroscopic changes for the-® stretch to five or six bonds and to readily form long bonds. In many
frequencies observed when vanadate binds to S1, which aresystems such as myosin, vanadate binds very tightly to the
large and are of an unusual nature, are well accounted forenzymic binding site, which satisfies the criterion that a
by placing the attacking water 2.5 A from the vanadium atom transition-state analogue must bind much tighter than the
(see Figure 4), in reasonable agreement with the 2.27 Asubstrate of the enzyme. In addition to binding tightly,
distance observed in the crystallographic studi€}.( The vanadate forms the expected pentacoordinated geometry of
ab initio analysis confirms that the average angle betweenthe transition state in the S#lgADP-Vi complex. The
two nonbridging \*-O bonds increases as MgABR binds present studies are very sensitive to the bond orders (and
to S1, but by a slightly smaller amount than that given by bond lengths) of the vanadate moiety and to changes in bond
the analytical expressions, by-%° from the solution value  orders when it forms the protein complex. At the level of
to reachy = 116 in the complex. Larger changes of the our accuracy, which is unprecedented, it is not clear to what
bond angle, which can be induced either by forcing the apical degree vanadate acts as a transition-state analogue for the
water molecule closer to vanadate or by lengthening the enzyme phosphotransfer reaction in terms of the bond orders
second apical VO bond in the model complexes, can be of the complex (as opposed to geometry) and, hence, to what
readily obtained, but this results in too large a frequency degree its structure mimics the nature of the distribution of
difference between symmetric and asymmetric nonbridging electrons in the transition state. In what follows, we assume
V-=0 stretch modes compared to that observed in the Ramarthat vanadate is distorted toward the transition state when it
experiments. binds to S1ADP, recognizing that a determination of a

It is clear that there is a substantial interaction between transition-state structure is difficult and requires a variety
the VG2~ group and the binding site water molecule. Our of techniques, such as kinetic isotope measurements. We
results suggest then that the ATPase active site of myosin isfocus on thechangesn bond orders that occur upon binding
configured in such a way so as to hold the attacking in our analysis since the bond order of the ester bridging
nucleophile close enough and tight enough to the phosphorushond in dianionic vanadates, about 0.7 vu, is considerably
atom of they-phosphate of bound ATP to cause a significant different than that for phosphates. In fact, in one system,
interaction between them and to facilitate catalysis. Indeed, RNase A, when the changes in bond orders in the transition
it is clear that ATPase activity at the active site of myosin is state relative to the phosphate ground state determined by
brought about by attack of a water molecule on the 80 kinetic isotope effectsif) were compared to the changes
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in the bond orders of a protein vanadate complex, a

quantitative agreement was fountyy.

With this caveat, our results have shown that the total bond

order of the three nonbridging %O bonds in the S1
MgADP-Vi complex relative to that found in the model

complex in solution is reduced by about 0.16 vu. Thus, the
sum of the axial bond order is increased by 0.16 vu in the

S1-:MgADP-Vi complex compared with the solution model,
provided that the loss in bond order of the nonbridgirg @
bonds is transferred to the two axial VO bonds involving

the entering and leaving groups (an excellent approximation
for phosphates and vanadates). Hence, we would conclude
from the observed rather small increase of the total apical
bond order that the reaction mechanism is essentially

concerted (§2-like). Taking the analogy further, the 0.16

vu relative increase would imply a small associative character

to the transition state.
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