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Abstract

Ž . Ž .The circular dichroism CD spectrum was measured from vanadate Vi cyclic esters of chiral vicinal diols,
Žw x.hydroxycarboxylates, and cyclodextrines as a function of Vi concentration Vi and at the lowest energy transitions of the

w xvanadium. At low Vi and in the presence of excess vicinal diols, hydroxycarboxylates, or cyclodextrines the CD signal
w x w xintensity scales linearly with Vi indicating the predominance of a monomeric cyclic ester. At higher Vi , the signal

w xintensity in the presence of the vicinal diols and hydroxycarboxylates become nonlinear in Vi , indicating formation of a
Ž51 .dimeric cyclic ester. Vanadium-51 NMR V-NMR indicates the coordination geometry of several of these model Vi

Ž . Ž .centers in solution and identifies the CD signals characteristic to Vi trigonal bipyramidal tbp and octahedral Oh
coordination geometries from monomeric and dimeric species. The CD spectra from monomeric and dimeric forms of the
tbp-coordinated model compounds have two apparent transitions with amplitudes of opposite sign at wavelengthsG240 nm.
Spectra from the monomeric and dimeric Oh coordinated species are distinct from the tbp-type spectra over the same
wavelength domain because of the presence of two additional transitions with opposite sign amplitudes. These model spectra

Ž .were compared to the vanadate CD spectra from Vi bound to rabbit myosin subfragment 1 S1 in solution, in the presence
Ž . Ž .of divalent metal cations MeVi-S1 or trapped with MeADP MeADPVi-S1 . Polymeric MeVi binds to the active site of S1

and the vanadate centers in MnVi-S1 or CoVi-S1 produce a CD signal resembling that from the tbp model. The trapped
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ATPase transition state analog MeADPVi produces a different CD signal resembling that from the Oh model. q 1998
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1. Introduction

The energy causing the relative translation of
myosin and actin filaments during muscle contrac-
tion originates from the free energy released by the
breaking of ATP’s g-phosphate bond in ATP hydrol-

Ž .ysis. The myosin cross-bridge or subfragment 1 S1
contains the energy transducer needed to convert the
chemical free energy to work. The free energy ex-
change between ATP and myosin may occur during
communication of the progressive change in g-phos-
phate structure to the S1 active site structure, in
analogy with the mechanism proposed for other AT-

w xPases 1 . We showed earlier that the distance from
the g-phosphate atom, P , to the oxygen connectingg

the g- and b-phosphates, is an important characteris-
w xtic of the ATP transition state structure 2 . Differing

coordination geometries of the P with its oxygeng

Ž .ligands, starting with tetrahedral Td and ending
Ž . w xwith trigonal bipyramidal tbp 1 , also characterize

the transition structures. The work presented here
regards the coordination geometry aspect of the
structural characterization of P during hydrolysis.g

Studies of model compounds showed that inor-
Ž .ganic phosphate can form Td, octahedral Oh , square

w xpyramidal, and tbp coordination geometries 1,3,4 ,
giving a set of possibilities to consider for transition
state structures during ATP hydrolysis. In recent

Ž .years, the phosphate analog vanadate Vi , beryllium
Ž . Ž y.fluoride BeF , aluminum fluoride AlF , andx 4

scandium fluoride that stabilize the various interme-
diates of myosin-catalyzed ATP hydrolysis, were
increasingly used to characterize these intermediates
w x5–13 . The crystallographic structures of MgADP

Ž .beryllium fluoride MgADPBeF , aluminum fluo-x
Ž y. Ž .ride MgADPAlF , or vanadate MgADPVi4

trapped truncated Dictyostelium S1 identified the
coordination geometry of the phosphate analogs
w x14,15 . The observed Td, Oh, and tbp structures of
the phosphate analog complexes, and other proper-
ties associated with trapped S1 that are unique for

Ž .each analog including: i the fluorescence intensity
w x Ž .from the ATP sensitive tryptophan 8 , ii the shape

of the probe binding cleft containing tryptophan 510
Ž . Ž . w x Ž .Trp510 and the fast reacting thiol SH1 16 , iii

w x Ž .the reactivity of SH1 17 , and iv the near ultra
Ž . Ž . w xviolet UV circular dichroism CD spectrum 12 ,

all suggest that the trapped phosphate analog S1, in
some important respects, represents the structure of
the different transition states. The suggestion of tbp
coordinated vanadate in crystallized MgADPVi

w xtrapped S1 15 agrees with findings from other
w xVi-trapped enzymes 18 .

We used spectroscopic methods to investigate the
coordination geometry of the vanadate center in

Ž .MeADPVi trapped rabbit S1 MeADPVi-S1 , and Vi
Ž .bound to S1 without ADP MeVi-S1 , in solution

and in the presence of various divalent metal cations
Ž .Me . The lowest energy absorption bands of Vi
occur in the near UV spectrum at a lower energy
than the protein absorption band permitting selective
observation of Vi absorption. The CD spectra mea-
sured from model Vi structures in solution, contain-

w x w xing either tbp 19–23 or Oh 24 coordination ge-
ometries, are compared to similar signals originating
from MeADPVi-S1 and MeVi-S1. The model CD
signals provide a spectroscopic fingerprint differenti-
ating the tbp and Oh coordination of the vanadate.
The CD signals from Vi in S1 also differentiate
between the Vi structures in MeVi-S1 and MeAD-
PVi-S1, suggesting that the vanadate centers in
MeADPVi-S1 and MeVi-S1 coordinate in the Oh
and tbp geometries, respectively. These findings dif-
fer from that observed for truncated Dictyostelium
S1, perhaps reflecting differences between crystal-
lized and solution forms of the S1 structure, andror,
truncated Dictyostelium and rabbit S1 structure
w x25,26 . These findings also raise questions about the

Ž .relevance of the coordination of vanadium V as a
phosphate analog, and how the trapped vanadate fits
into the transition state kinetics scheme of myosin
ATPase.
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2. Materials and methods

2.1. Chemicals

Ž . Ž . Ž .R y - and S q -propanediol, and, R y - and
Ž . ŽS q -lithium-lactate were from Fluka Ronkonkoma,
.NY . Vanadate, Tris, HEPES, ATP, ADP, phenyl-

Ž .methanesulfonyl fluoride PMSF , a-chymotrypsin,
Ž .ethylenediaminetetraacetic acid EDTA , dithio-

Ž .threitol DTT , a- and b-cyclodextrin were from
Ž .Sigma St. Louis, MO . All chemicals were analyti-

cal grade.

2.2. Solutions

A stock solution of sodium vanadate was made by
w xthe method of Goodno 27 .

2.3. Preparation of model compounds

Chiral cyclic esters of Vi with R- or S-propan-
ediol were prepared in 50 mM Tris–HCl buffer at

w xpH 7.5 according to Gresser and Tracey 19 . Vana-
date and propanediol concentrations varied from
0.0125–1.0 mM and 0.02–2.63 M, respectively, de-
pending on the experiment. Chiral cyclic esters of Vi
with R- or S-lactate were prepared in 1 M KCl and
10 mM Tris–HCl at pH 7.5 or 7.35, or, HEPES

w xbuffer at pH 6.1 according to Tracey et al. 24 .
Vanadate and lactate concentrations varied from
0.025–1.0 mM and 0.075–0.10 M, respectively, de-
pending on the experiment. Vanadate cyclodextrin
complexes were formed at 6.2–100 mM vanadate
and 10 mM a- or b-cyclodextrin in 25 mM TES at
48C and pH 6 or 7.

2.4. Preparation of myosin S1, MeADPVi-S1, and
MeVi-S1

We prepared rabbit myosin by a standard method
w x28 and S1 by digesting myosin filaments with

w xa-chymotrypsin 29 . MeADPVi-S1 complexes were
formed by incubating 20 mM S1 in 50 mM KCl and
25 mM HEPES buffer at pH 7.0 with 100 mM ADP
and chloride salts of divalent metals. The concentra-
tion of the metal chlorides contained 0.5 mM Mg2q,
0.2 mM Mn2q, 0.2 mM Fe2q, 0.2 mM Co2q, 0.2
mM Ni2q, or 0.5 mM Ca2q. The trapped S1 com-

plexes were formed by incubating S1 at 208C with
ADP and MeCl for 5 min. Subsequently, 0.2 mM2

vanadate was added and the samples incubated for
5–20 min. When necessary, free reagents were re-
moved from the samples by gel filtration on a

ŽSephadex PD10 column Pharmacia, Uppsala, Swe-
.den .
MeVi-S1 complexes were formed identically to

the MeADPVi-S1 complexes at vanadate concentra-
tions of 0.2, 0.5, 1.0 mM, but without ADP and
using 1 mM divalent metal.

2.5. Vanadate-induced photocleaÕage of S1

Experiments were carried out on 8 mM S1 in the
presence of 0.5 mM Vi, 0.5–5.0 mM MnCl or2

CoCl , and 30 mM HEPES at pH 7.0. Protein2

samples on ice were irradiated by a UV transillumi-
w xnator emitting 365 nm for 10 min 30 .

2.6. Sodiumdodecylsulfate polyacrylamide gel elec-
( )trophoresis SDS-PAGE

SDS-PAGE was performed on 7–18% polyacryl-
amide gradient slab gels. Molecular masses of the
bands were estimated by comparing the elec-
trophoretic mobility of the bands with that of authen-
tic markers.

2.7. Spectroscopic measurements

We measured absorption spectra on a Beckman
Ž .DU650 Beckman Instruments, Fullerton, CA spec-

trophotometer and CD spectra on a Jasco J720 spec-
Ž .tropolarimeter Jasco, Tokyo, Japan . All CD mea-

surements were made at 48C with spectral resolution
of 2 nm.

The CD spectra from the model compounds were
recorded in the 240–400 nm wavelength domain,
where only the complexed vanadate center con-
tributes. Free vanadate, propanediol, lactate, or cy-
clodextrin have no measurable CD signal on this
wavelength domain for the concentrations used in
the optical experiments.

The CD spectra from MeADPVi-S1 and MeVi-S1
were recorded in the 250–400 nm wavelength do-
main, where ADP and S1 contribute appreciable CD
signals at wavelengthsF300 nm. Subtracting spectra
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from identically prepared samples with and without
vanadate isolated the CD spectrum of the vanadate
center from the total signal.

2.8. CurÕe fitting

We used the sum of four Gaussian curves to fit
the CD spectra and estimate rotary strengths for the
lowest energy absorption bands of vanadate. A con-
strained least squares protocol located the best linear

Ž . w xparameters amplitudes during curve fitting 31 .
ŽThe best nonlinear parameters spectral maxima and

.widths were found by grid search.

(512.9. Vanadium-51 nuclear magnetic resonance V-
)NMR

51 V-NMR was performed at the Mayo NMR core
facility on a Bruker AMX-500 spectrometer operat-

Ž .ing at 131 MHz. Pulse widths of 608 40 ms ,
spectral widths of 25 kHz, and a repetition rate of 5
Hz were used during the 30 000 spectral scans.
Chemical shifts are reported relative to VOCl via an3

Žexternal reference of Na VO in water y572.93 4
.ppm . All measurements were made at 48C.

3. Results

3.1. Identification of species in the model systems
using NMR

We use a mixture of vanadate with chiral
propanediol or lactate to make molecules containing

w x w xvanadium in the tbp 19–23 or Oh 24 coordination
geometry. Earlier work identified the family of
molecular species produced in each mixture as a
function of several experimental parameters includ-

w xing total vanadate concentration Vi , total propane-T
w xdiol or lactate concentration T , and pH. We useT

these parameters to study the effect of dimer forma-
tion on the CD signal and to control the coordination
geometry of the vanadium.

51 V-NMR identified the molecular species in our
model systems. The 51 V-NMR from a mixture of
2.63 M propanediol and 0.5 mM vanadate in Tris–
HCl buffer at pH 7.5 produced a spectrum similar to

w xthat observed previously 19 . There, two resonance
lines near to y521 ppm were assigned to two iso-
mers of a dimeric cyclic ester of vanadate in the tbp
coordination. Also detected were resonances from
free vanadate and acyclic esters of vanadate. We
observed similar NMR spectra for the R- or S-
isomer of the propanediol in mixture with vanadate
Ž .data not shown .

The 51 V-NMR from a mixture of 100 mM lactate,
1.0 mM vanadate, and 1 M KCl in Tris–HCl buffer
at pH 7.5 produced a spectrum similar to that ob-

w xserved previously 24 . There, resonances were as-
signed to a monomeric cyclic ester of vanadate in the
tbp coordination and to free vanadate in monomeric,
dimeric, and tetrameric forms. Upon lowering the pH
to 7.35, the 51 V-NMR from the same mixture pro-
duced a spectrum again similar to that observed
previously. There, resonances were assigned to cyclic

Ž . Žesters of vanadate in tbp monomeric and Oh di-
.meric coordination and to free vanadate in

monomeric, dimeric and tetrameric forms. Finally,
the 51 V-NMR spectrum from the same mixture ex-
cept that the buffer was HEPES at pH 6.1 produced a
spectrum indicating the exclusive presence of dimeric
cyclic esters of vanadate in the Oh coordination. The
NMR spectrum at pH 6.1 was not previously re-
ported, and is shown with the pH 7.35 spectrum for a
mixture of vanadate and lactate in Fig. 1. Our assign-
ment of structure in pH 6.1 is based on comparison
to the assignments made previously at higher pH.
The lowering of pH below 6.1 had no effect on the
observed NMR spectrum. We observed identical
NMR spectra for the R- or L- isomer of the lactate in
mixture with vanadate.

3.2. Identification of species in the model systems
using CD

Only molecules containing cyclic esters are opti-
cally active in the lowest energy absorption bands of
Vi so that the observed CD signal in mdeg divided
by the optical path length in cm, Srll , is given by

w x w xSrlls32980 De M qDe D 1Ž .Ž .M D

where De and De are the CD molar extinctionM D

coefficients for the monomeric and dimeric cyclic
w x w xester of concentrations M and D . S is measured as

a function of excitation wavelength l.
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51 Ž .Fig. 1. The V-NMR spectrum from 1.0 M KCl, 0.1 M S-lactate, 1.0 mM vanadate, and 10 mM Tris–HCl buffer at pH 7.35 top or
Ž .HEPES buffer at pH 6.1 bottom . The assignment of the chemical species with the resonance peak are indicated, where tbp is trigonal

bipyramidal, Oh is octahedral, and, T and T are dimeric and tetrameric vanadate. The tbp-coordinated species is monomeric, while the2 4

Oh-coordinated species is dimeric at the Vi concentrations used in these experiments.

We observed CD spectra from the R-propan-
w xediol–Vi cyclic ester as a function of Vi . TheT

w xVi was varied from 12.5 to 350 mM in theT
w xpresence of total propanediol concentration, T sT

0.263 M. Fig. 2 shows several of these spectra. The
w xsignal intensity vs. Vi from these data is linear atT

the lowest concentrations, indicating the predomi-
nance of the monomeric cyclic ester species. Signal

w xintensity vs. Vi at higher concentration is nonlin-T

ear and concave upward, indicating dimer formation;
however, the shape of the spectra were always inde-

w xpendent of Vi . Changing pH did not affect theT

shape or intensity of the CD signal. The unchanging
CD spectral shape during the formation of dimers

Ž .implies from Eq. 1 that De ADe , and that theM D

monomers coordinate in the dimer in a manner that
does not alter the energies of the absorption bands.

Ž .By observing Srll in Eq. 1 as a function of both
w x w xVi and T , we obtained De and De , shownT T M D

in Fig. 3, by the method described in Appendix A.
The replacement of R- with S-propanediol in the
mixture with vanadate reversed the sign but did not
otherwise alter the observed CD. The 51 V-NMR data
and X-ray crystallographic structure suggest that the

dimeric cyclic ester of propanediol–Vi is in the tbp
w xcoordination geometry 19,20,22,23 . The shape of

the CD spectrum from the propanediol–Vi cyclic
ester is bimodal at wavelengths above 240 nm and

Fig. 2. The CD signal from R-propanediol–Vi cyclic esters at pH
w x7.5 in the tbp coordination geometry for several Vi s and 0.263T

M R-propanediol. Lowest to highest intensity spectra are plotted
w xfor Vi s50, 100, 150, 200, 250, 300, and 350 mM in a 1-cmT

cell.
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Ž . Ž .Fig. 3. The monomer De solid and dimer De ( ( ( CDM D

extinction coefficients for R-propanediol–Vi cyclic esters at pH
7.5 in the tbp coordination geometry. The inset shows the ob-

w xserved structure for the dimeric cyclic ester 21,23 giving De .D

w xidentical over the range of Vi , where monomericT

or dimeric forms are predominant, suggesting that
both forms are tbp. The inset in Fig. 3 shows the

w xobserved structure for the dimeric cyclic ester 21,23 .
The CD spectrum of R- or S-lactate–Vi was

studied at two pH values. We observed CD spectra
from the S-lactate–Vi cyclic ester at pH 7.5, as a

w x w xfunction of Vi . The Vi was varied from 50 toT T

Fig. 4. The CD signal from S-lactate–Vi cyclic esters at pH 7.5 in
w xthe tbp coordination geometry for several Vi s and 0.20 MT

w xS-lactate. Lowest to highest intensity spectra are plotted for Vi T

s50, 150, 200, 250, 300, 350, 400, and 500 mM in a 1 cm cell.

500 mM in the presence of total lactate concentra-
w xtion, T s0.20 M. Fig. 4 shows several of theseT

spectra. At this pH the cyclic lactate–Vi ester was
proposed to be monomeric and in the tbp coordina-

w xtion geometry 24 . The observed CD signal intensity
w xscales linearly with Vi over most of the 50–500T

mM domain confirming the predominance of the
w xmonomeric species. At the highest Vi s, the shapeT

w xof the CD spectra depend on Vi , indicating someT

dimer formation. The spectral shape at all concentra-
tions is similar to that obtained from propanediol–Vi
reinforcing the assignment of tbp structure to this
species. The replacement of S-lactate with R-lactate
in the mixture reversed the sign but did not other-
wise alter the CD signal.

We observed the CD spectra from the S-lactate–Vi
w xcyclic ester at pH 6.1, as a function of Vi . TheT

w xVi was varied from 25 to 500 mM in the presenceT
w xof total lactate concentration, T s0.075 M. Fig. 5T

shows several of these spectra. The CD signal inten-
w xsity vs. Vi from these data is linear at the lowestT

concentrations, indicating the predominance of the
w xmonomeric cyclic ester species. At higher Vi , theT

w xshape of the CD spectra depend on Vi indicatingT
Ž .dimer formation. By observing Srll in Eq. 1 as a

w xfunction of Vi we obtain De and De by theT M D

method described in Appendix A, and these quanti-
ties are shown in Fig. 6. The replacement of S-lactate

Fig. 5. The CD signal from S-lactate–Vi cyclic esters at pH 6.1 in
w xthe Oh coordination geometry for several Vi s and 0.075 MT

w xS-lactate. Lowest to highest intensity spectra are plotted for Vi T

s25, 50, 100, 200, 400, and 500 mM in a 1 cm cell.
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with R-lactate in the mixture with vanadate reversed
the sign, but did not otherwise alter the CD signal.
51 V-NMR indicates that the dimeric cyclic ester of

w xlactate–Vi is in the Oh coordination geometry 24 .
The CD spectrum from the Oh species has an addi-
tional bimodal feature, when compared to the tbp

w xform, that is present over the range of Vi , where
both the monomeric and dimeric forms are predomi-
nant, suggesting that both forms are Oh. The inset in
Fig. 6 shows the proposed Oh coordinated monomeric
cyclic ester.

Ž . ŽWe used a- cyclohexaamilose and b- cyclo-
.octaamilose cyclodextrins as chiral templates of

Vi. Cyclodextrines are macrocyclic D-glucose
oligomers known to produce enantioselective

w xenrichment of racemates 32 . We observed the CD
spectra from the a-cyclodextrin–Vi complex at pH

w x w x7, as a function of Vi . The Vi was varied fromT T

6.2 to 100 mM in the presence of 10 mM a-cyclo-
dextrin. Fig. 7 shows several of these spectra. The

w xCD signal intensity vs. Vi from these data isT

linear over the entire concentration domain, indicat-
ing predominance of a monomeric cyclic ester
species. The shape of the spectra are independent of
w xVi . The absolute signal intensity indicates thatT

cyclodextrin is a more efficient producer of the
vanadate cyclic ester than propanediol. An identical
signal was produced by the complex at pH 6. The

Ž . Ž .Fig. 6. The monomer De solid and dimer De ( ( ( CDM D

extinction coefficients for S-lactate–Vi cyclic esters at pH 6.1.
The inset shows the proposed S-lactate–Vi monomeric cyclic
ester in the Oh coordination geometry giving De .M

Fig. 7. The CD spectrum of the a-cyclodextrin–Vi complex at pH
w x7.0 for several Vi s and 10 mM a-cyclodextrin in 25 mM TEST

w xat 48C. Lowest to highest intensity spectra are plotted for Vi sT

6.2, 12.5, 25, 50, and 100 mM in a 1 cm cell.

spectra in Fig. 7 and that from the R-propanediol–Vi
complex have similar shapes that are characteristic to
the tbp-coordinated Vi. The interaction of Vi with
cyclodextrin is probably through a cyclic esterifica-
tion reaction involving two vicinal-OH groups of the
glucose units. A similar complex was found in the
RNase-uridine-Vi crystal, where a cyclic Vi ester
was formed between the vicinal OHs of the nu-

w xcleotide ribose ring 33 . The tbp-coordinated vana-
date in the cyclodextrin–Vi model complex demon-
strates a new more efficient biomimetic compound
for optical and NMR studies of vanadate structure.

3.3. CD from MeVi-S1 and MeADPVi-S1

Myosin S1 complexed with MeVi develops a
strong extrinsic Cotton effect in the vanadate absorp-
tion band. Fig. 8 shows the vanadate center CD
spectrum of CoVi-S1. A similar spectrum was ob-
served from MnVi-S1. Results from Section 3.2
above show that the CD spectrum from tbp-coordi-
nated Vi has a characteristic bimodal shape quite
different from the spectrum obtained from Oh coor-

Ždinated Vi compare monomer spectra from Figs. 3
.and 6 . Comparison of Fig. 8 with Figs. 3 and 6

suggests that the coordination of the optically active
vanadate center in MnVi-S1 or CoVi-S1 is tbp.
MgVi-S1, NiVi-S1, FeVi-S1, and CaVi-S1 did not
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develop an observable CD signal in the lowest en-
ergy absorption band of the vanadate.

We observed the vanadate center CD spectrum
from CoVi-S1 as a function of free vanadate concen-

Ž .tration ranging from 0.2 to 1.0 mM data not shown .
In this range, monomeric, dimeric and tetrameric
vanadate species are present at known concentrations
w x30 . CD from the tbp-coordinated model compounds
indicate that bound vanadate stoichiometry does not
influence the shape of the CD spectrum; however,
signal intensity from CoVi-S1 scales linearly only
with tetrameric vanadate concentration, indicating
that it originates principally from tetravanadate bind-
ing to S1. We propose that the optically active
vanadate occupies the g-phosphate location in the
ATP binding site, a location indicated by the vana-
date-mediated photocleavage in these complexes de-
scribed in Section 3.4 below, and that the induced
signal follows from specific interactions between the
oxygen ligands of Vi and the active site of S1.

Myosin S1 complexed with MeADPVi also devel-
ops a strong extrinsic cotton effect in the absorption
band of the vanadate. Fig. 9 shows the vanadate
center CD spectrum of MgADPVi-S1. Comparison
of Fig. 9 with Figs. 3 and 6 suggest that the coordi-

Fig. 8. The CD difference spectra between CoVi-S1 and Co-S1.
The insert shows the CoVi-S1 spectrum before subtraction. The
axes in the insert are scaled identically to those in the larger
figure. Spectra were measured in a 0.5 cm cell.

Fig. 9. The CD difference spectra between MgADPVi-S1 and
MgADP-S1. The insert shows the MgADPVi-S1 spectrum after
subtraction of the free MgADP signal. The axes in the inset are
scaled identically to those in the larger figure. The spectrum in the
insert is identical to that produced from an equal protein concen-
tration sample of MgADPVi-S1 when free MgADP was removed
by gel filtration. Spectra were measured in a 0.5 cm cell.

nation of the vanadate center in MgADPVi-S1 is Oh.
Similar spectra were observed from the vanadate
center when the complex was formed with the diva-
lent metal cations Mn2q, Co2q, Ni2q, Fe2q, and
Ca2q. The appearance of the CD band around 350
nm is very characteristic to the MeADPVi-S1 com-
plex, while its intensity and wavelength maximum
depend on the specific metal cation. Table 1 summa-
rizes the rotary strengths and wavelength maxima for
this electronic transition in MeADPVi-S1 as a func-
tion of the divalent cation. We find that the rotary
strengths correlate with V of the actin-activatedmax

ATPase for the various divalent cations, except for
2q w x 2qNi 11 , probably because Ni has square planar

geometry unlike the other metals, which have octa-
hedral or tetrahedral geometry.

3.4. Vanadate-induced photocleaÕage of MeVi-S1

Irradiation with near UV light in the presence of
MgVi cleaves the S1 heavy chain at three specific
sites viz., at 23, 31 and 74 kDa from the N-terminus
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Table 1
The effect of divalent cations on the wavelength maxima and rotary strength of the lowest energy electronic transition of the MeADPVi-S1
complex and on the actin-activated ATPase

Metal l Rotary Strength V actin-activatedmax max
y1 aŽ . Ž . Ž .nm D–B ATPase s

2qMn 344 0.12 16.4
2qMg 348 0.105 14.7

2qNi 353 0.056 3.1
2qCo 345 0.041 10.8

2qFe 341 0.041 8.1
2qCa 346 0.025 7.1

a w xValues measured at 258C and taken from Peyser et al. 11 .

w x30,34 . The 23- and 31-kDa cleavage sites are at
w x w xSer180 35 and Ser242 36 , respectively, and both

sites were shown to participate in forming a phos-
w xphate binding loop in the active site of myosin 14 ,

demonstrating Vi binding to the active site. Since
only MnVi-S1 and CoVi-S1 produce characteristic
vanadate center CD signals, we UV-irradiated MeVi-
S1 samples and analyzed the products with SDS-
PAGE to test whether MnVi and CoVi bind to the
active site. Our results are shown in Fig. 10.

UV irradiated samples of S1 heavy chain are
cleaved at 23 kDa from the N-terminus in the pres-
ence of Mn2q and Co2q. Increasing divalent cation

Fig. 10. Vanadate-induced photocleavage of MnVi-S1 and CoVi-
S1. Vi in 0.5 mM concentration was added to 8 mM S1 in 30 mM
HEPES pH 7.0 and increasing concentrations of MnCl or CoCl .2 2

The samples were irradiated by UV light and analyzed by SDS-
Ž . Ž . Ž .PAGE as described in Section 2. Lanes: a tryptic S1; b S1; c

Ž .irradiated S1, 2 mM MgCl ; d irradiated S1, 0.5 mM MnCl ;2 2
Ž . Ž .e irradiated S1, 5.0 mM MnCl ; f irradiated S1, 0.5 mM2

Ž .CoCl ; g irradiated S1, 5.0 mM CoCl . Vertical letters: HC, S12 2
Ž .heavy chain 95 kDa . Left vertical numbers: molecular masses of

tryptic S1 heavy chain fragments in kilodaltons. Right vertical
numbers: molecular masses of the S1 heavy chain fragments
produced by photocleavage in kilodaltons.

up to 5 mM has no effect on the 23-kDa cleavage,
even though this cation concentration partially in-
hibits the photocleavage at 74 kDa from the N-

Ž w x.terminus see also Ref. 37 . In contrast, the pres-
ence of Mn2q, and even more so Co2q, inhibited the
cleavage at the 31 kDa site. These results indicate
that the phosphate binding loop of the active site is
occupied by vanadate in the presence of MnVi or
CoVi; however, the binding is different from the
binding of MgVi, where there is cleavage at both
sites. The difference in the bound vanadate structure
between MnVi-S1 or CoVi-S1 and MgVi-S1, sug-
gested by photocleavage, is also indicated by CD
where a vanadate center CD signal originates from
MnVi-S1 and CoVi-S1, but not from MgVi-S1 or
from the other MeVi-S1 complexes used in this
study.

3.5. Calculation of optical signals

We calculated the energy, and dipole and rotary
strengths of electronic transitions in model
monomeric cyclic esters of vanadate in tbp and Oh
coordination geometry as described in Appendix B.
Fig. 11 shows the observed De from Fig. 3 for theM

monomeric R-propanediol–Vi cyclic ester in the tbp
coordination geometry. The transition energies and
rotary strengths measured from De are also shownM

in the figure as are the estimates made from the
semi-empirical calculations on model monomeric tbp

Žstructures taken from the dimeric cyclic ester shown
.in the insert to Fig. 3 . We considered two isomers

for the monomeric cyclic ester, where the methyl
group on the propanediol is closest to, either the
oxygen at an apex of one of the bipyramids, or an
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oxygen in the plane of the common base of the
bipyramids. We calculated similar rotary strengths
and identical transition energies for these isomers,
and averaged their rotary strengths to arrive at the
estimate shown in Fig. 11. We did not attempt to
compare observed and calculated dipole strengths
because with absorption, the contributions from
cyclic ester monomers and dimers, the various acyclic
esters, and vanadate are not readily distinguishable
as they are with CD.

Fig. 12 shows the observed De from Fig. 6 forM

the monomeric S-lactate–Vi cyclic ester in the Oh
coordination geometry. The transition energies and
rotary strengths measured from De are shown inM

the figure, as are the estimates made from the semi-
empirical calculations on a model monomeric Oh

Ž .structure shown in the inset to Fig. 6 . The model
tbp and Oh structures give energies and rotary

Ž .Fig. 11. The observed De qqq for the R-propanediol–ViM

cyclic ester in the tbp coordination geometry taken from Fig. 3.
The spectrum consists of two electronic transitions best fitted with

Ž .a sum of four Gaussian curves solid line . A single positive
Ž .amplitude Gaussian curve ( ( ( approximates the higher energy

transition centered at 260 nm. A sum of three negative amplitude
Ž .Gaussian curves ( ( ( approximate the lower energy transition

centered at 315 nm. The scale on the right y-axis is in Debye–Bohr
Ž .Magneton D–B for comparison with the height of the solid or

broken vertical spikes in the figure. The height of the solid
Ž . Ž .broken spike is the rotary strength observed calculated for each

Ž .electronic transition. The position of the solid broken vertical
Ž .spikes on the abscissa represents the observed calculated transi-

tion energies. Comparable observed and calculated transitions are
grouped under transition number 1 or 2 designated in the figure.

Ž .Fig. 12. The observed De qqq for the S-lactate–Vi cyclicM

ester in the Oh coordination geometry taken from Fig. 6. The
spectrum consists of four electronic transitions best fitted with a

Ž .sum of four Gaussian curves solid line . The two positive ampli-
Ž .tude Gaussian curves ( ( ( approximate the transitions centered

at 248 and 327 nm. The two negative amplitude Gaussian curves
Ž .( ( ( approximate the transitions centered at 266 and 315 nm.

Ž .The vertical spikes are for comparison of observed solid and
Ž .calculated broken electronic transition energies and rotary

strengths as described in the caption to Fig. 11. Comparable
observed and calculated transitions are grouped under transition
numbers 1, 2, 3, or 4 designated in the figure.

strengths in good qualitative agreement with the
observed values.

4. Discussion

The coupling of chemical intermediates in ATP
hydrolysis with transient structural states of myosin
S1 in contraction is a practical model for energy
transduction that can be investigated using structural
studies of the bound ATP and S1. ATP hydrolysis,
from the viewpoint of ATP structure, might be de-
scribed as a lengthening of the distance, d, separat-
ing Pg from the oxygen connecting the g- and

w xb-phosphates 2 , while g-phosphate coordination ge-
w xometry shifts from tetrahedral to tbp 1 . The protein

responds to the ATP structural changes with its own
structural changes that we characterize generally as
performing energy transduction. The transient state
analogs provide a means to study both protein and
nucleotide structures if the analog faithfully repre-
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sents the principal structural features of the real
ATPase intermediates. Lately, we used the move-
ment of the probe binding cleft, in response to the
trapping of the phosphate analogs, to support the
notion that an increase in d correlates with closure

w xof the probe binding cleft 2,16 . This previous work
established that the phosphate substitutes such as,
beryllium fluoride, aluminum fluoride, scandium flu-
oride, and vanadate mimic the real ATP transient
with regard to d.

A second interesting aspect of the ATP transient
analog is its coordination geometry, and how well
the vanadate can mimic the native structure of the

Ž .terminal phosphate. The vanadium V anion has a
more flexible coordination geometry than phosphate
w x38,39 . Tetra, penta, and hexacoordinated vanadate
molecules have various stereostructures that depend
on concentration, pH, and complexing agents. These
structures were studied from vanadate complexes in
solution, bound to proteins, and in crystal form
producing a variety of sometimes divergent results
w x18–23,33,40–42 , possibly due to differences in
methods, interpretation, or in hydration of the vana-
date complex in solution vs. the solid state.

In this paper, we investigated the coordination
geometry of the vanadate phosphate analog of an
ATP transient using CD. This is possible with the
vanadate, because its lowest energy electronic transi-
tions are in a region of the spectrum distinct from the
contribution of the protein. We verified, using
biomimetic model compounds of vanadate cyclic
esters in solution, that the vanadate CD signal in
these absorption bands uniquely distinguishes the tbp
from the Oh coordination geometry. Then, upon
comparison of model spectra with spectra from
MgADPVi-S1, we concluded that trapped vanadate
in MgADPVi-S1 is in the Oh coordination geometry.
Vi trapped in Dictyostelium S1 was reported to be in

w xthe tbp coordination 15 . This discrepancy could be
from several possibilities including, structural differ-
ences between the truncated Dictyostelium and rab-

w xbit skeletal S1 that affect substrate binding 25,26 ,
or differences between crystal and solution structures
w x23,42 . The latter possibility may be from the in-
volvement of a water molecule in the solution struc-
ture that changes the vanadate geometry from penta
to hexacoordination. Comparison of model spectra
with Co or MnVi-S1 spectra indicates that the vana-

date center in these species have tbp coordination
geometry. The scaling of the CD signal in Co or
MnVi-S1 with the concentration of the free tetra-
vanadate species in solution suggests that Vi binds to
the active site of myosin in the tetrameric form in

51 w xagreement with previous V-NMR results 30,37 .
The docking of the vanadate center in the MgAD-

PVi-S1 complex is at the g-phosphate site. Bound
MeVi is a tetramer, and probably part of it binds to
S1 similarly to Mg-pyrophosphate. The vanadate
stabilizing side chains are likely the serine OH groups
Ž .serine-180 and 243 as shown by vanadate-induced

w xphotocleavage of S1 in MeVi-S1 30,34,37,43,44
and by the X-ray structure of the ATP binding site
w x15 . These connections are very similar to those
formed in the biomimetic vanadate models if we
substitute the serine OH groups with the vicinal OHs
of the propanediol. The biomimetic models suggest
that the tbp vanadate structure in the protein is
formed by esterification with alcoholic OH groups
from these serines. The Oh coordination needs an
additional ligand possibly formed with a water
molecule, and, different stabilizing connections per-
haps with one of the carboxyl groups in the g-phos-
phate site.

Both the Vi-induced photocleavage and Vi center
CD experiments demonstrated metal cation depen-
dence in the interaction between Vi and the active
site of S1. In the photocleavage experiments, the
optically inactive MgVi-S1 complex was cleaved at
Ser180 and Ser243 while the optically active CoVi-S1
and MnVi-S1 complexes were cleaved only at
Ser180. In MeADPVi-S1 complexes the active site
of MgADPVi-S1 is cleaved at Ser180, but not when
Co2q, Mn2q, or Ni2q is the accompanying cation
w x45 , and, the rotary strength and wavelength maxi-
mum of the Vi CD band in MeADPVi-S1 depends
on the cation present. Most significantly, the corre-
lated cation dependence of V in actin-activatedmax

ATPase with the vanadate rotary strength in MeAD-
Ž .PVi-S1 see Table 1 , relates a biochemical property

of the native substrate with the detailed geometry of
the Oh coordination of the vanadate analog. Proba-
bly, the fact that the metal cation interacts with the
functionalities of both the active site and substrate
w x14 , while these interactions are affected by the
coordination geometry and the ionic radius of the
divalent metal, is why the binding of vanadate is
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influenced by the nature of the accompanying metal
cations. This influence similarly appears in the AT-

w xPase 11 .
Our past and present work suggests that the

trapped vanadate analog of the ATPase intermediate
in S1 reliably mimics one proposed feature of the
real intermediate, i.e., the length d that correlates

w xwith closure of the probe binding cleft 2 , but fails
to mimic a second proposed feature of the real
intermediate, i.e., the tbp coordination of the -phos-
phate. There are two scenarios for the implications of
these findings for the mechanism of energy transduc-
tion. The first is that the trapped vanadate analog is
an incomplete representation of an ATPase interme-

w xdiate as recently suggested for ribonuclease A 46 ,
and for rabbit S1, since its coordination geometry is
not tbp as expected from earlier work on other

w x w xenzymes 33,40 and Dictyostelium S1 15 . The
second is that the trapped vanadate analog represents
a transient Oh structure of the terminal phosphate in
S1 ATPase similar to the structure of the fluoralumi-

w xnates trapped in NTPase enzymes 14,47,48 . Let us
assume in the subsequent discussion that both d and
the coordination geometry of the g-phosphate are
important in energy transduction.

If the first scenario is correct, then it appears that
S1 structure responds to ATP hydrolysis in two or
more independent ways. One response, due to chang-
ing d, is elicited by the vanadate analog and causes
closure of the probe binding cleft, while perhaps
another unmonitored response, for instance actin-bi-
nding affinity modulation, is controlled by g-phos-
phate coordination, and does not occur with this
analog. If the second scenario is correct, then an Oh
coordinated g-phosphate is a transient intermediate
of ATP hydrolysis. This notion is supported by the
divalent cation-mediated correlation between the Vmax

of actin-activated ATPase and the rotary strength of
the vanadate analog. The Oh coordination of the
phosphate atom was demonstrated with model com-

w xpounds 3,4 ; however, the literature on nucleotide
w xtransient intermediates in RNAse 18,33,40 do not

mention this possibility. The application of our opti-
cal technique to other vanadate-trapped ATPases may
provide further evidence supporting one of the two
scenarios, or, show that the use of the Oh coordina-
tion in ATPase is enzyme-dependent. The latter idea
is supported by the ability of trapped Al to assume

tbp or Oh coordinations in different enzymes includ-
w x w xing myosin 14 , nucleoside diphosphate kinase 49 ,

w xand GTPase-activating protein 50 .
In summary, comparison of CD spectra originat-

ing from model vanadate compounds of known
structure to that obtained from the vanadate-S1 com-
plex identified the structure of the vanadate center in
S1. Contrary to expectations, the vanadate center in
S1-trapped MgADPVi is octahedral, raising ques-
tions about the competence of the vanadate as a
transient state analog for ATP hydrolysis. Trapped
vanadate CD from other ATPases may help to clarify
if the present observations are unique to myosin.
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Appendix A. Equilibrium constants, D e , andM

D e from mixtures of propanediol or lactateD

with Vi

A.1. Propanediol–Vi

We model the mixture of propanediol and Vi with
the scheme suggested for ethylene glycol–Vi mix-

w xtures 19,21 ,
K1

ViqT ° AqW A1Ž .
K 2

AqT ° BqW A2Ž .
K 3

A ° M A3Ž .
KX

3

AqA ° Dq2W A4Ž .
K 4

MqM ° Dq2W A5Ž .

where K s are equilibrium constants, Vi is freei
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vanadate, T is propanediol, W is water, A is an
acyclic ester of vanadate, and B is an acyclic diester.
The M and D species are the optically active
monomer and dimer cyclic esters introduced in Eq.
Ž . w x w x1 . We solve for M and D in terms of the
equilibrium constants and the total vanadate concen-

w x w x w x w x w x w xtration, Vi s Vi q A q B q M q2 D , find-T

ing,

1r2w x w xM s2 x y1q 1qy Vi ry A6Ž .Ž .T

21r2w x w xD s1r2 y1q 1qy Vi ry A7Ž .Ž .T

with

ys4arb2 xs1rb A8Ž .

1 1 g K22w xas2 K r W bs1q q q4
g K K K K1 3 3 3

A9Ž .

w x w xg' T r W A10Ž .

w x w xW and T are treated as constant because they are
in large excess of the other molecules in all of the
experiments. The equilibrium constants K and K1 2

describe the esterification of vanadate with propane-
diol. They were measured for the vanadaterethylene
glycol mixture to be 18.6"1.0 and 4.9"0.31, re-

w xspectively 19 , and have comparable values in other
w xvanadateralcohol mixtures 51 .

In propanediol–Vi De and De are equal ex-M D

cept for scaling factors such that the wavelength
dependence in the CD signal can be isolated using,
Ž w x . Žw x . Ž . Ž .S l, Vi , g ss Vi , g g l , De se g l ,T T M M

Ž . Ž .and De se g l , where g l is the shape func-D D

tion. The relationship among the unknowns are then,
Ž . Ž . Ž . Ž . Ž . Ž .from Eqs. 1 , A6 , A7 , A8 , A9 and A10 ,

w xs Vi ,g rllŽ .T

1r2w xs32 980 e 2 x y1q 1qy Vi ryŽ .T½ M

21r21r2 w xqe y1q 1qy Vi ry A11Ž Ž .T 5D

Ž . Ž . Ž . Ž .Eqs. A8 , A9 , A10 and A11 show that the

w x Žw x .Vi and g dependence in s Vi , g is explicit inT T
w x Žw x .Vi but implicit in g . We used s Vi , g forT T

Žw x w x .gs0.0047 T r W s0.263r55.556 and 12.5 mM
w xF Vi F350 mM and solved the system of Eq.T

Ž .A11 for unknowns xe , e , and y with a linearM D

least squares protocol for linear parameters xe andM

e , while varying y over all possible values. TheD

best fit requires,

y1x gs0.00475 e s0.30 M cm A12Ž . Ž . Ž .M

y1e s17.6 M cm A13Ž . Ž .D

y gs0.00475 s2.0=103 My1 A14Ž . Ž .
Žw x . w xWe observed s Vi , g for Vi s200 mM andT T

y4 y3 Ž .3.6=10 FgF3.2=10 data not shown and
Ž .solved the system of Eq. A11 for unknowns e ,M

K , K , and K subject to the constraints in Eqs.1 2 3
Ž . Ž . Ž . Ž .A12 , A13 and A14 . We find that Eqs. A11 ,
Ž . Ž . Ž .A12 , A13 and A14 are insensitive to the choice
of K because g is always small in our conditions2
Ž Ž ..see Eq. A9 , and we may assume K f4.9, its2

value for ethylene glycol, without significantly af-
fecting the other parameters in the solution set. The

Ž .y1best fit then requires e s1.4 M cm , K s18.6,M 1
w x 5 X 2 w xK s3.5, K r W s2.8=10 , K sK K r W s3 4 3 4 3

3.5=106, and the De and De plotted in Fig. 3.M D

K is identical to, while K X is larger than, the1 3
wequivalent values for the ethylene glycol case K3

and K were not determined and K X s2.3–2.6=4 3
5 w xx10 in the ethylene glycolrvanadate system 19 .

This result for K X , indicating that the propanediol–Vi3

mixture forms more cyclic esters than a comparable
mixture of ethylene glycol–Vi, was confirmed with
51 Ž .V-NMR data not shown .

A.2. Lactate–Vi

The 51 V-NMR from lactate and Vi at pH 6.1 in
Fig. 1 shows that the mixture contains cyclic esters
of lactate–Vi but no other species. The relevant

Ž .scheme describing this system is Eq. A5 for the
combination of monomeric and dimeric cyclic esters
with equilibrium constant K , except that only one4

water molecule is liberated with dimer formation
w x24 . We solved this problem using lactate–Vi CD

w xspectra observed as a function of Vi to find De ,T M
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De and K by a method described previously forD 4

the analogous problem of dimer formation in xan-
w x 5thene dyes 52 . We find K s2.7=10 and the4

De and De plotted in Fig. 6.M D

Appendix B. Energies, dipole and rotary strengths
of the tbp and Oh coordinated vanadate

All possible structural isomers of the R-propan-
ediol–Vi cyclic ester monomer were generated and
energy minimized in vacuum using molecular me-

Ž .chanics MMq force field . The starting bond dis-
tances and angles for tbp-coordinated Vi were taken

w xfrom the crystal structure 20 . The S-lactate–Vi
cyclic ester was similarly generated and energy mini-
mized, but no crystal structure was available for this
model compound. The absorption spectra of the en-
ergy-minimized isomers were calculated with the
semi-empirical quantum mechanical method

Ž .ZINDOrS with configuration interaction CI and
parameterization for spectroscopy from transition

w xmetals 53 . ZINDOrS calculations were carried out
on the cyclic esters with a charge of y1 and zero
electronic spin in the ground state. We computed
rotary strengths for these molecules from Hartree–
Fock radial wavefunctions and atomic orbital coeffi-
cients generated in ZINDOrS using the origin inde-

w xpendent matrix method 54,55 as described below.
The ZINDOrS calculation combines atomic or-

< :bitals, f , to produce coefficients, C , givingi i, j
< : < :molecular orbitals c sÝ C f describing thei m m , i m

electronic structure of the molecule. The sum over m

< :in Ý C f covers all of the atomic orbitals in them m , i m

basis set. The CI diagonalizes the Hamiltonian opera-
tor with molecular orbitals producing energy eigen-
values and the CI molecular orbital coefficients, D ,i, j

< : < :giving the state wavefunctions F sÝ D c .i m m , i m

We choose occupied and unoccupied molecular or-
bitals to participate in the CI, so that the sum over m

< :in Ý D c covers only the participating orbitals.m m , i m

ŽWe find the electron density matrix elements, P jm,n
.§ i , using the relation,

² < < : ² < < :F c F s P j§ i f c f B1Ž . Ž .ˆ ˆÝj i m ,n m n

m ,n

where c is an arbitrary operator. Substituting on theˆ
Ž . < :left hand side of Eq. B1 with F sÝi m ,n

< :D C f , we construct the density matrix fromm, i n ,m n

the known coefficients D and C . The neglect ofi, j i, j

diatomic differential overlap approximation simpli-
Ž .fies Eq. B1 , such that the sums over m and n

pertain only to atomic orbitals from a given atom A.
This is indicated by a superscript on P and the
explicit sum over atoms, giving

² < < : A ² < < :F c F s P j§ i f c f B2Ž . Ž .ˆ ˆÝ Ýi i m ,n m n

m ,nA

The electric and magnetic dipole moment matrix
² < < : ² < < :elements for a molecule, F e F and F m F ,f i i f

Ž .are from Eq. B2 ,

² < < : A ² < < :F e F s P f§ i q f R fŽ .Ý Ýf i m ,n m A n

m ,nA

B3Ž .
² < < : A ² < < :F m F s P i™ f f R =p fŽ .Ý Ýi f m ,n m A n

m ,nA

B4Ž .

where q is the charge of an electron, R is theA

position vector of an electron in an orbital of atom
A, and p is the momentum operator of an electron
Žyou need not specify A on p since this operator is

.the same for every atom . Substituting the expression
R sR qr, where R is the vector from theA A,0 A,0

origin to the nucleus of atom A, and r is the vector
Ž .from the nucleus to the electron, into Eqs. B3 and

Ž .B4 gives,

A² < < :F e F s R Z y P f§ iŽ .Ý Ýf i A ,0 A m ,m½
mA

A ² < < :q P f§ i q f r f B5Ž . Ž .Ý m ,n m n 5
m ,n

² < < :F m Fi f

1r2y1 p E yEŽ . Ž .i f
s RÝ A ,0hc A

=² < < :F e Fi f

A ² < < :q br" P i™ f f L f B6Ž . Ž . Ž .Ý Ý m ,n m n

m ,nA

where Z is the nuclear charge of atom A, E is theA j
< :energy eigenvalue associated with F , b is thej

Bohr Magneton, " is Planck’s constant divided by
2p , L is the orbital angular momentum operator, and

Ž . Ž .c is the speed of light. The step from Eqs. B4 , B5
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Ž . ² < < :and B6 uses the substitution F p F si j
wŽ .1r2 xŽ .² < < :y1 mr" E y E F r F . The electrici j i j

dipole moment is the sum of the classical electric
dipole moment and the polarization of the atomic
orbitals. The magnetic dipole moment is the sum of
the origin-independent extrinsic magnetic dipole and
the intrinsic magnetic dipole neglecting electronic
spin.

We compute the dipole and rotary strengths for
transitions from the ground state using the formulas
w x56 ,

<² < < : < 2D s F e F0, f f 0

s9.18=10y3 nr 2He dlrl D2 B7Ž .
² < < : ² < < :R s Im F e F P F m F� 40, f f 0 0 f

s0.248 rHDe dlrl D–B B8Ž .
where n is the index of refraction of the medium

Ž 2containing the light absorbing molecule, rs3r n
.q3 is the Lorentz correction accounting for the

polarizability of the solvent, Im means take the
imaginary part, D is Debye, and D–B is the Debye–
Bohr Magneton.
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