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ABSTRACT. Acrylamide quenching of tryptophan 510 (Trp510) fluorescence in rabbit skeletal myosin
subfragment 1 (S1) indicates the conformation of the probe binding cleft, containing the highly reactive
thiol (SH1) and Trp510, in the presence of nucleotides or nucleotide analogs trapped in the active site of
S1 [Park et al. (1996Biochim. Biophys. Acta 1298—4]. The Trp510 quenching efficiency shows that

the probe binding cleft closes slightly in the presence of beryllium fluoride trapped MgADP (MgARPBeF
S1) and most tightly in the presence of vanadate trapped MgADP (MgADPVi-S1) with aluminum fluoride
and scandium fluoride trapped MgADP (MgADPAIB1 and MgADPScES1) falling in between in the

order MgADPBek > MgADPAIF, > MgADPSck > MgADPVi. These nucleotide analogs are identified

with sequential structural changes in MgATP during hydrolysis in the same order with beryllium fluoride
occurring earliest in the ATPase cycle. Correlation of the separation distance)optiesphate analog

metal from the oxygen connecting it to tjfiephosphate in ADP, to the extent of cleft closure, suggests
that this distance in the nucleotide transition state determines the conformation of the probe binding cleft.
Trp510 quenching efficiency was also measured as a function of the base moiety of the vanadate trapped
Mg-nucleotide diphosphate (MgNDPVi-S1). The extent of cleft closure is largest in the presence of the
natural substrate NDP and follows the order MgADP¥iMgCDPVi > MgUDPVi > MgIDPVi >
MgGDPVi with very little difference between MgADPVi and MgCDPVi. These data follow the order of
the effectiveness of the corresponding nucleotide triphosphates to support force production in muscle
fibers [Pate et al. (1993). Biol. Chem. 26810046-10053]. In both the fiber and S1, it appears that the
6-position amino group of the bases of ADP and CDP is required to properly anchor the nucleotide in the
active site, possibly at tyrosine 135 as suggested by X-ray crystallographic studies [Fisher et al. (1995)
Biochemistry 348960-8972]. Finally, the Trp510 quenching efficiency was measured as a function of
the size of the divalent cation trapped in the active site of S1 with ADPVi. These data failed to show a
correlation suggesting that the divalent cation is not involved with the propagation of influence from the
active site to the probe binding cleft. The forgoing experiments suggest that the changing conformation
of ATP during hydrolysis, parameterized by the increasing distance betwegh éinel they-phosphate,
stresses the active site of S1 through proteincleotide contacts at thephosphate and nucleotide base.

The stress-induced strain in the cross-bridge may be the mechanism by which energy in ATP is transferred
to the myosin structure.

The mechanism by which myosin transduces chemical cleft closes incrementally in a one-to-one relationship with
energy, liberated by the hydrolysis of ATP, into mechanical the transition state complexes of ATP (Park et al., 1996c).
work likely involves the movement of energy from the A model for the mechanism of muscle contraction has a
nucleotide to the active site structure and then through theportion of the actin-bound myosin cross-bridge rotating
structure of the protein to other sites in myosin (Morales & during ATP hydrolysis to impel actin and generate force
Botts, 1979). Like others, we search for the consequence(Rayment et al., 1993). This model, a variation of the
of this movement of potential energy in conformation traditional rotating cross-bridge model of contraction (Hux-
changes in myosin that correlate with ATPase (Botts et al., ley, 1969; Huxley & Simmons, 1971), is supported by data
1989). One approach in this search is the measurement ofindicating that substrate binding to the active site of myosin
static structural parameters of myosin as a function of causes a change in the shape of the myosin cross-bridge or
nucleotide analogs occupying its active site (Fisher et al., subfragment 1 (S1) (Wakabayashi et al., 1992; Highsmith
1995; Smith & Rayment, 1996). This approach is meaning- & Eden, 1993). We believe that the closing of the probe
ful because the nucleotide analogs were shown to mimic binding cleft during ATP hydrolysis facilitates this shape
transition state complexes of ATP (Werber et al., 1992). change and that the return of the cleft to its shape in the

Previously, we observed the conformation of the probe absence of nucleotide is the force-generating step (Park et

binding cleft in myosin, containing the highly reactive thiol al., 1996(:)‘. o _
(SH1) and a nucleotide-sensitive tryptophan (Trp510), as a 10 quantify the movement of the probe binding cleft in

function of bound nucleotide analogs. We showed that this myosin, we isolate fluorescence emission from Trp510 and
measure its availability to dynamic quenching by acrylamide.
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in 5'F-S1 such that the probe totally quenches its emission. not removed from the sample, but the reaction was stopped
The probe is too far from the rest of the tryptophans to affect by the dilution of S1 with the DTT-containing protein buffer.
their emission (Burghardt & Ajtai, 1996; Ajtai & Burghardt, Unlabeled S1 was prepared and handled identically to the
1995). Since modification of SH1 does not otherwise alter labeled protein so that unlabeled and labeled samples had
tryptophan emission (Park et al., 1996b), the difference in identical protein concentration and their tryptophan fluores-
the tryptophan emission between S1 ariE-S1 originates  cence emission intensities could be directly subtracted. The
exclusively from Trp510. This method for isolating the fluorescence intensities were corrected for the dilution due
Trp510 signal also works in the presence of nucleotide or to the addition of ultrapure acrylamide. The addition of 0.2
nucleotide analogs (Park et al., 1996hb). M acrylamide to the sample produced a total absorbance of
In the present work, we correlate structural features of <0.065 at 298 nm and negligible inner filtering of the
different natural nucleotides with the probe binding cleft €xcitation light.
conformation. These features, represented in Figure 1 by Preparation of StNucleotide Analog Complexe8eryl-
A, B, and C, define the regions of interest. Feature A shows lium, aluminum, and vanadate NDP trapped S1 were
d, the separation of thg-phosphate (P or y-phosphate  prepared as described previously (Werber et al., 1992; Park
analog metal) from the oxygen connecting it to fhehos- et al.,, 1996¢). Scandium trapped S1 was prepared after
phate (B) in ATP. We find that cleft movement correlates Gopal and Burke (1995). For gallium trapped St5u:M
with d such that increasing closes the cleft. Feature B S1in 25 mM TES, pH 7.0, was mixed with 1 mM Mggl
identifies the position of divalent cations linking nonbridging 0.2 mM ADP, 50 mM NaF, and 0.1 mM Gagfor 20 min
oxygens of P and R in ATP, and we find that the ionic ~ at 25°C (Park et al.,, 1996a). Vanadate trapped S1 with
radii of the divalent cations do not correlate with cleft other NDPs was prepared by substituting CDP, IDP, GDP,
movement. Feature C identifies the base of the nucleotide.or UDP for ADP. Vanadate trapped S1 in the presence of
We find that quenching of Trp510 is strongly dependent on various divalent cations was prepared by substituting goCl
the base of the nucleotide and that the nucleotides supportingNiClz, or MnCl, for MgCl,. With the exception of MgGD-
force production in muscle fibers (Pate et al., 1993; White PVi and MgIDPVi, analogs trapped S1 with 85% efficiency
et al., 1993) are also the most effective in modulating the as measured by SI'EDTA ATPase inhibition. MgGDPVi
probe binding cleft. The latter result clearly demonstrates and MgIDPVi trapped S1 with 6675% efficiency.
the association of cleft movement with force production. The  Fluorescence Measurement®/e measured fluorescence
findings presented here suggest a mechanism for exchangingn an SLM 8000 spectrofluorometer (SLM Instruments,

energy between ATP and myosin. Urbana, IL) with monochromator slits of-24 nm. Tryp-
tophans in S1 or labeled S1 were excited with 298 nm light,
MATERIALS AND METHODS and we quantitated tryptophan emission using the emitted

light intensity at 336 nm or using the area from the emission
band integrated from 320 to 354 nm. All fluorescence
measurements were made at®

We form the difference emission intensity between S1 and
5'F-S1 such thatAF = Fs; — Fsr-s1, WhereF is the
tryptophan fluorescence intensity. In the presence of quench-
er, Q,AF quantifies the accessibility of Trp510 to collisional
guenching using the StertYolmer equation such that

Chemicals The fluorescent label §iodoacetamido)fluo-
rescein (3AF) was from Molecular Probes (Eugene, OR).
Ultrapure acrylamide was from ICN Biomedicals (Cleveland,
OH). Gallium chloride (GaG) and scandium chloride
(ScCk) were from Aldrich (Milwaukee, WI). The nucleotide
diphosphates (NDPs) adenosiriediphosphate (ADP), cy-
tosine 5-diphosphate (CDP), inosiné-8iphosphate (IDP),
guanosine Bdiphosphate (GDP), and uridined&iphosphate
(UDP), and phenylmethanesulfonyl fluoride (PMSF), eth-
ylenediaminetetraacetic acid (EDTA), ethylene glycol Bis(
aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA), dithio- ) ) o
threitol (DTT), sodium orthovanadate (NéO,), beryllium where AFy is the fluorescence intensity in the absence of
chloride (BeC}) aluminum chloride (AIC), and sodium  duencherKsyis the quenching constant, and [Q] is quencher
fluoride (NaF) were from Sigma (St. Louis, MO). The concentration.AF/AF from S1 in the presence and absence
chloride salts of divalent cations Mg Ce*, Ni2", and Mr#* of nucleotides or nucleotide analogs obeyed eq 1, indicating
were also from Sigma. All chemicals were analytical grade. that quenching occurs on a single accessible chromophore

Solutions A stock solution of BeGl(Be, atomic absorp- and that either collisional or static quenching occurs (La-

tion standard solution, in 1% HCI) was adjusted to pH 5.0 kovx_m;z, 1983). We showed earlier that acrylamide is a
by addition of NaOH. A stock solution of sodium vanadate Ccellisional quencher of Trp510 (Park et al., 1996c).
was made by the method of Goodno (1979). A stock Quenching data were fitted using a Ilnear least-squares
solution of NaF was prepared freshly each day in a plastic protocol and eq 1. F_ltted data had correlatlon_ values of more
bottle. Our standard buffer was 25 mM TES buffer at pH than 0.999, and residuals were randomly distributed about
7.0, labeling buffer was standard buffer plus 0.2 mM PMSF, 0.
and protelrF buffer was Iapellng buffer plus 1 mM DTT. RESULTS

Preparation and Labeling of Myosin Subfragment 1
Rabbit myosin was prepared by a standard method (Tono- Effect of Changing d on the Probe Binding Cleftlenti-
mura et al., 1966) and S1 by digesting myosin filaments with fied in Figure 1 is the distancel, from P, of ATP to the
a-chymotrypsin (Weeds & Taylor, 1975). Probe modifica- bridging oxygen. We surmised reasonable valuesdfor
tion of S1 was carried out with 225 M S1 in labeling transient states of ATP during hydrolysis using estimates for
buffer with a 1.2-fold molar excess ofIBF for 12 h at 4 the equivalent length in five nucleotide analogs. Our
°C. This procedure specifically modified 600% of the estimates ofl and the coordination nhumber and geometry
S1 at SH1 (Ajtai & Burghardt, 1992). Unreacted dye was of the nucleotide analogs are listed in Table 1. We obtained

AFJAF =1+ K¢, [Q] 1)
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Ficure 1: ATP molecule showing feature A at thephosphate,
feature B the divalent cation, and feature C the base of the
nucleotide. Distancel, defines the separation between thphos-
phate and the bridging oxygen.

Table 1: Coordination Number, Geometry, and Size of Various
ATP Analogs

coordination no. and metal to bridging

ATP analog geometry of metal oxygen distanced) (A)
MgADPBekK 4 (td) 157
MgADPGak 4 (tdy 1.82-1.97
MgADPAIF, 6 (Oh) 2.008
MgADPSck 6 (Oh) 2.06-2.18
MgADPVi 5,6 (tbp,0Oh) 2.09, 2.24

aThe exact stoichiometry of Fin the aluminum fluoride is known
(Maruta et al., 1993), but not so for beryllium fluoride, gallium fluoride,
and scandium fluoride. The composition of beryllium fluoride was
proposed to be a mixture of hydroxyfluoroberyllates rather than
fluoroberyllates (Henry et al., 1993)td = tetrahedral, Ok= octahe-
dral, and tbp= trigonal bipyramidal® Fisher et al. (1995) Gak also
shows octahedral geometry, but we found no estimatd fafr this
substances Parise (1985); Burford et al. (1990)Anderson et al.
(1973); Atwood & Smith (1974)9 Smith & Rayment (1996 Scheidt
et al. (1971).
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FiIGure 2: Stern-Volmer constant for acrylamide quenching of
Trp510 as a function d, the separation between thephosphate

analog metal and the bridging oxygen. Equation 1 defines the
quenching constantksy. The coordination geometry for each

Park et al.

Table 2: Stern-Volmer Constant for Ke@ADPVi Trapped S1 in the
Presence of Varying Divalent Cations

divalent cation ionic radius (&) Ksy (M~Y)P

Niz+ 0.83 3.114 0.14 1 = 3)
Mg2* 0.86 3.56+ 0.33 i=15)
Co* 0.89 2.98+ 0.08 (1= 3)
Mn2+ 0.97 3.314+0.17 fi= 4)

a Cotton & Wilkinson (1988)° Errors are standard deviation of the
mean forn experiments.
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Ficure 3: Structures of the base parts of the nucleotides ADP,
CDP, GDP, UDP, and IDP.

municated to the ATP binding site of S1 and subsequently
to the probe binding cleft.

Effect of Dvalent Cations on the Probe Binding Cleft
Feature B identifies the divalent cation ktdinking oxygens
from P, and B of ATP. The ionic radius of the divalent
cation in vanadate trapped S1 does not correlate with the
Ksy of Trp510. These data, shown in Table 2, indicate that
the structural change accompanying energy transduction at
Trp510 is not sensitive to the size of the divalent cation.
However, previous work indicated that the ionic radius of
the divalent cation affected the myosin ATPase and the actin-
activated myosin ATPase (Peyser et al., 1996). Our data
suggest that the effect of divalent cation ionic radius on
myosin ATPase does not work by influencing the movement
of the probe binding cletft.

Effect of the Nucleotide Base on the Probe Binding Cleft
Feature C, identified in Figure 1, is the base of a nucleotide.

nucleotide analog metal is indicated in parentheses where td isThis feature alone is unique to each nucleotide diphosphate

tetrahedral, Oh is octahedral, and tbp is trigonal bipyramidal.

this information from crystallographic studies of myosin or

(NDP). The structures of the bases from the NDPs used
are indicated in Figure 3. We observetsy for the
guenching of Trp510 using eq 1 as a function of the vanadate

inorganic compounds as indicated by the references in thetrapped nucleotide diphosphates (MgNDPVi-S1) ADP, CDP,

table. We also observadsy for the quenching of Trp510

UDP, IDP, and GDP. Trp510 quenching is strongly de-

using eq 1 as a function of these five nucleotide analogs pendent on the vanadate trapped NDP in the active site of

trapped in the active site of S1. Figure 2 shos, for
Trp510 in nucleotide analog trapped S1 as a functiod. of

S1. These data, summarized in Table 3, indicate that the
probe binding cleft is most effectively closed by the natural

Several of these quenching constants were reported earliesubstrate NDP (ADP) with the effectiveness of other NDPs

(Park et al., 1996c). These data indicate a correlation
betweend and the conformation of the probe binding cleft.
Probe binding cleft closure (identified by a diminished
guenching constartsy) is a structural change accompanying
energy transduction, suggesting tlibtay be a changing
structural feature of ATP during hydrolysis that is com-

ordered such that ADP CDP > UDP > IDP > GDP. The
effects of ADP and CDP are nearly identical. These data
correlate with the effectiveness of the corresponding triph-
osphate nucleotides to support force production in muscle
fibers (Pate et al., 1993; White et al., 1993). We also
observeKsy for the quenching of Trp510 as a function of



Coupling Free Energy in ATPase to Myosin Biochemistry, Vol. 36, No. 11, 1993371

Table 3: SternVolmer Constants for MgNDPVi Trapped S1 the probe binding cleft upon nucleotide release is the force-
generating step. In the present work, we establish aspects

=T
NDP Ksv (M7 of the molecular mechanism of energy transduction by further
GDP 7.35£0.22 =3 study of the movement of the probe binding cleft. Here we
luDDPP 2'2& 8'§g 8 _ zg correlate structural features of the nucleotide during hydroly-
CDP 3.87+0.15 = 23) sis and while bound to the active site of S1 with the opening
ADP 3.564+ 0.33 1 =5) and closing of the probe binding cleft.
aErrors are standard deviation of the mean ricexperiments. Specification of the conformation of thg-phosphate

requires the distances separating metal from ligands; the bond
angle between Rthe bridging oxygen, andsRP,—O—P;);

the NDPs without vanadate (MgNDP-S1, data not shown) the torsion angle ©P,—O—Pj; and the geometry of Rfor

and found thaksy is identical for ADP, CDP, UDP, IDP, example, tetrahedral or trigonal bipyramidal). Crystal-

and GDP in MgNDP-S1. lography of S1 supplies some of this information including
DISCUSSION d_ata on beryllium or van_adate trapped S_l showed differing
distances from Be to F in Bgfor V to O in the vanadate
Tryptophan emission intensity from S1 is altered by ATP (Fisher et al., 1995; Smith & Rayment, 1996). Additionally,
binding to its active site (Werber et al., 1972). Trp510 is three of the fluoride ligands in BgRnd three oxygens of
one of the ATP-sensitive tryptophans (Johnson et al., 1991;the Vi lie close to the same plane in the crystals due to
Hiratsuka, 1992; Bivin et al., 1993; Papp & Highsmith, 1993; different geometries and similar,PO—P; angles in the
Park et al., 1996b,c). The nucleotide-sensitive tryptophan beryllium and vanadate complexes. However, very limited
emission showed that the stable complexes of ADP with information is available on the structure of the other analogs.
vanadate, beryllofluoride, or aluminofluoride bound to S1 Consequently, we found that we could effectively compare
mimic ATPase intermediates (Werber et al., 1992). Simi- all of the analogs only withd, the distance from JPto the
larly, the stable complexes of ADP with scandium or gallium pridging oxygen. The results in Figure 2 show the correla-
fluoride bound to S1 also mimic ATPase intermediates tion of d with the conformation of the probe binding cleft.
(Gopal & Burke, 1995; Park et al. 1996a). The trapped  The crystallography ofDictyostelium discoideunsi
analog states are associated with identifiable steps in theindicates fluoride from an ATP analog representing,a P
ATPase cycle. If M is myosin, we can summarize myosin oxygen forms a hydrogen bond to the NH of the peptide

ATPase with the scheme: backbone at Gly457 (Gly466 in chicken myosin) (Fisher et
. . al., 1995). This residue is in the DXXG motif, equivalent
M+ ATP < M*-ATP < M** -ADP-P, to 1 of 4 regions that show a conformational change between

M*-ADP + P, M + ADP + P, (2) GTP- and GDP-bound states in the G-proteirsubunit
(switch 1) (Rayment, 1996), and separated from Trp510 by
The M*-ATP transient is associated with S1 structure a 40 residue helical stretch. The increasd (#-Ad) during
induced by MgADPBefor MgATPyS (Fisher et al., 1995;  ATP hydrolysis and the crystallographic data indicating a
Phan et al., 1996; Mendelson et al., 1996). The MDP-P, contact between ,Pof ATP and Gly466 in the active site
transient, immediately preceding the rate-limiting phosphate suggest to us thaAhd is a means of coupling free energy
release step (Bagshaw & Trentham, 1974), is associated withliberated during ATPase to the active site of myosin. We
S1 structure induced by MgADPAIRFisher et al., 1995;  propose that the nucleotide does work(, on myosin
Ponomarev et al., 1995; Mendelson et al., 1996; Phan et al. throughAd acting against the forc€&, from myosin resisting
1996) or MgADPVi (Smith & Rayment, 1996). The deformation, i.e.,,AG = AdF. We detected myosin’s
identification of transients with static trapped analog states deformed or strained condition as a perturbation in the
means that we can correlate signals originating from Trp510 conformation of the probe binding cleft. If we model
and the probe binding cleft in nucleotide analog trapped S1 myosin’s resistance to deformation as the straining of an ideal
with a particular chemical intermediate in the ATPase cycle. spring, therAG = AdF = —AV, where—AV is the potential
The trapped nucleotide analogs are important tools for energy increase in the spring representing myosin (Taylor,
investigating the structural changes in S1 accompanying 1993). Alternatively, we could characterize energy stored
energy transduction since they provide a means to studyin the strained myosin fronAG (acting throughAd) as
important transient S1 structures with static structure- conformational free energy (Franks-Skiba et al., 1994). This
determining techniques (Fisher et al., 1995; Smith & Ray- suggestion does not exclude the possibility that another
ment, 1996). structural determinant in ATP, such as the change in the
Previously, we used the difference spectrum, formed from terminal phosphate coordination geometry during hydrolysis
fluorescence-detected circular dichroism (FDCD), between also indicated in Figure 2, plays a role in coupling additional
S1 and 5-S1 to observe the optical activity of the near- free energy liberated during ATPase to the active site of
ultraviolet transition bands of Trp510 of S1 in the presence myosin.
and absence of nucleotide analogs (Park et al., 1996b). The The importance of the base on the effectiveness of
optical activity of Trp510 indicated the tertiary structural nucleotides to close the probe binding cleft, summarized by
change in the indole side chain of Trp510 during ATP the data in Table 3, could be related to the effectiveness of
hydrolysis. Previously, we also observed the quenchera nucleotide to couple free energy liberated during ATPase
accessibility of Trp510, in the presence and absence ofto the active site of myosin. Earlier work on the effectiveness
nucleotide or nucleotide analogs (Park et al., 1996c¢). Theseof these nucleotides (the triphosphate versions, NTPs) to
data implied, using the identification of nucleotide-trapped support contraction in muscle fibers indicated that the
states with ATPase intermediates, that the probe binding cleftpresence of an amino group in the base was crucial (Pate et
is fully open without nucleotide and closes incrementally al., 1993; White et al., 1993). There it was shown that the
during ATP hydrolysis. We proposed that the opening of structure of the purine base in GTP and ITP resembles that



3372 Biochemistry, Vol. 36, No. 11, 1997 Park et al.

in ATP; however, superposition of the bases of CTP and Burford, N., Royan, B. W., Spence, R. E. v. H., Cameron, T. S.,
ATP shows a similar spatial location for the 6-position amino k?gfnié\z-é & Rogers, R. D. (199Q). Chem. Soc., Dalton Trans.
group of ATP and the 4-position amino group of CTP (see - ' . .

Figure 3). Constrained energy minimization of these struc- Burghardt, T. P., & Ajtai, K. (1996]iophys. Chem. 60119~
tures can bring the NN_di_stance between the amino groups Cotton, F. A., & Wilkinson, G. (1988) indvanced Inorganic
of CTP and ATP to within 0.7 A (Pate et al., 1993) Chemistry Wiley-Interscience, New York.

Crystallography of MgADPBeFtrappedDictyostelium Fisher, A. J., Smith, C. A., Thoden, J. B., Smith, R., Sutoh, K.,
discoideunt1 shows only one interaction between the base Holden, H. M., & Rayment, I. (1995Biochemistry 348960-
and the amino acid residues around the base moiety in the  8972. _
active site (Fisher et al., 1995), i.e., hydrogen bonding nggksi'257k2'*(°;"1§7-’2g'wa”9: T., & Cooke, R. (1998jochemistry
between the highly conserved Tyrl35 residue and the ' .

. e . Goodno, C. C. (1979 . Natl. Acad. Sci. U.S.A. 7@620-
nitrogen of the 6-position amino group of the base. The 02062n4? (1979proc. Natl. Acad. Sci !

perturbation of the S1 absorption band upon nucleotide Gopal, D., & Burke, M. (1995). Biol. Chem. 27019282-19286.
binding was interpreted as a tyrosine perturbation in the Henry, G. D., Maruta, S., lkebe, M., & Sykes, B. D. (1993)
vicinity of the nucleotide binding pocket (Sekiya & Tono- Biochemistry 3210451-10456.

mura, 1967). The specific interaction of the base moiety Highsmith, S., & Eden, D. (1993iochemistry 322455-2458.
with the protein to support contraction was studied by the Hiratsuka, T. (1992)). Biol. Chem. 26,714949-14954.

use of synthetic nonnucleotide analogs (Wang et al., 1993).Huxley, A. F., & Simmons, R. M. (1971\ature 233 533-538.
There it was shown that force production required an ortho Huxley, H. E. (1969)Science 1641356-1366.

. - . . Johnson, W. C., Jr., Bivin, D. B., Ue, K., & Morales, M. F. (1991)
nitro group at the aryl ring of the nitrophenylamino class of Proc. Natl. Acad. Sci. U.S.A. 88748-9750.

triphosphates, suggesting that the oxygens of the ortho nitro, iz 3. R. (1983) ifPrinciples of fluorescence spectroscopy
group in the analogs act as hydrogen bond acceptors to form pp 257-295, Plenum Press, New York.

a specific interaction with protein residues. We do not know Maruta, S., Henry, G. D., Sykes, B. D., & Ikebe, M. (1993pBiol.
if the amino group of a physiological base functions as a Chem. 2687093-7100.

hydrogen bond donor or acceptor. Generally, the amino Mendelson, R. A, Schneider, D. K., & Stone, D. B. (1996Mol.
groups of ADP and CDP can function as both. The carbonyl  Biol. 256 1—7. _

of the GDP, UDP, and IDP, that replaces the amino group Mc;rg'%%S'\?"_'Sgég‘ Botts, J. (197%roc. Natl. Acad. Sci. U.S.A.
in CDP and ADP, functions only as a hydrogen bond . °c"; & Highsmith, S. (1998jochim. Biophys. Acta 1202
acceptor (Pate et al., 1993). 169-172.

The data from Table 3 and the data from earlier work on parise, J. B. (1985). Chem. Soc. , Chem. CommuB06-607.
muscle fibers indicate that cleft closure and force production Park, S., Ajtai, K., & Burghardt, T. P. (1996&) Biol. Chem.
require the anchoring of the base to the active site of S1. (submittc_ad_for publication). _
Crystallographic data provide evidence for hydrogen bonding Park, S., Ajtai, K., & Burghardt, T. P. (1996Bjophys. Chem. 63
between Tyr135 and the amino group in the nucleotide base,Park_S .Ajtai K.. & Burghardt, T. P. (19968iochim. Biophys
and between Gly466 (and other residues) ap@xygens. Acta 1296 1—4. SR ' '

Consequently, the increasing during ATP hydrolysis  pae e " Franks-Skiba, K., White, H. D., & Cooke, R. (1993)
imposes a stress on the S1 structure. A change of shape in Bjo|. chem. 26810046-10053.

S1 resulting from this stress, the strain in S1, perturbs the peyser, Y. M., Ben-Hur, M., Werber, M. M., & Muhlrad, A. (1996)
shape of the probe binding cleft. Assuming myosin’s  Biochemistry 354409-4416.

response to this strain is equivalent to the straining of an Phan, B. C., Cheung, P., Stafford, W. F., & Reisler, E. (1996)
ideal spring, then some of the free energy liberated during _ Biophys. Chem. 5841-349. _
ATPase increases the potential energy of the myosin.Poi‘gt’g‘%r%“z“g-léég?',mo“eev' V. P., &Levitsky, D. I. (199BEBS
Alternatively, we may characterize energy stored in the : '

trained S1 struct f fi | f Th Rayment, I. (1996 5tructure 4 501—504.

S ra!ne struc lf're as coniormational iree energy. L eRayment, I., Rypniewski, W. R., Schmidt:8a K., Smith, R.,
strained conformation of S1 produced by ATP hydrolysis is ~ Tomchick, D R., Benning, M. M., Winkelmann, D. A., We-
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