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ABSTRACT: The fluorescent probe 3-[4-(3-phenyl-2-pyrazolin-1-yl)benzene-1-sulfonyl amido]phenylboronic
acid (PPBA) acts as a fluorescent inhibitor for the ATPases of skeletal [Hiratsuka (1994)J. Biol. Chem.
269, 27251-27257] andDictyostelium discoideum[Bobkov et al. (1997)J. Muscle Res. Cell Motil. 18,
563-571] myosins. The former paper suggested that, upon addition of excess nucleotides to the binary
complex of subfragment-1 from skeletal myosin (S1) with PPBA, a stable ternary complex of S1 with
PPBA and nucleotide is formed. Useful fluorescence properties of PPBA enable us to distinguish the
conformation of the myosin ATPase at the ATP state from that at the ADP state. In the present paper, to
determine the PPBA-binding site in the complexes, enzymatic and fluorescence properties of the S1‚
PPBA‚nucleotide complexes were investigated. Upon formation of the ternary complex with ATP, a new
peak appeared at 398 nm in the PPBA fluorescence spectrum. Experiments using model compounds of
aromatic amino acid suggested that this fluorescence peak at 398 nm is originated from PPBA interacting
with Phe residue(s). Taking into account differences in fluorescence spectra between complexes of S1
and those of subfragment-1 fromD. discoideummyosin (S1dC), in the ternary complex of S1 formed
with ATP, PPBA was suggested to interact with Phe residue(s) that is absent in S1dC. Docking simulation
of PPBA on the S1‚nucleotide complex revealed that Phe472 interacts with PPBA. Binding sites of PPBA
and blebbistatin, an inhibitor showing high affinity and selectivity toward myosin II [Kova´cs et al. (2004)
J. Biol. Chem. 279, 35557-35563], seem to overlap at least partly.

It has been reported that several synthetic dyes including
fluorescent probes, not closely related to the structures of
nucleotides, bind at the nucleotide site of enzymes and act
as inhibitors (1-4). Inspection of literature reveals that apart
from nucleotide analogues such compounds are, in general,
aromatic molecules, frequently with negative charges at-
tached to the aromatic ring system. X-ray crystallographic
studies of such enzyme-inhibitor complexes of lactate
dehydrogenase (2), alcohol dehydrogenase (3), and glycogen
synthase kinase 3â (4) have revealed that the phenyl ring of
inhibitor binds in the same hydrophobic pocket in which the
adenosine moiety of the nucleotide binds. The utility of these
compounds can be attributed primarily to the sensitivity of
their spectroscopic properties to environment perturbations.
Especially the use of fluorescent derivatives is of value in
detecting transient in the enzymatic catalysis, in determining
polarity of the nucleotide-binding pocket, and in studying
the stereochemical and structural properties of the binding
site. This is also the case for the fluorescent probe PPBA1

for ATPases of S1 (5, 6) and S1dC (7). PPBA, which binds
noncovalently and stoichiometrically to S1, acts as an ATP-
competitive inhibitor for the S1 and S1dC ATPases withKi

values of 0.8 and 1.6µM, respectively.
Upon addition of excess nucleotides to the binary complex

of PPBA‚S1, the slow increase in fluorescence of PPBA is
observed. It was suggested that this process consists of
relatively fast equilibrium binding followed by a slow
isomerization step of the complex (5). The scheme is as
follows:

where M, N, and M*‚PPBA‚N represent S1, nucleotides or
nucleotide analogues, and a stable ternary complex having
different fluorescent properties, respectively. Since PPBA
fluorescence is very sensitive to the state of the nucleotide-
binding pocket, the fluorescence spectrum of the stable
ternary complex formed with ATP is easily distinguishable
from that of the complex with ADP. Thus fluorescence from
the bound PPBA is very useful to monitor the conformational
changes of S1 and S1dC during ATP hydrolysis (5-7).
However, the assignment of the PPBA-binding site in stable
ternary complexes has yet not been done not only with S1
but also with S1dC.

In the present paper, enzymatic and fluorescence properties
of the ternary complexes of S1 were characterized to assign
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the PPBA-binding site. Fluorescence measurements of PPBA
and Trp residues in the ternary complex formed with ATP
suggested that PPBA is situated in the aqueous cavity near
the bottom of the 50-kDa cleft, interacting with Phe472. Thus
PPBA was proved to be useful fluorescent probe to detect
conformational changes in the 50-kDa cleft of S1.

EXPERIMENTAL PROCEDURES

Materials. PPBA was purchased from Polysciences, Inc.
AMP-PNP, BLG (from bovine milk), and SA (from bovine)
were from Sigma. ATP and ADP were from Kohjin Co.
Other reagents were of reagent or biochemical research grade.
S1 was prepared by chymotryptic digestion of skeletal
myosin (8). TNP-ADP, S1‚TNP-ADP‚ Vi, and S1‚ADP‚Vi

were prepared as previously described (9, 10). The isolated
complexes, in which 0.85 and 0.94 mol of TNP-ADP and
ADP per mole of S1, respectively, had been trapped, were
used for experiments.

Buffer System. Except for ATPase measurements, all
experiments with protein samples were carried out in 40 mM
MOPS, pH 7.0, 30 mM KCl, and 2 mM MgCl2. Because
PPBA is scarcely soluble in water, all reaction mixtures with
protein and PPBA contained 0.4%N,N-dimethylformamide
as previously described (5).

Fluorescence Measurements. Fluorescence measurements
were carried out at 25°C in a thermostated Hitachi
fluorescence spectrophotometer model F-4010 as previously
described (5), excited at 290 and 360 nm for Trp and PPBA
fluorescence, respectively. Only when spectra of PPBA were
recorded in phenol compounds, measurements were carried
out at 45°C, since their freezing points are 40-41 °C. A
control experiment with PPBA inN,N-dimethylformamide
showed that there is no difference in shapes between spectra
at 45°C and 25°C. All fluorescence emission and excitation
spectra of PPBA in the presence and absence of S1 were
corrected. The emission spectra derived from PPBA bound
to S1 were obtained by subtracting the spectrum of unbound
PPBA from the overall spectrum, using dissociation constants
of 26, 0.8, 2.6, and 3.3µM for PPBA bound to S1 in the
binary complex and the ternary complexes with ATP, AMP-
PNP, and ADP, respectively (5). The numbers of PPBA-
binding sites on S1 and the dissociation constants were
calculated by Scatchard analysis as previously described (5).

ATPase Measurements. Measurements of ATPase activity
were carried out in 40 mM MOPS, pH 7.0, 18 mM KCl,
and 2 mM MgCl2 at 25°C. Pi liberated was determined as
previously described (5).

Molecular Modeling.Structural models of S1dC and S1
were constructed by using coordinates in the Brookhaven
Protein Data Bank (1MND and 2MYS, respectively) (11,
12). For the molecular structure of ATP the coordinate of
ATP bound to S1 (1FMW) (13) was used. The conformations
of PPBA and blebbistatin were analyzed by molecular
mechanics using semiempirical quantum method AM1 (14)
implemented in the program MOPAC 97 module of
ChemBats3D Ultra v.5.0 (Cambridge Soft, Cambridge, MA).
The geometric optimization is characterized by a minimiza-
tion of the force constants. The energy-minimized structure
of PPBA was fitted into S1dC following manual superposi-
tion using the program Swiss-PdbViewer 3.6b2. The initial
model was then submitted to this program in the “Energy

Minimization”, which generated a refined, energy-minimized
structure of the ternary complex using Gromos96. Structural
diagrams of protein were generated using the program
WebLab Viewer (Accelrys Inc., San Diego, CA).

RESULTS AND DISCUSSION

Properties of Ternary Complexes of S1‚PPBA‚Nucleotide.
It is well-known that Vi for the myosin ATPase (15) and
the metal(III)‚ATP complexes for hexokinase (16) as ana-
logues of Pi and Mg2+‚ATP, respectively, are the so-called
slow-binding inhibitors (17). Slow-binding inhibitors are such
good analogues of the substrate that they induce a confor-
mational change in the enzyme which is analogous to that
associated with the formation of the transition state in
enzymatic catalysis (17). The forward isomerization reaction
would then be slow because the inhibitor does not have all
the essential structural features of the transition state of a
substrate. Thus, the onset of the inhibition during enzymatic
assay is slow. When a reaction, in the presence of inhibitor,
is started by the addition of enzyme, the relatively rapid initial
velocity decreases to a slower steady state rate (15, 17). On
the other hand, the analysis of the initial rate shows that the
inhibitor acts as a competitive inhibitor for the enzyme (16).
This is also the case for PPBA. The analysis of the initial
rate of the S1 ATPase in the presence of PPBA showed that
PPBA competes with ATP (5). When the Mg2+-ATPase
reaction was started by adding S1 to the reaction mixture
containing ATP and PPBA, the relatively rapid initial
velocity decreased to a slower steady state rate (not shown).
In the presence of 3µM PPBA, the slower steady state rate
was about 40% of the initial rate. Thus, PPBA is a slow-
binding inhibitor for the myosin ATPase as well as Vi (see
below).

In the case of Vi, the source of the slow inhibition consists
of the formation of a stable, inactive ternary complex with
the composition of the myosin ATPase, Vi, and ADP (15).
Thus, it was suggested that the slow inhibition observed with
PPBA results from the formation of a stable, inactive ternary
complex with PPBA, S1, and nucleotide (Scheme 1). To
obtain information about the ternary complex, I investigated
properties of the complex formed with ATP. The formation
of the ternary complex was initiated by the addition of excess
ATP to the binary complex of S1 with PPBA (Figure 1A).
The complex formation was accompanied by a large increase
in PPBA fluorescence at 400 nm in agreement with the
previous result (5). The first-order rate constant of the
formation of the ternary complex was obtained to be 6.1×
10-3 s-1.

As shown in Figure 1A (inset), the Mg2+-ATPase activity
of S1 gradually decreased with increasing amount of PPBA
bound. Extrapolation to a complete inactivation indicated that
the loss of activity correlates with formation of the ternary
complex in which 1.1 mol of PPBA per mole of S1 binds.
This result suggests that the stable ternary complex formed
with S1, PPBA, and ATP has 1 mol of PPBA per mole of
S1 and no ATPase activity.

PPBA was added after the complex formation of S1 with
ATP. There was no significant difference in enzymatic and
fluorescence properties between this sample and the sample
prepared by the addition of PPBA prior to the formation of
S1‚ADP‚Pi complex (not shown). Thus either addition

Myosin ATPase‚Nucleotide‚Inhibitor Ternary Complexes Biochemistry, Vol. 45, No. 4, 20061235



generates the same ternary complex, excluding possible
artifacts of PPBA binding to S1.

Dissociation of the ternary complex formed with ATP was
examined by extensive dialysis of the sample at 4°C (not
shown). A longer period of dialysis (about 3 days) was
required for a complete dissociation of the complex. This
result suggests that the ternary complex formed with S1,
PPBA, and ATP is very stable, but the binding is in a
noncovalent fashion.

To obtain information about the PPBA-binding site in the
S1‚PPBA‚nucleotide complex, the PPBA complexes were
prepared using isolated S1 complexes with ADP‚Vi and TNP-
ADP‚Vi. As shown in Figure 1B, Scatchard analyses yielded
the number of PPBA-binding sites and the dissociation
constant of PPBA for the two complexes. With the S1‚TNP-
ADP‚Vi complex, the number of PPBA-binding sites and
the dissociation constant were calculated to be 1.0/mol of
S1 and 2.3µM, respectively. With the S1‚ADP‚Vi complex,
similar values (1.0/mol of S1 and 3.3µM, respectively) were
obtained. These values were comparable to those (1.0/mol
of S1 and 0.8-3.3 µM, respectively) obtained with the
ternary complexes formed with ATP, ADP, and AMP-PNP
(5).

When PPBA was added to the complex of S1‚TNP-ADP‚
Vi, the fluorescence spectrum originated from TNP-ADP
(500-600 nm) remained unchanged during the course of
formation of the PPBA complex (not shown). This result

indicates that, upon formation of the PPBA complex, PPBA
not only dissociates TNP-ADP from S1 but also affects the
state of TNP-ADP bound. Thus, upon binding of PPBA to
the S1‚nucleotide complex, PPBA seems to enter the PPBA-
binding site other than the ATP-binding pocket directly,
resulting in the formation of the stable ternary complex of
PPBA‚S1‚nucleotide (Scheme 1).

Fluorescence Spectra of PPBA Interacting with Phe and
Tyr. It has been reported that the fluorescence intensity and
the position of the emission maximum in the fluorescence
spectrum of PPBA vary significantly with solvent polarity
(5). To obtain further information about fluorescence proper-
ties of PPBA, I measured corrected fluorescence spectra of
PPBA in various organic solvents as models of PPBA
interacting with various amino acids, especially hydrophobic
ones (Figure 2A).

Nonaromatic solvents methanol, ethanethiol, andn-heptane
were used as model compounds of Ser/Thr, Cys/Met, and
Val/Ile/Ala, respectively. The emission maximum of PPBA
was shifted from 460 nm in water to 432 nm in methanol,
419 nm in ethanethiol, and 416 nm inn-heptane. All the
spectra showed a single emission maximum without a
shoulder. This was also the case for measurements withN,N-
dimethylformamide, dimethyl sulfoxide, ethanol, 1-butanol,
and chloroform (not shown). It should be noted that,
whenever nonaromatic organic solvents are used, the spec-

FIGURE 1: Formation of ternary complexes of S1 with PPBA and
nucleotides. (A) Change in PPBA fluorescence of the S1‚PPBA
complex accompanied by ATP addition. Fluorescence change by
the formation of the ternary complex was measured at 400 nm with
S1 (1µM), PPBA (3µM), and ATP (0.2 mM). Inset: Changes in
the amount of PPBA bound to S1 and the Mg2+-ATPase activity
of S1 as a function of concentration of PPBA added. S1 (1µM)
was mixed with various concentrations of PPBA (0.5-9 µM),
followed by incubation with ATP (1 mM) for 30 min. Aliquots of
the sample were subjected to measurements of the Mg2+-ATPase
activity and fluorescence spectrum. The amount of PPBA bound
to S1 in the ternary complex was estimated from the increase in
PPBA fluorescence as previously described (5). (B) Scatchard plots
for the binding of PPBA (1µM) to the isolated complexes (0.7-
10 µM) of S1‚ADP‚Vi (O) and S1‚TNP-ADP‚Vi (b). R and [L]0
are the moles of PPBA bound per mole of S1 and the concentration
of free S1‚nucleotide‚Vi, respectively.

FIGURE 2: Fluorescence emission spectra of PPBA in organic
solvents and bound to proteins. (A) Corrected fluorescence spectra
of PPBA in various organic solvents as model compounds for amino
acid residues. Spectra of PPBA (0.8µM) were measured in
methanol, ethanethiol,n-heptane, phenol, and benzene. Inset:
Corrected fluorescence emission spectra of PPBA bound to BLG
and SA. PPBA (1µM) was mixed with BLG (47µM) and SA (46
µM), followed by fluorescence measurements. Under this condition,
95% and 97% of the added PPBA bind to BLG and SA,
respectively. (B) Corrected fluorescence emission spectra of PPBA
bound to S1 in the binary (- - -) and the ternary (s) complexes
formed with ATP, AMP-PNP, and ADP. Spectra were obtained
by subtracting the spectrum of unbound PPBA from the overall
spectrum as described in Experimental Procedures. Inset:F420nm/
F400nm ratios of fluorescence spectra of PPBA bound to S1. The
values were calculated from spectra in part B.
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trum with a single emission maximum without a shoulder is
obtained.

The spectra of PPBA measured in aromatic solvents were
different from those of PPBA in nonaromatic solvents. With
benzene as a model compound of Phe, the spectrum showed
two emission maxima at 409 and 424 nm. This spectrum
coincided with those measured in toluene and 4-chlorotoluene
(not shown). However, with phenol as a model compound
of Tyr, only one emission maximum was observed at 422
nm. Unlike benzene, phenol gave no emission maximum
around 400 nm but only a shoulder. This was also the case
for the spectrum measured in 2-chlorophenol (not shown).

The fluorescence emission maxima of PPBA were plotted
against the dielectric constant of the solvent (not shown).
The maxima were found to vary over a wide range, and to
be correlated with the polarity of the solvent: increasing
polarity led to longer wavelength. However, only in aromatic
solvents, benzene, toluene, 4-chlorotoluene, phenol, and
2-chlorophenol, the emission maxima of PPBA clearly lay
outside the observed correlation. Together with the result
shown in Figure 2A, this behavior should therefore be
attributed to properties of the aromatic solvent other than
its polarity (18). It is highly likely that PPBA interacts with
the aromatic ring of solvent.

In order to confirm this point, I measured fluorescence
spectra of PPBA bound to model proteins. BLG and SA have
a single ligand site as the primary binding site. Fluorescent
probes such as anilino- and dimethylanilino-naphthalene
sulfonates show specificity toward these ligand-binding sites
(19, 20). This is also the case for PPBA. PPBA was found
to bind firmly to BLG and SA as well as S1, accompanied
by a large fluorescence increase. Scatchard analyses for the
binding of PPBA to BLG and SA yielded linear plots (not
shown). For BLG, the number of PPBA-binding sites and
the dissociation constant were calculated to be 1.0/mol of
protein and 3.9µM, respectively. Similar values (0.94/mol
of protein and 1.6µM, respectively) were obtained with SA.

It is well established that aromatic residues located at
ligand-binding sites of these proteins (Phe105 in BLG and
Tyr411 in SA) interact with the ligand bound (21, 22). This
makes BLG and SA suitable model proteins. The spectrum
of PPBA bound to BLG showed two maxima at 403 and
423 nm (Figure 2A, inset), resembling that of PPBA in
benzene and toluene with two maxima at 409 and 424 nm
(Figure 2A). However, the spectrum of PPBA bound to SA
showed no emission maximum around 400 nm. It showed a
shoulder around 400 nm and a maximum at 421 nm,
resembling that of PPBA measured in phenol with a shoulder
around 400 nm and a maximum at 422 nm.

This result is consistent with ligands bound to the ligand-
binding sites in BLG and SA interacting with Phe105 and
Tyr411, respectively (21, 22). Thus, the interaction of PPBA
with Phe residue(s) in proteins is distinguishable from that
with all other residues. The coexistence of two emission
maxima around 400 and 420 nm in the fluorescence spectrum
of the PPBA‚protein complex is an indication of the PPBA-
Phe interaction.

Fluorescence Spectra of PPBA in S1 Complexes. Figure
2B shows fluorescence spectra of PPBA in the binary and
ternary complexes of S1. All spectra were obtained by
subtracting the spectrum of unbound PPBA from the overall
spectrum. The S1‚PPBA complex shows the spectrum with

a single emission maximum at 418 nm. On the other hand,
the spectra of the ternary complexes were different from that
of the binary complex. The spectrum of the S1‚PPBA‚ADP
complex has a maximum at 424 nm and a shoulder around
400 nm. The spectrum of the ternary complex formed with
ATP was essentially identical to that of the complex with
AMP-PNP. However, both spectra were distinct from that
of the complex with ADP, showing two maxima at 398 and
419 nm. According toF420nm/F400nm ratios of complexes,
fluorescence spectra of PPBA in S1 complexes were clas-
sified into three types: apo-, ADP-, and ATP-types. The
F420nm/F400nm ratios were 1.4, 1.6, and 1.1, respectively
(Figure 2B, inset).

Taking into consideration the results of model experiments
(Figure 2A), the spectrum of PPBA measured in benzene
resembled only the ATP-type spectrum in the shape and
position of the emission maxima. This result suggests that
PPBA bound to S1 interacts with the Phe residue(s) at the
ADP‚Pi state but does not at the apo and ADP states.

It has been reported that PPBA binds noncovalently and
stoichiometrically to S1dC as well as S1 (7). Furthermore,
PPBA acts as an ATP-competitive inhibitor for the S1dC
ATPase with a Ki value of 1.6µM, which is similar to the
value of S1 ATPase (0.8µM) (5). There is no significant
difference in properties for the interaction with PPBA
between S1dC and S1 (7). However, no fluorescence increase
at 400 nm, which is an indication of the PPBA-Phe
interaction in the complex of S1 (Figures 1A and 2B), is
observed upon formation of the ternary complex of S1dC
with ATP and the analogues. This suggests that the Phe
residue(s) interacting with PPBA at the ADP‚Pi state in S1
is absent in S1dC.

Effects of PPBA on Trp Fluorescence of S1. Enhancement
of Trp fluorescence upon ATP binding to S1 is a good
indicator of conformational change (23). S1 contains five
Trp residues positioned at 113, 131, 440, 510, and 595.
Trp510 has been identified to be the primary ATP-sensitive
Trp residue (24-29). Next I checked if the PPBA-binding
affects Trp fluorescence of S1. A control experiment showed
that the addition of ATP, AMP-PNP, and ADP in the absence
of PPBA results in an increase in S1 fluorescence by 17%,
12%, and 3%, respectively (Figure 3A). AMP had no effect
on S1 fluorescence. The addition of PPBA alone caused a
small increase (2%) in S1 fluorescence (Figure 3B).

When ATP and AMP-PNP were added to the S1‚PPBA
complex, the initial increase in S1 fluorescence was followed
by a quenching phase (Figure 3B). Finally fluorescence
intensities leveled off with 95 (for ATP) and 102% (for
AMP-PNP) values of S1 alone. However, in the case of the
complex with ADP, the subsequent quenching of S1 fluo-
rescence scarcely occurred. AMP had no effect again on
fluorescence of S1 with PPBA.

The ATP-induced quenching of Trp fluorescence in the
S1‚PPBA complex was accelerated with increasing amounts
of PPBA added (Figure 3C, inset). The quenching rate
obeyed good first-order kinetics, indicating no dependence
on difference in their initial fluorescence intensities. The
observed rate constant for the quenching of Trp fluorescence
was correlated well with the amount of PPBA bound to S1
(Figure 3C), suggesting that only S1 bound by PPBA is
responsible for the fluorescence quenching.
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As shown in Figure 1A, the formation of the stable ternary
complex with ATP causes an increase in PPBA fluorescence
at 400 nm, which is originated from the PPBA-Phe
interaction (Figure 2B). Thus I compared the time course of
increase in PPBA fluorescence (Figure 1A) with that of
quenching of Trp fluorescence of S1 (Figure 3B) upon
formation of the ternary complex. Since the ATP-induced
quenching of Trp fluorescence in the S1‚PPBA complex did
not depend on the order of ATP addition, similar quenching
was again observed in the case of the subsequent addition
of PPBA to the complex of S1 with ATP. As shown in Figure
4, the data clearly show that the PPBA-induced quenching
of Trp fluorescence and the increase in PPBA fluorescence

occur simultaneously with first-order rate constants of 5.8
and 6.8× 10-3 s-1, respectively, generating mirror images
to each other’s course.

To obtain further information about the quenching of Trp
fluorescence, I compared the excitation spectrum of the
complex of S1‚PPBA‚ADP‚Pi with that of the complex of
S1‚PPBA‚ADP. Figure 4 (inset) shows that there is no
difference in the Trp component of the excitation spectrum
(270-300 nm) between the two ternary complexes formed
with ATP and ADP.

Assignment of the PPBA-Binding Site in Ternary Com-
plexes. For the PPBA-binding site in ternary complexes of
S1‚PPBA‚nucleotide, the assignment was made according
to the following criteria: (1) the comparison of the fluores-
cence spectrum of the S1‚PPBA‚ADP‚Pi complex with that
of PPBA measured in benzene suggests that the bound PPBA
interacts with Phe residue(s) (Figure 2A,B); and (2) this Phe
residue(s) is absent in S1dC because the ternary complex of
S1dC shows no fluorescence spectrum characteristic of the
Phe-PPBA interaction (7).

Aromatic residues, especially Phe and Trp residues, are
important components for the binding sites of hydrophobic
ligands in proteins. The heavy chain of S1 contains 49 Phe
residues. Among them, 16 Phe residues are absent in S1dC.
Figure 5A shows these Phe residues together with the
corresponding residues in S1dC. On the other hand, the
skeletal myosin head contains 7 Trp residues positioned at
113, 131, 440, 510, 595, 829, and 831. To examine the
possibility that Phe and Trp residues interact with PPBA at
the same time, I measured the closest Trp-Phe distances
for these 16 Phe and 7 Trp residues. Figure 5B shows such
pairs with distances less than 30 Å.

Among these Trp residues, Trp829 and 831 should be
excluded from the participation in the interaction with PPBA
because they are located in the C-terminal ofR-helical tail
in S1 (11). Trp113 and 131, which are situated at the entrance
of nucleotide-binding pocket (12), were also excluded. This
is the reason why the present result with the use of the S1‚
TNP-ADP‚Vi complex (Figure 1) suggested that the PPBA-
binding site is not near the nucleotide-binding pocket of S1.

FIGURE 3: Effects of PPBA binding on the Trp fluorescence of
S1. Nucleotide-induced changes in Trp fluorescence of S1 (A) and
the S1‚PPBA complex (B) were measured. Nucleotides and AMP-
PNP (1 mM) were mixed with S1 (1µM) in the presence and
absence of PPBA (3µM). (C) A correlation between the rate
constant for Trp fluorescence quenching and the amount of PPBA
bound to S1. The rate constantk was obtained from the firs-order
plots of data in the inset. The amount of PPBA bound to S1 was
determined from the increase in PPBA fluorescence (5). Inset:
Changes in Trp fluorescence of S1 in the presence of various
concentrations of PPBA accompanied by the ATP addition. ATP
(20 µM) was mixed with S1 (1µM) in the presence of PPBA (0-
7.8µM). For all samples, the fluorescence intensity of the S1‚PPBA
complex in the absence of ATP was normalized to that of S1 alone.

FIGURE 4: Simultaneous occurrence of quenching in the Trp
fluorescence and enhancement in the PPBA fluorescence upon
formation of the ternary complex. ATP (1 mM) and PPBA (3µM)
were mixed with S1 (1µM). Fluorescence of PPBA and Trp was
measured at 400 and 340 nm, respectively. Inset: Corrected
excitation spectra of ternary complexes formed with ADP (b) and
ATP (s). Fluorescence intensity was normalized to 1 at 363 nm
to give the same apparent PPBA concentration for two samples.
The spectra were recorded with the emission wavelength at 400
nm under the same condition as in Figure 3B at a time when the
constant value for the extent of quenching was reached (15-20
min after addition of nucleotides).

FIGURE 5: Assignment of Phe and Trp residues interacting with
PPBA. (A) Phe residues in S1 that are replaced by other residues
in S1dC. Corresponding residues in S1dC are also shown. (B) The
closest distances (b) between Phe and Trp residues in the skeletal
myosin head. Using the coordinate of S1 (2MYS), distance
measurements were made only for Phe residues that are replaced
by other residues in S1dC (A). Residue numbers of Phe and Trp
residues in S1 are indicated near closed circles and on the abscissa,
respectively. Only Trp-Phe pairs having distances within 30 Å are
shown. A dotted line indicates the molecular length of PPBA (13
Å, see Figure 8B).
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On the other hand, the closest Trp-Phe distances for Trp440
and 510 are 26 and 22 Å, respectively. These Trp and Phe
residues are too far apart for PPBA to interact at the same
time since the molecular length of PPBA is about 13 Å
(Figure 8D). Thus, Trp440 and 510 were also excluded.
Finally, Trp595 is the most probable as a candidate for the
Trp residue interacting with PPBA in the ternary complex.
For Trp595, all the closest Trp-Phe distances are less than
11 Å, which is less than the molecular length of PPBA (13
Å). It should be noted that Trp595 and all Phe residues
positioned at 472, 482, 533, 550, 565, and 579 are located
on the 50-kDa segment of S1 (12).

Molecular Modeling. I performed docking simulations of
PPBA on the S1‚nucleotide complex to elucidate the
structural basis of the interaction of PPBA with Phe
residue(s) that is absent in S1dC (Figure 5A). The energy-
minimized structure of PPBA was initially determined using
Chemdraw 3D Ultra v.5.0. Based on the criteria for the
assignment of the PPBA-binding site described above, PPBA
was then “fitted” into S1dC following manual superposition
using Swiss-Pdb Viewer V.3.6b2. However, whenever PPBA
interacts with any of the 15 Phe residues other than Phe472,
there was no room to accommodate PPBA in S1 (not shown).
Thus, the structure where Phe472 interacts with PPBA is
the only possible structure for the ternary complex formed
with S1, PPBA, and ATP. The energy of the resulting
structure was then minimized using Gromos96, which
generated a refined model for the ternary complex (Figure
6). In the model, PPBA binds to the aqueous cavity between
the actin-binding cleft and the nucleotide-binding pocket of
S1, and interacts with either Phe472 or Trp595. However,
the PPBA-induced quenching of S1 fluorescence (Figure 3B)
does not result from the interaction between PPBA and
Trp595 because this residue is ATP-insensitive (27). It is

highly likely that the binding of PPBA to S1 perturbs Trp510,
and this perturbation eliminates the ATP sensitivity. As a
result, the enhancement of S1 fluorescence is abolished.

In this fitting scenario, all van der Waals interactions are
reasonable (Figure 7A). Phe472, Ser474, and Trp595 are
positioned to interact with the ringa of the fluorophore
moiety of PPBA (Figure 8B). Pro591 is in close proximity
to the ringd. Furthermore, Leu596, Lys598, and Asp601
are well positioned to form hydrogen bonds with the boronate
and fluorophore moieties of PPBA.

It has been reported that the so-called “switch 2 region”
of S1 (Ile464-Asp471) is in a closed conformation at the
ADP‚Pi state while it is in an open one at ADP and apo
states (30, 31). As shown in Figure 7B, Phe472 is next to
the end of the switch 2 region. It should be noted that this
residue (CR) moves about 4.8 Å between the ADP‚Pi and
apo states. Thus it is reasonable that PPBA detects difference
in conformations between the two ternary complexes formed
with ATP and ADP, showing different fluorescence spectra
(Figure 2B). Of relevance to this suggestion, previous work
(5) has shown that the PPBA-binding site in the ADP‚Pi state

FIGURE 6: Proposed structure of the ternary complex of S1.The
energy-minimized structure of the ternary complex formed with
S1, PPBA, and ATP was obtained using the coordinate of the S1dC
complex with ADP-AlF4 (1MND) as described in Experimental
Procedures. Overall structure of the ternary complex (right) and a
close-up view of the PPBA-binding site (left) are shown. Peptide
chains of 50- (residues 210-620), 25- (2-201), and 20-kDa (627-
690) segments in S1 are in cyan, white, and blue, respectively.
Trp595 (magenta), Phe472 (green), and Phe residues of 482, 533,
550, 565, and 579 (orange) are shown in sticks. PPBA and ADP-
AlF4 are in CPK color. Residue numbers are expressed as
corresponding numbers of skeletal S1 (12). Val463 in S1dC is
expressed as Phe472, the corresponding residue in S1.

FIGURE 7: Environment around PPBA bound to S1. (A) Residues
interacting with PPBA bound to S1. Hydrophobic residues with
distances less than 5.5 Å from PPBA (Phe472, Ser474, Trp595,
and Pro602) are in green, yellow, magenta, and cyan, respectively.
PPBA and residues that form hydrogen bonds with PPBA (Leu596,
Lys598, and Asp601) are in CPK color. Predicted van der Waals
interactions and hydrogen bonds are expressed as blue solid and
red dotted lines, respectively. Residue numbers in brackets indicate
corresponding residues in S1dC. (B) Structures around Phe472 in
S1 at apo and ADP‚Pi states. Using coordinates of S1 (2MYS, for
apo state) and S1dC (1MND, for ADP‚Pi state), 3 atoms of S1
(CR and N of Trp595, and CR of Leu596) were superimposed onto
the corresponding atoms of S1dC (Trp584 and Leu585), respec-
tively. The switch 2 region is in red. Peptide chains (I592-L596
and L462-N473) except for the switch 2 region at apo and ADP‚
Pi states are white and green, respectively. Residues (Leu596,
Trp595, and Phe472) at apo and ADP‚Pi states are in cyan and
magenta, respectively. Val463 in S1dC are expressed as the
corresponding residue in S1 (Phe472). ADP-AlF4 is in CPK color.
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is more closed and/or tightened than those in the ADP and
apo states.

Comparison of PPBA with ATP and Blebbistatin. Figures
8A and 8B show the structural models of ATP and PPBA,
respectively. PPBA consists of mainly three aromatic rings
(ringsa, c, andd) and one heterocyclic ring (ringb) together
with charged groups of the sulfonyl and the boronate (5).
The fluorophore moiety of PPBA consists of ringsa-c. The
PPBA (about 13 Å) and ATP (about 12.5 Å) molecules are
a similar size. I found some basic resemblances between the
two structures. The comparison of structural molecular
models of PPBA and ATP shows substantial structural
correspondences, including precise alignments of the fluoro-
phore moiety (ringsa-c), the sulfonyl, and the boronate of
PPBA with the adenosine moiety, theâ-phosphoryl, and the
γ-phosphoryl of ATP, respectively. Thus it is anticipated that
the fluorophore of PPBA binds to the adenosine-binding site
in the ATP-binding pocket of S1, and the charged groups of
sulfonyl and boronate bind near residues, which are respon-
sible for the formation of hydrogen bond to phosphoryl
moieties of ATP. These structural features of PPBA seem
to be the reason why PPBA acts as an ATP-competitive
inhibitor for myosin ATPases (5-7).

Blebbistatin is a recently discovered inhibitor showing high
affinity and selectivity toward myosin II (32). Although
PPBA is larger than blebbistatin by about 6 Å, the size of
its fluorophore moiety (ringsa-c) is similar to that of
blebbistatin (Figure 8B,C). Thus, blebbistatin is well super-
imposed on the fluorophore moiety of PPBA (Figure 8D).

However, blebbistatin has no charged group unlike PPBA.
This seems to be the reason why blebbistatin does not act
as an ATP-competitive inhibitor for the myosin ATPase (32).

It is interesting to compare the effects of blebbistatin on
S1 with those of PPBA on S1. When blebbistatin is added
to S1 with ATP, the initial increase in Trp fluorescence is
followed by a quenching phase leading to a steady state
fluorescence level that is 5-10% lower than that of S1 alone
(32). The quenching phase is a single exponential, and its
rate constant is dependent on blebbistatin concentration.
Similar results were obtained with PPBA (Figures 3 and 4).
On the other hand, the blebbistatin binding is 8-10 times
stronger in S1 at the ADP‚Pi state than that at the apo state
(32). This is also the case for PPBA (5). The PPBA binding
is 33 times stronger in S1 at the ADP‚Pi state than that at
the apo state. These results suggest that effects of PPBA on
S1 in ternary complexes are similar to those of blebbistatin
on S1. Furthermore, it has been reported that blebbistatin
binds to the cavity between the actin-binding cleft and the
ATP-binding pocket of S1 (32) as well as PPBA (Figure 6).
Thus, it is highly likely that binding sites of PPBA and
blebbistatin overlap at least partly. The hydrophobic nature
of the site, surrounded by Phe472, Ser474, and Trp595
(Figure 7A), is favorable for the binding of hydrophobic
ligands.

In conclusion, PPBA is situated within the aqueous cavity
between the actin-binding cleft and the ATP-binding pocket
of S1 in the ternary complex formed with ATP. Fluorescence
spectra of PPBA interacting with model compounds of amino
acids reveal the interaction of PPBA with Phe472 in the 50-
kDa segment of S1. These features make PPBA a useful
fluorescent probe in the investigation of conformational
changes in the 50-kDa cleft of S1.
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