
Cosolvent-Induced Aggregation Inhibits Myosin ATPase Activity by Stabilizing the
Predominant Transition Intermediate†

Y. Michael Peyser,‡ Shirley Shaya,‡ Katalin Ajtai,§ Thomas P. Burghardt,§ and Andras Muhlrad*,‡

Department of Oral Biology, Hebrew UniVersitysHadassah School of Dental Medicine, Jerusalem, Israel 91120, and
Department of Biochemistry and Molecular Biology, Mayo Foundation, Rochester, Minnesota 55905

ReceiVed June 12, 2003; ReVised Manuscript ReceiVed August 31, 2003

ABSTRACT: High concentration of the cosolvent poly(ethylene glycol) (PEG) induces reversible aggregation
of skeletal myosin subfragment 1 (S1) and inhibition of its Mg-ATPase activity [Highsmith et al. (1998)
Biophys. J. 74, 1465-1472]. In the present work the effect of aggregation on the various steps of the
ATPase cycle was studied. The isomerization and hydrolysis steps of the cycle were not affected by S1
aggregation since the formation of the “trapped” S1‚MgADP‚phosphate analogue complexes, which mimic
the prehydrolysis M*ATP and posthydrolysis M**ADP‚Pi transition states, proceeded without any
hindrance. Similar conclusions could be reached from the chemical modification of Lys-83 and Cys-707
in the presence of MgATP and MgATPγS, which indicated that the most populated intermediate of the
cycle in solubilized and aggregated S1 is M**ADP‚Pi. The dissociation of the trapped S1‚MgADP‚
phosphate analogue complexes resembling the M**ADP‚Pi state was strongly inhibited by PEG-6000,
showing that the transition from this intermediate is prevented by the aggregation. This step is presumably
inhibited because the coupled swinging of the lever arm from the closed to the open position is constrained
by the close packing of aggregated S1.

Contraction of skeletal muscle is based on the interaction
of the myosin motor with actin, which is powered by the
coupled hydrolysis of ATP. The globular head of myosin,
called subfragment 1 or S1, where both the nucleotide and
actin binding sites of the molecule are located, is responsible
for the generation of force during contraction. Crystal-
lographic studies revealed that S11 is made up of an
N-terminal catalytic domain containing the actin and ATP
binding sites and a C-terminal lever arm domain consisting
of anR-helix (1-4). During ATP hydrolysis S1 accomplishes
an∼70 deg rotation of the lever armR-helix while keeping
much of the catalytic and lever arm domains roughly intact.
This large conformation change occurs due to substantial
secondary structure transformation localized in switch 2, the
switch 2 helix and loop, and at the glycine swivel, Gly-699
[reviewed by Geeves and Holmes (5)]. The catalytic domain
is attached to actin at a fixed position and does not perform
global movement during the power stroke of the cross-bridge
cycle. The lever arm rotation is also coupled to the Mg-
mediated ATP hydrolysis in the absence of actin, which can
be described according to Bagshaw and Trentham (6) by the
simplified Scheme 1, where M is myosin subfragment 1 and

M, M* ‚ATP, M** ‚ADP‚Pi, and M*ADP represent confor-
mational states of S1-nucleotide complexes with distinct
structural and spectral properties.

The crystallization of S1 with and without nucleotides
provided the most detailed evidence that S1 exists in well-
defined distinct conformational states in the various stages
of the ATPase cycle (5). While the structures obtained from
different isoforms of myosin II (Dictyostelium, smooth
muscle, scallop) varied somewhat, most of them fell into
three main classes defined by the relative positions of the
catalytic and lever arm domains. The first class is the “near
rigor state”, which represents the apo (M) form of S1. The
second class is the “open” state, which is favored by
nonhydrolyzable ATP analogues, such as ATPγS or AMP-
PNP, and also by ADP‚BeFx. In general, it corresponds to
the prehydrolysis M*‚ATP state and is characterized by an
extended lever arm. The third class, i.e., the “closed” state,
is favored by the analogues of the posthydrolysis M**‚ADP‚
Pi transition state (ADP‚Vi or ADP‚AlF4). In this state the
lever arm and catalytic domain form a more compact
conformation as a result of a 70 deg swing of the lever arm.
On the basis of the determined atomic structures one can
view Scheme 1 as transitions between closed and open states.
The open to closed transition occurs in step 3 and the closed
to open transition in step 4.

In addition to crystallographic evidence solution studies
also indicated shape changes in S1 during various stages of
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ATP hydrolysis. These have been shown by electric bire-
fringence (7), by X-ray and neutron scattering (8), and by
probes, which can indicate the movement of the lever arm
(9-11).

Highsmith et al. (12) have shown that addition of a high
molecular weight cosolvent, poly(ethylene glycol) (PEG),
causes reversible aggregation of S1. This aggregation, caused
by the addition of 20% PEG compared to the 3-12% used
to promote S1 crystallization (2, 3), is accompanied by the
reversible loss of the Mg-mediated ATPase activity measured
at low ionic strength. According to the authors ATPase
activity inhibition is caused by the aggregation that prevents
segmental motions coupled to nonidentified steps of ATP
hydrolysis. Grazi et al. (13) did not accept the above
explanation and proposed that the inhibition of the Mg-
ATPase activity of S1 is due to chelation of Mg by the high
molecular weight PEG. In response to Grazi and co-workers’
criticism, Highsmith et al. (14) showed that the inhibition
of Mg-ATPase is independent of Mg concentration in the
1-10 mM range. However, the step in the ATPase activity,
which was inhibited at high PEG concentration, was not
identified.

In this study we attempted to clarify the mechanism of
the PEG inhibition of the S1 ATPase activity by finding out
whether the closed to open or the open to closed transition
or both are affected in the ATPase cycle (Scheme 1) by PEG.
We found in accordance with Highsmith et al. (12, 14) that
the inhibition of Mg-ATPase activity is independent of the
Mg concentration, and high ionic strength abolishes the S1
aggregation and the inhibition of the Mg-ATPase activity.
By using phosphate analogues and chemical modifications,
we identified the step in the ATPase cycle inhibited by
aggregation. Our results indicate that PEG does not influence
the binding or hydrolysis of ATP but inhibits the release of
phosphate from the M**‚ADP‚Pi transition state complex.
Presumably, this occurs because aggregation prevents the
swinging of the lever arm from bent to extended position
(closed to open transition), which is coupled to the phosphate
release.

MATERIALS AND METHODS

Chemicals. ATP, ADP, TNBS, DTT, PEG-3000, PEG-
6000, phenylmethanesulfonyl fluoride, chymotrypsin, HEPES,
and Tris-HCl were purchased from Sigma Chemical Co.
IAEDANS was purchased from Molecular Probes Inc.,
Eugene, OR. ATPγS was from Boehringer Mannheim
(Indianapolis, IN). All other chemicals were of reagent grade.

Proteins. Myosin was prepared from the back and leg
muscles of rabbit by the methods of Tonomura et al. (15).
S1 was obtained by digestion of myosin filaments with
chymotrypsin following the procedure of Weeds and Taylor
(16). S1 concentration was estimated from its absorption by
using anA1% at 280 nm of 7.5 cm-1. The molecular mass of
S1 was assumed to be 115 kDa.

ATPase ActiVity Assays.Mg-, Ca-, and K(EDTA)-activated
S1 ATPase activities (micromoles of phosphate per micro-
mole of S1 per second) were calculated from the inorganic
phosphate produced, assayed by a Malachite green method
(17). The reactions were performed at 25°C. Incubation
times were chosen so that no more than 15% of the ATP
was hydrolyzed. Mg-mediated ATPase activity, which was

measured at low ionic strength, contained 1-2 µM S1 in
the presence and absence of PEG in 0-10 mM MgCl2, 25
mM HEPES buffer, pH 7.0, and 1 mM ATP. At different
MgCl2 concentrations the ionic strength of the assay buffer
was adjusted by adding KCl. K(EDTA)- and Ca-activated
ATPase activities were assayed at high ionic strength (0.5-
0.6 M KCl). Under these ionic conditions the PEG-
aggregated S1 was solubilized. The aggregation by PEG and
the following solubilization essentially did not affect the
ATPase activity of S1. K(EDTA)-activated ATPase activity
was measured in solutions of 0.2µM S1, 6 mM EDTA, 600
mM KCl, 50 mM Tris-HCl buffer, pH 8.0, and 2 mM ATP.
Ca-activated ATPase activity was assayed in solutions of
0.2 µM S1, 5 mM CaCl2, 500 mM KCl, 50 mM Tris-HCl
buffer, pH 8.0, and 2 mM ATP.

Light Scattering Measurements.Aggregation of 0.5µM
S1 by PEG-3000 and PEG-6000 was assessed by the increase
in light scattering. The measurements were performed in a
PTI spectrofluorometer (Photon Technology International).
Both emission and excitation wavelengths were set at 400
nm.

Formation of Stable S1‚ADP‚Phosphate Analogue Com-
plexes (Trap Formation). This was carried out essentially
according to Peyser et al. (18). S1 (17-30 µM) in the
presence or absence of 20% PEG-6000 was incubated in 1
mM MgCl2 and 20 mM HEPES buffer, pH 7.0, at 25°C
with 0.2 mM ADP for 5 min. In the case of BeFx- or AlF4-
containing complexes 5 mM NaF was also present. After
that 0.2 mM Vi, BeCl2, or AlCl3 was added, and the
incubation was continued at 25°C for 20 min. To study the
course of formation of the “trapped” complexes, aliquots
were taken at selected time intervals after addition of
phosphate analogues in order to assay the K+(EDTA)-
activated ATPase activity.

Dissociation of the Stable S1‚MgADP‚Phosphate Analogue
Complexes.This was carried out essentially according to
Peyser et al. (18) by EDTA chase. The metal ions, which
have been dissociated from the S1‚MgADP‚phosphate
analogue complex, are chelated with EDTA that reacts only
with free Mg2+ but not with Mg2+ trapped in the complex.
The EDTA-chelated Mg2+ cannot reenter the complex, which
dissociates in the absence of divalent cation. Following trap
formation the S1‚MgADP‚phosphate analogue complex was
filtered through a spin column to remove reagent excess.
After that the trapped complex was incubated at 25°C in
the presence or absence of 20% PEG-6000 with 4 mM
EDTA, and its dissociation was followed by measuring the
recovery of the K(EDTA)-activated ATPase activity as
described above.

Effect of Trinitrophenylation of Lys-83 on the ATPase
ActiVity of S1.The time course of Lys-83 trinitrophenylation
was followed by monitoring the decrease in the K(EDTA)-
activated ATPase activity of S1. TNBS (final concentration
100µM) was added to 10µM S1 in the presence or absence
of 20% PEG-6000 and nucleotides (4 mM ATP, 0.2 mM
ATPγS) in 1 mM MgCl2 and 30 mM Tris-HCl, pH 8.0.
Aliquots were taken at selected time intervals after addition
of TNBS, and the reaction was quenched by 0.5 mM DTT.
Finally, the K(EDTA)-activated ATPase activity of the
aliquots was measured.

Effect of Alkylation of Cys-707 (SH1) on the Ca-ActiVated
ATPase ActiVity of S1.The time course of the reaction of
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Cys-707 (SH1) with IAEDANS was followed by assaying
the increase in the Ca-activated ATPase activity of S1.
IAEDANS (in 20 µM final concentration) was added to 10
µM S1 in the presence or absence of 20% PEG-6000 and
nucleotides (4 mM ATP, 0.2 mM ATPγS) in 0.5 mM MgCl2
and 30 mM Tris-HCl, pH 8.0. At selected time intervals after
addition of IAEDANS aliquots were taken into 0.5 mM DTT,
500 mM KCl, and 10 mM Tris-HCl in order to quench the
reaction and abolish the effect of 20% PEG-6000. Finally,
the Ca-activated ATPase activity was assayed.

S1 Volume and Surface Area Calculation. S1 volume and
surface area were computed using quantitative structure-
activity relationships (QSAR) software implemented in
HyperChem (Hypercube, Inc., Gainesville, FL). The volume
and surface area calculations use a method described by
Bodor et al. (19) and the solvent-accessible surface option
with a solvent probe radius of 3 Å. The protein structures
are the skeletal S1 sequence, homology modeled into the
M, M*, and M** conformations using the skeletal (20),
scallop (3), and smooth muscle myosin (2) crystal structures,
respectively. Homology modeling was done with Modeller
(21) on a sequence containing the skeletal heavy chain and
essential light chain. The homology models contain flexible
loops and other peptides missing from the crystal structures
that are inserted and energy minimized according to the
Modeller protocol. The skeletal M, M*, and M** structures
have identical sequence and molecular weights.

RESULTS

Mg Dependence of the PEG Inhibition of S1 ATPase
ActiVity. There is a controversy on the cause of the PEG
inhibition of Mg-modulated S1 ATPase activity. According
to Grazi et al. (13) it is caused by the PEG chelation of free
Mg ions, while Highsmith et al. (14) showed that the
inhibition is due to PEG-induced S1 aggregation. Because
of this controversy we tested the Mg dependence of the PEG
inhibition. The Mg-ATPase activity of S1 was measured in
the 1-10 mM Mg range in the presence and absence of 20%
PEG-6000. The ionic strength was kept constant at each point
by addition of KCl because increasing ionic strength has been
shown to reduce the PEG inhibition of Mg-ATPase activity
(12). According to our results, in agreement with Highsmith
et al. (14), 20% PEG-6000 strongly inhibits the Mg-ATPase
activity of S1 independently of Mg concentration in the 1-10
mM range (Table 1). This excludes the possibility that the
PEG inhibition of S1 ATPase activity is due to the chelation
of free Mg.

Effect of Ionic Strength on the PEG-Induced Aggregation
and ATPase ActiVity Inhibition of S1.The effect of ionic
strength on S1 aggregation caused by 25% PEG-3000 or
PEG-6000 was studied by monitoring the light scattering of

S1 in the presence of increasing concentrations of KCl
(Figure 1A). KCl (0.5 M) completely abolished the light
scattering increase induced by both PEG-3000 and PEG-
6000 essentially as observed by Highsmith et al. (12).
However, significantly less KCl was needed for the decrease
of light scattering in the case of PEG-3000 than with PEG-
6000. The PEG inhibition of the Mg-ATPase activity of S1
also decreased by the increasing KCl concentration (Figure
1B). Similarly to the light scattering change, KCl was more
efficient in abolishing the PEG-3000- than the PEG-6000-
caused inhibition of S1 ATPase activity. These data show
that it is not just the presence of PEG, but the PEG-induced
aggregation, that causes inhibition of the ATPase activity.
The finding that KCl is more efficient in reversing aggrega-
tion by PEG-3000 than by PEG-6000 indicates that the PEG
exclusion volume plays a role in the mechanism of S1
aggregation (22). Volume exclusion due to PEG was shown
to influence the solubility of several different proteins (23).
Presumably, KCl perturbs the attractive electrostatic interac-
tions between the S1 molecules. This indicates that both
volume exclusion and ionic interaction have a role in the
aggregation of S1 by the PEG cosolvent.

Table 1: Mg2+ Dependence of S1 Mg-ATPase Activity Inhibition
by PEGa

Mg-ATPase activity (s-1)

Mg2+ (mM) no PEG 20% PEG-6000

1.0 0.033 0.0041
3.0 0.033 0.0042
6.0 0.034 0.0046

10.0 0.034 0.0047
a For details of the ATPase activity assay, see Materials and Methods.

FIGURE 1: Effect of ionic strength on the PEG-induced light
scattering increase and Mg-ATPase activity inhibition of S1. (A)
Light scattering of 0.5µM S1 in 25% PEG-3000 (2) or PEG-6000
(9), 25 mM MOPS buffer, and 1 mM MgCl2 was measured in the
presence of increasing KCl concentration. (B) Mg-ATPase activity
of 1 µM S1. S1 in 25% PEG-3000 (2) or PEG-6000 (9), 25 mM
MOPS buffer, and 1 mM MgCl2 was assayed in the presence of
increasing KCl concentration as described in Materials and Methods.
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Effect of PEG on the Formation of Trapped S1‚MgADP‚
Phosphate Analogue Complexes.Highsmith et al. (12)
showed that ATP binds to S1 also in the presence of PEG,
but the S1-nucleotide complex formed in the ATPase cycle
(Scheme 1) under these conditions was not defined unam-
biguously. A convenient way to study the nature of the S1-
nucleotide complex is to follow the trapping of phosphate
analogues in the presence of Mg and ADP (18). We
monitored the formation of M*ATP (S1‚MgADP‚BeFx) and
M**ADP ‚Pi (S1‚MgADP‚Vi and S1‚MgADP‚AlF4) mimick-
ing complexes (24, 25) in the presence and absence of 20%
PEG by assaying the decrease in K(EDTA)-activated ATPase
activity (Figure 2). This ATPase activity was assayed because
it was measured at high ionic strength, and therefore, it was
not inhibited by the 20% PEG concentration (Figure 1 and
ref 12). The time course of trapping, revealed by the decrease
in ATPase activity, was essentially identical in both the
presence and absence of 20% PEG-6000 with each phosphate
analogue (only Vi and BeFx are shown in Figure 2). The
finding that PEG does not inhibit trapping indicates that the
isomerization of M‚ATP to M*‚ATP and its hydrolysis to
M**ADP ‚Pi proceed also in PEG-induced aggregation
conditions. It follows that either the M*ATP or the M**ADP‚
Pi state is predominant in the ATPase cycle (Scheme 1) in
the presence of 20% PEG-6000. However, further experi-
ments were needed to determine which state is predominant
in the presence of PEG.

Effect of PEG on the Dissociation of Trapped S1‚MgADP‚
Phosphate Analogue Complexes. Our aim was to define
whether transition from the open prehydrolysis M*ATP or
from the closed posthydrolysis M**ADP‚Pi state is inhibited
in the ATPase cycle in the presence of PEG. To accomplish
this, we mimicked the M*ATP state by S1‚MgADP‚BeFx

and the M**ADP‚Pi state by S1‚MgADP‚Vi or S1‚MgADP‚
AlF4 trapped complexes as described above and measured
their rate of dissociation by EDTA chase (18). The recovery
of the K(EDTA)-activated ATPase activity of S1 indicated
the dissociation of the trapped complex in these measure-
ments. The rate of dissociation of all of the trapped
complexes was inhibited by the presence of PEG (Table 2).
However, the dissociation of the S1‚MgADP‚Vi and S1‚
MgADP‚AlF4 trapped complexes was strongly inhibited,
while the slow dissociation of S1‚MgADP.BeFx was much
less affected by PEG. Since both S1‚MgADP‚Vi and
S1‚MgADP‚AlF4 mimic the M**ADP‚Pi closed state, our
results indicate that step 4 in Scheme 1 is inhibited by the
PEG -induced aggregation and that in the presence of 20%
PEG-6000 the M**ADP‚Pi transition state is the most
populated in the ATPase cycle.

Trinitrophenylation of Lys-83 of S1 in PEG.Lys-83 is the
most reactive lysine residue of the myosin head (26) located
in the 27 kDa N-terminal segment of the molecule (27, 28)
at an interface of the converter and lever arm domains (29).
2,4,6-Trinitrobenzenesulfonate (TNBS) preferentially trini-
trophenylates Lys-83. The rate of modification of Lys-83 is
3 orders of magnitude faster than for the rest of the lysine
residues of S1 (30). The reaction of this fast-reacting lysine
with TNBS causes dramatic increase in Mg-activated and
decrease in K(EDTA)-activated ATPase activity of S1 (26,
31) and the loss of myosin motor function (32), while the
reaction of other, slowly reacting lysines essentially does not
affect the ATPase activity or function. The modification of
Lys-83 is strongly inhibited by nucleotides (33, 34), which
was also observed in the present work by monitoring the
effect of Lys-83 modification on the K(EDTA)-activated
ATPase activity of S1 (Figure 3A,B). On the basis of the
extent of S1 protection against modification of Lys-83 the
nucleotides could be classified into two groups. Those
nucleotides, like MgATPγS, which favor the structure of S1
resembling the open M*ATP state (35), protect less, while
those like MgATP, for which the closed M**‚ADP‚Pi

transition state is the most populated, protect S1 more (29).
We studied the trinitrophenylation of Lys-83 and the effect
of MgATPγS and MgATP on the modification in the
presence of 20% PEG-6000 by monitoring the decrease in
K(EDTA)-activated ATPase activity (assayed at high ionic
strength when there is no PEG inhibition) during the course
of the reaction (Figure 3). We found that the S1 aggregation

FIGURE 2: Time course of formation of trapped S1‚MgADP‚
phosphate analogue complexes in the presence of 20% PEG-6000.
The time course of complex formation was followed by assaying
the K(EDTA)-activated ATPase activity of S1 as described in
Materials and Methods. Symbols: (b) 20% PEG-6000; (2) no PEG
present. ATPase activities expressed as a percentage of activity of
S1 in the absence of phosphate analogue. (A) S1‚MgADP‚Vi and
(B) S1‚MgADP‚BeFx formation.

Table 2: Rates of Dissociation of S1‚MgADP‚Phosphate Analogue
Complexes in the Presence of 20% PEG-6000a

ATPase activity recovery (% h-1)S1‚MgADP‚phosphate
analogue complex no PEG 20% PEG-6000

S1‚MgADP‚Vi 3.54 1.18
S1‚MgADP‚AlF4 5.98 1.37
S1‚MgADP‚BeFx 1.66 1.25

a Rates of dissociation were calculated from the initial phase of
recovery of the K(EDTA)-activated ATPase activity of S1 following
EDTA chase. Details of the method are given in Materials and Methods.
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caused by PEG essentially did not influence the rate and
extent of Lys-83 trinitrophenylation in the apo state (Figure
3A). It slightly decreases the rate of the reaction in the
presence of nucleotides (Figure 3B,C). However, the inhibi-
tory effect of MgATP on the modification was stronger than
that of MgATPγS also in the presence of PEG. This indicates
that in the ATPase cycle S1 is predominantly in the
M** ‚ADP‚Pi state in the aggregate. Thus, aggregation does
not inhibit the M*ATP f M** ‚ADP‚Pi, i.e., the openf
closed transition.

Alkylation of Cys-707 (SH1) by IAEDANS in the Presence
of PEG.The bentR-helix containing Cys-707 (SH1), which
connects the converter region with the rest of the motor
domain, is one of the structural elements responsible for
transduction of conformational changes during the ATPase
cycle of S1 (4). The modification of the SH1 thiol results in

the loss of in vitro myosin motility (36) and a significant
increase in Ca- and Mg-activated and a decrease in K(EDTA)-
activated ATPase activity of S1 (37). The rate of alkylation
of SH1 thiol with IAEDANS is accelerated by nucleotides.
The acceleration is greater when S1 is in the open M*ATP
state, mimicked by MgATPγS, than when the closed
M**ADP ‚Pi state is the most populated one in the presence
of MgATP (38). We studied the effect of 20% PEG-6000-
caused aggregation on the alkylation of SH1 thiol with
IAEDANS by assaying the Ca-activated ATPase activity
(assayed at high ionic strength, where there is no PEG
inhibition) of S1 (Figure 4). The modification increased the
Ca-activated ATPase activity, and the increase was somewhat
smaller in the presence than in the absence of PEG. The
addition of MgATP and MgATPγS further augmented the
rate and extent of increase in Ca-ATPase activity; however,
the increase was significantly higher with MgATPγS than
with MgATP, in both the presence and absence of PEG. This
finding is in agreement with the results obtained on the
formation and dissociation of trapped S1-phosphate ana-
logue complexes and the modification of Lys-83, i.e., that
the closed M**‚ADP‚Pi state is the most populated at
crowding conditions.

S1 Volume and Surface Area in M, M*, and M**
Conformations. S1 aggregation induced by PEG should affect

FIGURE 3: Effect of Lys-83 trinitrophenylation on the K(EDTA)-
activated ATPase activity of S1 in the presence of 20% PEG-6000.
Following addition of TNBS the K(EDTA)-activated ATPase
activity of S1 was measured as described in Materials and Methods.
The ATPase activity is expressed as a percentage of the unmodified
S1 activity. (A) Trinitrophenylation of the apo form of S1 in the
absence of nucleotides. Symbols: (2) 20% PEG-6000; (O) no PEG
present. Trinitrophenylation in the presence (B) and in the absence
(C) of PEG. Symbols: (9) 4 mM ATP; (2) 0.2 mM ATPγS; (4)
no nucleotide present.

FIGURE 4: Effect of alkylation of Cys-707 (SH1) on the Ca-activated
ATPase of S1 in the presence of 20% PEG-6000. Following the
addition of IAEDANS the Ca-activated ATPase of S1 was measured
as described in Materials and Methods. The ATPase activity is
expressed as a percentage of the unmodified S1 activity. Alkylation
in the presence (A) and in the absence (B) of PEG. Symbols: (9)
4 mM ATP; (b) 0.2 mM ATPγS; (2) no nucleotide present.
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ATPase activity kinetics if conformational change ac-
companies hydrolysis (39). In particular, a conformation that
increases volume, surface area, or both will be resisted by
the forces stabilizing the aggregate since the aggregated S1
is confined by the interaction with its neighbors. Evidence
for a shape change in S1 comes from the crystal structures
that show large conformation differences between apo and
bound or trapped nucleotide analogue forms (3, 4, 20). We
computed the volume and surface area of skeletal myosin
representations of the M, M*, and M** conformations to
estimate the effect of the conformation change on these
parameters.

The skeletal myosin sequence, including the essential light
chain, was homology modeled into the M, M*, and M**
conformations using the skeletal (20), scallop (4), and smooth
muscle myosin (3) crystal structures, respectively, as de-
scribed in Materials and Methods. The volume and surface
areas of these structures were tabulated using QSAR also as
described in Materials and Methods, and the results are
summarized in Table 3. Table 3 shows that the volumes and
surface areas of the conformations are in the order M*> M
> M**. Surface area makes the more dramatic change from
M* to M** ( ∼8% compared to∼3% for volume) as expected
for a structure that becomes more extended. These findings
suggest, in agreement with the other observations described,
that transitions from the M** predominant intermediate
should be inhibited in the aggregated form because any
conformation change accompanying the transition will
increase volume and surface area.

DISCUSSION

PEG is a cosolvent added to protein solutions to influence
the protein solubility (22). For several different proteins
tested, PEG was shown to lower the protein solubility and
induce aggregation by the steric exclusion mechanism (22,
23, 40). Steric exclusion preferentially excludes PEG from
a volume surrounding the protein due to PEG’s size such
that higher molecular weight PEG molecules exclude a larger
volume around the protein. In this case, the predominant
PEG-protein interaction is repulsive, leading to aggregation
or the salting out of the protein. Higher molecular weight
PEG is the more effective salting out cosolvent. Our data
suggest PEG-S1 interact via the steric exclusion mechanism
since the reversal of PEG-induced S1 aggregation by KCl
requires increasing KCl for larger molecular weight PEG.

Highsmith et al. (12) found that the reversible PEG-
induced S1 aggregation is accompanied by the loss of its
Mg-mediated ATPase activity. KCl (0.5 M), which has no
effect on the excluded volume, prevents the PEG-induced
aggregation of S1, presumably because high ionic strength
prevents the attractive electrostatic interactions between the

S1 molecules. This KCl concentration abolishes also the PEG
inhibition of the Mg-mediated ATPase activity of S1,
indicating that the aggregation and not the presence of the
PEG is responsible for the inhibition of the Mg-ATPase
activity of S1. Thus there appears to be a causal relationship
between aggregation and the loss of enzymatic activity.

Our aim was to identify the step in the ATPase cycle of
S1 (Scheme 1) that is inhibited by the aggregation of the
protein. We could exclude the first two steps in Scheme 1
(binding of ATP and the subsequent isomerization) from
those inhibited by the aggregation since it was shown by
Highsmith et al. (12) that ATP binds to S1 and increases its
tryptophan fluorescence intensity in the absence and presence
of PEG-induced aggregation. We found that the aggregation
also does not affect the hydrolysis of ATP (step 3 in Scheme
1) because the formation of the S1‚MgADP‚Vi and
S1‚MgADP‚AlF4 complexes mimicking the M**‚ADP‚Pi

state proceeds unaffected in the presence of 20% PEG-6000.
Moreover, the time course of the chemical modification of
Lys-83 and Cys-707 in PEG-aggregated S1, in the presence
of ATPγS, when S1 is in the M*ATP state (35), is faster
than in the presence of ATP. According to our former results
(29), this indicates that in the presence of ATP the
M** ‚ADP‚Pi posthydrolysis state is the most populated
intermediate and, therefore, the hydrolysis step in the ATPase
cycle is not inhibited by S1 aggregation. Finally, the
dissociation of the S1‚MgADP‚Vi and S1‚MgADP‚AlF4

complexes is extremely slow in the presence of PEG
(Table 2), indicating clearly that the transition from the
M** ‚ADP‚Pi state, i.e., the dissociation of phosphate, is
inhibited by the aggregation of S1.

In the Mg-mediated S1 ATPase cycle the dissociation of
phosphate from the closed M**‚ADP‚Pi state is coupled to
a 70 deg swing of the lever arm during which myosin
conformation transits from the closed to open form (5). PEG-
induced volume exclusion has been shown to affect those
steps of enzyme reactions, coupled with conformation
changes that alter protein volume and surface area (41).
According to our calculations the molecular volume and
surface area of S1 are the smallest in the ATPase cycle in
the closed M** state and should be favored under the
conditions of volume exclusion. Thus the volume exclusion
conditions will inhibit the swing of the lever arm necessary
to exit the M** conformation. Assuming that lever arm
movement and the M**‚ADP‚Pi to M* ‚ADP transition are
tightly coupled, inhibition of the lever arm movement will
likewise inhibit phosphate dissociation. In the absence of tight
coupling the observed PEG-induced inhibition of phosphate
release would depend on the unlikely possibility that S1
aggregation somehow causes this effect directly.

According to Minton (39), if the overall rate of the reaction
is limited by the rate with which the transition state complex
decays to products, which is the case in S1 ATPase activity,
then crowding would be expected to enhance the relative
abundance of the transition state complex and hence the
forward reaction rate. However, during S1 ATPase activity
the decay rate of the predominant state is not enhanced but
reduced by the aggregation. This indicates again that not the
chemical process (the dissociation of phosphate) but the
coupled conformation change is inhibited directly by the
PEG-induced volume exclusion.

Table 3: QSAR Properties of Homology Modeled Skeletal S1 in
Three Conformations

form ida volume (Å3) surface area (Å2)

M 2mys 260037 39771
M* 1b7t 268631 41375
M** 1br1 259645 38461
a Protein Data Bank identification number of the crystal structure

used in the homology modeling of the corresponding skeletal S1
structure.
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PEG-induced interactions between S1’s in solution model
the crowded conditions experienced by the myosin heads in
a muscle fiber. We found, in agreement with Highsmith et
al. (12), that under crowded conditions in solution the
MgATPase activity of myosin is inhibited in the absence of
actin. It is conceivable that also in muscle the volume
exclusion contributes to the observed very low level of
myosin ATPase activity under resting conditions, when
myosin cross-bridges are dissociated from actin.

Our work shows that in situ interactions could influence
steps critical in the contraction cycle. It is widely recognized
that cross-bridge strain-dependent rate parameters for binding
and release from actin are important to the native assembled
system but difficult to emulate in the in vitro assay. We now
suggest that one must likewise acknowledge a similar
situation for the thermodynamic effects on cross-bridge
conformation due to the excluded volume in a muscle fiber.
The latter is not emulated in vitro in the absence of PEG
and might be the source of discrepancies in force develop-
ment reported between probe- modified cross-bridges in
muscle fibers (42) and probe-modified myosin in the in vitro
motility assay (43).

In summary, we present evidence suggesting that S1
aggregation induced by PEG restrains mechanically the lever
arm movement from the closed to the open position, and
because of the tight coupling, this prevents the M**ADP‚Pi

to M*ADP transition and inhibits the Mg-ATPase activity
of S1.
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