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ABSTRACT. We examined the effect of blebbistatin on the kinetic properties of nonmuscle myosin 11B
subfragment 1 (NMIIB S1). Blebbistatin is a small molecule that affects cell blebbing during the process
of cell division, which has been shown to decrease the myosin ATPase activity of a number of myosins
[Straight et al. (2003%cience 2991743-1747]. The steady-state actin-activated ATPase activity of NMIIB

S1 was decreased90% at 40uM actin in the presence of blebbistatin. Stopped-flow techniques were
employed to elucidate the effect of blebbistatin on the various steps of the NMIIB S1 cross-bridge cycle.
Blebbistatin did not affect ATP binding and hydrolysis. Binding to actin in the presence of ADP40.57
0.08uM~1s™1) was reduced slightly in the presence of blebbistatin (@&:¥803uM~1 s71), while mantADP
dissociation from acto-NMIIB S1 was reduced30%). R release was blocked in the presence of
blebbistatin. Accordingly, the apparent affinity of NMIIB S1 for actin in the presence of ATP was greatly
reduced. Based on the above data, we surmise that blebbistatin inhibits the ATPase activity of NMIIB S1
primarily by blocking entry into the strong binding state; secondarily, it reduces the rate of ADP release.
These effects are likely mediated by binding of blebbistatin within the myosin cleft that progressively
closes in forming the acto-myosin rigor state.

Myosin Il isoforms are molecular motors expressed widely
in almost all eukaryotic cell types. Myosins are ATPase
enzymes that are activated by actin, and this activation
increases the ATPase activity multifold to different extents
in different isoforms. All class Il myosins are hexameric with
each of the two heavy chains binding essential and regulatory
light chains. The N-terminal motor domain of the heavy chain
contains the nucleotide and actin binding sites and confers
ATPase activity. Light chains are present at the neck region
of the heavy chain. Specific isoforms of the muscle myosins
are present in specific muscles, whereas nhonmuscle myosin
isoforms are ubiquitously expressed in several cell types.

Nonmuscle myosin IIB comprises approximately 70% of
the myosin Il found in the central nervous system and 100%
of cardiac nonmuscle myosin Il. Nonmuscle myosin IIB is
a well-studied protein, and the kinetic characteristics are
documentedl 2). This myosin shares a number of features
with processive unconventional myosins. These features
include high ADP affinity, high duty ratio, and slow ADP
release 1, 2).

Ficure 1: Structure of £)-blebbistatin (from reb).

Small molecule inhibition of myosins has been studied
with various other inhibitors in an attempt to find either a
universal or a class-specific myosin inhibitor. Inhibitors such
as 2,3-butanedione monoxime (BDMj) (and N-benzylp-
toluene sulfonamide (BTS¥) have been shown to differ-
entially inhibit specific myosins. Blebbistatin (1-phenyl-2-
pyrrolidinone derivative, Figure 1) is a small molecule that
inhibits steady-state actin-activated ATPase activity of
NMIIB ! heavy mero myosin (HMM)5). It is also shown
to inhibit myosin Il and thereby inhibit pancreatic adeno-
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on the kinetics of the ATPase cycle of nonmuscle myosin
IIB subfragment 1.

MATERIALS AND METHODS

Recombinant Myosin IIB Expression and Purification.
Single-headed S1-like myosin 1IB (henceforth referred to in
the manuscript as NMIIB S1) constructs were created from
truncation of chicken nonmuscle 11B heavy chain cDNA at
Leu845 (B1 isoform of loopl with no loop 2 insertion). A
FLAG tag (encoding DYKDDDDK) was inserted at the
C-terminus to facilitate purification. Both essential light chain
(ELC) and regulatory light chain (RLC) binding sites (IQ

motifs) were present in the recombinant heavy chain protein.

Expression of the recombinant myosin 1IB S1 was ac-
complished via infection of SF9 insect cells with a baculo-
virus expression vector capable of driving high-level expres-
sion of foreign proteins. The SF9 cells were co-infected with
recombinant virus expressing the myosin IIB heavy chain
and recombinant viruses for the nonmuscle ELC and RLC.
Myosin was purified as described)(

Actin Purification and Reagentéctin was purified from
rabbit skeletal muscle using acetone pow@grdgel filtered,
and labeled with pyrenyl iodoacetamide (Molecular Probes)
as described9). All reagents were of the highest purity
commercially available. ATP was prepared fresh from dry
powder (Roche Molecular Biochemicals, 99.7% pure by
HPLC, data not shown).

Blebbistatin was provided by Drs. Aaron F. Straight and
T. J. Mitchison (Harvard Medical School, Boston, MA). An
enantiomeric mixture of blebbistatin dissolved in DMSO was
used. All dilutions of blebbistatin in the experiments were
made in DMSO keeping a maximum of 5% DMSO in assay
mixtures to minimize deleterious effects on proteins. The
compound was stored at80 °C in the dark until use to
prevent photoinactivation. NMIIB S1 was incubated with
blebbistatin in all experiments at 5% DMSO prior to mixing
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Ficure 2: Effect of 100uM (£)-blebbistatin on the steady-state
actin-activated MgATPase activity of nonmuscle myosin IIB. Actin-
activated ATPase activity of NMIIB S is fitted to a hyperbolic
Michaelis-Menten equation with &max 0f 0.2 4+ 0.11 st and a
KatpaseOf 176 + 152uM~1. ATPase activity is inhibitedX90%)

by blebbistatin. Data from the blebbistatin-treated NMIIB S1
samplesM) could not be fitted to the Michaelidvlenten equation.
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binding protein (PBP) labeled covalently witN-[2-(1-
maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxam-
ide (MDCC—PBP) as described @), by exciting at 425 nm
and measuring emission using a 455 nm long-pass filter.
Background Pwas removed by incubating the stopped flow
apparatus and all solutions with 7-methyl-guanosine (0.1
mM) and purine nucleoside phosphorylase (0.02 units/mL).

with the required reactants to obtain readings in the stopped  Nonlinear least-squares fitting of the data was done with

flow system.

All assays were performed in low-salt buffer (20 mM
MOPS, 20 mM KCI, 5 mM MgC}, 1 mM EGTA, 1 mM
DTT, pH 7.0, 25°C).

Actin-Actvated ATPase Actity. Steady-state ATP hy-
drolysis by NMIIB S1 (200 nM) was measured in the
presence (6100uM) and absence of actin using the NADH-
linked assay 10) with a final MgQATP concentration of 1
mM.

Kinetics and ModelingTransient kinetic measurements
were performed in an Applied Photophysics (Surrey, U.K.)
SX 18MV stopped flow apparatus, which has a dead time

software provided with the instrument or Kaleidagraph
(Synergy Software, Reading, PA). All values are presented
with a standard error of the fit and as the mear§D for
multiple trials.

RESULTS

We examined the effect of blebbistatin on the kinetics of
each of the steps in the mechanochemical cycle of NMIIB
S1. The framework used in this study is as described in
Scheme 1. DMSO was used to solubilize blebbistatin.
Independent measurements using DMSO as a control to test
its effect on NMIIB S1 were performed for all experiments.

of 1.2 ms. Tryptophan fluorescence was measured with anDMSO did not alter any of the kinetic steps except ATP-
excitation wavelength of 295 nm, and emission was measuredinduced dissociation from actin and ADP release. All

using a 320 nm long-pass filter (Oriel Corp., Stratford, CT).

concentrations mentioned in the stopped flow experiments

Pyrene actin and mant-labeled nucleotides were excited atare initial concentrations unless otherwise stated.
365 nm, and the fluorescence emission was measured using Steady-State ATPase Adty. Actin-activated ATPase

a 400 nm long-pass filter (Oriel Corp., Stratford, CT).

activity of NMIIB S1 with and without blebbistatin was

Chemical guench experiments were performed to determinemeasured using an NADH-coupled assay (Figure 2). The

the amplitude of the ADPP, burst of NMIIB S1, and
activated charcoal was used to meas@iregenerated from
the hydrolysis of §-3?P]ATP as describedL(), after manual
mixing. Transient Prelease was measured by using the

steady-state turnover of ATP by NMIIB S1 is very slow in
the absence of actin (0.0 0.0007 s%). Actin activates
the ATPase activity~20-fold (Vmax = 0.20 + 0.11 s%).
Blebbistatin inhibits actin-activated MgATPase activity by

coupled assay system containing the bacterial phosphate>90%.
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Table 1: Kinetic Parameters of Blebbistatin Effect on NMIIB S1

parameter signal unit —bleb +bleb
basal ATPase NADH-coupled assay “is 0.012+ 0.007 0.00A- 0.0001
Actin-Activated ATPase Activity
Vimax NADH-coupled assay 3 0.20+ 0.1
KaTpase NADH-coupled assay uM 176+ 152
ATP Binding
KiKi2 tryptophan st 0.48+ 0.09
Kikio mant uMtst 0.74+ 0.02 0.72+ 0.03
K'iK 12 mant uM~tst 0.62+ 0.04 0.58+ 0.03
K2 pyrene st 474+ 10 291+ 37
K’y pyrene uM 229+ 15 201+ 92
K'1K 122 pyrene uM~tst 0.86+ 0.10 0.44+ 0.02
ATP Hydrolysis
P, burst chemical quench 0.300.05 0.33+ 0.06
Ks chemical quench 0.44 0.06 0.5+ 0.07
Actin Binding to S:--ADP
Ki10 pyrene uM~1st 0.57+ 0.08 0.38+ 0.07
P Release
K14 MDCC-PBP st 0.03+ 0.003
ADP Dissociation
Kys mant st 1.8+.028 1.3+ 0.09¢
Kis mant st 1.8+0.22 0.9+ 0.1¢

2K} deduced from initial slope of the ATP-induced dissociation of pyreawin curve.> DMSO treatment contributed a drop to 1#50.08 s*.

¢DMSO treatment contributed a drop to 140.28 s

Photoinactvation of Blebbistatin Blebbistatin is a pho-
tosensitive compound. NMIIB S1 and aM actin incubated
with 200 uM blebbistatin was exposedrf® s to 295 and
365 nm and for 1 s to 425 nmvavelengths of light before
reacting with ATP to measure actin-activated ATPase in an
NADH-coupled assay. Samples containing blebbistatin ex-
posed to 295 nm light o5 s did not inhibit actin-activated
ATPase activity of NMIIB S1 (0.2 0.007 s'). However,
exposure of blebbistatin incubated acto-NMIIB S1 to 365
nm light for 5 s inhibited ATPase activity to 0.0& 0.01
s ! reflecting the active nature of the compound. Exposure
of acto-NMIIB S1 incubated with blebbistatin to 425 nm
light for 1 s did not inhibit ATPase activity; rather an increase
in ATPase activity (0.36-= 0.01 s*) compared to unexposed
controls (0.17+ 0.0007 s?) was observed.

ATP-Induced Dissociation of Acto-NMIIB SRapid
mixing of MgATP with the pyrene-acto-NMIIB S1 complex
causes an increase in fluorescence levels of pyrangn,
which reflects the ATP-induced population of the weakly
bound states of myosin. Pyrenacto-NMIIB S1 (2.5uM)
was mixed with varying amounts of ATP {@000«M) in
the stopped flow apparatus. A plot of the observed rate

constant of the increase in fluorescence as a function of

20 s 4. Therefore, it was not possible to determine whether
blebbistatin alone had any effect &n,.

mantATP Binding and ATP HydrolysiSince the results
of the ATP-induced dissociation were difficult to interpret,
we examined ATP binding with mantATP. Binding of
mantATP to NMIIB S1 in the presence and absence of actin
results in an increase of fluorescent signal of the mant
nucleotide as in many other myosin isoforms. This reaction
was modeled according to Scheme 1, in which ATP binding
is a two-step process, a rapid equilibrium collision complex
(Ky) followed by an isomerizatiork) to form the myosin-
ATP complex. NMIIB S1 (2uM) was mixed with varying
amounts of mantATP (030 x«M) and gave &k, of 0.74
+ 0.02uM~1s1, Blebbistatin (10Q:M) was incubated with
NMIIB S1, and this treatment did not change the rate
constant of mantATP binding (0.72 0.03 s%) (Figure 3A).
Dependence of mantATP binding to acto-NMIIB S1u(Sl
actin) gave an apparent second-order rate constant of 0.62
+ 0.04 s'%. Blebbistatin (10Q:M) treatment of acto-NMIIB
S1 showed an apparent second-order rate constant of 0.56
=+ 0.03 st (Figure 3B; Table 1).

Based on earlier work on NMIIB S11( 2), which

MgATP concentration was hyperbolic and saturated at 474 measured the tryptophan fluorescence enhancement upon

+ 10 st and reached half-maximum at 22915 uM ATP
(Table 1). Blebbistatin (100M) reduced the maximum rate
of ATP-induced dissociatiork(, = 291 + 37 s1) and the
ATP concentration at which half-maximal saturation occurs
to 201+ 92uM~t s71, The apparent second-order association
rate constant for MgATP binding to pyrenacto-NMIIB

S1 KiK,,) obtained from the initial slope of the plot at low
ATP concentration was 0.84 0.01 uM~! s™1, and with
blebbistatin treatment, it was 0.44 0.02uM~* s™* (Table

1). Unfortunately, the levels of DMSO needed to solubilize
blebbistatin had a significant effect on the maximum rate of
ATP-induced dissociation of acto-NMIIB Sk, = 377+

ATP binding, a hyperbolic increase in the rate constant as a
function of ATP concentration was observed with a saturation
rate of 16.5+ 0.2 (2) and 16.7+ 1.1 s* (1). Thus at high
ATP concentrations, the rate of fluorescence enhancement
is limited by the ATP hydrolysis step, and its maximal rate
reports the rate of ATP hydrolysi& + k_3). At low ATP
concentrations, the observed rate was limited by the ATP
binding process; therefore, it was linearly dependent upon
ATP concentration Z), and the slope gives an apparent
second-order rate constartk.,), 0.48+ 0.09uM1 s™%,

for NMIIB S1. Since blebbistatin was found to be inactivated
at 295 nm, the wavelength at which tryptophan fluorescence
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Ficure 3: mantATP binding and hydrolysis. In panel A, M
nucleotide-free NMIIB S1 with M) and without @) 100 uM
blebbistatin was mixed with varying concentrations of mantATP
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Ficure 4: Kinetics of NMIIB S1(ADP) binding to pyrene-labeled
actin filaments. NMIIB S1 was mixed with a 10-fold molar excess
of pyrene-labeled actin in the presence of @M ADP in the
stopped flow apparatus. Dependence of the fast phase of the
biexponential fit ofk,s (@) showed a rate of 0.5& 0.08 uM~*
s1, and blebbistatin (108M) treatment ) showed a rate of 0.38
+ 0.03uM~1s7! (inset, an averaged time course of fluorescence
quenching after mixing ZM pyrene—-actin with 0.2uM NMIIB
S1 and 0.4 mM ADP, yielding &s of 0.9 4+ 0.072 s for the
fast phase and 0.32sfor the slow phase.)

and blebbistatin treatment of NMIIB S1 showe#aof 0.50
+ 0.07.

Kinetics of NMIIB S1(ADP) Binding to Pyrenéctin.
Binding of NMIIB S1 or NMIIB S1—-ADP to pyrene-labeled
actin decreases pyrene fluorescence upon formation of the
strongly bound actomyosin complex (Figure 4, inset). The

in the stopped flow apparatus, and the reaction was monitored by flygrescence transient upon mixing NMIIB S1 and 0.4 mM

the enhancement of mantATP fluorescence. The slopg,0és a

function of mantATP concentration gave an apparent second-order

rate constanti;k;,) of 0.74+ 0.02uM~1 s~ for NMIIB S1 and
0.724 0.03uM~1 s71 for NMIIB S1 + blebbistatin. In panel B, 1
uM nucleotide-free NMIIB S1 and 2.xM actin with (@) and
without (@) 100uM blebbistatin was mixed with varying concen-

trations of mantATP in the stopped flow apparatus, and the reaction
was monitored by the enhancement of mant fluorescence emission

The slope gave an apparent second-order rate congtakit, () of
0.62+ 0.04uM~1 s71 for NMIIB S1 and 0.56+ 0.03uM~1s71
for NMIIB S1 + blebbistatin.

is measured, the effect of blebbistatin on ATP binding could
not be determined by this method.

The kinetics of ATP hydrolysis by NMIIB S1 with and
without 100uM blebbistatin treatment were measured with

ADP with 10-fold excess pyreneactin was biexponential.
A similar biexponential process was observed in previous
studies on NMIIB S1 (1). The fast phase lefs (Figure 4)
was linearly dependent on actin concentration. The slope of
the fast phase as a function of actin concentration in the
blebbistatin (10Q:M)-treated NMIIB S1 was 0.38& 0.07
uM~1 s71 while that of untreated NMIIB S1 was 0.5%
0.08uM~ts71 (k+10). The amplitudes of the slow phase were
similar (~4% of the total amplitude) with and without
blebbistatin, and the rate of the slow phase was linearly
dependent on actin concentration both in the presence and
absence of blebbistatin (0.670.006 and 0.09%= 0.01uM~*
s1, respectively).

Phosphate Releas&he kinetics of actin-activated phos-
phate release (lPelease) from NMIIB S1 was measured by

a chemical quench experiment. The initial burst in phosphate sequential mixing in a stopped flow apparatus and monitoring

production observed by production®P on mixing NMIIB

S1 (with and without blebbistatin) with excess ATP indicates
that hydrolysis occurs before the rate-limiting step of the
process, as demonstrated in previous studi@®&s The
amplitude of the ADP-P, burst of NMIIB S1 in the absence
of actin was determined at 2% using activated charcoal
extraction to measur&P, generated from the hydrolysis of
[y-*2P]JATP (11). The mixing time before quenching was 5
s, and the final concentrations wereu® NMIIB S1 and

50 uM MgATP. The burst amplitude for NMIIB S1 was
measured to be 0.3@ 0.05, and blebbistatin (10aM)
treatment did not significantly change the value (G+38.06)
(Table 1). The amplitude of the initial Burst ([R/[NMIIB

S1]) can be used to calculate the equilibrium constant (P
burst = Kg/(1 — Kjz)) of the hydrolysis stepKs). The
calculatedK; for NMIIB S1 was found to be 0.44- 0.06,

the fluorescence of phosphate binding protein. Two micro-
molar nucleotide-free myosin 1IB S1 was mixed with 1.5
uM ATP, the complex was allowed to agerfd s toallow
population of the myosin IIBADP—P, state, and it was then
mixed with 40uM actin. Blebbistatin treatment produced a
complete inhibition of Prelease (Figure 5A). This inhibition
was observed for umptl s (Figure 5) and was followed by
P, release at a similar rate (0.5 0.004 s') and reduced
amplitude to that observed in the absence of blebbistatin (0.03
+0.003 s?) (Figure 5A, inset).

Recovery of Prelease following th 1 s inactivation period
(photoinactivation of blebbistatin occurs affes ofexposure
to 425 nm light) also showed a dose dependence on the
concentration of blebbistatin. Increase in concentration of
blebbistatin resulted in a reduction in the amplitude of the
recovery of P release from NMIIB S1 after the initial
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FIGURE 6: MantADP dissociation from NMIIB S1 and acto-NMIIB

: S1. An average time course of the mantADP fluorescence decrease
; as mantADP is displaced from NMIIB S1 is shown in each

; condition. One micromolar NMIIB S1 (A) and4M NMIIB S1 +

Fluorescence intensity (AU)

[DURT— 100M blebbistatin (B) and kM acto-NMIIB S1 (C) and 1uM
P 100 uM Bleb acto-NMIIB S1+ 100uM blebbistatin (D) in the presence of 10
/ e uM mantADP were mixed with 4 mM ATP. Although blebbistatin
,«/ SRR | - X treatment showed a drop in the rate of ADP dissociation from
*;:f-»f‘”’"”»"' 200 uM Bleb NMIIB S1 and acto-NMIIB S1, DMSO had an appreciable effect
0 20 20 60 80 100 on ADP dissociation. A 14% reduction in the rate of mantADP

dissociation from NMIIB S1 and a 30% reduction in that from acto-

time (sec) NMIIB S1 normalized to DMSO effect were observed.

Ficure 5: Kinetics of phosphate release. In panel Arélease
kinetics were measured by stopped flow and monitored by the

change in fluorescent emission of phosphate binding protein. The  Dpissociation of mantADP from NMIIB S1 and Acto-NMIIB
single-turnover trace shown was obtained on mixing 4 mM NMIIB : . .
S1 with (- — —) and without £) 100 M ()-blebbistatin. Two S1.The dissociation of mantADP from acto-NMIIB S1 was

micromolar NMIIB S1 in the presence and absence of blebbistatin Monitored by following the mantADP fluorescence. The
was mixed with 1.5«M ATP, aged for 2 s, and then mixed with ~ fluorescence signal was fitted to a biexponential curve. The
40 uM actin. The fluorescence increase was fit to a single- initial fast rate of NMIIB S1 and acto-NMIIB S1 is inclusive

exponential function withk.s of 0.041 st for NMIIB S1. of a mixed population of strong and weak ADP bindin
Blebbistatin treatment resulted in complete inhibition pfdPease hop g g

until it was photoinactivated after approximatel s (inset, stat.es.. The subsequent slow rate is |nd|cat|v§ of the dis-
following photo inactivation of blebbistatin, a normal rate of P~ Sociation of ADP from NMIIB S1. A decrease in fluores-
release was observed, which could be fitted to a single-exponentialcence was observed upon dissociation of mantADP from

function with ks Of 0.054 s%). In panel B, the amplitude ofiP  NMIIB S1 (Figure 6A) or acto-NMIIB S1 (Figure 6C) after
release is dose-dependent on blebbistatin concentration. Themixing with excess ATP. The observed fast rate of the
amplitude of the recovery of;Pelease by NMIIB S1, following ’

the 1 s inhibition period, treated with 100 and 204 blebbistatin decrease in fluorescence of mantADP from NMIIB S1 was

is reduced by 60% and 90%, respectively, compared to untreated1.8 £+ 0.28 s, and that from acto-NMIIB S1 was 1.&

NMIIB S1. Traces are normalized to starting values. 0.22 s (Table 1). Blebbistatin (10@M) reduced the rate
of mantADP dissociation from NMIIB S1, 1.3 0.09 s!

R ) ) (Figure 6B), and from acto-NMIIB S1, 08 0.1 s (Table
inhibition of signal up to 1 s, as measured by the amplitude 1) (Figure 6D). Part of the difference observed with

of the fluorescence signal. Nucleotide-free NMIIB S1«(@) blebbistatin treatment was contributed by DMSO (see Table
was mixed with 2.5:M ATP, the complex was allowed to 1) DMSO treatment reduced the rate of mantADP dissocia-
age for 2 s, and it was then mixed with 4™ actin (final). tion compared to untreated controls in both NMIIB S1 and

Compared to untreated NMIIB S1 (100%), incubation with acto-NMIIB S1 (1.5+ 0.08 and 1.4t 0.28 s, respectively).
100uM blebbistatin resulted in &60% decrease and with Kinetics of Binding to Actin in the Presence of ATRe
200 uM blebbistatin in a~90% decrease in the amplitude examined the rebinding of NMIIB S1 to actin following
of P release (Figure 5B). However the rate ofrBlease  ATP-induced dissociation from pyrenactin by performing
during recovery did not change with blebbistatin treatment. single-turnover experiments with and without blebbistatin
Incubation of 100uM blebbistatin with NMIIB S1 had a  incubation. Dissociation from actin and rebinding in the
recovered Prelease rate of 0.0% 0.004 s, and that with presence of ATP was monitored by pyrerastin fluores-
200uM blebbistatin recovered; Pelease at a rate of 0.6 cence. Acto-NMIIB S1 (kM NMIIB S1 and 5uM pyrene-
0.004 st after the 1-s inhibition, while untreated NMIIB  actin) was mixed with limiting ATP (0.2M) in the stopped
S1 showed a Release rate of 0.0% 0.0009 s*. flow apparatus. In untreated NMIIB S1, following a single
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compound on ATPase activity, we exposed myosin incubated
=) acto-1IB S1 with blebbistatin to different wavelengths of light, such as
% %/’\4—""-"—””“3'9” 295 and 365 nm for 5 s and 425 nm for 1 s, before mixing
@ with ATP to measure ATPase activity in an enzyme-linked
£ ; NADH assay. These wavelengths are used to measure other
g [l kinetic parameters and were relevant for testing photo-
§ acto-IB 81 inactivation. This experiment showed that blebbistatin un-
8 dergoes photoinactivation at two wavelengths, 295 and 425
E acto-lIB S1 nm. Light at 295 nm, used to measure tryptophan fluores-
* s et + Bleb cence changes in myosin, inactivates blebbistatin, and thereby
\ = = = 20:°t°'”B S blebbistatin does not inhibit subsequent steady-state ATPase

activity. Exposure of blebbistatin-incubated NMIIB S1 to
425 nm light fa 1 s shows a similar maintenance of steady-
SC > state ATPase activity. This is relevant in the context of the
traces of pyrene fluorescence emission upon mixing acto-NMIIB .
with limiting ATP. Five micromolar pyreneactin preincubated p.resent Stu‘?'y W'he.re. 425.nm is used to measurel€ase,
with 1 «uM NMIIB S1 were mixed in the stopped flow apparatus ~Since blebbistatin is inactivated afta 1 sexposure to 425
with 0.9uM ATP with and without 10Q:M blebbistatin. Blebbista- ~ nm light. Thus the inhibition of Frelease by blebbistatin is
tin inhibits actin rebinding in the presence of ATP. only seen during the first second under the assay conditions.
However, 365 nm light used to monitor mant and pyrene
signals does not inactivate blebbistatin.
turnover the pyrene ﬂgorescencg was comple:tely quenched Blebbistatin does not affect the ATP binding site, since
as a result. of' r'eblndlng to actin. Blebbistatin (10M) neither ATP binding Kik.») nor hydrolysis k:s + Kk_s) is
completely inhibited the rebinding of NMIIB S1 to pyrene affected (Figure 3). This observation is also similar to myosin

actin over a 100-s period, and the pyrene signal rernaineoIinhibition by other inhibitors such as BT8)(in fast skeletal

ele_:vated (i.e., nonappreciable rebinding to actin was deteCted)muscle myosin. In control NMIIB S1, untreated with

(Figure 7). blebbistatin, change in tryptophan fluorescence was also used

DISCUSSION Fo de_termine ATP bin_ding_ and hydrolysis. However due to
inactivation of blebbistatin at 295 nm, the wavelength

Blebbistatin is a small molecule derivative of 1-phenyl- required to measure intrinsic tryptophan fluorescence changes,
2-pyrrolidinone, which exists in twak) enantiomeric forms.  the effect of blebbistatin on ATP binding and hydrolysis
Straight et al. §) have shown that the<) enantiomer isthe  could not be studied by this method. Using the initial part
active form of blebbistatin and it inhibits the ATPase activity of the pyrene signal obtained from ATP-induced dissociation
of myosin IIB. At an 1G, of ~2 uM, blebbistatin rapidly  of pyrene-actin as a measure of ATP binding, a 2-fold
and reversibly blocks cell blebbing in human platelets and slower binding was observed with blebbistatin (Table 1).
also disrupts directed cell migration and cytokinesis in However, using mantATP to measure ATP binding did not
vertebrate cells. A simple explanation of these observationsshow a difference in binding to acto-NMIIB S1 (Figure 3).
is that blebbistatin affects the enzymatic cycle and in Chemical quench experiments to study the equilibrium
someway blocks crucial steps in the ATPase cycle of myosin constant of ATP hydrolysis did not show a differencekin
IIB. with blebbistatin (Table 1).

We found that blebbistatin reduces the actin-activated Fluorescently labeled phosphate binding protein was used
steady-state ATPase activity of NMIIB S1 markedly at all to measure the rate of; Pelease K, ,) in the presence of
concentrations of actin studied. The most striking observation actin by sequential mix stopped flow experiments (Figure
of blebbistatin effect on NMIIB S1 is the complete inhibition  5). In the stopped flow cuvette, the complex is excited by
of phosphate release. This effect alone can account for the425 nm light, and the emission is read with a 455 nm long-
dramatic drop in ATPase activity of NMIIB S1 upon pass filter. Since blebbistatin is a photosensitive compound,
blebbistatin treatment. The affinity of the S1 for actin in the the initid 1 s of thereaction with blebbistatin represents the
presence of ATP was also reduced perhaps because th¢rue effect of the inhibitor. During this time period, a
inhibition of phosphate release prevented formation of a complete inhibition of Prelease is observed (Figure 5). After
strongly bound actomyosin complex. Accordingly, we found this, the molecule gets photoinactivated and thereby allows
in single-turnover experiments that blebbistatin prevents P, release to proceed at the normal rate (Figure 5 inset). The
rebinding of SEADP—P, to actin. In addition, the dissocia- dose dependence of recovery qfrBlease to blebbistatin
tion of ADP from acto-S1 complex was slightly reduced. concentration is indicative of the efficacy of the molecule.
However, ATP binding and hydrolysis were unaffected by A decrease in amplitude of recovery ofrBlease of~60%
blebbistatin. by 100uM blebbistatin and~90% by 200uM blebbistatin

Saturating amounts (50L00uM) of (+)-blebbistatin (1Go was observed. This is indicative of the inactivation of a subset
~ 2uM) were used in the experiments. Actin-activated of NMIIB S1 population that is proportional to blebbistatin
ATPase activity of NMIIB S1 is suppressed by blebbistatin concentration. We propose that blebbistatin binds to myosin
at all actin concentrations measured-(®0 «M). This is in a concentration-dependent manner and a dynamic equi-
consistent with observations of suppression of the ATPaselibrium exists between bound and unbound blebbistatin with
activity of fast skeletal muscle myosin by other inhibitors NMIIB S1. Further, we propose that photoinactivation of
such as BTS4) and BDM (). Blebbistatin is a photosensi-  blebbistatin while bound to myosin results in a chemical
tive compound. To test the effect of photosensitivity of the modification of the myosin blocking its ability to release

time (sec)

FiIGUReE 7: Actin rebinding in the presence of ATP. Single-turnover
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phosphate. Alternatively, photoinactivation of blebbistatin with ADP—P; but merely slow it with ADP. These results
may result in a reduction in its affinity for myosin, and thus are consistent with previous results that suggest that there is
higher concentrations of blebbistatin are needed to com-a dramatic conformational change in the cleft in the presence
pletely inhibit myosin. Thus, either one or both of these two of ATP, while only a small change in the presence of ADP
possibilities could explain why higher concentrations of (15). Thus the blebbistatin binding site likely resides within
blebbistatin cause a greater inhibition of myosin following the cleft, between the nucleotide pocket and actin interface.
photoinactivation. The inability of blebbistatin to inhibit other myosin isoforms

Blebbistatin decreases the rate of ADP release from the (5) may be a result of differences in the structural dynamics
acto-NMIIB S1 ) complex to a greater extent than from of the actin-binding cleft of these different myosin isoforms.

NMIIB S1 in the absence of actirk(s). A reduction of Indeed, myosin V, which has been shown to form a closed
~14% from NMIIB S1 and~30% from acto-NMIIB S1was  Cleft conformation more readily in the absence of nucleotide
observed. The value df, obtained in this study, 1.& (14), releases Prapidly upon association with actirll).

0.22 s, is actually an apparent dissociation rate, because it Myosin V is not inhibited by the concentrations of blebbista-

has been shown that the ADP release step can be partitionedin that were used in this studg) Further structural studies
into a slow isomerization followed by a faster dissociation 2'€ Necessary to fully characterize the interaction between
(1). (In our study, acto-NMIIB S1 complex incubated with Pl€bbistatin and myosin.

mantADP was mixed with excess ATP to measure ADP ~ While this paper was under review, another report ap-
release. To resolve the isomerization and dissociation Stepspeared on the effects of blebbistatin on the kinetics of skeletal
Rosenfeld et al. 1) mixed mantADP-NMIIB S1 with muscle myosin17). Their reported effects on both release
Varying Concentrations Of actin_) A|th0ugh b|ebb|stat|n and ADP release agree W|th the VaIUeS Obtained in th|S Study,
reduced the rate of ADP release, DMSO also had a small@s did their conclusions regarding the mode of action of
effect, making it difficult to definitively quantify the  blebbistatin.

contribution of blebbistatin to the decrease observed in either
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