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ABSTRACT. The role of the rotational dynamics of actin filaments in their interaction with myosin was
studied by comparing the effect of myosin subfragment 1 (S1) with two other structural perturbations,
which have substantial inhibitory effects on activation of myosin ATPaseranitto motility of F-actin:

(1) binding of the antibody fragment,§1—7) against the first seven N-terminal residues and (2)
copolymerization with monomers treated with the zero-length cross-linker 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide (EDC), referred to as EDC-actin. The rotational motion of actin was measured
by time-resolved phosphorescence anisotropy (TPA) of erythrosin iodoacetamide (ErlA) attached to Cys
374 on actin. The binding of S1 in a rigor complex (no nucleotide) induced intramonomer (allosteric)
and intermonomer (cooperative) structural changes that increased the residual anisotropy of labeled F-actin,
indicating a conformational change in the region of the C terminus. Similar allosteric and cooperative
changes were induced by binding gf{#—7) and by copolymerization of the ErlA-labeled actin monomers
with EDC-actin. This suggests that the functional perturbations transform actin to a form resembling the
rigor actomyosin complex. The correlation of the perturbation-induced changes in TPA of actin with the
functional effects suggests that the actomyosin interaction can be inhibited by stabilization of actin in one
of its structural intermediates.

Interaction of actin with myosin in the presence of between the effect of myosin bound in the absence of ATP
adenosine 'Btriphosphate (ATP results in activation of  and that of myosin bound in the presence of ATP was
myosin ATPase and sliding movement along myosin heads.observed 15).

The two basic functions of actin can be substantially affected |, ihe present work we examine the effect of myosin

by site-directed perturbations such as mutations in S“bdomai“oinding on microsecond actin dynamics using time-resolved

.1 of ‘E(gm a._S% andT;;]rote(;Iytlct_clea:vafgf:;e ?f (tjhe Dth"_lsde_ Io?p phosphorescence anisotropy (TPA) of erythrosin iodoaceta-
![rr]]:tu thng%{;cﬁér mziial#]?scréorc])? r(;o?ilcits J;ece?]’d'g cﬁ\a tie mide labeled actin. This method has been previously applied
. : . y depe .~ to characterize the dynamics of actin filaments alob®:(
structural properties of actin and its complex with myosin. . . .
Substantial effects of . the struct dd .~ _the analysis of data in terms of several models of rotational
ubstantial efiects of myosin on the Structuré and dynamics ., ;5" allowed determination of F-actin’s torsional flex-

of actin have been observed using spectroscopy and micross-, . . : ; him g .
copy. Fluorescence studies established that in the absencIbIIIty and the orientation of the dye-binding regiob( 17).

of ATP (rigor), binding of myosin changes the signal from 9Ve also assess the functional role of the microsecond time

actin-bound labels, interpreted as changes in the Iocalscale. motions in actin and_ Its complgx with myosin by
environment of the probe or increased filament flexibility applying sf[ructurall pertu.rbatlons .to actin that are known to
(7—10). Increased flexibility has been also observed using affect the interactions with myosin.
electron microscopy 1(1). Optical microscopy directly The first perturbation was binding of the antibody fragment
confirmed that binding of HMM increases the millisecond Fa(1—7) against the first seven N-terminal residues of actin.
bending flexibility of actin filaments and revealed that this Fa, binds to actin and acto-S1, but in the presence of ATP
effect becomes more pronounced in the presence of ATPthis Fy, affected the binding of S1, a catalytic step in the
(12). However, ST-EPR of actin spin-labeled at Cys 374 ATP hydrolysis by actomyosin and development of active
showed that rigor binding of myosin restricts microsecond tension in muscle fibersd8—20), indicating that at least some
rotational motions in actinl@, 14); in this case no difference  of the residues 47 may be involved in interactions with
myosin. This is supported by a model of the acto-S1
t This work was supported by a grant to E.P. from the American complex, which shows contact between the first four
Heart Association, Minnesota Affiliate, and by a grant to D.D.T. from  N-terminal residues of actin and the catalytically important

NIH (AR32961). ;
* Author to whom correspondence should be addressed. [telephoneIOOp 626-647 of myosin £1).

(612) 625-0957; fax (612) 624-0632; e-mail ddt@ddt.biochem.umn.edu].  The second perturbation was copolymerization of ErlA-

® Abstract published irAdvance ACS Abstract©ctober 1, 1997. ; _
1 Abbreviations: ATP, adenosine-Biphosphate; ErlA, erythrosin labeled monomers with unlabeled, EDC-treated monomers,

iodoacetamide; EDC, 1-ethyl-3-[3-(dimethylamino)propyljcarbodiimide; referred to as_EDC-actirQQ.—24). Filaments p0|ymerized
TPA, transient phosphorescence anisotropy; S1, myosin subfragmentfrom EDC-actin do form a rigor complex but do not bind to

1, Fa(1-7), affinity-purified Fs fragment of polyclonal peptide  myosin in the presence of ATP and are not motile inithe
antibodies raised against the first seven N-terminal residuesskéletal

actin; SDS-PAGE, sodium dodecylsulfatepolyacrylamide gel elec-  vitro motility assay. This inhibitory effect appears also in
trophoresis. filaments obtained by copolymerization of the EDC-actin
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with untreated monomers, suggesting functionally important the excitation and emission monochromators set at 400 nm.
cooperative (intermonomer) interactions within the actin Light scattering intensities are expressed in arbitrary units.
filament 22—24). Thus, the functional effects of copolym- Spectroscopic Experiment$-or TPA experiments, phal-
erization are qualitatively similar to the effect of,Fand loidin-stabilized F-actin in F-buffer plus 0.2 mM ATP was
we have performed TPA studies to determine whether the diluted in F-buffer to 0.06 mg/mL (unless stated otherwise).
two perturbations have also some common structural effects.Complexes of actin with S1 were preincubated at room
The experiments using the copolymers have an additionaltemperature for 20 mirotl h tocomplete the hydrolysis of
advantage: localization of the ErlA label on the untreated all ATP remaining in the actin sample, as determined from
monomers allows direct detection of the transfer of changeschanges in light scattering intensity after addition of S1 to
from the unlabeled EDC-actin, thus providing direct detection actin. Before TPA measurement, oxygen was removed by
of intermonomer cooperativity in the actin filament. incubation with glucose oxidase (22@/mL), catalase (36
The results are discussed in terms of allosteric (intramono-#9/mL), and glucose (4zg/mL) (27). _
mer) and cooperative (intermonomer) changes in actin _ TPA was measured as described previousf (7, 28).
structure and their possible role in functional interactions The actin-bound dye (ErlA) was excited with a 10-ns pulse

with myosin. of vertically polarized light at 540 nm, followed by detection
of the time-dependent phosphorescence emission with a time
MATERIALS AND METHODS resolution of 50 ns/channel. Phosphorescence signals were

digitized with a transient recorder (dwell tine 50 ns/
Sample PreparationActin was prepared and labeled with  channel resolution), and repeated transients were averaged
the phosphorescent dye ErlA as described previoudly ( by the microcomputer. The time-resolved phosphorescence

17). Myosin subfragment 1 (S1) was obtained dwchy- anisotropy was calculated as

motryptic digestion of myosin from rabbit skeletal muscle

(25). The Fy fragment of polyclonal peptide antibodies _1(®) = Glyp()

raised against the first seven N-terminal residues-skeletal rn = I, () + 2GI,, (t) (1)
actin [F(1—7)] and column purified 18) was a gift from w vh

Dr. E. Reisler. where I,(t) and I,(t) are the vertically and horizontally

To prepare EDC-actin, monomeric actin (0.5 mg/mL) in polarized components of the emission signdb is an
5 mM Hepes (pH 7.0), 0.3 mM ATP, and 0.1 mM CaCl instrumental correction factor, determined by performing the
was incubated for 30 min at 28C with freshly dissolved experiment with a solution of ErlA-labeled bovine serum
15 mM EDC @2); the reaction was stopped with 1% albumin in 98% glycerol and adjustir@ to give a residual
B-mercaptoethanol. EDC-actin was dialyzed into G-buffer anisotropy value of zero, the theoretical value for an
(5 mM Tris, pH 8.0, 0.2 mM ATP, 0.1 mM Cag)land isotropically tumbling chromophore.

ultracentrifuged (30 min at 20008P to remove any ag- Anisotropy Data Analysis: Model-Independent Fit to the
gregates: on SDSPAGE only one band corresponding to Sum of Exponentials The initial anisotropyro = r(t = 0),
a monomer was observed?). rotational correlation timeg;, amplitudesA; = ri/ro, and the

Monomeric ErlA-labeled actin and EDC-actin (0.5 mg/ final anisotropyr., were pletermined by fitting the anisotropy
mL) were mixed at various ratios in G-buffer and copoly- [© & sum ofn exponential terms and a constant:
merized by the addition of 0.1 M KCI followedybl h of n
incubation_ at 25°C. The cqpolymers, as well as control r(t) = eri e U9 r, )
ErlA-F-actin, were ultracentrifuged (1 h at 200@)0pellets &
were suspended in F-buffer (50 mM KCI, 20 mM Tris, pH
8.0, 0.1 mM CaG)) containing 0.2 mM ATP and clarified  The data were fitted in the-3500 us time range. The fit
by 10 min of centrifugation at 21090 The composition of ~ was judged to be optimal for a particular value rofif
copolymers was obtained by calculating first the fraction of decreasingh made the fit worse and increasimgfailed to
ErlA-labeled monomers in the filaments as the ratio of the improve it, as judged from the residuals (data minus fit) and
absorbance at 543 nm (absorption peak of ErlA-actin) per x2 For the currently used samples the fit was optimalifor
milligram of protein in the copolymer relative to that in the = 2, with the residual never exceeding 1.5% of the maximum
control ErlA-F-actin; the fraction of EDC-actin was obtained anisotropy. The fitted final anisotropy, was within 10%
as the difference: (& ErlA-actin)/total actin. Before any  of the calculated averagé) in the 400-500us time range,
physical or functional measurement, each actin sample wasindicating that the decay reached a plateau level within the
stabilized by a 1:1 molar ratio of phalloidin to actin, to ensure analyzed time window. The observed initial anisotrapy
that the fraction of monomeric actin was negligible even at as fit to eq 2, is lower than the theoretical maximum value
very low protein concentrations. by an amplitude reduction factar < 1 due to motions on

Protein Concentration The concentration of unlabeled the time scale too fast to be detectad)(
proteins was measured by ultraviolet absorption, assuming _FOr rotational motions involving isotropic wobble of the
molar extinction coefficients of 0.63 mg mkcm* for actin observed transition dipole of the probe in a cone, the half-

at 290 nm and 0.75 mg mt cm* for S1 at 280 nm. The angle of the con@c is given by €9)
concentration of ErlA-labeled actin and EDC-actin was

2
measured using the Bradford protein ass&f) (using Io/fo= %00306(1%— cos6,) 3)
unmodified actin as a standard.
Light Scattering MeasurementsLight scattering was Anisotropy Data Analysis: Model of a Segmented Flexible

measured at 23C in a SPEX Fluorolog fluorometer, with  Cylinder. Anisotropy decays were analyzed in terms of a
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model that describes the rotational diffusion of a segmented
flexible filament with mean local cylindrical symmetr§@).

We have shown previouslyl §) that when the contribution
from rigid body rotations can be neglected, the anisotropy
decay of actin filaments is described by the forma8)(

(t) = K’AO +A, exp(— %\/%) +A, exp(— \/g)] o)

The amplitudesA; are functions of the orientation of the
absorption and emission dipoles of the bound dye relative
to the filament axesf. and 6., as described previously
(16, 30):

A, = %)(3 c0d0,— 1)3codh,—1)  (5)

A= g sin 0, cosO, cosW¥,sin 6, cosb, (6)
_3 2

A, = Esm2 6, cos 2P, sin’ 6, 7)

The time constan® (eq 4) is proportional to the square of
the filament radius and the torsional rigidityC

® = (wa)’CrlA(ksT)? ®

wherey is the solvent viscosity. The torsional rigidity
(dyn x cnp) is the torque in dynx cm required to twist a
1-cm filament by 1 radian.

Alternatively, if the filaments are completely rigieC (=
), the anisotropy decay due to rigid-body rotations is
described by

ri(t) = «[A, exp(-t6D;) + A, exp[=t(D;, + 5Dir)] +
A, exp[-t(4D;, + 2D;))]] (9)

whereD;; andDjg are the diffusion coefficients around long
(2) and shortX) axes of the filament, respectively. For actin
filaments having a broad length distribution, the observed
anisotropy is the sum of the contributions from filaments
within each particular length group, weighted by the
fraction of labeled protomers in the filaments belonging to
the group

r(t) = Zri(t)ﬂi B = kili/Z'kili (10)

wherek; is the number of filaments with a length The
distribution of filament lengthsl;, was determined from
electron microscopyl®).

The anisotropy decays were fitted to eqs 2, 4, and 10 using
a microcomputer. Results are given below as me&8EM
with indicated number of measurements

Reagents The phosphorescent dye ErlA was purchased
from Molecular Probes (Eugene, OR) and storeet20 °C.
ATP, EDC, and phalloidin were obtained from Sigma (St.
Louis, MO). All other chemicals were of reagent grade.

RESULTS

Effect of Rigor Binding of S1 on TPA of ErlA-F-Actin.
Binding S1 to ErlA-F-actin, in the absence of ATP, resulted
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Ficure 1: Effect of S1 binding on TPA of ErlA-F-actin. ErlA-F-

actin (0.06 mg/mL in F-buffet- 1 mM MgCl,) was preincubated

with various concentrations of S1 for #80 min at room

temperature, and then TPA was measured &5 he molar ratio
of S1 to actin is indicated.

decay, with most of the effect complete at a molar ratio of
S1 to actin of 0.40.6 (Figure 1). The principal effect of
S1 binding appears to be an increase in the final anisotropy
I, .., a decrease in the amplitude of anisotropy decay. This
was confirmed by the fit to a sum of two exponential terms
and a constant (eq 2), which shows that at [S1]#AL, S1
binding increases the normalized final anisotrépy= r./

ro up to (2.24+ 0.06)-fold (1 = 6). The increase iA. was
accompanied by an increase in the correlation tigesf

the rotational motions in actin: up to (1.25 0.07)-fold

(n = 13) for ¢; and up to (1.83t 0.13)-fold f = 13) for

¢2.

We assessed our results further by restricting the fits to
eq 2, assuming either that (a) S1 binding changes only the
amplitudesA; without affecting the correlation timeg, or
(b) S1 binding changes only the correlation tinggs/ithout
affecting the amplitudes;. Both models led to lower quality
fits (not shown), confirming that the changes in TPA reflect
changes in both amplitudes and correlation times of rotational
motions.

One possible explanation for increased anisotropy is
immobilization of acto-S1 filaments by bundling1), but
the electron microscope observation of samples prepared for
TPA revealed only single acto-S1 filaments, similar to the
filaments of F-actin alone, but no bundles. The possibility
of bundling was further examined by the measurement of
light scattering. The light scattering intensity of acto-S1
filaments is proportional to the fraction of the sites occupied
by S1 and remains constant in tim&2), while its time-
dependent increase has been associated with appearance of
thick bundles, seen by electron microscop{)( The data
in Figure 2A show that under conditions of our TPA
experiments the association of added S1 with ErlA-F-actin
increased the light scattering intensity to a value constant in
time; this result was obtained in the range of molar ratio of
S1 to actin from 0.2 to 1.5, indicating that the acto-S1
filaments do not form bundles. On the other hand, a control
experiment (Figure 2B) confirmed that when acto-S1 fila-
ments were incubated under conditions which promote
bundling (0.15 M KCI, 20 mM Hepes, pH 7.0, 2 mM Mgt
1 mM NaHPQ), the light scattering intensity gradually
increased, consistently with the previously reported data (
We conclude that our choice of buffer conditions effectively
prevented bundling of actin filaments by S1.

TPA of acto-S1 was independent of actin concentration

in substantial changes in the phosphorescence anisotropyn the range from 0.01 to 1 mg/mL, indicating that increasing
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FiIGUrRe 2: Light scattering intensity of acto-S1 ([S1]/[A} 0.2)
during incubation at room temperature in (A) F-bufferl mM
MgCl, and (B) 0.15 M KCI, 20 mM Hepes, pH 7.0, 2 mM Mg£l

1 mM NaHPQ. Actin concentration was 0.3 mg/mL. The arrows
indicate addition of S1 to ErlA-F-actin.
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Ficure 3: Effect of R1—7) binding on TPA of ErlA-F-actin.
ErlA-F-actin (0.06 mg/mL in F-buffer+ 1 mM MgCL) was

preincubated with various concentrations @f for about 30 min
at 25°C and then TPA was measured. The ratio of bouggtd-
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Ficure 4: Effect of copolymerization of EDC-actin with ErlA-
labeled monomers on TPA. Actin concentration was 0.06 mg/mL,
F-buffer+ 1 mM MgCl, 25°C. The fraction of EDC-actin in the
filaments is indicated.
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Ficure 5: Analysis of the effects of actin perturbations on
normalized final anisotropy’) in terms of the linear lattice model
(33). The data were fitted to the equati®a = Amax — (Amax —
Ar_acin(1 — X)N, whereAn«is the maximum value oA, obtained

at [S1)/[A] = 1, [Fa/[A] = 0.5, and fraction of EDC-actin in

actin, indicated in the figure, was calculated by assuming a binding copolymers= 0.69; Ar—aciin is the A,, of unperturbed F-acting is

constant of 7x 10° M~1 (18).

Table 1: Effect of Actin Perturbations on the Angular Amplitude
(6c) of the Wobbling Motions of Cys 374-bound ERA

filament A cone anglé). (deg)
F-actin 0.291+ 0.004 = 6) 49.29+ 0.24
acto-S1 0.651 0.022 o= 6) 30.05+ 1.13
actin+ Fap 0.433+ 0.029 = 4) 41.31+ 1.55
copolymer 0.65H1 0.022 6= 4) 28.02+ 1.00

@ Tha data are shown as me&nSEM for acto-S1 at [S1])/[AF 1,
for actin + Fa at [Fag/[A] = 0.75, and for copolymers with fraction
of EDC-actin ranging from 0.61 to 0.69.

entanglement of long filaments in solutioh6 does not
affect S1-induced changes in the dynamics of F-actin.

Effect of Ry(1—7) on TPA of Actin.As in the case of S1
(Figure 1), binding of K, increased the normalized final
anisotropyA. and correlation times, with the effect saturating
at substoichiometric levels of,(Figure 3). However, the
maximum effect for k,was less than for S1: the maximum
increase inA, was (1.53+ 0.04)-fold ( = 4) (Table 1),
and the corresponding increases in the correlation tignes
were (1.08+ 0.04)-fold f = 4) for ¢, and (1.38+ 0.11)-
fold (n = 4) for ¢».

Effect of Copolymerization of EDC-Actin with ErlA-
Labeled Monomers on TPAPreviously, the observation of

the fraction of perturbed monomers in the filament; &hd the
number of monomers affected by perturbation. The curves cor-
respond to the best fit witNl = 2.6 + 0.2 (acto-S1@), 4.9+ 1.1
(actin+ F,, W), and 6.7+ 0.9 (copolymersa).

0.09)-fold h = 4). The maximum value dk. is remarkably
similar to that obtained for acto-S1 (Table 1). However, in
contrast to the effect of S1 andythe correlation timeg,
and ¢, decreased to 0.6x 0.15 ( = 3) and 0.49+ 0.14
(n = 3), respectively, of the values obtained for F-actin.
The possibility of filament bundling has been eliminated
by observation of phalloidinrhodamine-labeled copolymers
under the fluorescence microscope: in the range of protein
concentration from 0.005 to 0.06 mg/mL, only single
filaments were seen. The effect of copolymerization on TPA
also could not be due to the decreasing fraction of labeled
monomers in the filament and increasing noise in the data,
since copolymerization of similar amounts of unlabeled and
unmodified actin with ErlA-labeled monomers had no effect
on the decay. Entanglement of the copolymers in solution
did not have any effect on the dynamics of the filaments,
since a 16-fold increase in the protein concentration, from
0.03 to 0.5 mg/mL, had no significant effect on TPA.
Analysis of Cooperatity Using a Linear Lattice Model.
The increase i\, with increasing fraction of perturbed actin
monomers in the filament was analyzed in terms of a linear

copolymers of unmodified actin and rhodamine-labeled EDC- lattice model 83), assuming that perturbation of one
actin under a fluorescence microscope revealed filaments ofmonomer in an actin filament affects a segment containing

similar and homogeneously distributed brightness, indicating N monomers (Figure 5).

random copolymerizatior2@). The presence of unlabeled
EDC-actin in the filaments with the ErlA label on the

In all cases a satisfactory fit
requiredN > 1, indicating cooperativity of changes, with
ranging from 2.6+ 0.2 (+S1) to 4.94+ 1.1 (+Fa) t0 6.7+

untreated monomers had a substantial effect on TPA (Figure0.9 (+EDC-actin).

4). A, obtained from the fits of TPA of the copolymers to
the sum of two exponential terms (eq 2), increased (221

To assess the functional significance of the observed
spectroscopic changes, we compared directly the copolym-
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Ficure 6: Comparison of effect of copolymerization of EDC-actin
and untreated monomers @&, with the effect on then wvitro
motility of actin filaments.A., of copolymers &) as in Figure 5, 0,004
the motility data were obtained previously6j. The sliding rate
(m) and the number of sliding filament®) are expressed as a MICROSECONDS
fraction of values measured for the unmodified actin filaments in FiGURe 7: Residuals of TPA fits of acto-S1 ([S1)/[Af 1) to the
the same experiment. The motility assay was done on a surfacemodels of rotational motions. (A) Plot RBR, the rigid body rotation
saturated with HMM in 2.5 mM MgG| 10 mM Tris, pH 8.0, 0.2 model (eq 10) with the diameter of the filament set at 130 A; plots
mM ATP, 1%/-mercaptoethanol, and oxygen removing enzymes, TT,a and TT.,f, the torsional twist model (eq 4). In plots RBR and
at 25°C. TT,f all fit parameters were adjustable, while in plot TT,a the
orientation of the absorption dipole of the actin-bound ErlA was

erization-induced changes M, with the changes in motility g)é'edstgélza (E) ls;(.i-tzoﬁezfé]lg)f t\a/vrz)deallogfehn?alrig:?nn;?éerSZ)Werrﬁ:h
of the copolymers in th vitro motility assay, which were gi\}:sA«, in the V\Ilobble-intjcone modglp(eq 3)' q.<).whi
reported previouslyA3). As shown in Figure 6, both spectral
and 'functlonal changgs OCClj'rred in a similar range of the Table 2: Effect of Actin Perturbations on the Orientation of the
fract_lon of ED_C-actln in the f|Iamer_1ts. On the other hand, Transition Dipoles of ErlA §. and6e) and the Time Constarb
j[he_ increase i, reacheo_l a maximum before compl_ete filament @ (us) 0. (deg) 0. (deg)
inhibition of movement, indicating that the correlation Factin 3.66£01(1=5) 77 682 0.00 47 79L 0.16
between. spectroscopic and_ functional thfa_ is not a simple _ "oy 14.64-3.001=7) 7.751088 43.66L 054
one. This could be due to different sensitivities of these tWo  actin+ F., 7.44+028 1=3) 11.75+0.06 46.52+ 0.06
measurements to the structural changes in actin: in the high- copolymer  1.14t 0.13 fi=6) 9.64+2.37 41.750.57
de?SIty HMM momltylgsst'el‘lyt,)a Sma”brlwmfber of ur:_modlfled aTPA of F-actin was fitted to the torsional twist model assunfiag
actin monomers could still be capable of generating move- = 30.2+ 2.5, as determined in TAA experimert); TPA of acto-
ment @4), but their contribution to the phosphorescence S1, actin+ Fa, and copolymer were fitted witl®, 0, e, and «
intensity would be too small to affect the TPA decay. adiustable. Tha data are shown as meaSEM for acto-S1 at [S1)/
Another possibility is that our TPA measurements do not Ly - 1 foractint Faat [Fa/IAl = 0.75, and for copolymers with
p Yy '“* fraction of EDC-actin ranging from 0.61 to 0.69.
detect all of the structural changes that affect the mechanism

of motility.

Modeli)rllg the Molecular Dynamics The analysis of On the other hand, TPA of the perturbed actins, as that of
changes im., in terms of the wobble-in-cone model (eq 3) actin alone, was successfully fitted to the torsional twist
shows that all perturbations decrease the cone d@hglee., model (eq 4), providing that all fit parameters were freely

decrease the amplitude of the wobbling motions: S1 binding adjustable; the residqals .of the fit obtained for acto-S1 ([Sl]/
and copolymerization with EDC-actin decredkey about LAl = 1) are shown in Figure 7A (plot TT,f). The quality
20° and R binding decreasé. by about 10 (Tabie 1). of the fit to thls model is comparable to that of the two-
We have shown previously that the rigid body rotation €xPonential fit (eq 2, Figure 7B), which represents the
model (eq 10) cannot explain TPA of actin filaments alone Wobble-in-cone model. This analysis (Table 2) shows that
(16), and Figure 7A (plot RBR) shows that this model also the perturbat!on§ hgd @verse effects on the time condtant
produces a very poor fit for the complex of actin with S1. (€d 4), resulting in its increase as well as decrease. On the
In this analysis we assumed that S1 binding increased the®ther hand, all perturbations changed the orientation of the
diameter of the filaments from 45 to 130 A, as estimated dY& @a 0 to a similar extent, suggesting that similar

from the electron micrographs of negatively stained acto- Structural changes were induced in actin. Lower quality fits
S1 filaments 85), without effect on their length and the Were obtained when it was assumed either that S1 binding

orientation of the transition dipoles of the bound ErlA. The does not change the time constdn(not shown) or that it
quality of the fit remained low when changes were allowed d0€s not change the orientation of the absorption difigle
in both the radius and the orientation of the dipoles (not (Figure 7A, plot TT,a).

shown). A similarly bad fit was obtained for the complex  Thus, the results of analyses in terms of the wobble-in-
of actin with Ry, ([Fab]/[A] = 0.75) or copolymers. Al-  cone and torsional twist model suggest that binding gf F
though the filament length of copolymers (fraction of EDC- and copolymerization may at least partially mimic the
actin ranging from 0.50 to 0.60) was shortened from= changes induced by S1. To assess this possibility, we
4.2 um (16) to about 1um, the residuals of the fit ranged examined the effect of S1 on TPA of the complex of actin
from 17% to 40% of the anisotropy values (data not shown) With Fa, and of the copolymers.

even if all fit parameters were freely adjustable, indicating  Effect of Rigor Binding of S1 on TPA of the Complex of
that the TPA data cannot be described by the rigid body Actin with F,,. The addition of S1 to the complex of actin
rotation model. and Ry resulted in a further increase of final anisotropy, in
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Ficure 8: Effect of S1 binding to the complex of actin with
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The effect of S1 on the light scattering intensity of actin
filaments was very similar for copolymers and control
F-actin, showing that copolymerization did not inhibit
binding of S1 to the filaments. Ultracentrifugation of the
rigor complex confirmed this result, showing that at [S1]/
[A] between 0.8 and 1795% of S1 is bound to F-actin,
while ~70% is bound to the copolymer. Thus, copolym-
erization slightly decreases the affinity of S1 for actin, but
70% of bound S1 is still more than sufficient to saturate the
effect onA. (Figures 1 and 5). Therefore, the nonadditive
effect of copolymerization and S1 binding (Figure 9A) cannot
be due to inhibition of S1 binding. It indicates that EDC-
actin induces structural changes within the copolymers that
mimic the effect of S1.

DISCUSSION

Intramonomer Allosteric ChangesBinding of S1 to
F-actin and perturbation of its structure by,Fand co-
polymerization with EDC-actin substantially increased the
normalized final anisotropp. of the TPA, detected at Cys
374 (Figures 1, 3, and 5). The localization of thglfinding
site within the first seven residues at the N terminus, about
20—30 A distant from Cys 374, suggests that the effect is
allosterically transferred between the two sites. Direct
interaction of the | molecule with the ErlA label seems
unlikely, since fluorescence quenching revealed no effect of
Fap 0N the accessibility of a similar dye, fluorescein iodo-
acetamide, also bound to Cys 3@B). Since the binding
site of Ry includes four charged residues at the N terminus
that probably form electrostatic contacts with myos2d)(
the changes induced bydeould represent at least a fraction
of the changes induced by S1; this possibility is supported
by the nonadditive effects of S1 angylen TPA (Figure 8).
The significantly larger effect of S1 than that of,/n A«
(Figures 5 and 8) indicates contributions from interactions
with other sites in actin, which are proposed to be located
in other regions of the N terminus (residues2%6 and 9%

for 0.5-1 h at room temperature, and then TPA was measured at 100) and in subdomains 2 and 31j. Since the proposed

25 °C. (B) Effect of S1 on the light scattering intensity of ErlA-
F-actin @) and copolymer, the fraction of EDC-actin 0.47 (a).

The light scattering intensity was measured in the same conditions

as TPA.

such a manner that the total effect of S1 agghfas similar
to that of S1 alone (Figure 8). The order of addition gf F

crystal structure of the acto-S1 complex does not indicate
direct contact between the heavy chain and Cys 224, (
the effect of interaction with these sites seems to be mainly
allosteric. The possibility of direct interaction of the Al
essential light chain of S1 with Cys 374 has been indicated
by cross-linking and NMR studie8T, 38), but studies on

and S1 had no effect on the data. Thus, the effects of S1the solvent accessibility of fluorescent probes attached to

and Ry, are not additive, suggesting that the boung &
least partially mimics the effect of S1. This conclusion is

Cys 374 did not detect a significant effect of 6. The
proposed allosteric effect of S1 is not limited to the C

supported by biochemical and structural data showing thatterminus of actin; it has also been proposed to explain

Far-binding residues overlap with a fraction of the myosin-
binding sites in the N terminus, and both,And S1 can
bind to the same monomers in an actin filamehs, (19,
21).

Effect of Rigor Binding of S1 on TPA of Copolymers.
Addition of S1 to the copolymers induced changes in TPA
that were qualitatively similar to the effects of S1 on
unmodified actin, including the increase in the normalized
final anisotropy (Figure 9A). However, the incremental

changes in the region around GIn 439( and the 6169
sequence in subdomain 20). These results, together with
reported changes in the intramonomer distances upon binding
of S1 @1), indicate that the effect of S1 is not limited to
specific regions of the actomyosin interface but extends over
a wider area of the actin monomer. These allosteric effects
appear to be part of a network of structural pathways within
the actin monomer, suggested by the reported coupling of
conformational changes in the C terminus to changes in

effect of S1 decreased with increasing fraction of EDC-actin subdomain 2 and the nucleotide binding si&é,(42-45).

in the filament, so that the combined effect at saturating S1

levels was only slightly greater than the maximum effect

for either S1 or EDC-actin alone. This result was indepen-

Intermonomer Cooperatity. The analysis of changes in
A, show that each perturbation affects several monomers in
an actin filament (Figure 3\ > 1), indicating intermonomer

dent of the protein concentration, in the range from 0.005 to cooperativity. The effect of one bound S1 on two to three

0.3 mg/mL.

monomers (Figure 5) could be explained by a direct
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interaction with two adjacent monomers, indicated by the Interpretation of Changgin A. in Terms of Models of
cross-linking and structural datal, 46 or by intermonomer  Molecular Motions. The increase in the normalized final
cooperativity, where changes induced in a directly interacting anisotropyA. (decrease in the amplitude of decay) upon
monomer are transferred to the neighboring one. This perturbation of actin structure was analyzed in terms of two
cooperativity of changes in TPA is consistent with previously alternative models of rotational motions: intrafilament
reported nonlinear changes in the spectral properties of actintorsional twist and wobble-in-cone (Figure 7). According
labeled at Cys 374 by fluorescent, spin, and phosphorescento the model of torsional twist, which attributes a change in
labels (0, 13, 14, 47, 48), which indicated that one bound A to a change in the orientation of the prolds,(30), the
myosin head can affect-25 monomers. Remarkable observed increase iA. indicates a rotation of the dye-
cooperativity has been seen in negatively stained filaments,binding site and/or the C terminus toward the filament axis
even when HMM was present at extremely low molar ratios by 15-20° (Table 2). On the other hand, the wobble-in-
(1:200 or 1:300) with respect to actidg). On the other cone model interpreted the increasedinas a restriction of
hand, measurements of fluorescence from actin-beAnP the angular amplitude of motions in actin. Since both
are inconsistent, showing both cooperati%6)(and nonco- torsional twist and wobble-in-cone fit the data equally well
operative response5{). A consistently noncooperative (Tables 1 and 2; Figure 7), we cannot exclude either model.
response was reported for pyrene-labeled a&;jrbg, 53). Despite this ambiguity, the TPA data consistently imply that
This diversity of conclusions could be caused by differences the perturbations induce allosteric and cooperative changes
in the methods of measurement, different sensitivities of in the structure of the C-terminal region of actin. Previous
probes to structural changes in actin, probe-induced alter-interpretations of changes at the C terminus upon S1 binding
ations of actin, and possible bundling of the acto-S1 from EPR and fluorescence data indicated a change in the
filaments. environment of the probe3(9, 13, 14) or an increase of the
radial coordinate of Cys 3745, 66).

Interpretation of Changes in the Time Constahtin
Terms of Models of Molecular Motiondzarly work on actin

suggests that its effect is transmitted to about four neighbor- filaments suggested that its functional properties could be
ing monomers. This long-range effect af,Bn A, supports related to dynamic transformations of the intermonomer
the previously proposed explanation that the inhibitory effect PoNds 67), which led to numerous attempts to measure the
on the activation of acto-S1 ATPase is due to the changes'91dity of actin filaments 7, 11, 12, 16, 6§ 69). The present
in the activating function of individual actin molecules WO!’k shows that perturbatlc_)ns of fgnctlonal _prope_rtles of
through changes on adjacentyBccupied actins1(9). actin change the rates of its rotational motions, i.e., the
Direct evidence that nonlinear changesai reflect not dynamics of the whole filament. Since we eliminated rigid-
only local but also long-range changesgin the actin filament body rotations as a plausible explanation (Figure 7), the most

) X o X likely interpretation is a change in the torsional rigidity of
is provided by the effect of copolymerization with EDC-  he fijaments. The decrease @f upon copolymerization
actin, where the increase M, (N =~ 7, Figure 5) can be due

suggests a 3-fold decrease in the torsional rigidity C of the
only to the transfer of changes from the unlabeled EDC- fjament (eq 8; Table 2). However, the interpretation of the
actin to the labeleduntreated monomers within the same

. i : .~ changes in the time consta@t upon binding of S1 and &
filament. Close pairs of carboxyl and lysine groups, which eqires consideration of changes not only in the torsional

are required for EDC-induced cross-links in actin alone are rigidity but also in the radius of the filament(eq 8). The
distributed all over the monomes4), and this could result 4% 4 increase ind upon binding of S1 (Table 2) is only
in extensive modification. In particular, the EDC reaction p5if as much as expected from an increase in the filament
with the carboxylic groups in the N terminus, which is | o4iusa from 45 to 130 A @2 increases by 8.3). Similarly,
res_ponsible f(_)r cross-linking the heavy chain of r_nyosin 10 if we assume that the 50 kDagfis the same size as an actin
actin in the rigor complex46, 55, 56), could modify the  mgnomer, then the observed 2-fold increase in the time
myosin binding sites in this region, and the possibility of ¢gnstantd (Table 2) is only half that due to the increased
modification of the C terminus is indicated by cross-linking - fiiament radius. Therefore, either (a) the assumed increases
of the Al light chain to this region3(). The similarity of in a are overestimates or (b) binding of either S1 @ F
the effects of copolymerization and S1 binding (Figures 5 gecrease€ by a factor of 2, i.e., decreases the torsional
and 9) suggests that these structural changes in EDC-actingidity of the actin filament. A decrease in actin rigidity
have a long-range effect on the myosin binding sites in the h,on S1 binding has been previously concluded from electron
untreated monomers. and optical microscope studiekl( 12), but these measure-
The observed intermonomer cooperativity (Figure 5) likely ments involved only filament bending, which is too slow to
results from the perturbation-induced changes at the Cbe detected on the time scale of the TPA experiment.
terminus. The C terminus has intra- and intermonomer The torsional rigidity of actin filaments has recently been
effects on subdomain 2, which participates in intermonomer estimated from the rotational amplitude of a large polystyrene
contacts along the actin helis4, 57—59) and also interacts  bead attached to acti@@, 71), but the obtained rigidity was
with the loop 262-274, which is supposed to stabilize about 50 times higher than that obtained from our TPA
interstrand contacts in the helis4, 60, 61). Furthermore, measurements16). The simplest explanation for this
proteolytic digestion and chemical modifications indicate that discrepancy is that the bead, which slows down the rate of
perturbations of this region of the actin monomer affect the actin filament twisting motion by about 3 orders of magni-
structure and stability of the filamen$§, 62, 63). The N tude, also decreases the amplitude of this motion, thus
terminus, also affected by the perturbations, does not seempverestimating the torsional rigidity. It is also likely that
to be directly involved in the intermonomer interactiofig)( actin dynamics covers a large time range, so it is not

The cooperativity of changes in F-actin becomes more
clear when we consider the effect of,Fwhich binds only
to one specific site in the actin monomex:~ 5 (Figure 5)
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surprising that the TPA technique, which detects motions in It is also likely that the mechanism of motility depends on
the microsecond-to-millisecond time range, reflects different structural changes that are not detected at the C terminus
molecular properties from video microscopy, which is and that not every detected structural change has a functional
sensitive to the millisecond-to-second time range. In any effect. For example, we have shown that binding of gelsolin
case, in the present study, we report that the microsecondsignificantly affectsA., (17) but the actir-gelsolin filaments
motions detected by TPA are sensitive to functionally are motile in thein sitro motility assay as the filaments
significant allosteric perturbations of actin. without gelsolin. The understanding of structufanction
Relationship between the Changes in TPA and Functional relationships in actin requires further examination of the
Interactions of Actin. Comparison of the results presented effects of functional perturbations at wider time scale and
in this and previously published papers shows that the detected by a probes located in different sites.
spectroscopic and functional changes were observed in a
similar range of perturbations: the increase of{F-7)]/ CONCLUSIONS
[A] to 0.45 and fraction of EDC-actin to 0.3, which resulted
in maximum change i, (Figure 5), also resulted i50%
inhibition of the activation of S1 ATPasd ) and thein
vitro motility (Figure 6). Similar structural effects ofaf-
and EDC-actin to the effects of rigor-bound S1 suggest that
these functional changes are caused by transformation ofﬁI
actin to a form resembling a state in the rigor complex with
myosin heads. The possibility that changes induced by rigor-
bound heads may have inhibitory effect on actin motility is
supported by our former studies, where we examinedtro
motility of acto-S1 complexes containing increasing amounts
of S1 and NEM-modified S1 covalently cross-linked to actin
by the bifunctional reagent disuccinimidyl suberate (DSS) AckKNOWLEDGMENT
(23). The inhibition of movement of~50% of filaments
required a higher fraction of monomers with bound S1 ([S1]/ We thank Dr. E. Reisler for generously providing the
[A] = 0.5) than EDC-actin£0.3), and this difference in  antibody fragment f(1-7), E. Howard for adapting the
the inhibitory action of the two perturbations shows a linear lattice model to analysis of our data, and R. L. H.
remarkable correlation with the difference in the effectiveness Bennett and N. Cornea for excellent technical assistance.
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