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Motion of actin filaments in the presence of myosin heads and ATP
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ABSTRACT We measured, by fluorescence correlation spectroscopy, the motion of actin filaments in solution during hydrolysis of ATP by
acto-heavy meromyosin ( acto-HMM). The method relies on the fact that the intensity of fluorescence fluctuates as fluorescently labeled
actin filaments enter and leave a small sample volume. The rapidity of these number fluctuations is characterized by the autocorrelation
function, which decays to 0 in time that is related to the average velocity of translation of filaments. The time of decay of the autocorrela-
tion function of bare actin filaments in solution was 10.59 * 0.85 s. Strongly bound (rigor) heads slowed down the diffusion. Direct
observation of filaments under an optical microscope showed that addition of HMM did not change the average length or flexibility of
actin filaments, suggesting that the decrease in diffusion was not due to a HMM-induced change in the shape of filaments. Rather,
slowing down of translational motion was caused by an increase in the volume of the diffusing complex. Surprisingly, the addition of ATP
to acto-HMM accelerated the motion of actin filaments. The acceleration was the greatest at the low molar ratios of HMM:actin. Direct
observation of filaments under an optical microscope showed that in the presence of ATP the average length of filaments did not change
and that the filaments became stiffer, suggesting that acceleration of diffusion was not due to an ATP-induced increase in flexibility of
filaments. These results show that some of the energy of splitting of ATP is imparted to actin filaments and suggest that 0.06 + 0.02 of

HMM interferes with the diffusion of actin filaments during hydrolysis of ATP.

INTRODUCTION

In the “classical” hypothesis of muscle contraction, the
myosin head hydrolyses ATP while it is dissociated from
actin (Lymn and Taylor, 1971). Heads carrying the
products of hydrolysis bind to filaments either “weakly”
or “strongly.” Only strongly bound heads continue
along the ATPase cycle whereby the products of hydroly-
sis are released (Podolsky, 1980; Goldman et al., 1984 ).
The release is believed to be associated with the orienta-
tional change of S1 (Huxley, 1969) and is followed by
dissociation from actin. In solution, the interaction be-
tween myosin and actin has no effect on translational
motion of myosin heads (Borejdo, 1979; Borejdo and
Burlacu, 19924). In this work we test whether the inter-
action has an effect on translational motion of actin fila-
ments.

Oosawa et al. (1973 ) measured motion of F-actin dur-
ing splitting of ATP by HMM using quasi-elastic light
scattering (QELS). They saw a decrease in the width of
the spectrum of scattered light when ATP was being hy-
drolyzed and concluded that F-actin became more flexi-
ble during hydrolysis. On the other hand, Fraser et al.
(1975) reported that the spectrum of quasi-elastically
scattered light remained unchanged during maximal ac-
tivation of HMM ATPase by actin. Tirosh et al. (1990)
reported the broadening of spectrum of quasi-elastically
scattered light from acto-HMM during hydrolysis. Inter-
pretation of QELS data is complicated by the fact that
QELS records the light scattered by both F-actin and
HMM and this is particularly troublesome at high pro-
tein concentrations. Yanagida et al. (1984) directly ob-
served diluted actin filaments in an optical microscope
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and concluded that in the presence of HMM and ATP
filaments executed more rapid bending motions and
were often broken into short segments.

We studied the effect of the cyclic interaction of HMM
with actin on the motion of actin filaments by the
method of fluorescence correlation spectroscopy (FCS).
This avoids complication of QELS associated with light
scattering by both proteins. This method relies on the
fact that when fluorescently labeled actin filaments dif-
fuse through a small volume they give rise to fluctuations
in fluorescent light intensity because the observed num-
ber of filaments changes in time as they enter and leave
the volume. The rapidity of number fluctuations is char-
acterized by the autocorrelation function (ACF), which
decays with a characteristic time related to the transla-
tional diffusion coefficient of the diffusing species ( Elson
and Magde, 1974; Magde et al., 1974). Analysis of fluctu-
ations is a method of choice because fluctuations are
large (average number of molecules in sample volume is
small), FCS measures motion only of labeled F-actin
and the motion of very dilute solutions of F-actin can be
detected. The results show that actin filaments having
strongly bound heads moved slower than bare actin. Sur-
prisingly, when ATP was added to the HMM-actin com-
plex at low molar ratio, the diffusion of actin filaments
was accelerated. The acceleration was not caused by a
decrease in the average length or by an increase in the
flexibility of filaments. Rather, the increase in the rate of
diffusion was due to the fact that some of the energy of
hydrolysis of ATP by acto-HMM was imparted to actin
filaments. The acceleration was progressively dimin-
ished at increasing molar ratio HMM:actin. From the
relationship between the characteristic time of diffusion
and molar ratio we estimated that 0.06 + 0.02 of HMM
retarded diffusion of filaments in the presence of ATP.
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MATERIALS AND METHODS

Optics and electronics

The experimental microscope system used to measure the fluctuations
in fluorescence intensity caused by the translating actin filaments was
the same as described before (Borejdo and Burlacu, 1992b), except
that the motion occurred in solution (in three dimensions) rather than
on the surface of a cover slip (in two dimensions). To observe the
motion, the experimental cells were constructed by gluing by a super-
glue (Adhesive Solutions, Sydney, Australia) two narrow strips of a
coverslip to a glass slide. The strips were separated by about 1 cm. The
experimental chamber was constructed by gluing a coverslip to the top
of the strips. The chamber ( =~ 100 uL) was filled with the solution to be
studied and sealed with a colorless nail polish. The concentration of
actin was 50 nM. Sample volume was defined by the laser beam and the
field diaphragm. To make sure that the same sample volume was al-
ways sampled, the image of the coverslip was obtained first and the
objective (Plan X40, N.A. = 0.65; Carl Zeiss, Oberkochen, Germany)
was then lowered by a fixed distance. Thus the objective was always
focused on the same plane lying between coverslip and the microscope
slide. A circular field diaphragm (diameter in the image plane, D = 10
um) was centered on the intensity maximum of the image of the laser
beam.

S/N ratio

The fact that the motion occurs in three dimensions and that the confo-
cal arrangement is used (i.e., the field diaphragm is incorporated ) com-
plicates the interpretation of the data. When moving molecules are
confined to the plane of focus of the objective (i.e., when movement is
two-dimensional ), each fluorophore within the acceptance angle of the
objective contributes equally to the measured signal (in spite of the fact
that the original FCS experiment (Magde et al., 1974) was carried out
in solution, the diffusion was really two-dimensional because the inci-
dent laser beam was focused by a long focal-length lens). In our earlier
work ( Borejdo and Burlacu, 1992b) the diffusion was truly two-dimen-
sional. Under the conditions used in the present experiment, however,
this is no longer true: the fluorophores located farther from the focal
plane of the objective contribute less to the total fluorescence intensity
(Qian and Elson, 1991). The rate of detection of fluorescent photons
per molecule of dye during one bin width, o, which determines the
signal-to-noise ratio (S/N, Magde et al., 1974) is now related to the
laser light flux by the collection efficiency function, which is dependent
on the diameter of the diaphragm, acceptance angle of the objective,
and the intensity profile of the exciting laser beam. Analytical expres-
sions for the collection efficiency function exist (Qian and Elson,
1991), but we did not use them for the purpose of an estimation of
S/ N. Instead, we estimated ¢ as if the diffusion occurred in two dimen-
sions. The justification for this is given in a section describing diffusion
of microspheres. As shown in Borejdo and Burlacu (1992b) in the
two-dimensional diffusion of F-actin the parameter o is

o = (nY/(400L,(NY) (1)

where { n)) is the rate of arrival of photons during one bin width, 400 is
the number of rhodamine molecules per 1 gm of actin filament (equal
to number of actin monomers/ 1 um), L, is the average length of actin
filament and { V) is the average number of actin filaments in the experi-
mental volume. { N) observed by the photomultiplier is equal to the
reciprocal of the mean rms fluctuation, 8, (Elson and Magde, 1974)—
{N) = 1/8. In the typical experiment (Fig. 5) 8 was 4.3%. Therefore
(N’ was typically 23. In the same experiment {n) was 23,036. L, =
2.37 (Fig. 10 4) and therefore o = (n)/(400(N)L,) = 1.05. Thisisa
large number, and is obtainable only because we are observing slow
motions of a small number of molecules.

Koppel (1974) and Magde et al. (1974) have shown that when ¢ is
greater than or equal to 1, then

S/N = (Mb1/2rp)'? (2)

where M is the total number of bins collected, ér is the bin width, and
7p is the characteristic time of the autocorrelation function. In a typical
experiment, M = 4096, 6 = 200 ms, and rp, = 7 s giving S N = 7.6.

Systematic errors

These could arise because of photobleaching of fluorescence. However,
all our solutions contained a deoxygenating system ( Englander et al.,
1987), the light flux was low (incident intensity was typically 0.15
mW), and a continuous exchange of bleached actin molecules for un-
bleached ones occurred. The quantum yield for photobleaching, which
was measured by following the decrease in emitted light intensity of
actin filaments attached to a cover slip was less than 10~!!, Lifetime for
bleaching was about 500 s, much longer than the characteristic time for
translation of actin filaments (see below).

Data analysis

This was done as described previously ( Borejdo and Burlacu, 19925),
except that the number of “sweeps” was now 6. Also, all sweeps where
experimental rms fluctuations exceeded by 30 times the fluctuations of
white noise signal having the same () were rejected in order to elimi-
nate contributions to the signal from dust particles, which sometimes
traversed the experimental volume. For example, in the experiment
illustrated in Fig. 5 the mean count was 23,063 counts/bin. If this
count were contributed by a signal with a white noise characteristic,
then fluctuation would have been 151 counts/bin. All sweeps having
rms fluctuation of more than 4,530 counts/bin would have been re-
jected.

Materials

TRITC-phalloidin, ATP, DTT, the enzymes used in the deoxygenating
solution and apyrase were from Sigma Chemical Co. (St. Louis, MO).
Fluorescent beads (Fluoresbrite) were from Polysciences Inc.
(Warrington, PA). Nitrocellulose was from Ernest F. Fullam Inc.
(Latham, NY).

Solutions

Diffusion was measured in A-buffer containing 25 mM K-Acetate, 25
mM TRIS-Acetate buffer (pH 7.5), 4 mM Mg,SO,, | mM DTT, 1
mM EGTA, and oxygen scavenging system (Englander et al., 1987).
When indicated, solution also contained 2 mM MgATP. Phalloidin
was prepared as follows: 0.1 mg was dissolved in 0.1 ml of 50% metha-
nol and diluted ten times with 25 mM K-Acetate, 25 mM Tris-Acetate
(pH 7.5).

Protein preparation and labeling

Actin and HMM were prepared according to Spudich and Watt (1971)
and Weeds and Pope (1977), respectively. F-actin was labeled with
TRITC-phalloidin by adding 0.05 mg/ml protein to equimolar con-
centration of the dye and incubating overnight on ice. After staining,
F-actin was diluted with A-buffer to 50 nM. Proteins were checked by
SDS-PAGE and by the ability to induce motions in vitro motility assay.

Measurements of lengths of actin
filaments

The spatial resolution of the optical microscope is 0.19 um. The images
on the video monitor were magnified 2,750 times and any luminous
object that was shorter than ~1.] mm on the monitor screen was
counted but its length was not measured. The width of a single filament
is smaller than the resolution of the optical microscope and is visible
due to the “magnification anisotropy” (Houseal et al., 1989).

The individual frames were grabbed from the VCR using an MV 1
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FIGURE | Fluctuations in the concentration of | um diameter micro-
spheres (4) photocurrent. The straight line is the linear regression of all
data points. The average photocounts value was {n) = 9752, SD = 235
(B) absolute fluctuations of the signal in 4 (the absolute value of the
difference between each data point and the corresponding regression
value).

frame grabber (MetraByte Corp, Taunton, MA) operated by an AT
type computer. The images were contrast enhanced by a video analysis
program (Java 1.4; Jandel Scientific, Corte Madera, CA), equalized
using Gray F/X gray scale editor ( Xerox Imaging Systems, Sunnyvale,
CA) and printed on Video Printer (Sony Corp., Teaneck, NJ) or Lino-
tronic 300 typesetter. Contour lengths of filaments were measured by
using the “distance” function of Java image analysis program. The
histograms were obtained by counting “by range” filaments of a given
length. They were plotted using SigmaPlot 4.1 (Jandel Scientific).

RESULTS

Diffusion of microspheres

In a confocal microscope system such as used here, the
decay time of the ACF of a three-dimensional diffusion
of particles depends on the relative size of the diaphragm
and the diameter of the laser beam (Qian and Elson,
1991). For example, when the diaphragm is smaller than
the “beamwaist™ of the laser, then the diffusion along the
line of excitation becomes important, and the shape of
the ACF, as derived from two-dimensional analysis, is
no longer valid. Detailed analysis of the optics of the
measurement system is therefore required in order to
obtain exact expression for the ACF (Qian and Elson,
1990). Our experiment is further complicated by the fact
that the size of diffusing objects is comparable to the
depth of focus of the objective. To find the best way to fit

the data obtained under our experimental conditions, we
carried out empirical calibrations using particles with
well characterized diffusion coefficients. Calibration
shows that in our experiments the best fit is offered by
two exponents.

We measured the ACF of a monodisperse suspension
of particles of size similar to actin filaments. We used
fluorescent polystyrene latex microspheres 1 + 0.05 um
in diameter diluted with water to about 5-50 X 109 parti-
cles/mm?3. Fig. 1 4 shows a typical photocurrent signal
of spheres. Fluctuations in the photocurrent arise be-
cause spheres move by Brownian motion in and out of
the field of view defined by the diaphragm. The mean
rate of arrival of photons { n) was 9,762 counts/bin. The
absolute fluctuation (Fig. 1 B) was 2,352 counts/bin
(relative fluctuation 8 = 24%). If the signal had white
noise characteristics, the fluctuation would have been
(9762)'2 = 99 counts/s ( 1%; Rabiner and Gold, 1975).
In this experiment the observed fluctuation was 24 times
greater than the fluctuation expected from the white
noise signal. 8 was large because the number of spheres
in the field of view was small.

The average normalized ACF of all nine microsphere
experiments is shown in Fig. 2. The rapid decay occurred
in about 3 s and was followed by a slow decay. The over-
all decay was fitted well by a double exponential (see
below). All ACFs had a periodic component. We suspect
that oscillations were due to the presence of the dia-
phragm, i.e., to the fact that when particle diffused out of
the sample volume the fluorescence decayed rapidly
to 0.

The characteristic time of the decay of the correlation,
Tp, is a measure of the rapidity of motion. We have ex-
tracted 7, from the autocorrelation function in four
ways: (a) manually—r, was defined as the time at
which normalized ACF declined to 0.5, () by a single
exponential fit ACF = A4 exp(—7/7p); (¢) by a double
exponential fit ACF = dexp(—7/71p) + Bexp(—7/7x);
and (d) by a hyperbolic fit ACF = A[1 + /1] ~! where

—— experiment
---- hyperbolic fit
------- 2 exp fit

--------- 1 exp fit

normalised autocorrelation

. .
o 10 20 30 40 50
deloy time (s)

FIGURE2 Normalized autocorrelation function of 1 um microspheres
(average of 9 experiments): experimental curve ( solid line), hyperbolic
fit (large dashed line), double exponential fit (small dashed line), sin-
gle exponential fit (dotted line).
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FIGURE 3 The normalized difference between the fitting curves and
the experimental autocorrelation function (see text for details). Sym-
bols used are the same as in Fig. 2.

A, B, and 74 are constants and 7, is the characteristic
time. As a figure of merit for the goodness of fit we used
the normalized residual N: N = square root of the sum of
squares of residuals of the Marquardi-Levenberg fit.
Manual fit to the average of all sphere experiments gave
7o = 2.50 5. Double exponential fit gave A > B, 7p < 7,
> = 3.35 s, N = 0.12. Single exponential fit gave 7, =
4.16 s, N = 1.18. Hyperbolic fit gave 1, = 1.92 s, N =
0.80. Fig. 3 is a plot of normalized differences Y = (yg, —
Yexp)! Vexp Versus the delay time 7 for three different fits.
Double exponential fit was the best because Y was the
smallest and because it did not systematically increase at
the long delay times. This was also true for ACFs of actin
preparations (see Fig. 7). In what follows, the character-
istic time 7, was always given as a decay of a first expo-
nent in the double exponential fit to ACF. Because the
magnitude of the second exponent was small and be-
cause 7y was large, we speculate that the first exponent
reflected the diffusion in the plane perpendicular to the
direction of propagation of light, and the second expo-
nent diffusion along the direction of propagation of light.

The mean 7 for all sphere experiments was 7, =
3.18 +0.20 s (mean = SEM of nine experiments; it is not
exactly equal to the characteristic time of the mean ACF
from Fig. 2, because 7 of the mean ACF # mean of 7’s).
Minimum and maximum values were 2.30 and 3.65 s,
respectively. The coefficient of variation was 18.9%.

In the two-dimensional case 7, = w?2/4 Dy, where Dp,
is the diffusion coefficient for solute D (Elson and
Magde, 1974). Therefore the diffusion coefficient for
spheres Dp, = w?/471pi50.31 X 1073+ 0.02 cm? ™! (w =
2 um). The theoretical value for the diffusion coefficient
of spheres 1 um in diameter at room temperature is
0.42 X 1078 cm? sec™! (Tanford, 1963) in good agree-
ment with observations.

This agreement, together with the fact that in our ex-
periments the radius of the diaphragm (5 pm) was 2.5
times greater than the beamwaist of the laser (2 um, cal-
culated value) indicates that the two-dimensional analy-

sis of our three-dimensional experiment is valid (Qian
and Elson, 1991).

Actin filaments

The appearance of actin filaments in solution as seen by
the photomultiplier (through a 10-um diaphragm) is
shown in Fig. 4. The image of the filaments is poor be-
cause fluorescent light is arriving from different planes
within the experimental volume and because filaments
move rapidly by Brownian motion, which caused tech-
nical difficulties in transferring the image from the VCR
tape to the computer.

Fig. 5 A shows a representative photocurrent signal of
actin filaments. As in the case of microspheres, fluctua-
tions in the photocurrent arise because actin filaments,
propelled by random temperature fluctuations (Brown-
ian motion), move in and out of the field of view defined
by the diaphragm. The mean rate of arrival of photons
{n) was 23,063 counts/bin. The absolute rms fluctua-
tion (Fig. 5 B) was 998 counts/bin (relative fluctuation
B = 4.3%). If the signal had white noise characteristics
theoretical fluctuation would have been (23,063)'2 =
151 counts/s (0.66%). In this experiment the observed
fluctuation was 6.6 times greater than the fluctuation
expected from the white noise signal. 8 was large because
the number of actin filaments in the field of view was
small (23).

To average the results, normalized ACFs of all experi-
ments were added and divided by the number of experi-
ments. Average ACF is shown in Fig. 6. As in the case of
microspheres, double exponential fit gave the best fit.
Fig. 7 is a plot of normalized differences ¥ = (y;, —

FIGURE 4 Image of actin filaments labeled with TRITC-phalloidin as
seen through the 10 um diaphragm. Filaments free in solution in 25
mM K-acetate, 4 mM Mg-acetate, | mM EGTA, 20 mM DTT, 25 mM
Tris-acetate (pH 7.5) and an oxygen-removing enzyme complex.
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FIGURE 5 (A) Typical photocurrent for a sample of 50 nM actin fila-
ments conplexed with TRITC-phalloidin. The straight line is the linear
regression of all data. { n) = 23,063 and SD = 998. ( B) absolute fluctua-
tions of the signal in 4 (the absolute value of the difference between
each data point and the corresponding regression value).

Yexp)/ Vexp versus the delay time 7 for 3 different fits. Dou-
ble exponential fit was the best because Y was the small-
est and because it did not systematically increase at the
long delay times. N = square root of the sum of squares
of residuals of the Marquardt-Levenberg was 0.58, 1.48,
0.17 for hyperbolic, single exponential, and double expo-
nential fit, respectively. For double exponential fit, 4 >
B, 1p €7, 75 = 10.59 s.

The mean 7, for all actin filaments was 7p = 10.59 +
0.85 s (mean + SEM of nine experiments; as in the case

1.0 —— experiment -
- 1 exp fit
------- 2 exp fit

0.8} ---- hyperbolic fit |

normalized outocorrelation
o
J
T

0.2

0.0

s s ) .
0 10 20 30 40 50
delay time (s)

FIGURE 6 Normalized autocorrelation function (average of 9 mea-
surements) of 50 nM TRITC-phalloidin labeled F-actin in A-buffer:
solid line, experimental curve; large dashed line, hyperbolic fit; small
dashed line, double exponential fit; dotted line, single exponential fit.
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FIGURE 7 The normalized difference of between the fitting curve and
the experimental autocorrelation function (see text for details). Sym-
bols used are the same as in Fig. 6.

of microspheres, it is not exactly equal to the characteris-
tic time of the mean ACF from Fig. 6, because 7 of the
mean does not equal the mean of 7’s). Minimum and
maximum values were 7.30 and 12.78 s, respectively.
The coeflicient of variation was 24%.

Two-dimensional analysis of actin data using Dp =
w? /47 gave a diffusion coefficient 0.94 X 107° £ 0.07 X
107° cm?s™! (w = 2 um). If we define the average veloc-
ity of motion of F-actin, Vg criv, @s the ratio of the
diameter of the diaphragm (D = 10 um) to the character-
istic time 7, then Ve scrny = D/7p = 0.94 £ 0.07 um/s.

Acto-HMM

When increasing amounts of HMM were added to actin
in the absence of ATP, the correlation time progressively
increased (diffusion coefficient decreased). This is illus-
trated in Fig. 8 4, which shows representative correlation
functions of actin alone (dotted line), acto-HMM com-
plex at MR of HMM:actin of 1:8 (line ») and the com-
plex ata MR of HMM:actin of 1:2 (line ¢). Data from all
the experiments is summarized in Fig. 8 B. Here the
characteristic time of the rigor complex is plotted versus
the molar ratio HMM:actin. For comparison, the range
of characteristic times of actin filaments alone is shown
(all characteristic times of actin filaments + SEM are
contained in the shadowed area). The characteristic
time increased from the minimum of 11.43 + 2.33 s at
the MR of HMM:actin = (.25 to the maximum of 18.51
at the ratio HMM:actin of 4 (the velocity decreased
from a maximum of V,croumm = 0.88 £ 0.17 um/s to
Vacronmm = 0.54 pm/s.

The most likely reason for the increase in the charac-
teristic time with addition of HMM was an increase in
the volume of the complex. However, the characteristic
time could also increase if HMM increased the average
length or stiffness of actin filaments. To test the effect of
HMM on the length, we made direct observations of
filaments by light microscope. Filaments alone or in a
1:%2 molar ratio actin:HMM were diluted to ~10 nM
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FIGURE 8 Normalized autocorrelation functions for 50 nM TRITC-
phalloidin-F-actin in A-buffer in the presence of HMM. (A4) line a-ac-
tin alone, line b-1:8 molar ratio HMM:actin, and line ¢-1:2 molar ratio
HMM:actin ( B) Characteristic times calculated from the double expo-
nential fit of the autocorrelation functions for HMM:actin molar ratios
from 1:8 to 4:1 (average and SEM of 4 measurements). The solid line is
a plot of Eq. 3 in the interval 0 < MR < 0.5. For MR > 0.5 the value
was taken as constant. The dashed area represents the range of values
measured for actin filaments in the absence of HMM.

and applied to a coverslip coated with nitrocellulose.
The image of the filaments used in these experiments is
shown in Fig. 9. Only filaments that adhered to the cover
slip were observed. Histograms were calculated as de-
scribed in Methods. Fig. 10 A shows the length distribu-
tion of 580 actin filaments (the same filaments which
were used to obtain ACF shown in Fig. 6). The number
average length of the filaments was defined as L, =
(2N, X;)/(ZN,), where X is the length assigned to every
filament whose length, L;, was larger than or equal to
X; — 0.25 pm, and smaller than X; + 0.25 um (i.e., all
filaments that differed in length by less then 0.5 um were
assigned the same length). The weight average length
was defined as L,, = (EN,X2)/(ZN,X;). L, and L,, were
2.37 and 4.41 um, respectively. The ratio ¢ = L,/L,,
which is a measure of the deviation of the distribution
from the exponential ({ = 2 for exponential distribu-
tion ) was 1.86. Fig. 10 B shows the length distribution of
429 actin filaments after irrigation with HMM (1
HMM:2 actins, the same filaments that were used to ob-
tain the ACF shown in Fig. 8 4, curve ¢). L,, L, and p
were now 2.48, 4.67, and 1.88 um, respectively. Accord-

ing to a nonpaired ¢ test, the means were not significantly
different at 95% level of confidence. We conclude that
addition of HMM does not change the length distribu-
tion of filaments.

To test the possibility that HMM increased the stiff-
ness of actin filaments, we compared end-to-end length
and contour lengths of bare actin (Fig. 11 4) and of
acto-HMM complex (Fig. 11 B). The flexibility parame-
ter A was defined as (R®*) = (2/A){AL - | +
exp(—AL)] (Takebayashi et al., 1977), where R is the
end-to-end length of a filament and L is its contour
length. A\~! = L_, . is the correlation length of the fila-
ment. Large L., indicates rigid filaments. A was calcu-
lated from the best fit to data in Fig. 11. It is seen that
correlation length is the same before and after incuba-
tion with HMM, indicating that the flexibility of fila-
ments is the same when HMM is added.

At a constant temperature, fixed length distribution
and constant flexibility of the diffusing species, rp de-
pends only on the volume of the diffusing particles. Nei-
ther the length distribution nor flexibility were affected
by the addition of HMM (Figs. 10 and 11) and assuming
that the volume is proportional to the molecular mass
and that MRy g =~ MR, 44.4, the best approximation for
the increase in 7 with MR in the interval 0 < MR < 1 is

7p = C+ (Myin + MR- Mipgn)'? 3)

where C is a proportionality constant that includes tem-
perature, average density of proteins, and the shape fac-
tor of the average actin filament, and M,_;, and Mym
are the molecular masses of actin filament and of HMM.
The fact that 7, depends on a third root of volume shows
that the diffusion coefficient is inversely proportional to
a linear dimension characteristic of a filament.

Acto-HMM-MgATP-v-S

We wanted to see how the diffusion of acto-HMM was
influenced by ATP-y-S, an ATP analogue that traps
heads in a weak binding configuration. 2 mM of ATP-v-
S was added to acto-HMM at 0.25 < MR < 2. In each
case, actin filaments moved as fast (but no faster) as bare
actin filaments.

Acto-HMM-MgATP

When 2 mM MgATP was added to acto-HMM complex,
the correlation time decreased (diffusion coeflicient in-
creased). At certain MR it decreased beyond 7 of actin
filaments alone. This is illustrated in Fig. 12 4, which
shows the representative ACFs of actin alone (dotted
line), acto-HMM complex in the presence of ATP when
the ratio of HMM to actin was 1:8 (solid line b) and the
complex in the presence of ATP at a MR of HMM to
actin of 2:1 (solid line ¢). Data from all experiments is
summarized in Fig. 12 B. Here the characteristic time of
the acto-HMM complex in the presence of ATP is plot-
ted versus the molar ratio HMM:actin. For comparison,
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FIGURE 9 Image of 10 nM actin filaments labeled with TRITC-phalloidin and attached to a cover slip in A-buffer, recorded through a 100X

objective.

the range of characteristic times of actin filaments alone
is shown (mean + SEM, shadowed area). The character-
istic time decreased from the maximum of 11.76 s at the
MR of HMM:actin = 4 to the minimum of 7.04 + 0.34
at the ratio HMM:actin of 0.5.

There are four possible reasons why addition of ATP
could decrease 7: (@) ATP could change the size distri-
bution of acto-HMM so as to make the average length of
filaments shorter; (») ATP could increase the flexibility
of acto-HMM (increase in the flexibility is associated
with a decrease in 7, see Discussion ); (¢) hydrolysis of
ATP could increase temperature of the sample; and (d)
hydrolysis of ATP could impart extra velocity to actin.
We show below that reasons 1-3 are not contributing to
an observed decrease in 7. To examine the possibility
(a), we directly observed filaments under a light micro-
scope. Fig. 13 4 shows the length distribution of actin
filaments alone (the same as Fig. 10 4). Fig. 13 B is the
distribution of 421 acto-HMM filaments in the presence
of ATP (the same filaments that were used to obtain the
ACF of Fig. 12 A, curve c¢). There was no significant
change in average length or shape of distribution (as
judged by p) in the two cases. To examine the possibility
(b) we followed the same procedure as before, i.e., we
compared end-to-end length and contour lengths of bare
actin (Fig. 14 4) and of acto-HMM-ATP complex (Fig.
14 B). The flexibility parameter A was defined as de-

scribed above. A was calculated from the best fit to data
in Fig. 14. Correlation length was greater for acto-
HMM-ATP complex than for bare actin, indicating that
the flexibility of filaments decreased (and not increased)
when ATP was added. This observation rules out the
possibility that the observed decrease in 7 1s due to the
increase in the flexibility. To examine possibility (c), we
replaced HMM with apyrase at the concentrations liber-
ating 1 and 10 P, per head per second. The 7, of a solu-
tion containing F-actin and apyrase (11.1 s) did not
differ significantly from 7, of a solution containing F-ac-
tin alone (9.1 s).

DISCUSSION
Method

Translational motion of acto-HMM complex is not an
optimal indicator of binding of HMM to actin but FCS is
one of a few tools capable of measuring motions of ex-
tremely dilute solutions. At very low acto-HMM con-
centrations, not enough light is scattered to attempt
quasi-elastic light scattering ( QELS ) measurements. The
concentration of F-actin used in the present experiments
was 20 times lower than the lowest concentration used in
QELS measurements (but still above critical concentra-
tion for phalloidin-actin, Yanagida et al., 1984). The
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FIGURE 10 Length distribution of actin filaments labeled with
TRITC-phalloidin, in A-buffer. (4) actin without HMM. (B) actin in
the presence of 1/2:1 molar ratio:actin

hydrodynamic methods (Tanford, 1963) and even an-
isotropy decay (Highsmith et al., 1976) are too insensi-
tive to measure motions of nM concentrations of pro-
teins. Experiments of Fujime et al. (1984) indicate that
motion of F-actin undergoes change as the solute is pro-
gressively diluted. It follows that the hydrodynamic mea-
surements done at high actin concentrations cannot be
extrapolated to low concentrations. The method is partic-
ularly suitable for measuring diffusion of F-actin labeled
with phalloidin, because the quantum yield of phalloidin
increases 10-fold when it binds to F-actin (Haugland et
al., 1992).

Control experiments with spheres indicate that the
method is reliable in measuring characteristic time. Ear-
lier, we have applied the correlation method to measure
the average velocity of actin filaments in two dimensions
(in in vitro motility assay Borejdo and Burlacu, 19925b)
and have achieved similar accuracy. Control experi-
ments also show that, in spite of the fact that diffusion
takes place in three dimensions, the two-dimensional
analysis of FCS results correctly estimates the diffusion
coeflicient.

Actin filaments

Like in the case of spheres, the range within which all
experimental ACFs of F-actin were contained was small.

The characteristic time of all ACFs was 7.36 s < 1 <
12.78 s. Two-dimensional analysis applied to actin re-
sults gives the diffusion coefficient D, = 0.9 X 107° +
0.07 X 10~° cm? sec~!. This is lower than the value mea-
sured by quasi-elastic light scattering by Fujime et al.,
1972 (1.69 X 107% ¢cm? sec™'), Newman and Carlson,
1980 (1.24 X 1078 cm?® sec™!) and Tirosh et al., 1990
(0.7 X 1078 cm? sec™'), but higher than measured by
Schmidt et al., 1989 (8 X 107" cm?s™!).

Acto-HMM

To test whether the observed increase in 7, was caused
by a decrease in the flexibility of the filaments, we com-
pared correlation length of actin filaments, A, before and
after addition of HMM. HMM did not increase the aver-
age length of actin filaments (Fig. 10). X of actin poly-
mers was first measured by Fujime (1972) by QELS, and
later by Takebayashi et al. (1977) directly from EM
images of F-actin. The mean value of L, reported here
before adding HMM, 7.9 um (Fig. 11 4) is comparable
to the correlation length estimated from the EM. L,
increased to 8.3 um after adding HMM (Fig. 11 B), but
the difference was not statistically significant. Bare actin
filament has high bending modes and HMM eliminates
these modes, as shown by Thomas et al. (1979). How-
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FIGURE 11 End-to-end versus contour length of (4) actin filaments
and (B) actin filaments in the presence of 1:1 molar ratio HMM:actin,
both in A-buffer.
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FIGURE 12 (A) Normalized autocorrelation functions of 50 nM actin
filaments suspended in A-buffer containing 2 mM MgATP at following
molar ratios of HMM:actin: (@) 0, (b) 1/8,and (¢) 2/ 1. (B) Character-
istic times of the autocorrelation functions of actin filaments in the
presence of HMM and MgATP versus HMM:actin molar ratio. The
solid line is a plot of Eq. 4, with ¢ = 0.1, H = 250 sec. The dashed area
represents the domain of values measured for actin in the absence of
HMM.

ever, stiffness as defined here, was the same when mea-
sured in an optical microscope and in EM (Burlacu et
al., 1992). We conclude that the increase in 7, (slower
diffusion) resulted only from an increase in the volume
of the complex. The increase in 7 reached maximum
when the MR of HMM:actin was 0.5:1 (ratio of myosin
heads:actin = 1). At this point, the molecular mass of
the filament increased by over 400% but 7, increased by
less than 200%.

Large variability in 7 at low MR (see Fig. 8 B) is con-
sistent with the observation of Fujime and Ishiwata
(1971) and Oosawa et al. (1973), who titrated F-actin
with HMM and measured broadening of spectrum of
quasi-clastically scattered light. They interpreted their
results to suggest that at low MR HMM increased the
flexibility of actin filaments. On the other hand, our re-
sult, showing that at larger MR HMM decreased the dif-
fusion coefficient, contrasts with the results of these au-
thors who suggested that HMM caused no change in the
diffusion coefficient. It is possible that the difference is
associated with the use of high concentrations of F-actin
in QELS experiments, giving an opportunity for bifunc-
tional HMM to aggregate (cross-link) filaments. In fact,
at high concentrations of F-actin we sometimes observed

such aggregation under the microscope. Our data are in-
consistent with the results of Yanagida and Oosawa
(1978), who reported increase in flexibility of thin fila-
ments in muscle at large molar ratios of HMM:actin.

Acto-HMM-MgATP-v-S

We estimate that, under our experimental conditions,
there are on the average ten molecules of HMM bound
to each filament in the presence of ATP-y-S. Our results
suggest that these ten molecules do not retard diffusion
of actin filaments. This is not surprising, considering
that in rigor, even at a molar ratio of HMM to actin of
1:16 (i.e., 62 strongly bound cross-bridges per filament),
there was only a slight retardation of diffusion. Our find-
ing is consistent with the observation of Uyeda et al.
(1991) that in the in vitro motility assay, upon addition
of MgATP-+v-S, the actin filaments escaped from HMM
immobilized on a glass surface. The fact that muscle
fibers show significant stiffness in the presence of
MgATP-y-S (Dantzig et al., 1988) is most likely due to
large effective protein concentration.

Acto-HMM-MgATP

The unexpected result was that during hydrolysis of ATP
the diffusion of actin filaments in the presence of HMM
was accelerated. The difference in 7, values between ac-
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FIGURE 13 Length distribution of actin filaments labeled with
TRITC-phalloidin, in buffer A. (4) actin. (B) actin with 1:1 molar
ratio HMM:actin and 2 mM MgATP.
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FIGURE 14 End-to-end versus contour length of (4) actin filaments in
A buffer, (B) actin filaments in the presence of 1:1 molar ratio
HMM:actin and 2 mM MgATP.

tin alone and acto-HMM complex in the presence of
ATP was statistically significant at low MR of HMM:ac-
tin (in nonpaired ¢ test the values for significance of the
difference at 5% level were: t = 2.94, P=1.64 X 102 at
HMM:actin = 0.125; ¢t = 2.56, P = 3.35 X 1072 at
HMM:actin = 0.25; and ¢t = 2.58, P = 3.27 X 107% at
HMM:actin = 0.5). At higher MR the difference was not
statistically significant (¢ = 1.36, P = 2.11 X 107} at
HMM:actin = 1.0;and 1 =8.88 X 107!, P=4.00 X 107!
at HMM:actin = 2.0). The decrease seen at low MR was
not due to a decrease in the average length of actin fila-
ment (Fig. 13) or to an increase in their flexibility (Fig.
14). In fact, the observation of filaments under micro-
scope showed that the addition of ATP caused the fila-
ments to become less flexible, as indicated by a decrease
in X\ (Fig. 14 B). Oosawa et al. (1973), on the other
hand, measured the width of the spectrum of quasi-elas-
tically scattered light during hydrolysis. From the obser-
vation that the width became smaller during ATPase
they concluded that the flexibility of filaments increased.
The present results are consistent with the observation of
Yanagida et al. (1984), who reported that in the pres-
ence of HMM and ATP actin filaments executed rapid
motions. We did not see filaments being broken into
short fragments, but HMM concentration in our experi-
ments was at least 1,000-fold lower.

Our results indicate that ATP caused a decrease in the
flexibility of the filaments (Fig. 14). If this were the only
effect of ATP, the diffusion coefficient would decrease
(Wegener, 1982; Janmey, 1990). Instead, the diffusion
coefficient increased, suggesting that the energy of hydro-
lysis of ATP resulting from the interaction of actin and
HMM was imparted to the diffusing species (see below).
The decrease in 7, was not due to a rise in temperature:
firstly the decrease was not seen at high MR, where
amount of energy liberated by hydrolysis of ATP was
higher, and secondly, control experiments with apyrase
showed that hydrolysis alone had no effect on diffusion.

How is the diffusion of acto-HMM-ATP complex ac-
celerated in comparison with the diffusion of bare actin
during hydrolysis of ATP? Following Oplatka et al.
(1974), we propose that some of the energy of hydrolysis
of ATP resulting from the interaction of actin and HMM
is imparted to the diffusing species. Thus HMM and sol-
vent molecules receive equal amount of momentum (ac-
tin filaments are not directly involved in splitting be-
cause hydrolysis occurs while heads are dissociated from
actin). We estimate that on the average, in the presence
of ATP, one molecule of HMM is at any time bound to
an actin filament. This results in splitting of about 40
molecules of ATP/s/filament. The energy liberated by
this splitting is several orders of magnitude larger than
the kinetic energy of a filament. Part of this energy is
carried away by products of hydrolysis (or other small
molecule, i.e., water). Part may be transferred to actin
by recoiling HMM. Oplatka et al. (1974 ) suggested that
most of the energy is carried away by water, in a direc-
tion defined by a polarity of a filament. Solvent is thus
compelled to stream and carry actin with it. Regardless
of the exact mechanism by which the energy is imparted
to filaments, the macroscopic effect is demonstrated as
faster translation of filaments.

The present data, and the results of Tirosh et al.
(1990), who reported the broadening of spectrum of
quasi-elastically scattered light from acto-HMM when
the hydrolysis occurred, support the above interpreta-
tion.

In spite of the fact that motion of F-actin was acceler-
ated during activation of ATPase activity by HMM, we
did not observe any change in the diffusion of HMM
upon interaction with actin in the presence of ATP (Bor-
ejdo, 1979; Borejdo and Burlacu, 19924). This is most
likely due to the low Reynolds number of a solvent, i.e.,
the fact that the motion of HMM decays shortly after
leaving the vicinity of a filament. Acceleration of fila-
ment motion, however, occurs mainly along its long
axis, where hydrodynamic resistance is the lowest.

Fraction of strongly and weakly bound
heads during ATPase
We can now estimate a fraction of heads that slow down

diffusion during hydrolysis. In our experiments, like in
those reported by Tirosh et al. (1990), the enhancement
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of diffusion disappeared at molar ratios higher than one.
It suggests that the enhancement is a combination of the
two effects: a rigor-like (strong) binding, which slows
down the diffusion, and the acceleration due to the ex-
plosive splitting of ATP. The rigor binding slows down
the diffusion according to Eq. 3, except that now only a
fraction ¢ of HMM is strongly bound to F-actin at any
time (we assume that this fraction is the same at each
MR). Decrease in 7 is assumed to be proportional to
the number of interacting HMM molecules ¢ - MR. H is
a constant that describes a decrease in characteristic time
of actin filaments resulting from the interaction with 1
HMM in the presence of ATP. In the presence of ATP
we thus get:

75 = C*(Mygin + ¢ MR- Mypg)'/® — ¢+ MR-H. (4)

There are two parameters in Eq. 4—¢ and H; neverthe-
less the data of Fig. 12 B can be fitted to Eq. 4 because ¢
and H have separate effects on the fit. Changing ¢ (at
constant H) changes only the slope of the fit (without
affecting the intercept), and changing H (for constant ¢)
shifts the intercept of the fit (without affecting the
slope). The best fit was obtained with ¢ = 0.06 + 0.02
and H = 250 + 25 s.
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