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Abstract. The diffusion coefficients and fluorescence
polarization properties of actin subjected to a2 known
shear have been determined both during and after po-
lymerization, using a modification of a cone-plate
Wells-Brookfield rheometer that allows monitoring of
samples with an epifiuorescence microscope. Fluores-
cence polarization and fluorescence photobleaching
recovery experiments using rhodamine-labeled actin as
a tracer showed that under conditions of low shear
(shear rates of 0.05 s7!), a spatial heterogeneity of
polymerized actin was observed with respect to
fluorescence intensity and the diffusion coefficients
with actin mobility becoming quite variable in differ-
ent regions of the sample. In addition, complex
changes in fluorescence polarization were noted after
stopping the shear. Actin filaments of controlled length
were obtained using plasma gelsolin (gelsolin/actin
molar ratios of 1:50 to 1:300). At ratios of 1:50, nei-
ther spatial heterogeneity nor changes in polarization
were observed on subjecting the polymerized actin to
shear. At ratios of ~1:100, a decrease on the intensity

of fluorescence polarization occurs on stopping the
shear. Longer filaments exhibit spatial micro-
heterogeneity and complex changes in fluorescence
polarization. In addition, at ratios of 1:100 or 1:300,
the diffusion coefficient decreases as the total applied
shear increased. This behavior is interpreted as bun-
dling of filaments aligned under shear. We also find
that the F-actin translational diffusion coefficients de-
crease as the total applied shear increases (shear rates
between 005 and 12.66 s7'), as expected for a cumula-
tive process. When chicken gizzard filamin was added
to gelsolin-actin filaments (at filamin/actin molar ra-
tios of 1:300 to 1:10), a similar decrease in the
diffusion coefficients was observed for unsheared sam-
ples. Spatial microheterogeneity might be related to
the effects of the shear field in the alignment of fila-
ments, and the balance between a three-dimensional
network and a microheterogeneous system (containing
bundles or anisotropic phases) appears related to both
shear and the presence of actin-binding proteins.

cytoplasm could be important for variations in cell

shape and its biomechanical functions. The under-
standing of the rheological properties of the cortical
cytoplasm should be then the first step toward a serious study
of many aspects of cytoskeletal biomechanics (Stossel, 1986;
Stossel et al., 1987; Elson, 1988). We have undertaken such
an effort by simulating in vitro mechanical properties of
cytoplasm using the purified components (i.e., actin and
actin-binding proteins) to grow actin filaments of controlled
length and different degrees of association. This study inves-
tigates the effect of controlled shear on these filaments. To
examine the response of actin gels to shear, we have re-
designed a cone and plate rheometer for use in conjunction
with an epifluorescence microscope and measured transla-
tional diffusion coefficients, filament mobility (by fiuores-
cence photobleaching recovery [FPR]'), or fluorescence
polarization after a known homogeneous shear is applied.

ﬁ complex sol-gel transition of components of the cell

1. Abbreviations used in this paper: F/A, molar ratio of monomeric filamin
(mol wt = 250,000) to actin (unpolymerized or polymerized as filaments);
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We report here that shear induces microheterogeneity in
actin gels, probably by side-to-side filament-filament associ-
ation into larger aggregates or bundles. The partial orienta-
tion of filaments that grow under a shear field eliminates, to
some extent, topological constraints for interaction between
them, and filament-filament association arises spontane-
ously under these conditions. In addition, we have inves-
tigated the effect on this association of actin-binding proteins
that regulate filament length (gelsolin), and that induce inter-
action between filaments (filamin). The approach used pro-
vides new insights about the viscoelastic behavior of actin
and its dynamics, and suggests important effects of shear in
cytoskeletal organization and actin dynamics.

FPR, fluorescence photobleaching recovery technique; G/A, molar ratio of
plasma gelsolin (mol wt = 82,000) to actin (unpolymerized or polymerized
as filaments).
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Materials and Methods

Reagents

ATP (disodium salt grade I), B-mercaptoethanol, dithioerythritol, dithio-
threitol (DTT), EDTA, EGTA and tris(hydroxy-methyl)aminomethane (Tris)
were purchased from Sigma Chemical Co. (St. Louis, MO). DEAE-Sepha-
rose 6B, Sephacryl $-400, and Sephadex G-150 were obtained from Phar-
macia Fine Chemicals (Uppsala, Sweden). Ion exchangers DE-52 and PL-
11 (phosphocellulose in a fiber form) were obtained from Whatman Inc.
(Clifton, NJ). A mixture of isomers of (iodoacetamido) tetramethylrhoda-
mine (MW 569.5) was purchased from Research Organics, Inc. (Cleveland,
OH). CaCl, (Puritronic) and “ultrapure” MgSO, were obtained from Alfa
Products, Thiokol/Ventron Division (Danvers, MA). All the other reagents
were of analytical grade, and double distilled water was used in all the ex-
periments.

Protein Purification

Actin was prepared from rabbit skeletal muscle, as previously described
(Tait and Frieden, 1982a), according to the procedure of Spudich and Watt
(1971), and with the gel filtration step described by MacLean-Fletcher and
Pollard (1980). Actin was stored at —20°C as a lyophilized mixture with
sucrose (2 mg of sucrose per 1 mg of actin; Tellam and Frieden, 1982).
Lyophilized actin was dissolved (total actin concentration of 2-5 mg/ml) and
dialyzed at 4°C for 1-2 d against G-buffer (0.2 mM CaCl;, 1.5 mM NaN;,
0.2 mM ATP, 2 mM Tris-HCl, pH 8.0) before use.

Rhodamine-labeled actin was prepared using (iodoacetamido)tetramethyl-
rhodamine as described by Tait and Frieden (1982a). The labeled material
contained 0.5-0.6/mol of rhodamine per mol of total protein. Actin and
rhodamine-labeled actin concentrations were estimated by the method of
Bradford (1976), using actin as a standard. The extinction coefficient at 290
nm and l-cm light path is E' ™™ = 063 (Houk and Ue, 1974).

Plasma gelsolin (or brevin) was prepared from rabbit plasma (Pel-Freez
Biologicals, Rogers, AR) using a procedure based on that of Cooper et al.
(1987). These authors combined early methods for brevin isolation of Soua
et al. (1985) and Chaponnier et al. (1985). The rabbit plasma is extracted
in 25 mM Tris-HCl, pH 7.5, containing 0.1 mM phenyimethylsulfonyl fluo-
ride (PMSF) and 25 mM CaCl, for 30 min at 37°C, to allow clot retrac-
tion. After two successive steps of ammonium sulfate fractionation (25 and
50%), the final pellet is dialyzed against a buffer containing 10 mM Tris-
HCI, pH 80, 1.5 mM NaN3, 0.5 mM CaCl,, and 0.1 mM PMSF, and then
separated by anion exchange chromatography. Our modified procedure uses
different chromatographic steps for isolation of plasma gelsolin: a first chro-
matography on a DEAE-Sepharose 6B column (NaCl concentration gra-
dient up to 0.1 M); a second chromatographic separation on a DE-52 column
(with a buffer containing 10 mM Tris-HCI, pH 80, 0.1 mM EGTA, 1.5 mM
NaN3, and 0.1 mM PMSF) using a NaCl concentration gradient from 75
to 300 mM; and an optional third chromatography using 10 mM Tris-HCI,
pH 80, containing 0.1 M NaCl, 0.1 mM EGTA, 1.5 mM NaNj3, and 0.1
mM PMSF on Sephacryl $-400. The assay used for column fractions was
the test tube inversion assay (Pollard and Cooper, 1982). Samples from each
elution tube (~3 ml) were divided in aliquots, frozen in liquid nitrogen, and
stored at —70°C.

Smooth muscle actin-binding protein (filamin) was purified from fresh
chicken gizzard by the procedure of Feramisco and Burridge (1980). We
modified the original method to eliminate variability from phosphocellulose
chromatography, using only the fractions with highest purity obtained from
DEAE-cellulose elution. Under these conditions, protein that is essentially
homogeneous is obtained.

Aliquots of filamin were frozen in liquid nitrogen and subsequently
stored at —70°C in a buffer containing 200 mM NaCl, 0.1 mM EDTA, 15
mM B-mercaptoethanol, and 20 mM Tris-acetate, pH 7.6 (Feramisco and
Burridge, 1980). To avoid aggregates formed during freezing (Weihing,
1985), especially evident at low ionic strength (Davies et al., 1980), we cen-
trifuged aliquots in an airfuge (Beckman Instruments, Inc., Palo Alto, CA;
10 min, 135000 g). Thawed samples were used once and not refrozen.
When high concentrations of filamin were needed (molar ratios F/A > 1:20),
an overnight dialysis against depolymerizing G buffer containing 1 mM
dithioerythritol was performed (excess of 100 vol); samples were cen-
trifuged as described above and used within 8 h. This procedure avoids in-
terference of high NaCl concentration, which may affect actin polymeriza-
tion. We did not find any variability in results obtained for low filamin (and
NaCl) concentrations of samples processed according to our protocol. How-
ever, we find a different behavior of high concentrations of filamin stored
in high NaCl, which induces gelation and immobilization of actin.
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Figure 1. Schematic of the cone and plate rheometer described in
the text (see Materials and Methods). Numbers in the drawing refer
to (1) drive shaft (coupled to a motor); (2) rheometer external hous-
ing; (3) retaining ring, plate drive assembly; (4) cylindrical tube,
plate drive assembly; (5) cone (cone angle, ® = 1.5 degrees); (6)
glass cover slip; (7) sample chamber; (8) retaining ring, bearing;
(9) ball bearing, plate drive assembly; (/0) brake with rubber cone
that controls motion of cover slip relative to cone movement; (II)
cylindrical tube, cone drive assembly; (I2) cone positioner (screw
that sets cone to cover slip distance); and (/3) ball bearing, drive
shaft assembly.

Description of a Cone and Plate Rotational Rheometer

A rheoscopic device suitable for FPR-related techniques and image analysis
has been constructed (Washington University Instrument Shop, St. Louis,
MO). The rheometer (name used through this text) is a modification of an
early Wells-Brookfield cone-plate viscometer adapted for light microscopy
(Schmid-Schoenbein et al., 1969; Wells et al., 1961). The design of the in-
strument is shown in Fig. 1.

The rheometer is placed on the stage of a universal microscope (Zeiss,
Oberkochen, Federal Republic of Germany), and connected to a variable
speed drive. The drive system was designed to deliver controlled constant
rotation over long periods of time, using a SSA 40-10-30 servo amplifier and
a permanent magnet DC motor type USMA4T (PMI Motors, Syosset, NY).
Experiments presented here cover a range of unidirectional shear rates of
004-12.66 s™!, but the rheometer can cover a more extended range of
0.025-4130 s7'.

Shear rates were calculated using the expression (Martin et al., 1983):

Yy = Ry,

where ¥y is the rate of shear (s™'), R is the rotational velocity of the rheom-
eter (in radians/s, and y is the rheometer angle between the cone and plate
(in radians). This equation is valid only for cones with small angles. In our
equipment the cone-plate angle is 1.5° (00262 radians). Although the ac-
tual shear rates are dependent on the geometry of the apparatus, they are
independent of the distance from the cone tip.

The cone was machined from Plexiglas, and its transparency permits ob-
servation through the solution into the cone. This property was used to test
solutions containing rhodamine-labeled actin for protein adsorption, Care-
ful cleaning of the cone (three cycles of 2-propanol and water) and glass
cover slips (five cycles of methanol and water) prevented protein adsorption
to the cone and cover slip. Cover slips were discarded frequently and both
pieces were air dusted before each use. We have not seen accumulation of
fluorescence closer to the cover glass or the cone. Samples with actin con-
centrations >2 mg/ml may show adsorption to glass in our rheometer.

The relative distance of the cone tip with respect to the cover slip can
be controlled with a screw in the base of the rheometer (see Fig. 1}. The
gap between them is observed illuminating through the microscope optics
with an arc lamp and there is little movement of the tip position when ob-
served under such conditions (i.¢., the cone is symmetric). The temperature
was measured with a thermistor (model 8040 A Multimeter; John Fluke
Mfg Co., Inc., Everell, WA) and was always 21-23°C in experiments shown
here.

Protein samples (containing actin with 10% rhodamine-labeled actin,
gelsolin, and/or filamin) were prepared at room temperature in a 100-u! vol
with or without the addition of Mg** (from MgSO,) to start the polymer-
ization. Aliquots of 75 pl were loaded onto the cone tip and a cover slip
tightened into place with the retaining ring (see Fig. 1, element No. 3).
Shearing of samples was then initiated and continued throughout polymer-
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ization. Solutions were examined at ~0.65 cm from the rotation center,
where the distance between the cover slip and the cone is ~170 um. At the
end of a measurement, the temperature was recorded as described above.
Specific experimental detail about sample preparation is given in the legends
for the respective figures.

FPR and Microscopic Fluorescence
Polarization Measurements

The FPR apparatus used is a modified version (Petersen et al,, 1986) of the
design of Koppel et al. (1976). All experiments (uniess otherwise stated)
were performed using a 16 X microscope objective (Zeiss Ph 2, numerical
aperture 0.35), which gives a Gaussian beam radius of 4 X 107 cm mea-
sured by an image analysis method.

FPR experiments were carried out and analyzed as described by Tait and
Frieden (1982b). The program used for analysis is based in a nonlinear
curve-fitting procedure described by Bevington (1969), which uses a Mar-
quandt algorithm applied to a variable number of terms in the series solution
of diffusional fluorescence recovery after photobleaching (Axelrod et al.,
1976). When microscopic fluorescence polarization was determined (see
Figs. 5 and 6), the program was used to obtain average values of fluores-
cence and test possible photodamage of samples. A more detailed descrip-
tion of fitting procedures is given elsewhere (Petersen et al., 1986). For
rhodamine-labeled actin the excitation wavelength of the argon-ion laser
used was 515 nm.

The characteristic recovery time (tq) of the fluorescence recovery is
related to the apparent translational coefficient of the fluorophore, D, by the
expression (Axelrod et al., 1976):

D = w(4 1),

where w is the Gaussian beam radius.

In the experiments where microscopic fluorescence polarization was
measured (Figs. 5 and 6), two polarizers were placed in the laser light path.
The first polarizer, located immediately before the sample, ensured that a
high degree of polarization was present in the incident light. Laser light is
usually polarized in FPR experiments (a set of two polarizers regulated
polarization before the first shutter), but some depolarization occurs in the
optical path. The second polarizer was used in place of the normal barrier
filter above the dichroic mirror in the universal microscope. This second
polarizer is mounted in a holder that permits reorientation to measure both
parallel and perpendicular orientations of the polarized light. Fluorescence
reading was performed without photobleaching the samples, and apparent

steady-state fluorescence anisotropy can be calculated as in Lacowicz
(1983).

Results

Actin Polymerization in the Absence of Shear

The incorporation of monomeric actin into polymer can be
measured by an increase in rhodamine-labeled actin fluores-
cence on polymerization (Tait and Frieden, 1982b). The in-
crease in fluorescence reaches ~50% when the polymeriza-
tion is completed, and the extent of polymerization can be
obtained from the fluorescence intensity before an FPR
bieach is performed. The fluorescence intensity at a given
time (i.e., F,) is related to the initial fluorescence (F; - o) and
the final fluorescence (F~) as an enhancement in fluores-
cence (F,) (Axelrod et al., 1976) by the equation:

Fo = [Fy — Fo=ol/[Fe — Fu-0).

Fig. 2 shows experiments with 1 mg/ml actin containing
10% rhodamine-labeled actin in which the extent of poly-
merization (as measured by fluorescence enhancement,
Fy) and the extent of immobility (1 — X, where X, is the
mobile fraction) are plotted as a function of time after addi-
tion of 1 mM Mg?**. These and all other experiments
reported here were performed using the rheometer sample
chamber and are the control experiments for those done in
the presence of shear. The results obtained here are similar
to those previously reported by Tait and Frieden (1982b) in
that as polymerization proceeds, the actin becomes immobi-
lized until it is essentially totally immobile. Under the condi-
tions used here, the immobilization and extent of polymer-
ization occur approximately in parallel. It is also possible to
measure the apparent diffusion coeflicient as a function of
time in these experiments. We find as expected, that the
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Figure 2. Time course of actin polymeriza-
tion followed by FPR. Measurements of
normalized fluorescence enhancement (Fy,
= Fg — Fy-0 /Fw) — Fy-o, solid circles)
and of the fraction of actin immobilized (1
— Xu, open circles) are represented as a
function of time after addition of 1 mM
Mg®* to a | mg/ml actin solution (10%
rhodamine-labeled actin). Experiments
were performed without shear at 22°C in
depolymerizing buffer (0.2 mM CaCl,, 0.2
mM Na,ATP, 1.5 mM NaN;, and Tris-
HCI, pH 80) in the rheometer sample cham-
ber. Inset, a fluorescence scan of the rheom-
eter surface after actin polymerization is
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complete. Iyv is the fluorescence intensity
of samples observed through parallel
polarizers (arbitrary units are recorded
counts per channel). The abscissa repre-
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0 sents the distance d (in pm) that the rheom-
eter was moved during the experiment. In
all the experiments the beam size radius was
4 x 107 cm (see Materials and Methods).
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diffusion of actin becomes slower as the polymerization pro-
ceeds until no diffusion is apparent (Tait and Frieden,
1982b). We believe that the state in which actin filaments are
unable to diffuse is equivalent to forming a filamentous actin
gel. After polymerization is complete, it is possible to scan
the filamentous actin solution by moving the rheometer in the
beam of the laser at low intensity. Fig. 2 (insef) shows that
the solution appears fluorescently homogeneous.

Actin Polymerization in the Presence of Shear

Experiments were performed as above except that after
Mg?* was added to the nonfilamentous actin and the solu-
tion placed in the rheometer, it was subjected to a known

shear. In this case it was necessary to stop the shear for the
measurement of diffusion coefficients and mobility (X.).
Since the polymerization occurs over a long time period and
the measurements take ~40 s, it was important to show that
stopping the shear did not affect the results. This was demon-
strated in experiments in which only a few measurements
were made over time and compared to experiments in which
many measurements were performed. The results were the
same in both cases for shear rates used in this paper. It is of
interest that the rate of polymerization did not change over
the range of shear rates applied (0.05-12.66 s™'), indicating
that there was no breakage of actin filaments under these
conditions.

Fig. 3 shows the results of these experiments with respect
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to the fluorescence enhancement (4) and diffusion coeffi-
cients (B). At early stages on polymerization, the diffusion
coefficient decreases as expected. However, as the polymer-
ization approaches completion, the fluorescence intensity
and diffusional properties measured by FPR become quite
variable. Since measurements are made in different portions
of the solution, it seemed likely that the variation represented
nonuniformity of the sample. Indeed, when the solution is
scanned using incident light, large and discrete fluctuations
in fluorescence are observed (Fig. 3 A, inset). Similar results
were seen at all the shear rates applied. This inhomogeneity
remained after stopping the shear up to 2 h. Thus, not only
is some structure of filamentous actin induced by shearing
but it also appeared to be stable. We have not yet measured
the dissipation of the microheterogeneity induced by shear.

To further explore the observed inhomogeneity, we used
actin filaments with different length distributions. As shown
previously (Harris and Schwartz, 1981; Doi and Frieden,
1984; Janmey et al., 1986), the presence of plasma gelsolin
(brevin) will act to narrow the length distribution of actin
filament at certain G/A ratios. At G/A ratios of 1:50 or 1:100,
there is probably a rather narrow range of lengths while at
a G/A ratio of 1:300 or less, the distribution is wider. Under
either of these conditions, actin is not totally immobilized so
it is possible to obtain diffusion coefficients as a function of
time or applied shear.

Fig. 4 shows that at G/A ratios of 1:100 and 1:300, there
is a decrease in the diffusion coefficient of the sheared sam-
ple relative to that of the unsheared sample. The decrease in
the diffusion coeflicient is dependent on the total amount of
shear applied since the results were identical for shear rates
of 005-1.29 s™'. The decrease in diffusion coefficient is
more apparent for larger filament lengths (G/A ratio of

1:300; Fig. 4, closed circles) than for the shorter filaments
(G/A ratio of 1:100; Fig. 4, open circles), and there is no ap-
parent change for very short filaments (G/A 1:50; data not
shown). As will be discussed later, we believe that this be-
havior is a consequence of bundling of filaments (i.e., length-
wise filament-filament interactions), induced by shearing
the sample. Shear rates and the time period under which G/A
mixtures were polymerized (0.5-1.0 h) ensure that the poly-
merization was complete (not shown). The mobility of ac-
tin—gelsolin filaments (measured by FPR) did not change
when they were subjected to shear (see legend to Fig. 4).

Fluorescence Polarization Changes after Stopping Shear

The design of the rheometer precluded measuring changes
in birefringence and so we examined changes in fluorescence
polarization as an indicator of filament orientation. When 1
mg/ml actin (10% rhodamine-labeled actin) is allowed to
polymerize under shearing conditions and the rheometer is
stopped, the fluorescence polarization changes as a function
of time. This fluorescence relaxation is quite variable. Fig.
5 shows experiments in which actin gels are observed after
removing the linear shear stress with the polarizing and
analyzing polarizers in parallel (light intensity is then Ivy).
In the sample subjected to shear, there is a slow and some-
times complex decay of the fluorescence after stopping the
rheometer (dwell times of 400 ms were used in our counting
device, which cover 7 min per individual experiment as
shown in Fig. 5, A4, B, and C). In a similar experiment this
slow decay was not observed in the absence of polarizers.
Thus, the decay of Ivv observed probably reflects some
slow change in the anisotropic behavior of the actin gels (cf.
Figs. 3 and 5), but the microheterogeneity obtained is stable
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Figure 5. Changes in fluorescence polarization (using parallel polarizing and analyzing polarizers, Ivv) after stopping shear of actin poly-
merized under shear. Actin (1 mg/ml, 10% rhodamine-labeled actin) was polymerized under shear by addition of 1 mM Mg?*. After 1 h
of shear (rate of shear = 0.58 s™'), the rheometer was stopped and polarized fluorescence (Ivy) was followed for several minutes. 4, B,
and C are data from different spots and are representative of the relaxation processes observed in the sample. The first experiment of each
includes 100 channels of recording before shear is eliminated (arrow point), and a second set of data (~450 s later) are included to show
the continuity of the relaxation process. Various shear rates ranging from 006 to 12.66 s™! gave overall effects (complex relaxation and
also oscillatory behavior) comparable to the ones shown in this figure.

in the time range used in these experiments (up to 30 min).
In experiments without shear there is no change in the
fluorescence intensity, indicating no inhomogeneity and no
photobleaching of the filaments under the incident light
beam (not shown).

As in the experiments described earlier, we wished to ex-
amine the fluorescence polarization properties of filaments
of different length distributions as adjusted by the presence
of gelsolin. Fig. 6 shows results observed for several G/A ra-
tios sheared for 1 h (shear rate of 1.29 s7!; shear rates in the
range 0.05-1.29 s™' give similar results). At this time, when
polymerization was complete, the rheometer was stopped
and the changes in fluorescence polarization recorded. The
data show that there is a transition between no relaxation be-
havior (G/A ratio 1:50; Fig. 6 A), to a detectable decay (G/A
ratio 1:100; Fig. 6 B), to complex behavior where rather
different patterns of relaxation are observed at different posi-
tions (G/A ratio 1:300; Fig. 6, C and D). In addition, the ex-
periment in Fig. 6 4 (G/A ratio 1:50) shows that there is no
photobleaching of the filaments at the laser intensity used.

The Effect of Filamin on Actin Filaments Formed
in the Presence of Gelsolin

Filamin decreases diffusion coefficients obtained from G/A
filaments formed in the absence of shear. The ratio of the
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diffusion coefficient measured in the presence of filamin
(D[filamin]) to that in the absence of filamin (D[0]) for
different F/A molar ratios (ranging from 1:600 to 1:9) is
shown in Fig. 7. This effect is again proportional to the aver-
age length of filaments in the range of G/A ratios of 1:300
to 1:50. At F/A ratios higher than 1:20, filamin induces as-
sociation of actin filaments (and probably gelsolin-actin fila-
ments) into bundles (Weihing, 1985). Concentrations of
filamin as low as a F/A ratio of 1:300 have apparent effects
in diffusional parameters. We observed changes in steady-
state fluorescence anisotropy at F/A ratios of 1:600, whether
it is measured in the rheometer chamber or in a spec-
trofluorometer cuvette (not shown).

The change in diffusion is proportional to the amount of
filamin and to the average filament length. Assuming a satu-
ration type behavior for the effect of filamin upon diffusion
coefficients, values for the number of moles of filamin bound
per actin polymer that give 50% maximal effect in diffusion
coefficients were obtained by a nonlinear regression program
(Duggleby, 1981). The efficiency is very similar for filaments
of different length, values are 10.2 (G/A ratio 1:300) and 13.4
(G/A ratio 1:100) mol of filamin bound per mol of gelso-
lin-actin filament (i.e., a ratio of ~10 filamin molecules per
filament); data from gelsolin-actin filaments at G/A ratio
1:50 are not fitted adequately by the program algorithm. It
should be noted that these values represent the effect of
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Figure 6. Effect of gelsolin on changes in fluorescence polarization (Ivy) of polymerized actin after stopping shear. Gelsolin was added
to control the length of the average filament formed. Actin-gelsolin mixtures (0.5 mg/ml actin, 10% rhodamine-labeled actin) with G/A
molar ratios from 1:50 to 1:300 were polymerized under shear (rate of shear of 1.29 s™!) by addition of 2 mM Mg?*. Samples were pre-
pared as indicated in Fig. 2 and subsequently placed in the rheometer chamber. After 1 h, the rheometer was stopped followed by polarized
fluorescence (Ivy), as in Fig. 5, performing several consecutive experiments (which are shown as data sets in these figures). Molar ratios
of gelsolin to actin are (4) 1:50, (B) 1:100, and (C and D) 1:300; the decrease in fluorescence after stopping the shear (relaxation) and
the microheterogeneity appeared at a G/A molar ratio of ~1:100. This behavior can also depend on the relative orientation of the shear

field to the polarizers (see text).
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Figure 7. Effect of chicken gizzard filamin on diffusional properties
of gelsolin-actin mixtures polymerized in the absence of shear. Rel-
ative diffusion coefficients (D[filamin]/D[0], where D[filamin] is
the diffusion coefficient of mixtures polymerized in the presence of
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filamin in diffusion of gelsolin-actin filaments, they may not
correlate with filamin binding to individual actin molecules.
The maximal effect in diffusion (minimal value of the ratio
D[filamin]/D[0] obtained) were 0.21 (G/A ratio 1:300) and
0.02 (G/A ratio 1:100).

Discussion

In this study, we have demonstrated that controlled shear of
polymerized actin generates spatial heterogeneity of the fila-
ment solution and large fluctuations in the diffusion co-
efficients and mobility determined by FPR (cf. Figs. 2 and
3). In addition, fluorescence polarization experiments that
qualitatively measure the relaxation of the filament distribu-
tion after cessation of the shear yield complex and variable
patterns of change (Figs. 5 and 6). Experiments with gel-
solin-capped filaments of defined length demonstrate that the

filamin, and D{0] is the diffusion coefficient of a mixture polymer-
ized in the absence of filamin) were determined by FPR for gelso-
lin-actin mixtures containing 0.5 mg/ml total actin concentration
(10% rhodamine-labeled actin), made at G/A ratios of 1:50 (—- —,
m), 1:100 (— —,0), and 1:300 (—,®) by polymerizing with 2 mM
Mg?* in the presence of various concentrations of filamin (F/A ra-
tios 1:600 to 1:9).
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magnitude of the shear-induced change in diffusion is length
dependent (Fig. 4). The presence of filamin during polymer-
ization without shear induced a similar change in diffusion
coefficients (Fig. 7) in a range of concentrations where it
bundles actin (Weihing, 1985).

The spatial fluctuations in fluorescence intensity are cer-
tainly due to fluctuations in filament density (i.e., actin con-
centration), since shear should not affect the basic spec-
troscopic properties of the fluorophores. It is most likely that
regions of high filament concentration result from lateral
aggregation of the filaments. This would account for the de-
crease in diffusion coefficients of gelsolin-actin filaments
formed under shear (Fig. 4) and for the complex effects on
fluorescence polarization (Figs. 5 and 6). Shear would en-
hance the lateral aggregation by aligning the filaments to an
extent where molecular contacts are established and prop-
agated cooperatively along them (DeRosier and Tilney,
1982).

The magnitude of the shear-induced heterogeneity of fila-
ment density and diffusion increase with increasing filament
length. The observation that the decrease in the diffusion
coefficients of the gelsolin-actin filaments formed under
shear varies with the total amount of shear (measured as the
total number of rheometer rotations) rather than the rate of
shear (rotational velocity of the rheometer) suggests that the
formation of aligned aggregates (and the microheterogeneity
observed) is a cumulative process. The lack of dependence
on shear rate (in the range 0.05-12.66 s™') suggests also that
the extent of alignment produced at the lower rates was al-
ready sufficient to aggregate the filaments into bundle-like
structures. Hence it seems likely that the presence of shear
over long periods during polymerization promotes the for-
mation of linear aggregates. The growing bundle presents an
interface to grow new filaments associated to itself (acting as
a “primer”). The cumulative nature of this process implies
strong molecular interactions between actin filaments formed
under shear, and a very stable bundle structure. Models for
diffusion of rod-like macromolecules that consider impor-
tant only steric hindrance (Jain and Cohen, 1981) will predict
a more transient phenomenon.

It is surprising that shear did not appear to fragment fila-
ments. This may result from the relatively low shear rates
used, but the results clearly indicate that rather than break-
ing, the filaments align into bundles. We have not yet exam-
ined whether much higher shear would break filaments (i.e.,
200-1,000 s7'; Jen et al., 1982). At G/A ratios <1:100, shear
alone cannot generate microheterogeneity in actin gels (not
shown; see Fig. 6 A), but induces microheterogeneity in
longer filaments. This would suggest that a critical length is
needed to start protein—protein interaction, and is discussed
below in terms of models for polymer dynamics.

Measurements of polarization of actin fluorescence can
provide an indicator of the extent of alignment of the actin
filaments. The large steady-state anisotropy (r) of rhoda-
mine-actin fluorescence (r is in the range 0.250-0.275 for our
experimental conditions) indicates that the fluorophore is
rigidly fixed on the actin monomer (Lacowicz, 1983). We
further suppose that the rhodamine molecule retains a
defined orientation relative to the actin monomer itself.
Therefore the fluorescence from rhodamine molecules on an
actin filament will be polarized in a fixed direction relative
to the filament axis, and the observation of regions of higher
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and lower intensity of polarized fluorescence in a sample that
has been subjected to shear suggests that there are regions
with greater and lesser extents of aligned filament aggrega-
tion. As measured by fluorescence, the width of these ag-
gregates is in the order of thousands of microns.

We have performed microscopic fluorescence polarization
experiments (Figs. 5 and 6) to ascertain if the micro-
heterogeneity generated under shear could relax after instan-
taneous elimination of the shear field. Dissipation of the
microheterogeneity will imply a recovery of a homoge-
neous fluorescence across the sample (isotropy). We have not
yet observed this for up to 16 h (Cortese and Frieden, unpub-
lished results). However, the relaxation observed in experi-
ments of Figs. 5 and 6 occurs during the first 30 min after
we eliminated the linear shear. The behavior observed is
complex, but some characteristics of these experiments can
be described. First, actin samples look heterogeneous under
polarized light, although homogeneous when observed with-
out polarizers. That indicates that alignment plays a role in
the effect of shear. When the fluorescence polarization of a
single spot is followed after stopping the rheometer, there is
relaxation to a less organized state (i.e., to lower values of
Ivv). For actin, this process is completed in ~150-300 s.

Second, the actual position of the laser beam is a critical
issue. The rheometer used applies shear in a direction per-
pendicular to its radius, and if there is appreciable orienta-
tion of the filaments formed under a shear field, it should be
parallel to the shear forces. When the changes of polarized
light with time are measured, the polarizers can have differ-
ent relative orientations with respect to the shear field. Thus
the actual change (relaxation) in fluorescence may depend on
the orientation of the filaments relative to the polarized light.
Changes shown in Figs. 5 and 6 may be attributed to slow
rotation and redistribution processes between filaments per-
pendicular and parallel to the polarizers. The oscillatory be-
havior (Fig. 5, B, C, and D) and thé fact that some relaxation
actually occurs in the direction of an increase in fluorescence
(Fig. 6 C) could support this hypothesis.

Third, the actual relaxation process may involve more than
one component. In fact, Fig. 4 B shows an oscillatory pro-
cess that slowly goes to low values of fluorescence, which
may imply an extremely slow redistribution of filaments to
areas with low concentration of them, tending to a more ho-
mogeneous final state. This would indicate a continuous
recovery of microheterogeneity after elimination of shear
(and stress), but experiments shown here do not have enough
sensitivity to estimate that time. In some experiments, a fast
first relaxation was found (~4-8 s; Fig. 5 B), possibly
related with local realignment of filaments previously sepa-
rated in the shear field or randomization of free filaments.
All these experiments show that the final fluorescence (and
extent of decay) depends on the area observed, and they indi-
cate that free filaments may rotate.

The complex behavior of the microheterogeneity obtained
by polymerizing actin under shear implies processes of in-
terfilament association that are usually ignored in polymer
dynamics. There are three regions that should be considered
in discussing the behavior of linear polymers in solution. In
the dilute regime polymers move independently, while in the
semidilute solutions polymer domains overlap and interact.
At concentrations within the semidilute regime there is a
significant change in rotational diffusion coefficients (Doi
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and Edwards, 1986). An approximate calculation for gelso-
lin-actin filaments made at G/A ratios of 1:100 shows that
they are approximately in the region between dilute and
semidilute regimes.?2 A transition in properties for un-
sheared filaments >1:100-G/A ratio was observed by quasi-
elastic light scattering (Janmey et al., 1986), and attributed
to restricted diffusional motion of the polymer molecules.
We have observed similar differences for sheared samples of
gelsolin-actin filaments (Fig. 5).

A model of viscoelastic properties would be useful to un-
derstand actin rheology in physical terms. However, there
has been some disagreement in the literature about which
theoretical model is the simplest for simulating in vitro me-
chanical properties of cytoskeletal proteins. It is well known
that actin exhibits macroscopically positive thixotropy
(Kasai et al., 1960; Maruyama et al., 1974; Zaner and Stos-
sel, 1983), and that it resists brief mechanical insult but de-
forms slowly under external forces (Petersen et al., 1982;
Zaner and Stossel, 1983; Sato et al., 1984, 1987). Two
different major classes of models have been proposed to ex-
plain the rheological behavior of actin at the microscopic
level. In the first class are noninteractive models, which ig-
nore polymer-polymer (i.e., actin-actin) interactions as a
component of hydrodynamic behavior. Filaments are visual-
ized as stiff rods only restricted by topological constraints
(Zaner and Stossel, 1982; 1983; Zaner, 1986; Doi and Ed-
wards, 1986). This model is based on Doi and Edwards
(1978) theory for polymer motion in concentrated solutions,
extended for rod-like macromolecules by Jain and Cohen
(1981, for a review on these ideas see de Gennes and Leger,
1982).

A second class of models attempts to explain rheological
properties of actin by filament-filament interaction, from
fixed cross-links (“rubberlike theories; Aklonis and Mac-
Knight, 1983) to more or less reversible attachment between
filaments. The actin gel is considered to be a network of fila-
ments bound by reversible interactions, which would behave
as a viscoelastic solid (Ferry, 1980). This point of view in-
volves filament-filament binding over other modes for re-
stricting diffusion. Since filamentous actin is immobilized by
such interactions (Tait and Frieden, 1982a; Doi and Frieden,
1984; Sato et al., 1985), the dynamic behavior of these
bonds and their relationship with actin-binding proteins
(Sato et al., 1987) could be enough to explain rheological
properties of actin gels.

It is unfortunate that neither model accounts for the contri-
bution of bundling to the mechanical properties of actin, and
our results show that such phenomenon (interfilament as-
sociation) may represent an important factor in actin rheol-
ogy as it is related to cell function. We believe that the cur-
rently used models of diffusion for rigid rods (Doi and
Edwards, 1978, 1986; Jain and Cohen, 1981) should be

2. Polymer solutions are considered dilute if ¢ < 1/L* (where c is the poly-
mer number concentration and L is the polymer length). The semidilute re-
gime occurs when I/L? < ¢ < 1/d-L?* (where d is the polymer diameter, as-
suming a rod-like particle). If ¢-L* > 1, the solution is in the lower limit
of the semidilute regime (Doi and Edwards, 1986). Approximate values of
cL? for gelsolin-actin filaments made at molar ratios (G/A) of 1:300,
1:100, and 1:50 are 150, 1.61, and 0.38, respectively (actin concentration 0.5
mg/ml, and assuming 28.2 A as actin monomer length; Hanson and Lowy,
1963). For gelsolin-actin filaments made at a ratio 1:100 and 1:50, this con-
centration is in the lower limit of the semidilute regime.
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modified to include reversible association (with or without
cooperativity) between polymers so as to explain completely
actin rheology.

A solution of rod-like particles of sufficient length or con-
centration can spontaneously form an ordered liquid phase
(Onsager, 1949; Flory, 1956; Doi and Edwards, 1986). This
process is preferential for the longer particles (Lekkerkerker
et al., 1984) and occurs for concentrations higher than
5/cL?; see Footnote 2). Those concentrations are only 2-8
times higher than actin concentrations used in our experi-
ments. For actin (assuming a length of 1,000 monomers long
on average), an increase of only 2.35 times in concentration
in a particular area can drive the polymers above the concen-
tration at which the polymer mixture becomes a liquid crys-
tal. It is very likely that shear, through an alignment of grow-
ing filaments parallel to the shear field, may cause local
increases in concentration, which consequently serve as
points of crystal nucleation. The possible organization of ac-
tin filaments into liquid crystals has been discussed in the
literature (Kasai et al., 1960; Buxbaum et al., 1987; Ito et
al., 1987). The solutions of actin filaments that we have stud-
ied do not display apparent phase separation, although a
microphase separation could explain the microheterogeneity
(Cortese, J. D., and C. Frieden, unpublished results).

We have supposed here that the formation of the aligned
aggregates that are detected in our measurements could re-
quire many weak interactions among the filaments, and that
the formation of the aligned aggregates could result from a
cooperative process initiated by the shear-dependent forma-
tion of a nucleus of aligned filaments. Thus, long filaments
would bind better along their length than short filaments.
This model is consistent with the observation on gelso-
lin-actin filaments that the aligned aggregates formed more
readily from longer filaments (cf. Fig. 4). It has been
reported that nonfilamentous actin polymerizes under shear
(Borejdo et al., 1981), and that nonfilamentous actin and
some actin-binding proteins have properties of a viscoelastic
solid (Sato et al., 1985, 1986). A transient interaction be-
tween molecular binding sites could explain such otherwise
surprising behavior, and it indicates that actin may have a
strong sensitivity to shear. We visualize the association pro-
cess as similar to the crystallization of soluble proteins
(Oosawa and Asakura, 1975).

The use of a bundling protein from chicken gizzard (fila-
min; for a review see Weihing, 1985) during polymerization
of gelsolin-actin filaments in the absence of shear (Fig. 7)
shows that at concentrations where filamin induces bundling
(bundles are visible at the level of optical microscopy and by
polarization in a range of F/A molar ratios 1:50 to 1:10) there
is a decrease in translational diffusion coefficients similar to
what is induced by shear. In this range of concentrations,
filamin aligns filaments and increases fluorescence aniso-
tropy; even a F/A molar ratio as low as 1:600 modified
fluorescence anisotropy from gelsolin-actin filaments (Cor-
tese, J. D., and C. Frieden, unpublished results). A compari-
son between FPR data used in Figs. 4 and 7 indicates that
the main effect is exerted (either by shear or by filamin addi-
tion) in the recovery times (not shown). There is no destruc-
tion of filaments by shear (the mobile fraction X, should in-
crease if that is the case) or a decrese of the mobile fraction
by filamin addition. This suggests that the average length dis-
tribution of actin filaments increases during shear or by
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filamin addition and strongly supports a bundling model for
aggregation in the presence of shear or actin-binding pro-
teins as filamin. Reannealing seems an unlikely explanation:
it will not explain the dependence of the total shear rate for
shear effects, and it will not be a preferential process for
filamin-actin bundling (end-to-end vs. side-to-side contacts
between filaments). In addition, FPR experiments performed
over long periods of time after shear was eliminated give
similar diffusion coefficients (recorded up to 1 h, data not
shown). However, length redistribution and complete disap-
pearance of microheterogeneity may still occur in extremely
long times.

The destruction of the actin network and subsequent
realignment along the shear field of newly formed filaments
could facilitate the bundling otherwise absent. This kind of
situation may be important for cytoskeleton dynamics, and
in fact destruction and creation (turnover) of actin networks
under shear could be regarded as a factor in the dynamics
of cellular structures as stress fibers. It has been shown that
stress fibers can be created in vitro by applying linear shear
fields to human vascular endothelial cells (Franke et al.,
1984), and this induced alignment could be reflecting the mi-
croscopic effects described in this paper for actin filaments.
In vivo, tension applied over cells may induce a fast micro-
scopic heterogeneity, being a primer for later organization of
fibers (Taylor et al., 1973; Singer and Pudney, 1984; Joshi
et al., 1985). Actin-binding proteins may then regulate the
stability of the newly formed fibers.

Little is known about the interplay of actin and actin-
binding proteins in the presence of mechanical forces. It has
been assumed that actin develops a gel structure that is more
or less homogeneous (isotropic) in the three directions of
space (even in the presence of several actin-binding proteins;
see Stossel, 1986). Experiments presented here indicate a
different situation (at least in the presence of shear and some
actin-binding proteins), with an anisotropic gel structure that
could represent one of many transient states of the rheologi-
cal behavior of actin. Both extremes should be considered in
a complete picture of actin rheology. Then, there might be
two limiting states in an actin gel: (a) a “resting” gel, which
is more homogeneous and perhaps could be modelled using
reptational theories (Stossel, 1986); and (b) an “active” actin
gel, with portions organized into an anisotropic structure
(partially a viscoelastic solid and a viscoelastic liquid) under
exposure to biochemical agents as actin-binding proteins or
mechanical forces (shear). Some of the properties (“activi-
ties”) of these gels are possibly important in the generation
of a spatial anisotropy in the living cytoplasm (Sato et al.,
1983, 1984) and in the dynamics of actin-containing struc-
tures as stress fibers.
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