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ABSTRACT We have previously reported that self-diffusion of inert tracer particles in the cytoplasm of living Swiss 3T3 cells is
hindered in a size-dependent manner (Luby-Phelps, K., D. L. Taylor, and F. Lanni. 1986. J. Cell Biol 102:2015-2022;
Luby-Phelps, K., P. E. Castle, D. L. Taylor, and F. Lanni. 1987. Proc Natl. Acad. Sci. USA. 84:4910-4913). Lacking a theory
that completely explains our data, we are attempting to understand the molecular architecture responsible for this
phenomenon by studying tracer diffusion in simple, reconstituted model systems. This report contains our findings on tracer
diffusion in concentrated solutions of Ficoll 70 or Ficoll 400, in solutions of entangled F-actin filaments, and in solutions of
entangled F-actin containing a background of concentrated Ficoll particles or concentrated bovine serum albumin (BSA). A
series of size-fractionated fluorescein-Ficolls were used as tracer particles. By fluorescence recovery after photobleaching
(FRAP), we obtained the mean diffusion coefficients in a dilute, aqueous reference phase (DO), the mean diffusion coefficients
in the model matrices (D), and the mean hydrodynamic radii (RH) for selected tracer fractions. For each model matrix, the
results were compared with similar data obtained from living cells. As in concentrated solutions of globular proteins
(Luby-Phelps et al., 1987), DIDo was not significantly size-dependent in concentrated solutions of Ficoll 400 or Ficoll 70. In
contrast, DIDo decreased monotonically with increasing RH in solutions of F-actin ranging in concentration from 1 to 12
mg/ml. This size dependence was most pronounced at higher F-actin concentrations. However, the shape of the curve and
the extrapolated value of DIDo in the limit, RH 0 did not closely resemble the cellular data for tracers in the same size range
(3 < RH < 30 nm). In mixtures of F-actin and Ficoll or F-actin and BSA, DIDo was well approximated by DIDo for the same
concentration of F-actin alone multiplied by DIDo for the same concentrations of Ficoll or BSA alone. Based on these results,
it is possible to model the submicroscopic architecture of cytoplasm in living cells as a densely entangled filament network
(perhaps made up of F-actin and other filamentous structures) interpenetrated by a fluid phase crowded with globular
macromolecules, which in cytoplasm would be primarily proteins.

INTRODUCTION

The aqueous matrix that surrounds and contains the
formed elements of the cytoplasmic space is often referred
to as the "cytosol" (Lardy, 1965; Anderson and Green,
1967; Clegg, 1984). However, it is inaccurate to regard
the cytoplasmic matrix as a simple fluid, despite the fact
that it is 75-80% water by weight (De Robertis et al.,
1970). In fact, bulk cytoplasm is -20% protein (Lanni et
al., 1985; Fulton, 1982), and has the physical properties
of a weakly viscoelastic gel (e.g., Conklin, 1940; Marsland,
1942; Frey-Wyssling, 1953; Allen, 1961; Pollard, 1984;
Porter, 1984; Stossel et al., 1985; Taylor and Condeelis,
1979, Taylor and Fechheimer, 1982). Morphological and
biochemical evidence suggests this gel is made up of a
network of cytoskeletal filaments, among which the mus-
cle microfilament protein, F-actin, appears to be the most
prominent (Allen, 1961; Hartwig and Stossel, 1979;
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Taylor and Fechheimer, 1982; Pollard, 1984; Wolosewick
and Porter, 1979; Schliwa and Van Blerkom, 1981).

Until recently, it has been difficult to test this hypothe-
sis in living cells. Optical microscopy is the tool best suited
to the study of living cells, but the resolution of traditional
optical microscopic methods is not sufficient to obtain
information at the molecular level. The technique of
fluorescence recovery after photobleaching (FRAP) (Wolf,
1989) offers a means of testing the hypothesis by studying
the long-range diffusion of inert, fluorescent tracer parti-
cles in the cytoplasm of living cells.

Tracer diffusion is an established means of probing the
submicroscopic architecture of complex polymer matrices
(Laurent, 1967; Laurent and Granath, 1967; Deen et al.,
1981; Sellen, 1983; Phillies, 1987). Data are commonly
presented in terms of Do, the diffusion coefficient of the
tracer in a reference phase; D, the diffusion coefficient of
the tracer in the matrix; D/Do, the relative diffusion
coefficient; and RH, the hydrodynamic radius of the
tracer. These parameters all can be obtained from FRAP
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data. The relationship of D/DO to RH depends on the
architecture of the matrix in question. In a Newtonian
fluid, tracer diffusion simply obeys the Stokes-Einstein
equation D = kT/6ixP7RH, where D is the diffusion
coefficent and 77 is the fluid viscosity. Thus, if cytoplasm
were a Newtonian fluid, D/DO would be independent of
RH. In a more complex matrix, such as a gel network or a
concentrated polymer solution, complicated excluded vol-
ume and hydrodynamic interactions of the tracer with the
matrix may result in deviations from the Stokes-Einstein
relationship. Several relevant theoretical treatments of
this problem exist in the literature (Wang, 1954; Lauffer,
1961; Ogston et al., 1973; Cukier, 1984; Altenberger and
Tirrell, 1984; Phillies, 1989).

In our studies we have used size-fractionated, fluores-
cein-Ficolls (FF) as tracer particles. FF are hydrophilic,
have a low density of ionizable residues, and do not appear
to bind with high affinity to intracellular components
(Luby-Phelps et al., 1987). FF can be prepared as a series
of fairly narrow size fractions by size-exclusion chroma-
tography. Using dilute buffer solutions as a reference
phase, we have found that D/DO of FF fractions in the
cytoplasm of living tissue culture cells is strongly size-
dependent (Luby-Phelps et al., 1987), confirming that
cytoplasm cannot be regarded as a simple Newtonian
fluid. However, the observed dependence of D/DO on RH
in the cytoplasm of living cells is not completely described
by any of the published theories of long-range diffusion of
tracers in gels or concentrated polymer solutions. There-
fore, we have adopted an empirical approach to interpret-
ing the cellular data in terms of the molecular architec-
ture of cytoplasm by studying tracer diffusion in simple
reconstituted systems. We have previously reported that
D/DO of FF diffusing in concentrated solutions of globu-
lar proteins is not significantly size-dependent (Luby-
Phelps et al., 1987), suggesting that the high protein
content of cytoplasm (>20%) is not alone responsible for
the strong size-dependence of D/DO for FF diffusing in
cells.

In the present study, we have attempted to model
cytoplasm both as a network of entangled, uncross-linked
filaments, and as an entangled filament network interpen-
etrated by a crowded background solution of globular
macromolecules. For this purpose, we have studied FF
diffusion in solutions of F-actin ranging from 1 to 12
mg/ml, and in solutions of F-actin containing high
concentrations of nonfluorescent, unfractionated Ficoll 70
(F70) or Ficoll 400 (F400) or bovine serum albumin
(BSA). For modeling cytoplasm simply as a three-
component system of filaments, background spheres and
solvent, Ficoll particles have advantages over proteins as

background particles because their low surface-charge
density prevents complications that might arise due to
electrostatic interactions between proteins, and because

they are highly soluble in buffer solutions of widely
varying ionic strength, even at concentrations as high as
30% by weight. Reports in the literature suggest that
Ficoll particles have a well-defined size that is closely
approximated by RH (Deen et al., 1981). The sizes of
particles found in unfractionated F70 and F400 (RH = <1
nm to 2 30 nm) span a range that includes cytoplasmic
proteins. The use of Ficoll in our models is further
justified by the observation that tracer diffusion in concen-
trated solutions of F70 or F400 resembles tracer diffusion
in concentrated solutions of globular proteins, as will be
described in Results.

MATERIALS AND METHODS

Reagents
Fluorescein isothiocyanate [FITC, isomer I], tris(hydroxymethyl)ami-
nomethane [Tris], and bovine serum albumin [BSA] were obtained
from Sigma Chemical Co., St. Louis, MO. Reagent-grade inorganic
salts KCl, NaCl, CaCl2, and MgCl2 were from J. T. Baker Chemical
Co., Phillipsburg, NJ. Dithiothreitol [DTT] and disodium adenosine-5'-
triphosphate [ATP] were from Boehringer-Mannheim Biochemicals,
Indianapolis, IN. Sodium azide [NaN3J was from EM Science, Cherry
Hill, NJ. Deionized distilled water was used in all buffer preparations.
Bradford reagent was from Pierce Chemical Co., Rockford, IL.

Preparation of fluorescein-Ficoll
tracers
F400 (Pharmacia Fine Chemicals, Piscataway, NJ) was activated and
labeled at low density with fluorescein isothiocyanate, as previously
described (Luby-Phelps, 1989). The labeled polymers were fractionated
by size exclusion chromatography on a 5 x 100 cm column of Sepharose
CL-6B (Pharmacia Fine Chemicals) in 10mM Tris, 50 mM KCI, 0.02%
NaN3, pH 8.0 at 200C. Fractions of 4.5 ml were collected and stored in
small aliquots at 40C for short term use, or dialyzed in water,
lyophilized, and stored at -200C for later use. The mean Do for each
size fraction was obtained by FRAP (see below), and the mean
hydrodynamic radius (RH) of each fraction was calculated from Do by
the Stokes-Einstein relation: RH = kT/6irx7DO. RH was found to range
from 3 to 30 nm across the chromatogram.

Actin preparation
Actin was extracted from an acetone powder of rabbit skeletal muscle
according to the procedure of Spudich and Watt (1971). Monomeric
actin (G-actin) was lyophilized with 2 mg sucrose per 1 mg actin and
stored at - 200C. For use, G-actin was dissolved in buffer A (2 mM Tris,
0.2mM CaCl2, 0.2 mM ATP, 0.2 mM DTT, 0.01% NaN3, pH = 8.0 at
40C) and dialyzed at 40C for 24 h with at least two exchanges of freshly
made buffer A. The actin was then clarified by centrifugation at 2 x 105
g for 2 h at 40C. The supernatant, containing G-actin, was saved and the
concentration of actin was determined from the difference in absorbance
at 290 and 340 nm, using an extinction coefficient of E° '% = 0.63 (Houk
and Ue, 1974). Actin prepared in this manner will be referred to as
SW-actin. The actin concentrations used in our experiments ranged
from 0 to 12 mg/ml. To achieve a concentration of 12 mg/ml, clarified,
monomeric SW-actin was concentrated by vacuum dialysis in a 2-ml
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collodion bag (Schleicher & Schuell, Inc., Keene NH) and then clarified
again as above before use. Solutions remained optically clear during
vacuum dialysis and no pellet was observed upon subsequent clarifica-
tion, indicating that this treatment did not result in aggregation of actin
monomers or denaturation of the protein.

For some experiments, SW-actin was further purified by size-
exclusion chromatography in buffer A on a 2 x 40-cm column of
Sephadex G- 1 50 (Pharmacia Fine Chemicals) to remove capping
proteins and small oligomers that could serve as nuclei for filament
elongation. Two protein peaks in the eluate were detected by UV
absorbance at 280 nm. The trailing fractions from the second peak
contained no contaminants detectable by polyacrylamide gel electro-
phoresis. These fractions were pooled and used within 6 h to ensure the
absence of nuclei. Actin prepared in this manner will be referred to as

gel-filtered actin. The highest concentration of SW actin that could be
achieved was 10-12 mg/ml, resulting in an upper limit of 1-2 mg/ml for
the concentration of freshly gel-filtered actin.

Ficoll solutions
Concentrated solutions of F400 and F70 (Pharmacia Fine Chemicals)
were prepared by dissolving the powder directly in buffer A. For some

experiments, concentrations as high as 30% (g/dl) were prepared to
achieve the desired concentrations after mixing with G-actin solutions.
The bulk shear viscosities of 6.9% F400, 7.7% F400, and 10.5% F70 in
actin polymerization buffer were measured using a calibrated capillary
viscometer (Cannon Instrument Co., State College, PA). All Ficoll
concentrations reported here are in percentages (g/dl).

incubation at room temperature, showing that this procedure did not
affect our results.

Fluorescence recovery after
photobleaching (FRAP)
Instrumentation and data analysis were as described by Simon et al.
(1988a and b), with the following modifications. A beam expander and
plano-convex lens were used to bring a laser beam through the
epifluorescence excitation optics of the microscope to a focus at the
specimen plane. Using a 16x objective lens, the fluorescent spot excited
by the beam had a quasi-Gaussian intensity profile with a diameter of 20
,sm at the focal plane. An image-plane iris diaphragm was set to 3-4
beam diameters to minimize background scatter and noise by limiting
detector field-of-view. Fluorescence intensity was measured by a photo-
multiplier (Hamamatsu Corp., Middlesex, NJ) input to an electrometer
(model 602, Keithley Instruments, Inc., Cleveland OH). Data acquisi-
tion and analysis were controlled by an IBM PC-AT using ASYST
software (Macmillan Software Co., New York, NY). The algorithm of
Yguerabide et al. (1982) was used to obtain the diffusion coefficients and
mobile fractions (% Rec, percentage fluorescence recovery) of the
tracers from fluorescence recovery data. For each measurement, fluores-
cence recovery was monitored for at least 10 times the characteristic
time constant, or recovery half-time, r. Reported diffusion coefficients
and % Rec represent the mean of at least six measurements. The
standard deviations were generally < 5% of the mean, and under optimal
conditions were as low as 1.7% of the mean. All FRAP measurements
were conducted at room temperature.

Concentrated BSA solutions
BSA was dissolved in distilled water, dialyzed against distilled water,
and lyophilized to produce a salt-free powder. The powder was dissolved
in buffer A at a concentration of 23% before mixing with G-actin in
buffer A. The shear viscosity of 7% BSA in actin polymerization buffer
was measured as for Ficolls (above).

Preparation of FRAP specimens
Stock solutions of FF, G-actin, and F70, F400 or BSA at known
concentrations were prepared in buffer A. Aliquots of the stock solutions
were diluted into buffer A to achieve the final concentration desired for
each experiment. The final concentration of FF was always <0.1%.
Samples were brought up to their final volume by addition of concen-

trated KCI and MgCI2 to a final concentration of 100 mM KCl and 2
mM MgCI2, and the sample was mixed by vortexing very briefly.
Immediately after mixing, each sample was drawn into a flat borosili-
cate capillary tube with inner dimensions 0.1 mm deep x 0.8 mm wide x

50 mm long (No. 5010, Vitro Dynamics, Rockaway, NJ). Specimens
were prepared on ice with all ingredients at <40C to retard polymeriza-
tion of actin so that samples could be drawn into the capillaries. The
capillary was then mounted on a black-anodized aluminum plate and
both ends of the capillary were sealed with Flo-Texx mounting medium
(American Scientific Products, McGaw Park, IL). The most critical
source of systematic error in our FRAP data was estimation of spot size,
which was found to depend on daily variations in the adjustment of the
FRAP instrument. To minimize this error, all FRAP measurements for
each experiment were made in a single day. Because this often required
up to 9 h, specimens were prepared and allowed to incubate at room

temperature overnight in the dark, and measurements were made the
next day. The diffusion data obtained from a given specimen 3 h after
preparation were essentially the same as those measured after overnight

RESULTS

Tracer diffusion in F-actin solutions
Diffusion coefficients (D) and % Rec of FF in solutions of
F-actin at 1, 3, 5, 8, and 12 mg/ml were measured by
FRAP. Do and RH were determined for each tracer size
fraction as described in Materials and Methods. The
relative diffusion coefficient, D/Do, was found to decrease
with tracer size (RH), as can be seen in Fig. 1 a. This size
dependence became more severe as the concentration of
F-actin was increased from 1 to 12 mg/ml. Linear
extrapolation of the D/Do data to RH = 0 gives a value
close to the inverse solvent viscosity (1.0 cP) for all actin
concentrations used. (Deviations from 1.0 are due in part
to systematic errors, which are the most significant source
of uncertainty in these experiments). % Rec for all
measurements of tracer diffusion in F-actin solutions was
100%, as shown in Fig. 1 b. In addition, the observed
diffusion coefficients for FF were always at least two
orders of magnitude higher than diffusion coefficients
reported for F-actin (Lanni and Ware, 1984; Tait and
Frieden, 1982; Simon et al., 1988a). Together, these
observations suggest that if any binding interaction exists
between Ficoll and F-actin, it occurs as a fast-exchange
process in which the tracer particles diffuse independently
of the filaments (Elson and Qian, 1989).

Values of D/Do essentially identical to those in 1
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FIGURE i Relative diffusion coefficients (DIDo) and percentage mobile fractions (% Rec) for FF diffusing in several concentrations of F-actin, as a
function of mean tracer radius (RH)- (Open circles) I mg/ml actin; (solid circles) 3 mg/ml; (open squares) 5 mg/ml; (solid squares) 8 mg/ml; (solid
triangles) 12 mg/ml. (A) D/DO vs. RH. D/Do decreases with RH and with F-actin concentration. At each F-actin concentration, a linear extrapolation
to RH = 0 on the y-axis is - 1.0. (B) % Rec vs. RH. No immobile fractions for FF diffusing in F-actin were detected, even at 12 mg/ml.

mg/ml polymerized SW-actin were obtained when FF
diffusion was studied in solutions of polymerized gel-
filtered actin at 1 mg/ml. Because it is difficult to make
higher concentration solutions of freshly gel-filtered actin,
all further experiments were performed using SW-actin.

Tracer Ficoll diffusion in
concentrated Ficoll or BSA solutions
Fig. 2 shows D/Do of FF in solutions of F400, F70, or
BSA as a function of RH. The Ficoll concentrations tested
were 10.4% F70, 6.9% F400, and 7.7% F400. The BSA
concentration tested was 7.0%, determined refractometri-
cally. In all cases, D/Do showed only weak dependence on

RH. For a Newtonian fluid, D/Do should equal the inverse
relative viscosity. (n/lo) - 1, where no denotes the viscosity
of water at the same temperature. Table 1 shows that
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FIGURE 2 Relative diffusion coefficients (D/Do) of FF in concentrated
solutions of Ficoll or BSA, as a function of mean tracer radius (RH).
(Open circles) 6.9% F400; (solid circles) 7.7% F400; (open squares)
10.4% F70; (solid squares) 7.0% BSA. D/DO shows weak size depen-
dence over the size range used, asymptotically approaching the inverse
relative viscosities (i1/i7o)-' of the solutions (see Table 1). All FRAP
measurements gave 100% fluorescence recovery (data not shown).

D/Do for FF in concentrated Ficoll solutions was always
higher than (n/no)-1, as we had noted previously for FF
diffusing in concentrated protein solutions (Luby-Phelps
et al., 1987). D/Do for the smaller tracers deviated from
(n/no)-1 more than for the larger tracers (see Discus-
sion). Complete fluorescence recoveries were observed for
all FRAP measurements (data not shown). The qualita-
tive similarity of data for FF diffusing in concentrated
Ficoll to FF diffusion in concentrated solutions of globular
proteins (see also Luby-Phelps et al., 1987) suggests that
the hydrodynamic properties of concentrated Ficoll solu-
tions and concentrated protein solutions are very similar.

Extent of actin polymerization in the
presence of concentrated Ficoll or
BSA
A sedimentation assay was used to test whether the extent
of actin polymerization is altered in the presence of high
concentrations of dissolved Ficoll or BSA. 1 ml of G-actin
at 4 mg/ml was polymerized at room temperature in the
presence and the absence of 7.7% F70. Both solutions
were then centrifuged at 40C at 2 x 105 g for 2 h.

TABLE 1 DID0 and 1j for Ficoll or BSA solutions

Concentration
% v (measured) (D/Do) (r1/I1))

g/dl cP
6.9 (Ficoll 400) 3.23 0.42 0.30
7.7 (Ficoll 400) 3.79 0.40 0.26

10.4 (Ficoll 70) 3.03 0.37 0.33
7.0 (BSA) 1.49 0.69 0.67

D, Do are the diffusion coefficients of FF tracers in the matrix, buffer
solutions, respectively. The (D/D.) are the values for the largest tracers.
, v0 are the bulk shear viscosities in the matrix, buffer solutions,
respectively.
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Determination of protein by the method of Bradford
showed that both supernatants contained the same very
low concentration of unsedimented protein: 2.5 ± 0.5 ,gM,
or -2.5% of the starting concentration. Thus, within the
limits of this test, Ficoll had no effect on the extent of
G-actin polymerization and did not significantly reduce
the average length of actin filaments. A similar test of the
effect of 7% BSA on the extent of actin polymerization
was more difficult to interpret. The concentration of
protein in the supernatant was found to be approximately
half that of a 7% BSA solution. This suggests that there
may be some sort of association between BSA and F-actin
leading to cosedimentation of the two proteins under our
conditions. However, we note that BSA sediments appre-
ciably under these conditions even in the absence of actin.

Tracer diffusion in mixtures of
F-actin with Ficoll or BSA
Fig. 3, a-c, shows D/Do of FF in solutions of 3 mg/ml
F-actin, 6.9% F400; 5 mg/ml F-actin, 10.4% F70; and 8
mg/ml F-actin, 7.7% F400, respectively. In all cases,
D/Do exhibited a size dependence similar to that ob-
served in solutions of F-actin alone. However, the absolute

values of D/Do for all tracers were reduced by inclusion
of Ficolls. In fact, for each size fraction, D/Do was
reduced by a factor very close to the measured D/Do for
the same size fraction diffusing in the same concentration
of Ficoll alone. This relationship can be expressed mathe-
matically as D/Do(Mixture) = D/DO(F-actin) x D/DO(Fi.l).
Comparison of the observed D/Do with D/Do predicted
from this equation is shown in Fig. 3, a-c. As for tracer
diffusing in F-actin alone or in Ficoll alone, all the FRAP
data records for these experiments indicated 100% fluores-
cence recovery (data not shown). The fluorescence of the
samples in these experiments was always spatially uni-
form, even for the largest tracer. This indicates that no

phase separation between the filaments and the back-
ground Ficolls had taken place, because large tracer
Ficolls would be expected to partition into the Ficoll phase
resulting from phase separation.

Qualitatively similar results were obtained for FF
diffusing in a mixture of 7 mg/ml F-actin, 7% BSA
(Fig. 3 d). D/Do in the mixture was within 30% of the
value predicted by D/Do(F-actin) x D/DO(BsA), but the
agreement was not as good as for F-actin and Ficoll
mixtures, and the observed values ofD/Do were systemat-
ically greater than predicte(d by D/DO(F-actin) x D/Do(BsA).
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FIGURE 3 Observed D/Do for FF in mixtures of F-actin and Ficoll (A-C) or BSA (D), compared with values predicted by D/DO (Factin) X
D/DO(Ficollor BSA)' (Open circles) Observed; (solid triangles) predicted. (A) 3 mg/ml F-actin, 6.9% F400. (B) 5 mg/ml F-actin, 10.4% F70. (C) 8
mg/ml F-actin, 7.7% F400. (D) 8 mg/ml F-actin, 7.0% BSA. In all F-actin and Ficoll mixtures, the observed data are closely approximated by the
predicted values with a 6% average variance at each tracer radius. In F-actin and BSA mixtures, the observed data are systematically higher than
predicted data with a deviation of <30%.
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The discrepancy may reflect interaction between F-actin
and BSA, as indicated by the simple sedimentation assay
described above.

DISCUSSION

The mean relative diffusion coefficient D/Do of tracer
particles in the cytoplasm of living cells is strongly
dependent on the size of the tracer (RH) (Luby-Phelps et
al., 1986, 1987), as if tracer diffusion is hindered by some
sort of gel network. Linear extrapolation of the cellular
data to RH = 0 gives D/Do - 0.3. Previous experiments
have shown that this behavior cannot be accounted for
simply by the high concentration of protein in cytoplasm
(Luby-Phelps et al., 1986, 1987). The purpose of the
experiments reported here was to see whether tracer
diffusion in cytoplasm could be explained by either of two
models: an entangled filament network in a dilute aqueous
solvent, or an entangled filament network in a background
solution of concentrated protein. F-Actin solutions were
used as a model entangled filament network, and concen-
trated solutions of F70 or F400 were used to simulate
concentrated solutions of cytoplasmic proteins. A further
question, which is not addressed here, is whether cyto-
plasm is best represented by a cross-linked gel network,
rather than an entangled filament network.

Tracer diffusion in solutions of F-actin alone was found
to be size-dependent, in contrast to tracer diffusion in
concentrated solutions of globular proteins or Ficoll
particles (Fig. 1). Similar size dependence has recently
been reported by Newman et al. (1989) for polystyrene
spheres diffusing in F-actin solutions, although the poly-
styrene tracers were larger (25 < RH < 250 nm) and the
F-actin concentrations lower than those used here. In both
studies, the size dependence appeared much weaker than
for FF diffusing in cytoplasm, and the linearly-extrapo-
lated intercept at RH = 0 was 1.0, rather than t 0.3.
Because the concentrations of F-actin used in our experi-
ments spanned the range of concentrations reported to
occur in cytoplasm, these discrepancies suggest that
cytoplasm cannot be solely an entangled actin network
interpenetrated by a dilute fluid phase.

Tracer diffusion in mixtures of F-actin and high concen-
trations of Ficoll or BSA was also size-dependent and the
linearly-extrapolated values of D/Do at RH = 0 were
substantially less than 1.0 (Fig. 3). In fact, D/Do was well
approximated by the product of D/Do in F-actin alone
and D/Do in Ficoll or BSA alone. That is, for all five
tracers used (3 < RH < 32 nm),

D/Do(mixture) = D/Do(F-actin) x D/Do(FicollorBSA) (1)

Based on this result, both the existence of size-dependence
and the fractional value of D/Do obtained by linear
extrapolation to RH = 0 for FF diffusing in cytoplasm
might be explained by supposing that cytoplasm repre-
sents an entangled filament network interpenetrated by a

crowded solution of globular proteins or other particles of
size comparable to the tracer. To construct such a model,
we first must discuss tracer diffusion in our reconstituted
systems in terms of theories commonly applied to trans-
port in porous media.

Tracer diffusion in F-actin
The size dependence of FF diffusion in F-actin solutions
can be attributed to the fact that the filaments in these
solutions are highly entangled due to their extreme length
and persistence length. At high ionic strength (e.g., 100
mM KCl, 2 mM MgCl2), G-actin polymerizes into long,
filamentous, supramolecular polymers, referred to as

F-actin filaments. At 1 mg/ml F-actin, there are 39.um of
filament per cubic micrometer of solution. The average

length of F-actin filaments at steady state has been
estimated to be from 1 to 10 ,um, and their persistence
length is also 2 1 ,m (Kawamura and Murayama, 1970;
Tait and Frieden, 1982; Lanni and Ware, 1984; Janmey
et al., 1986). However, because F-actin is susceptible to
breakage under even the moderate shear stresses involved
in handling, it is not clear how well these estimates reflect
the average length of the undisturbed actin filaments
arising from polymerization in our capillaries. In the
absence of capping and severing proteins, only thermal
motion is known to limit their length, and it is possible
that the length of some filaments in pure actin solutions is
determined solely by the dimensions of the container.
Even non-gel-filtered actin, which contains at least one
known capping protein (Cassela and Maack, 1987), has
been estimated to have a weight average filament length
of at least 2.2,um when polymerized at 1 mg/ml (Kawa-
mura and Murayama, 1970). The length distribution of
the population of filaments is even less well characterized
than the average length, although it is in principle
exponential at steady state (Oosawa, 1970).

Based on the available estimates of the length and
persistence length of F-actin, our solutions of F-actin are

entangled by the accepted defintion. According to Doi and
Edwards (1986), a solution of rigid, rodlike polymers falls
into one of three concentration domains defined by the
parameters, cl = 1 /L3 and c2 = 1 /bL2, where b and L are

the diameter and the length of the rods, respectively. In
dilute solutions, the polymer (rod) number concentration,
c, satisfies c < cl. In semidilute solutions, cl < c < c2, and
in concentrated solutions c 2 C2. In the semidilute domain,
the lateral movement of the polymers is severely restricted
by "entanglement" among filaments (rods). In the concen-
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trated domain, longitudinal movement is restricted as
well as lateral movement, and spontaneous, nematic
ordering of the polymers may take place. Taking the
values L = 5 x 10-4 cm, b = 10 x 10-7 cm for F-actin
filaments, cl = 8 x 109 filaments per milliliter. This
corresponds to an actin weight concentration of -1
,ug/ml. Thus, all the concentrations used in our experi-
ments were well into the entanglement regime. At 1

mg/ml, which is the lowest concentration used in these
experiments, filaments enter the entanglement regime
when L becomes 161 nm, or about 60 monomers long. In
fact, for L and b as above, all the concentrations used are
in the concentrated solution regime because c2 = 4.0 x

io1'3 per milliliter (a weight concentration of 1 mg/ml).
However, at even the highest F-actin concentration used
(12 mg/ml), no filament alignment was observed in our

samples by differential interference contrast microscopy
or polarization microscopy, suggesting that no large-scale
phase separations due to local ordering had occurred. The
absence of an immobile fraction in any of our measure-

ments also suggests that tracer was not trapped or

partitioned into any portion of the matrix, either due to
phase separation, or due to the mesh size of the entangled
network.
Due to entanglement, as well as the length of F-actin

filaments at these concentrations, their translational diffu-
sion is negligible (D << 10-9 cm2/s) (Lanni and Ware,
1984; Simon et al., 1988a; Tait and Frieden, 1982)
compared with the diffusion of tracers (D > 10-8 cm2/s).
Thus, to a compact tracer particle, entangled F-actin
solutions can be considered as a system consisting of two
phases: a filament network phase, from which the tracer is
excluded; and a fluid phase, in which the tracers diffuse.
The filaments may affect tracer diffusion in two ways.
One is an excluded volume, or "obstruction" effect, where
the possible diffusion paths of the tracer are eliminated in
the volume occupied by the network phase. The other is a

hydrodynamic effect, where the average hydrodynamic
friction on the tracer is increased due to interactions of the
fluid phase with the filaments of the network phase. The
latter is similar to a wall effect (Happel and Brenner,
1973), where the effective friction on a tracer diffusing
close to a solid wall (or diffusing through a cylinder)
increases sharply as the distance between the tracer and
the wall becomes comparable to the tracer radius.
Most theoretical treatments of tracer diffusion or

mobility in gels, colloidal suspensions, or porous media
have been limited to either the excluded-volume effect
(Fricke, 1924; Wang, 1954; Lauffer, 1961; Ogston et al.,
1973) or the hydrodynamic effect (Brinkman, 1947;
Batchelor, 1972; Howells, 1974; Cukier, 1983, 1984;
Altenberger and Tirrell, 1984; Phillies, 1989). Both the
excluded volume models and the hydrodynamic models
predict that D/DO decreases with increasing RH, but with

a different dependence on matrix concentration (or ma-
trix volume fraction):

(D/Do)excl. vol. = 1 -aa0 +

(D/Do)hydro = 1 - d 1/ + * ,

(2)

(3)

where 0O is the volume fraction of matrix material, a is a

coefficient defined in the limit of very small tracer partices
(RH 0), and is a function of RH that equals zero for
RH -, 0. An exception to this generalization is the
obstruction model of Ogston et al. (1973), which predicts
a square-root dependence on matrix concentration, as in
the hydrodynamic models:

D/Do = exp [- (rX)"/2 RH], (4)
where X is the length density (micrometer filament/
micrometer3). However, this model is in disagreement
with a large body of results on transport in composite
media that show first-order dependence on co (or X), as in
Eq. 2. This may be because the model of Ogston et al. is
based on a picture of tracer-matrix interactions in which
steps are completely eliminated from the diffusion path
when the tracer is in close proximity to the matrix
obstructions. As we have pointed out previously (Luby-
Phelps et al., 1988), this may be equivalent to introducing
solvent-mediated hydrodynamics as a severe but very

short-range interaction.
The specific case of the hydrodynamic effect on a

diffusing spherical particle in a random matrix of rodlike
macromolecules was treated in a condensed form by
Cukier (1984) with the result:

D/Do = exp (-K RH), (5)

Where RH is the radius of the tracer particle, and K is a

matrix-dependent hydrodynamic screening constant. The
important characteristic of K iS that in sparse matrices, it
is proportional to the square root of the volume fraction
(Qo) or length density (X) of fixed matrix particles, as in
Eq. 3.

For each data set, D/Do = f (RH), corresponding to
the five F-actin concentrations used, we estimated K via a

weighted least-squares fit of Eq. 5 (Table 2). As shown in
Fig. 4, K was found to vary approximately as the 0.67
power of X, close to the hydrodynamic limit of 0.50. The
best-fit exponential curves fall within 15% error for each
data set. The curve for 12 mg/ml actin data is shown in
Fig. 5 as an example. We conclude that for the actin
concentration range tested, FF diffusion is dominated by
the hydrodynamic interaction between tracer and fila-
ments, the direct obstruction effect being secondary.
The hydrodynamic screening constant (K) can also be

expressed in terms of the length (L), diameter (b), and
length density (X) of rodlike matrix polymers; K =

Hou et al. Tracer Diffusion 37Hou et al. Tracer Diffusion 37



TABLE 2 Values of K and L* for FF diffusing in F-actin

Actin concentration K Lef

mg/ml 1m- '/m
1.0 (39)t 6.8 30.0
3.0 (117) 15.3 1.08
5.0 (195) 23.6 0.27
8.0 (312) 27.2 0.54

12.0 (468) 36.7 0.32

*Weighted least-squares fit to the hydrodynamic theory of Cukier
(1984). See text, Eq. 5.
tValues in parentheses are filament length density (X) in units of
micrometers filament per cubic micrometer.

[3irX/ In (L/b)]'/2. Using b = 10 nm for F-actin (Egel-
man and Padron, 1984), and the least-squares estimates
of K, we calculated the effective hydrodynamic length
(Leff) of actin filaments at each actin concentration. As
shown in Table 2, Leff is much shorter than the estimated
length of actin filaments (_a10 ,im) except at 1 mg/ml.
Because of hydrodynamic screening by the relatively
immobile filaments, we expect that Leff will be a decreas-
ing function of filament number density. Values of Leff in
Table 2 are generally consistent with this hypothesis, but
show too much variance for mathematical analysis.
One of the simplifications that is made to obtain a

tractable hydrodynamic model is that the matrix poly-
mers are fixed in the system. To a certain extent, this
assumption is realistic for F-actin solutions, because the
diffusion coefficient of FF (> 10-8 cm2/s) is much greater
than the diffusion coefficient of the F-actin filaments
(<< 10-9 cm2/s) (Lanni and Ware, 1984; Tait and Frieden,
1982). However, the possibility of low-amplitude segmen-
tal motion of the filaments (filament flexibility) is not
considered in these models. An alternative treatment,
which exchanges the fixed obstruction assumption for a
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FIGURE 5 Comparison of measured D/Do for FF diffusing in 12
mg/ml F-actin (data points) to curves predicted by the hydrodynamic
theories of Cukier (dashed curve) and of Phillies (solid curve). Cukier
(1984) predicts D/DO = exp (-KRH). The best-fitting values of K for
each concentration of F-actin gave values of D/Do within 15% of actual
D/DO. Phillies (1989) predicts D/Do = exp (-a cv Rh). A weighted
least-squares fit to the combined data sets for all concentrations of
F-actin gave a = 0.021, v = 0.53, and 6 = 0.72. For each concentration
of F-actin, this equation fits actual D/Do with an error of < 10%.

self-similarity assumption, has been developed by Phillies
(1989). This results in a universal relation for D/Do for a

solution or melt of mobile or flexible polymers:

D/Do = exp(- ac' RH), (6)

where c is the concentration of filaments (proportional to

q or X), and a, v, and 6 are constants. Using a weighted
least-squares minimization (de Levie, 1986) to deter-
mine the constants a, v, and 6 for our aggregate data set,
D/Do = f(RH,C) of 38 data points, we find

D/Do = exp (- 0.021 c053 R072) (7)

for FF diffusing in F-actin solutions, where c is in milli-
grams per milliliter and RH is in nanometers. The above
function is compared with data for 12 mg/ml F-actin in
Fig. 5. The nearly square-root dependence on matrix
concentration again indicates that, at least at low F-actin
volume fraction (c/b> 0.037 at 12 mg/ml), direct ex-

cluded volume or obstruction effects are small, and our

data can be explained in terms of hydrodynamic interac-
tions between the tracer and the matrix.

In principle, the dependence of D/DO on c and RH
should be described by one set of parameters over a wide
range of tracer sizes and F-actin concentrations. How-
ever, Newman et al. (1989) obtained quite a different
value for v (= 1.08) for their data, although the depen-
dence on RH was very similar to ours (( = 0.73). This
discrepancy might reflect unexpected interactions of poly-
styrene spheres with actin filaments due to their surface
charges, although Newman et al. argue against this.
Another difference is in the method used to measure
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FIGURE 4 Graph of the logarithm of the exponential screening con-
stant (K, Am ') versus the logarithm of the F-actin filament density (X,
Am filament/Am3). K was the weighted least-squares estimate for each
actin data set (1, 3, 5, 8, and 12 mg/ml). The solid line is the
least-squares power-law relation K = (0.62)(X)o 67.
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diffusion. Quasielastic light scattering, used by Newman
et al., generally is sensitive to local diffusion, whereas
FRAP measures only long-range diffusion. More interest-
ing is the possibility that because the size range of
polystyrene spheres is significantly larger than for FF, the
direct obstruction effect is much more significant in the
experiments of Newman et al., leading to an approximate
first-order dependence on actin concentration, as in Eq. 2.
An assumption that has been made thus far in our

discussion is that FF do not bind to F-actin filaments.
Slow-exchange interactions are ruled out by the absence
of an immobile fraction and by the fact that the diffusion
coefficients of FF are at least two orders of magnitude
higher than the diffusion coefficients of F-actin (see
Results). Although at present we cannot absolutely rule
out the possibility that the size dependence of FF diffusion
in the presence of F-actin reflects size-dependent, tran-
sient binding, there are several arguments against this.
First, because FF have a very low density of ionizable
residues and are quite hydrophilic, it is unlikely that they
will form charge or hydrophobic interactions with F-actin
or other proteins. Second, the size dependence is correctly
estimated by hydrodynamic theory (Cukier, 1984) with
no adjustable parameters. Third, there is no apparent
mass action effect on the diffusion coefficient of FF in the
presence of F-actin when a high concentration of unla-
beled Ficoll is included in the solution: If the diffusion
coefficients we measured for FF in the presence of F-actin
are in fact a function of the exchange rate of a transient
complex of tracer and F-actin, the addition of large
amounts of Ficoll should reduce the interaction of the
tracer Ficolls with F-actin, increasing the measured
diffusion coefficient for a given tracer. Instead, when the
increased viscosity due to the excess Ficoll is corrected
for, we obtain exactly the diffusion coefficient for the
same size tracer in F-actin alone. This is expressed in the
product relationship we described in Results (Eq. 1).

Tracer diffusion in concentrated
Ficoll solutions
In solutions of Ficoll or globular proteins, where the
background particles are mobile, we always observed
D/Do > (1/nio)-', with D/Do for small particles some-

what greater than D/Do for large particles (Fig. 2),
although this size dependence was very weak. This may be
explained by considering the relative sizes of the tracer
and background solute particles. To a tracer much larger
than the background solute particles, the background
solution will appear to be a continuum (Mondy et al.,
1986), and the problem is simply reduced to the diffusion
of a tracer in a Newtonian fluid, where D/Do = (/fo)-

A well-recognized example of this is the diffusion of
tracers in water or other simple solvents, where the size of

the solvent molecules is negligible compared with those of
the tracers. At the other extreme, when the size of the
tracer is much smaller than that of the background solute
particles, the root mean square displacement of the
tracers in any time interval will be much larger than that
of the background particles, and the background particles
can be approximated as stationary obstacles. Thus, the
tracer can be regarded as diffusing in the void volume of a
gel, and D/Do will be closer to the pure obstruction effect
value, which we expect to be significantly higher than

n/o)
The diffusion of FF in solutions of Ficoll or globular

proteins falls between these two extremes. Because no

sudden transition is expected in such well-defined sys-

tems, D/Do shows weak size dependence as seen in Fig. 2,
approaching (fl/no)- for large tracers (see also Luby-
Phelps et al., 1987). According to this view, D/Do more

closely approximates (n/noY) -1 in F70 than in F400
because the background particles are smaller relative to
the tracer (see Table 1). FF diffusion in concentrated
solutions of BSA shows less size dependence than in
concentrated solutions of unfractionated Ficoll because
the BSA molecules are comparable in size to the smaller
tracer particles, whereas unfractionated Ficoll contains a

wide range of particle sizes, including many that are

considerably larger than the tracer particles (see Appen-
dix).

For the purpose of modeling tracer diffusion in cyto-
plasm, we fit the data for diffusion of FF in Ficoll
solutions to the universal scaling equation (Eq. 6), and
obtained the following relation:

D/Do = exp (- 0.035 c0635 R0.16). (8)

It is interesting to note that the prefactor, a, and the
concentration dependence, v, are very similar to the values
for FF diffusing in F-actin, while the size-dependence is
much weaker. In fact, the size dependence is very close to
the value of 0 ± 0.2 predicted in Phillies' universal scaling
theory (Phillies, 1989). The stronger size dependence in
F-actin solutions may reflect the extreme length and large
persistence length of the filaments.
One way in which Ficolls are not good models for

globular proteins is that they are not so compact and may
be able to interpenetrate on another. In crowded solu-
tions, interpenetration may become significant, perhaps
changing the hydrodynamic behavior of the particles. The
probability of interpenetration becomes 1.0 at the volume
fraction (X*) where close packing of the particles occurs.
For hexagonal close-packing of spheres, 4* is 0.74. For
random close-packing, 0* will be 85% of this value or 0.63
(Chandler et al., 1983). At the highest concentration of
F400 we used in our experiments (7.7%), the number
average volume fraction was 0.56 (see Appendix). Thus,
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although our Ficoll solutions are very crowded, on the
average they are not close packed, and interpenetration
should not be a major factor in the hydrodynamics of the
system.

Tracer diffusion in F-actin and Ficoll
mixtures
In a mixture of long filaments and compact background
particles, the effect of the F-actin filaments on FF
diffusion should not be any different from that in an
F-actin solution alone, because we do not expect any
changes in the physical shape and distributions of F-actin
filaments in the presence of Ficoll solutions. Although the
presence of Ficoll at high concentrations appeared to have
little effect on the extent of actin polymerization (see
Results), the effect of Ficoll on the length distribution of
F-actin filaments is not known. However, because the
effect of F-actin on diffusion of FF results from the
immobility of the filaments, as long as the F-actin
filaments are entangled, slight changes in F-actin length
distribution should not affect the results obtained in this
study. This idea is supported by our observation that FF
diffusion in gel-filtered actin was not significantly dif-
ferent from FF diffusion in SW actin, although the
average length of filaments formed from gel-filtered actin
is thought to be much longer (Tait and Frieden, 1982;
Pollard and Cooper, 1986). Calculated according to Doi
and Edwards (1986), the average filament length needed
for entanglement at the lowest concentration of F-actin in
our mixtures of F-actin and Ficoll (3 mg/ml) is -93 nm,
which is -34 actin monomers. Because the actin concen-
trations were many times greater than the critical concen-
tration for polymerization, because of the large increase
of viscosity observed upon adding KCI and MgCl2, and
because our sedimentation assay did not indicate an

increase in nonsedimentable filaments in the supernatant,
it seems certain that the filaments in the mixtures of
F-actin and Ficoll are long enough to be entangled.
The hydrodynamic interaction with the background

particles in the fluid phase is more complicated. In the
presence of F-actin filaments, the hydrodynamic proper-
ties of the Ficoll particles close to F-actin filaments will be
subject to wall effects, which increase the hydrodynamic
friction in the fluid phase compared with Ficoll solutions
of the same concentration in the absence of F-actin
filaments. This, in effect, increases the apparent viscosity
of the background fluid near the filaments. But provided
that the filament volume fraction (4w) is low enough, and
interfilament spacing is much greater than the size of the
background particles, this effect can be neglected. Even
though 8 mg/ml F-actin is a concentrated solution by
biochemical standards, ko is very low (0.025). Therefore,
our mixtures can be thought of as an F-actin solution in

which the reference phase is a Ficoll solution rather than
an aqueous buffer solution. Thus,

D(mixture)/D(Ficoll) = D(F-actin)/D(water). (9)

By substitution, this becomes D/DO(mixture) = D/DO(F-actin)
x D/Do(Ffi,l1) (Eq. 1), as we have observed.

Modeling cytoplasm
The relationship expressed in Eq. 1 can be used to model
cytoplasm as a three-component system, having a network
phase consisting of cytoskeletal filaments, and a fluid
phase composed of solvent (water) with a high concentra-
tion of globular proteins or other macromolecules. Using
values of a, v, and 6 obtained from the study of FF
diffusion in F-actin (Eq. 7), D/DO(filaments) = exp (-0.021
c ?53 R0j72) where Cf is the concentration of filaments in
milligrams per mililiter. Similarly, from Eq. 8, D/
Do(particles) = exp (-0.035 c 0.635 R0.16) where c is the
concentration of background particles in milligrams per
milliliter. Since, from Eq. 1, D/Do(cytOplasm) =DI
DO(filaments) x D/Do(particles), we fitted our cytoplasmic data
(Luby-Phelps et al., 1987) by weighted least squares to
the equation D/Do = exp (-0.021 C?053 R0-72) X
exp (-0.035 c0635 R0.16), treating Cf and cp as undeter-
mined parameters. This gave Cf = 37 mg/ml and cp =
124 mg/ml, or 12.4%. Calculated from a value of 10 nm
for the diameter of an F-actin filament, this concentration
of filaments corresponds to an excluded volume fraction of
-0. 11. The estimated filament concentration is 5-10
times higher than the reported concentrations of actin or
other cytoskeletal filament proteins (Bray and Thomas,
1975; Hiller and Weber, 1978; Nagle et al., 1977;
Blikstad et al., 1978). However, the model does not
require that the filament system be composed of F-actin.
Any entangled filament system occupying the same vol-
ume fraction will produce the same effect. In this context,
it is interesting to note that the volume fraction estimated
from our model (0.1 1) is close to, but somewhat less than
the volume fraction occupied by the microtrabecular
lattice (0.16) as determined morphometrically from high
voltage electron micrographs (Gershon et al., 1985).

Comparison of the cytoplasmic data with values pre-
dicted by the fitted function is shown in Fig. 6. The
agreement is within 10% for all sizes of tracer except the
two largest, where the fitted function overestimates the
actual D/Do by nearly 100%. These are also the sizes of
tracer where an immobile fraction appears in some FRAP
records for FF diffusing in cytoplasm (Luby-Phelps et al.,
1987). Fluorescence ratio imaging has shown that large
tracer particles are excluded from some domains of the
cytoplasmic volume, as if the cytomatrix in these domains
had a percolation cutoff radius in the neighborhood of 25
nm (Luby-Phelps and Taylor, 1988). Because the values
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If the number-average moleculer weight (Mn) for the unfractionated
Ficoll is known, Zci can be replaced by known quantities:

2cj;M2cjm;
Mn=2cj=NAV Xcj

and

0 10 20
TRACER RADIUS (nm)

30

cp := 2,c; m; = N 2c; ,

where cp is the total polymer concentration in grams per milliliter.
Therefore.

FIGURE 6 Comparison of D/DO in cytoplasm (data points) with the
D/Do predicted by D/Do = exp (-0.021 cOf.S R072) x exp (-0.035
c0p635 0'6) (fitted curve). The standard deviations of the fitted curvep H
from the measured result are within 10% except for the two largest
tracer size fractions. Data taken from Luby-Phelps et al., 1987.

of D in cytoplasm were averaged without regard to the
subcellular location of each measurement, it is possible
that the difference between observed and predicted D/Do
for the largest tracers reflects a percolation cutoff due to
cross-linking of the filament network in at least some

domains of the cytoplasm. We are currently testing this
hypothesis by studying the diffusion of FF in gels of
F-actin that is noncovalently cross-linked with actin-
binding proteins.

APPENDIX

Estimation of Ficoll molecular size
parameters
Measurements of the tracer diffusion coefficient for Ficoll fractions that
were selected to span the size-exclusion chromatogram provide our most
detailed estimate of molecular size. For each fraction, the amount of
fluorescein dye bound to the polymer was measured by optical absor-
bance at 495 nm, total carbohydrate was measured by an anthrone
assay, and the average hydrodynamic radius (RH) was calculated from
the aqueous diffusion coefficient measured by FRAP. From these three
parameters, we found that the absorbance (or fluorescence) of the
labeled polymer scales approximately as the 2.5 power of RH:

Fj = aFc RHj5.

where c; is the number density of Ficoll molecules (in molecules per
milliliter) of size RH,, and aF is an undetermined constant. An exponent
of 2.0 is expected for surface labeling and 3.0 for volume labeling of
spherical molecules. The observed value, 2.5, most likely reflects a

fractal character to the branched structure of Ficoll polymers.
Defining the concentration scale:

Fi
Cj= 25= aFCi.

RI
aF can be defined in terms of {c'; I and {ci};

2Xci
aF 2c

aF =

M.

The volume fraction (4,) occupied by the hydrodynamically-effective
Ficoll molecules is simply the sum over all sizes of the concentration-
weighted molecular volume (Vi):

X3 = 3cva= X =

cp 4 2 c' R cp 4 2 Fi RH
M-NAVX- ci MNAV-irE

Therefore, the volume fraction occupied by Ficoll molecules can be
estimated from Mn, cp, and the number average of R3 j. The latter can be
calculated from the combined chromatographic and FRAP data. For
F400, a value of Mn = 169 kD can be derived from osmotic pressure
data (Pharmacia Product Information). Using values of Fi and RHi for
nine fractions that span the chromatogram, we estimate

H (R3 )"/3 = 7.87 nm,

and for cp = 7.7% = 0.077 g/ml, = 0.56.
The above estimate of average size is close to that derived from M,

and the intrinsic viscosity of F400, 7.7 nm, but is significantly less than
the size derived from osmotic pressure data, 10.6 nm. We note that X =
0.56 is close to the volume fraction corresponding to "random close
packing" of monodisperse spheres (see text), but expect that because
unfractionated Ficoll is quite polydisperse, a 7.7% solution is not
actually as close to this limit.
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Note added in proof: To rule out transient binding between FF and
F-actin, we measured the equilibration of FF (RH = 8.5 nm) between a
buffer phase and an F-actin phase separated by a filter membrane (8-jAm
pore size, type SC, Millipore Corp.). The final fluorescence level
(arbitrary units) was 6.25 ± 0.25 on the buffer side of the membrane and
5.75 ± 0.25 on the actin side, regardless of whether FF was introduced
with the buffer or with the actin. (A slightly lower value on the actin side
is expected due to the excluded volume of the actin filaments.) A
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Bradford protein assay showed that F-actin remained assembled and did
not cross the membrane during the experiment. These results confirm
that the interactions between FF and F-actin are primarily hydrody-
namic and that binding interactions are negligible.
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