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ABSTRACT Modulated fringe pattern photobleaching (MFPP) was used to measure the translational diffusion of microin-
jected fluorescein isothiocyanate (FITC)-labeled proteins of different sizes in the cytoplasm of cultured muscle cells. This
technique, which is an extension of the classical fluorescence recovery after photobleaching (FRAP) technique, allows the
measurement of the translational diffusion of macromolecules over several microns. Proteins used had molecular masses
between 21 and 540 kDa. The results clearly indicated that the diffusivity of the various proteins is a decreasing function of
their hydrodynamic radius. This decrease is more rapid with globular proteins than with FITC-labeled dextrans (Arrio-Dupont
et al.,, 1996, Biophys. J. 70:2327-2332), most likely because, unlike globular proteins, dextrans are randomly coiled
macromolecules with a flexible structure. These data do not exclude the possibility of a rapid diffusion over a short distance,
unobservable with our experimental set-up, which would take place within the first milliseconds after bleaching and would
correspond to the diffusion in restricted domains followed by impeded diffusion provoked by the network of microtubules,
microfilaments, and intermediate filaments. Thus our results may complement rather than contradict those of Verkman and
collaborators (Seksek et al., 1997, J. Cell Biol. 138:1-12). The biological consequence of the size-dependent restriction of the
mobility of proteins in the cell cytoplasm is that the formation of intracellular complexes with other proteins considerably

reduces their mobility.

INTRODUCTION

Cell cytoplasm is a complex environment comprising a fluid
medium, a high concentration of proteins, and a network of
cytoskeletal filaments. In this highly organized network,
small metabolites, proteins, and mRNAs must move to
maintain cell functions and renewal cell constituents. It has
been proposed that the crowding might seriously hinder
solute diffusion and influence a variety of biochemical
processes (see the reviews by Zimmerman and Minton,
1993, and Luby-Phelps, 1994). However, rather contradic-
tory results on solute diffusion in cell cytoplasm have been
put forward by experimentalists in recent years.

The studies of small molecule diffusivity found values for
the viscosity of the fluid phase close to water viscosity (1-2
cP) (Mastro et al., 1984; Clegg, 1984; Luby-Phelps et al.,
1988, 1993; Kao et al.,, 1993). However, Jacobson and
collaborators, using fluorescence recovery after photo-
bleaching (FRAP) to measure the diffusion of proteins in
human fibroblasts, found that, from 12 to 440 kDa, the
diffusion coefficients were markedly reduced compared to
the values in aqueous buffer but exhibited almost no depen-
dence on the molecular weight (Wojcieszyn et al., 1981;
Jacobson and Wojcieszyn, 1984). They concluded that the
diffusion in the cytosol was dominated not by steric effects
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but rather by binding of the diffusing species to elements of
the cytosol matrix. To overcome the possibility of either
specific or nonspecific interactions of proteins with the
intracellular structures and to understand how the intracel-
lular medium hinders diffusion, inert macromolecules such
as dextran and Ficoll were later employed (Luby-Phelps et
al., 1986, 1987; Peters, 1986). From those investigations, it
was inferred that the cytoplasm of Swiss 3T3 fibroblasts
could be described as a network of entangled fibers inter-
penetrated by a fluid phase containing soluble proteins at
high concentration, in which self-diffusion of inert tracer
particles was hindered in a size-dependent manner (Luby-
Phelps et al., 1987, 1988; Luby-Phelps, 1994). But in a
recent study, Seksek et al. (1997), by using a microsecond-
resolution FRAP apparatus, obtained results that did not
support the concept of size-dependent diffusion of dextran
or Ficoll macromolecules in the cytoplasm of either 3T3
fibroblasts or Madin-Darby canine kidney epithelial cells.
Indeed, from ¢,,, values of FRAP recovery curves, the latter
authors concluded that in the cytoplasm of such cells, the
diffusion coefficients of large particles was reduced three-
to fourfold relative to the values obtained in water but did
not depend on the size of these particles. However, because
of technical limitations, Seksek et al. recorded incomplete
fluorescence recoveries after photobleaching, and the per-
centage of recovery appeared as a decreasing function of the
size of these molecules (see figure 4D of Seksek et al.,
1997).

The diffusion coefficients of soluble molecules have also
been measured in the cytoplasm of muscle cells. Striated
muscle is one of the most highly ordered of all biological
tissues (reviewed by Squire, 1997). Besides the contractile
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elements, thick filaments of myosin and thin filaments of
actin and associated proteins, the spacing of which has been
accurately measured by electron microscopy and x-ray dif-
fraction (Sosa et al., 1994; Xu et al., 1997), a cytoskeletal
lattice maintains the structure of muscle cells. The proteins
of the M-line and Z-line serve as structural integrators of the
myofilaments and of the longitudinal lattice components.
Two giant proteins, titin and nebulin, compose the elastic
filament system in skeletal muscle and molecular rulers
specifying the length of the contractile filaments (reviewed
by Trinick, 1994). Furthermore, a cytoskeleton localized
under the muscle membrane has been described and re-
viewed by Small et al. (1992). It has been shown that the
diffusion coefficients of small ions, with the exception of
CaH‘ and of small molecules were reduced in muscle by a
factor of 2 relative to their values in aqueous medium
(Kushmerick and Podolsky, 1969; Yoshizaki et al., 1990;
Hubley et al., 1995). Previous studies were carried out on
the rate of leakage of cytosolic proteins out of skinned
skeletal fibers (Maughan and Lord, 1988; Maughan and
Wegner, 1989). Measurement of the diffusion by photooxi-
dation and/or microinjection of visible-light-absorbing pro-
teins in a single muscle fiber was recently reported (Jiirgens
et al., 1994, 1997; Papadopoulos et al., 1995). All investi-
gators found an important reduction of protein mobility in
muscle fibers compared to that in water. Furthermore, a
strong size-dependent reduction of the diffusion coefficients
was detected; the reduction varied from a factor of 10 for
small proteins to 60 or more for large proteins. Some of the
proteins used in these studies have an affinity for intrasar-
colemmal sites, other glycolytic enzymes, and actin. For
this reason, in a previous work we have studied the diffusion
of fluorescein-dextran (FITC-dextran) in striated muscle
cells and found that the ratio Dy piasm/Dywater decreased
monotonously as the hydrodynamic radius R, of the mac-
romolecules increased (Arrio-Dupont et al., 1996). We con-
cluded that the mobility of inert molecules in muscle cells
was hindered by both the crowding of the fluid phase of the
cytoplasm and the screening effect due to myofilaments.
However, as dextran conformation is that of a randomly
coiled hydrated polymer (Luby Phelps et al., 1988; Berk et
al., 1993; Arrio-Dupont et al., 1996; Gribbon and Harding-
ham, 1998), it was interesting to extend our studies to the
diffusion of proteins in the cytoplasm of skeletal muscle
cells, as globular proteins behave in water like hard spheres
(Tanford, 1961).

We have investigated the diffusion of fluorescently la-
beled proteins of different sizes in the cytoplasm of striated
muscle cells. We chose to study the diffusion of proteins
known for their absence of interaction with the intracellular
constituents of muscle and with molecular masses in the
range of 21-540 kDa. The translational diffusion of FITC-
labeled proteins was measured with a modulated fringe
pattern photobleaching (MFPP) apparatus (Davoust et al.,
1982), as in our former investigations (Arrio-Dupont et al.,
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1996). This technique is convenient in the case of giant cells
such as myotubes. The bleaching pattern is obtained with
interference fringes covering the whole cell; the diffusion
coefficient is calculated from the evolution of the contrast
between bleached and nonbleached regions. The evolution
of the fluorescence can be followed over long intervals,
allowing one to reach the equilibrium state. In the case of a
single diffusion coefficient, the contrast decreases exponen-
tially and gives rise in a semilogarithmic plot to a nonam-
biguous straight line. In a recent paper Munnelly and col-
laborators showed the advantage of the fringe
photobleaching recovery technique for investigating the en-
tire cell’s surface. However, their stem does not take ad-
vantage of the fringe modulation (Munnelly et al., 1998).

MATERIALS AND METHODS

Muscle cell cultures

Rabbit satellite cells were cultured from a slow muscle, ssmimembranosus
proprius, as previously described (Arrio-Dupont et al., 1996; Barjot et al.,
1998). The satellite cells were grown to confluence in Dulbecco’s mini-
mum essential medium containing 20% fetal calf serum, 100 U/ml peni-
cillin, and 1 mg/ml streptomycin; then the medium was changed to Dul-
becco’s minimum essential medium containing antibiotics, 2% fetal calf
serum, 5 wg/ml insulin, 5 wmol/ml transferrin, and 5 nmol/ml sodium
selenite (ITS medium). In the ITS medium cells fused and differentiated
into myotubes. For indirect immunofluorescence assays, muscle cells were
cultured on microscopic coverslips. To perform MFPP experiments, cells
were grown in @ 6-cm dishes, the bases of which were replaced by sealed
glass coverslips allowing microscopic observations. For microinjections
and MFPP experiments, an ITS medium devoid of phenol red and buffered
with 20 mM HEPES was used. Most of the photobleaching experiments
were performed on myotubes after 7-15 days of differentiation. The
cultured myotubes were 10—40 wm wide and up to 1 mm in length.

The differentiation was followed by indirect immunofluorescence, us-
ing monoclonal antibodies directed against a-actinin (Sigma), myosin
heavy chains (neonatal and fast, clone MY 32; Sigma), or the ryanodine
receptor (RYR) (clone 34-C, ABR), and FITC-labeled goat anti-mouse IgG
as the secondary antibody or purified polyclonal antibodies produced in
rabbit against SERCA2a, SERCA2b, and the biotin-labeled purified anti-
rabbit IgG as the secondary antibody, and then Texas red streptavidin. Both
the monoclonal antibody (FITC fluorescence) and the polyclonal antibody
(Texas red fluorescence) where simultaneously used on the same cell for
double labeling.

Proteins

The rabbit muscle forms of myokinase (ATP:AMP phosphotransferase; EC
2.7.4.3), phosphoglucomutase (a-D-glucose-1-phosphate phosphotransfer-
ase; EC 5.4.2.2), B-enolase (phosphopyruvate hydratase; EC 4.2.1.11), and
B-galactosidase from Escherichia coli (8-D-galactoside galactohydrolase;
EC 3.2.1.23) were obtained from Sigma. FITC-conjugated anti-mouse IgG
developed in goat was from Sigma Immuno Chemicals. The recombinant
enhanced green fluorescent protein (EGFP) variant of the Aequorea vic-
toria green fluorescent protein was obtained from Clontech; this form has
a high absorbency at 488 nm.

FITC labeling of the proteins

Protein solutions, ~25 mg/ml in injection buffer (buffer A, 48 mM
K,HPO,, 14 mM NaH,PO, and 4.5 mM KH,PO, pH 7.2), containing 1
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mM MgSO, and 1 mM of the inhibitor P',P>-di(adenosine-5")pentaphos-
phate (AP5A) in the case of myokinase, were incubated in the dark with the
same volume of a 2.5 mg/ml FITC solution in 0.2 M K,HPO, (pH 8.5)
prepared just before labeling. After 2 h of incubation in the dark at room
temperature, the excess unreacted dye and AP5A were eliminated by
chromatography on a PD10 column (Pharmacia) equilibrated with buffer
A. The dye/protein labeling was evaluated spectrophotometrically at pH
8.5, and the average molar ratio of dye to protein subunit was 0.95:1.

Microinjection

Labeled proteins were introduced into myotubes by pressure injection.
Sterile Femtotips (Eppendorf) were filled with 2 ul of a solution of protein
in buffer A. The concentration of proteins was 5-20 mg/ml, and, before
use, the solutions were centrifuged for 20 min at 100,000 X g in a
Beckman Airfuge. A filled Femtotip was inserted into the needle holder of
a Leitz micromanipulator and connected to a pressure microinjector (5242;
Eppendorf). For myotubes of length greater than 200 um, small volumes
were injected into several places in the cell. The total volume injected was
smaller than 10% of the cell volume. The myotubes were allowed to
equilibrate for several hours before the fluorescence experiments were
started.

Diffusion measurements

The MFPP technique takes advantage of a spatial and temporal modulation
that allows direct recording of the contrast between bleached and non-
bleached zones (Davoust et al., 1982). The experiments were performed
with an apparatus described earlier (Morrot et al., 1986). This apparatus is
built from a fluorescence Zeiss IM-35 inverted microscope, an argon laser
(Coherent, Innova 90-5) tuned to 488 nm as the excitation source, and a
microcomputer for signal analysis. Modulated fringe pattern photobleach-
ing produces a bleaching pattern of interference fringes. Except for a few
cases, as mentioned below, the fringes were oriented perpendicular to the
muscle fibers. Decay of fluorescence contrast was treated by the Padé-
Laplace formalism, which allowed an immediate multiexponential analysis
(Yeremian and Claverie, 1987). Translational diffusion coefficients (D)
were deduced from the relation D = i%/4mt, where 7 is the time constant
of the exponential decay and i is the interfringe spacing (Davoust et al.,
1982). Anomalous diffusion, if any, can be detected by varying the inter-
fringe spacing (Bouchaud et al., 1991). The experiments were performed at
20°C in a temperature-regulated room. Diffusion coefficients of proteins in
aqueous media were measured in buffer A, placed as a thin aqueous layer
between a glass slide and a coverslip.

RESULTS
Characterization of the cultured muscle cells

Immunofluorescence assays showed that after 9—17 days of
differentiation the myotubes presented the striation of my-
osin organized in the A-band (Fig. 1 a, right). An antibody
directed against SERCA2a (sarcoplamic reticulum Ca®*-
ATPase of slow skeletal muscle) indicated a location near
the A-band (Fig. 1 a, left), whereas anti-SERCA2b (ubig-
uitous Ca”*-ATPase) reacted with a lower intensity with all
cells, including mononucleated ones (not shown). As ex-
pected from the preceding observation, the location of a-ac-
tinin (Fig. 1 b, right) is complementary of that of SERCA2a
(Fig. 1 b, left), whereas the ryanodine receptor (RYR)
responsible for the calcium release from the sarcoplasmic
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FIGURE 1 Double labeling by immunofluorescence of culture muscle
cells after 14 days of differentiation. The left part of the figure (a—d) shows
the localization of SERCA2a; the right part shows myosin (a), a-actinin
(b), and RYR (c and d). The bar represents 5 wm.

reticulum is either punctiform or striated (Fig. 1, ¢ and d,
right). In the latter case its location is complementary to that
of SERCA2a (Fig. 1 ¢ and d, left).

These cultured myotubes show the highly organized
structure of muscle and thus are a good system for the study
of the intracytoplasmic diffusion of proteins. The presence
of an organized sarcoplasmic reticulum (Flucher et al.,
1993) indicated that they are similar to muscles.

Diffusion of the labeled proteins in
aqueous media

The diffusion of the various proteins was first investigated
in buffer A by the MFPP technique. Results are reported in
Table 1. The hydrodynamic radii derived from the diffusion
coefficients are included in this table. A log-log analysis
(not shown) indicated that protein aqueous diffusion coef-
ficients were approximately proportional to the inverse of
the cubic root of molecular mass, as expected. This is

Biophysical Journal 78(2) 901-907
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TABLE 1 Mobility of proteins in the cytoplasm of cultured muscle cells

Protein M, D, (um?s™h) R, (nm)* Dy (um® s71) D.,/D,,
Myokinase 21,000 160 * 30 1.3+0.2 46 < D, <93 0.3 < D.,/D,, < 0.6
Phosphoglucomutase 60,000 63 £38 34+04 1653 0.26 = 0.024
B-Enolase 90,000 56 =6 3.8+04 10.8 =2 0.19 = 0.024
IgG 160,000 405 54*0.7 55=*1 0.14 = 0.023
B-Galactosidase 540,000 303 72*0.7 0.004 = 0.0007 0.00013 = 0.00004
EGFP 27,000 87 = 16 24+04 158 =3 0.18

*The hydrodynamic radius, R,, was calculated from the Stokes-Einstein equation: D = kT/67mR,,.

consistent with the Stokes-Einstein equation for diffusivity,
with the assumption that the molecule is a sphere with a
volume proportional to its molecular mass (Tanford, 1961).

contrast

arbitrary units In (contrast)

3000 100 200 300

0 100 200
time, seconds

FIGURE 2 Examples of decay of the fluorescence contrast (/eff) and its
semilogarithmic transform (right) for the four proteins studied in this
article. The temperature is 20°C in all cases. From top to bottom: phos-
phoglucomutase, enolase, IgG, and B-galactosidase. PGM: interfringe is
27.0 wm; decay constant, 7, is 1.09 s. Enolase: interfringe is 26.2 um;
decay constant, 7, is 1.61 s. IgG: interfringe is 25.1 wm; decay constant, 7,
is 4.27 s. B-Gal: interfringe is 5.28 wm; decay constant, 7, is 208 s. Note
that the apparent noise that appears in the right column is directly related
to the use of logarithmic transformation.
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We had previously shown (Arrio-Dupont et al., 1996) that
the dextran diffusion coefficients are proportional to the
inverse of the square root of the molecular mass. Similar
observations had been made by Berk and his collaborators
(Berk et al., 1993).

Note that EGFP was very difficult to photobleach, as
previously observed for GFP and some of its mutants
(Patterson et al., 1997). Nevertheless, the diffusion coeffi-
cient estimated, 87 p,m2 s !, was in agreement with that
determined by fluorescence correlation spectroscopy (Terry
et al., 1995).

Protein diffusion in the cytoplasm of cultured
muscle cells

The diffusion of the various proteins was studied for three
different cultures and for cells at 7-15 days of differentia-
tion. For each petri dish, ~10 myotubes were studied. In the
case of myokinase, the intracytoplasmic mobility was too
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FIGURE 3 Variation of the relative diffusion (D,,/D,,) coefficient of
various globular proteins in the cytoplasm of muscle cells as a function of
protein hydrodynamic radius. The closed squares correspond to the various
proteins; EGFP is indicated as an open square. The closed circles are the
values observed for the diffusion of ATP and creatine-phosphate in muscle
fibers (Hubley et al., 1995). The line corresponds to the fit of our previous
observations (Arrio-Dupont et al., 1996) about the diffusion af FITC-
dextrans in the cytoplasm of our cultured muscle cells.
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fast to be determined with accuracy. It was only possible to
estimate that 46 um’> s~' < D, < 93 um’ s~ '. For
phosphoglucomutase, $-enolase, IgG, and [3-galactosidase,
typical decays of the fluorescence contrast are shown in Fig.
2. In Table 1, the values of the diffusion constants deter-
mined by the Padé-Laplace formalism are indicated. The
diffusion constant was always found to be independent of
the interfringe spacing (a minimum of two different values
were used for each measurement). As in the case of dextran
(Arrio-Dupont et al., 1996), no significant difference was
observed when fringes were oriented oblique to the myo-
filaments. Note that the cell size and shape (Fig. 1) did not
allow us to work in a parallel orientation; in such a config-
uration the number of fringes covering the cell would lead
to insignificant diffusion values.

As shown in Fig. 3, the diffusion coefficients of the
various proteins decreased with their hydrodynamic radius
R,. Note that R,, = 0.665R,, where R,, is the experimental
value (Tanford, 1961). To compare with the mobility of
small molecules, we have included in Fig. 3 the values
obtained from *'P NMR spectroscopy by Hubley and col-
laborators (Hubley et al., 1995) for ATP and creatine phos-
phate in isolated skeletal muscle. The line in the same graph
is the fit corresponding to our former studies on the diffu-
sion of inert macromolecules in these cultured muscle cells.
This fit was obtained by taking into account both crowding
due to free soluble proteins (concentration c¢) and screening
due to myofilaments (constant k;): D.,/D, = exp
(—0.035¢%%%R, %1% X exp (-k Ry,), where ¢ = 135 mg/ml
and k; = 0.066 nm~'. Obviously, the curve, which was
well adapted to dextran diffusion, does not fit protein dif-
fusion in the cytoplasm of muscle cells.

DISCUSSION

We have determined the mobility of globular proteins in the
cytoplasm of cultured muscle cells. Proteins of different
sizes were selected for their absence of interaction with the
components of muscle cytoplasm, with the exception of
myokinase, for which an interaction is possible. The results
clearly indicate that the relative diffusion coefficient, D,/
D, of the various proteins is a decreasing function of their
hydrodynamic radius. This decrease is more rapid for the
globular proteins than for the series of dextran molecules
previously studied in the same cultured muscle cells (Arrio-
Dupont et al., 1996), as shown in Fig. 3. The difference is
not due to electrostatic interactions between the charge
surface of the various proteins and intracellular elements of
muscle cells, because some of them are positively charged
and others are negatively charged at pH 7. It is more likely
that the difference between dextrans and proteins is due to
the randomly coiled structure of dextran macromolecules,
with a high hydration and a flexible structure. We had
already pointed out that an FITC-dextran of molecular mass
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148,000 Da has an R;, two times higher than that of a protein
of equal molecular mass (Arrio-Dupont et al., 1996).

Particular attention has to be paid to the intracellular
mobility of EGFP. First, this protein, which has an intrinsic
fluorescent chromophore due to the posttranslational mod-
ification of the internal Ser-Tyr-Gly sequence, is very dif-
ficult to bleach. This resistance to bleaching, already
pointed out by Patterson and collaborators (Patterson et al.,
1997), is very likely due to the structure of the protein and
the manner of formation of the chromophore by cyclization
and then oxidation (Phillips, 1997). The second observation
is that, in muscle cells, its relative diffusivity is low com-
pared to that of the other proteins studied. The intracellular
diffusion coefficient (15.7 um? s~ ') is near that of phos-
phoglucomutase (PGM), a 60-kDa protein. As it is known
that GFP easily assumes dimeric forms, a plausible expla-
nation for this behavior is that after injection into the cells
(initial concentration of the protein in injection buffer 6—7
mg/ml), EGFP is present as a dimer in the intracellular
medium.

Our results were obtained with cultured muscle cells.
Previous studies were carried out on skeletal muscle fibers
(Maughan and Lord, 1988; Maughan and Wegner, 1989;
Jirgens et al., 1994, 1997; Papadopoulos et al., 1995). All
investigators found an important reduction of protein mo-
bility in muscle fibers compared to that in water. Further-
more, a strong size dependence of the diffusion coefficients
was detected. The comparison of these previous observa-
tions with ours is shown in Fig. 4, where the intracellular
diffusion constants are expressed as a function of the mo-
lecular mass of the various proteins. This difference cannot

80
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FIGURE 4 Variation of the diffusion coefficient of various globular
proteins in the cytoplasm of cultured muscle cells as a function of their
molecular mass (A). In the same graph, the values deduced from the
leakage of proteins out of skinned muscle fibers by Maughan and Lord
(1988) and for the diffusivity of myoglobin in muscle fibers (Papadopoulos
et al., 1995) are reported (A).
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be attributed to our observations parallel to the myofila-
ment, as Maughan and his collaborators measure radial
diffusion in muscle fiber (Maughan and Lord, 1988;
Maughan and Wegner, 1989), and Jiirgens and his collab-
orators measure the lateral diffusion after protein microin-
jection into muscle fiber (Jiirgens et al., 1997) and obtain
similar results. Therefore it appears that the diffusivity of
proteins is higher in cultured muscle cells than in native
muscle fibers. This observation confirms that despite the
high organization of the cultured cells, with a sarcoplasmic
reticulum in place, they are not as well organized as a true
muscle. The cell characteristics are those of a young muscle
rather than of an adult one.

Several theoretical models were developed to describe
the diffusion of particles in the presence of obstacles in
two-dimensional systems (Qian et al., 1991; Saxton, 1993,
1994). These models are suitable for diffusion in mem-
branes (2D) but are not applicable to intracytoplasmic dif-
fusion (3D). Han and Herzfeld (1993) predicted that, under
conditions in which proteins can be approximated by hard
particles, the hindrance of globular proteins by other pro-
teins at a given volume fraction is reduced when the back-
ground proteins are aggregated, and the hindrance is further
reduced if rodlike aggregates are aligned. A more elaborate
model for obstructed diffusion in three dimensions was
proposed recently by Olveczky and Verkman (1998). The
latter model considered small objects in a well-organized
space; it was applied to molecular transport in the aqueous
lumen of organelles, and the application to mitochondria
might be transposed to muscle cells. The authors reached
the following conclusions: 1) for short times, the diffusion
hindrance imposed by immobile obstacles is negligible; 2)
for long times, on the other hand, the presence of multiple
barriers impedes the diffusion of large particles. The latter
phenomenon can be detected only if photobleaching exper-
iments are carried over sufficiently long periods, i.e., if
fluorescent molecules can diffuse over long distances. This
is likely because Seksek et al. (1997) observed fluorescence
recoveries for short periods without following fluorescence
intensities until full recovery, and because they obtained
relatively free and rapid diffusion of macromolecule-sized
solutes up to at least 500 kDa. Hence they could conclude
that the cytoplasm is not so crowed that solute motion is
seriously impeded. In fact in the recent article of Olveczky
and Verkman (1998), the authors concluded, as a recom-
mendation, that measurements of solute diffusion in or-
ganelles by photobleaching methods should be carried out
over long time intervals to reveal anomalous diffusion as-
sociated with spatial heterogeneity.

In the present study, as well as in our former investigation
(Arrio-Dupont et al., 1996), sample illumination by several
10-17-um fringes represented an observation involving
many sarcomeres of 2.5 um. With the exception of nuclei
regions, where large macromolecules do not penetrate, flu-
orescence distribution after microinjection and equilibration
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(i.e., before bleaching) was homogeneous. The fluorescence
contrast between bleached and unbleached regions in the
cytoplasm of muscle cells was studied until at least 90% of
the contrast had disappeared. Typically, with the larger
protein used, (3-galactosidase, the contrast was 10% of its
initial value after 300 s. Thus diffusion constants were
calculated on the basis of a theoretical 100% fluorescence
recovery. The Padé-Laplace analysis as well as the semi-
logarithmic plots of the fluorescence contrast decline (Fig.
2) indicated unambiguously a single exponential coeffi-
cient. It should be pointed out that our instrumental set-up
allows us to record long periods of contrast variations and,
hence, to measure with accuracy diffusion over a long
distance. Typically the #,, of the fluorescence contrast
extinction in our experiments was several seconds, and the
bleaching time varied from 50 to 500 ms. On the other hand,
our apparatus is not adapted for the measurement of events
taking place within tens of milliseconds, as reported by
Seksek et al. (1997). The possibility of a size-independent
diffusion taking place during the first fraction of a second
cannot be ruled out. In conclusion, the two sets of experi-
ments may be complementary rather than contradictory.

Finally we would like to make a remark about the bio-
logical consequence of the size-dependent restriction of
mobility of proteins in the cell cytoplasm. If proteins in the
intracellular medium form complexes with other proteins,
their mobility should be considerably reduced. A complex
of ~500 kDa would be almost immobile. Under such con-
ditions, an ensemble of enzymes implicated in a chain of
metabolic reactions may be compared to in vitro immobi-
lized enzymes, for which it has been shown that the func-
tional coupling of activities is channeled because the inter-
mediate metabolites are transformed by the neighboring
enzyme before diffusing into the bulk medium (Mosbach
and Mattiasson, 1976; Arrio-Dupont, 1988; Arrio-Dupont et
al., 1992; Srere et al., 1990).
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