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ABSTRACT  As a final stage of cell signal transduction, secretory cells release hormones by exocytosis. Before secretory granules contact
with the cell membrane for fusion, an actin-network barrier must dissociate as a prelude. To elucidate dynamical behaviors of secretory
granules in actin networks, in vitro assembly and disassembly processes of actin networks were examined by means of dynamic
light-scattering spectroscopy. We studied actin polymerization in the presence of chromaffin granules isolated from bovine adrenal
medullas and found that the entanglement of actin filaments rapidly formed cages that confined granules in them. We also studied the
effect of gelsolin, one of actin-severing proteins, on the network of actin filaments preformed in the presence of chromaffin granules. It
turned out that the cages that confined granules rapidly disappeared when gelsolin was added in the presence of free Ca2* ions. A
semiquantitative analysis of dynamic light-scattering spectra permitted us to estimate the changes in the mobility (or the translational
diffusion coefficient) of chromaffin granules in the actin network with its assembly and Ca2* -dependent disassembly by gelsolin. Based
on the present results and some pieces of evidence in the literature, a model is proposed for biophysical situations before, during, and

after an exocytotic event.

INTRODUCTION

Many morphological investigations have shown that the
cytoplasm of mammalian cells is highly organized and
compartmentalized by the cytoskeleton. This organiza-
tion and compartmentalization takes an important part
in many processes of signal transduction, such as release
of neuronal transmitters and secretion of hormones and
enzymes. A cell receives external chemical signals by re-
ceptor molecules or electrical stimuli by channels in the
membrane. Various molecular processes for transducing
signals are activated by second messengers in the cyto-
plasm. As a final step, the cell releases the hormones or
neurotransmitters by an exocytotic event. In secretory
cells and neuronal synapses, hormones and neurotrans-
mitters are stored, respectively, in secretory granules and
synaptic vesicles. These granules and vesicles must con-
tact with the cell membrane and fuse with it before re-
lease of their contents.

At a resting state, these granules are tightly or loosely
held in dense cytoskeleton networks. Morphological and
immunological investigations have shown that the dense
network is made up of actin filaments, e.g., in the periph-
eral region of chromaffin cells and in the presynaptic
nerve terminals (1-5). The actin network is considered
to hold chromaffin granules in at least three ways, (Fig.
1): (a) actin filaments extending directly from a-actinin
molecules on the granule membrane can form actin net-
works (6), (b) actin filaments connect granules to net-
works with a linkage molecule such as fodrin-like mole-
cules (7-9), and (c) the network confines granules in a
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restricted space (a cage model). In a cytosolic situation,
chromaffin granules would be trapped in combination of
these possibilities and of equivalent ones. Qur point is
that only the liberation of cross-linker molecules from
the network is not enough to mobilize the granules, be-
cause the movements of granules are still restricted in the
dense network of actin filaments. In any case, the actin
network must disassemble for granules to access the cell
membrane as a prelude of exocytosis (2). Many actin-
severing proteins have been identified in the cytoplasm
of chromafhin cells (10-13). Severing functions of these
proteins are activated by free Ca?* ions in a micromolar
level (14-18). In secretory and neuronal cells, the con-
centration of free Ca2* ions in the cytosol, after receiving
an external stimulus, increases to a micromolar level by
releasing them from a carciosome and an influx through
Ca?* channels in the cell membrane (19, 20). In chro-
maffin cell cytosol and neuronal synaptic terminal, mor-
phological and immunological investigations have con-
firmed, in the cortical region of the cell membrane, the
existence of gelsolin (21, 22) and scinderin (18).

At present, it is technically difficult to observe the as-
sembly and disassembly processes of the actin network
in intact cell cytosol. In this study, therefore, we used an
in vitro cell-free system to analyze dynamical processes
of the network formation holding secretory granules and
of the network dissociation by an actin-severing protein,
gelsolin, in the presence of free Ca?* ions. We used a
dynamic light-scattering method (DLS) that is one of
the most appropriate techniques to analyze a dynamical
behavior of particles with submicrometer sizes in solu-
tion (23-25). So far, a falling ball method for viscosity
measurements has been used to observe the formation
and dissociation of actin filaments (7). This method,
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FIGURE |

Schematic illustration of three model situations holding granules in the network of actin filaments in a resting cell (for details, see text).

however, may have a defect to cause a mechanical dam-
age to the network/granules system. The DLS method
makes it possible to detect the dynamical behavior of the
granules and filaments without applying any mechanical
perturbation. As a quick and intuitive method, however,
viscometry was also used for some additional measure-
ments.

Works related to the present study have been reported
by Newman et al. (26, 27). They used polystylene latex
spheres (PLS) instead of chromaffin granules in this
study. They observed the change in mobility of PLS with
formation of actin network (26). They also studied the
mobility of PLS in solutions of F-actin, whose average
length was varied by polymerization of actin in the pres-
ence of various amounts of gelsolin (27). In their stud-
ies, they set a condition that the scattering intensity from
PLS was much higher than that from F-actin, so that
they “saw” only the motion of PLS. In our system, which
mimicked the cytosolic situation more closely than their
system, the scattering intensity from granules was only
several times higher than that from F-actin, so that we
had to develop methods (given in the Appendixes) for
estimation of mobility of chramaffin granules in F-actin
network.

MATERIALS AND METHODS

Preparation of chromaffin granules

Bovine adrenal glands were obtained from a local slaughter house.
After removing adipose tissue, the adrenal glands were extensively per-
fused to remove blood vessels perfectly at 37°C for 30 min with Ca*-
free Krebs ringer solution (153 mM NaCl, 5.6 mM KCl, 3.6 mM
NaHCO;, 5 mM glucose, and 5 mM N-2-hydroxyethylpiperazine-N'-
2-ethane sulfonic acid [Hepes] pH 7.0). The adrenal medullas were
dissected to be free of cortical material and placed in 10 vol of an
isotonic solution (300 mM sucrose, 10 mM Hepes, pH 7.0, ] mM
phenylmethylsulfonyl fluoride [PMSF], 1 mM dithiothreitol, 0.5 mM
NaN;, and 1 ug/ml leupeptin). The tissue was blended for S sin a

blender (Waring Products Div., Dynamics Corp. of America, New
Hartfort, CT), homogenized in a cylindrical glass homogenizer with a
loose-fitting motor-driven Teflon pestle (Ikemoto Rika Co. Ltd., To-
kyo, Japan), and filtered through four layers of gauze. The homogenate
was centrifuged at 500 g for 5 min to remove unbroken cells and nuclei.
The supernatant was centrifuged at 20,000 g for 30 min to pellet chro-
maffin granules. After discarding the supernatant, the isotonic solution
was gently overlayed along the tube wall. The tube was carefully swirled
to remove the upper fluffy layer of mitochondria on the pellet. The
supernatant was carefully discarded without disturbing the pellet. The
remainder of the pellet was gently resuspended in the same isotonic
solution by hand homogenization in a glass/glass Ten Broek hamoge-
nizer (Wheaton Scientific Co. Ltd., Millville, NJ). The suspension was
centrifuged at 10,000 g for 30 min. After the supernatant was dis-
carded, the brown fluffy layer was dislodged by a gentle swirling as
above. After the pellet was gently resuspended by hand homogeniza-
tion, the suspension was centrifuged at 7,000 g for 30 min. After re-
moving the fluffy layer, the pellet was resuspended in the isotonic solu-
tion. The discontinuous gradient was made by overlaying 3 ml of this
suspension on 7 ml of 1.6 M sucrose solution in the centrifugation tube
and centrifuged at 80,000 g for 60 min. The whitish-pink pellet (chro-
maffin granules) was resuspended in the isotonic solution and stored at
4°C. In this study, we used chromaffin granules within 48 h after their
preparation.

Preparation of G-actin

G-actin from rabbit back and leg white muscle was prepared and puri-
fied by standard methods (28-30) with slight modifications. No col-
umn chromatography step was made. In the final step of purification,
F-actin was dialyzed for 72 h against 0.1 mM Mg adenosine triphos-
phate (ATP) and 2 mM tris(hydroxymethyl)-aminomethane-HCl at
pH 8.0.

Preparation of gelsolin

Gelsolin from calf plasma was prepared and purified by the method
described elsewhere and stored in liquid nitrogen. In this light-scatter-
ing study, the gelsolin preparation used was from the same lot as in
Funatsu et al. (31), where it was shown that the axial rigor stiffness of a
chemically skinned muscle fiber, for example, decreased by 50% of the
original size within 10 min after the fiber was bathed in Ca rigor solu-
tion containing 0.5 mg/mi gelsolin. The molecular weight of gelsolin
was assumed to be 93 kD (32).
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Polymerization of actin

Unless otherwise stated, solutions of 1 mg/ml G-actin (0.5 mg/
ml chromaffin granules) in 300 mM sucrose, 10 mM 3-
( N-morpholino ) propanesulfonic acid (MOPS), pH 7.0, 0.1 mM
MgATP, 0.1 mM PMSF, and no (pCa > 7) or 10 uM free Ca2* ions
(pCa = 5) were prepared in light-scattering cells. The pCa values were
determined by a multiequilibrium formulation, where the ethylenegly-
col-bis(B-aminoethyl ether)- N, N'-tetraacetic acid-calcium binding
constant in our condition was assumed to be 10*3, Polymerization was
initiated at 10°C by adding 2 mM MgSO, (final), where a small mag-
netic bar in the cell was used for quick mixing. Dilution by 2% of actin
and chromaffin granules on addition of MgSO, was ignored.

DLS measurements

General background information about the DLS method is found in
standard textbooks (33, 34). An (8 by N)-bit digital correlator
(K7032CE; Malvern Instruments, Malvern, UK ) was used to measure
the intensity autocorrelation function of the scattered light. A 488-nm
beam from an Ar* ion laser (model 95; Lexel Corp., Palo Alto, CA)
was used as a light source. Details of our spectrometer were described
elsewhere (35). The temperature of the scattering cell was controlled at
10 £ 0.05°C. The intensity autocorrelation function G(¢) is related to
the normalized field correlation function g'(¢) of the scattered light by

G*(1) = B{Blg"()* + 1}, (1)

where t = mT (m =1, 2,..., 128; T, the sampling time), B is the
baseline level (B'/2 is proportional to the static scattering intensity (I},
and § is a constant (see Appendix A). For a monodisperse suspension
of small particles, we have a simple form of g'(1) = exp(—DK?%),
where D is the translational diffusion coefficient of the particle and K is
the length of the scattering vector, which equals (47 /) sin (8/2) (A,
the wavelength of light in the medium; 8, the scattering angle). The
actual form of g'(¢) of our system is a sum of exponential decays
because of a length-distribution of F-actin and presence of granules.
Then, the following expansion method is used to obtain a measure of
the average decay rate;

g'(1) = [1 + (12/2)1% — (n3/6)] exp(—T1),  (2)

where T is the average value and g; is the ith moment around T of the
decay rate distribution of g'(¢). The size of B in Eq. 1 is known from
data in the monitor channels of the correlator, and four unknowns in
Egs. 1 and 2,i.e., 8, T, u,, and g;, can be determined by a least-squares
fit. The quantity T’/ K? has the same dimension as that of D (cm?/s)
and is called an apparent diffusion coefficient, D,,,. If a simple model
is assumed, then D,,, for a mixture of granules and filaments is given by
the weighted average of D,,,(*)’s with respect to the static scattering
intensities I(*)’s;

Dy = [Dapp(SY(S) + Do (8)1(8)1/{1, (3)

where (I) = I(f) + I(g) and * = fand g stand for filament and
granule, respectively. For granules in a cage model, D,,,(g) will be
substantially smaller than that for free granules. For more details, see
Appendix B.

Throughout this article, we express D,p, in units of 10~ cm?/s and
K?in units of 10*°cm™2; i.e., D,,, = 3 and K% = 6, e.g., mean 3 X 10~°
cm?/s and 6 X 10' cm™?, respectively. We also express {/) in an
arbitrary but same scale throughout.

Viscosity measurements

The specific viscosity 5,, was measured by use of a falling ball viscom-
eter with falling time of 2.2, s (an average of 10 measurements) for
buffer.
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FIGURE 2 Changes in D, and (I after initiation of polymerization
of G-actin alone. Data were collected at the scattering angle of 90°.

RESULTS

Actin polymerization

Polymerization of actin alone was first studied. Fig. 2
shows the time courses of the changes in D,,, and (') at
the scattering angle of 90° or K2 = 5.86. In the intensity
scale in Fig. 2, (I = (I') for suspension of G-actin at
the present concentration was less than unity. Also D,,,
of G-actin at this condition was ~600. Since polymeriza-
tion was induced with Mg?* ions, the nucleation process
was so fast that we could not observe the very initial stage
(i.e., nucleation and early elongation stages) of actin
polymerization. Namely, (I’) was so high and D,,, was
so low compared with those of G-actin even at the first
observed point. Then, it is suggested that () the nuclea-
tion and elongation processes finished within the first
few minutes and (b) the gradual increase in (I) and
decrease in D,,, with time in Fig. 2 were mainly due to
size redistribution and partly due to further elongation of
filaments.

The above suspension was left standing for >10 h at
4°C, and then the D, vs. K? relationship was measured
(Fig. 3). This D, vs. K? relationship is quite compatible
with the previous results on F-actin with the number-
average length of 600-800 nm for actin preparation
without a column chromatography step (36). The D,,,
vs. K? relationship for granules alone is also shown in
Fig. 3 for a comparison. The slight wiggling behavior of
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FIGURE3 The D,,,vs. K 2 relationships. (O) F-actin alone; the sample
in Fig. 1 was left standing at 4°C for > 10 h and then examined at 10°C.
(O) Chromaffin granules alone (for comparison).

D,,, against K? for granules has been analyzed quantita-
tively elsewhere (37).

Actin polymerization in the presence
of chromaffin granules

Polymerization of actin in the presence of chromaffin
granules was studied. Fig. 4 shows the first 20-min por-
tions of the time courses of changes in D,,, and (/) at
the scattering angle of 90°. (Although not measured in
this study, D,,,, might start from 5, the value for granules
alone in Fig. 3, and (I’) from I(g) because of a very weak
contribution to (/) from G-actin at time 0.) As is ex-
pected, no appreciable effect of free Ca* ions was ob-
served on these time courses. As for a very slight increase
in {(I') with time, there are at least two possibilities: one is
that a large and steady contribution to {I) (=I(f) +
I(g)) from I(g) of granules smeared a change in I(f)
due to elongation of filaments with time and another
may be that the granules (a-actinin molecules on the
surface of a granule) facilitated nucleation for polymer-
ization of actin as observed by electron microscopy (6),
so that the elongation finished very soon after initiation
of polymerization. For the present system of a mixture of
actin filaments and chromaffin granules, the D,,, value

will be given by Eq. 3. Then, from Figs. 2 and 4, it is
observed that () the size redistribution with time of fila-
ments more drastically decreased the D, value in Fig. 4
than in Fig. 2, leading to a prediction that chromaffin
granules were confined in cages formed by actin fila-
ments, and (b) the D,,, value in Fig. 4 rapidly became
smaller than 5 for granules alone, leading to another pre-
diction that the motion of granules in cages was strongly
restricted. By the method described in Appendix B, the
size of D,,,(g) can be estimated as shown by squares in
Fig. 4. (The change in D,,,(g) with time is virtually the
same as that in D of PLS previously observed (26).)
The above suspensions were left standing for 24 h at

4°C, and then the D,,, vs. K? relationships were mea-
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FIGURE4 Changesin D,,,(®)and {I')(O)afterinitiation of polymer-
ization of G-actin in the presence of chromaffin granules. (4) pCa > 7
and (B) pCa = 5. Data were collected at the scattering angle of 90°. (O)
The estimated size of D,,,(g) at 90° (see Appendix B).
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sured (Fig. 5). The absolute size and K2 dependence of
D,,, were essentially the same, both in the presence and
absence of 10 uM free Ca** ions. Since D,,,(g) would
behave virtually flat against K2 also for granules con-
fined in cages, the K* dependence of D, in Fig. 5 came
solely from the K?-dependence of I(f)/I(g) in Eq. 3 and
K? dependence of D,,,( /) (something like D, for F-ac-
tin alone in Fig. 3). Smaller values of D,,, than 5 suggest
that in the equilibrium state after size redistribution, a
network was formed by entanglement of actin filaments,
and chromaffin granules were confined in the cages. By
the method described in Appendix B, the D,,(g) vs. K?
relationship also can be obtained as shown by squares in
Fig. S.

Effect of gelsolin on actin network
preformed in the presence of
chromaffin granules

Polymerization of actin in the presence of granules was
first carried out, and the F-actin/granule suspensions
were incubated for 24 h at 4°C. Then, 0.19 mg/ml gelso-
lin (final) was added to the above suspensions under a
mild stirring in the light-scattering cell (the molar ratio
of actin monomers to gelsolin of 10). The consecutive
measurement of the DLS spectrum at the scattering an-
gle of 90° was made immediately after mild stirring for
30 s. At pCa > 7 (Fig. 6 4), no appreciable change in
D,,, took place. In the (I versus time relationship, a
small increase followed by a small decrease was ob-
served. This change in (/) may or may not be impor-
tant, but we ignore it in what follows. ( The initial large

5 T
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FIGURE 5 The D, vs. K? relationships. (O) pCa > 7; (®) pCa = 5.
The samples in Fig. 4 were left standing at 4°C for 24 h and then
examined at 10°C. (O) The estimated size of D,,,(g) (see Appendix
B).
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FIGURE 6 Changes in D,,, (®) and (I (O) after addition of gelsolin
to a mixture of F-actin and chromaffin granules. (4) pCa > 7 and (B)
pCa = 5. After the addition of 0.19 mg/ml gelsolin (final) to samples
similar to those in Fig. 5, data were collected at the scattering angle of
90° (but, those at time 0 were taken from Fig. 5). Large dropsin {(I)’s
in A and B just after the addition of gelsolin were due to dilution of
F-actin and chromaffin granules; the final concentration of chromaffin
granules was 0.40, mg/ml and that of F-actin was 0.81 mg/ml (the
molar ratio of actin monomers to gelsolin of 10). (O) The estimated
size of D,,,(g) at 90° (see Appendix C).

drop in {(I’) was due to dilution of actin filaments and
chromaffin granules on addition of gelsolin; see Fig. 6.)
At pCa = 5 (Fig. 6 B), on the other hand, a rapid and
large increase in D,;, took place in a first few minutes,
which was then followed by a gradual increase. At this
pCa, however, (I’ slightly decreased with time. The sev-
ering function of gelsolin in the presence of 10 uM free
Ca?* jons is responsible for the large increase in D,,,,
because for this mixture, a value of D, larger than §
(the size for granules alone) could result only when a
substantial number of granules became free due to disap-
pearance of cages formed by actin filaments. Severing of
long filaments results in larger D,,,(f) and D,,,(g) in
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Eq. 3. By the method described in Appendix C, the sizes
of D,,,(f) and D,,,(g) can be estimated, and D,,,(g) is
shown by squares in Fig. 6 B.

It is well known that the length distribution of in vitro
reconstituted F-actin is of an exponential type at the equi-
librium state (38). It is not clear whether or not the
length distribution is also exponential for F-actin poly-
merized in the presence of granules. In any case, at a
time when each of longer filaments in the distribution is
severed into two (to three) pieces, the cages formed by
entanglement of long filaments virtually disappear. How-
ever, in the time range in Fig. 6, filaments are, on the
average, still long enough for them to contribute to D,
of the mixture, because D, is larger than 5 (the size of
granules alone). As time goes on, free gelsolin mole-
cules, if they still exist, further sever filaments into short
pieces and remain bound to the barbed ends of these
fragments. It is then expected that (a) actin monomers
dissociate from the pointed ends of these fragments; (5)
actin monomers thus produced can bind to the barbed
ends of uncapped fragments and/ or form nuclei for poly-
merization; and (¢) as a result of these processes, the size
redistribution will proceed to some extent with a very
low rate.

The above suspensions were left standing for 24 h at
4°C, and then the D,,, vs. K? relationships were mea-
sured (Fig. 7). At pCa > 7, the absolute values and K>
dependence of D, are quite the same as those in Fig. 5,
suggesting no effect of gelsolin on actin filaments at all.
At pCa = 5, on the other hand, the D,, vs. K 2 relation-
ship at the equilibrium state is distinctly different from
that at pCa > 7 and those in Fig. 5. The fact that D,
values at low K?’s are smaller than 5 suggests either most
granules undergo a little restricted Brownian motion or
some fractions of them are still confined in cages. In any
case, motional freedom of granules is concluded to sub-
stantially increase as a result of severing action of gelso-
lin in the presence of free Ca2* ions.

Additional measurements

After the analysis described in Appendixes B and C had
been completed, we were aware of the following points.
At the molar ratio of actin monomers to gelsolin of 10,
G-actin is expected to polymerize into short F-actin with
a length of, say, 50 nm on the average. If the preformed
F-actin were severed into fragments with this length,
then I(f) would be so small that (I would be close to
I(g). But this was not the case, because I(f):1(g) de-
creased from 1:5 to 1:7 (Fig. 6 B) and D,,,’s at K> > 2.5
were larger than 5 (Fig. 6 B and filled circles in Fig. 7).
Although the analysis in Appendix C may not be very
accurate, it indeed suggested that the preformed F-actin
was severed into two to three pieces on the average.
Then, we examined this difference by measuring the spe-
cific viscosity, 7,,, as a quick and intuitive reference. In
this viscometry was used a gelsolin preparation different

1
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FIGURE 7 The D, vs. K relationships. (O) pCa > 7; (®) pCa = 5.
The samples in Fig. 6 were left standing at 4°C for 24 h and then
examined at 10°C.

from that used in the above DLS, because almost 3 yr
had passed between these two measurements.

Fig. 8 shows some of the 7, versus time relationships.
Irrespective of the presence ( filled symbols) and absence
(open symbols) of chromaffin granules, it is clearly seen
that (a) a viscosity increase in the polymerization phase
of G-actin was smaller in the presence of gelsolin (trian-
gles) than in its absence (circles), (b) a large viscosity
drop was observed just after the addition of gelsolin to
the preformed network of F-actin (circles in the depoly-
merization phase), and (¢) the falling-off level of viscos-
ity at pCa = 5 in the depolymerization phase (circles)
was twice or more larger than the final level of viscosity
in the polymerization phase of G-actin in the presence of
gelsolin (triangles). The observations very similar to the
above ones (without chromaffin granules) have been re-
ported for solvent components of 2 mM MgCl, and 100
mM KCl instead of 2 mM MgSO, in our case (39). The
first two observations proved a high activity of gelsolin.
The third observation suggested again that the average
length of F-actin severed by gelsolin was substantially
longer than the average length of F-actin polymerized in
the presence of gelsolin.

Other observations to be noted in Fig. 8 are as follows.
One is that the initial values of 0.60 (fop arrow) and 0.43
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FIGURE 8 The n,, versus time relationships. (4) Polymerization phase in the absence (circles) and presence (triangles) of gelsolin: (O) 0.5 mg/ml
G-actin, (®) 0.5 mg/ml G-actin and 0.5 mg/ml chromaffin granules, (A) 0.5 mg/ml G-actin and 0.1 mg/ml gelsolin, and () 0.5 mg/ml G-actin,
0.5 mg/ml, chromaffin granules, and 0.1 mg/ml gelsolin were polymerized at 20°C and pCa = 5 in 300 mM sucrose, 10 mM MOPS, pH 7.0, 0.2
mM MgATP, 0.1 mM PMSF, and 2 mM MgSO,. The molar ratio of actin monomers to gelsolin was 11 in A, . The initial 5, values were measured
in the absence of MgSQO,; the top arrow indicates the initial value for @, the middle for A, and the bottom for O, A. (B) Depolymerization phase in
the absence (O) and presence (@) of chromaffin granules at pCa = 5. On addition of 0.09 mg/ml gelsolin ( final) to the above solutions (O, @ in 4),
F-actin and chromaffin granules were diluted to 0.4 mg/ml, and the molar ratio of actin monomers to gelsolin was 10.

(middle arrow) were, respectively, three and two times
larger than the sum of 0.13 (bottom arrow) and 0.08 for
0.5 mg/ml chromaffin granules alone. This observation
probably suggests, even in the absence of 2 mM MgSO,,
formation of very short F-actin due to nucleation facili-
tated by a-actinin on the surface of granules. The other is
that the final value of viscosity was larger in the presence
of chromaffin granules (filled triangle) than in its ab-
sence (open triangle). These two observations may sug-
gest that the situation in our model system was in part
similar to that in Fig. 1 a. This possibility has to be taken
into account in quantitative evaluation of the present
results, because we derived Eq. 4, and hence Egs. 3 and
S, by assuming no direct binding between chromaffin
granules and F-actin as in Fig. 1 ¢. (The absolute size of
viscosity, especially at high viscosity regions, was very
sensitive to experimental conditions. This is a reason
why the viscosity for F-actin alone at an intermediate
time range was higher than that for F-actin/granules in
this particular case.)

As to the third observation, we first considered it to be
due to no addition of KCl to our preparation on actin
polymerization. It was found, however, that irrespective
of the presence and absence of C1-, K*, and/or sucrose,
the falling-off levels of viscosity strongly depended on
the degree of mechanical perturbation ( mixing) on addi-
tion of gelsolin to the preformed network of actin fila-
ments. Under mild mixing of the suspension by sucking
up and down two to three times with a pipette whose tip
had been cut to widen it greatly, was obtained the 7,
versus time relationships as shown in Fig. 8. On the other
hand, under vigorous mixing by sucking up and down

more than five times with the pipette whose tip had not
been cut, the falling-off levels of »,, were almost close to
the final values (triangles) in the polymerization phase.
The falling-off levels of 7, at the molar ratio of actin
monomers to gelsolin of 10 under mild mixing (as in
DLS measurements) were equal to the final values in the
polymerization phase at the molar ratio around 100.
This result was consistent with the DLS result analyzed
in Appendix C. These findings strongly suggested a dif-
ference in capping and severing activities of gelsolin. We
inferred that gelsolin molecules reduced the actin-actin
bond strength at their attached points on F-actin to a
great extent. The actin filaments with such weakened
bonds would be fragmented by thermal agitation if they
were long (fluctuation-induced severing) and also by
mechanical perturbation even if they were short (applied
force-induced severing). In any case, the barbed ends of
fragments were immediately capped by gelsolin, result-
ing in a drop in n,, depending on mixing conditions. It
should be noted that the gelsolin we used indeed severed
F-actin without any mechanical perturbation; I-bands
disappeared when myofibrils were bathed in Ca-rigor so-
lution containing gelsolin (31).

DISCUSSION

The secretory cell accepts an external chemical signal by
receptor molecules on the cell surface. Through inter-
vention of various molecular processes by second mes-
sengers, the free Ca2* ion concentration in the cytosol
finally increases from a submicromolar resting level to a
micromolar activated one (19). The molecular mecha-
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nism of signal transduction in the first stage has been
studied extensively in the past several years (40, 41).
However, few studies have been made for the final stage
to exocytosis (42 ). Based on the present results and sev-
eral pieces of evidence in the literature, we propose a
molecular model of this final step.

Electron microscopic observations for macrophages
and platelets showed that a large amount of gelsolin mol-
ecules resides in 80-100-nm cortical zones and on the
cellmembrane (21, 22). A large amount of gelsolin mole-
cules must also exist in diffusible and/or bound states
everywhere in cytoplasm of many mammalian cells.
Electron microscopic observations by use of a quick-
freeze method showed that highly dense actin filaments
extend from protein molecules on the inner surface of
the plasma membrane. By means of immunoelectron
microscopy, these proteins are identified as gelsolin,
each of which binds to a cluster of phosphatidylinositol
4,5-bisphosphate (PIP,) (22).

In a static state, secretory granules are held in the actin
network at least in three ways (Fig. 1). In the 80-100-nm
peripheral region, which is a three times thinner layer
than the diameter of granules, highly dense actin net-
work prevents secretory granules from directly touching
the cell membrane (6). As a prelude of exocytosis, this
actin network must dissociate or loosen for granules to
contact freely with fusion sites on the membrane (2). As
has been generally assumed and partly confirmed experi-
mentally (e.g., review references 9 and 17), we also as-
sume a series of the following steps: (a) activation of
actin-severing proteins, e.g., gelsolin, by free Ca?* ions
(at a micromolar level) for disassembly of actin network;
(b) free, or slightly restricted, diffusion of a granule to a
fusion site on the membrane; (¢) fusion with cell mem-
brane and release of the content of the granule; and (d)
revesiculation from the fused membrane and reforma-
tion of actin network. We introduce a biophysical model
for rearrangement of the actin network before and after
exocytosis. In our simple model, the movement of gran-
ules at the resting state (pCa > 7) is restricted in cages
formed by actin filaments (situation 1). Before exocyto-
sis, these actin filaments are disassembled by gelsolin at
pCa < 6 (situation 2). After an exocytotic event, the free
Ca?* ion concentration returns to the resting one (pCa >
7). Then, actin filaments are reformed in the peripheral
region (situation 3). Subsequent size redistribution of
filaments results in formation of cages that confine gran-
ules in them (going back to situation 1). This study con-
cerned only situations 1 and 2.

The present results (Figs. 4 and 5) suggested a very
restricted motion of granules in cages formed by actin
filaments. In the present in vitro system, the cages are
temporary, because they are ceaselessly created and an-
nihilated as a result of almost free translation of fila-
ments along their long axis. Thus, granules can travel
over any distance with a very low mobility. As shown in
Fig. 1, however, many filaments in an intact cell are an-

chored on the cell membrane (22), so that the cages
formed by these filaments are permanent in the resting
state. Thus, granules are confined literally in these per-
manent cages. This supports situation 1. As suggested
(Fig. 6 B), gelsolin molecules (+Ca?*) immediately
fragmented actin filaments into short pieces and re-
mained bound to the barbed ends of these actin frag-
ments. The present results (Figs. 6 B and 7) suggested a
substantial increase in motional freedom of granules.
This supports situation 2. Simultaneously, actin fila-
ments may disappear from the special area of a fusion
site. In an intact cell, various actin-severing proteins may
coexist with gelsolin, one of which is scinderin (13 ), and
they will work to speed up the disassembly process of
actin filaments in vivo. We did not study, by the DLS
method, the polymerization process of G-actin in the
presence of gelsolin. However, there are several studies
that suggest formation of short pieces of actin filaments
even in the presence of gelsolin and Ca?* ions (15, 39,
43) (see also triangles in Fig. 8). These support situation
3. A gelsolin molecule bound to the barbed end of an
actin fragment does not dissociate spontaneously even at
pCa > 7 (44). In an intact cell, the cell membrane con-
tains many PIP, molecules that may liberate gelsolin
molecules from fragments of actin filaments (44-46),
resulting in a rapid elongation and size redistribution of
actin filaments by “annealing” (36) or a rapid reforma-
tion of cages that confine granules (going back to situa-
tion 1). In addition to PIP,, various molecules not con-
sidered here (and not identified yet) would work to
speed up the reassembly process of actin filaments in
vivo.

In addition, in situation 2, some fusion proteins and
phospholipases might be activated by free Ca?* ions, and
they might be involved in the process of membrane fu-
sion. But, so far there is no evidence that the aid of these
proteins is indispensable for membrane fusion. Rather, a
change in the physical state of a granule membrane
seems to be important for initiation of membrane fu-
sion. The elasticity of the granule membrane has been
found to decrease sharply and greatly at around pCa = 6
(23, 24). The flexibility of the granule membrane is nec-
essary for the granule to touch the cell membrane with
some size of area (and not a point contact).

To mimic a cytosolic situation as closely as possible,
high concentrations of actin and granules were adopted
at the expense of quality of DLS measurements to some
extent. Although multiple scattering may be serious at
low angles, we did not examine it quantitatively and as-
sumed it to be negligible at the angle of 90° (Figs. 2, 4,
and 6). Although G?(t) decayed smoothly, the third-
order expansion, Eq. 2, gave very large Q values (see Fig.
10). In addition to these, the length distribution of in
vitro reconstituted F-actin is very broad. Due to these
facts, quite a quantitative analysis of DLS results is not
possible. In the Appendixes below, some semiquantita-
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FIGURE 9 The 8 vs. K? relationships. The labels (3, 5, and 7) corre-
spond to the figure numbers and the symbols to those therein.

o

tive analyses are made to complement the statements in
the text.

APPENDIX A
Correlation function amplitude

The correlation function amplitude, 8 in Eq. 1, is a measure of how
freely the particle diffuses over a probing distance 1/K. In other words,
if the 8 value becomes small at a given K2, the particle is trapped on the
distance scale of 1/K. In our optical setup, a dilute suspension of freely
diffusing particles gave the 8 value of ~0.65. The 8 vs. K? relationships
(labels 5 and 7 in Fig. 9) suggest that chromaffin granules in the actin
network diffuse almost freely over 1 /K = 110 nm even at the lowest K
(at the scattering angle of 30°) or a cage diameter is larger than 500 nm
(the sum of 1/K and the diameter of the granule). Since, however, the
8 value at the lowest K2 shows a tendency to become small, the average
cage diameter may not be so much larger than 500 nm.

APPENDIX B
Apparent diffusion coefficient

The apparent diffusion coefficient, D,,, = I'/K?, is a measure of how
quickly a particle undergoes the Brownian motion. Qualitatively
speaking, the larger the D,,, value is, the larger the mobility is. The
decrease in D,,, with time for actin alone (Fig. 2) is due to elongation/
size redistribution of F-actin (36). For long and semiflexible filaments
such as F-actin, however, D, increases with K 2 (Fig. 3). Thisis due to
the increasing contribution from rotational and segmental (bending)
motions of filaments (47). A little wiggling behavior of the D, vs. K*
relationship for chromaffin granules alone (Fig. 3) is due to another
reason detailed elsewhere (37) and can be ignored in the present exami-
nation. Then, the interpretation of a large K dependence of D,,,, in
Figs. 5 and 7 is a little complicated.

Although the specific viscosity (see arrows and triangles in Fig. 8)
was indeed affected by the presence of granules, DLS results studied so
far did not give clear evidence of direct binding between filaments and

granules: if there were many filaments extending from a-actinin mole-
cules on the granule membrane as in Fig. 1 g, then the scattering inten-
sity (1) of the mixture of granules and filaments would be substantially
higher than the simple sum of the intensities for filaments alone, /(f),
and granules alone, I(g), at the same concentrations as components of
the mixture. However, a relation {I) = I(f) + I(g) was valid within
experimental errors. Furthermore, if the direct binding were apprecia-
ble, the 8 values would be substantially smaller than that for freely
diffusing particles. This was not the case (see Appendix A). These lead
to a conclusion of no appreciable direct binding between filaments and
granules. (A possible effect of granules on the specific viscosity was
observed only before the addition of 2 mM MgSO, and/or during the
polymerization phase in the presence of gelsolin, i.e., when viscosity
was low. If measurements were made for such situations, then presence
of granules might also affect the DLS spectra. In the present experimen-
tal conditions, a contribution to DLS spectra from minor filaments
extending from granules would be masked by a contribution from ma-
jor filaments free from binding.) If we assume no direct-binding, then
we have (cf. Eq. 2)

(&' (1) = Z I + (ua(#)/2)82 = (u3(%)/6)2°]
Xexp[_Dapp(*)Kth (4)

where X stands for the sum over * = fand g and notations are the same
as those in the text. The first time derivative of Eq. 4 at ¢ = 0 gives the
average decay rate T of g' (¢) for the mixture, which can be written asin
Eq. 3 in the text.

For D,,,(f) = Dy, and I(f) = (I) in Fig. 2 and D,,, and I(g) +
I(f)={I)inFig. 4, Eq. 3 gives the D,,,(g) versus time relationships at
90° as shown by squares in Fig. 4. A rapid decrease of D, ,,(g) suggestsa
rapid formation of cages by entanglement of long filaments. The same
analysis is possible for data in Fig. 5. At the scattering angle of 90°,
I(f) = 26 is obtained from (/) in Fig. 2 and I(f) + I(g) = 155 from
{I)in Fig. 4 (or I(g) = 129). These observed values give I(f)/I(g) =
0.20, which may be slightly smaller than that at the equilibrium state.
At the same angle, we have D, (f) = 11.4 from Fig. 3 and D,,, = 3.1
from Fig. 5. Then, Eq. 3 gives D,,,(g) = 1.4 at 90°, which is a little
smaller than 1.6-1.7 at time 20 min in Fig. 4. For D,,,(f) from Fig. 3,
D,,, from Fig. 5, I(g) from Fig. 6 in reference 37, and I(f) from a
separate measurement (and scaled as I(f)/I(g) = 0.20 at 90°), Eq. 3
gives the D, (g) vs. K? relationship as shown by squares in Fig. 5.
(This analysis is valid also for open circles in Fig. 7.) The sizes of
D,,,(g) = 1.2-1.5 over the present range of K* support our interpreta-
tion in the text that the granules are confined in cages formed by fila-
ments.

As for D, ( /') in a mixture of granules and filaments, D, of F-actin
alone with empty cages was assumed. This assumption may or may not
be true. Since, however, occupation of cages by granules may reduce
only the D,,,( /) value to some extent, leaving /(') almost unchanged,
the above analysis is still valid semiquantitatively in such a situation.
Under such conditions as that, the scattering intensity from PLS was
very much higher than that from F-actin; DLS measurements for PLS
with diameters 350-400 nm in F-actin solutions gave D/D, = 0.2-0.3
at 1 mg/ml actin, where D, denotes the D value at 0 actin (26). Then,
we have D = 1.0-1.5 for D, = 5 (the free value for chromaffin gran-
ules). An agreement of this D with the above estimated D,,,(g) sup-
ports the present analysis by use of Eq. 3. Unfortunately, the same
analysis as above cannot be applied to the results in Fig. 6 B, because we
did not study, by the DLS method, the effect of gelsolin on F-actin
network preformed in the absence of chromaffin granules. Therefore,
an alternative analysis is given below.

APPENDIX C

Polydispersity parameter

From the quantities T' and g, ir_1 Eq. 2, the so-called polydispersity
parameter is defined as Q = (u,/ T ). This Q is a measure of the width
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FIGURE 10 The Q versus time relationships. The labels (2, 44, 64, and
6B) correspond to the figure numbers, and the thick line segment at the
end of each set of data shows the equilibrium Q value.

in the decay rate distribution of g'(¢) around T. Fig. 10 depicts Q
versus time relationships. The Q value for actin alone (label 2) was
~0.9 at the plateau. This large Q value is due to very slowly decaying
components coming from slow movements of entangled actin fila-
ments. The Q versus time relationship for the mixture of actin and
granules at pCa = 5 (data not shown ) was almost the same as that with
label 44 at pCa > 7. The Q value (label 44) reached 1.3-1.4; this very
large Q value is due to a large separation between D,,,.( /) and D, (g)
as well as the large Q value of F-actin alone. On addition of gelsolin, this
very large Q value quickly decreased to 0.6-0.7 at pCa = 5 (label 6B),
whereas it stayed constant at pCa > 7 (label 64); the small Q value at
pCa = 5 is mostly due to disappearance of slow movements of entan-
gled filaments as a result of the severing effect of gelsolin.
The second time derivative of Eq. 4 at ¢ = 0 gives

Q = [Dypp(f) = Dagp( )V I(NI(8)/[{I) Do) + €, (5)

where C = [Q(f)I(f) Dup(f)? + Q(8)1(8) D,(8)*1/[{I) D2,p] and
use was made of Eq. 3. The first term on the righthand side of Eq. 5
gives the contribution to Q of the mixture from the separation between
D,,(f) and D,,(g) and the second term, C, from Q(f) and Q(g) of
the constituent components. There are four unknowns in Eq. 5, i.e.,
D,»(*) and Q(#) for » = fand g in the mixture. Because we like to
know approximate sizes of D,,,(f) and D,,,(g), we tentatively put
Q(f) = Q(g) = 0 or C = 0. Then, for given values of Q, D,,, and
I1(f):1(g) = ({I) — I(g)):1(g), Egs. 3 and 5 (with C = 0) can give
estimates of D, ,(f) and D,,,(g).

For I(f) =26 and I(g) = 129 (or I(f):I(g) = 1:5) at 90° and time
20 min (see Appendix B) and D,,, = 3.5 at time 20 min in Fig. 4 and
Q = 1.4 in Fig. 10 (label 44), Eqgs. 3 and 5 give D,,,(f) = 12,3 and
D,;,(g) = 1.65, which should be compared with the observed value of
D,,,(f) = 13.5in Fig. 2 and the estimated value of D, ,(g) = 1.6-1.7 in

Fig. 4. This nice agreement, if not accidental, suggested applicability of
Eq. 5 with C = 0 to other cases. Then, g'(¢)’s were numerically gener-
ated for various combinations of I(#), D,5(#), u2(#), and u,(*) for
« = fand gin Eq. 4, and they were analyzed by the same program as
that in the analysis of experimental G2(¢)’s. From this simulation, it
turned out that the analysis by use of Eqs. 3 and 5 (with C = 0) recov-
ered D, (f) and D,,,(g) with 80% or better accuracy.

In the analysis of data in Fig. 6 B by this method, we must assume
I(g) = 129 X (4/5) = 103 due to dilution of chromaffin granules.
Then, (I) = 118 at time 40 min gives I(f) = 15 or I(f):1(g) = 1.7.
Then, for D,,, = 6.5 at time 40 min in Fig. 6 Band Q = 0.7 in Fig. 10
(label 6B), Eqs. 3and 5 give D,,,( /) = 20.3and D,,,(g) = 4.4. Some of
estimated D,,,(g) values are shown by squares in Fig. 6 B. Although
this analysis may not be very accurate as compared with that in Appen-
dix B, these estimated values for D,,,(/) and D,,,(g) are very sugges-
tive. Namely, the estimated value of D,,(f) = 21 at time 40 min in
Fig. 6 B is only two times larger than D, (/) = 11.4 at 90° (or K* =
5.86) in Fig. 3. This suggests that longer filaments in the exponential
length distribution were severed into two (to three) pieces on the
average.
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