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Abstract. We have developed a reconstituted gel-sol
and contractile model system that mimics the structure
and dynamics found at the ectoplasm/endoplasm inter-
-face in the tails of many amoeboid cells. We tested
the role of gel-sol transformations of the actin-based
cytoskeleton in the regulation of contraction and in the
generation of endoplasm from ectoplasm. In a model
system with fully phosphorylated myosin II, we
demonstrated that either decreasing the actin filament
length distribution or decreasing the extent of actin
filament cross-linking initiated both a weakening of the
gel strength and contraction. However, streaming of
the solated gel components occurred only under condi-
tions where the length distribution of actin was de-
creased, causing a self-destruct process of continued
solation and contraction of the gel. These results offer
significant support that gel strength plays an important
role in the regulation of actin/myosin II-based contrac-

tions of the tail cortex in many amoeboid cells as
defined by the solation-contraction coupling hypothesis
(Taylor, D. L., and M. Fechheimer. 1982. Phil. Trans.
Soc. Lond. B. 299:185-197). The competing processes
of solation and contraction of the gel would appear to
be mutually exclusive. However, it is the temporal-
spatial balance of the rate and extent of two stages of
solation, coupled to contraction, that can explain the
conversion of gelled ectoplasm in the tail to a solated
endoplasm within the same small volume, generation
of a force for the retraction of tails, maintenance of
cell polarity, and creation of a positive hydrostatic
pressure to push against the newly formed endoplasm.
The mechanism of solation-contraction of cortical
cytoplasm may be a general component of the normal
movement of a variety of amoeboid cells and may also
be a component of other contractile events such as
cytokinesis.

is seen in the integration of pseudopod formation,

cytoplasmic streaming, and tail retraction exhibited
by free-living amoebae, peripheral monocytes, and cellular
slime molds (for review see Taylor and Condeelis, 1979).
The cytoplasm cycles from a less gelled state (endoplasm),
streaming forward from the tail to the tips of extending pseu-
dopods at rates up to 40 um/s in some cells, to a more gelled
state (ectoplasm) as the endoplasm transforms to ectoplasm
at the tips of extending pseudopods. The ectoplasm trans-
ports toward the rear of the cell where a combination of sola-
tion and contraction in a zone of elevated free Ca** (see
Taylor et al., 1980a,b; Brundage et al., 1991; Hahn et al.,
1993; Gough and Taylor, 1993) transforms the ectoplasm
back into endoplasm. The mechanism of amoeboid move-
ment can be described as involving the integration of at least
three processes that involve ectoplasm and endoplasm con-
versions: (a) the extension of pseudopods; () the transport
of cytoskeletal components into pseudopods; and (c) the
retraction of the tails.

ONE of the most dramatic examples of cell movement
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Extension of pseudopods is believed to involve one or
more of a variety of forces including actin assembly (Aber-
crombie, 1980; Tilney and Inoue, 1985; Wang, 1985; Fisher
etal., 1988; DeBiasio et al., 1988; Smith, 1988; Theriot and
Mitchison, 1991), gel expansion (Oster and Perelson, 1987,
Stossel, 1990; Condeelis, 1992), osmotic pressure (Oster
and Perelson, 1987), positive hydrostatic pressure (Pantin,
1923; Grebecki, 1982; Komnick et al., 1973; Taylor et al.,
1980a,b; Wang et al., 1982), and frontal contraction of en-
doplasm (Allen, 1973). Recently, the forces involved in
pseudopod extension have been the focus of a great deal of
attention due to the discovery that amoeboid cells continue
to locomote, albeit in an abnormal way, even after the dele-
tion or inhibition of expression of myosin II heavy chains
{(DeLozanne and Spudich, 1987; Knecht and Loomis, 1987;
Wessels et al., 1988) or the microinjection of anti-myosin II
antibodies (Honer et al., 1988). Normal translocation of
cells must also involve the transport of cytoplasm (en-
doplasm) into pseudopods and the retraction of the tails.
These latter two processes have been described as based on
either positive hydrostatic pressure caused by a tail contrac-
tion (Pantin, 1923; Taylor et al., 1980 a,b; Taylor and Fech-
heimer, 1982) or by a frontal contraction of endoplasm that
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transmits the tension posteriorly and causes the passive
retraction of the tail (Allen, 1973).

The solation-contraction coupling hypothesis suggests a
mechanism for the conversion of ectoplasm to endoplasm
and the generation of a force that could both retract the tail
and apply a positive hydrostatic pressure that could help de-
liver subunits of the gel structure forward to the extending
pseudopods (Taylor et al., 1980 a,b; Taylor and Fechheimer,
1982; Conrad et al., 1993). Operational definitions of the
classical colloidal chemical terms gel and sol (Taylor and
Condeelis, 1979) are required to understand the functional
implications of the solation-contraction coupling hypothesis
in terms of actin, actin-binding proteins, and molecular mo-
tors. Gel: An “infinite” network of cross-linked actin fila-
ments that can resist contraction by myosin motors due to the
counterforces of the gel including elastic and osmotic forces.
The Gel Point is a sharp transition when the actin filaments
are just cross-linked into an infinite network. Sol: A fluid
consisting of the subunits of actin, actin-binding proteins,
and myosin motors which may include a partially cross-
linked network that is below the gel point based on Flory the-
ory (see Flory, 1941; Stossel, 1982).

Flory theory states that the actin gel can be transformed
into a sol by either decreasing the number of cross-links
(e.g., actin-cross-linking proteins) and/or by decreasing the
length distribution of the polymer (e.g., gelsolin severing of
actin filaments) in the presence of a fixed number of cross-
links. The process of “Solation” can involve two separate
stages: (a) When the gel is initially cross-linked more exten-
sively than the minimum gel point, restricting the length dis-
tribution of some actin filaments and/or inhibiting the cross-
linking of some of the cross-links could decrease the gel
strength, while still maintaining the infinite network. This
may be termed “partial solation” and could be a gradual pro-
cess, depending on the initial gel strength. (b) Continued so-
lation would ultimately bring the gel structure below the gel
point and the whole system would become a sol. This “com-
plete solation” is a sharp transition.

Therefore, a continuum of gel structure can be generated
from a maximally gelled state to a fluid sol by regulating
the activity of actin cross-linking proteins (e.g., filamin,
o~actinin) as well as proteins that regulate the length distri-
bution of actin filaments (e.g., gelsolin). When the strength
of the gel is equal to or greater than the forces applied by
the myosin motors, only an isometric contraction can occur,
no filaments are transported and no work is performed (Fig.
1 A). When solation activity decreases the strength of the
gel, while maintaining the infinite network (partial solation),
the counterforces of the gel can be decreased to the point
where the force of the myosin motors can cause an isotonic
contraction, resulting in transport of filaments and the per-
formance of work (Fig. 1 B). It is important to note that myo-
sin motors are also cross-linkers and the infinite network can
be transformed from a predominantly static, cross-linked gel
(e.g., filamin) to a predominantly active, cross-linked gel
(myosin motors). When the structure of the gel is reduced
below the gel point (complete solation), myosin motor force
cannot be transmitted through the network and no contrac-
tions can occur (Fig. 1 C). By balancing the site, rate, ex-
tent, and molecular basis of solation, contraction of a con-
tinuously weakening gel can culminate in the complete
destruction of the contracting network. This sequence of
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Figure 1. Diagrams depicting the structure of actin-based gels. Rods
represent actin filaments, solid bars represent actin-binding pro-
teins that cross-link actin such as filamin, while the tilted ellipses
represent myosin motors. Only solation by shortening actin fila-
ment lengths is shown for simplicity and to emphasize the self-
destruct nature of this solation process. (4) Actin-based gel with
the maximal gel strength. The myosin motor is exerting isometric
tension on the gel, but the heavily cross-linked gel resists the con-
tractile force and actin filaments do not move. (B) Activation of pro-
teins that restrict the length of some actin filaments (e.g., gelsolin)
on the left side of the diagram cause the shortening of some of the
actin filaments (small arrows). This first stage of solation (partial
solation) maintains the infinite network, but decreases the gel
strength. The loss of some of the counterforces in the gel permits
the myosin motor to do work on the partially solated gel and a con-
traction is initiated at the site of the first stage of solation. The
forces of the contraction work against the gel of greater strength to
the right side of the diagram and movement of the network is to the
right (large solid arrow). (C) Solation of the gel below the gel point
(complete solation) by restricting the length of many of the actin
filaments would inhibit contraction (small arrows). However,
balancing the rate and extent of solation through stages one and two
with the rate of motor activity can regulate this self-destruct force
generating activity.
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events can create a self-destruct contraction mechanism that
results in the loss of mass from the contracting network. This
concept is the basis of the solation-contraction coupling hy-
pothesis (see Taylor and Fechheimer, 1982), has impli-
cations for the mechanisms of all actin-based motors, and
probably works in concert with the activation of the motors
(Janson et al., 1991; Kolega et al., 1991).

The transformation of the gelled ectoplasm into the so-
lated endoplasm, which is then transported forward out of
the tails of many locomoting amoeboid cells, makes this an
ideal system to model in vitro. To understand the forces in-
volved in amoeboid movement, we have studied the relation-
ship between gel structure and contraction in a reconstituted
system (Janson et al., 1991), a single filament motility assay
(Janson etal., 1992), and in living cells (Kolega et al., 1991).
Solation and contraction of the reconstituted system, after
applying a gradient of cytochalasin D, resulted in both con-
traction and streaming dynamics similar to that observed in
the tails of living cells and in single cell models (Janson et
al., 1991; Taylor et al., 1973; Taylor and Fechheimer, 1982).
Although these previous studies provided strong evidence
suggesting a possible role of gel structure in the regulation
of cell motility, the results relied on comparison of static
samples or non-physiological methods of solation.

We now present results in which a gradient of solation is
produced using two independent methods of solation,
calcium-activated restriction of actin filament lengths by gel-
solin and inhibition of a-actinin cross-linking by calcium.
These methods provide solation by physiological mecha-
nisms free of any possible artifacts from cytochalasin and al-
low the direct comparison of different gel states and contrac-
tion rates in the same sample. This model system mimics the
elevation of free calcium in the tails of locomoting free-
living amoebae (Taylor et al., 1980b), newt eosinophils
(Brundage et al., 1991), and fibroblasts (Hahn et al., 1992;
Gough and Taylor, 1993), allowing the study of the contrac-
tion of ectoplasm, the transition from ectoplasm to en-
doplasm, the streaming of endoplasm, and the retraction of
tails.

Materials and Methods
The Two Model Systems

Two separate model systems were prepared: (/) gelsolin samples containing
actin, the calcium-independent fragment of gelsolin (Fx-45)! for initial ac-
tin filament length control, gelsolin, fully phosphorylated myosin II, and
filamin; (2) -actinin samples containing actin, Fx-45 for initial actin fila-
ment length control, c~actinin, fully phosphorylated myosin II, and filamin.
The use of Fx-45 permitted the regulation of actin filament lengths while
still maintaining the ability to use a calcium-regulated solating agent (either
calcium-regulated gelsolin or calcium-regulated a-actinin) as the major mod-
ifier of gel structure. Initially, gelsolin activity was inhibited or a-actinin
cross-linking was maintained throughout the reconstitution procedure with
0.11-5 mM EGTA (<107!2 M free calcium) (Robertson and Potter, 1984).
Addition of calcium to gelsolin samples activated gelsolin and caused par-
tial solation by restricting the lengths of actin filaments which would ulti-
mately cause a loss of mass in the solating gel. Calcium added to a-actinin
samples inhibited c-actinin activity, causing partial solation by a decrease
in actin filament cross-linking, while maintaining the length distribution of
the actin filaments and the cross-linking by filamin.

1. Abbreviations used in this paper: Fx-45, calcium-independent fragment
of gelsolin; IMLCK, calcium-independent fragment of myosin light chain
kinase.
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Figure 2. Correlation of the tail ectoplasm/endoplasm interface in
amoeboid cells with the reconstituted models in microslides. (A)
The zone of elevated free calcium in the tail ectoplasm exhibits both
solation and contraction of the gelled ectoplasm to form en-
doplasm. The rate and extent of the two stages of solation is op-
timized to allow the forces of contraction to pull the tail forward
toward the low calcium, maximally gelled ectoplasm, while per-
mitting a self-destruction of the contracting ectoplasm to form en-
doplasm. (B) The reconstituted models form a gelled network that
mimics the ectoplasmic tube. Addition of calcium at the proximal
end of the microslide creates a gradient of free calcium, highest at
the proximal end and lowest at the distal end. The low calcium dis-
tal end represents the more anterior ectoplasm in the amoeba and
the high calcium proximal end represents the zone of high calcium
in the tail ectoplasm. The ectoplasm-endoplasm interface is mo-
deled at the proximal end where the calcium induces coupled sola-
tion and contraction. (C) Solation that includes the restriction of
actin filament lengths can release some mass of the contracting gel
as a sol. The contracting network forces the sol out of the gel under
hydrostatic pressure. The direction of this streaming is in the direc-
tion of least resistance in the model, which is away from the con-
tracting gel (see text).
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The reconstituted samples in microsiides were designed to mimic the ec-
toplasm in the rear of locomoting amoeboid cells (Fig. 2 A). The addition
of Ca?* to the proximal end of the model (Fig. 2 B) would initiate both so-
lation of the gel and contraction due to the decreased resistance of the gel
against actin-myosin II force generation. The assays were designed to iden-
tify sites of contraction, the direction of contraction relative to the low
Ca?* gelled region, sites of solation, and streaming activity (Fig. 2 C).

Proteins and Buffers

Column purified actin, gelsolin, Fx-45, myosin Il, filamin, and the calcium-
independent fragment of myosin light chain kinase (IMLCK) were purified,
stored, and assayed as described in Janson et al. (1991) with the following
changes. Immediately before use, column purified actin was clarified by
centrifugation (100,000 g) and dialyzed against actin buffer (10 mM MOPS,
pH 7.2, at 25°C, 10 mM EGTA, 0.2 mM ATP, 0.1 mM DTT, 0005%
Azide). Gelsolin and Fx-45 were dialyzed against gelsolin buffer (10 mM
MOPS, pH 7.2, at 25°C, 100 mM NaHCO;, 001 mM EGTA, 0.2 mM
ATP, 0.1 mM DTT, 0005% Azide). Myosin II was prepared for assays by
suspension in myosin buffer (10 mM MOPS, pH 7.2, at 25°C, 50 mM
NaHCOs;, 1 mM ATP, 1 mM MgCl,, 0.1 mM DTT, 0005% Azide) and
clarification by centrifugation (30 s, 2,200 g). Immediately before use in
the reconstituted system, phosphorylated myosin IT was freshly diluted [1:3]
with myosin dilution buffer (10 mM MOPS, pH 7.2, at 25°C, 50 mM
NaHCOs, 11 mM ATP, 15 mM MgCl,, 0.1 mM DTT, 0005% Azide). Be-
fore use in the reconstitution system, filamin was dialyzed against filamin
buffer (10 mM MOPS, pH 7.2, at 25°C, 200 mM KCH;COO, 0.1 mM
DTT, 0.005% Azide). Calcium regulated D. discoideum a-actinin, purified
by Dr. J. R. Simon according to Simon and Taylor (1986), was dialyzed
against filamin buffer and assayed by falling ball viscometry with inclusion
of either 1 mM CaCl; or 1 mM EGTA in the assay samples. The activity
and contractions of the proteins were determined after final preparation and

showed no significant changes from previously established activities with

the buffer changes reported here (Janson et al., 1991).

The tetrasodium salt of Fluo-3 (Molecular Probes, Inc., Eugene, OR),
a fluorescent calcium indicator, was suspended in filamin contraction buffer
and added with the filamin to the reconstituted system at 10 M final con-
traction. For addition of calcium to the reconstituted system (see below),
3.5 ul (10% of the final volume) of calcium buffer (0.1 mM CaCl,, 10 mM
MOPS, pH 7.2, at 25°C, 120 mM KCH3COQ, 10 mM NaHCOs, 0.5 mM
MgCl;, 1.1 mM ATP, 0.11 mM EGTA, 0.1 mM DTT, 0005% Azide) was
gently added to one end (defined as the proximal end) of the sample using
a Hamilton syringe. Control samples received 3.5 ul control buffer (calcium
buffer with no calcium). Care was taken to not disturb the sample during
application of the calcium or control solutions. The pH of all buffers was
adjusted with ammonium hydroxide so additional ions would not affect final
conditions. All buffers were degassed before use. For a complete review of
preparation and testing of protein components and buffers see Janson (1991).

Preparation of Reconstituted Models

Reconstitution of the contractile system followed the same protocol as de-
scribed in Janson et al. (1991) with changes noted below. Actin was poly-
merized with 100 mM KCH3;COO and 1 mM MgCl;. 10.3 um crimson,
polystyrene latex beads (carboxylated) (Molecular Probes, Inc.) were in-
cluded with the actin (100-fold dilution of stock beads). Inclusion of beads
has previously been shown to have no effect on rates of contraction (Janson
et al., 1991). Fx-45, which severs actin filaments in the absence of calcium,
was added to initially produce actin filaments with an average length of 8-10
um, defined by the technique of Janson et al. (1991), to insure a well-defined
polymeric system. Calcium-regulated gelsolin or a-actinin, filamin, and
freshly phosphorylated myosin II (phosphorylated with IMLCK under
Ca’*-free conditions) were added and gently vortexed. Samples were
gently pipetted into 9 X 5 X 0.5 mm microslides (Vitro Dynamics, Rocka-
way, NJ), quickly placed under the microscope for observation, and main-
tained at 28°C using an air curtain with a temperature feedback circuit for
the duration of the assay.

Gelsolin samples contained molar ratios of actin:gelsolin that would re-
sult in a calculated decrease in the length distribution to ca. 2 pm in the
presence of elevated calcium (see Janson et al., 1991). c-actinin samples
contained molar ratios of actin:a-actinin:filamin that, upon calcium addi-
tion, would reduce the relative cross-linking from ~v1 cross-linking mole-
cule (a-actinin and filamin) per 60 actin monomers to 1 cross-linking mole-
cule (filamin alone) per 300 actin monomers (based on Flory theory,
average filament length, and known a-actinin and filamin-binding
stoichiometries). Thus, calcium would provide a fivefold decrease in gel
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Gelsolin Samples g-actinin Samples
* 1.5 mg/mi actin with Fx-45
(10 um actin filaments)
+ Gelsolin to produce 2 um
actin filaments
» Phosphorylated Myosin Il
{100:1 actin:myosin)
+ Filamin (150:1 actin:filamin)

+ 1.5 mg/ml actin with Fx-45
(10 um actin filaments)
+ Calcium-regulated a-actinin
{166:1 actin:c-actinin)
« Phosphorylated Myosin 1l
(100:1 actin: myosin}
« Filamin (300:1 actin:filamin)

b)

Physlological lon  Cellular Conditions  Reconstiluted System

K+ 130-139 mM 120 mM
Na+ 12-20 mM 122 mM
Cat+ 0.01-5mM 0-10mM
Mg+ 0.1-1mM 0.5 mM
cr 1.5-4mM 3.2mM
HCOy" 12 mM 10.01 mM
pH 7.0-7.4 7.2

Figure 3. Summary of reconstituted system. (a) Protein concentra-
tions and molar ratios (with respect to actin) for gelsolin samples
and a-actinin samples. See Materials and Methods and Janson et
al. (1991) for further details. (b) Final ionic conditions— Cellular
vs Reconstituted System. Mammalian cellular conditions are taken
from a general sample of the literature, summarized in Darnell et
al. (1990).

structure due to cross-linking, although the minimum gel point (Flory,
1941; Hartwig and Stossel, 1979; Stossel, 1982) was maintained by filamin
cross-linking even in the presence of calcium. Final protein concentrations
and molar ratios for each sample system are shown (Fig. 3 a) and agree well
with physiological values (Janson et al., 1991). Final buffer conditions
closely match reported ionic conditions within mammalian nonmuscle cells
(Fig. 3 b).

Measurement of Calcium Rise and Contraction

For each sample, alternate images of Fluo-3 (Fluorescein filter set) and
crimson bead (Texas-red filter set) fluorescence were acquired for 5 min
without calcium at 30-s intervals. After addition of calcium buffer or control
buffer (no calcium), images were acquired for 25 min using the same acqui-
sition sequence and timing. Excitation light was blocked during interval
times throughout acquisition to minimize the irradiance to the specimen.
The samples were monitored using an Axioplan microscope (Carl Zeiss,
Inc., Thornwood, NY) equipped with a 1.25 X Plan Neofluar objective, a
75 W XBO arc lamp, and an intensified C2400 CCD camera (Hamamatsu
Photonics K.K., Hamamatsu City, Japan). Images were captured using a
Macintosh-based, Technical Command Language package (BDS-Image,
Biological Detection Systems, Inc., Pittsburgh, PA) and stored on a digital
optical disk. Average velocities and the trajectories of crimson beads due
to contraction were determined from stored images for equally defined
proximal, middle, and distal areas of samples by manual tracking of move-
ment of beads for each 30-s imaging interval. The movement of 100-300
beads from six Gelsolin samples and 30-70 beads from the three a-actinin
samples were averaged for three periods - Pre-calcium, 0-5' calcium, and
5-10' calcium (see Figs. 4, 5, and 7). Average calcium concentration in iden-
tically defined proximal, middle, and distal areas was determined by mea-
surement of average Fluo-3 fluorescence intensity of each area and direct
comparison to a standard curve, generated using identically prepared sam-
ples with known calcium contractions. Streaming activity was also
identified in the stored image data sets by direct analysis of crimson bead
movement when contracting areas of the sample caused a flow of crimson
beads. Analogous streaming movement is observed in motile amoebae and
has been noted in previous in vitro studies using a gradient of cytochalasin
D to induce solation of the gel (Janson et al., 1991).
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Measurements of Calcium Rise and Solation

Reconstituted samples for determination of gel structure were identical to
contraction samples except that myosin II was unphosphorylated and 0.264
um polystyrene latex beads were included which had been coated with 2%
BSA to inhibit any bead/protein interactions (Hou et al., 1990). Because
myosin was unphosphorylated, no active contractions could occur in the
reconstituted samples. Diffusion of the beads was imaged and recorded on
video tape using Video-enhanced interference contrast microscopy with an
Axiophot microscope, 100X, 1.3 NA, Neofluar objective, 1.4 NA con-
denser, a2 X optivar (Carl Zeiss, Inc.), a C-2400 camera, and an Argus-10
image processor (Hamamatsu Photonics). Movement of seven to thirty
beads in proximal, middle, and distal areas of each sample was determined
for each 30-s period over the 5-min intervals corresponding to times
reported for contraction data. The diffusion coefficient, D, of the 0.264 um
beads was calculated from these measurements, using the random walk
equation D = (dx)2/4t (Hou et al., 1990) (see Figs. 5 and 7).

Electron Microscopy

Samples prepared in an identical manner to contraction samples above,
were processed and imaged by electron microscopy using the method of Ris
(1985) with minor adaptations to better preserve and image network compo-
nents. See Janson (1991) for a detailed description of preparation of samples
for EM.

Results

The use of multi-mode microscopy and a reconstituted sys-
tem capable of calcium-activated, physiological solation al-
lowed the measurement of contraction and streaming (as-
sayed by measuring velocities of crimson beads), calcium
levels (assayed by Fluo-3 fluorescence), and solation of par-
allel samples (assayed by measuring the diffusion of polysty-

rene latex beads). The measurement of these parameters in
three separate areas of progressively solating samples al-
lowed a direct measure of the effect of decreasing gel struc-
ture on the rate of contraction and ability to cause streaming
in a model system that mimics the proteins and dynamics of
many amoeboid cells. The shortening of actin filaments by
gelsolin and decreased cross-linking of actin filaments by in-
hibition of a-actinin cross-linking were used as two indepen-
dent methods of solating the gel. The proximal region of the
model is the site of calcium addition and models the tail ec-
toplasm of locomoting amoeboid cells, less the posterior
membrane (Fig. 2, 4 and B). This is also where the highest
free calcium concentration is found (Taylor et al., 1980 a,b;
Brundage et al., 1991). The middle and distal regions of the
model represent more anterior regions of the ectoplasm
(gelled cell cortex) that are at lower free calcium ion concen-
trations (see Fig. 5).

Gelsolin Samples Exhibit Cytoplasmic Streaming as
well as a Self-Destruct, Solation-Contraction

Preceding calcium addition, the average velocity of crimson
beads in gelsolin samples was ~0 um/s (no contraction) in
the proximal, middle, and distal areas of the sample (Figs.
4 a and 5 a) since gel strength resisted the forces of the myo-
sin motors. Measurement of bead diffusion (D) in the paral-
lel sample indicated a gelated sample in all three areas (Fig.
5 a). Examination of samples without added calcium, by
electron microscopy, also indicated a high degree of network
structure (Fig. 6 a; see also Hartwig and Stossel, 1979, for

Figure 4. Sequence of cal-
cium-induced contraction of a
gelsolin sample. (a) pre Ca**,
crimson bead fluorescence be-
fore addition of calcium. (b) 0
min, calcium (seen as thin,
bright white area) added to
proximal end (left side of pic-
ture) of capillary. (c, d, and ¢)
Progression of calcium gra-
dient (bright white areas) and
crimson bead movement in-
duced by contractionat (c) t =
5 min, (d) ¢t = 10 min, and (e)
t = 15 min. Calcium fluores-
cence image and crimson
bead fluorescence image (ac-
quired separately during ex-
periments) are overlaid in this
figure using NIH Image (Na-
tional Institute of Mental
Health, Research Services
Branch) to show relative posi-

f“‘.‘- ~ g, i N tions of calcium gradient and
~ L N gel sample (beads). (f) Sum-
® - — mary of contraction for 0-15
i - - min. Solid arrows illustrate
ﬂ_ — overall movement of beads
= = showing average speed and
== == = direction during assay time.
== = =" 4 Dashed arrows depict direc-

g tion of streaming.
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representative micrographs). Calcium added at one end of
the microslide chambers activated gelsolin molecules within
the sample and initiated solation (partial solation) in the
proximal area while only minimally solating the middle area
and did not affect the gel structure of the distal area over the
ten minute assay time (see Figs. 4 and 5). During the period
0-5 min immediately after addition of the calcium gradient,
directed crimson bead velocity in the proximal area, reflect-
ing the contraction, increased dramatically (8.19 um/s)
while beads in the middle and distal areas showed only slight
movements (Figs. 4 b and ¢ and 5 b). During the period 5-10
min after application of calcium, the proximal beads main-
tained their velocity, while the velocity of the middle area
beads continued to increase as calcium levels rose and this
region began to solate and contract (Figs. 4 ¢ and d and 5
¢). After 10 min, the proximal area had completely con-
tracted into the middle area while the middle area continued
to contract faster than the distal area (Fig. 5 ¢). The direction
of contraction was always toward the more gelled regions
which functioned as an anchor for the contractile forces,
mimicking the retraction of tails in amoeboid cells. Control
samples with only final reconstitution buffer (no calcium)
added, displayed only very slow, random contractions. The
very slow contractions in the controls were probably due to
the ability of the fully phosphorylated myosin II to slowly
overcome the load imposed by the gel structure (Giuliano et
al., 1992).

Components of the solating and contracting gel were
driven out of the contracting gel and exhibited streaming as
noted by the flow of crimson beads (see Fig. 4 f). This
streaming activity was comparable to earlier results using
cytochalasin D as an initiator of solation and contraction
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bars represent +1 SD.

(Janson et al., 1991). Like cytochalasin D, gelsolin shortens
actin filaments. Gelsolin activity solated the gel below the
gel point, allowing subunits to be forced out of the gel during
contraction. Electron micrographs of gelsolin samples
where contraction was initiated with calcium, demonstrated
the formation of dense fibers (Fig. 6 B), as well as the pres-
ence of short actin filaments which appeared to have been ex-
pelled from the contracting network (Fig. 6 E'). Control sam-
ples showed no streaming by crimson bead movement and no
expulsion of filaments by electron microscopy. Samples with
an excess of gelsolin (=10-fold higher), producing very short
actin filaments (< 0.2 um), did not contract since this condi-
tion would lower the gel state below the calculated gel point
necessary for transmitting tension (Taylor and Fechheimer,
1982; Janson et al., 1991) (see Fig. 1 c).

a-Actinin Samples Show Solation-Contraction with
No Streaming

Calcium gradients in samples with both o-actinin and
filamin cross-linkers, containing fully phosphorylated myo-
sin II, were essentially identical to gelsolin samples (see Fig.
4), although movement of the calcium gradient through the
sample was slower (compare Figs. 5 b and 7 b), possibly due
to the absence of flow induced by cytoplasmic streaming and
a slower wave of contraction through the sample (see also
Discussion). Before addition of calcium, the velocity of
crimson beads in the proximal, middle, and distal areas of
the microslide chambers was 0 pm/s (Fig. 7 a). After the ini-
tiation of a calcium gradient, crimson bead velocity rose in
the proximal area of samples (2.25 pm/s) in response to the
increased calcium level, while moderate increases were
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Figure 6. Structure of reconstituted sam-
ples + calcium by electron microscopy.
Samples prepared and imaged as de-
scribed in the text. (4) Gelsolin sample
without addition of calcium shows
isotropic gel network. (B) Gelsolin sam-
ple with calcium displays domains of
concentration and alignment of actin
filaments. (C) a-actinin sample without
calcium also shows isotropic gel net-
work. (D) «-actinin sample with cal-
cium also displays domains of concen-
tration and alignment of actin. Bar, 1
um. (E) Loss/expulsion of solated mate-
rial from contracting gelsolin samples.
Electron micrograph shows edge of con-
tracting sample and small actin fila-
ments (arrows). These filaments were
always seen in contracting gelsolin sam-
ples with added calcium. This material
was not seen in gelsolin samples without
calcium, o-actinin samples with or
without calcium, or actin samples alone.
See text for further details and discus-
sion. Bar, 0.5 gm.

noted in the middle area and no increase was measured in gelsolin samples, Fig. 5), while middle and distal bead
the distal area vs control values (Fig. 7 b). During 5-10 and velocities continued to rise as calcium levels increased (Fig.
10-15 min post-calcium addition periods, proximal area 7 ¢). Electron microscopy also indicated contraction in
crimson bead velocities remained high (although lower than a-actinin samples by the formation of dense arrays of actin
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Figure 7. Solation-contraction of x-actinin
samples with fully phosphorylated myo-
sin II. Calcium concentration (uM), av-
erage velocity of crimson beads during

contraction (um/s) of crimson beads,
and solation of polystyrene latex beads,
measured in parallel samples by deter-
mining the diffusion coefficient D
(um?/s), in proximal, middle, and distal
areas at (@) pre-Calcium, (b) 0-5 min af-
ter calcium addition, and (c) 5-10 min
after calcium addition times. Calcium
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from the uncontracted, isotropic gel (Fig. 6, C and D). Con-
trol samples without calcium displayed slow contractions
(0.24 um/s average velocity for all areas over 15 min) with-
out streaming.

The lower rate of contraction in the «-actinin samples
compared to the gelsolin sample probably reflects the higher
load placed on the myosin II motors by the actin filaments,
filamin, and, before calcium addition, the «-actinin cross-
linking activity. Additionally, since no gel material was
released during the contraction (see below), as the contrac-
tion progressed the microscopic concentration of actin fila-
ments and filamin would continually rise as the gel became
smaller but all gel material remained. This relative increase
in actin and filamin cross-linkers would provide an ever-
increasing load on the myosin motors by filament entangle-
ment and cross-links, slowing contraction.

The solation bead assay in the parallel sample did not indi-
cate a measurable solation in any of the three areas, despite
adequate calcium levels. This absence of increased bead
diffusion in the x-actinin samples may be due to the high
on/off rate of a-actinin. Since a single «-actinin molecule
maintains the gel structure for only 0.5-0.005 s (Sato et al.,
1987), bead movement may only be affected by the longer-
lived filamin cross-linking (= 100 s) which is unaffected by
calcium (Janmey et al., 1990). Filamin concentrations used
in the «-actinin samples were only high enough to provide
slightly higher than the minimal gel structure required to
maintain an infinite network based on actin filament lengths
and known filamin-binding parameters (Flory, 1941, Hart-
wig and Stossel, 1979; Janmey et al., 1990; Janson et al.,
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1991). This low level of filamin gel structure would allow
high rates of bead diffusion in the a-actinin samples with or
without calcium (see Fig. 7, a~c). Thus, despite microscopic
inhibition of a-actinin cross-linking, calcium-dependent so-
lation and increased macroscopic movement of the beads
would be masked as has been seen in other studies (Sato et
al., 1987; Simon et al., 1988). Although macroscopic move-
ments of beads would not be changed, the microscopic de-
crease in the relative cross-linking number as calcium
diffused into the gel and inhibited a-actinin cross-linking
would allow the myosin tension to overcome the reduced
counterforces of the gel structure, resulting in contraction.

No streaming activity was detected in a-actinin samples
since no gelsolin was present to take apart the contracting
gel. Additionally, no short actin filaments were generated
during the contraction as determined by electron mi-
Croscopy.

Discussion

The wide range of phenotypes of amoeboid movement, rang-
ing from pseudopod extension, cytoplasmic streaming, and
tail retraction in free-living amoebae, leukocytes, macro-
phages, and slime molds, to the slow extension and retrac-
tion of lammellipodia and retraction of tails in fibroblasts
could be due to distinct mechanisms. Alternatively, the same
mechanisms may simply be expressed at a different rate and
to a different extent in various amoeboid cells (Taylor and
Condeelis, 1979). Our basic assumption is that there are
multiple forces that are integrated to yield normal amoeboid
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movements, including mechanisms responsible for the initia-
tion and extension of pseudopods, the transport of cytoskele-
tal subunits to the leading edge of extending cells, and the
retraction of tails. Myosin I motors could be locally involved
in movements at the leading edge of amoeboid cells, since
it is identified at the tips of extending pseudopods while myo-
sin IT is absent (Fukui et al., 1989; Conrad et al., 1993). My-
osin II, which is more highly concentrated in posterior
regions of migrating cells, could be predominantly involved
in tail contraction and related streaming activity. This dis-
cussion will focus on the possible relationship between gel-
sol transitions and contraction caused by myosin II in these
regions.

Role of Actin-binding Proteins in Gel-Sol Changes

The actin-binding cytoskeleton of amoeboid cells, including
actin filaments and actin-binding proteins, plays a key role
in the determination of cell shape and motility. Among the
large array of actin-binding proteins are actin filament sever-
ing proteins (e.g., gelsolin), which regulate length distribu-
tion and actin cross-linking proteins (e.g., filamin, a-actinin)
which form interfilament cross-links (Taylor and Condeelis,
1979; Stossel et al., 1985; Pollard and Cooper, 1986). The
activities of these actin severing and actin cross-linking pro-
teins are often regulated by ionic changes such as pH,
pCa?*, binding of lipid metabolites, and posttranslational
modifications such as phosphorylation. Changing the activi-
ties of these proteins with these regulatory second mes-
sengers may substantially change the gel structure of the
cytoskeleton (Hellewell and Taylor, 1979; Hartwig and Stos-
sel, 1979; Luby-Phelps et al., 1988; Janmey et al., 1990).
A two stage solation process based on increased actin fila-
ment severing activity and/or a decrease in the relative num-
ber of cross-links per length of actin filament can lead to a
decrease in the strength of the gel (partial solation) to the
complete loss of gel structure when the network is decreased
below the gel point (complete solation). Alternatively, inhi-
bition of severing activity and/or an increase in the relative
cross-linking number leads to increased gelation and gel
strength.

Solation-Contraction Coupling Hypothesis Explains
the Dynamics of the Reconstituted Models

The solation-contraction hypothesis has evolved based on
studies on single cell models (Taylor et al., 1973), cytoplas-
mic extracts (Condeelis and Taylor, 1977; Hellewell and Tay-
lor, 1979; Taylor and Fechheimer, 1982), reconstituted
models (Janson et al., 1991) as well as fixed (Conrad et al.,
1993) and living cells (Taylor et al., 1980 a,b; Kolega et al.,
1991). This hypothesis contains six major proposals describ-
ing how changing the gel state of the actin-based cytoskele-
ton may play a significant role in regulating the actin/myosin
II contraction (Taylor and Fechheimer, 1982; Kolega et al.,
1991; Janson et al., 1991). These six proposals include (1)
the actin filament-based cytoskeleton is a significant struc-
tural component of the cytoplasm composed of a network of
actin filaments and actin-binding proteins. The gel strength
can be at one of three levels: (a) an infinite network, but with
the minimal number of cross-links to attain the gel point; (b)
a gel with greater than the minimal number of cross-links to
reach the gel point; and (c) a sol that cannot transmit tension
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over domains greater than the remaining cross-linked net-
work. The gel may be made weaker or stronger dependent
on actin filament length and the relative cross-linking num-
ber; (2) a gel resists contractions by offering counterforces
to the myosin motors (a load on the motors). In a highly
gelled system, no contraction will occur despite the presence
of active, cycling myosin molecules; (3) the gel strength may
be decreased through dissociation of cross-links between
filaments and/or by restrictions of actin filament lengths
while still maintaining the infinite network (partial solation);
(4) a minimum level of gel structure (the gel point) is re-
quired to transmit the contraction forces through the con-
nected network; below the gel point (complete solation),
only unproductive actin-myosin interactions occur; (5) cyto-
plasmic contractions can be induced when the weakened gel
is unable to resist the force of the myosin molecules. Usually,
an increase in the activation of the motors parallels weaken-
ing of the gel; (6) continued breakdown of the gel, involving
factors that restrict the length of actin filaments, releases so-
lated gel subunits into the soluble cytoplasm. This completes
solation-contraction coupling which is a self-destruct pro-
cess. The released subunits are then available for diffusion
or transport to sites of assembly and gelation.

In the present model system, a partial solation caused by
a gradient of free calcium ion concentration allowed direct
comparison of contraction in both solating and gelled areas
of the models. The solating areas differed from gelled
regions in the gelsolin samples by a decrease in average actin
filament length from 10 to a minimum of 2 um (see Materials
and Methods and Janson et al., 1991). Samples containing
a-actinin, but no gelsolin, allowed tests of how reversible
cross-linking may regulate contraction without a self-
destruct process of shortening actin filaments. In all cases,
decreasing the counterforces to contraction of a gel network
(partial solation), either by activation of gelsolin or inhibi-
tion of a-actinin cross-linking, led to a marked increase in
the velocity of contraction (Figs. 4, 5, and 7). Highly gelled
samples showed little or no signs of contraction until solation
was initiated, even though myosin II was fully phos-
phorylated, filamentous, and active. Therefore, fully active
myosin II could not overcome the counterforces of a max-
imally gelled system. However, weakening the counterforces
in the gel either by restricting the length of actin filaments
(gelsolin sample) or by decreasing the number of cross-
linkers (a-actinin sample) permitted myosin II to perform
work on the remaining network.

Examination of contracting networks by electron micros-
copy confirmed these results (Fig. 6, A-D). Electron micros-
copy indicated the production and expulsion of very short ac-
tin filaments in samples containing activated gelsolin (Fig.
6 E; see also Stossel, 1982; Stossel et al., 1985), which may
reflect the gel components that stream out of the contracting
gel. Therefore, the “self-destruct” contraction that occurs
when molecules such as gelsolin decrease the gel structure
of the contracting network can also produce the material that
can be driven out of the contracting network by positive
hydrostatic pressure (Fig. 8). This self-destruct contractile
process requires control of the rate and extent of solation rel-
ative to contraction. It has been demonstrated (Stendahl and
Stossel, 1980; Janson et al., 1991; this study) that too rapid
and extensive a solation of the gel can actually inhibit the
contraction. Electron microscopy of «-actinin samples
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Figure 8. Solation-contraction coupling and tail retraction. Dia-
gram depicts the cortical gel layer in the tail of an amoeboid cell
exhibiting cytoplasmic streaming and tail retraction. The cortical
gel is represented by the short filaments and myosin II motors are
represented by open ellipses (minimally activated) and filled el-
lipses (maximally activated). No actin cross-linking proteins are
shown to simplify the diagram. Regions of high and low free cal-
cium ion concentration are also indicated. The elevation of free cal-
cium in the tail cortex decreases the counterforces of the gel (partial
solation) by restricting the lengths of actin filaments and by dis-
sociating some actin binding proteins. The myosin motors also be-
come maximally activated through a calcium regulated phosphory-
lation of myosin II. The transformation of the maximally gelled
cortex into a partially solated-contracting gel generates a positive
hydrostatic pressure against the completely solated fraction which
is the newly formed endoplasm. The rate and extent of solation are
balanced against the forces applied to the weakened gel by the myo-
sin II motors. During contraction, the myosin motors order some
of the actin filaments and align domains of the weakened gel in the
tail ectoplasm (see Taylor et al., 1973; Taylor et al., 1980a, b). The
contracting tail is pulled forward toward the low calcium, higher
gel strength ectoplasm anterior to the tail. The retraction of the
contracting tail towards the more gelled ectoplasm anterior to the
tail optimizes cell polarity since no new protrusion can form against
the contracting gel attached to the membrane. As the contraction
continues, complete solation occurs and generates the endoplasm.
Cortical flow of the actin-based gel from the anterior of the cell to
the posterior propagates the cycle of ectoplasm to endoplasm. Fur-
thermore, the contraction of the tail cortex actually drives the solat-
ing domains forward as part of the endoplasm by positive
hydrostatic pressure.

showed no release of material, indicating that the gel re-
mained intact throughout the contraction process. Addition-
ally, no streaming activity was noted in any of the a-actinin
samples since the absence of gelsolin resulted in no released
mass of the gel. As noted above, contraction without release
of gel material may offer additional control of contraction
rate, especially as the contraction progresses and localized
concentrations of actin and actin-binding proteins increase.

Therefore, the gel strength of the actin cytoskeleton can
regulate the work performed by myosin motors by either lim-
iting the actin-myosin interactions to an isometric contrac-

The Journal of Cell Biology, Volume 123, 1993

tion (high gel strength) or initiating isotonic contractions
(partial solation). Measurement of the gel state by measuring
the diffusion of beads directly defined the gradient of sola-
tion, highest at the high calcium, proximal end and lowest
at the low calcium, distal end of the models (Fig. 5). Since
the proximal end contracted fastest in all samples, followed
by the middle area, solation must also promote contraction.
If increased gel strength promoted contraction, the middle
and distal ends of the model would necessarily contract
faster than the proximal end (Janson et al., 1991). All results
show that decreasing gel strength may both initiate and ac-
celerate actin/myosin II contractions (Figs. 4, 5, and 7) as
long as there is a threshold amount of network structure to
transmit tension. It is important to note that in a contracting
gel, myosin II motors serve as both the motor force and
cross-linkers to maintain part of the network structure re-
quired to transmit the tension.

Solation-Contraction Coupling Plays a Role in
Amoeboid Movement

The mechanism of movement of an amoeboid cell is proba-
bly dependent on several integrated mechanisms, including
actin assembly-disassembly, sol-gel changes, osmotic pres-
sure gradients, and myosin motor activities. Solation-con-
traction coupling of an actin/myosin II-based cortical gel can
explain tail retraction, transformation of ectoplasm into en-
doplasm, and transport of cytoplasm out of tails of amoeboid
cells. Solation of the gel is initiated in the high Ca?* tail re-
gion, which permits an isotonic contraction along with the
calcium-induced phosphorylation and concomitant activa-
tion of myosin II. The coupling of the partial solation and
contraction in the tail ectoplasm is predicted to generate
forces for tail retraction, while ultimately producing the sol
that forms the endoplasm in the tail (Taylor, 1977). This rela-
tionship also insures that a contracted mass of cytoplasm
does not accumulate in the tail, but rather a smooth transi-
tion between ectoplasm and endoplasm occurs. The coupling
of solation and contraction in the tail is also a mechanism
by which the actin-based cytoskeleton can be recycled to the
leading edge (Conrad et al., 1993; Gough and Taylor, 1993),
a necessary step in cortical flow (Bray and White, 1988). In
addition, the self-destruct contraction of the tail ectoplasm
would be predicted to generate a positive hydrostatic pres-
sure on the maximally solated fraction of the ectoplasm (en-
doplasm) which is driven forward as the streaming en-
doplasm (Taylor and Fechheimer, 1982). The streaming
endoplasm returns subunits to the leading edge (up to 1 mm
away from the tail in some free-living amoebae) where
gelation occurs to form the ectoplasmic tube.

The direction of contraction of the in vitro model is consis-
tent with the direction of contraction of the tail ectoplasm in
vivo since the contraction works against the distal gel (Fig.
2, A and B). We note, however, the direction of streaming
in the model is in the opposite direction to that observed in
the tail of the amoeba (Fig. 2, A and C). The maximally
solating and contracting gel model would force both syn-
eretic fluid and solated fractions out of the network under
positive hydrostatic pressure. In the absence of a closed,
membrane-bound tube of ectoplasm and central core of en-
doplasm, as found in the living cell, this streaming activity
would follow the route of least resistance in the in vitro
model, which is away from the contracting gel (Fig. 2 C).
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In a living cell, however, the contracting tail ectoplasm
would work against the more rigid, gelled anterior ec-
toplasm and would be pulled forward resulting in tail retrac-
tion (Fig. 8). The central core of endoplasm, inside the ec-
toplasmic tube, would also provide a low-resistance area for
forward streaming of the solated gel (endoplasm). Attach-
ment of the tail to the substrate would function as an addi-
tional load for the contracting tail (Chen, 1981).

The solation-contraction coupling hypothesis can explain
the dynamics of the model system described here, the con-
version from cortical ectoplasm to endoplasm, the retraction
of tails, and the production of a positive hydrostatic pressure
that could produce some of the force required for cytoplas-
mic transport into pseudopods (cytoplasmic streaming in
some amoeboid cells). Solation-contraction coupling may
also play an important role in other mechanisms involved in
amoeboid movement as well as other motility processes.

Amoeboid movement also involves the extension of pseu-
dopods which may involve osmotic pressure, the regulation
of actin assembly, the activity of other myosin motors (Con-
rad et al., 1993), and sol-gel transformations at the tips of
the advancing pseudopods (Oster and Perelson, 1987).
Regulatory events in pseudopods may, therefore, be directly
related to dynamic events in the tails and in the endoplasm.
At the minimum, there must be some form of coordination
between the formation of extending pseudopods, the trans-
port of cytoplasm, and the retraction of tails in order to yield
continuous movements (Trinkaus, 1980; Taylor et al., 1980
a,b; Chen, 1981).

We also suggest that other contractile events, such as
cytokinesis, involve solation-contraction coupling since a
self-destruct contraction process is predicted to explain the
absence of a dense contracted mass between daughter cells
at the completion of division. In contrast, contractile
processes that do not involve breakdown of the gel network
(e.g., a-actinin samples) could effectively slow and stop the
contraction, resulting in a dense mass. However, the activa-
tion of actin-severing proteins could effectively convert such
a contraction to a self-destruct process allowing the release
of gel components and continued contraction.

The solation-contraction coupling hypothesis, integrated
with the concepts expressed as cortical flow by Bray and
White (1988), could form one of the central tenets of normal
cell movements, including amoeboid movements and cytoki-
nesis, and provides a unified and important framework for
continued study of these and other contractile events.
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