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A central challenge in motility research is to quantitatively under-
stand how numerous molecular building blocks self-organize to
achieve coherent shape and movement on cellular scales. A classic
example of such self-organization is lamellipodial motility in which
forward translocation is driven by a treadmilling actin network. Ac-
tin polymerization has been shown to be mechanically restrained
by membrane tension in the lamellipodium. However, it remains
unclear how membrane tension is determined, what is responsible
for retraction and shaping of the rear boundary, and overall how
actin-driven protrusion at the front is coordinated with retraction
at the rear. To answer these questions, we utilize lamellipodial
fragments from fish epithelial keratocytes which lack a cell body
but retain the ability to crawl. The absence of the voluminous cell
body in fragments simplifies the relation between lamellipodial
geometry and cytoskeletal dynamics. We find that shape and
speed are highly correlated over time within individual fragments,
whereby faster crawling is accompanied by larger front-to-rear
lamellipodial length. Furthermore, we find that the actin network
density decays exponentially from front-to-rear indicating a con-
stant net disassembly rate. These findings lead us to a simple
hypothesis of a disassembly clock mechanism in which rear posi-
tion is determined by where the actin network has disassembled
enough for membrane tension to crush it and haul it forward. This
model allows us to directly relate membrane tension with actin
assembly and disassembly dynamics and elucidate the role of the
cell membrane as a global mechanical regulator which coordinates
protrusion and retraction.

cell motility | keratocyte fragments

Understanding the large-scale coordination of molecular pro-
cesses into coherent behavior at the cellular level is one
of the central challenges in cell biology. Actin-based motility
involves numerous molecular players with complex interactions
(1) that span a wide-range of scales from the molecular level
to the cellular one. Despite substantial progress in characterizing
the molecular details involved (2), we still do not understand the
remarkable self-organization of these molecular components
into a moving cell. The complex interplay between biochemical
reactions and biophysical forces plays a central role in this self-
organization. In particular, the mechanical feedback between the
cell membrane and the dynamic actin network has been shown to
have a substantial effect on cell protrusion (3, 4), and a significant
role in coordinating protrusion over cellular scales (5, 6). How-
ever, quantitative understanding of the coupling between the
cell membrane and the motility machinery is still lacking; it is un-
known what determines membrane tension and how membrane
tension is related to the protrusion and retraction dynamics. Elu-
cidating this dynamic interplay is essential for understanding how
overall cell morphology and movement emerge from the under-
lying molecular processes.

Fish epithelial keratocytes are widely used for studying the
dynamics of the motility process (5, 7-10); they are one of the
fastest moving animal cells with average speeds of up to 1 pm/s,
yet their motion is extremely persistent with hardly any change in

20394-20399 | PNAS | December 20, 2011 | vol. 108 | no. 51

cell shape, speed, or direction over many minutes. Keratocytes,
as well as other motile cell types (11), can spontaneously detach
cytoplasmic fragments which move with speed and persistence
similar to whole-cells (12-14). These lamellipodial fragments,
which lack nuclei, microtubules, and most organelles, are likely
the simplest natural model system for studying actin-based cell
motility. As such, this system has been used to gain insight into
the minimal requirements for establishing polarity in motile cells
(12, 13). Here we utilize this simplified model system to study
how the interplay between actin dynamics and the plasma mem-
brane lead to shape and movement of the lamellipodium as a
whole. The lack of a cell body in fragments facilitates measure-
ments of geometry and movement of the rear boundary, allowing
us to focus on the important question of how retraction at the
rear is coordinated with protrusion at the front.

We combine experimental characterization and modeling and
propose a self-consistent biophysical model of the lamellipodial
motility module. We show that membrane tension mechanically
couples edge dynamics along the cell boundary; at the rear, mem-
brane tension provides the force needed for retraction and actin
network disassembly, whereas a force balance between actin poly-
merization and membrane tension shapes the leading edge (5).
Overall, our model explains in a quantitative and self-consistent
manner how global shape and speed of the lamellipodium emerge
from the underlying dynamics of the actin treadmill within an
inextensible membrane bag, and provides values for membrane
tension as an output of the model rather than incorporating ten-
sion as an input parameter.

Results

Keratocyte Fragments as a Model System for Lamellipodial Motility.
Lamellipodial fragments are naturally produced at low frequency
in keratocyte cultures and remain viable for hours. By inducing
fragment formation (see Materials and Methods), a large popula-
tion of fragments can be obtained from primary keratocyte
cultures (Fig. 1). The fragment population exhibits substantial
morphological variability, similar to that seen in a population
of whole-cells (5) (Fig. 14). The spectrum of shapes can be de-
scribed to a large extent (~90%) by two orthogonal shape modes
(Fig. 1B). Roughly, these modes can be described as measuring
the projected area (mode 1), and the front-to-rear lamellipodial
length (mode 2). Fragments are typically smaller than cells, and
their movement is somewhat slower (Fig. S1).

The actin network organization in fragments (13, 14) is similar
to that found in whole keratocytes (5, 9). Along the leading edge,
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Fig. 1. Fragmentshape and movement resembles that of whole keratocytes.
(A) Phase-contrast images of live fragments (Top) and whole keratocytes
(Bottom) are shown. Fragments exhibit a similar spectrum of lamellipodial
shape variation as cells. (B) The first two principal modes of shape variation,
as determined by principal components analysis of aligned outlines of 122
live fragments (Top) and 148 cells (Bottom), are shown. Essentially the same
modes—cell area (Mode 1) and front-to-rear lamellipodial length (Mode 2)—
are found for both fragments and cells. These two modes capture approxi-
mately 90% of the shape variation in the populations. For each mode, the
mean cell shape is shown together with reconstructions of shapes one
and two standard deviations away from the mean in each direction along
the given mode. The variation accounted for by each mode is indicated.

the actin filament density is peaked at the center and decreases
toward the sides (Fig. 2.4 and B) as in cells (5, 8). Perpendicular
to the leading edge, the network density is highest near the lead-
ing edge and decreases approximately exponentially toward the
rear (Fig. 2C) (13, 14). Measurements of the actin network
dynamics in fragments using quantitative fluorescent speckle
microscopy (15) show that the network is nearly stationary in the
lab frame of reference, and hence flows rearward in the cell frame
of reference (Fig. 2 D-E, Movie S1). Similar flow patterns were
observed in whole keratocytes, with the important difference that
in whole-cells a myosin II-dependent inward actin flow was pro-
minent near the rear boundary (7, 16). This difference is likely
due to the higher quantity of myosin II in cells (9) compared
to fragments (13), which are typically generated from lamellipo-
dia that are relatively poor in myosin (9). Importantly, myosin
appears to be dispensable for steady-state fragment motility as
myosin inhibition with blebbistatin has essentially no effect on
fragment shape or speed (Fig. 2F).

Together, the observations that (i) the actin network density
decays approximately exponentially as a function of distance
from the leading edge, and (if) the actin network remains nearly
stationary with respect to the substrate, imply that the treadmill-
ing actin network exhibits net disassembly at a constant rate per
unit time (SI Text). We measure this disassembly rate by combin-
ing time-lapse microscopy of live fragments with rapid fixation
and staining of the actin network within the same fragments
(Fig. 2 G and H, Movie S2). The disassembly time is equal to the
ratio between the decay length of the actin density from front-
to-rear (Fig. 2G) and fragment speed. We find an average disas-
sembly time of 30 &+ 12 s (mean + standard deviation, N = 11;
Fig. 2H), which is comparable with the relevant data for cells
(17). The disassembly time varies widely (over threefold) between
different fragments (Fig. 2H), likely reflecting cell-to-cell varia-
bility in the concentration of proteins such as actin depolymeriz-
ing factor (ADF)/cofilin involved in actin disassembly.

Different cells or fragments may possess varying amounts of
specific proteins, lipids, or other materials, but the biochemical
and biophysical rules governing the interactions of those consti-
tuents are the same. Thus, characterization of the natural pheno-
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Fig. 2. Actin organization and dynamics in fragments. (A) A fluorescence
image of a fragment which was fixed and stained with fluorescent phalloidin
to visualize actin filament distribution. (B—-C) The filament distribution was
measured for a population of fixed fragments (N = 115). Data for individual
fragments normalized to the mean intensity within that fragment (gray lines)
is shown together with the population average (black). (B) The actin filament
density profile along the leading edge (Top) and trailing edge (Bottom) are
shown. The intensity is plotted as a function of the relative position along the
boundary. The filament density along the leading edge is peaked at the cen-
ter, whereas the density along the trailing edge is essentially flat. (C) The den-
sity along a cross section perpendicular to the leading edge is plotted as a
function of the normalized distance from the leading edge (front-to-rear
distance = 1). The actin filament density is peaked near the leading edge
and decreases toward the rear. (D) Phase-contrast and fluorescence images
of a fragment labeled with low levels of fluorescent phalloidin (Movie S1). (E)
Actin network flow maps obtained by fluorescent speckle microscopy for the
fragment shown in D are depicted in the lab frame of reference (Top) and in
the cell frame of reference (Bottom). The magnitude of the flow is indicated
by both the length and the color of the flow vectors. The actin network is
nearly stationary in the lab frame of reference, and exhibits rearward flow
within the lamellipodium in the cell frame of reference. (F) Myosin inhibition
by blebbistatin has little effect on fragment shape and speed. The average
shape and speed for a population of fragments (N = 40) before and after
treatment with blebbistatin are depicted. (G) A phase-contrast image (Upper
Left) from a time-lapse movie of a live fragment and a fluorescence image
(Lower Left) of the same fragment after fixation and phalloidin staining are
shown (Movie S2). The actin network density along a cross section from front-
to-rear (Right) is well-fit by an exponential function with the decay length as
a fit parameter. The characteristic actin disassembly time (equal to the model
parameter 7) is measured as the ratio between the decay length of the actin
density and fragment speed. (H) A histogram of the characteristic actin dis-
assembly times measured as in G for a population of fragments (N = 11).
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typic variation across a population reveals the spectrum of pos-
sible functional states of the system, and has led to substantial
insights into the mechanism of shape determination in motile
keratocytes (5, 8). However, variation within a population (e.g.,
in the actin disassembly rate as shown above) can mask important
correlations. In particular, although speed is perhaps the most
fundamental characteristic of motile cells, previous work failed
to find a tight connection between speed and morphology. To
overcome this difficulty we focus on variations within individual
fragments over time. We expect the biochemical composition of
fragments to remain nearly constant on the relatively short time-
scales considered here (seconds to several minutes). The extent
of variation in speed and morphology in fragments during this
time frame is substantially smaller than the variation within a
population (Fig. S2). Nonetheless, as shown below, following the
dynamics within individual fragments and in particular the corre-
lation between speed and morphology over time allows us to
gain unique insight into the system, regardless of the cell-to-cell
variability.

Fragment Shape and Speed Vary in a Correlated Manner over Time.
To identify characteristic features in individual fragments that
correlate with motility, we use high-resolution time-lapse micro-
scopy (Movies S3 and S4) to quantify the morphology and speed
of motile fragments over time. We find that the area of individual
fragments remains remarkably stable over time (Fig. S2), suggest-
ing that the total area of the plasma membrane is constant and
that the membrane is stretched taut by the expanding actin net-
work. This notion is further supported by perturbation experi-
ments in which fragments are treated with high osmolarity
medium and their area remains unchanged (Fig. S3).

Importantly, we find that speed and front-to-rear lamellipodial
length are strongly correlated within individual fragments over
time (Fig. 3): As fragments slow down their front-to-rear distance
decreases, whereas faster movement is accompanied by larger
front-to-rear distance. Furthermore, we find that changes in
leading edge protrusion speed precede changes in the front-
to-rear distance by a few seconds, whereas changes in the speed
of the trailing edge tend to follow changes in the front-to-rear
distance (Fig. 3D). Similar correlations are observed in whole
keratocytes (Fig. S4), indicating that the same mechanisms gov-
ern movement of fragments and cells.

The correlation between front-to-rear lamellipodial length and
speed is suggestive of an actin disassembly clock mechanism (18)
in which the front-to-rear distance is defined by the time needed
for the actin network to disassemble to the point where mem-
brane tension can crush the weakened network at the rear. Ac-
cording to this model the front-to-rear distance will scale as
fragment speed multiplied by the time needed for sufficient net-
work disassembly, so the front-to-rear distance is predicted to
correlate with speed (Fig. 3 B and C). Furthermore, changes
in front-to-rear distance are expected to follow changes in actin
assembly (and hence speed) at the leading edge, whereas the rear
is expected to react to these changes with a delay, as observed
(Fig. 3D). As described below, the actin disassembly clock model
can be formulated mathematically and yields a self-consistent set
of equations that define fragment shape and speed as well as
membrane tension.

Disassembly Clock Model Predicts Fragment Shape, Speed, and Mem-
brane Tension. We consider a treadmilling actin network within
an inextensible membrane bag and assume local force balance
between the forces imposed by the motility machinery from with-
in and those generated by the surrounding membrane (Fig. 4).
Because membrane tension equilibrates rapidly, we assume that
tension is spatially homogenous along the boundary (5, 19). The
lamellipodial rear is defined by where the force needed to retract
the rear is equal to the force generated by membrane tension. We
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Fig. 3. Fragment shape and speed vary in a correlated manner. Forty-five
fragments were followed over >10 min at 3 s time intervals. Data is shown
for two typical fragments (Movies S3 and S4). (A) Phase-contrast images of
the fragments. (B) Traces of the front-to-rear distance and speed over time
for both fragments show clear temporal correlation. (C) Scatter plots of speed
as a function of front-to-rear distance for the two fragments are shown. Lar-
ger front-to-rear distance correlates with faster movement. (D) The normal-
ized cross-covariance between the front-to-rear distance and the speed of
the leading edge (Top) and between the front-to-rear distance and the speed
of the trailing edge (Bottom) are depicted as a function of time lag for in-
dividual fragments (gray lines). The mean cross-covariance functions aver-
aged over all 45 fragments are also shown (black lines).

make the simplest assumptions that the resistance to rear retrac-
tion is mainly due to the actin network and that the strength of the
actin network is proportional to its density. Under these assump-
tions, the force needed to retract the rear boundary is linearly
proportional to the local network density there. Along the leading
edge, the force imposed by the membrane is distributed locally
among the pushing filaments (4), so the load force per filament
is equal to the tension divided by the local filament density (5).
The value of the membrane tension is a dynamic variable which
depends on the spatio-temporal organization of the actin network
and at the same time influences it. At steady-state, the membrane
tension is determined self-consistently by the system.

The disassembly clock model can be made quantitative by
coupling the force-density relations for actin polymerization at
the leading edge and disassembly at the rear (Fig. 4, SI Text). We
consider a two-dimensional model, denoting the front-to-rear dis-
tance (at the center) y and the side-to-side distance 2x (Fig. 44).
Because fragments are approximately rectangular, we estimate
the total length of the front and sides of the leading edge by
2L =2(x +y) and area by A = 2xy. The actin filament density
along the leading edge has an approximately parabolic distribu-
tion, peaked at the center (Fig. 2B, Fig. S5). Thus, we express the
filament density distribution by B(l) = B¢ (1 — 2/L?), where [ is
the position along the leading edge (/ = 0 at the center) and B is
the actin filament density at the center of the leading edge (5, 8,
20). We assume that the front corners, which form the boundary
between the protruding leading edge and the stalled sides, are
defined by where the load force per filament reaches the stall
force for polymerization (21). The force imposed by the mem-
brane tension, 7, is then equal to the stall force per filament
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Fig. 4. The disassembly clock model. (A) A schematic illustration of the two-
dimensional disassembly clock model. Membrane tension generates a con-
stant force per unit length along the perimeter. At the front corners, the
force per filament, which is equal to the membrane tension divided by
the local filament density, reaches the stall force. Along the rear boundary,
the force needed to crush the network is equal to the membrane tension. (B)
Speed as a function of time is depicted for the fragment shown in
Fig. 2G (gray points). The data is well-fit by the model prediction,
Vi =2 {m}
time z and area A for this fragment (black line). The data and model predic-
tion are smoothed with ¢ = 6 s and the best-fit ¢ is determined for each frag-
ment. (Inset) A histogram of the values of the model parameter ¢ obtained
from fitting the speed as a function of time for individual fragments (N = 11)
is shown. The mean value ¢ ~ 0.3 agrees with an independent estimate for ¢
extracted from the actin distribution in fixed fragments (Fig. S7). (C) The ef-
fect of jasplakinolide treatment on fragments. The speed and front-to-rear
displacement time (equal to the front-to-rear distance divided by speed)
are depicted as a function of time for a fragment before and after adding
jasplakinolide to the media. As predicted by the disassembly clock model,
the front-to-rear displacement time, which is nearly constant prior to the
perturbation, increases following the addition of jasplakinolide to the media,
whereas speed decreases in response to the perturbation. (Inset) The mean
shape of the fragment before and after treatment (averaged over 5
min). Similar results were obtained for four different jasplakinolide-treated
fragments.

using the measured actin disassembly

multiplied by the filament density at the corners (5):
T = fyaiB(x). We can express this force balance by an equation
relating cell geometry (front-to-rear distance, y) and mechanics
(membrane tension, 7):

1 2 T
1- = . [1]
<1 + 2}’Z/A) fsanBe

Both the front-to-rear distance and membrane tension are
unknown variables in Eq. 1. We obtain another independent
relation between these two variables by considering the force bal-
ance at the rear. The actin network disassembles at a constant
rate 1/z, where 7 is the characteristic disassembly time. For a
fragment moving at a speed V/, the constant disassembly rate
translates into an exponential decrease in filament density as a
function of distance from the leading edge, s, so that: B(s) = B¢
exp(—s/V't) (SI Text). The rear edge is defined as where the mem-
brane-imposed force reaches the threshold force per filament
needed to crush the actin network (break filaments and/or detach
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crosslinking and adhesion proteins associated with them) de-
noted by k. The force balance relation at the rear boundary
(s =y) is hence given by, T = kB(y), which can be rewritten

as:
y f stall T T f stall
expl ——| = =¢ , £ = . [2]
p( VT) k faaBc  fsanBe k

Because membrane tension is uniform along the boundary
(5, 19), the disassembly clock model predicts that the actin den-
sity along the rear edge will be approximately constant. Indeed,
whereas the actin density profile along the leading edge is
peaked, the measured profile along the rear boundary is flat
(Fig. 2B), lending further support to the model. Note that an
alternative model in which the rear boundary is shaped by a force
balance between contractility of the actin-myosin bundle at the
rear and membrane tension (19, 22) (Fig. S6) is inconsistent with
our data: Myosin inhibition with blebbistatin leads to essentially
no shape change and in particular no change in rear shape
(Fig. 2F).

Together, Eq. 1 and Eq. 2 self-consistently determine both
fragment shape and membrane tension. By combining them, we
obtain an equation that determines the front-to-rear distance:

exp(—%) = e[l — (1 +2%/4)72). [3]

The stall force per filament is expected to be smaller than the
force required to break a filament, so we expect, ¢ = /% <1.Eq.3

T

has a simple approximate solution for e << 1: V =% - (@)

More precisely we obtain 1 =2 {m} (ST Text).

Fitting the last formula to the V' vs. y time series for individual
fragments, using the measured values for the area 4 and actin
disassembly time 7 for each fragment, gives excellent results and
allows estimating ¢ in each fragment (Fig. 4B). We find that ¢ has
a mean value of ¢=0.3+0.15 (mean = standard deviation,
N = 11; see also Fig. S7), so we predict that the breaking force
per filament is approximately three times greater than the stall
force, which is approximately 2-3 pN (21). Furthermore, we
can use the model to estimate the membrane tension in each frag-
ment; taking typical values we find 7 ~ 150-300 pN/um (SI Text).

The disassembly clock model can be further tested by modify-
ing actin dynamics in live cells with pharmacological agents
and observing the concurrent changes in morphology and speed.
Jasplakinolide is a cell-permeable drug which stabilizes actin fila-
ments and slows their disassembly (23). Jasplakinolide-treated
fragments exhibit a decrease in speed and an increase in the
front-to-rear displacement time (y/V/, i.e., the time it takes the
front to reach the rear boundary) (Fig. 4C), as expected from
the disassembly clock model for increased values of z. Inhibition
of the actin nucleator Arp2/3 (24) which decreases actin filament
density at the leading edge leads to the expected reduction in
speed (Fig. S8C). Arp2/3 inhibition also significantly slows down
actin disassembly (Fig. S8 A and B), most likely due to the struc-
tural changes in the actin network. As a result, and in accordance
with the disassembly clock model, we also observe an increase in
the front-to-rear displacement time (Fig. S8C).

The detailed fragment shape, and in particular the curvature
of the leading edge, can be predicted from the model if we incor-
porate a force-velocity relation for actin-network polymerization.
Experimentally, we find that the leading edge curvature is highly
correlated with the front-to-rear distance (Fig. 5, Fig. S4). Mea-
surements of the force-velocity relation of protruding actin net-
works in the lamellipodium of motile keratocytes (25) have shown
that protrusion is more sensitive to load at higher forces; at weak
loads protrusion is nearly insensitive to force, whereas at greater
loads, approaching the stall force, speed decreases rapidly. Spe-
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Fig. 5. The disassembly clock model predicts correlation between curvature
of the leading edge and front-to-rear distance. (A) Traces of the front-to-rear
distance and the curvature of the leading edge over time are depicted for the
two fragments shown in Fig. 3A. The front-to-rear distance is correlated with
the curvature of the leading edge. (B) The normalized cross-covariance be-
tween the front-to-rear distance and the front curvature is depicted as a
function of time lag for individual fragments (gray lines), together with
the mean cross-covariance function averaged over all 45 fragments (black
line). (C) The normalized front curvature is shown as a function of the normal-
ized front-to-rear distance. Normalization is done using the square root of
fragment area as the length unit. Data is depicted for the time series of
the two fragments shown in Fig. 3A (blue and green, respectively) and for
a population of live fragments (gray). The data is well-fit by the predictions
of the disassembly clock model (black lines).

cifically, we assume that the force-velocity relation is given by

V(f):Vo[l— (L

stall

w
}, where V) is the free polymerization

rate and w = 8. From the density distribution of actin filaments
along the leading edge B([), we can estimate the local force per
filament f(I) = T/B(I). Based on the force-velocity relation, we
obtain the local protrusion rate V'(I), which according to the
graded radial extension model (5, 10) defines the shape of the
leading edge (SI 7ext). Qualitatively, larger front-to-rear distance
correlates with an increase in the load force per filament due to
membrane tension at the leading edge (Eq. 1). At larger front-to-
rear distances and higher loads, the local protrusion rate becomes
more sensitive to changes in the load force due to the laterally
decreasing actin network density along the leading edge. Accord-
ing to the graded radial extension model (5, 10), this higher sen-
sitivity implies that the curvature of the leading edge will increase.
The model-predicted correlation between front-to-rear distance
and curvature of the leading edge is in excellent agreement with
the observed curvature-distance correlations both in a population
and within individuals over time (Fig. 5C, Fig. S9).

Discussion

Through extensive analysis of the correlated behavior of indivi-
dual fragments over time, we developed an essentially complete
model of this autonomous motility module consisting of an actin
network treadmilling within an inextensible membrane bag. The
relative simplicity of fragments enabled us to reveal phenomena
that are hidden or obscured in more complex model systems.
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Moreover, focusing on the behavior of individuals allowed us to
observe correlations that would otherwise be masked by the
natural cell-to-cell variability. Our self-consistent model couples
global mechanical regulation by membrane tension with the
self-organized dynamics of the actin network yielding testable
predictions which are in quantitative agreement with our experi-
mental results (Figs. 3-5).

Fragments exhibit actin assembly at the front and disassembly
at a constant rate away from the leading edge. Shape and speed
of the leading edge are determined by a force balance between
the collective pushing of the polymerizing actin filaments and
the load imposed by the membrane (Fig. S104). At the sides, ac-
tin filament density is lower so protrusion is stalled by the mem-
brane load. Finally, the actin network at the rear, weakened by
disassembly processes and dissociation of various actin-binding
and adhesion proteins, is crushed by membrane tension leading
to rear retraction (Fig. S10B). Altogether, membrane tension,
which is dynamically determined by the system, couples protru-
sion at the front with retraction at the rear with an actin disas-
sembly clock setting the front-to-rear distance. Analogous actin
dynamics with assembly at the front and disassembly at a constant
rate characterize comet-tail motility (26) in which comet-tail
length is proportional to speed due to a similar disassembly clock
mechanism. However, in the absence of a surrounding mem-
brane, the mechanical coupling between actin assembly and
disassembly is lacking in comet tails.

The actin monomer concentration and the density of filaments
at the leading edge are taken as constant model parameters. We
speculate that the semioscillatory dynamics we observe in frag-
ment shape and speed are related to changes in these parameters
over time. In the SI Text we present a model which incorporates
these parameters as dynamic variables and illustrates how lamel-
lipodial shape and actin organization can self-organize and evolve
into a unique stable asymmetric state. Future modeling should
incorporate explicitly the spatio-temporal dynamics of actin
assembly and disassembly processes, including actin filament
nucleation, growth and capping, ADF-cofilin-induced filament
breaking and Arp2/3 detachment, as well as thymosin and profilin
monomer shuttling (2).

This work highlights the role of membrane tension in rear
retraction, which naturally leads to mechanical coupling between
retraction and protrusion. Myosin contraction can contribute to
rear retraction as well as promote motility by enhancing actin
disassembly (7) and inducing forward directed fluid flow (27).
However, it is not required; knockouts and inhibition experi-
ments have shown that although myosin II typically promotes
movement and increases cell speed, it is not essential for motility
in many cell types including keratocytes (5, 7, 27), Acanthamoeba
(28), and Dictyostelium discoideum (29). Here we show that
myosin II has a negligible role in rear retraction in keratocyte
fragments (Fig. 2F). These results also imply that myosin is not
essential for building a minimal actin-based artificial moving cell;
membrane tension is sufficient for inducing rear retraction and
coordinating protrusion and retraction.

Different combinations of redundant motility modules can
explain all known modes of cell locomotion (30), and it is impor-
tant to characterized each of these modules. We focus here on
the basic actin treadmill in a membrane bag module which plays
a central role in lamellipodial fragments and whole keratocytes
(2, 9). Experimental evidence in more complex cells suggests
that this basic module participates in their motile behavior as
well: Switching off certain pathways converts the stubby and short
uropod of Dictyostelium into a flat keratocyte-like rear (31),
whereas the extended and long tail characteristic of motile fibro-
blasts often snaps also becoming a keratocyte-like rear (32).
Moreover, upon myosin inhibition, spreading fibroblasts acquire
a C-like shape, with a convex edge that protrudes and stretches
the membrane, and a concave edge that is retracted by the
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tension generated in the membrane (33), similar to what we ob-
serve in motile fragments.

Additional modules, most prominently adhesion- and sig-
naling-related, are known to play important roles in more com-
plex cells (34). Adhesion is obviously essential for lamellipodial
motility. Moreover, recent evidence suggests that the balance
between adhesion and contraction significantly affects cell shape
and motile behavior in whole keratocytes (6). Although we do not
incorporate adhesion dynamics explicitly here, adhesion assembly
and turnover are strongly coupled to actin dynamics so the net
actin disassembly rate incorporated in our model likely depends
on adhesion turnover as well (35, 36) (Fig. S11). The role of
biochemical signaling modules in fragments and whole kerato-
cytes is still unclear. Our results indicate that the lamellipodium
is self-organizing, rather than being organized by signals from the
cell body (which is absent in fragments). However, biochemical
signaling within the lamellipodium may still play a role in shaping
actin assembly and disassembly dynamics.

The importance of mechanical forces and feedbacks in cell
biology in general and in cell motility in particular is becoming
apparent. However, quantitative understanding of the interplay
between mechanical forces and biochemical processes in the cell
remains an outstanding challenge. Our work presents an impor-
tant step forward in this respect; we integrate membrane me-
chanics with actin dynamics into a single self-consistent bio-
physical model of lamellipodial motility which is in excellent
quantitative agreement with the experimental data. Membrane
tension equilibrates rapidly across the cell and provides essen-
tially instantaneous coupling between actin assembly and disas-
sembly events occurring at distal locations along the cell
boundary through the mechanical loads imposed by the plasma
membrane. In this manner, membrane tension acts as a global
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mechanical regulator of actin dynamics, effectively coordinating
molecular processes over cellular scales. Such mechanical feed-
backs provide rapid and robust means for communication at the
cellular level and likely play an important role in many other
cellular processes.

Materials and Methods

Primary cultures are prepared from the Central American cichlid Hypsophrys
nicaraguensis as described previously (5, 8). Sheets of keratocytes are
detached from the substrate by treatment with 0.1% trypsin (Gibco BRL)
and replated onto a new coverslip. Cell fragment formation is induced
by incubation in 1 mL of culture media supplemented with 100 nM stauros-
porine (Sigma) at 35 °C for 30 min with the lid half open. Live cell imaging
is performed on glass-bottom petri dishes (fluorodish; World Precision
Instruments Ltd.) at room temperature on a Zeiss Axio-Observer inverted
microscope and acquired with a CoolSnap HQ2 CCD camera (Photometrics)
using a 63x objective (N.A. = 1.4). Actin dynamics are measured as in ref. 7,
and actin distribution is measured by fixation and phalloidin staining as
in ref. 5. Quantitative image analysis is done using the cell-tool package
developed by Pincus and coworkers (5, 37), and custom code written in
Python and Matlab. Further details on the materials and methods used can
be found in the S/ Materials and Methods.
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SI Text

Actin Network Density Profile from Front-to-Rear. The observed
exponential decrease of the actin network density from front-
to-rear in lamellipodial fragments (Fig. 2 C and G) can be easily
explained assuming that the actin network disassembles with a
constant net rate 1/z. Because the retrograde actin flow with
respect to the substrate in fragments is negligible (Fig. 2E), we
assume that the actin network is flowing rearward in the cell
frame of reference with a speed equal to the fragment speed,
V' (Fig. 2E). Thus, the filament density along a cross section
perpendicular to the leading edge in the cell frame of reference,
B(s), is described by the equation: 22 = -1/ 9% — B where s is the
distance from the leading edge rearward. The steady-state solu-
tion of this equation is

B(s) = Bcexp(—s/V7),

where B is the actin filament density at the center of the lead-
ing edge.

Relation Between Front-to-Rear Distance, Speed, and Membrane
Tension. The rear boundary within the disassembly clock model is
defined by where the actin network has sufficiently disassembled
for membrane tension to crush it and translocate the rear bound-
ary (Fig. S10). Let us assume that the mechanical force threshold
above which the actin network breaks is proportional to the net-
work density, so there is a certain average force per filament
needed to break a filament (or dissociate it from other filaments
and/or adhesion complexes). Taking into account the steady-state
actin density distribution calculated above, the force balance be-
tween the membrane tension and the mechanical force needed to
break the actin network at the rear of the fragment can be written
as:

T = kB(y) = kBc exp(—y/V'1),
or following rearrangement as:

y T f stall T
expl-= | =— = ,
p< VT) kBe  k fgaBc

where T is the membrane tension (force per unit length), & is the

breaking force per filament, and y is the front-to-rear distance at

the center (all variables and parameters here are dimensional).

Note that the total force per unit length applied by the membrane

at the boundary is 7 = 2%, where X is the in-plane membrane

tension (1). For simplicity we refer to 7' as the membrane tension.
We introduce two nondimensional parameters,

f stall a= T
k-’ FsanBe’

where ¢ is equal to the ratio between the force per filament
needed to stall and to break the actin network, whereas a is equal
to the force per filament imposed by the membrane tension at the
center of the leading edge in units of the stall force. Using these
definitions we obtain,

[51]

exp(—y/V7) = ea. [S2]

Note that a more complicated relation between actin network
density and the force needed to retract the rear is possible. How-
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ever, because we find experimentally that the actin network is
largely disassembled at the rear (Fig. 2 C and G), the exact func-
tional form we take between the force and network density is not
so important; choosing a linear relation simplifies the math, but
other dependence would not change the results substantially.
Note also that the force needed to break adhesions with the sub-
strate and deadhere the rear most likely also contributes to the
force needed to retract the rear (Fig. S11). Including such con-
tributions obviously complicates the model, but would not change
the conceptual picture presented here.

The front corners of the leading edge are defined by where the
force per filament is equal to the stall force (Fig. S10). We denote
the side-to-side distance by 2x, so the total length of the front and
sides of the leading edge can be approximated by 2L = 2(x +y)
and the fragment area by A = 2xy. At the front corners we have:

2
BX)fgan = Bc [1 - (;‘Ty) } fsan = T. Because x = %, the last

relation

Bc{l — m}fﬁan =T . Thus we have,

can be rewritten as a function of y as,

1

iy erar = (53]

Substituting Eq. S3 into Eq. S2, we obtain:

! } [S4]

exp(—y/Vz) = e{l - m

Taking the logarithm of both sides and rearranging we obtain,

_7Y -1
V= 7 {logs +log[1 — (1 + 2y2/A)‘2]}' [S5]

Thus for a given fragment characterized by the parameters 4, ¢, ¢
we obtain a relation between fragment speed and front-to-rear
distance. When ¢ :fS‘T“" << 1 is small (i.e., the breaking force
is much greater than the stall force) this relation between frag-

ment speed and front-to-rear distance reduces to, V ~¥ (@)

Note that these results are independent of B.

A fragment at steady state is characterized by particular values
for the front-to-rear distance and speed and hence can be de-
scribed as a point in the y-}” plane. The local force balance con-
ditions which led to Eq. S5 have to be met, so this point has to lie
on the line defined by the solution to Eq. S5. The fragment speed
at steady state is equal to the actin protrusion speed at the front.
Taking into account the actin polymerization rate and neglecting
the off-rate, the protrusion rate can be approximated as,

V= kefqu)(T/Bc)’ [S6]

where G is the actin monomer concentration, kg is a proportion-
ality factor which combines the rate of actin polymerization, the
partition of actin monomers between profilin and thymosin
and other biochemical factors, and ¢(7'/B.) is the membrane
tension-dependent factor which reflects the dependence of the
polymerization rate on the force per filament. Because,

T _
B

1 —m}fﬁaﬂ (see above), Eq. S6 leads to another
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relation between the front-to-rear distance and speed. The stea-
dy-state shape and speed of a fragment are determined as the
point of intersection between the line defined by the solution
to Eq. S6 and the line defined by the solution to Eq. S5 in the
y-V plane. In ref. 2, we demonstrated that over a wide range of
tension values, ¢(T/B.) ~ 1, so Eq. S6 can be further simplified
into V ~ k;G. Thus, in this approximation the protrusion speed
at the front is set by the actin monomer concentration, and the
front-to-rear distance is determined based on the force balance
condition in Eq. S5.

We can also evaluate the model predictions by examining the
actin network distribution in a large population of fixed frag-
ments. According to the model we expect the actin density decay
from front-to-rear to be correlated with the actin distribution
along the leading edge. Specifically, from Eq. S2 and Eq. S3

we obtain Bcoexp| —- ) =eB,, which can be rewritten as,

#- = —loge + log B¢, where By is the actin density at the front
corners and B¢g = B¢/Bg. Thus, the model predicts a linear
relation between the front-to-rear distance (measured in units
of the actin density decay length) and the peakedness of the actin
distribution along the leading edge characterized by the log of the
ratio between the actin density at the center and sides of the lead-
ing edge. As shown in Fig. S7, we find good agreement between
the data and the model prediction. Furthermore, we obtain an
independent estimate for ¢ from the y-axis intercept in Fig. S7
[ = exp(—1.2) ~ 1/3], which agrees with the average value calcu-
lated based on the dynamics of individual fragments (Fig. 4B).

Estimates of Membrane Tension from the Model. For the membrane
tension, the theory predicts:

T 1
— =1- . S7
* FuarBe [+ 20/VA) (571

Using this formula, we can estimate the membrane tension for
any specific fragment (in units of f,;Bc) from the measured
front-to-rear distance and area. The normalized front-to-rear
distance (y/+/A) varies between 0.5 and 1.3 in a population of
fragments, so we expect that 0.5 <a < 1. Assuming,
fsal ~3 PN, B. ~100/pm, we estimate the membrane tension
to be approximately 150 — 300 pN/pum.

Correlation Between Front-to-Rear Distance and Curvature of the
Leading Edge. The speed along the leading edge is related to the
angular position according to the graded radial extension model
(2, 3):

V() =V (0)cosO(l) ~ 0(1)? /2], [S8]
where [ is the length from the center along the leading edge, and
0(l) is the angle between the direction of cell movement and the
direction of protrusion which is assumed to be locally normal to
the leading edge. We denote by R the radius of curvature of the
leading edge. For small /, we have [ = 6(/)R, so that,

cell[l -

Vcell

~ _J2
V(l) ~ Vcell / RZ "

We can expand V (/) into a Taylor series keeping only the lowest
order terms,

dv

V() =~ V(0) + P riall

Given a force-velocity-density relation at the leading edge
V(f) and assuming that the force per filament, f, is equal to
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the membrane tension divided by the local filament density,

@)= # = W, we obtain:
av | _av df _ T av
dP) | G dP) |y BL df |popyp,

So we can write the Taylor expansion as,

T av

VI =V (0) +P s .
ORVO) +F .

[S9]

Comparing [S8] and [S9] we obtain an expression for the curva-
ture of the leading edge:

NI
R L\[VeaBc\ df )lp—1/5,

In ref. 2, we used the following force-velocity-density relation

at the leading edge, V(f) = VO[l - (f_n) }

where V) is the

free polymerization rate and w = 8. Taking this force-velocity

w
_ wWVoBc T
7\ Befum ) SO that,

relation we obtain, (— %{)

f=T/Bo

( T )w/2
cell BCfstall .

We approximate the half length of the front and sides of the
leading edge as L =y +A/2y. The force balance at the front
corners of the leading edge where the filaments are stalled can
then be written as,

2
ol 1= (42 Jran =05 L= A

L T
/1= fsanBe

1\/
R L

) VV° { (Bcf ;xa") } Denoting a = T/Bcf an a3
before we obtain:

1y

3qw(l —a)a®
R A '

1-a"

Normalizing all the distances to the square root of area we obtain:

=1-2

2
T _ A _ 52 -2
Bcf suan L* 1- (2)’L) =1-(@+ 17 we

obtain an expression for ¢ as a function of y alone:

Because a =

a(V)]a(Y)

CH) = 2vV2uy L —aG)" a) =1-(*+1)72. [S10]

Fitting our experimental data with this expression gives excellent
results (Fig. 5C, Fig. S9).

Dynamic Model of Fragment Behavior. One of the central questions
in cell motility research is how the lamellipodium sustains its
polarity and exhibits persistent motility. We hypothesize that
the structure of the actin network which is branched near the
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protruding front and bundled at the rear (4) plays a central role in
sustaining this asymmetry. We suggest that a positive feedback
between the dynamic asymmetric structure of the actin network
and its movement sustains protrusion at the leading edge and
retraction at the rear. Specifically, we make the following assump-
tions and show how they lead to such positive feedback. First,
there is a limiting number of a molecular branching factor, which
is necessary for nucleation of nascent actin filaments and gener-
ating protrusions. Second, the presence of nascent actin filaments
is essential for localization of the branching factor to protrusions.
The mechanism responsible for this requirement could, for exam-
ple, involve transient attachment of the molecular branching fac-
tor to nascent filaments, which is needed for Arp2/3 activation
and nucleation of new filaments (5). Third, retraction of the cell
edge tends to push filaments against the membrane leading to
local actin network deformation, bundling, disassembly and in-
ability to branch. Note that the deformation of the actin network
at the trailing edge will be further promoted by myosin filaments
which concentrate at the rear because of actin network flow and
also promote bundling and disassembly of the actin network near
the rear boundary (4, 6).

We hypothesize that as a result of these local mechanisms,
global asymmetry in the actin network can arise and persist:
When the molecular branching factor focuses on a part of the
cell boundary, actin growth in this region leads to local protrusion
and generates tension in the membrane. As membrane area is
conserved, the tension causes retraction at the opposite edge,
which locally depletes the branching factor there. Thus, a me-
chanical feedback transmitted instantaneously through the mem-
brane acts as a global inhibitor of protrusion and enables focusing
local excitatory actin protrusion at the front. The same mechan-
isms enable the asymmetric actin dynamics, with branching at
one end and retraction at the opposite end, to perpetuate and
sustain a steady state of actin network treadmilling.

Mathematically, the following model quantifies these qualita-
tive ideas. First, we consider the densities of the right- and
left-oriented growing barbed ends along the leading edge,
b*(Lr) [b~(l,t)], where [ is a coordinate along the cell boundary.
Following previous work (2, 7), we model these densities with the
following equations:

ob* ob*

— =FV— + — yb* .
ot ol \"L L,.z
lateravl flow branching  capping

Here V' is the lateral flow rate (which is of the order of cell
speed) and y is the constant rate of capping. We assume that
the branching rate is proportional to the local density of mole-
cules regulating the branching process, and that this local density
is proportional to the local density of the nascent barbed ends
to which these molecules bind transiently, so § ~b¥* (note that
the right-oriented filaments branch off the left-oriented ones,
and vice versa). We further assume that the total number of the
branching events at the leading edge is fixed, so the branching

term has the following form, f = /}"T{’i, where f, is the total num-

ber of the branching events per second and B = 9§ bt )+
b~ (/,¢)]dl is the total number of growing barbed ends integrated
over the entire cell boundary. Finally, we hypothesize as above,
that the barbed end density is zero at the retracting part of the
cell edge (Fig. S5): b*(I,f) =b~(I,f) = 0 if 17(1) -n(l) < 0, where
17(1) is the local edge velocity, and 72(l) is the respective outward
normal unit vector.

The stationary solution for the equations in the previous
paragraph (when there is only one connected protruding region
along the boundary) has the following form (2, 7):
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bt()~b (l)~4yL (1 )

where L is the length of the protruding region and /=0
corresponds to the center of this region. The barbed end density
goes to zero at the boundary of the protruding region.

Each fragment is characterized by several parameters (4, z, ¢,
B., G) corresponding respectively to its area, the characteristic
disassembly time, the ratio between the stall force and the break-
ing force per filament, the actin filament density at the center
of the leading edge and the actin monomer concentration. Frag-
ment area is measured and found to be essentially constant in
individual fragments over time (variations < ~ 1%; Fig. S2).
The parameters z and ¢, which characterize the actin network
ultrastructure probably do not vary much within individual frag-
ments so we will assume they remain constant as well. The two
parameters that most likely vary over time are the concentration
of actin monomers, G, and the density of actin filaments at the
center of the leading edge, B.. In what follows we analyze frag-
ment dynamics under the assumption that these parameters vary
over time, but that they change slowly compared to the time
of fragment translocation (y/V). As above, we assume that the
fragment is approximately rectangular, and its length, y, defines
its width:

2% =AJy. [S11]

The length of the leading edge in this rectangular geometry is:
L =2x+2y. [S12]
At the center and sides of the leading edge, the barbed end

densities are:

[S13]

3B 3B x?
B.=— B ="—(1-2.
€ s 2L< L2>’

where B is the total number of the growing barbed ends. Finally,
the density of actin filaments at the rear is:

Biear = Be exp(-y/V7), [S14]
and the membrane tension is:

T= BsfstaH'

The fragment front-to-rear length y is governed by the equation:

[S15]

dy/dt =V -V, [S16]
where the front and rear velocity are given by the respective
force-velocity relations:

T \v T
V:aG{l—Q )},V,z;( .
! stalch Brear

Here a, w, y are constant parameters. The equation for the front
velocity stems from the force-velocity relation (2), whereas we
assume that the rate of retraction at the rear is proportional
to the force per filament in the actin network at the rear due
to membrane tension. Any other tension-density-velocity relation
at the rear in which the velocity increases with growing tension
and decreases with growing actin density leads to the same qua-
litative results. For example, a threshold-like relation such that
the rear velocity is very large (small) if the membrane tension
force per filament is lower (higher) than a threshold works as
well. Simple numerical analysis of the differential Eq. S16 solved

[S17]
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simultaneously with the algebraic Eqgs. S11-S15, and S17 demon-
strate that this system of equations has a unique stable steady
state that corresponds to the static cell shape analyzed above
in the framework of the algebraic model.

We hypothesize that fluctuations in the actin monomer con-
centration are the main source of the observed variations in shape
and speed of motile fragments. We suggest that fragment speed
varies slowly because of fluctuations in actin monomer concen-
tration. Eqs. S11-S17 predict that the front-to-rear length will
vary in sync with fragment speed as observed experimentally
(Fig. 3). Further research is required to determine the expected
shape dynamics if the variations in actin monomer and network
distributions are not slow compared to the time of fragment
translocation and/or if variations in actin disassembly time or
breaking force contribute significantly.

This model of self-organization and polarity maintenance is
highly speculative; further research is needed to identify the
molecular branching factor and to test its dynamics and kinetics.
Our goal in this paper is more limited—to illustrate the global
role of membrane tension as a mechanical regulator connecting
the front and rear of motile cells. Although it is obvious that
membrane tension and the treadmilling actin network’s structure
contribute to the persistent asymmetry apparent in lamellipodial
motility, it is still unclear whether this essentially mechanical
feedback is sufficient or if biochemical signaling is essential.

S| Materials and Methods

Cell Culture and Fragment Induction. Primary cultures are prepared
from the Central American cichlid Hypsophrys nicaraguensis.
Scales are plucked from the fish body, sandwiched between two
glass 22-mm coverslips and cultured at room temperature in
Leibovitz’s L-15 media (Gibco BRL), supplemented with
14.2 mM Hepes pH 7.4, 10% FBS (Invitrogen), and 1% antibio-
tic-antimycotic (Gibco BRL). Sheets of keratocytes that migrate
off the scale after 16-24 h are detached and disaggregated into
individual cells by treatment with 0.1% trypsin (Gibco BRL) with
1 mM EDTA in PBS for 6 min. Addition of 10x volume of culture
media quenches the trypsin, and the cells are replated onto a new
coverslip. Cell fragment formation is induced 1-5 h after replat-
ing by incubation in 1 mL of culture media supplemented with
100 nM staurosporine (Sigma) at 35 °C for 30 min with the lid
half open. Cells and fragments are washed in normal media and
allowed to recover for at least 10 min prior to observation on the
microscope. Measurements extracted from time-lapse observa-
tions and correlation analysis of (rare) naturally occurring frag-
ments could not be distinguished from measurements of induced
fragments formed according to this protocol. Furthermore, ker-
atocyte populations examined in culture media after recovery
from the staurosporine treatment were similar to cell populations
gathered from untreated cultures (Fig. S1).

Pharmacological treatments are done by adding to the culture
media 50-100 pM blebbistatin (active enantiomer, Sigma),
0.5 pM jasplakinolide (Invitrogen), 100 pM Arp2/3 inhibitor
(CK-666, ChemDiv), or 10 uM focal adhesion kinase (FAK) in-
hibitor (TOCRIS bioscience). High osmolarity media is prepared
by adding sorbitol (Sigma) to the normal culture media at a final
total osmolarity of 600 & 5 mOsm (compared to 315 + 5 mOsm
for normal culture media). Perturbation experiments are done
by imaging individual cells or fragments for approximately 10 min
prior to the perturbation followed by 10-20 min after the pertur-
bation.

Fixation and Staining of Actin. Cells are fixed with 4% formalde-
hyde (Sigma) in cytoskeleton buffer (10 mM MES pH 6.1,
117 mM KCL, 3 mM MgCI2 and 2 mM EGTA) supplemented
with 320 mM sucrose for 15 min. The samples are washed with
PBS, permeabilized with PBS+0.5% Triton X100 (Sigma) for
10 min followed by incubation in PBS-BT (PBS with 0.1%
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TX100 and 3% BSA) for 10 min. Cells are stained with Alexa-
Fluor-488 phalloidin (2 u/mL; Invitrogen) in PBS-BT, washed
and mounted in 10 mM phenylenediamine, 1 mg/mL n-propyl-
gallate (Sigma), 90% glycerol in PBS.

Microscopy. Live cell imaging is performed on glass-bottom petri
dishes (fluorodish; World Precision Instruments Ltd.) at room
temperature on a Zeiss Axio-Observer inverted microscope and
acquired using a CoolSnap HQ2 CCD camera (Photometrics).
Fragment and cell population data are acquired by imaging indi-
vidual fragments or cells three times, every 30 s, using a
63 x objective (N.A. = 1.4) with a 1.6 X optovar. Time-lapse ima-
ging is done at 3 s intervals using a 63 X objective (N.A. = 1.4).
Fixed fragments or cells are imaged using a 63 X objective
(N.A. = 1.4) with a 1.6 X optovar.

Measurements of Net Actin Disassembly Rates. Time-lapse imaging
is done on live fragments at 3 s intervals over 10 min as described
above, and immediately followed by formaldehyde fixation and
phalloidin staining. The same fragment is identified and imaged
before and after fixation and staining of the sample. The actin
network distribution along a cross section perpendicular to the
leading edge is averaged over an approximately 2-pm wide stripe.
The actin network density is fit to an exponential decay
B(s) = B¢ exp(—s/4), with the decay length 1 as a fit parameter.
The fit region is taken to be from 1 pm behind the leading edge
until 2 pm before the trailing edge. The net actin disassembly rate
is calculated as z = 4/(V'), where (V') is the average fragment
speed prior to fixation.

Fluorescence Speckle Microscopy. We use the procedure developed
by Yam et al. (8), in which low levels of AlexaFluor-546-phalloi-
din (Invitrogen) are used to visualize actin dynamics in live cells.
Four micromolars fluorescent phalloidin is premixed with 20 pM
dNTPs (each) in water and incubated for approximately 15 min
at room temperature to prevent aggregation. Cells are electro-
porated with 20 pL of the phalloidin mixture with three pulses
at 150 V and are then allowed to recover for approximately
10 min. Fragmentation is induced as above before viewing on a
Zeiss Axio-Observer inverted microscope using a 63 X objective
(N.A. = 1.4) with a 1.6 x optovar. Time-lapse phase-contrast and
fluorescence movies are acquired using a QuantEM CCD camera
(Photometrics). Analysis of actin network flow field in the lab and
cell frame of reference is done as described previously (6, 8).

Quantitative Image Analysis. Cell morphology is measured by
representing cell shapes as polygonal outlines. The shape modes
are calculated by principal components analysis as described pre-
viously (2, 9). Briefly, cell contours are manually traced using the
magnetic lasso tool in Adobe Photoshop. Outlines are extracted
from the masks to derive a series of 200 (x, y) points, evenly
spaced along the cell boundary. The outlines are mutually aligned
to bring the shapes into a common reference frame as described
in refs. 2 and 9 using the contour points and an additional manu-
ally defined landmark point at the center of the leading edge.
Measured characteristics include: area, front-to-rear distance,
curvature of the leading edge, and speed. Area is measured di-
rectly from the polygons with the standard formula. Front-to-rear
distance is measured as the distance between the center front and
rear points along the aligned contours. The radius of curvature of
the leading edge is calculated as the radius of the least-squares
geometric fit of a circle to the points corresponding to the for-
ward 40% of the cell perimeter. Speed for the live population
data is extracted from the displacement of the centroid as deter-
mined from the manually drawn masks of the images taken 30 s
apart. For time-lapse movies of individual fragments, we measure
the speed perpendicular to the boundary at the center of the lead-
ing edge and of the trailing edge. The mean fragment speed is
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taken as the average of the front and rear edge speed. All the
speed data from the time-lapse movies is smoothed using a Gaus-
sian-weighted moving average (o = 6 s). A qualitative measure of
the relative actin density near the leading edge is obtained from
the background subtracted intensity of the inverted phase-con-
trast images.

The cross-covariance functions are determined by calculating
the cross-correlation as a function of time lag between pairs
of mean-subtracted time series describing different properties of
individual fragments. For each fragment at least 200 time points
at 3 s time intervals are used. The cross-covariance functions are

1. Kovar DR, Pollard TD (2004) Insertional assembly of actin filament barbed ends in
association with formins produces piconewton forces. Proc Nat/ Acad Sci USA
101:14725-14730.

. Keren K, et al. (2008) Mechanism of shape determination in motile cells. Nature
453:475-480.

. Lee J, Ishihara A, Theriot JA, Jacobson K (1993) Principles of locomotion for simple-
shaped cells. Nature 362:167-171.

. Svitkina TM, Verkhovsky AB, McQuade KM, Borisy GG (1997) Analysis of the actin-
myosin Il system in fish epidermal keratocytes: Mechanism of cell body translocation.
J Cell Biol 139:397-415.
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Fig. S1.

normalized so that the auto-covariances at zero time lags are
equal to one.

The actin distribution along the fragment boundary and along
a cross section perpendicular to the leading edge is measured
following fixation and phalloidin staining. The distribution of
actin filament density along the boundary is calculated by aver-
aging the intensity of background-corrected fluorescence images
between 1 and 2 pm from the cell edge along the boundary. The
distribution perpendicular to the leading edge is averaged over 10
contour points (out of 200 contour points) around the center
along the cross section.

5. Co C, Wong DT, Gierke S, Chang V, Taunton J (2007) Mechanism of actin network
attachment to moving membranes: Barbed end capture by N-WASP WH2 domains.
Cell 128:901-913.

. Wilson CA, et al. (2010) Myosin Il contributes to cell-scale actin network treadmilling
through network disassembly. Nature 465:373-377.

. Lacayo Cl, et al. (2007) Emergence of large-scale cell morphology and movement from
local actin filament growth dynamics. PLoS Biol 5:e233.

8. Yam PT, et al. (2007) Actin-myosin network reorganization breaks symmetry at the

cell rear to spontaneously initiate polarized cell motility. J Cell Biol 178:1207-1221.

9. Pincus Z, Theriot JA (2007) Comparison of quantitative methods for cell-shape analysis.

J Microsc 227:140-156.
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The distribution of morphological characteristics and speed in populations of fragments and cells. The distributions of area, front-to-rear distance,

radius of curvature of the leading edge, speed and aspect ratio are shown for a population of live fragments (N = 122, magenta) and cells (N = 148, green). The
distributions for cells before and after treatment with staurosporine to induce fragmentation (see Materials and Methods) are also shown separately (dotted
and dashed gray lines, respectively). The distributions before and after treatment are essentially the same, indicating that there are no measurable changes in

cell behavior following the protocol used to induce fragmentation.
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Fig. S2. Natural variation in fragment shape and speed within individual fragments over time. Fragments were imaged by time-lapse phase-contrast micro-
scopy for at least 10 min at 3 s intervals. Traces of area, front-to-rear distance, front curvature, speed, front-to-rear displacement time (i.e., the front-to-rear
distance divided by speed) and phase density at the leading edge center are shown as a function of time for seven different fragments (out of 45 fragments
followed overall). The green and blue lines refer to the two fragments shown in Fig. 3A. Area remains nearly constant, whereas other properties exhibit larger
variation over time. The extent of variation within individual fragments and in the population for each property measured is indicated by the lines to the right
of each graph. The length of the gray lines is equal to twice the average (over all 45 fragments) of the standard deviation of each property over 10 min within
individual fragments. The length of the black lines is equal to twice the standard deviation of that property in a population of fragments (N = 122, see Fig. S1).
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Fig. 3. Fragment area remains constant following high osmolarity perturbation. Fragments and cells were imaged by time-lapse phase-contrast microscopy
before and after changing the medium from normal cell culture media (315 + 5 mOsm) to high osmolarity media (600 & 5 mOsm). Graphs of area over time for
different fragments (Right) and cells (Left) before and after switching to high osmolarity media are shown. Although fragments maintain constant area re-
gardless of the perturbation, cells exhibit substantial changes in area in response to the increased osmolarity. The initial increase in area in cells is at least partly
due to membrane moving from around the shrinking cell body and into the lamellipodium in response to the perturbation.
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Fig. S4. Correlations in shape and speed within individual keratocytes over time. Cells were imaged by time-lapse phase-contrast microscopy for at least
10 min at 3 s intervals. (A and B) Traces of the front-to-rear distance and cell speed (A) and the front-to-rear distance and the curvature of the leading edge
(B) over time are depicted for an individual cell. The front-to-rear distance is correlated with both speed and front curvature. (C) Phase-contrast image of the
cell analyzed in A and B. (D) The normalized cross-covariance between the front-to-rear distance and the front curvature is depicted as a function of time lag for
five individual cells (gray lines), together with the mean cross-covariance function averaged over all cells (black line).
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Fig. S5. Actin filament distribution along the leading edge is well-fit by a parabola. The actin filament distribution was measured for a population of fixed
fragments (N = 115, Fig. 2 A-C). The actin filament density profile is plotted as a function of the relative position along the fragment boundary (Inset). The
background subtracted fluorescence intensity in each fragment was normalized to the mean intensity within that fragment. Data for individual fragments
(gray lines) is shown together with the population average (black). The mean actin filament density profile along the leading edge (between the front corners;
b and c) is well-fit by a parabola (purple line) that goes to zero approximately at the rear corners (a and d).
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Fig. S6. Possible models for rear lamellipodial shape determination. (A) The rear shape is set by a disassembly clock as explained in the text. (B) The rear
boundary is shaped by a balance between membrane tension, T, and the force of myosin contraction/actin elasticity, F, along the boundary. The rear radius is
determined according to Laplace law: R,e,, = F/T. (C) The membrane is stretched taut between the adhesion sites at the rear corners of the fragment.
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Fig. S7. The actin density decay from front-to-rear is correlated with the peakedness of the actin distribution along the leading edge. The ratio between the

front-to-rear distance and the characteristic decay length of the actin density from front-to-rear is plotted as a function of the log of the ratio between the

actin density at the center and sides of the leading edge for a population of fixed fragments (N = 115). Each data point represents an individual fragment. The

prediction of the disassembly clock model: - = —log e + log B¢s (black line), captures the mean trend in the data plotted as a Gaussian-weighted moving

average (o = 0.15, gray line) + one standard deviation (shaded region).
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Fig. S8. The effect of Arp2/3 inhibition on fragments. (A) A fluorescence image of a fragment which was fixed and stained with fluorescent phalloidin 10 min
after addition of an Arp2/3 inhibitor. Note the qualitative difference in the actin network organization compared to untreated fragments (Fig. 2A). (B) The
actin filament distribution was measured for a population of fixed fragments (N = 45) following treatment with an Arp2/3 inhibitor as in A. The background
subtracted fluorescence intensity in each fragment was normalized to the mean intensity within that fragment. The density along a cross section perpendicular
to the leading edge is plotted as a function of the normalized distance from the leading edge (front-to-rear distance = 1). Data for individual fragments (gray
lines) is shown together with the population average (black). The decay of the actin filament density from front-to-rear is markedly slower than in untreated
fragments (Fig. 2C). (C) The speed and front-to-rear displacement time (equal to the front-to-rear distance divided by speed) are depicted as a function of time
for a fragment before and after adding the Arp2/3 inhibitor to the media. The front-to-rear displacement time which is nearly constant prior to the perturba-
tion increases following the addition of the Arp2/3 inhibitor, whereas speed decreases in response to the perturbation. These results are aligned with the
predictions of the disassembly clock model given the lower actin filament density at the leading edge and the slower network disassembly. Similar results were
obtained for three different fragments.
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Fig. S9. Front curvature and front-to-rear distance are correlated. The normalized front curvature is shown as a function of the normalized front-to-rear
distance. Normalization is done by using the square root of the fragment area as the length unit. Data (as in Fig. 5C) is shown for 45 different live fragments.
Data from each fragment is depicted in a different color. The solid line gives the model prediction (see S/ Text for details) which compares well with data.
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Fig. S10. Force balance along the boundary. (A) Leading edge. The normalized force-velocity relation for the actin network along the leading edge is shown.
Protrusion rate in units of the free polymerization rate is shown as a function of the force per filament in units of the stall force. The black arrow indicates the
range of forces experienced along the leading edge of a fragment with B, filaments at the center leading edge and tension T. The minimal force, T/B¢f., is
experienced at the center where filament density is highest, and this force determines cell speed. The force per filament increases toward the sides and reaches
the stall force for actin polymerization at the front corners of the fragment. (B) Trailing edge. The force needed to crush the network in units of stall force per
filament at the leading edge is shown as a function of the perpendicular distance from the leading edge(s). The rear of the cell (s = y) is defined by where the
force needed to crush the network equals the membrane tension.
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Fig. S11. The effect of FAK inhibition on fragments. The speed and front-to-rear displacement time (equal to the front-to-rear distance divided by speed) are
depicted as a function of time for a fragment before and after adding FAK inhibitor to the media. The front-to-rear displacement time which is nearly constant
prior to the perturbation increases following the addition of the inhibitor, whereas speed decreases in response to the perturbation. Inhibition of FAK likely
slows down turnover of adhesion complexes making it harder to retract the rear. The effect of slower deadhesion is similar to the effect of slowing actin
disassembly with jasplakinolide (Fig. 4C); the time required for sufficient disassembly of actin and adhesions becomes longer leading to increased tension, lower
speed, and larger front-to-rear displacement time. Similar results were obtained for four different fragments.
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Movie S1. This movie shows phase-contrast (Left) and fluorescence (Right) images of a keratocyte fragment labeled with low levels of 546 AlexaFluor con-
jugated phalloidin to visualize actin network dynamics. The movie is shown in the frame of reference of the moving fragment. The measured actin network
flow fields for this fragment are shown in Fig. 2E. Images were taken every 3 s and the movie is shown at 18 x real time. The field of view is 24-um wide.
Movie S1 (MOV)

SIS

Movie S2. This movie shows phase-contrast images of a live keratocyte fragment that was subsequently fixed and labeled with 488 AlexaFluor conjugated
phalloidin to visualize its actin network distribution. Measurements of the actin disassembly time extracted from this movie are shown in Fig. 2G. The field of
view is 54-um wide. Images were taken every 3 s prior to fixation, and the movie is shown at 24 x real time.

Movie S2 (WMV)

Movie S3. This movie shows phase-contrast images of a round keratocyte fragment (Fig. 34, Top). The field of view is 138-um wide. Images were taken every
3's, and the movie is shown at 18 x real time.
Movie S3 (MOV)

Movie S4. This movie shows phase-contrast images of an elongated keratocyte fragment (Fig. 3A, Bottom). The field of view is 138-um wide. Images were
taken every 3 s, and the movie is shown at 18 x real time.
Movie S4 (MOV)
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