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SUMMARY

Dynamic actin networks are excitable. In migrating
cells, feedback loops can amplify stochastic fluctu-
ations in actin dynamics, often resulting in traveling
waves of protrusion. The precise contributions of
various molecular and mechanical interactions to
wave generation have been difficult to disentangle,
in part due to complex cellular morphodynamics.
Here we used a relatively simple cell type—the
fish epithelial keratocyte—to define a set of
mechanochemical feedback loops underlying actin
network excitability and wave generation. Although
keratocytes are normally characterized by the
persistent protrusion of a broad leading edge,
increasing cell-substrate adhesion strength results
in waving protrusion of a short leading edge. We
show that protrusion waves are due to fluctuations
in actin polymerization rates and that overexpres-
sion of VASP, an actin anti-capping protein that
promotes actin polymerization, switches highly
adherent keratocytes from waving to persistent pro-
trusion. Moreover, VASP localizes both to adhesion
complexes and to the leading edge. Based on these
results, we developed a mathematical model for
protrusion waves in which local depletion of VASP
from the leading edge by adhesions—along with
lateral propagation of protrusion due to the
branched architecture of the actin network and
negative mechanical feedback from the cell mem-
brane—results in regular protrusion waves. Consis-
tent with our model simulations, we show that VASP
localization at the leading edge oscillates, with
VASP leading-edge enrichment greatest just prior
to protrusion initiation. We propose that the mecha-
nochemical feedbacks underlying wave generation
in keratocytes may constitute a general module
for establishing excitable actin dynamics in other
cellular contexts.
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INTRODUCTION

Many types of protrusion of the leading edge of motile cells are
driven by actin polymerization [1]. In many cells, however, actin
polymerization is offset by retrograde movement of the actin
network, resulting in slow and unsteady protrusion in both time
and space, with the leading edge advancing in pulses and pro-
truding regions alternating with stalled regions [2—4]. One striking
example of unsteady protrusion is traveling waves at the leading
edge. These traveling waves have been observed in diverse cell
types [3, 5-12] and represent a regular and relatively simple kind
of unsteady protrusion event. Thus, elucidating the molecular
and mechanical mechanisms that govern traveling-wave gener-
ation may illuminate general mechanisms that regulate leading-
edge protrusion.

Traveling waves depend on three events: wave triggering,
lateral propagation, and termination [13]. Two general classes
of mechanisms—biochemical and mechanical—can contribute
to each of these events. In purely biochemical models, amplifica-
tion of stochastic fluctuations in actin polymerization activator
concentrations triggers protrusion, diffusion of the activator
allows for lateral propagation, and depletion of the activator or
accumulation of an inhibitor terminates protrusion behind the
wave front [6, 14-16]. Mechanical mechanisms can contribute
to waving as well: slow incorporation of myosin molecules has
been shown to drive actin network retrograde flow in a periodic
fashion, terminating protrusion [4, 11], and theoretical work sug-
gests that mechanical feedback between actin filaments and the
cellmembrane may drive lateral propagation of protrusion waves
[17, 18]. In addition to these biochemical and mechanical mech-
anisms, the architecture of the lamellipodial actin network may
also contribute to traveling-wave propagation, with actin barbed
ends flowing laterally along the leading edge due to the branched
architecture of the actin network near the leading edge [19].

Recently, several molecular pathways have been implicated
in protrusion waves, including reaction-diffusion systems based
on various activators and inhibitors, such as Scar/WAVE [6],
Rac and Rho GTPases [7, 9, 14, 21], the Arp2/3 [20] complex
[10], and phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [20].
Furthermore, quantitative models for actin waves have evolved
from useful conceptual models [15, 17-20] to models for pro-
trusion waves based on and integrated with experimental data
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[6,10, 21, 22]. The main difficulty in quantitative understanding of
the leading-edge waves is that, in most cell types, multiple me-
chanical, signaling, and actin turnover phenomena contribute
to wave propagation and are hard to disentangle, especially
when coupled to complex cell morphodynamics. In this paper,
we overcome this difficulty by using fish epithelial keratocytes,
cells with a less complex lamellipodial leading edge, streamlined
for rapid locomotion that is largely uncoupled from actin flows
[23] and signaling [24].

Although keratocytes normally exhibit steady global protru-
sions of a fan-shaped lamellipodial leading edge, when plated
on highly adhesive substrates, they instead exhibit waves of pro-
trusions [8]. Here, we show that the actin anti-capping protein
VASP localizes to both the leading-edge and adhesion com-
plexes in waving cells and that VASP overexpression switches
highly adherent cells from waving protrusion of a short leading
edge to persistent protrusion of a broad leading edge. This sug-
gests that adhesion maturation near the leading edge depletes
VASP, limiting the length of the leading edge and promoting
waving. Based on this, as well as previously published models
demonstrating that certain combinations of positive and nega-
tive feedbacks can trigger actin waves [19, 25, 26], we devel-
oped a mathematical model in which three feedback loops result
in wave generation: positive rapid positive feedback between
actin density and protrusion, negative local feedback between
VASP and adhesions at the leading edge, and negative global
feedback between membrane tension and protrusion. Simula-
tions of this model recapitulated our experimental results,
including the striking finding that qualitatively different modes
of protrusion—persistent protrusion versus traveling waves—
can emerge from quantitative change parameters such as cell-
substrate adhesion strength and VASP density.

RESULTS

Highly Adherent Keratocytes Exhibit Traveling Waves of
Protrusion

Fish epithelial keratocytes exhibit three types of leading-edge
dynamics [8, 27]: (1) smooth protrusion of the entire leading
edge; (2) noisy, or rough, protrusion; and (3) strikingly regular
traveling waves of protrusion (Figure 1). Traveling waves of pro-
trusion are associated with large-amplitude periodic oscillations
in leading-edge velocity (Figures 1B and 1C) and a significant
reduction in the fraction of the leading edge that protrudes at
any given time (Figure 1D) compared to smooth or noisy cells
(Figures 1H and 1L). Waves typically initiate at one side of the
leading edge and then propagate along the entire length of the
leading edge before extinguishing at the other edge; the next
wave then initiates at the site of the original protrusion (Figure 1B;
Figure S1). Wave initiation occasionally occurs at the center of
the leading edge, in which case two waves propagate away
from the site of initiation before terminating at either side of the
leading edge (Figures S1B, S1F, and S1G). Noisy cells are char-
acterized by irregular, highly variable leading-edge velocities
(Figures 1F and 1G), whereas smooth cells exhibit very low lead-
ing-edge velocity variance (Figures 1J and 1K). Smooth cells oc-
casionally exhibit synchronous oscillations of the entire leading
edge but with substantially smaller amplitudes, shorter oscilla-
tion periods, and no lateral propagation (Figures S2A-S2C).
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We occasionally observed these low-amplitude, high-frequency
oscillations on top of traveling waves (Figures S2D-S2F), sug-
gesting that they may be driven by a different mechanism than
traveling waves. The remainder of this work will focus primarily
on potential mechanisms for traveling-wave formation and
propagation.

We have previously shown that traveling waves emerge in
highly adherent keratocytes [8]. To further examine the effects
of cell-substrate adhesion strength on protrusion waves, we first
plated keratocytes on glass surfaces functionalized with either
intermediate or high concentrations of Arg-Gly-Asp (RGD) pep-
tides (see Experimental Procedures for specific concentrations),
as RGD is the integrin-binding motif found in extracellular matrix
proteins such as collagen or fibronection [28], and we classified
leading-edge dynamics in randomly selected populations of
cells as smooth, noisy, or waving based on protrusion fraction
and leading-edge velocity variance. As expected, traveling
waves were more prevalent in keratocytes plated on high-RGD
densities than in keratocytes plated on intermediate-RGD den-
sities (Figure 1M). Next, we compared traveling waves in kerato-
cytes plated on intermediate- and high-RGD densities by
measuring several parameters (Figures 1N-1R, Figure S3): the
period of leading-edge oscillations (wave period), the fraction
of the leading edge that protrudes at any given time (protrusion
fraction), the fraction of the wave period during which the leading
edge is protruding (duty ratio), the maximum instantaneous
boundary protrusion rate (protrusion speed), and the rate
of lateral wave propagation (propagation speed). The strength
of adhesion had no effect on the rate of boundary protrusion or
lateral propagation (Figures 1Q and 1R). The wave period was
reduced, and the duty ratio and protrusion fraction were both
significantly increased in cells plated on intermediate RGD
densities (average wave period = 189 s, duty ratio = 0.83, and
protrusion fraction = 0.39; n = 3 cells), compared to cells plated
on high-RGD densities (average wave period = 283 s, duty ratio =
0.47, and protrusion fraction = 0.3; n = 26 cells; Figures 1N-1P).
Moreover, as previously described [8], these waves emerge in
cells crawling on micropatterned surfaces immediately after
the cell crossing from regions of intermediate adhesion to re-
gions of high adhesion (Figure S4), indicating that traveling
waves are dependent on local cell-substrate adhesion strength
rather than long-term adaptation to different surfaces. Alto-
gether, these results indicate that increasing cell-substrate
adhesion strength promotes the formation of traveling waves
and that the width and lifetime of the leading edge decrease
with increasing adhesion strength.

Large Adhesions Near the Leading Edge Promote
Waving

Highly adherent, waving keratocytes have large adhesions that
localize near the leading edge, whereas smooth keratocytes
have large adhesions only at the trailing edge (Figures 2A and
2B). Based on this—and on our results demonstrating that, as
cell-substrate adhesion strength increases, waves emerge and
the length of the leading edge decreases—we hypothesized
that mature adhesions near the leading edge induce waving by
locally inhibiting protrusion. If this is the case, then pharmacolog-
ical perturbations that affect adhesion maturation and turnover
in keratocytes plated on high-RGD densities should have
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Figure 1. Leading-Edge Dynamics in Highly Adherent Keratocytes

(A-L) Phase images (A, E, and I); edge velocity maps (B, F, and J); velocity of the center of the leading edge, plotted over time (C, G, and K); and velocity along the
leading edge, plotted versus cell boundary position (D, H, and L) for representative waving (A-D), rough (E-H), and smooth (I-L) cells, all plated on highly adhesive
surfaces. The edge velocity maps show the speed of the cell boundary at each point around the cell perimeter, plotted over time. Hot colors represent protrusion
of the cell boundary, and cold colors represent retraction. The insets in (C), (G), and (K) show the autocorrelation function for the edge velocity (top) and the power
spectrum of the autocorrelation function (bottom). The period of oscillation of the leading edge for the waving cell is indicated on the power spectrum plot in red.
(M) The fraction of waving (gray), noisy (white), and smooth (black) cells in populations of cells plated on the indicated surfaces.

(N-R) Wave periods (N), duty ratios (O), protrusion fractions (P), protrusion rates (Q), and lateral propagation rates (R) for waving cells plated on surface coated
with either high (n = 26 cells) or intermediate (n = 3 cells) RGD densities. The red lines indicate the median. Values from only three medium adhesion cells are
reported, because a tiny fraction of medium-adhesion cells exhibit traveling waves.

See also Figures S1-54.

predictable effects on waving. Specifically, perturbations that (Figures 2l and 2J), consistent with our hypothesis. Adhesion
promote adhesion maturation or inhibit adhesion turnover maturation is also known to depend on myosin contraction
should increase the fraction of the cells in a population that [30]. The myosin inhibitor blebbistatin reduced the size of adhe-
exhibit traveling waves, and these waving cells should have sions at the leading edge in keratocytes plated on high-RGD
longer wave periods and smaller protrusion fractions and duty  densities (Figure S5A) and reduced the fraction of waving cells
ratios. Perturbations that inhibit adhesion maturation should (Figures S5B-S5E). Altogether, these results suggest that protru-
have the opposite effect. To test this, we first treated keratocytes  sion waves in highly adherent keratocytes depend on adhesion
with the focal adhesion kinase (FAK) inhibitor PF-573228 [29].  maturation near the leading edge.

FAK inhibition has been shown to prevent focal adhesion turn-

over in several cell types [29]; consistent with this, larger adhe-  Oscillations in Actin Polymerization Drive Protrusion
sions localized to the leading edge in keratocytes treated with Waves

PF-573228, compared to control cells (Figure 2C). FAK inhibition ~ Generation of the traveling waves we have observed in highly
increased the fraction of waving cells (Figure 2G), as well adherent keratocytes must depend on three steps: protrusion
as increasing the wave period (Figures 2D-2F and 2H) initiation, lateral propagation of protrusion along the leading
and decreasing the boundary protrusion fraction and duty ratio  edge, and local protrusion termination behind the wave front.

Current Biology 27, 27-38, January 9, 2017 29



Cell’ress

actin vinculin overlay

medium RGD density >

B
2
Z
=
[
©
a
Q
o
ey
2
<
CLI_
[a%
=
ER
wn
o
+
2z
i
j=
[
©
o
Q
o
<
i
<
edge velocity (um/s) inhibi
D 0 ¢ PF o Aol E edgevacoczir:;rol F . +I PF (FAK inhibitor)
j 02| (s=130) 1 02 edge velocity (s = 100) 1
2150 - =0 «0
£ { ! 0.1 1 0.1 1
5] «n 0 oo = » 0 o=
2100 ! A E 2 (sedondd)” E 3% sedondy)”
3 3 . W =00 * =00 .
£ 50} i - %30 T=197 s 8 %30 T=301s
S : ' 3 g g
0 -0.1 D0 63 T4 -0.1 %007 04
0 550 500 750 1000 0 250 freq (s 300 650 1000 ™ fregiis')
seconds seconds seconds
N=73 21 — _
G % B smooth H 600 , I 10 J g 05 K 2035 z
g 0.8 [ rough £ 5001 ,° . ° 0.8 B 0.4 2 2
. o ] . o . c o
S 06 O waving e 400 g —_— 206 ". & 9 %
S @ 300 o8& . 5 0.3 o =
® 04 a e Z 0.4 & a 2 s
&= L 2001 eeg E] *% Y 202 k] s
02 2 100 0.2 s s E )
Q = N .
00 o R 0.0————t 0. high © 0.00b———r § 0.00
cont. high high+PF high high+PF ig igh+PF 5 high high+PF g ~° high high+PF

Figure 2. FAK Inhibition Prevents Adhesion Turnover and Increases Waving

(A-C) Images of cells plated on either intermediate (A) or high-adhesion-strength surfaces (B and C) and labeled for actin with fluorescent phalloidin and im-
munolabled for vinculin. The cells in (A) and (B) are control cells; the cell in (C) was treated with 25 uM of the FAK inhibitor PF-573228 (PF).

(D-F) Edge velocity map (D) and velocity of the center of the leading edge for a waving cell before (E) and after (F) treatment with PF. The upper insets in (E) and (F)
are the autocorrelation functions for the edge velocity, and the lower insets are the power spectrums of the autocorrelation functions. The wave period increased

from 197 s to 301 s after the addition of PF.

(G) The fraction of waving, rough, and smooth cells in populations of cells plated on high-adhesion-strength surfaces and treated with PF.
(H-L) Wave periods (H), duty ratios (1), protrusion fractions (J), protrusion rates (K), and lateral propagation rates (L) for control (n = 26 cells) or PF-treated waving
cells (n =5 cells). The red lines indicate the median. The control measurements shown in Figures 1M-1R are shown again here in (G)-(L) for ease of comparison.

See also Figure S5.

Relative rates of actin polymerization and actin retrograde flow
control protrusion: the cell membrane protrudes when actin
polymerization rates exceed retrograde flow rates, and the
membrane stalls or retracts when retrograde flow rates are equal
to or greater than polymerization rates. Thus, adhesions near the
leading edge could control wave initiation and termination by

30 Current Biology 27, 27-38, January 9, 2017

regulating actin polymerization or retrograde flow or both. To
determine whether protrusion waves in highly adherent kerato-
cytes are associated with oscillations in actin polymerization
and/or retrograde flow, we measured actin network movement
at stalled and protruding regions of the leading edge of waving
cells using fluorescence speckle microscopy. We measured
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Cells Correlate with Actin Polymerization
Rates, Not Retrograde Flow Rates

(A-C) Fluorescence image (A), phase images (B),
and cell outlines (C) of a cell electroporated with
fluorescent phalloidin and plated on a high-adhe-
sion-strength surface.

(D and E) Edge velocity map (D) and edge velocity,
actin polymerization, and actin retrograde flow
plotted over time (E).

(F) Box-and-whisker plots showing cell-edge ve-
locity, actin polymerization rates, and actin retro-
grade flow rates for stalled and protruding portions
of the leading edge.

(G) The rate of protrusion of the leading edge
plotted versus the rate of lateral wave propagation.

region i

contour points
-
o
S

>

SIS ,-;.'9_‘:5:.-

region i

L ! -; .
60 —
0

seconds

region ii

= edge velocity
= actin polymerization
—— retrograde flow

since Arp2/3-mediated branching of the
network occurs at +35° relative the direc-
tion of overall actin network growth [19].

Polymerization of this branched network,

p=0.004

F p=0.002 G
0.20

0.15 B
o=

005} L

velocity (pm/s)

0.00

protrusion speed (um/s)

0.00

50 100 150
seconds

200 therefore, results in lateral flow of barbed

ends along the leading edge. In this sce-

nario, lateral propagation rates should

. be proportional to the protrusion velocity.

i Consistent with this second scenario, the

. /. . rate of lateral propagation in waving kera-

Ao tocytes correlates with the maximal rate
of leading-edge protrusion (Figure 3G).

Overexpression of VASP Reduces

cdge actin retiggrade
velocity  pol.

protrudlng

edge " actin retiograde
velocity  pol.

stalled

actin polymerization rates by measuring actin movement relative
to the cell boundary, and we measured retrograde flow rates by
measuring actin movement relative to the underlying substrate
(Figure 3; see Experimental Procedures). First, we found that,
although retrograde flow rates in protruding and stalled regions
of the leading edge are equivalent (0.03 um/s in both regions),
actin polymerization was much faster in protruding regions
(0.13 um/s) than in stalled regions (0.03 um/s; Figure 3F). More-
over, the rate of retrograde flow at a particular point along the
leading edge remained constant over time, whereas the rate of
actin polymerization correlated with the velocity of the cell
edge (Figures 3D and 3E). Thus, oscillations in actin polymeriza-
tion, rather than retrograde flow, drive wave initiation and termi-
nation: protrusion initiates when the polymerization rate exceeds
the basal retrograde flow rate and terminates when polymeriza-
tion falls below the retrograde flow rate.

In addition to mechanisms for triggering and terminating pro-
trusion, traveling protrusion waves require a mechanism for
spatial coupling of adjacent sections of the leading edge. This
spatial coupling could be achieved by the diffusion of an
actin regulator molecule [6, 10], in which case, the rate of lateral
propagation should be proportional to the square root of the reg-
ulator’s diffusion constant [13]. Alternatively, spatial coupling
could be achieved by polymerization of the actin network itself,
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Waving in Highly Adherent Cells

Increasing adhesion strength causes a
reduction in the length of the leading
edge (Figure 10), suggesting that adhe-
sions may promote waving by titrating a limiting factor that
promotes protrusion away from the leading edge. Adhesions
are complex structures, and more than 100 different types of
proteins have been shown to associate with mature focal adhe-
sions [31]. Among these are several actin-modifying proteins,
including the anti-capping protein VASP and the actin nucleators
Arp2/3 and formins. VASP has previously been shown to localize
to both the leading edge and adhesions in the rear in smooth and
noisy keratocytes [27], and VASP localization patterns have been
shown to correlate with modes of edge dynamics in spreading
fibroblasts [32]. Based on this, we suspected that adhesions
near the leading edge in highly adherent keratocytes may induce
waving by depleting VASP from the leading edge. To test this, we
examined the effects of overexpression of VASP by transfecting
keratocytes with GFP-VASP, and then we plated transfected
cells on surfaces coated with high-RGD densities. We found,
first, that VASP localization patterns in waving and smooth cells
were consistent with our assumption that mature adhesions
compete VASP away from the leading edge: whereas in smooth
cells VASP localized primarily to the leading edge (Figures 4B,
4E, and 4F), in waving cells, VASP localized to large adhesions
near the front of the cell, as well as to short, protruding sections
of the leading edge (Figures 4A, 4C, and 4D). The fraction of the
cell perimeter enriched for VASP was also significantly reduced
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in waving cells compared to that in smooth cells (Figure 4G).
Next, we found that the fraction of waving cells was reduced in
cells expressing GFP-VASP, compared to that in cells express-
ing GFP alone (Figure 4l), and that within the population of
GFP-VASP-expressing cells, smooth cells expressed higher
levels of GFP-VASP than either waving or rough cells (Figure 4H).
These results suggest that VASP is, indeed, a limiting factor
required for actin polymerization and leading-edge protrusion
in waving cells.

Mathematical Model for Adhesion- and VASP-
Dependent Protrusion Waves

We propose a model in which adhesions near the leading edge
promote traveling waves of protrusion by titrating VASP mole-
cules away from the leading edge. Competition between the
leading edge and adhesions for VASP promotes transient pe-
riods of high- and low-actin polymerization, and polymerization
of the dendritically branched actin network transmits protrusion
laterally along the leading edge. This model is based on four key
experimental results. First, our measurements of actin polymer-
ization and retrograde flow rates in waving keratocytes indicate
that waving is the result of oscillations in actin polymerization
rates rather than retrograde flow (Figure 3). Second, there is a
tight correlation between the rates of leading-edge protrusion
and lateral propagation of the protrusion wave (Figure 3G), sug-
gesting that wave propagation is the result of actin polymeriza-
tion itself rather than diffusion of an actin activator. Third, the
fraction of cells that exhibit traveling waves—as well as the
wave period, protrusion fraction, and duty ratio—depends on
the localization of large adhesions near the leading edge (Figures
1and 2; Figure S5). Finally, overexpression of VASP reduces the
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(I) The fraction of waving, rough, and smooth cells
in populations expressing either VASP-GFP or
GFP alone.

fraction of waving cells plated on highly adherent surfaces
(Figure 4).

Based on these experimental observations, we developed a
mathematical model in which traveling protrusion waves emerge
from the dynamic interplay among mature adhesions, VASP,
actin barbed ends, and membrane tension (Figure 5A); all model
assumptions, equations, and parameters are described in detail
in the Supplemental Experimental Procedures. In brief, in this
model, we assume that protrusion occurs when the local density
of actin barbed ends exceeds a critical threshold set by tension in
the membrane [33]. The density of barbed ends depends on the
local concentration of VASP, which increases barbed-end den-
sity by preventing capping [34]. We assume that VASP reaches
the leading-edge barbed ends by diffusion, drift, or both [35],
and VASP molecules that dissociate from barbed ends diffuse
in the cytosol and may either re-associate with barbed ends or
bind mature adhesions (Figure 5B). We assume that membrane
protrusion involves three feedback loops (Figure 5A): (1) positive
feedback with actin branching, in which branching rates increase
as protrusion velocity increases [19]; (2) global negative feedback
due to protrusion-dependent increases in membrane tension
[36]; and (3) local negative feedback due to adhesion-dependent
depletion of VASP from barbed ends at the leading edge. This
local depletion is triggered by the protrusion-dependent forma-
tion of adhesions [37], which, we assume, bind VASP as they
mature. Mature adhesions remain stationary with respect to the
underlying surface [38, 39], and adhesion-bound VASP is, there-
fore, convected away from the leading edge by protrusion, locally
depleting VASP from the leading edge. Finally, we assume that
waves of protrusion propagate laterally along the leading edge,
due to the branched architecture of the actin network, until
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Figure 5. Model for Adhesion- and VASP-Dependent Traveling Wave Generation

(A) Diagram depicting feedbacks among membrane protrusion, membrane tension, adhesions, and actin barbed ends.

(B) VASP molecules bind adhesions or actin barbed ends, or they diffuse in the cytosol.

(C) Sequence of events during waving. At stalled portions of the leading edge in waving cells, the accumulation of VASP increases the density of barbed ends until
protrusion begins, triggering positive feedback between protrusion and the branching rate (parts i and ii). This increase in protrusion also increases membrane
tension, which serves to prevent the initiation of protrusion at any other point along the leading edge, limiting the cell to a single protrusion. The lateral flow of
barbed ends (due to the branched architecture of the actin network) causes protrusion to spread along the leading edge (parts ii-iv). Protrusion induces adhesion
formation, resulting in the depletion of VASP from the leading edge (indicated by the red arrows in parts ii-iv) and the eventual termination of protrusion behind the
wave front. Waves travel the length of the leading edge before extinguishing at the rear corners of the cell (parts iv and v). This is followed by a transient decrease in
membrane tension, allowing a new wave to form at the site of initial protrusion where VASP has once again accumulated (part v).

protrusion is extinguished at the rear corners of the cell. Inhibition
of protrusion in the rear corners of the cell may be mediated by
mature adhesions and myosin, both of which accumulate in the
rear of the cell and may inhibit membrane protrusion by promot-
ing actin network bundling, depolymerization, and/or retrograde
flow [23, 40].

Numerical simulations of three versions of this model—a 1D
model, a 2D model, and a dynamic leading-edge model (see
Supplemental Information)—spontaneously exhibit traveling
waves of protrusion (Figure 6B). Moreover, we varied the

parameter that quantifies adhesion strength in our model and
found that we were able to recapitulate our experimental mea-
surements of adhesion-dependent changes in leading-edge
dynamics. Specifically, at reduced adhesion strengths, the
entire leading edge in our model protrudes at a constant rate
(Figures 6Av and 6Bv), consistent with the rapidly migrating,
smooth keratocytes we observed on surfaces coated with in-
termediate densities of RGD peptides (Figure 1). Consistent
with the emergence of waving cells on surfaces coated with
high densities of RGD peptides [8] (Figure 1), increasing the

Current Biology 27, 27-38, January 9, 2017 33

CellPress




Cell’ress

Average velocity
(normalized)

Wave train period
(seconds)

Figure 6. Model Simulations Recapitulate
Adhesion- and VASP-Dependent Wave

A - (i)

0.2

400 Generation

Wave train

350 (A) Phase diagram showing average leading-edge

0.16

0.12

0.08

Adhesion maturation rate R

Motile

velocity as a function of two model parameters,
VASP delivery rate 3 and adhesion maturation rate R.
Dashed lines show predicted transitions between
stalled, waving, and smooth motile leading edges.
(i)—(v) correspond to the kymographs shown in (B).
The inset to the right of the main figure shows the
wave period in seconds for the region of parameter
50 space exhibiting waves.

(B) Kymographs showing protrusion velocity along

300
250
200

150
100

0.6 O\Z\SP de”efry rateso-g the leading edge over time; roman numbers corre-
) um/s spond to values of 8 and R shown in (A). Orange in-
B . 40 edge Ve|0C|ty 0102 dicates protrusion; green indicates stalled regions.
i) (C) Time series of local concentration of VASP and
protrusion velocity at a particular point on the leading
20 edge in a simulated waving cell.
0
i) 40
2 9 Out of the three feedbacks on which the
g model is based, the local positive feedback
'g 0 between the branching rate and protrusion
i) 9 40 and negative feedback between VASP-
3 accelerated protrusion and adhesion-
2 20 mediated VASP depletion are essential for
° the excitable waves of protrusion. Without
L 0 either of these feedbacks, protrusion can
iv) § 40 be either steady or bistable, but protrusion
S waves do not emerge (see Supplemental
8 20 Information). Although the precise molecu-
S lar mechanism underlying positive feed-
0 back between protrusion and the branching
v) 40 rate is uncertain, our model predicts that
reducing the branching rate should
20 diminish positive feedback with protrusion
and, thus, abolish protrusion waves.
00 250 500 750 1000 1250 1500 Consistent with thIS, we found that inhibit-
Time (seconds) ing branching with CK666, a small-mole-
c —— cdgeveloay = = VASPintensity cule inhibitor of Arp2/3, significantly

normalized units

reduced the number of waving cells
(Figure S6). The third, global, feedback
between the membrane tension and protru-
sion is not essential for the wave emer-
gence but is necessary to make the wave

250 750 1000

time (seconds)

adhesion strength parameter results in waves of protrusion
(Figures 6A and 6Bi-iii). Increasing the adhesion parameter
even further increases the wave period while decreasing the
fraction of the leading edge that protrudes (Figures 6A and
6B; compare i and ii), also consistent with our experimental re-
sults (Figures 1P, 2D, and 2J). In addition, we varied the param-
eter that quantifies the rate of VASP delivery to the leading
edge and found that waving protrusion disappeared as VASP
delivery increased (Figure 6A), consistent with the experimen-
tally observed reduction of waving in cells overexpressing
VASP (Figure 4).
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pulses periodic: without this feedback, the
next wave does not emerge at one end of
the leading edge when the previous wave
is extinguished at the opposite end, but rather the waves emerge
at relatively random locations and times (see Supplemental
Information).

1250 1500

VASP Localizes to the Leading Edge prior to the
Initiation of Protrusion

In addition to recapitulating our experimental results, our model
simulations also predict that VASP leading-edge localization
should oscillate, with VASP most enriched at the leading edge
prior to initiation of protrusion (Figure 6C). To test this, we exam-
ined the dynamic localization of VASP by measuring the intensity
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of GFP-VASP at all points along the cell perimeter, along with the
edge velocity, in four waving cells (Figure 7). We found, first, that
VASP intensity at the leading edge oscillated with the same
period as the edge velocity (Figures 7D and 7E). To determine
whether the oscillation of VASP localization is phase shifted rela-
tive to the oscillation of edge velocity, we calculated correlation
coefficients for the edge velocity map and the GFP-VASP inten-
sity map at different time and distance offsets (Figure 7G). GFP-
VASP intensity increased prior to initiation of protrusion in all four
cells, with time lags ranging from 5 s to 45 s (Figures 7F and 7G).
To rule out the possibility that the measured changes in GFP-
VASP intensity were due to oscillations in thickness of the lead-
ing edge, we measured edge intensities in cells transfected with
GFP alone and found that GFP intensity at the leading edge
oscillated in an irregular fashion and that intensity levels peaked
after, rather than prior to, the initiation of protrusion (Figure S7).
All together, these results are consistent with a model in which
adhesion-dependent depletion of VASP results in traveling
waves of protrusion.

autocorrelation

At (segonds)

the autocorrelation function (right). Edge velocity
and VASP intensity at the cell edge both oscillated
with a period of 197 s.

(F) Velocity (black line) and VASP intensity (dashed
red line) at the same point along the leading edge,
plotted over time.

(G) Edge velocity and VASP-GFP cross-correlation
map. Cross-correlation coefficients for the edge
velocity and VASP intensity maps shown in (B)
and (C) are plotted at the indicated time and dis-
4 tance offsets. The graph below the cross-correla-
tion map shows the cross-correlation function at
Ad = 0. The offset of —45 s indicates that VASP
localization at the leading edge increases prior to
protrusion of the leading edge.

See also Figures S6 and S7.
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DISCUSSION
offset=-45s We have presented a model in which
traveling waves of protrusion in highly
adherent keratocytes are driven by
mechanical and biochemical feedback
among adhesions, actin, VASP, and the cell membrane (Fig-
ure 5). In this model, tension in the membrane determines the
critical actin barbed-end density required for protrusion initia-
tion, and increasing or decreasing the amount of VASP moves
the barbed-end density closer to or farther from this critical den-
sity, respectively. When the barbed-end density is sufficiently
high, protrusion initiation sets off a positive feedback loop, with
increased protrusion promoting increased actin branching and,
thus, local actin barbed-end density. Protrusion waves propa-
gate along the leading edge due to the branched architecture
of the actin network, which results in lateral flow of actin barbed
ends. Protrusion also triggers two negative feedback loops.
First, fast, global negative feedback via a slight increase in mem-
brane tension increases the critical barbed-end density for new
protrusions, effectively limiting the cell to a single protrusion.
Second, slow, local negative feedback with adhesions depletes
VASP from the protruding edge of the cell, eventually reducing
the density of barbed ends below the critical density and termi-
nating protrusion behind the wave front. Our model and
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experimental data suggest that these feedback loops constitute
an excitable system sufficient for the emergence of traveling
waves of protrusion.

Cells exhibit considerable creativity in terms of the specific
feedback loops underlying excitability [13]. For example, in
addition to the feedback loops in our model, Arp2/3-actin-
excitable feedbacks [6, 10], negative feedback from myosin
contraction [4, 11], and signaling pacemakers based on
Rho-GTPase pathways [7, 9, 41] have all been proposed to
contribute to excitability. In principle, any positive and nega-
tive feedback loops could drive excitable actin dynamics,
just as long as these feedback loops operate over the proper
temporal and spatial scales; fast, local positive feedback com-
bined with slow negative feedback drives excitability in many
systems [13]. Interestingly, our model predicted that rapid
and global negative feedback between actin polymerization
and tension in the cell membrane is also essential for regular
periodic traveling waves in highly adherent keratocytes (see
Supplemental Experimental Procedures). Negative feedback
between actin network dynamics and membrane tension has
been demonstrated for steady-state keratocyte motility [36]
and neutrophil migration [42]; further work is required to deter-
mine whether transient increases in membrane tension play a
role in traveling waves.

Excitable actin dynamics are important not only at the leading
edge of motile cells but also in sensitizing chemotactic pathways
[41], regulating cell-cortex behavior in cytokinesis [22], and
signaling in dendritic spines [43]. These and many other exam-
ples indicate that such dynamics are not exceptions but rather
essential features of cell physiology. Moreover, waves of protru-
sion appear not only in in vitro 2D experiments: cells migrating
through 3D ECM are guided by small and rapid traveling “fins”
highly reminiscent of truncated keratocyte lamellipodia [44].
Thus, it is possible that the combination of mechanochemical
feedbacks involving adhesions, actin, membrane, and regulatory
proteins in keratocytes, which have extremely robust mecha-
nisms for concentrating polymerization machinery to the leading
edge, constitute a general conserved module underlying excit-
able actin dynamics.

EXPERIMENTAL PROCEDURES

Keratocyte Culture and Labeling

Experiments using live vertebrate animals, the Central American cichlid Hyp-
sophrys nicaraguensis, were approved by the Stanford University Institutional
Animal Care and Use Committee, protocol ID 10240. Keratocytes were
cultured from Hypsophrys nicaraguensis scales as described previously [27].
Briefly, scales were sandwiched between two acid-washed coverslips and
cultured in Leibovitz’s Media (L-15) supplemented with 14.2 mM HEPES (pH
7.4), 10% fetal bovine serum (FBS), and 1% antibiotic-antimycotic at room
temperature for 12-24 hr. Keratocytes were replated by trypsinization: cells
were washed briefly with PBS and then treated with 0.1% PBS and 1 mM
EDTA in PBS for 5 min. The trypsin was quenched with a 10-fold excess of
culture media, and the cells were transferred directly to new surfaces and
allowed to recover for 1 hr.

Alexa Fluor 546 phalloidin (AF546-phalloidin, Invitrogen) was used to label
F-actin for fluorescent speckle microscopy (FSM), as previously described
[45]. 2 nmol AF546-phalloidin were mixed with 7 pM deoxy-ATP (dATP),
7 uM deoxy-GTP, and 5 uM dexoy-CTP in double-distilled water (ddH,0)
for 15 min at room temperature to prevent phalloidin aggregation. The phal-
loidin mixture was electroporated into keratocytes using a small volume
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perfusion chamber with field stimulation (Warner Instruments) with three
pulses at 180 V. Electroporated cells were allowed to recover for approxi-
mately 20 min before they were replated. VASP overexpression was per-
formed by transfection, as previously described [27]. Keratocyte cultures
were placed in Hank’s balanced salt solution for fish, and ~10 pg of either
phosphorylated (p)EGFP-C1 or pEGFP-VASP plasmid DNA was added to
the cultures immediately prior to electroporation. The cultures were allowed
to recover in full media for 18-24 hr to allow for expression prior to replating
and imaging.

Surface Preparation

The strength of cell-substrate adhesion was controlled by plating keratocytes
on glass coverslips functionalized with either high or intermediate densities of
RGD peptides. RGD density was controlled using RGD functionalized poly-L-
lysine-graft-(polyethylene glycol) copolymers (PLL-PEG-RGD), as previously
described [8]. Positively charged PLL polymers bind the negatively charged
glass surface, PEG polymers passivate the surface—i.e., prevent the adsorp-
tion of serum proteins—and RGD peptides support cell adhesion via integrin
receptors. Surfaces with different RGD densities were generated by dissolving
PLL-PEG-RGD and PLL-PEG copolymers in PBS and mixing them at various
ratios, to a total final concentration of 0.5 mg/mL. “High” adhesion surfaces
were coated with 100% PLL-PEG-RGD (0.5 mg/mL), whereas “intermediate”
adhesion surfaces were coated with solutions containing 2% PLL-PEG-RGD
(0.01 mg/mL). Glass coverslips were washed with isopropanol and acetone
and coated with PLL-PEG/PLL-PEG-RGD for 20 min at room temperature.
The coverslips were washed extensively with ddH,O and stored at 4°C for
up to 24 hr prior to use. The PLL-PEG and PLL-PEG-RGD copolymers were
synthesized as previously described [8].

Immunofluorescence

Indirect immunofluorescence was performed using a monoclonal mouse anti-
vinculin antibody (hVIN-1, ab11194, Abcam). Cells were fixed at room temper-
ature with 4% formaldehyde in 0.32 M sucrose in PBS for 15 min, permeabi-
lized with 0.5% Triton X-100 for 10 min, and blocked with PBS-BT (3% BSA,
0.1% Triton X-100, and 0.02% sodium azide in PBS) for 30 min prior to
incubation with primary antibody diluted in PBS-BT. F-actin was labeled
with fluorescently conjugated phalloidin.

Microscopy

Live cells were imaged on an inverted microscope (Diaphot-300, Nikon) using
a40x NA 1.3 oil plan Fluor or a 60x NA 1.4 oil plan-Apo objective (Nikon). Epi-
fluorescence images of fixed cells were aquired with an upright microscope
(Axioplan 2; Carl Zeiss Microlmaging) using a 63x NA 1.4 oil plan Apochromat
objective (Carl Zeiss Microlmaging). Images were collected with a cooled
back-thinned charge-coupled device (CCD) camera (MicroMax 512BFT;
Princeton Instruments) with a 2x optovar attached using MetaMorph software
(Molecular Devices). Total internal reflection fluorescence (TIRF) images were
acquired using an inverted microscope (AxioObserver; Carl Zeiss Microlmag-
ing), a 100x NA 1.4 TIRF objective (Carl Zeiss Microlmaging), a 488-nm laser
line, and a motorized TIRF slider (Zeiss). Images were collected with an elec-
tron microscopy (EM)-CCD camera (Hamamatsu) using AxioVision software
(Zeiss).

Analysis of Protrusion Dynamics

Protrusion dynamics were measured from cell boundary contours as previ-
ously described [8, 46] Briefly, binary cell masks were manually extracted
from phase images using the Quick Selection tool in Photoshop (Adobe). Cell-
tool, open source Python code for quantifying cell shape [46], was used to
extract polygonal cell outlines from the binary masks. The cell outlines were
represented as 2D splines, which were then resampled at 200 evenly spaced
points to generate the final contours. Cell boundary dynamics were then
measured using custom Python code. Displacement vectors between poly-
gons extracted from successive image frames were calculated for each point.
The edge velocity at each point was calculated by dividing the component of
the displacement vector normal to the cell edge by the time interval at which
the images were acquired (5-10 s). Wave periods were measured by fast
Fourier transform of the autocorrelation function of the edge velocity at the
center of the leading edge (contour point 100).



Measurement of Actin Network Flow

Movement of the actin network at the leading edge was measured using an
adaptive multi-frame correlation algorithm [23]. Briefly, we used five-frame
averaging (10 s) and a correlation template between 11 pixels x 11 pixels
and 21 pixels x 21 pixels. This method assumes steady-state movement of
the actin network within the area of the correlation template over the duration
of the temporal window, but the leading edge in keratocytes protrudes too
quickly to meet this requirement. Thus, image sequences were converted
from the laboratory frame of reference to a leading-edge frame of reference
prior to flow tracking. The flow measurements were performed in the lead-
ing-edge frame of reference, and the resulting flow maps were then trans-
formed back to the laboratory frame of reference. Phalloidin speckles were
accentuated by applying a spatial band-pass filter to the images before flow
tracking.

Mathematical Modeling
We used analytical and numerical analyses of partial differential equations for
modeling; see Supplemental Experimental Procedures for details.
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Supplemental Figure Legends

Figure S1: Traveling waves in highly adherent keratocytes. Edge velocity maps and plots of
leading edge velocity, the velocity autocorrelation function, and the power spectrum of the
autocorrelation function for several highly adherent keratocytes that exhibit traveling waves. In
most cases, protrusion initiates at one side of the leading edge and then proceeds along the length
of the leading edge; the black asterix in parts B, F, and G indicate rare protrusions that initiated
near the center of the leading edge, with protrusion then proceeding in both directions along the
leading edge away from the site of initiation. In all cases, protrusion waves terminate at the rear

corners of the cell (contour points 50 and 150). See also Figure 1 in the main text.

Figure S2: High frequency, low amplitude oscillations. A-C: Synchronous leading edge
oscillations in a smooth cell. Phase images (A), edge velocity map (B), and leading edge
velocity (C) for a cell plated on a surface coated with an intermediate density of RGD peptides
(medium adhesion). The leading edge in this cell exhibits synchronous oscillation of the entire,
smooth leading edge, as indicated by the peak in the power spectrum that correspond to an
oscillation period of 85 seconds. D-F: High frequency oscillations on top of protrusion waves.
Edge velocity map (D) and leading edge velocities (E-F) for a waving cell plated on a surface
coated with a high density of RGD peptides. The time window plotted in part f is indicated by
the dashed box on the edge velocity map. The cell exhibits both low frequency traveling waves
(E, T =365 seconds), and high frequency oscillations (F, T ~20 seconds). The insets in parts c, e
and f are the leading edge velocity autocorrelation function (top) and the power spectrum of the

autocorrelation function (bottom). See also Figure 1 in the main text.

Figure S3: Quantitative wave parameters. A: Edge velocity map. The rate of lateral
propagation of the wave along the front of the cell was measured from the edge velocity map, as
indicated by the arrow. B: Velocity of the leading edge, at the contour point indicated by the
dashed line in part a, plotted versus time. The lifetime for a particular protrusion — the amount of
time the protrusion rate at a particular contour point is greater than zero — is indicated by the
bracket. C-D: Velocity autocorrelation (C) and power spectrum of the autocorrelation function

(D). The wave period is measured from the power spectrum. The duty ratio is defined as the



protrusion lifetime divided by the wave period. E: The velocity of the cell boundary at a
particular point in time, indicated by the dashed line in part a, plotted versus position along the
cell boundary. The width of the protrusion — the length of the cell boundary protruding at this
particular point in time — is indicated by the bracket. The protrusion fraction is defined as the
protrusion width divided by the total contour length. The parameters plotted for populations of

cells in Figures 1 and 2 in the main text are indicated in bold, italicized text.

Figure S4: Traveling waves emerge in cells crawling on micropatterned surfaces. A cell
was imaged crawling on a micropatterned surface as it crossed from a region patterned with an
intermediate density of RGD peptides to a region patterned with a high density of RGD peptides.
A: Phase images. The region patterned with a high density of RGD peptides is psuedocolored
green. B: Edge velocity map. The dashed lines indicate when the cell’s leading and trailing
edges crossed the boundary from intermediate to high RGD densities. See also Figure 1 in the

main text.

Figure S5. Myosin inhibition prevents adhesion maturation and abolishes waving. A:
Images of cells plated on high adhesion strength surfaces and immunolabeled for vinculin.
Adhesion size is reduced in cells treated with the myosin II inhibitor blebbistatin (left), relative
to control cells (right). B-D: Edge velocity map (B) and velocity of the center of the leading
edge for a waving cell before (C) and after (D) treatment with blebbistatin. The upper insets in C
and D are the autocorrelation functions for the edge velocity, and the lower insets are the power
spectrums of the autocorrelation functions. E: The fraction of waving, noisy, and smooth cells in
populations of cells plated on high adhesion strength surfaces and treated with blebbistatin; the
control data from Figure 1M is plotted again here for ease of comparison. See also Figure 2 in

the main text.

Figure S6. Arp2/3 inhibition abolishes waving. Cells plated on surfaces coated with high
densities of RGD peptides were treated with 100uM of the Arp2/3 small molecule inhibitor,
CK666. A: Edge velocity map. The inhibitor was added at t = 900 seconds, and the cells
switched from waving to a rough leading edge phenotype. B: Leading edge phenotypes. The



fraction of waving, rough, and smooth cells before and after treatment with CK666. See also

Figure 7 in the main text.

Figure S7. Leading edge thickness peaks after the onset of protrusion in waving cells.
Phase (A) and epifluorescence (B) images of a highly adhesive, waving cell expressing GFP. C:
Edge velocity map. D: Peak GFP intensity map. The highest fluorescence intensity at each point
along the cell boundary is plotted over time. Hot colors indicate high fluorescence intensities
and cold colors indicate low intensities. E-F: Edge velocity (E) and VASP intensity (F)
autocorrelation maps. Autocorrelation coefficients for the indicated time (At) and contour
position (Ad) offsets are plotted for the edge velocity and GFP intensity maps shown in parts C
and D. Hot colors indicate positive correlation, and cold colors indicate negative correlation.
The graphs below the autocorrelation maps show the autocorrelation function at Ad=0 (left) and
the power spectrum of the autocorrelation function (right). Whereas edge velocity oscillated
with a period of 233 seconds, GFP intensities exhibited irregular oscillations. G: Velocity (black
line) and GFP intensity (dashed red line) at the same point along the leading edge, plotted over
time. H: Edge velocity and GFP cross correlation map. Cross correlation coefficients for the
edge velocity and VASP intensity maps shown in parts C and D are plotted at the indicated time
and distance offsets. The graph below the cross correlation map shows the cross correlation
function at Ad=0. The offset of +35 seconds indicates that GFP localization at the leading edge

increases after protrusion of the leading edge. See also Figure 7 in the main text.



Mathematical model of traveling waves in the
keratocyte leading edge

1 Basic model equations and assumptions

The leading edge is parametrized by 0 < x < [, where [ is the total length of the leading edge. The length
[ = 40 pm [S12] is much longer than its width w &~ 1 um [S4], and we therefore formulate the model in one
spatial dimension. Along the leading edge, we track the following densities: Actin filaments barbed ends at
the leading edge, b(z, t); nascent and mature adhesions n(z,t), m(z,t); and VASP, which is either cytosolic,
or on barbed ends, or in mature adhesions: a., ap, a,,. We also track an edge velocity at every point along
the leading edge, v(z,t). The model is summarized in the Fig. 5 of the main text. The equations governing
the dynamics are described in this section. Parameters for the model are summarized in Table S1.

Actin barbed-end dynamics

e Branching rate depends on protrusion velocity, 8 = By + f1v. This assumption reflects the distinct
architecture of dendritic actin at the leading edge, depending on protrusion state [S3].

e Capping occurs at rate v which is reduced by the local VASP concentration v = /(1 + ap/ag), where
ap is the local concentration of VASP currently on barbed ends. The uncapped barbed ends remain at
the leading edge, independent of growth velocity because if they are stationary, so is the leading edge,
whereas if they are polymerizing, the leading edge is moving forward with them. When an uncapped
barbed end is capped, it is immediately removed from the edge. Under these assumptions, capping
dynamics are independent of polymerization velocity.

e Polymerization at barbed-ends results in flow along the leading edge, described by the term ¢(z, ),
defined below.

The resulting dynamics are described by the equation:

0b

il el x,t) +&. (1)
N——

lateral flow

To break symmetry, we add a small noise term &;, corresponding to, e.g., inhomogeneity in the substrate and
stochasticity in the biochemical interactions, to the above equation through a Wiener process [S23] whose
magnitude is < 1073 relative to the other terms. The effect of larger noise is discussed below in Model
Variants.

Adhesions

e Nascent adhesion formation depends on the presence of barbed-ends [S4]; in the model, the source
term is proportional to the barbed-end density, with v+ as proportionality coefficient.

e Nascent adhesions mature at rate p and disassemble at rate v—. As we show below, the nascent
adhesions dynamics formation, disassembly and maturation are sufficiently fast that they dominate
the substrate-adhesion-based transport.



e Mature adhesions are removed by two processes: they decay with timescale 7,,, = 30s [S4]. They also
drift away from the leading edge of width w at speed v during protrusion, since adhesions are mostly
stationary in the frame of reference of the substrate [S4].

The resulting adhesion dynamics equations are:

on

yri vtb— (v~ + p)n (2)
S — = (U 0 ) ®)

VASP dynamics

The local VASP concentration in each of the three compartments (cytosol, barbed-ends, mature adhesions)
changes according to the following equation:

9 ayp ap 1) 0 ap
5 | =EX-| a |+|0|—| D/w*+v/w |-| a |. (4)
Ay, A, 0 v/w Am,

Below we describe the assumptions that lead to each term in the above equation.

e The matrix

*kbc kcbb 0
EX = | +koe —(keob+ kemm) +kme+1/7m (5)
0 kemm —Kme — 1/Tm

describes the exchange between the three compartments. The terms involving 7,,, describe the release
of VASP from mature adhesions as they turn over. Sequestration of VASP into mature adhesions was
observed in Lacayo et al. [S15] and Bear and Gertler [S2]. The exchange rates are mostly unmeasured,
although Hansen and Mullins [S10] estimate k,. ~ 0.7s71.

e VASP is delivered by an unspecified process to the leading edge at a constant delivery rate . Recent
evidence [S10] suggests VASP is delivered to barbed-ends by binding laterally along actin filaments
and then undergoing 1D diffusion until either dissociation or encountering the barbed-end, after which
it tracks along with the barbed-end.

e VASP is removed by several processes: adhesion-bound VASP are convected away by protrusion (last
term in a,, equation), since adhesions are mostly stationary in the lab frame [S4]. Cytosolic VASP
diffuses away from the leading edge (D/w? term in a. equation). This term assumes that VASP
concentration is much larger near the leading edge than further back in the lamellipod, in agreement
with observations [S2]. Note that VASP is tetrameric [S10], suggesting a slow diffusion coefficient D,
which scales linearly with protein size [S11]. In the following we assume D = 0.2 um?/s. The v/w term
in the a. equation describes a flow of the cytosolic fluid, which carries VASP with it. If cytosolic fluid
is stationary in the lab frame, cytosolic VASP will also be convected away by protrusion, as described
in the equation. We discuss alternate assumptions about cytosolic flow in the section Model Variants,
below.

e VASP lateral diffusion is negligible. We expect this to be a valid approximation by scaling arguments
(the local concentration of VASP, as we observe experimentally, varies over the wavelength of ~ 10 um
and the waves cycle with a timescale of ~ 100s, implying a characteristic diffusion coefficient of
D ~ 1um?/s, supporting the assumption above about the value of the diffusion coefficient in the
model). Nonetheless, to more carefully examine the consequences of this simplifying assumption, in
Sec. 5 below, we construct a more complex model and remove this assumption, including full diffusion
throughout the entire lamellipodium. As discussed in that section, we find the same behavior as in
this simplified model.



Actin polymerization, protrusion velocity and membrane tension

The velocity of the edge, v(z,t), exhibits a switch-like transition with increasing barbed-end density [S12],
v = Vo (1 - (@/(Fstallb))g) b > G/Fstall (6)
0 b < ®/Fstall

where v is the free polymerization rate, Fyay is the stall force for individual filaments and © is the membrane
tension. The force-velocity relation Eq. 6 is an empirical relation describing the complex interaction of a
population of polymerizing barbed-ends, individually acting as Brownian ratchets [S18] and has been used
in several studies [S1, S12].

Membrane tension is a cell-wide property that equilibrates quickly throughout the cell [S21, S26]. In
keratocytes, it has been estimated to be on the order of 100pN/nm [S16]. It was shown in [S16] that
the membrane tension increases when the actin polymerization grows, and filaments stretch the plasma
membrane from within. Thus, we are making a simple assumption that the membrane tension © increases
with increasing velocity as a step function:

@0 Up =0
0= 7

The average protrusion rate v, is defined as:

1 xr
T 7/0 v(z)dz, (8)

We use a small fractional increase in membrane tension when protrusion is present, £ = 0.1, based on the
data in [S16].

Lateral protrusion

Actin barbed ends polymerize in a wide range of directions, leading to both lateral flow of barbed-ends, and
protrusion (discussed next section). Locally, there are two subpopulations of actin filaments which point +35°
relative to the leading edge [S19], and which therefore polymerize either left or right at rates v(x,t) - cos 35°.
Branching associated with one subpopulation creates a new barbed-end in the opposite subpopulation. This
fact leads to a two-subpopulation model for barbed-ends used in Keren et al. [S12], Lacayo et al. [S15]:

8bl _ o 8 bT — bl
i cos 35 %U@?,t)bl +p (br n bz) y ©))
ab, 0 b — by
ET +cos 35 8xv(:r,t)br +5 <b7- T bl) . (10)

However, on length scales > v/f, it is sufficient to track the total density b(x,t) = b;(z,t) + b.(x,t), which

approximately obeys

b 9 [ b

Derivation of this diffusion-like transport equation is based on standard methods of applied mathematics
[S6] and was done in Lacayo et al. [S15].

Boundary conditions.

We explored two main types of boundary conditions for the growing barbed-ends when they reach either left
or right corners of the leading edge (at « = 0,1). We simulated the model for natural condition corresponding
to no flux boundary conditions:

0b

ab
%lz:O = %‘z:l =0. (12)



Table S1: Physical parameters used in simulations shown in main Figure 7. The precise value of many
parameters are not specified because they drop out of the non-dimensional model parameters, shown in
Table S2, thus their values do not affect model predictions.

Parameter Description Value Source / note
l Length of leading edge 40 pm measured here
w Width of leading edge 1 pm [S4]

Vo Velocity of actin polymerization 0.2um/s measured here

~y Filament capping rate in low VASP 1s7! [S8]

D Diffusivity of cytosolic VASP 0.2 um?/s estimated here

T Decay time of mature adhesions 30s [S4]

Bo Branching rate (per length of leading edge) pm~Ts~! not specified
51 Increase in branching rate by polymerization pm~Ls™! per um/s not specified
vT Formation rate of nascent adhesions s~ Iper filament not specified
v- Decay rate of nascent adhesions st not specified

o Maturation rate of nascent adhesions s7! not specified
key VASP exchange s~ per filament not specified
kfe VASP exchange st not specified
kem VASP exchange s~ !per mature adhesion not specified
kme VASP exchange 51 not specified
ao Amount of ay that reduces capping by 50% mol. per pum not specified

d Delivery rate of cytosolic VASP mol. per pum/s not specified

C) Membrane tension ~ 100 pN/ pm [S12, S16],

E Membrane tension increase by polymerization ~ 10pN/ um [S16]
fstall Polymerization force per filament ~ 1pN/ filament [S7, S14]

Those would arise, for example, under the assumption that left-facing barbed ends become stalled at the
left corner, but maintain the ability to nucleate a branched (and therefore right-facing) barbed end. We also
tried simply to keep the barbed end density at the ends equal to a small fixed value, b(0) = b(l) = by. In
this case, the wave tends to initiate away from the leading edges end. We also tried changing the values of
m(z) at z = 0 and = I, m(0) = m(l) = my, even though the equation for m does not require boundary
conditions, corresponding to a fixed adhesion density at the ends. Similarly to fixing the barbed end density
at the ends, most results remain unchanged; however, waves tend to initiate away from the leading edge
corners, where they initiate in doublets that travel in opposite directions.

2 Model analysis and simplifications

Separation of timescales and non-dimensionalization

The predominant timescale is the rate of VASP removal by diffusion away from the leading edge, t* =
w?/D ~ 5s. Compared to this, barbed-end dynamics are fast, with timescale ¢ t* where ¢ = D /w?y ~ 0.1.
We now identify dynamics that are slower than these timescales. Roughly speaking, each dynamic variable
that has fast dynamics relative to the timescale of interest eliminates one of the above equations.

e VASP exchange between cytosol, barbed-ends and adhesions is fast relative to other dynamics.

e Nascent adhesion turnover is fast relative to other dynamics.



With those timescale separations, we choose the following scales for the dynamic variables, space and time:

b= bog ~ (100 pum™') B (13)
Y0
kbc o
a=-——A 14
ey Bo (14)
kmc
= mepf 1
m T (15)
2
t= %T ~ (58) T (16)
2
x= UO%X ~ (1pm) X (17)

This leads to the nondimensional system of three coupled differential equations,

OB B , 8 (10B

or ~ V) - a s kB) aX(raX> (18)
0A g (I4+naV+nuMV)A (19)
or 1+M+ KB

oM

We define the nondimensional parameters (each related to a set of physical parameters) below. The nondi-
mensional auxiliary variable
'=14+AB/(1+ M + KB) (21)

is related to a spatially-varying diffusion process. The protrusion velocity is given by
V =(1-(B./B)") (22)

where the membrane tension © is transformed into a critical barbed-end density B.. Following the assump-
tions about protrusion’s effect on membrane tension,

0 _
5 {5 [VdX =0 (23)
BY1+E) [VdX >0

where BY = O¢/ fstall-
From the total local VASP concentration A(z,t), we compute the portion in each compartment (cytosolic,
mature adhesion and barbed-ends, respectively), as

1
A,=—— A 24
" 1+M+ KB (24)
M
A,=—— A 2
™1+ M+ KB (25)
KB
Ay=—— A 2
" 1Y M+ KB (26)



Table S2: Nondimensional parameters. Results use values shown unless otherwise noted.

Parameter Definition Description Value
R 1kem [ Kme Scaled maturation rate 0.2, varied
1) dw?/Day Scaled VASP delivery rate 0.9, varied
€ yw?/D Ratio of actin dynamics timescale to VASP timescale 0.1
nB B1vo/Bo Increase in actin branching due to polymerization 1
i vow/D Scaled adhesion advection rate 1
K (kf “;Z(’b) Scaled ratio of reaction constants of VASP-to-actin and VASP-to-adhesion 1

Berit ©0/fstanfB/vy  Critical barbed end density allowing protrusion 4
E AB/Qg Scaled increase in critical barbed end density due to protrusion 0.1
Parameters in the non-dimensional model
The nondimensional parameters in Eqgs. 18-20 are:

1 D
= = ~ 0.1 27
‘ Yo w? @7
Vow
= ~ 0.2 28
=5 (28)
2
w
0=— ~ 0.05 29
Dt (29)
ns = B1vo/Bo =1 (assumed) (30)
Bo/ 0
K=-—"—"——— =1 (assumed 31
(k;bc/kcb) ( ) ( )
w?v* (Bo/0)
R=—7"7—+- ied 32
e varie (32)
w?(Bo/0)
0= — 277 varied 33
D (kpe/kep)ao (33)

The parameters constrained by the data are ¢, and 6, as well as the base time scale w?/D and length
scale vow?/D. These parameters are derived from experimentally well-constrained values. Parameters §
and R are unknown, and so we explore variability in these parameters in a wide range. For the remaining
two parameters, we set g = K = 1. The meaning of parameter g is the ratio of the speed-dependent to
speed-independent parts of the branching rate. The analysis shows that if this ratio is much less than 1, then
the positive feedback between protrusion and branching rate is weak and the waves do not emerge. This is
in agreement with the data from Arp2/3 inhibition experiment. If this parameter is much great than 1, the
models conclusions do not change. The meaning of parameter K = 1 is the partitioning of VASP between
the barbed ends and mature adhesions. VASP images in this study, as well as in [S15], suggest that this
partitioning is not too far from equal, hence the assumption that K = 1.

3 Numerical simulation of model

Traveling wave train at high adhesion and intermediate VASP

For 6 = 0.9, R = 0.2, numerical simulation of Egs. 18-20 result in a sequence of traveling waves. This solution
evolves from every initial condition we tried, including uniformly stalled, uniformly protruding, random and
gradients, and they persist for the duration of long simulations to > 10* seconds. A profile of concentrations
in the wave, at an instant in time, is shown in Fig. S8.

Properties of waves predicted by the model

The following properties occur over a wide range of model parameters:



e Lateral wave velocity is equal to actin polymerization velocity.

e Typically, traveling waves start at edges or location of previous traveling wave. Waves tend to initiate
at the corners (z = 0 and = =1). Occasionally, a wave initiates at the edge away from the corners, in
which case the wave initiates as a doublet of waves traveling in opposite directions, and the nucleation
site migrates slowly between subsequent waves (Fig. 6Biii of the main text).

e After an initial transient at the beginning of simulation, the next traveling wave (or doublet of traveling
waves) begins immediately after the previous wave dies out.

e Locally, total VASP concentration exhibits a traveling wave with phase slightly ahead of actin protru-
sion traveling wave.

e Locally, adhesion density exhibits a traveling wave that is out of phase with the actin/protrusion
traveling wave.

The following properties are satisfied for our choice of § = 0.9 and R = 0.2:

e Excited time period is roughly half the refractory time period, and the excited protrusion is roughly
one third the length of the leading edge.

e The amplitude of actin oscillations is ~ 70% of its minimal value.

e The amplitude of adhesion oscillations is ~ 50% of its minimal value.

Quantitative explanation of waving

From a physical point of view, the emergence of waves can be understood by examining the time series of
local concentrations at a point along the leading edge, shown in Fig. S8. When this region is stalled, VASP
accumulates as it is delivered to barbed ends faster than it diffuses away through the cytosol. The increasing
VASP concentration brings with it an increase in barbed-end density, through anti-capping activity, until
there are enough barbed ends to cause protrusion. At this point, VASP delivery is insufficient to dominate
over VASP removal (via the relative rearward motion of mature adhesion and, depending on which model
variant, the relative rearward motion of the cytosol), and local VASP concentration decreases. Without
sufficient VASP to prevent capping, the barbed-end density reduces until the leading edge stalls, and the
cycle repeats. As the traveling wave is lost at one of the boundaries, membrane tension is slightly reduced.
This initiates the following traveling wave in the sequence.

From the point of view of dynamical systems, the emergence of a sequence of traveling waves can be
understood qualitatively as follows. The underlying system of ordinary differential equations (ODEs), i.e.,
Egs. 18-20 without the diffusion term, demonstrates several classes of solution, depending on the parameters:
a stable steady state with V' = 0, a stable steady state with V' ~ 1, two steady states corresponding to
bistability, and oscillations [S22]. For solutions with the V' = 0 steady state, the system is excitable [S6], and
a sufficient perturbation results in a large excursion in B(t), A(t) and M (t) before returning to the stable
steady state. Among the parameters controlling the dynamics is B.. The sequence of traveling wave occurs
when B, = B? is oscillatory, while B, = B2(1 + E) is excitable. Thus, when V = 0 for all X, the system
varies until protrusion begins for some X. At this point, B, increases, the system becomes excitable, and
the protrusion propagates as an excitable wave [S6] via the lateral diffusion term in Eq. 18.

Phase diagram for varying model parameters

As mentioned, the solutions to Eqs. 18-20 depend on parameters, including 6 and R. We ran simulations for
221 parameter sets with § € [0,0.2] and R € [0.6,1.0] and summarize the results in Fig. 6 of the main text
and Fig. S9.

For these parameters, we observe leading edges that are stalled, smooth motile or waving, separated by
predicted transition lines shown as dashed lines in Fig. S9A. Some sample kymographs of these simulations
are shown in Fig. 6B of the main text and summarized here.

(i) Sequence of traveling waves as described in the previous section.
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Fig. S8: Simulated traveling waves at high adhesion and intermediate VASP concentrations. (A) Profile of
concentrations along the leading edge at a particular time. The wave moves to the left. Cyan line indicates
the barbed-end density threshold above which protrusion occurs. Total VASP is shown by the solid red curve,
and the area below this curve is split into three sub-populations. (B) Time series of local concentrations at
a particular location along the leading edge.
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Fig. S9: Phase diagram showing leading edge behavior as a function of two model parameters, VASP delivery
rate § and adhesion maturation rate R. (A) Average velocity. Dashed lines show predicted transitions be-
tween stalled, waving, and smooth motile leading edges. Roman numerals (i)-(iv) correspond to kymographs
in Fig. 6 of the main text. (B) Predictions for molecular perturbation experiments. Shaded regions indicate
intrinsic population variability. (a) Increasing adhesion maturation by increasing substrate adhesion leads to
waving. (b) Overexpression of VASP at high adhesion reduces the fraction of cells that wave. (c¢) Depletion
of VASP at low adhesion does not introduce waves, and may stall some cells. (d) Promoting adhesions, for
example with FAK, results in thinner waves as shown in Fig. 6ii. (e) Reducing adhesion maturation with
blebbistatin reduces the fraction of cells that wave. (C-D) For the region of parameter space exhibiting
waves, the wave period in seconds (C), and the duty ratio (D), defined as the fraction of the period for which
there is protrusion. Hotter colors represent more thicker waves.

(ii) Traveling waves with various lateral widths. Since the propagation velocity is approximately constant
vo, the width of the wave is pl where p = Toxe/T is the duty ratio, the ratio of time a region of leading
edge is protruding relative to the period of oscillation, T. The model produces all duty ratios p € [0, 1]
for different parameters, shown in Fig. S9D.

(iii) Stalled leading edges which support wave pulses. By starting with an initial condition in which a
location along the leading edge has B(X) > BY, a single wave pulse travels along the leading edge and
then vanishes.

(iv) Motile leading edges which support wave fronts. By starting with an initial condition with V' = 0
everywhere, protrusion begins at a location and travels along the leading edge until protrusion is
everywhere. These states correspond to bistability in the ODEs discussed above.



Model predictions for molecular perturbation experiments

As described in the main text, keratocytes were perturbed with pharmacological agents and exposed to
surfaces with different adhesion strengths. These perturbations correspond to changes in parameters in the
mathematical model. Here we describe changes in leading edge behavior predicted by these perturbation
experiments. Each prediction agrees with the experimental results.

(a) Increasing adhesion maturation by increasing substrate adhesion leads to waving.

(b) Overexpression of VASP at high adhesion reduces the fraction of cells that wave.

(c) Depletion of VASP at low adhesion does not introduce waves, and may stall some cells.
)

(d) Promoting adhesions with focal adhesion kinase (FAK) results in thinner waves as shown in Fig. 6Bii

of the main text.

(e) Reducing adhesion maturation with blebbistatin reduces the fraction of cells that wave.

These molecular perturbations are summarized by the arrows in Fig. S9B.

Other leading edge behavior occurring in the model

Noisy leading edge

—~

As mentioned above, we include a noise term in Eq. 1 with autocorrelation (£()&(t—t')) = £25(t —
nondimension model, the transformed noise term is 27 with autocorrelation (Z(T)=(T —T")) = Z36(T —T")
where Zy = &Y D/ (Bow?).

At high levels of noise, Zg = 107!, for parameters § = 0.7, R = 0.2, simulations result in a noisy leading
edge where small, short-lived traveling waves are continuously forming. Traveling waves have a characteristic
propagation velocity of &~ vg = 0.2 um/s. An example is shown in Fig. S1I0A. These noisy simulations are
reminiscent of rough leading edges observed experimentally (see Fig. 1F in the Main Text).

Low-amplitude uniform oscillations

For intermediate VASP and high adhesion maturation (§ = 0.9, R = 0.2), when the nondimensional param-
eter € is increased to € = 15, the leading edge undergoes synchronized oscillations of protrusion, in which
the velocity oscillates with a nonzero minimum (in contrast to large-amplitude oscillations discussed below).
These are shown in Fig. S10B. The amplitude of these waves gradually decays, approaching to a constant
velocity. The increase in € = w?/D/~ can be interpreted as a reduced turnover rate in the actin network.
The resultant low-amplitude oscillations may correspond to experimental observations (see Fig. 1J in the
Main Text).

4 Model variants testing alternative hypotheses

e VASP as an actin polymerization promoter. An alternative suggested role of VASP is in pro-
moting actin polymerization [S10]. We test this hypothesis by replacing Eq. 6 with

Y vo(1+ap/a1) (1= (8/(fswan))®) b > O/ fsan (34)
0 b< @/fstall

where a; is a parameter describing the amount of VASP that doubles the actin polymerization rate. In

the arrow diagram in Fig. 5 of the main text, this can be interpreted as an arrow directly from VASP

to protrusion.

Our simulations in which VASP has polymerization-promoting activity, but no anti-capping activity,
do not result in waves. The underlying ODE system does not have an oscillatory regime or an excitable
regime. Simulations with both anti-capping and polymerization-promoting activities are qualitatively
similar to anti-capping alone.
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Fig. S10: Additional simulated leading edge behaviors. (A) Noisy leading edge with continuous, small travel-
ing waves. The characteristic velocity of the traveling waves (slope of dashed line) is v0. (B) Low-amplitude
oscillations of motile cells. (C,D) Model with constant membrane tension and small noise magnitude (C) or
intrinsic oscillations (D).

e Different assumption about relative cytosolic flow. Recent evidence [S13] suggests that in
steady-state, cytosol flows toward the leading edge at low velocity, however the relevance of this result
to transient protrusion reported here is unclear. We explored the possibility that cytosolic VASP
remains with the leading edge and found the results are insensitive to this assumption, although they
require more mature adhesions, achieved in the model via a higher maturation rate p (nondimensonal
R) by a factor of three.

e Constant membrane tension. The model assumption with least experimental support is our
assumption that membrane tension is slightly reduced in the absence of polymerization. We ran
simulations without this assumption by setting £ = 0. Two regimes of parameter space provided
opportunity for traveling waves. For parameters where the underlying ODE is oscillatory, the leading
edge exhibited synchronized oscillations between stalled and protruding. A kymograph is shown in
Fig. S10D. Such behavior is not observed in keratocytes.

Alternatively, in parameter regimes where the underlying ODE is excitable, a sequence of traveling
waves is observed when a noise term is added to the equations as described in the previous section.
For low levels of noise (2g = 1073 in the previous section), this produces rare, spatially-uncoupled
traveling waves shown in Fig. S10C. For increasing noise, we observe the rough leading edge described
in the previous section.

e Waves laterally driven by diffusing regulators. Traveling waves of actin observed in other



contexts and cell types have been hypothesized to travel via the diffusion of an actin regulator. These
include heml in neutrophils [S24], membrane-bound proteins [S5], Rac [S27] and generic diffusible
activator [S20]. In these cases, the traveling wave is predicted to have a propagation velocity vp,op =~
v2D7 where D is the diffusion coefficient of the actin regulator and 7 is the characteristic timescale
of its dynamics near the equilibrium state. We did not simulate such a mechanism, but note that it
would not explain the strong correlation between propagation velocity and protrusion velocity observed
experimentally.

5 Dynamics away from the leading edge

The above modeling considers the dynamics in a thin strip at the leading edge. For this reason, the model
necessarily assumes phenomenological dynamics for delivery and removal of leading-edge molecular partic-
ipants like VASP. In this section, we extend the model to a wide (rectangular, with dimensions similar to
that of the whole keratocyte lamellipodim, which actually is very close to rectangle in shape, in the case of
steady motility) strip near the leading edge. We can therefore study the influence of specific mechanisms of,
e.g., VASP delivery.

Model description

This two-dimensional model is shown schematically in Fig. S11. Let y denote distance from the leading

rDefined along leading edge:
V(aj, t) Leading edge velocity
l—» X Leading edge B(a;‘, t) Barbed-end density

\_ Ab (l', t) VASP, barbed-end-bound

(Defined throughout lamellipodium:
Ac(z,y,t)  VASP, cytoplasmic
Am (EU, Yy, t) VASP, adhesion-bound
Towards cell body \_ M(x, Y, t) Mature adhesions

L Defined globally across lamellipodium:

B. (t) Membrane tension

Fig. S11: Model geometry including dynamics away from the leading edge. The lamellipodium is approxi-
mated as a rectangle with leading edge length L, and width away from the leading edge W.

edge. Uncapped barbed ends are assumed to be primarily at the leading edge, therefore B(x,t), Ay(z,t) and
V(z,t) are only defined at y = 0. The non-dimensional equations for variables B(x,t), Ay(z, t) now have the

form:
B B , 0 (10B
Gr ~ UV - x0T T ax (fa—x> (35)
0A
8—; = +hky (BA: — Ap) (36)

The equation for V(z,t) remains unchanged. The remaining variables are defined throughout the lamel-
lipodium and are therefore defined for all z and y in the domain.



VASP in cytoplasm. In this extension of the model, it is necessary to separate VASP states since these
may have different transport kinetics. Cytosolic VASP undergoes exchange with mature adhesions and
diffuses, leading to the non-dimensional PDE:

%;C = +k3(A,, — KMA,) + Da <682YA; + gi?;) : (37)
At the leading edge, cytosolic VASP exchanges with the leading edge,
D%;C ks (BAu—Ay)  at Y =0, (38)
while the cell body at the read of the lamellipodium provides a constant reservoir,
A.=6 at Y =W (39)

Mature adhesions. Mature adhesions advect backwards, and carry their VASP subpopulation with them:

oM oM

5= VXS (40)

Mature adhesions are created from nascent adhesions, which are proportional to barbed ends (as in the 1D
model, nascent adhesions are assumed to be proportional to B), so:

VM =RB at Y =0. (41)

VASP bound to adhesions. The subpopulation of VASP in mature adhesions exchanges with the cyto-
plasm and advects rearward, in tandem with the mature adhesions themselves:

0A, 0Ay,
—— =—k3(An, — KMA,) - V(X)——, 42
o~ el ) = VX 5y (42)
with no-flux boundary condition at the leading edge:
Amn=0 at Y =0. (43)

Results of simulation of 2D model

We have performed simulations of the above model for a limited range of parameters. The same behavior at
the leading edge is exhibited as for the 1-d approximation model. Specifically, we observe a train of traveling
waves, see Fig. S12, for parameters R = 0.14,§ =5, FE =0.2,qy = 1, K = 1, ko = 1,k3 = 10, BY = 3.6, D4 =
1. The behavior changes upon changing parameters, like in the 1-dimensional approximation model. For
example, a stalled (non-motile) leading edge that supports individual traveling pulses of protrusion upon
perturbations is also exhibited, as shown in Fig. S13, for parameters R =0.14,0 =2, E =0.1,ny = 1, K =
1,k =10,k3 = 10,BY = 3.6, D4 = 1.

The 2-d model that includes dynamics away from the leading edge, confirms the general results provided
by our simpler 1-dimensional model. In addition, it elucidates a specific question about VASP delivery:
We find that diffusion alone is sufficient to deliver VASP to the leading edge at a rate consistent with its
consumption by the growing barbed ends. Interestingly, at the same time this diffusion is not too great and
does not abolish the spatial heterogeneity along the leading edge, in agreement with the experimental data.
Finally, note that the 2-d VASP diffusion translates into the delivery to the edge with the effective speed
of the order of the diffusion coefficient divided by the effective length on which VASP is partially depleted
by “consumption” at the edge. For realistic parameters, the effective delivery speed is at least a few-fold
greater than the protrusion speed, and so the latter can be neglected.
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Fig. S12: Train of traveling waves of protrusion in the full-lamellipodium (2-dimensional) model.
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6 Model modification in the case of a dynamic leading edge

One of the simplifications of the above modeling is the assumption of a steady leading edge shape, specifically,
that its shape deformations are small. Obviously, such approximation is rather drastic for the waving cells:
one can glean from the time-lapse microscopy that the shape of the leading edge changes significantly in time.
For the densities of the barbed ends, mature adhesions and VASP, these leading edge deformations lead to
two effects: First, if the leading edge contour expands / shrinks locally, then all densities have to respectively
decrease / increase locally as well. Second, due to the lateral flow of two oppositely oriented actin branches
subpopulations at the leading edge, deformations of the edge lead to effective drift of the barbed end density.
Here, we derive the model modification in the case of the leading edge as a free boundary and describe
numerical results that demonstrate that such model extension does not change the main conclusions of this
study.

Model description

We approximate the dynamic shape of the leading edge as follows: we assume that the leading edge is still
parametrized by 0 < z < [, where [ is the total length of the edge, however, we do not treat the edge as
a static arc anymore, but rather describe its shape with the function f(z,t) so that y = f(z) is the set
of points constituting the leading edge curve at time ¢. Thus, z-coordinates of the leading edge ends do
not shift in time (equivalent to the assumption that the sides of the cell move along straight parallel lines),
but the shape of the edge between the corners is dynamic. Furthermore, we assume that the leading edge
shape does not deviate from the straight line too much, so that the local curvature of the edge 1/r can be
described by the formula 92f/92%. In the case of large edge deformations, all formulas and calculations
become prohibitively complex, and in any case, other model approximations become dubious, so the full 2D
free boundary problem would have to be solved, which at this time poses a paramount challenge, besides
bringing little insight.

We derived equations for the reaction-drift-diffusion processes on the moving boundary in [S17]. If ¢(s, t)
is a density on the cell boundary, where s is an arc coordinate along the boundary, then the equation on the
steady boundary,

¢
—=T+R 44
where T" and R are the transport and reaction terms, respectively, change to
0 V(s)
— =T+ R-— . 45
ot~ TR (45)

Here V is the rate of locally normal protrusion and r is the local edge radius of curvature. In the approx-
imation of small edge deformations, V(s) is the same protrusion velocity we used in the model above, and
coordinate s can be approximated by x. The additional term has simple meaning: if » > 0, then when the
curving out edge protrudes, the local edge length increases leading to local depletion of the density. In [S17],
we demonstrated that in the case of arbitrary deformations, there is another, nonlocal, term that has to be
added to the density equations, but in the limit of small deformations that term is negligible.

Second, we demonstrated in [S15] that there is an additional drift term for the barbed end density at
the deforming leading edge. This term originates from the phenomenon of the lateral flow: barbed ends of
the filaments branching to the right/left drift to the right/left, respectively, along the edge as they grow.
In [S15] we discuss experimental evidence that the predominant orientation of the barbed ends is global,
+35°, independent of the local orientation of the leading edge. In this case, for example, if 9f/0x > 0, then
the barbed ends of the filaments branching to the right would slide to the right faster, than the barbed ends
of the filaments branching to the left slide to the left. In [S15], we demonstrated that this effect leads to the
additional drift term

—(1/cot(350))% (vgib) . (46)

Finally, we need one additional equation for computing the leading edge shape, which is the kinetic
equation 0f /0t = v(x). Clearly, we could add the centripetal myosin-driven flow to this equation, and/or
write it in the framework of the moving cell center-of-mass, but this only shifts the edge in space as a whole



and does not change anything relevant to the model behavior. We also have to add the second term to
the right hand side of this equation, which describes the correction of the protrusion rate due to the local
membrane curvature, 92 f/9z2: if a protrusive lobe develops, 9% f/9z% < 0, there is a restoring force trying
to flatten the membrane, while if there is a local indentation in the leading edge (part of the leading edge lags
behind, 9%f/0x? > 0), then membrane tension at the sides restores flatness helping the protrusion. Such
term was derived and discussed at length in [S9, S15]. Because the membrane resistance is proportional
to the Gaussian curvature at the leading edge [S9], the main component of which is the high curvature in
the dorsal-ventral direction, the nondimensional proportionality coefficient, €, for this additional term in the
equation for f responsible for the lateral bending of the leading edge is small, on the order of 0.1 [S15].

After the non-dimensionalization, which uses the same scales as in the basic model , the non-dimensional
model (Eq. 18 -Eq. 20) on the moving boundary has the form:

%ﬁ = LnsV) =3 +AB/(1iM+KB) “26% (;gﬁ) “%B - 6aix (V$B> 7)
%—Af =RB— (0 +nuV)M + e%M (49)
g—i = V+€§§£. (50)

The other equations of the model, as well as the boundary conditions, are unchanged.

Results of simulation with leading edge shape corrections

We have performed simulations of the above system of equations for a limited range of parameters. A
comparison between predictions of the models with and without correction terms is shown in Fig. S14.
Generally, we find that the correction terms do not lead to large changes in the behavior of the system. The
traveling wave pulses become thinner and more frequent, but this effect can be compensated by a slight
changes in parameters.
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Cell Migration: Making the Waves
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Coordinated changes of cell shape are often the result of the excitable, wave-like dynamics of the actin
cytoskeleton. New work shows that, in migrating cells, protrusion waves arise from mechanochemical
crosstalk between adhesion sites, membrane tension and the actin protrusive machinery.

In order to migrate, eukaryotic cells have
to transduce intracellular forces to the
extracellular environment. A unifying theme
is that the retrograde force produced by
actin filaments growing against the leading
plasma membrane is transduced to the
substrate, e.g. via transmembrane
adhesion receptors [1]. While this principle
is of broad relevance, the spatiotemporal
regimes under which such
mechanocoupling arises can be diverse.
Most cells show some kind of oscillatory
morphodynamic patterns, such as
protrusion—retraction cycles or wave-like
undulations of their surface curvature.
These shape changes define the different
strategies of how cells move and, for some
amoeboid celltypes, it has been suggested
that coordinated deformations can even
endow them with the capacity to swim
within viscous media [2,3]. How such, often
oscillating, dynamics arise is largely
unknown, but it is firmly established that
the actin cytoskeleton generates almost all
intracellular forces. In this issue of Current
Biology, Barnhart et al. [4] now
demonstrate how an interplay between
three feedback loops involving actin-driven
protrusion, adhesion site formation and
membrane tension can generate laterally
propagating protrusion waves.

For their study, Barnhart et al. [4] have
used the simplest known paradigm for

actin-driven cell motility: the fish
keratocyte. These cells, derived from fish
scales, migrate spontaneously and
steadily when plated on an adhesive
surface. Keratocytes display a stereotypic
flat, fan-like morphology, shape changes
over time are minimal, and there is almost
no relative slippage between the
substrate and the actin network growing
from the leading edge. The leading edges
of these cells represent expanding actin
networks surrounded by the bag of
plasma membrane and thus reduce the
three-dimensional and temporally
complex phenomenon of cell motility to a
two-dimensional, largely homeostatic
problem. In other words: as long as
there is no thorough understanding of
keratocyte motility, there is no
understanding of cell migration.

In previous work, these authors found
that, when plated on highly adhesive
surfaces, keratocytes often show a
remarkable behavior that is rare under
intermediate adhesion conditions: they
switch from the steady shape to oscillatory
waving, where a new lamellipodium is
initiated at the front and then travels
laterally until it vanishes at the side of the
cell [5]. Occasionally, two waves are
initiated at the front of one cell, leadingto a
breaststroke pattern, whereby one wave
travels to the left and the other to the right.

R24 Current Biology 27, R19-R41, January 9, 2017 © 2017 Elsevier Ltd.

The authors took a very quantitative
morphometric approach and found that
the adhesiveness of the substrate not only
increases the frequency of traveling wave
formation but at the same time decreases
the width and the lifetime of the
lamellipodium. This behavioral switch was
induced not only by changing substrate
adhesiveness but also by modifying the
stability of adhesion sites, with
pharmacological stabilization or de-
stabilization of adhesion sites leading to
more or less waving, respectively.
Temporal oscillations of lamellipodia
are seen in most cell types, and
fibroblasts and epithelial cells show
regular protrusion-retraction cycles [6].
It has been suggested that such cycles
are coupled to retrograde transport of
molecular regulators that occurs together
with the actin flow. In their new study,
Barnhart et al. [4] considered this option,
but when they measured retrograde actin
transport in waving lamellipodia they
found that there was no slippage between
actin and substrate. This allowed them to
conclude that actin polymerization itself
rather than coupling to the substrate
defines the propagation of the protrusive
wave and that a wave ultimately dies
when polymerization stalls. The spatial
coupling between the travelling wave
front and the adjacent sections of the
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Figure 1. A model describing the interplay between adhesion, protrusion and membrane

tension.

Keratocytes plated on substrates of intermediate adhesiveness show continuous protrusion of the leading

edge. On highly adhesive substrates, the cells switch to an oscillatory ‘waving’ behavior. Three feedback
loops govern wave formation in keratocytes migrating on high concentrations of RGD peptide, i.e. under

high adhesion conditions: (1) large adhesions forming on high RGD accumulate large amounts of VASP,
which is therefore depleted from the leading edge; (2) global inhibition of protrusion by increased
membrane tension (denoted by large grey arrows); and (3) local positive feedback of increased protrusion
on branching at the site of wave formation drives the propagation of the wave across the leading edge.

leading edge could be mediated either by
the diffusion of an actin regulatory
molecule or by the growth of the branched
actin network itself. Given that the lateral
propagation rate of the wave was strictly
proportional to the maximal rate of
protrusion velocity, a diffusive

regulator — which should instead drive
lateral propagation proportionally to the
square root of its own diffusion

constant — seemed unlikely.

The key question arising was how do
adhesion sites talk to the leading edge?
From the various actin regulatory factors
that associate with both adhesions and
the leading front, the authors focused on
VASP, a factor with a dual function as an
anti-capping protein and an elongating
factor. The leading edge association of
VASP was previously shown to faithfully
correlate with protrusion speed in many

different cell types [7]. Indeed,
overexpression of VASP in keratocytes
reduced the fraction of waving cells,
essentially shifting the high adhesion
phenotype toward the lower adhesion
phenotype. These data suggested that
adjacent adhesion sites titrate VASP from
the leading edge and thereby keep the
protrusion from growing under high
adhesion conditions.

These findings drew a sufficiently
simple picture to develop a mathematical
model of the waving protrusion. Here, a
protrusion is initiated when the local
density of actin barbed ends exceeds a
critical threshold to overcome lateral
membrane tension (which equilibrates
over the whole cell). VASP either increases
barbed end density (by antagonizing
capping) at the leading edge or is
sequestered to adhesion sites. Barnhart

CellPress

et al. [4] found that three feedback loops
between actin polymerization, membrane
tension and adhesion site formation were
sufficient to recapitulate the experimental
data. The model also predicted that VASP
should accumulate at the leading edge
prior to wave initiation, which was
confirmed experimentally.

So, in this new work, Barnhart et al. [4]
demonstrate how a travelling wave
can arise from a very simple set of
mechanochemical feedbacks (Figure 1)
and suggest that such waves may
constitute a general module that could
drive excitable actin dynamics in other
contexts, like cell division, chemotaxis
and neuronal communication. When
cells migrate in three dimensions they
deform with complex dynamic patterns
and these dynamics have to be
coordinated with geometric and
adhesive features of the environment. It
will probably take a long time for us to
understand how the cell orchestrates its
cytoskeletal machinery: the new study
stresses the importance of reductionist
but still adequate model systems to
mechanistically understand dynamic
phenomena.
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