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In migrating fibroblasts actomyosin II bundles are graded polarity (GP) bundles, a distinct organization to stress fibers.
GP bundles are important for powering cell migration, yet have an unknown mechanism of formation. Electron
microscopy and the fate of photobleached marks show actin filaments undergoing retrograde flow in filopodia, and the
lamellipodium are structurally and dynamically linked with stationary GP bundles within the lamella. An individual
filopodium initially protrudes, but then becomes separated from the tip of the lamellipodium and seeds the formation of
a new GP bundle within the lamella. In individual live cells expressing both GFP-myosin II and RFP-actin, myosin II
puncta localize to the base of an individual filopodium an average 28 s before the filopodium seeds the formation of a new
GP bundle. Associated myosin II is stationary with respect to the substratum in new GP bundles. Inhibition of myosin
IT motor activity in live cells blocks appearance of new GP bundles in the lamella, without inhibition of cell protrusion
in the same timescale. We conclude retrograde F-actin flow and myosin II activity within the leading cell edge delivers

F-actin to the lamella to seed the formation of new GP bundles.

INTRODUCTION

Cell migration is essential for embryo development, tissue
repair, and immunity in both the embryo and the adult and
plays an important role in several diseases. Cell migration is
driven by motile forces generated by several distinct types of
actin filament structures in cells, and an understanding of
their formation is thus essential to advance knowledge on
cell migration mechanisms. It is thought that several distinct
actin force generating mechanisms in a single cell together
provide overall force for cell migration: actin filament as-
sembly is coupled to membrane protrusion at the leading
cell edge, whereas actin filaments and myosin II and possi-
bly other types of myosins in the cell body contribute motile
force in the form of cell tension to drive the cell body and cell
rear forward (collectively termed here for simplicity cell
body translocation; reviewed in Sheetz, 1994; Lauffenburger
and Horwitz, 1996; Mitchison and Cramer, 1996; Cramer,
1999a; Sheetz et al., 1999; Verkhovsky et al., 1999; Small and
Resch, 2005).

Formation of protrusive structures (lamellipodia and
filopodia) at the leading edge of migrating cells has been
extensively studied, and much progress in determining the
molecular mechanism of their formation has been made in
recent years (reviewed in Small, 1995; Pollard and Borisy,
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2003; Ridley et al., 2003; Faix and Rottner, 2006; Carlier and
Pantaloni, 2007; Gupton and Gertler, 2007; Mattila and Lap-
palainen, 2008). Filopodia are embedded within, or protrude
from, the lamellipodium and are thought to mainly have a
role in directionality (reviewed in Faix and Rottner, 2006;
Gupton and Gertler, 2007; Mattila and Lappalainen, 2008).
Length of individual filopodia may vary such that its tip is
located either at the front edge of the lamellipodium, as seen
in chick embryo fibroblasts (e.g., Figure 1b, open arrow-
heads) or some distance beyond it, as, for example, is more
typical in neurite growth cones.

Actin in the cell body has been less extensively studied,
despite its importance for cell migration. Almost all infor-
mation on actin in the cell body comes from the study of
stress fibers, a type of actomyosin II filament bundle (Badley
et al., 1980; Pellegrin and Mellor, 2007). However although
this information is useful in some contexts, not yet widely
appreciated is that actin in the cell body in migrating cells is
not organized as stress fibers. Currently, the only way to
identify actin organization and filament polarity is by elec-
tron microscopy (EM) and decorating the filaments with
subfragments of myosin II. Where this has been done in
migrating cell types, actin organization is distinct to stress
fibers (Cramer ef al., 1997; Svitkina ef al., 1997; Swailes ef al.,
2004). Although stress fibers are organized with alternating
filament polarity, similar to muscle sarcomeres (Cramer et
al., 1997; Cramer, 1999a), actin organization in migrating
cells is distinct, either graded filament polarity in migrating
fibroblasts (Cramer ef al., 1997) and migrating myoblasts
(Swailes et al., 2004) or a distinct nonsarcomeric actomyosin
II filament network in migrating keratocytes (Svitkina et al.,
1997). Further, the formation of stress fibers is associated
with reduced cell movement (Couchman and Rees, 1979).
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There are two important, yet not fully appreciated, conse-
quences for the different underlying actin organizations
identified in the cell body of migrating cell types and stress
fibers in other cell types (Cramer, 1999a; Verkhovsky et al.,
1999). One is that their mechanisms of formation must be
distinct. Another is that the mechanism of myosin II force
generation in the cell body of these migrating cells must be
distinct to cell tension generated in stress fibers, clearly
having a consequence for the mechanism of cell migration.
As we want to understand how cells move, here we have
thus studied how graded polarity actin filament bundles
form in migrating primary chick embryo heart fibroblasts.

Migrating, primary chick heart fibroblasts and migrating
mouse myoblasts are the only migrating cell types in which
actin organization and filament polarity is completely known
throughout the entire cell, thus making them excellent mod-
els for developing an understanding of how cells move. In
both cases actin is organized with graded filament polarity
(GP), either actin bundles in migrating fibroblasts (Cramer et
al., 1997) or actin sheets in migrating myoblasts (Swailes et
al., 2004). Thus graded polarity is an important actin orga-
nization for cell migration.

Migrating primary chick fibroblasts are composed of sev-
eral distinct cell regions distinguished by morphology (see
Figure 1) and behavior and actin dynamics (Cramer et al.,
1997). At the front of the cell is the leading cell edge, rich in
polymerized (F-) actin. The leading cell edge in these cells
comprises a lamellipodium (Figure la, denoted lp) and
filopodia (Figure 1b, open arrowheads) embedded within
the lamellipodium. Immediately behind the lamellipodium
is a region termed the lamella (Figure la, denoted la), of
intermediate thickness and comprised of less rich F-actin
(Cramer et al., 2002). Behind the lamella, is the bulk cell body,
containing the nucleus and most of the organelles (Figure 1a,
denoted n). Behind the nucleus is a rounded, or drawn-out cell
rear (Figure 1a, denoted r). For clarity, in this article the term
leading cell edge is used to refer to both the lamellipodium
and filopodia embedded within individual lamellipodia.
Also in this article the boundary between the lamellipodium
and lamella is also studied (Figure 1a, dashed line). This
boundary in fibroblasts is readily distinguished based on the
known differences in morphology by phase-contrast or DIC
microscopy (Heath and Holifield, 1991) and that F-actin
concentration is higher within the lamellipodium (Cramer et
al., 2002; see also Figure la, compare Ip and la at their
boundary; dashed line).

In these migrating fibroblasts, F-actin dynamics with re-
spect to the substratum varies with spatial location in the
same cell (Cramer et al., 1997). In the lamellipodium and
filopodia F-actin flows retrograde (backward). Within the
lamella F-actin is stationary, and within the bulk cell body
there are two dynamic F-actin populations, one population
flows anterograde (forward) and the other is stationary.
Other migrating cell types also exhibit retrograde, antero-
grade, and stationary F-actin dynamic behavior within the
same individual cell (Svitkina et al., 1997; Salmon et al., 2002;
Vallotton ef al., 2004; Schaub et al., 2007), although the pre-
cise spatial cellular location of each actin dynamic varies
with cell type. In the context of this article, we point out that
observed stationary behavior of F-actin with respect to the
substratum within the lamella of migrating fibroblasts (Cra-
mer et al., 1997) contrasts to observed slow retrograde F-
actin flow in the lamella of some other motile cells (Salmon
et al., 2002; Vallotton et al., 2004) or lamella-equivalent re-
gions in some type of neuronal growth cones (Forscher and
Smith, 1990; Schaefer et al., 2002). This difference may reflect
precise cell behavior (Verkhovsky et al., 1999). For the for-
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ward flow and stationary actin populations in migrating
cells evidence provides a role in driving the cell body for-
ward during migration (Cramer et al., 1997; Cramer, 1999a).
Retrograde F-actin flow has been studied for decades and
seems a common behavior in motile cells (Cramer, 1997;
Vallotton et al., 2005). In some migrating cell types there is a
relationship between the rates of retrograde F-actin flow and
leading edge protrusion (Lin and Forscher, 1995; Malla-
varapu and Mitchison, 1999; Giannone et al., 2004). How-
ever, additional explicit functions for retrograde F-actin flow
is less explored in the literature.

GP actin filament bundles in migrating fibroblasts span
the entire cell, apparently from the front of the lamella
(Figure 1a, GP bundles indicated with solid arrowheads) to
the rear cell margin, and their dynamic behavior is deter-
mined by position in the cell: stationary within the lamella
and stationary and forward moving within the bulk cell
body (Cramer et al., 1997). GP actin filament bundles are
predominantly oriented in the direction of migration and
are mostly localized on the ventral cell surface where they
are associated with adhesion proteins such as talin (Cra-
mer et al., 1997). GP bundles provide the myosin II-based
motile force needed to move the bulk cell body forward
during cell migration (Cramer ef al., 1997, 1999a). Despite
their importance for cell migration, the mechanism of for-
mation of GP bundles is unknown.

We have found that a subpopulation of F-actin within
filopodia, and the lamellipodium is delivered to the lamella
by retrograde F-actin flow and myosin II activity to seed the
formation of new GP actin filament bundles in this location.
For the first time this provides information on the mecha-
nism of formation of GP actin filament bundles as well as
providing an explicit function for retrograde actin filament
flow in cells. Our data also provides direct evidence for a
new actin assembly pathway where actin filaments in filop-
odia and lamellipodia directly supply actin filaments to seed
construction of actomyosin II bundles in the lamella. Thus
protrusion of the leading cell edge and retrograde F-actin
flow is structurally and dynamically coupled with tension-
generating activity within GP bundles in the cell body to
provide necessary overall coordination in motile forces to
move the entire cell forward.

MATERIALS AND METHODS
Preparation of Primary Chick Embryo Fibroblasts

Hearts were dissected from 7-d-old chick embryos and mechanical prepara-
tion of tissue explants were plated on coverslips coated with poly-L-lysine
and Matrigel (BD Biosciences, San Jose, CA) and cultured in DMEM, high-
glucose (Invitrogen, Paisley, United Kingdom), with 10% calf serum (Invitro-
gen), 10% chick serum (Sigma, St. Louis, MO), and 100 U/ml each of penicillin
and streptomycin (Sigma). As previously described (Cramer, 1999b), once the
explant had adhered, fibroblasts moved out, and migrating cells at the pe-
riphery of the halo of the explant 18-30 h after plating were used for study.
These cells at this time migrated at 0.5-2 um/min.

Electron Microscopy

Cells grown on glass coverslips coated with poly-L-lysine and Matrigel were
permeabilized live in cytoskeleton buffer (10 mM MES, pH 6.1, 2 mM MgCl,,
2mM EGTA, 138 mM KCl, and 380 mM sucrose) containing 1% Triton X-100
and 1 ug/ml unlabeled phalloidin for 10 min. We titrated the time and
concentration of detergent necessary to obtain the minimal dose required to
provide good visualization and preservation of actin filaments at the front of
the cell. Cells were then fixed in 4% glutaraldehyde in 0.1 M sodium caco-
dylate buffer, pH 7.6, and postfixed in 1% osmium tetroxide/1.5% potassium
ferricyanide, and then were prepared for whole mount EM, critical point
drying, platinum and carbon coating, and rotary shadowing as previously
described, except that the digestion step with 10 M NaOH was done if
required (Signoret et al., 2005). In this method, the coating with platinum and
carbon was thick (~2 X 10-14 nm).
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Construction of EGFP-tagged Myosin Essential Light
Chain

A clone of the chicken nonmuscle myosin essential light-chain cDNA
(GenBank entry no. M15646) was a kind gift from K. Trybus (University of
Vermont). Enhanced green fluorescent protein (EGFP) was fused to the N
terminus by cloning the full myosin light-chain coding sequence into
pEGFP-C1 (Clontech, Mountain View, CA), such that there was a 37-aa linker
between the two. Sequencing of the myosin light-chain clone revealed a point
mutation that results in a K66N mutation in the protein. This residue is not
conserved across the vertebrates, and this substitution is found in the corre-
sponding sequence in turkey (Meleagris gallopavo). The EGFP-tagged myosin
essential light-chain (EGFP-ELC) viral (see below) construct showed complete
colocalization with endogenous myosin II when expressed in chick embryo
fibroblasts (CEFs) (Supplementary Figure S1). At moderate expression levels
actin organization and cell behavior was the same as uninfected cells. Highly
expressing cells were not used for analysis because cell shape appeared more
amorphous. Thus at moderate expression levels this construct is a faithful
reporter of myosin II localization and cell behavior.

Preparation and Use of Adenovirus Suspensions

The AdEasy system (Stratagene, La Jolla, CA) was used to produce recombi-
nant, E1- and E3-deleted adenoviruses of EGFP-ELC myosin II, EGFP-actin
(Tanner et al., 2005), and mRFP-actin. EGFP-actin and mRFP-actin viruses
were a kind gift from J. Bamburg (Colorado State University). Viruses were
made, expanded, and titered as described (Minamide et al., 2003). In brief,
viruses were produced and amplified by infecting HEK 293 cells with viral
constructs, collecting the supernatant 2 to 3 d later, and concentrating by
centrifugation on a 100-kDa molecular-weight cutoff ultrafilter (Millipore,
Billerica, MA). Viral stocks were titrated by infecting confluent HEK 293 cells
with serial dilutions of the stock, fixed 16 h later, stained with the B6-8
anti-E2a antibody, and counted infected cells. CEFs were infected by incubat-
ing fresh explants held in suspension with doses of 107 U in 100 ul per heart
for 24 h before plating, similar to previous studies (Dawe et al., 2003). As
described previously (Dawe et al., 2003), where two distinct viral constructs
were used to infect a single population of cells (as in Figure 6), the proportion
of each virus had to be reduced to ensure most cells remained healthy. This
meant that in healthy cells the intensity of the signal for GFP-myosin II and
RFP-actin in a dual infection and expression was less than in a single infec-
tion.

Live Imaging of Cells

Cells expressing GFP-actin or RFP-actin, or coexpressing GFP-myosin II and
RFP-actin were cultured on glass-bottomed dishes (Willco Wells, Amsterdam,
Netherlands) coated with Matrigel in phenol red—free DMEM/F12 (Invitro-
gen) supplemented as above, and imaged for total fluorescence or for photo-
bleaching experiments. For total fluorescence (see Figures 3, b, ¢, and i, 6, and
7), cells were imaged live every 10-15 s at 37°C with a system comprising an
Eclipse TE-2000U inverted microscope body with a 60X objective (Nikon
Instruments, Kawasaki, Japan), a CSU-10 spinning disk confocal scanner
(Yokogawa Electric, Tokyo, Japan) and an Orca IIER digital camera
(Hamamatsu Photonics, Hamamatsu City, Japan), controlled by Metamorph 5
software (Molecular Devices, Sunnyvale, CA). For photobleaching experi-
ments (see Figures 2 and 4) and for higher temporal resolution imaging
without photobleaching (Figure 3g), cells expressing GFP-actin were imaged
live every 1 s at 37°C with a 60X objective on a Leica SP5 confocal microscope
(Deerfield, IL). For photobleaching the Leica photobleaching module software
was used.

Cell Staining for Light Microscopy

Cells were fixed with either 4% methanol-free formaldehyde (TAAB, Alder-
maston, United Kingdom) in cytoskeleton buffer (10 mM MES pH 6.1, 2 mM
MgCl,, 2 mM EGTA, 138 mM KCl, 380 mM sucrose) at 37°C for 10 min, or
ice-cold methanol at room temperature for 3 min. Fixed cells were perme-
abilized with 0.5% Triton X-100 for 10 min, blocked with 2% BSA, and labeled
with fluorophore-conjugated phalloidin and Hoechst 33342, and indirect im-
munofluorescence was performed. Antibodies used were as follows: C4 anti-
actin (MP Biomedicals, Solon, OH); A2066 anti-actin, and 6490-1004 anti-
myosin II (Biogenesis, Poole, United Kingdom). Stained cells were imaged at
60X or 100X using an Eclipse E-800 microscope (Nikon Instruments)
equipped with a SenSys camera (Photometrics, Tucson, AZ).

RESULTS

Actin Filaments within GP Bundles Are Contiguous with
Actin Filaments in Filopodia and the Lamellipodium in
Migrating Cells

As previously recognized GP bundles appear to extend to
the front of the lamella in migrating fibroblasts (Cramer et
al., 1997; Figure 1, a and b). We further assessed and tested
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this in more spatial detail by whole mount EM. By EM, actin
filaments within each GP actin bundle visualized at the front
of the lamella is clearly contiguous with either actin fila-
ments within the rear of a filopodium (Figure 1, ¢ and e) or
within the rear of a subzone of the lamellipodium (Figure 1,
d and f), supporting the light microscopy observations (Fig-
ure 1, a and b). Tracing individual actin filaments deeper in
the leading cell edge was not possible because of the density
of actin filaments in this region. Quantification (Figure 1g)
shows that individual actin filaments within an average 95.1%
of GP bundles in the cell population (ranging 88.9-100% in
individual cells) are contiguous with actin filaments within the
leading cell edge: 51.6% within filopodia and 43.5% within
the lamellipodium. Thus actin filaments within GP bundles
at the front of the cell are structurally contiguous with actin
filaments within the lamellipodium and filopodia.

Retrograde Flow of a Proportion of Actin Filaments
Originating within the Leading Cell Edge Is Delivered to
the Lamella and Then Stops Moving

As previously described, actin filaments flow retrograde
(rearwards) in the lamellipodium, yet are stationary with
respect to the substratum in the lamella in migrating chick
embryo fibroblasts (Cramer et al., 1997). In this previous
analysis, marks were made on actin filaments separately,
either within the lamellipodium or lamella, respectively, and
their behavior assessed only within that zone. To test
whether there is a dynamic link between these two spatial
actin populations, in live cells expressing a fusion protein of
GFP-actin, we photobleached marks on GFP-actin filaments
within the lamellipodium and filopodia embedded within
the lamellipodium and assessed the fate of the bleached
zone (Figure 2; see also Supplemental Movie S1). As ex-
pected, the bleached mark flowed retrograde with respect to
the substratum. However, although actin subunits within
the mark also turned over, also as expected, fluorescence
recovery was incomplete and a subpopulation of F-actin
continued flowing into the lamella. Here, the bleached zone
apparently stopped moving with respect to the substratum
as far as we could detect and measure (Figure 2, compare
a—e with the kymograph in f). This occurred in 100% (31/31)
cases where the same individual zone originally bleached in
the lamellipodium and filopodia was then also resolvable in
the lamella. This represented 88.6% (31/35) total cases (Fig-
ure 2g). In a further 11.4% minority (four cases) the bleached
zone flowed to the lamella, but was then not clearly resolv-
able to assess dynamics. In a further two cases, the bleached
zone fully recovered fluorescence within the lamellipodium
and filopodia. The precise spatial location where the conver-
sion from moving to stationary actin dynamics occurs is
apparently at the boundary of the lamellipodium with the
lamella, as the rear of photobleached marks made within
this region did not move retrograde. Thus in the majority of
cells, a proportion of actin filaments that originate within the
lamellipodium and filopodia are relocated by retrograde
flow to the front of the lamella, where the same marked
filaments then become stationary with respect to the sub-
stratum.

We then specifically addressed the dynamic relationship
between F-actin within the leading cell edge and GP bundles
within the lamella. This was more difficult and analysis was
limited because of the combination of the inherent small size
of any mark made within individual filopodia, partial recov-
ery of fluorescence during retrograde flow of the mark be-
fore reaching the lamella, and that the concentration of
F-actin is weaker within the lamella than within the lamel-
lipodium (Cramer et al., 2002). However in 35% (11/31)

Molecular Biology of the Cell
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Figure 1. Actin filaments within the leading cell edge and GP bundles are struc-
turally contiguous. (a and b) A migrating chick embryo fibroblast fixed and stained
for F-actin with Alexa 594-phalloidin. (a) Labels indicate the lamellipodium (Ip),
lamella (la), nuclear region (n), and cell rear (r). A dashed line indicates the boundary
between the lamellipodium and lamella. Solid arrowheads indicate GP bundles. (b)
An enlarged view of the box region in panel a shows the region of the lamellipodium
and the front part of the lamella in more detail. Hollow arrowheads indicate filopodia
embedded within the lamellipodium, and solid arrowheads indicate GP actin fila-
ment bundles at the front of the lamella. (c—g) Whole mount EM images (c—f) of the

GP bundles to the leading cell edge

front of the cell in two (c, e and d, f) migrating fibroblasts. The GP bundle in the

boxed region (c and d) is located at the lamellipodium-lamella boundary. (e and f) Enlarged views of the boxed regions in ¢ and d,
respectively; the boundary between the lamellipodium and lamella is indicated with a dashed red line, and an actin filament from the tip of
a GP bundle in the lamella (lower red arrowhead) is contiguous with the actin filament (upper red arrowhead) within a filopodium (e) or
lamellipodium (f). (g) Quantification of tracing the spatial location of actin filaments within the ends of GP bundles visualized in EM images
(average, n = 230 GP bundle ends in seven cells). Lp denotes contiguous with F-actin within the lamellipodium, and fp denotes contiguous
with F-actin within a filopodium. Variation in appearance of the two different cells in ¢ and d is due to slight difference in the critical point
drying. Apparent actin filament width is increased due to platinum and carbon coating (see Materials and Methods). Bars, (a) 18 um, (b) 3 um,

(cand d) 1 um, and (e and f) 100 nm.

cases the signal-to-noise was sufficient. In all 11/11 cases,
bleached marks originally made on GFP-actin filaments
within filopodia (Figure 2i) or within regions in the lamel-
lipodium were subsequently relocated to GP bundles at the
front of the lamella (Figure 2k; see also Supplemental Movie
S2). These results demonstrate that actin filaments within
filopodia and the lamellipodium are dynamically linked
with GP actin filament bundles in the lamella.

F-Actin within Filopodia and Subzones within the
Lamellipodium Seed the Formation of New GP Bundles
within the Lamella in Migrating Cells

The observed structural (Figure 1) and dynamic (Figure 2)
link between actin filaments in filopodia, the lamellipodium,
and GP bundles infers that GP bundles are formed at least in
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part using actin filaments from the leading cell edge. To
further test this, we determined in a separate body of exper-
iments from prelife history analysis in live migrating fibro-
blasts expressing GFP-actin that 95% of newly formed GP
actin filament bundles were derived from the leading cell
edge and a further 5% apparently directly from within the
lamella. In further spatial analysis of only the leading cell
edge, 80% of new GP bundles were derived from filopodia
and 20% apparently from subzones within the lamellipo-
dium (Figure 3a).

For the population of GP bundles derived from filopodia,
detailed analysis (see also Supplementary Movies S3 and S4)
reveals that an individual filopodium initially protrudes
(Figure 3c, compare hollow arrowheads, —50 to —10 s), but
then ceases net protrusion, whereas that of the lamellipo-
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Figure 2. Actin filaments within the leading cell edge and lamella
are dynamically linked. Live cells expressing GFP-actin were im-
aged every 1 s with a SP5 confocal microscope, and a subzone
within the leading cell edge was photobleached and then tracked.
(a—e) Retrograde F-actin flow (rate in this lamellipodium is 0.64
um/min) with respect to the substratum occurs through the lamel-
lipodium (b and ¢, dark band moves leftwards in the box),
reaches the boundary with the lamella (¢ and d), and stops
flowing within the lamella (d and e, no movement leftwards at the
rear of the mark). (f) Kymograph (4 um across) of the box region in a—e.
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dium continues. The filopodium tip thus becomes separated
from the tip of the bulk lamellipodium (e.g., Figure 3c, solid
arrowhead, 0 s). Once the filopodium is separated, in con-
trast to protruding filopodia, the tip of the separated filop-
odium remains net stationary with respect to the substratum
(Figure 3c, compare solid arrowheads, 0-100 s). Because this
actin structure is no longer undergoing net protrusion and is
spatially distinct from the tip of the lamellipodium, we refer
to it as a nascent GP actin filament bundle and to the
transition from filopodium to nascent GP bundle as conver-
sion. For all conversion events we detected at the temporal
resolution of 10-15 s, the front tip of a converted filopodium
is initially localized typically toward the rear of the lamelli-
podium (e.g., Figure 3¢, 0 s, and 3h, 0 s) and then as the
lamellipodium continues to advance, at the boundary with
the lamella (e.g., Figure 3¢, 20-100 s, and 3h, 30 s). Conver-
sion from a protrusive filopodium to a nonprotrusive, nas-
cent GP actin bundle is further illustrated (Figure 3d) for the
life histories of three individual filopodium (Figure 3d, —200
to 0 s) to GP actin bundle (Figure 3d, 0-200 s) conversion (0
s) events, and for matched pairs of filopodia to GP bundle
conversion events for the entire population (Figure 3e).

Once the filopodium has converted, the nascent GP bun-
dle elongates (Figure 3¢, 0-100 s, compare guillemets) and
also shown for the life histories for three individual GP
bundles plotted in Figure 3f (0-200 s). As the GP bundle
front tip is net stationary with respect to the substratum (as
illustrated in Figure 3, c—e), elongation is apparently rear-
wards, further into the lamella (Figure 3c, compare guil-
lemets, 0-100 s). Nascent GP bundles elongate an average
1.48 pum/min (Figure 3e) and reach lengths that can be
resolved of 3-9 um (Figure 3f). During the process of elon-
gation the elongating GP bundle meets more mature GP
bundles deeper within the lamella (Figure 3c, observable
60-100 s).

To address the possibility that a new GP bundle instead
forms in the location previously occupied by a filopodium,
rather than directly from it, we performed several tests. First
we performed separate time-lapse experiments at 10-fold
higher temporal resolution, recording events every 1 s in live
cells expressing GFP-actin. We obtained similar data: that
89.5% (51/57) GP bundles are clearly derived from filopodia
(Figure 3, g and h; see also Supplemental Movie S5) and
11.5% from subzones within the lamellipodium. This is a
similar proportion (Figure 3h) to analysis at 10-s resolution
(Figure 3a). Next we measured filopodium length during
conversion. In 60% of cases, filopodia do not considerable
change length during conversion (defined as less than a 15%
change in length; e.g., Figure 3i, compare —10 s and 0 s). For
the other 40% of cases, the filopodium shortens slightly
during conversion to 70-85% of its original length (e.g.,
Figure 3c, compare —10 s and 0 s). Because a filopodium
destined to form GP bundles, neither shrinks considerably
during the process, nor at higher temporal resolution is

Diagonal dashed line shows retrograde F-actin flow within the
lamellipodium, and vertical dashed line shows no flow within the
lamella. Gray scale value intensities were colored with a cool hue
look up table in Image] (http://rsb.info.nih.gov/ij/). The photo-
bleached zone appears purple/blue. (g) Quantification of behavior
of the zone originally bleached within the lamellipodium and
tracked to the lamella (n = 35 bleached zones in 19 live cells). (h-1)
Leading cell edge and lamella of a different cell: a filopodium is
indicated with an arrow (h), a zone on the filopodium is photo-
bleached (i) and tracked (i—k), and the bleached zone is then visible
within a GP bundle in the lamella (k) that recovers by panel 1. Bars,
(e and 1) 5 um.
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Figure 3. F-actin within filopodia and lamellipodia seed the formation of new GP actin filament bundles within the lamella. The origin of
individual GP bundles in live cells expressing GFP-actin was determined from their time-lapse prehistories imaged by spinning disk confocal
(a—f and i) or confocal (g and h) microscopy. (a) Quantification of the origin of GP bundles classified as filopodia (fp) or subzones within the
lamellipodium (Ip) at 10-s temporal resolution (n = 50 events in 10 live cells). (b) An individual cell’s migration over 20 min. (c) An
enlargement of the boxed region in panel b, showing an individual example of a filopodium (hollow arrowhead, —50 to —10 s) that seeds
the formation (0 s) of a nascent GP bundle (solid arrowhead, 0-100 s) and subsequent GP bundle elongation (compare guillemets, 0-100 s).
(d) Three individual examples of filopodium-to-GP bundle conversion events (solid magenta line is quantification of the filopodium-to-GP
bundle conversion in panel c. (e) Quantification of filopodium protrusion rate (average 1.39 * 0.15 um/min) and GP bundle movement at
tip (average —0.05 = 0.005 um/min; n = 50 individual pairs of filopodium-to-GP bundle conversion events in 10 live cells). (f) Three
individual examples of nascent GP bundle elongation (solid magenta line represents the nascent GP bundle imaged in panel c). (g) Higher
time resolution (imaged every 1 s) of a filopodium-to-GP bundle conversion event. Arrow either indicates the filopodium (—5 s) or tip of the
leading cell edge (0, 6,12, 13, and 18 s). Conversion of a filopodium to a GP bundle (0 s) is defined as a clear gap between the tip of the leading
cell edge (0 s, arrow) and the tip of the filopodium (0 s, arrowhead). Arrowheads indicate the tip of the F-actin bundle and guillemets indicate
the rear of the bundle. (h) Quantification of the origin of GP bundles classified as filopodia (fp) or subzones within the lamellipodium (Ip)
at 1-s temporal resolution (n = 57 events in 11 live cells). (i) Example of a filopodium-to-GP bundle conversion with minimal bundle
shortening. Bars, (b) 18 um, (c, i, and g) 2 um.

there any evidence of disappearance of the filopodium, this
data does not support the possibility that a GP bundle forms
in the location previously occupied by a filopodium.

For the minority (20%) of GP bundles that appeared to
form directly from subzones within the lamellipodium, the
details are similar to that for filopodia, except that the first
visualization of the F-actin intensity destined to form a GP
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bundle appeared directly within the body of the lamellipo-
dium, rather than at its tip as for filopodia. Appearance of
these F-actin intensities appeared temporally linked either
with a localized protrusive burst (8% of cases) or from a
region of lamellipodium that was protruding and then un-
derwent a small retraction (12%). It has been shown that the
first stage in filopodium formation is a localized elongation
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of actin filaments within the lamellipodium (Svitkina et al.,
2003), and we speculate that some of the F-actin intensities
that we observed to appear directly within the lamellipo-
dium may have been early-stage filopodia, which instead of
producing filopodia instead converted to GP bundles.

5012

Overall, the observed dynamic and structural link between
actin filaments in the leading cell edge and GP bundles at the
front of the lamella agree very well. However, the EM data
(Figure 1g) could infer a roughly equal proportion of GP bun-
dles derived from filopodia and subzones within the lamelli-
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Figure 4. Nascent GP bundles within the lamella elongate by subunit
assembly in the front to rearwards direction. A live cell expressing GFP-
actin was imaged every 1 s with a SP5 confocal microscope, and a subzone
within several adjacent nascent GP bundles within the front of the lamella
(one of bundles illustrated in a, between arrows) was photobleached (b,
between arrows; long arrow indicates the front of the mark and short arrow
indicates the rear of the mark). Recovery of fluorescence is in the front-to-
rearward direction (b—d, long arrow moves to short arrow). Note, in con-
trast to the behavior of marks when localized in the lamellipodium (Figure
2, a—c and f) the position of rear of mark in the GP bundle (short arrow)
does not move. (e) Kymograph analysis (region analyzed shown in boxed
region in f) illustrating fluorescence recovery; rear of mark does not move
(horizontal dashed line), whereas recovery occurs from front-to-rearward di-
rection (diagonal dashed-line). (g) Quantification of fluorescence recovery (n =
54 bundles in 17 live cells). (a—d) Front and F indicate from front-to-rearward
direction; B indicates from back-to-frontward direction. Bar, (d) 5 um.
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podium. We presume some of the filaments scored as lamelli-
podial in the EM work could be late-stage filopodial-
conversion events as appearance in fixed cells would be similar
in these two situations. In addition detection of events derived
from the lamellipodium in live cells expressing GFP-actin may
be at the limits of detection of our microscopy system.

Elongation of Newly Formed GP Bundles Occurs
Primarily by Addition of Actin Subunits from the Front
to Backward Direction

To test where subunits add to a nascent GP bundle during
GP bundle elongation, we assessed photobleached marks
made directly within newly formed GP bundles within the
lamella in live migrating cells. As expected from previous
photoactivation of fluorescence studies (Cramer et al., 1997),
and from the data in Figure 2 photobleached marks made
directly within GP bundles within the lamella remained
stationary with respect to the substratum as the cell ad-
vanced (Figure 4, a—d, and vertical line in the kymograph in
e). In addition to this expected behavior, fluorescence recov-
ered from the front of the bleached zone (Figure 4, a-d, and
diagonal line in the kymograph in e) within the GP bundle
(see also Supplemental Movie S6). Recovery from the front is
the expected outcome if new GFP-actin subunit addition is
primarily in the front-to-backward direction. Quantification
of the population (Figure 4g) shows that in bleached marks
made within the lamella on GP bundles, fluorescence recov-
ery was either only from the front (44/51) as far as we could
detect and measure or apparently mainly from the front and
less from the back (7/51). Thus in 51/54 (94.4%) cases fluo-
rescence recovery is entirely or mainly from the front. A
small minority of 2/54 (3.7%) bleached zones apparently

Filopodia Make Actomyosin II Bundles

recovered mainly from the back and less from the front, and
a further tiny minority (1/54) bleached marks appeared to
recover all along the zone (Figure 4g).

Myosin II Is Localized within the Leading Cell Edge
Mostly at the Rear

Myosin II is present in GP bundles throughout their length
(Cramer et al., 1997). Myosin II must therefore become in-
corporated into GP bundles at some point during their for-
mation. The conventional view has been that myosin II is
excluded from the leading cell edge of motile cells. However
myosin II is localized to more mature protrusions (DeBiasio
et al., 1988), and in more recent work was detectable within
(Svitkina et al., 1997; Schaub et al., 2007) or close to (Verk-
hovsky et al., 1995) the lamellipodium in motile cells and
between the peripheral and central domain of neuronal
growth cones (Medeiros et al., 2006). To begin to ask the role
of myosin II in GP bundle formation, we looked in detail at
the distribution of myosin II in migrating fibroblasts in fixed
cells (Figure 5). Superficial observation of myosin II does not
readily show leading cell edge localization when compared
with localization of myosin II in GP actin bundles generally
in cells (Figure 5b). However, more detailed analysis shows
a clear, smaller proportion of myosin II localized within the
leading cell edge (Figure 5e, arrowheads). We detected my-
osin II puncta within the leading cell edge in 89% of fixed
cells (Figure 5g). In these cells, 87% of myosin II puncta is
localized at the rear of the leading cell edge at the boundary
with the lamella (Figure 5, h and e, upper arrowheads), and
the remaining 13% minority of myosin II puncta localized
deeper in the leading cell edge (Figure 5, h and e, lower
arrowhead). Sixty-nine percent of myosin II puncta within the

cells (% totlal)
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myosin Il puncta
(% total within leading edge)
g

boundary interior
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Figure 5. Myosin II puncta localize to the leading cell edge. Cell expressing GFP-myosin II light chain (b and e) fixed and costained for
F-actin with Alexa 594-phalloidin (a and d). (d and e) Enlarged view of the box in a and b, respectively. (c and f) Overlay images. Note, myosin
II puncta (e, arrowheads) are localized within the leading cell edge (below dashed line) and at the rear of the leading cell edge at the boundary
with the lamella (dashed line). (g) Quantification of cells with myosin II puncta detected in the leading cell edge (le). (h) Quantification of
position of myosin II puncta detected in the leading cell edge (le). (i) Quantification of myosin II puncta associated with F-actin intensity in
the leading cell edge (le) (for panels g-i, n = 127 puncta in 19 cells). Bar, (a) 10 um, (d) 1 um.
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Figure 6. Myosin II localizes to filopodia destined to form GP actin filament bundles. Live cell expressing both RFP-actin (a, top panels) and
GFP-myosin II light chain (a, middle panels) was imaged by dual-color time-lapse spinning disk confocal microscopy (both F-actin in red and
myosin II in green are traced in the bottom panels). Conversion of a filopodium (hollow arrowheads) to a GP bundle (solid arrowheads) is
illustrated. Time (sec) is relative to conversion (0 s). (b) Quantification of initial spatial location of detected myosin II puncta destined to
associate with a nascent GP bundle (n = 20 events in four live cells). Boundary indicates boundary of the leading cell edge and lamella. (c)
Quantification of spatial position of myosin II associated with F-actin destined to convert to a GP bundle. (d) Quantification of relative
temporal association of myosin II with a filopodium destined to form a GP bundle (for ¢ and d, n = 10 conversion events in two live cells).
Bar, (a) 2 um.

leading cell edge, is clearly associated with F-actin intensitiesin ~ mellipodium F-actin (Figure 6a, compare —20 s and 0's) to a
this region (Figure 5, i and 5, d and e; compare arrowheads). GP bundle (see also quantification in Figure 6d). Third,

We obtained similar results using an antibody to endogenous myosin II puncta associated with nascent GP bundles appear
myosin II heavy chain (data not shown) and when expressing stationary with respect to the substratum (Figure 6a, 0-90 s,
myosin II light-chain-tagged with GFP in cells (Figure 5). compare solid arrowheads) and continues to associate with

F-actin during subsequent bundle elongation (Figure 6a,
Dynamics of Myosin II during Formation of Nascent GP 30-90 s, compare solid arrowheads).

Bundles in Live Cells

To continue investigation of the role of myosin II in nascent ~ Myosin II Is Required for the Relocalization of Leading
GP bundle formation we assessed dynamics in live cells ~ Edge F-Actin Seeds to the Lamella

expressing both mRFP-actin and EGFP-myosin II essential The prior association of myosin II with filopodia that are
light chain (see Materials and Methods). Because of the re- destined to form GP actin bundles (Figure 6) suggests my-
quired use of two viral infections in the same cell, good cell osin II may be required for the relocalization of leading edge
health was offset with lower levels of fluorescence intensity F-actin seeds to the lamella. We tested this by treating live
for each probe expressed than when only one probe is fibroblasts expressing mRFP-actin with 100 uM (=*) bleb-
expressed (see Materials and Methods). With this limitation ~ bistatin, a specific inhibitor of myosin II ATPase activity
we detected three myosin II dynamic behaviors in the con- (Straight et al., 2003). Within 10 min 100 uM blebbistatin
text of nascent GP bundle formation (Figure 6). First, myosin treatment appearance of new GP bundles within the lamella
IT puncta in live cells, consistent with the analysis in fixed fell 10-fold (Figure 7b, compare top and bottom panels, and
cells is mostly initially localized to the rear of the leading cell Figure 7c). Inhibition of appearance of new GP bundles
edge (Figure 6, a and b) at the base of filopodia (Figure 6a, cannot be explained by a general block of filopodia or la-
—20, —10's, 0 s, compare red and green outline on the trace, =~ mellipodium protrusion as these are not inhibited (Figure
and Figure 6c). Second, myosin II within the leading cell 7a, compare 0 and 10 min) over the 10-min time scale, where
edge associates with lamellipodium or filopodium F-actin ~ appearance of new GP bundles is blocked. In addition more
that is destined to form GP bundles (Figure 6a, compare time =~ mature GP actin bundles deeper in the cell, existing before
intervals, open and solid arrowheads, which are quantified addition of blebbistatin, remained during 10-min blebbista-
in Figure 6c) an average 28 * 11 s (ranging 0—1 min 15 s in tin treatment (Figure 7a, 10 min, compare presence of bun-
11 events) before the conversion of that filopodium or la- dles located deeper in the cell), indicating that the treatment
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Figure 7. Myosin Il ATPase activity is required for appearance of new GP bundles in the lamella. Live cell infected and expressing RFP-actin
only and treated with 100 uM (*)-blebbistatin to block myosin II activity; time in panel a indicates minutes relative to addition of the
inhibitor. Boxes in panel a indicate the area of greatest protrusion over the preceding 10 min. (b) Enlargements of the boxed areas in panel a;
arrowheads indicate GP bundles. Note the absence of new GP bundles in the lamella during 10-min blebbistatin treatment (bottom panel). (c)
Quantification of the entire front of the lamella of the density of GP actin bundles before (an average 0.055 * 0.007 per um?) and after (an average
0.006 * 0.004 per um?) addition of 100 uM (=)-blebbistatin for 10 min in the same live cell (n = eight live cells). Bars, (a) 20 um, (b) 5 pm.

had not generally disrupted GP bundles. Finally, myosin II Structural Link Between Actin Filaments within the
localization within the lamellipodium appears unaffected in  Leading Cell Edge and GP Bundles within the Lamella in
cells treated for 10 min with blebbistatin (data not shown), Migrating Fibroblasts

thus the possibility of mislocalized myosin II cannot explain
the block in appearance of new GP bundles within the
lamella. With longer treatment (up to 45 min) of cells with
blebbistatin, GP actin filament bundles are not detected
throughout the cell (data not shown).

The structural relationship between actin filaments within
the leading cell edge and deeper in the cell has not been
widely explored in migrating cell types. One exception is
in migrating keratocytes (Svitkina et al., 1997) and fish
fibroblasts (Nemethova ef al., 2008), where these two
zones are structurally linked, though the orientation of
DISCUSSION bundles in these two cell types are distinct to GP bundles

Taking these data together, retrograde flow of actin filaments in chick fibroblasts. The orientation of GP bundles in

within the leading cell edge delivers F-actin to the boundary fibroblasts is more s%milar to several neuronal‘ growth
with the lamella where it seeds formation of GP actomyosin II cones where f1lop9d1al bun.dles extend deep into the
filament bundles that are stationary with respect to the sub- ~ growth cone (Lewis and Bridgman, 1992; Mallavarapu
stratum and that relocalization of the F-actin seed within the =~ and Mitchison, 1999; Medeiros et al., 2006) and may be
lamella requires myosin II ATPase activity (Figure 8). analogous to the link between filopodia and GP bundles
5 <2
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Figure 8. Retrograde flow delivers F-actin to the lamella to seed the formation of GP bundles. A simplified schematic based on data on F-actin
and myosin I dynamics and actin filament polarity from our current and previous work in migrating fibroblasts and other cited information (see
text for details). Observed behavior of marked F-actin (closed magenta chevrons) in the lamellipodium (gray stripe) and lamella (white region) is
represented. (a, protrusion) local F-actin in a filopodium or subzone within the lamellipodium (magenta chevrons) undergoing retrograde flow
(bent arrow) assembles at its tip (curly-on arrow) at the same rate as bulk F-actin within the leading cell edge (gray stripe). Not shown, for simplicity,
is F-actin disassembly, which also occurs within the F-actin network. (b, association of myosin II) A myosin I punctum (green dumb-bell) associates
with the base of the local F-actin region (magenta chevrons) destined to form a GP bundle. (b and ¢, conversion) Local F-actin continues to flow
retrograde (bent arrow) as local assembly rate slows down (dashed curly-on arrow), whereas net cell protrusion (black line) is driven at the prior
assembly rate. This results in separation (gap in c) of the tip of the local F-actin region from the tip of the leading cell edge. (c and d, F-actin seed)
This process delivers an F-actin seed (magenta chevrons) to the boundary (interface of white and gray regions) of the leading cell edge
(gray stripe) and the lamella (white region). Detectable retrograde F-actin flow slows down/stops (dashed bent arrow) in the seed
through activation of cell-substratum adhesion formation. (d, GP bundle elongation) Associated myosin II (green dumb-bells) promotes
recruitment of oppositely opposed actin filaments, as required for graded polarity in this region. Actin subunits during elongation
(compare ¢ and d, open chevrons) mainly assemble at filament barbed-ends in the front-to-rear direction. Our data predicts either
balanced local actin disassembly in the original F-actin seed at conversion to a GP bundle (c, dashed curly-off arrow) and/or GP bundle
elongation is driven primarily by addition of subunits recruited to associated myosin II (c and d, compare open chevrons).
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described here, although actin filament polarity is not
known for these long filopodia as a function of proximal-
distal bundle position.

Dynamic Link between Actin Filaments within the
Leading Cell Edge and GP Bundles in the Lamella in
Migrating Fibroblasts

Our data here together with our previous work in migrating
fibroblasts (Cramer et al., 1997, 1999b; Dawe et al., 2003)
implies that for fibroblast cell migration a proportion of actin
filaments within the leading cell edge must be removed
from the recyclable pool in this location to seed formation of
GP bundles at the boundary with the lamella. How might
these steps occur?

For the delivery of the F-actin seed to the boundary
with the lamella, the observed structural link at this
boundary between actin filaments in the leading cell edge
and GP bundles in the lamella (Figure 1), and dynamic
evidence linking retrograde flow of F-actin within the
leading cell edge to GP bundles within the lamella (Figure
2) infers strongly that delivery of the seed is at least in
part driven by retrograde F-actin flow (Figure 8, b and c).
It is also expected that differences in local actin assembly
rate at the tip of the F-actin seed and bulk leading cell
edge also contribute, as filopodia stop protruding during
conversion to GP bundles (Figures 3 and 8, b and c¢). In
some cells, retrograde F-actin flow has been explained as
a mechanism to slow leading edge net protrusion rate (Lin
and Forscher, 1995; Mallavarapu and Mitchison, 1999;
Giannone et al., 2004). A contribution of retrograde F-actin
flow for the delivery of F-actin seeds to construct new
actin assembles elsewhere in the cell, as described here, is
arguably the first explicitly identified direct reason for the
existence of this flow in cells.

Once the F-actin seed is delivered to the lamella, it then
apparently stops flowing (Figures 2, 4, and 8, ¢ and d),
consistent with known stationary behavior of F-actin within
GP bundles in this location in these cells (Cramer et al., 1997).
In some motile cell types an apparent collision of separate
populations of rearward- and forward-flowing F-actin ex-
plains a small zone a few micrometers deep of stationary
F-actin with respect to the substratum (Salmon et al., 2002;
Vallotton et al., 2004; Schaub et al., 2007). However, this is an
unlikely explanation for the cessation of movement of F-
actin seeds in migrating fibroblasts because there is no evi-
dence for a significant population of forward-flowing F-actin
in the lamella region of migrating chick fibroblasts (this
work and Cramer et al., 1997). There is a population of actin
filaments that moves forward in these cells, but this is well
separated from the lamella zone in these cells (Cramer et al.,
1997). However we do not rule out the possibility that a
collision band may be present, but as yet undetected in
fibroblasts.

In the absence of any existing evidence for a collision of
opposite flows of F-actin in these cells, we favor the idea that
cessation of rearward-flowing F-actin seeds in these situa-
tions is driven by anchoring the nascent GP bundle to the
substratum within the lamella, and as best fits our data
(Figure 2), this occurs at the boundary of the leading cell
edge and lamella. GP bundles are associated with the adhe-
sion protein talin at the ventral cell surface (Cramer et al.,
1997), and talin is also associated with filopodia in these cells
(our unpublished observations). Also, strikingly, activators
of cell-substratum adhesion are carried on rearward-flow-
ing F-actin within the lamellipodium (Giannone et al., 2004);
we envisage that these activators could anchor the same
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flowing population of F-actin to the substratum in the for-
mation of a GP bundle.

Clearly, not all F-actin undergoing retrograde F-actin flow
within the leading cell edge is removed from the recyclable
pool to seed new GP bundles at the boundary with the
lamella in migrating fibroblasts. A proportion must also be
depolymerized by ADF/cofilin to produce actin monomer
fuel to power leading cell edge protrusion in these cells
(Cramer, 1999b; Dawe et al., 2003; Bernstein and Bamburg,
2004). How these two pathways are spatially and temporally
separated within the leading cell edge is an interesting av-
enue for future exploration.

Function of Myosin II in Formation of GP Bundles within
the Lamella

In the context of F-actin assemblies in cells, myosin II has
roles in both promoting assembly of the actin structure and
in disassembling them (Burgess, 2005; Medeiros et al., 2006;
Haviv et al., 2008). Combined, the simplest explanation of
our data (Figures 5-7) is that myosin II activity within the
leading cell edge is specifically required for relocating the
F-actin seed from this location to the lamella in the forma-
tion of new GP bundles. This pin-points a spatial role for
myosin II, in that it determines where a bundle is to form in
cells, a new role for myosin II in the construction of bundles.
What is the precise nature of this spatial role? Two functions
are plausible. One function is that myosin II contributes to
the force driving retrograde flow (Lin et al., 1996; Henson et
al., 1999; Vallotton et al., 2004; Medeiros et al., 2006; Zhou and
Wang, 2008) of the F-actin seed (Figure 8, b and c). Although
the precise location in cells of myosin II-based- F-actin
retrograde flow has been argued, recently it has been clearly
shown to play a major role in retrograde F-actin flow within
the lamellipodium (Medeiros et al., 2006). A second nonex-
clusive role, to satisfy known stationary behavior of the
F-actin seed once it reaches the lamella (this work and
Cramer et al., 1997; Figure 8, c and d) is that myosin II
ATPase activity couples the flowing F-actin seed with for-
mation of new adhesions within the lamella. This idea is
supported by the observation that myosin II activity is
needed for adhesion formation (Chrzanowska-Wodnicka
and Burridge, 1996; Giannone et al., 2007).

Both these precise roles for myosin II in migrating fibro-
blasts require a prior association of myosin II with F-actin
destined to seed new GP bundles and that myosin I itself is
stationary with respect to the substratum when associated
with newly formed GP bundles in these cells, both as exper-
imentally observed in these cells (Figure 6). In other motile
cells types, myosin II is also associated with F-actin within
filopodia (Medeiros ef al., 2006) and the lamellipodium
(DeBiasio et al., 1988; Svitkina et al., 1997; Verkhovsky et al.,
1999; Giannone et al., 2007; Schaub et al., 2007) and is sta-
tionary with respect to the substratum in these locations in
migrating cells (Svitkina et al., 1997; Verkhovsky et al., 1999).
Myosin II has also been observed to move retrograde in cells
(McKenna et al., 1989; Giuliano and Taylor, 1990; Conrad et al.,
1993; Svitkina et al., 1997; Verkhovsky et al., 1999). However,
the stationary- or retrograde-dynamic behavior of myosin II is
a function of cell migration and cessation of migration respec-
tively (Svitkina et al., 1997; Verkhovsky et al., 1999).

Generation of Graded Filament Polarity Organization and
GP Bundle Elongation

Subsequent steps in GP bundle formation include genera-
tion of known (Cramer et al., 1997) graded filament polarity
and observed (Figures 3, 4, and 6) bundle elongation.
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For filament polarity, at the front of the lamella, more than
80% of actin filaments in a graded polarity actin filament
bundle in this location are oriented with filament plus ends
facing the direction of migration (Cramer et al., 1997). As
filopodia do not change spatial orientation during formation
of GP bundles, this proportion is mainly explained then by
the filament polarity within the original filopodium or sub-
zone within the lamellipodium (Figure 8). The remaining
~20% of filaments required with filament minus ends facing
forward in this location could be generated during elonga-
tion of the nascent GP actin bundle (Figure 8d). Because
myosin II is localized to filopodia destined to form GP actin
bundles and continues to further associate with F-actin dur-
ing GP bundle elongation (Figure 6), it is temporally and
spatially well placed to promote oppositely opposed fila-
ments within the bundle. One possibility is via myosin II-
mediated recruitment of actin subunits (Neujahr et al., 1997;
Bi et al., 1998; Olazabal ef al., 2002; Urven et al., 2006), but see
(Zhou and Wang, 2008) and myosin II-mediated polarity
sorting of assembled actin (Nakazawa and Sekimoto, 1996;
Figure 8d). This scenario is also attractive as it explains
observed addition of actin subunits in the front-to-rear-
wards direction (Figure 4) without apparent movement of
the tip of the GP bundle (Figures 3 and 6) or apparent
rearward F-actin flow within the GP bundle in this location
(Figure 4; Cramer et al., 1997; Figure 8d). Thus in this way,
the original F-actin seed to make a GP bundle at the front of
the cell is derived from actin filaments within the leading
cell edge (Figure 8, b and c), whereas GP bundle elongation
is mainly driven by assembly of subunits within the lamella
(Figure 8, c and d).

We did not address in this study, formation of GP actin
filament bundles located deeper within the cell, an extensive
body of work in its own right.

F-Actin Seeds Derived from the Leading Cell Edge, a New
Pathway to Make Actin Filament Bundles in the Cell
Body in Migrating Cells

Our data provides evidence for the principles of an older
idea (Heath, 1983; Heath and Holifield, 1993) originally
based on indirect data, that arcs, a type of transverse actin
filament bundle observed in some cell types, originate from
actin filaments at the rear of the lamellipodium, recently
supported by RNAi experiments (Supplementary Figure S2,
Machesky and Insall, 1998; Hotulainen and Lappalainen,
2006). Similarly, another type of arc, dorsal actin fibers,
which are oriented in the direction of migration also appear
to originate at the rear of the lamellipodium (Hotulainen
and Lappalainen, 2006). In migrating keratocytes formation
of transverse actomyosin II filament bundles located at the
front of the cell body in these cells involves actin filaments
originating within the lamellipodium (Svitkina et al., 1997;
Verkhovsky et al., 1999), flowing retrograde to the site of
bundle assembly (Vallotton et al., 2005; Schaub et al., 2007) or
by separate lateral flow of actin filaments (Small et al., 1998;
Small and Resch, 2005).

Filopodia have also been observed to form actin bundles
in the lamella of fish fibroblasts and B16 melanoma cells
(Nemethova et al., 2008). It seems this mostly occurs by
lateral folding of individual filopodia into the lamella. This
is likely a distinct filopodia-based mechanism to the one
uncovered here in primary migrating fibroblasts where fold-
ing of filopodia does not occur during GP bundle formation
and, unlike delivery of filopodium F-actin to seed GP bun-
dles, myosin II is not required for filopodium folding (Ne-
methova et al., 2008). Further comparison is not possible as
in contrast to migrating fibroblasts, there is no information
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on F-actin dynamics or actin filament polarity in the folding-
filopodium study.

Interestingly, outside of migrating cell types, actin fila-
ments within microvilli, a cell surface feature seed the for-
mation of radial actin filament bundles within the cell body
of nurse cells in Drosophila (Guild et al., 1997).

Using F-actin seeds from within lamellipodia, filopodia,
and other cell surface features may turn out an important
pathway for the formation in other spatial locations in cells
of a variety of actin filament structures.

Actin filaments within the leading cell edge delivered by
retrograde flow to seed new actomyosin II filament bundles
in the cell body provides an important mechanism for struc-
turally and dynamically linking cell protrusion and cell
tension needed for overall coordination during fibroblast
migration.
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