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The Three-Dimensional Dynamics of Actin Waves, a Model of Cytoskeletal
Self-Organization
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ABSTRACT Actin polymerization is typically initiated at specific sites in a cell by membrane-bound protein complexes, and the
resulting structures are involved in specialized cellular functions, such as migration, particle uptake, or mitotic division. Here we
analyze the potential of the actin system to self-organize into waves that propagate on the planar, substrate-attached membrane
of a cell. We show that self-assembly involves the ordered recruitment of proteins from the cytoplasmic pool and relate the
organization of actin waves to their capacity for applying force. Three proteins are shown to form distinct three-dimensional
patterns in the actin waves. Myosin-IB is enriched at the wave front and close to the plasma membrane, the Arp2/3 complex
is distributed throughout the waves, and coronin forms a sloping layer on top of them. CARMIL, a protein that links myosin-IB
to the Arp2/3 complex, is also recruited to the waves. Wave formation does not depend on signals transmitted by heterotrimeric
G-proteins, nor does their propagation require SCAR, a regulator upstream of the Arp2/3 complex. Propagation of the waves is
based on an actin treadmilling mechanism, indicating a program that couples actin assembly to disassembly in a three-
dimensional pattern. When waves impinge on the cell perimeter, they push the edge forward; when they reverse direction,
the cell border is paralyzed. These data show that force-generating, highly organized supramolecular networks are autono-
mously formed in live cells from molecular motors and proteins controlling actin polymerization and depolymerization.
INTRODUCTION

In connection with specialized areas of the plasma

membrane, actin can assemble into structures as different

as lamellipodia, filopodia, phagocytic cups, or cleavage

furrows. However, the actin system has also a high capacity

of self-organization. As a prominent example, we have

investigated actin waves that travel freely on the planar,

substrate-attached membrane of a Dictyostelium cell (1).

The propagating actin structures thus formed are capable

of applying force when they reach the cell perimeter; in

pushing the border forward, they act as a leading edge.

Different types of wave phenomena in the actin system of

motile cells have been reported. Reaction-diffusion waves of

actin have been proposed to determine locomotion and shape

of fibroblasts, melanoma and Dictyostelium cells (2). The

waves formed in Dictyostelium cells under the conditions

we have used are nonperiodic, varying in shape, and capable

of changing directions (1). Actin-based waves of Hem-1,
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a constituent of the SCAR/WAVE complex regulating

Arp2/3 activity, have been discovered in neutrophils and

shown to be directed by chemoattractant toward the front

of the cells (3). It is unclear whether these wave phenomena

have a common basis. To characterize the three-dimensional

organization and dynamics of one type of these waves, we

investigated the recruitment of proteins from the cytosol

and the pattern they form within a propagating wave. The

actin waves addressed in this study are spontaneously gener-

ated in migrating cells in association with the Arp2/3

complex (4), but they are more frequently formed under

conditions of reduced F-actin content.

Profuse wave formation has been observed in Dictyoste-
lium cells recovering from the inhibition of actin polymeriza-

tion (1) and in mutant cells defective in a Dictyostelium
ortholog of the human lissencephaly gene (5). Mutations in

the Dictyostelium gene reduce the F-to-G actin ratio, in

addition to impairing the cortical attachment of microtubules.

Large wave-like structures are also found in RasG-deficient

cells of Dictyostelium (6). A most efficient strategy of

increasing the abundance of actin waves in wild-type cells

is to depolymerize actin with latrunculin A, a blocker of actin

polymerization (1), and to seize a transient state of profuse

wave formation during the recovery of actin organization.

We have made use of the time window during recovery

to determine the dynamics of constituent proteins and

their discrete positions within the three-dimensional wave

structure. Using dual-emission total internal reflection fluo-

rescence (TIRF) microscopy and confocal spinning-disk

microscopy combined with deconvolution, we have localized
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three actin-binding proteins and an adaptor protein to the

waves. These proteins, myosin IB (MyoB), Arp3 as a constit-

uent of the Arp2/3 complex, coronin, and CARMIL, were

tagged with green fluorescent protein (GFP) and coexpressed

in Dictyostelium cells with red-fluorescent LimED, a construct

that served as a reference for filamentous actin structures (4,7).

MyoB is a single-headed motor protein harboring along its

tail a site interacting with acidic membrane lipids, a second

actin-binding site in addition to its motor domain, and an

SH3-domain, which is required for function in vivo (8).

The Arp2/3 complex branches actin filaments and is thus

responsible for the formation of dendritic actin-filament

assemblies (9–12). The adaptor protein CARMIL acts as

a bridge between the SH3 domain of MyoB and the Arp2/3

complex (13). Coronins are WD-repeat proteins (14) capable

of forming a seven-bladed propeller (15). Both yeast and

mammalian type I coronins inhibit the actin-nucleating

activity of the Arp2/3 complex, reportedly by binding to

its p35 Arc subunit (16,17). Similarly, Dictyostelium coronin

favors actin depolymerization in vivo (18), a function

involved in cell motility, phagocytosis, and cytokinesis

(19,20). This prototypic coronin resembles mammalian

members of the coronin-1 subfamily (21).

We show that the formation of actin waves does not

require any external signal transmitted through heterotri-

meric G-proteins, and their propagation does not depend

on SCAR, a regulator upstream of the Arp2/3 complex.

Expansion and retraction of the waves is independent of

the conventional, double-headed myosin-II. To propagate,

actin waves must establish a polarity that determines their

direction of propagation. This polarity is reflected in the

three-dimensional arrangement of proteins that constitute

a wave, and in the reversal of this pattern when a wave

changes its direction of propagation. We show by photo-

bleaching that MyoB is recruited to the front, and actin

polymerizes de novo at the front of a propagating wave.

Based on the discrete positions of proteins within the

three-dimensional wave structure, a mechanism of wave

propagation by the programmed activation and inhibition

of actin polymerization is proposed.

MATERIALS AND METHODS

Cells of D. discoideum clone AX2–214 were permanently transformed with

integrating vectors encoding fluorescent fusion proteins. Clones of the trans-

formants were cultivated and the cells were washed before imaging was

done in 17 mM K-Na-phosphate buffer, pH 6.0, as described (1).

For latrunculin A treatment, we used the lowest concentration and incuba-

tion time required for actin depolymerization. Latrunculin A (Molecular

Probes, Carlsbad, CA) was diluted from a 1 mM stock solution in DMSO

with the phosphate buffer and added to the cells at 5 mM final concentration.

Depolymerization of actin was checked by microscopic inspection using the

mRFP-LimED label to recognize remaining actin clusters and was found in

most cells to be complete after 15 min. Subsequently, the drug solution was

replaced by phosphate buffer.

Dual-color TIRF microscopy was performed as described (1). For photo-

bleaching, a 405-nm laser was used coupled to an Olympus (Center Valley,
PA) FV1000 laser scanning confocal microscope. Z-stacks for three-dimensional

reconstructions were obtained by recording optical planes at 200-nm distances

using PerkinElmer (Waltham, MA) Ultra View spinning disk equipment.

Details of vector construction, cell culture, fluorescent labeling, live-cell

imaging, and photobleaching are given in the Supplemental Experimental

Procedures in the Supporting Material.

RESULTS

Patterns of Arp2/3 and actin in propagating waves

The waves we investigated are dense actin assemblies in the

cell cortex that are integrated into a loose, highly dynamic

network of actin filaments (4). The technique of choice to

visualize actin structures in the cortex is TIRF microscopy

(22). This technique allows the selective illumination within

an evanescent field of the cortical region of Dictyostelium
cells up to a distance of 100–200 nm perpendicular to the

glass surface on which the cells are spread (23). To relate

the patterns of proteins associated with actin waves to actin

dynamics, we applied dual-emission TIRF microscopy to

cells expressing particular GFP-fusion proteins together

with mRFP-LimED, as a probe for filamentous actin. Opti-

mizing the monomeric red fluorescent protein mRFP for

brilliant fluorescence yield in Dictyostelium (7) enabled us

to use the 488-nm laser line for the excitation of GFP as

well as mRFP and thus to excite GFP- and mRFP-labeled

proteins in the same evanescent field.

To stimulate the formation of actin waves, we treated the

cells with 5 mM latrunculin A for the depolymerization of actin

and then allowed repolymerization by washing off the drug. On

recovery from the treatment, actin polymerization starts with

the formation of mobile clusters and proceeds with the exces-

sive generation of dynamic waves (1) (Movie S1). Because

previous work on spontaneously formed waves has shown

that the Arp2/3 complex is also organized into waves (4), we

first combined the mRFP-LimED probe with GFP-Arp3.

At all stages of wave generation and propagation, actin

was associated with the Arp2/3 complex, but there was no

strict correlation of fluorescence intensities (Fig. 1 A and

Movie S2). By superposition of the Arp3 and actin labels,

substructures that were rich in both actin and the Arp2/3

complex could be distinguished from others in which either

actin or the Arp2/3 complex was more strongly enriched

(Fig. 1, B and C). There was no consistent enrichment of

the Arp3 label at the front relative to the bulk of a wave.

Often trails of the Arp3 label were retained behind the

wave where actin was no longer detectable (Fig. 1 D and

Movie S2).

One characteristic of the Arp2/3-associated actin waves is

their ability to change direction. The wave shown in Fig. 1 B
and Movie S3 moves first inward (frames 0 to 57) and subse-

quently outward, back to the cell border (frames 84 to 145).

At the final stage, this wave breaks off at the rear, and the two

free ends translocate inward (Fig. 1 B, frame 176) to form

two separate circular waves (frame 257).
Biophysical Journal 96(7) 2888–2900
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FIGURE 1 Dynamics of actin waves and recruitment of the Arp2/3 complex. Cells expressing mRFP-LimED to label filamentous actin structures and

GFP-Arp3 for incorporation into the Arp2/3 complex were recorded by dual-emission TIRF microscopy during recovery from latrunculin A treatment.

(A) Images of the mRFP channel (top) and GFP channel (bottom) of the first frame of the time series shown in B. (B) A wave undergoing contraction, expan-

sion, and splitting. The time series starts with the same frame (0) as shown in A. The two labels are superimposed on each other, yellow indicating merger of

the labels. The same cell is shown in Movie S3. (C) Merged images of a collapsing wave, showing substructures more enriched in either actin or Arp2/3

and trailing of the Arp2/3 label behind the wave. (D) Merged images of a circular wave expanding the cell border. This protrusion stops when the wave

starts to collapse. In the last panels of each sequence, cell borders are accentuated by dashed lines. Time is indicated in seconds. Bars, 10 mm.
Actin waves typically spread on the inner face of the

substrate-attached membrane area. However, when a wave

front reaches the border of the cell, it can propel the membrane

forward in the form of a broad lamellipod (Fig. 1 D, 0- to 42-s

frames). In contrast, when a wave separates from the border,

this region is paralyzed (Fig. 1 D, 98- and 115-s frames) and

may eventually retract (Fig. 1 B, 176- to 257-s frames).

Association of MyoB with the front of actin waves

The question of whether a motor protein is associated with

the actin waves was addressed by the use of GFP-tagged

myosin-II and myosin-IB. The Dictyostelium genome

Biophysical Journal 96(7) 2888–2900
contains a single gene encoding conventional, filament-

forming myosin (24). This double-headed myosin-II proved

not to be integrated into the actin waves, and its elimination

by gene disruption did not impair wave formation. In

particular, myosin-II was not required for the retraction of

a wave (Movie S4).

Among the 12 unconventional myosins of Dictyostelium,

we used the most abundant one, the single-headed myosin-

IB (MyoB) (25,26), as an example. Fig. 2 shows that

GFP-tagged MyoB is consistently enriched at the wave front.

This is true not only for waves spreading across the

substrate-attached area of the cell membrane but also during
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FIGURE 2 MyoB at the front of waves and their

substructures. The GFP-MyoB label (green) is super-

imposed on the mRFP-LimED label for filamentous

actin (red). Cells recovering from latrunculin A treat-

ment were recorded by TIRF microscopy (A,B) and

fluorescence profiles quantified by line scans (C–E).

(A) A wave showing irregular orientation of substruc-

tures during its reversal from collapsing to expanding.

(B) A wave front in the same cell propagating from

the right to the left and showing partitioning into

ensembles led by MyoB. (Arrowhead in the 10-s frame;

see also Movie S5 for substructure dynamics). Time is

indicated in seconds after the first frame in A. Bars,

10 mm in A and 5 mm in B. (C) Two scans through

waves that expand the cell border. (D) Two scans

through retracting portions of waves that propagate

on the substrate-attached cell surface. (E) Separate

propagation of a substructure as indicated in the 22-s

frame of A, plotted at 2-s intervals. (Top panel: dark

to light green for MyB. Bottom panel: dark to light

red for the actin label). Arrows in A and B indicate local

direction of wave propagation and position of the scans

in C–E. Numbers within panels C–E are seconds after

the first frame in A; corresponding scan positions are

indicated in A and B. (Position of the 124-s scan is indi-

cated in the 66-s panel of A.) In C–E, the directions of

wave propagation are plotted toward the right as indi-

cated by arrows.
propulsion of cell edges and, in reverse direction, when

a wave detaches from an edge (Fig. 2, A and B, and Movie

S5). The distribution of MyoB along the wave profile in

the TIRF plane, i.e., close to the bottom surface of the cell,

is shown in Fig. 2, C and D. The fluorescence intensity of

GFP-MyoB sharply rises at the front of the actin waves
and reaches a peak either ahead of or coincident with the

actin peak (top and bottom panels, respectively, in Fig. 2, C
and D).

MyoB tends to form arrays at the front of a wave (Fig. 2 B,

4- to 10-s frames). The propagation of such an array led by

MyoB is plotted in Fig. 2 E. However, MyoB can also
Biophysical Journal 96(7) 2888–2900
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FIGURE 3 CARMIL in a wave that

changes direction. The time series

obtained by TIRF microscopy shows

part of a cell expressing GFP-CARMIL

and mRFP-LimED; numbers indicate

seconds. (Top panels) Channel showing

the emission of GFP-CARMIL. (Bottom

panels) Channel showing the emission

of mRFP-LimED. Up to the 13-s frame,

the wave is moving toward the top, and

subsequently toward the bottom of the

panels. Bar, 10 mm.
move in different directions from the overall direction of

wave propagation, for instance, perpendicular or opposite

to an expanding wave front (Fig. 2 B, 10- to 14-s frames,

and Movie S6). This implies that the overall propagation

of a wave results from the predominant direction of its sub-

structures.

CARMIL is an adaptor protein that binds to the SH3-

domain of MyoB and links this motor protein to the Arp2/3

complex (13). To figure out whether CARMIL is enriched in

the waves together with its binding partners, we imaged

GFP-tagged CARMIL by TIRF microscopy. GFP-CARMIL

proved to be abundant in the form of diffuse patches outside

the waves. It was further enriched within the actin waves,

although this enrichment was more delicate than that of

actin. The examples shown in Fig. 3 and Movie S7 illustrate

the turning of waves from retraction to expansion. During

this change of direction a new front is established while

the previous one fades out (Fig. 3, 18.5- and 26-s frames).

CARMIL remains associated with the waves in all phases

of the turning (Movie S8), and z-scans indicate that

CARMIL is associated with the waves through their entire

depth (data not shown).

Coronin marks the back of a wave in a plane close
to the membrane

When we localized coronin by the use of TIRF microscopy,

we found this protein in a zone at the back of a wave, clearly
Biophysical Journal 96(7) 2888–2900
distinct from the other proteins studied. In the cell shown in

Fig. 4 A, a zone enriched in coronin continuously follows the

expanding front of filamentous actin. Scanning of fluores-

cence intensities along a line across the wave profile reveals

a peak of coronin ~1 mm behind the actin front within the

plane close to the membrane that is illuminated by the

TIRF mode (Fig. 4 B; see also Movies S9 and S10).

Waves propagate in the absence of particular
signal transducers

To underscore the independence of actin waves from

external signals, we investigated mutant cells deficient

in the Gb-subunit of heterotrimeric G-proteins (27). D. dis-
coideum has a single Gb subunit, which is essential for the

transmission of chemoattractant signals as well as for the

induction of phagocytic cups in response to attaching parti-

cles (28). As illustrated in Fig. 5 and Movies S11 and S12,

Gb-null cells can generate propagating waves similar to their

parents, showing that no signal transmitted through heterotri-

meric G-proteins is required.

A common activator of the Arp2/3 complex is the SCAR/

WAVE protein, a member of a pentameric complex that links

extracellular signals to actin-based cell motility (29). SCAR

has been eliminated in Dictyostelium by gene disruption

(30,31). This allowed us to examine whether actin waves

can propagate in the absence of an intact SCAR complex

and, if so, whether Arp2/3 is still recruited to these waves.
A 

B 

FIGURE 4 TIRF images localizing coronin to the

back of actin waves. The cells coexpress GFP-coronin

(green) and mRFP-LimED (red). (A) Three stages of

a wave propagating from top to bottom and showing

a regular zonal pattern. (B) Scans of fluorescence

intensities along the lines indicated in A. These scans

quantify fluorescence intensities in a plane close the

substrate, which is limited by the z-axis penetration

of the evanescent field generated at 488 nm for the

excitation of both the GFP and mRFP labels. Within

this plane, the actin label (red) sharply rises at the

wave front, whereas the increase of coronin fluores-

cence (green) is less steep. Consequently, coronin

peaks at the posterior side of the zone populated by

filamentous actin. Time is indicated in seconds. Bar,

5 mm.
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TIRF images of SCAR-null cells expressing mCherry-

LimED and GFP-Arp3 are shown in Fig. 6, A and B (see

also Movies S13 and S14). In these images, the capability

of SCAR-null cells to form large, rapidly expanding waves

is evident. Velocities of 7 to 9 mm/min indicate that propaga-

tion rates are not reduced in the absence of SCAR (Fig. 6 C

compared with Fig. 4 B). This is true even for waves propa-

gating on the free substrate surface, which requires protru-

sion of the plasma membrane. The origin of large waves

formed in SCAR-null cells can be traced back to an expand-

ing area densely packed with short-lived actin and Arp2/3

clusters (Fig. 6, B and D). In SCAR-null cells, the Arp2/3

A

B

FIGURE 5 Independence of wave formation from signal

transduction through heterotrimeric G-proteins. (A) Parent

strain DH1. (B) Gb-null mutant LW6 (27), both expressing

LimED-GFP. Time series on the left show the evolution of

single waves; the one in B is split into two. Numbers

indicate seconds. Panels on the right exemplify cells with

two or three waves. Outside the waves the actin network

in the cell cortex is distinguishable. The actin patches in

this area are mostly involved in clathrin-dependent endocy-

tosis (51). The two time series are typical in showing

retraction of this area when the wave expands, as indicated

by dotted lines. Bars, 10 mm.

A 

B 

C 

D 

FIGURE 6 Wave propagation with-

out SCAR. The expression of mCherry-

LimED and GFP-Arp3 in SCAR-null

cells shows waves propagating with

normal speed and their association

with the Arp2/3 complex. (A) Merged

images of mRFP-LimED (red) and

GFP-Arp3 (green) in three stages of

an expanding wave. (B) Sequence illus-

trating origin of this wave from an area

of dense and dynamic actin and Arp2/3

assembly. Time is indicated in seconds.

Bar for A and B, 5 mm. (C) Velocity of

wave expansion in SCAR-null cells.

Distance of the actin front from the

origin of two waves is determined

(open symbols for the one shown in A

and B and Movie S13; solid symbols

for the one shown in Movie S14). In

each wave, expansion has been

measured in four directions, either

over the cell body (circles), i.e., toward

the bottom in A or over the free

substrate surface (squares), i.e., toward

the top in A. (D) Three scans of fluores-

cence intensities (in arbitrary units)

along the line indicated in A. Red,

mCherry-LimED; green, GFP-Arp3.

Numbers indicate seconds in accord

with A and B. On the left of each panel

the wave propagates toward the top in

A, on the right toward the bottom.
Biophysical Journal 96(7) 2888–2900
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complex is recruited to the propagating waves (Fig. 6 D), and

the actin-enriched layer is followed by a zone of coronin (not

shown), indicating that the on- and off-regulation of actin

polymerization in free-running actin waves does not require

the SCAR protein.

Photobleaching distinguishes between two
mechanisms of wave propagation

Wave propagation may be based on the net transport of actin

filaments or on treadmilling, which means de novo polymer-

ization at the front and net depolymerization at the back of

the wave. To distinguish between these possibilities, fluores-

cence recovery after photobleaching (FRAP) was performed

on propagating waves.

To define the fluorescence recovery of GFP-actin, cells

were colabeled with mRFP-LimED, the reference of wave

position used in the previous experiments (Fig. 7 A). In the

case of directed transport, the bleached spot is predicted

to move with the same speed as the wave. In the case of

treadmilling, the spot should stay in place while the wave

passes over the bleached area. In the latter case, there are

two possibilities, depending on the three-dimensional

organization of actin filaments within the waves: 1), at the

wave front actin filaments may elongate parallel to the

membrane, or 2), new filaments may be nucleated there to

grow from the membrane into the cytoplasmic space

(Fig. 7 B). In the bleached area, the fluorescence of actin

recovered predominantly at the front of the wave (Fig. 7 C).

During recovery, the bleached spot of GFP-actin remained

stationary, and the recovery was too fast for the actin to be

carried with a wave that propagates ~1 mm in 10 s (Fig. 7 D).

Together, these data support a treadmilling mechanism of

wave propagation.

In parallel experiments, cells expressing GFP-MyoB

together with mRFP-LimED were subjected to photobleach-

ing. Fig. 7 E shows a zone enriched in GFP-MyoB at

the wave front. After the bleaching, the fluorescence of

GFP-MyoB recovered primarily in front of the bleached

spot (Fig. 7 F), and this recovery was fast relative to the

velocity of wave propagation (Fig. 7 G). As diagrammed

in Fig. 7 H, these data indicate that MyoB is exchanged

and de novo incorporated into the wave front.

Assuming actin to be polymerized only at the front and

depolymerized at the back of a wave, the lifetime of an actin

filament would be given by the distance between front and

back divided by the velocity of a wave. A front-to-back

distance of 2 mm and a velocity of 1 mm per 10 s (Fig. 4)

would then correspond to a filament lifetime of ~20 s.

From the data of Fig. 7 D, half-maximal fluorescence

recovery within 3 to 4 s is deduced. This rapid recovery

implies that the turnover of actin filaments is not restricted

to the front and back but continues within the bulk of

a wave. The time for half-maximal recovery of GFP-MyoB

is even shorter, 1 to 2 s (Fig. 7 G), suggesting rapid exchange
Biophysical Journal 96(7) 2888–2900
of the motor protein not only at the front but also within

a wave.

Three-dimensional organization of actin waves

In the two-dimensional protein patterns seen in TIRF images,

which compose a layer close to the membrane ~100 nm in

depth, coronin was localized to a zone at the back of the waves

(Fig. 4). This zonal pattern could be interpreted to mean that

actin polymerizes at the front and depolymerizes at the back

of a wave, where the Arp2/3 complex is turned off. However,

the FRAP data suggested that actin filaments are recycled

throughout the entire wave. This apparent discrepancy has

been solved by imaging the three-dimensional protein pattern,

again using the mRFP-LimED label as a reference for filamen-

tous actin. The reconstructed profiles from the plasma

membrane toward the interior of a cell show coronin to

decorate the roof of the waves, i.e., their boundary to the cyto-

plasmic space, throughout their entire length. However, in the

front region the coronin is separated too far from the plasma

membrane to be imaged by TIRF.

In Fig. 8 we show the three-dimensional arrangement of

coronin relative to actin, reconstructed from deconvolved

image stacks (the unprocessed images are shown in

Fig. S1). In an x-y plane close to the bottom surface of a

cell, a zonal actin-coronin pattern similar to the TIRF images

is obtained (Fig. 8 A, top panel). In cross-sections through

a cell, the waves are seen to extend by 1–2 mm from the bottom

surface into the cytoplasm (Fig. 8 A, middle panel).
In free-running waves, the zone of coronin essentially

slopes from the front of a wave, where it is separated from

the plasma membrane by an actin layer, to the back where

it adjoins the plasma membrane (Fig. 8 A, bottom panels 3
and 4). In waves that meet the lateral border of the cell,

the bottom-to-top polarity rolls up by ~90�, such that actin

polymerization is now directed toward the lateral border of

the cell where the membrane is pushed forward (Fig. 8 A,

bottom panels 5 and 6).

The profile of polymerized actin with the coronin layer on

top of free-running waves is consistent with a high rate of

actin polymerization at the front and close to the membrane,

the sites most distant from the coronin layer. The declining

thickness of the actin layer toward the back of the waves

suggests that actin is continuously depolymerized along the

waves, most likely within the coronin-enriched zone on top

of the waves (see Fig. 8 B). Translated into a temporal

sequence, these data imply a high rate of actin polymeriza-

tion at the front of a wave, which converts into net depoly-

merization ~5 s later (Fig. 8 C).

In contrast to coronin, MyoB is enriched at the bottom of

the waves close to the cell membrane, although it extends

further into the cytoplasm at the wave front (Fig. 9 A, panels
1 and 2). This is also seen in the tangential sections through

a wave as shown in panels 3 to 5 of Fig. 9 A. MyoB covers

the entire height of the wave at the front; just behind the front
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FIGURE 7 Actin and MyoB dynamics in a propagating wave as revealed by FRAP. (A) FRAP in a cell double-labeled with GFP-actin and mRFP-LimED.

Numbers in the panels indicate seconds after beginning of the recording. The 0-s frame was recorded before and the 1-s frame immediately after bleaching.

Scans of fluorescence intensities through the bleached area (xB) and the unbleached control area (xC) are indicated in the 0-s frame. The bleached spot is

indicated by an arrow in the 1-s frame. The wave propagates from left to right. (B) Diagram illustrating putative modes of wave propagation and their distinc-

tion by FRAP. In the top panel actin is assumed to be translocated, for instance, by the motor activity of myosin along the membrane of the cell (black line). In

the middle and bottom panels actin is assumed to be membrane-anchored and the wave to propagate in a treadmilling mode. In this case, the wave might

propagate by elongation of actin filaments along the membrane (middle) or by the nucleation of new filaments (bottom). (C) Linear scans of fluorescence

intensities of GFP-actin along xB (black) and xC (green) in the direction of wave propagation. The gray profile in the 1-s frames circumscribes the actual

distribution of fluorescence intensities in the bleached area. Dashed vertical lines indicate the center position of the bleached area in the xB scan or the

corresponding laterally shifted position in the xC scan. (D) Blue curves: difference of the fluorescence intensities along the scan through the bleached area

(xB) minus the scan through the unbleached area (xC). These curves show the dip caused by bleaching and recovery of the GFP-actin fluorescence within

a 7-s period. Red curves: mRFP-LimED label showing wave positions in the unbleached area (xC scan). (E–G) FRAP of a cell double-labeled with

GFP-MyoB and mRFP-LimED. The panels E, F, G correspond to panels A, C, D, respectively. In E, the wave is propagating from bottom to top. (H) Diagram

illustrating MyoB recruitment. The FRAP data argue against the movement of MyoB along actin filaments in the direction of wave propagation. They indicate

that MyoB is recruited from outside to the wave front, probably by diffusion within the cytoplasm and on the membrane (arrows on the right). MyoB heads are

colored blue, and actin filaments red, outside the bleached area; their orientation is hypothetical. Fluorescence intensities were recorded by concomitant

excitation of GFP and mRFP at 488 nm and separation of the emissions. The plots in C and D represent averages from eight experiments; the plots in

F and G from six experiments. Vertical bars indicate standard errors of the mean. Scale bars in A and E, 5 mm.
MyoB becomes concentrated in a layer close to the plasma

membrane, and in the middle of the wave most of the space

is filled with actin. Substructures of a wave are revealed in

scan 6 of Fig. 9 B, which is positioned similar to scan 4 in
Fig. 9 A. Along the wave, actin clusters can be seen to be

located on top of MyoB clusters, suggesting that myoB is

localized to membrane-associated building blocks of poly-

merized actin structures. At the left and right end of this
Biophysical Journal 96(7) 2888–2900
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A 

B C 

FIGURE 8 Three-dimensional patterns of coronin distribution in

actin waves. (A) The z-stacks were acquired by spinning-disk confocal

microscopy from a cell double-labeled with GFP-coronin (green) and

mRFP-LimED (red). Three-dimensional protein patterns are constructed

from deconvolved images. (Top panels) Confocal plane close to the

substrate, showing a zonal actin-coronin pattern similar to the TIRF images

of Fig. 4. In the x,y plane of A, lines 1–6 indicate the directions of z-scans

shown in the middle and bottom panels. These scans are oriented such

that the number of each line in the top panel corresponds to the left-hand

side of the frames below. (Middle panels) The z-scans 1 and 2 through the

entire cell illustrate localization of the waves marked by actin and coronin

on the bottom surface and at the border of the cell. (Bottom panels) Actin-

coronin patterns in waves at higher magnification. Scans 3 and 4 show waves

propagating on the bottom surface of the cell, and scans 5 and 6 waves in

contact with the cell border. Bars, 5 mm for the top and middle panels and

1 mm for the bottom panels. (B) Scheme of a wave modeled according to

the regular shape of scan 4 (A). Assuming that the height of the actin layer

(including the coronin-enriched zone) reflects the net rate of actin polymer-

ization, there is rapid polymerization going on at the front, followed by

continuous net depolymerization up to the back of the wave. (C) The spatial

profile of B can be translated into a temporal sequence. Here we assume that
Biophysical Journal 96(7) 2888–2900
scan, i.e., at sites where the wave meets the cell border, the

MyoB layer is bent around the border, and polymerized actin

extends in horizontal direction to the interior of the cell.

The distribution of the Arp2/3 complex in the z-direction

of the wave structure proved to be distinct from the distribu-

tions of either MyoB or coronin (Fig. 9 C). In general, the

Arp2/3 label becomes stronger, relative to the label of

filamentous actin, with increasing distance from the plasma

membrane. This is true not only for free-running waves

(Fig. 9 C, scans 1, 2, and 5) but also for waves that already

arrived at the cell border (Fig. 9 C, scans 3 and 4). Patches

with varying actin-to-Arp2/3 ratios are observed throughout

the waves, suggesting the participation of additional proteins

in constituting the wave structure (Fig. 9 D).

DISCUSSION

Self-organization of actin into dynamic
wave structures

In this study we have analyzed the dynamic pattern of

proteins constituting waves of polymerized actin in view of

the mechanisms of wave propagation. The waves investi-

gated in Dictyostelium cells travel on the cytoplasmic face

of the planar substrate-attached membrane (1). When these

waves are viewed by TIRF microscopy, they exhibit a zonal

structure with MyoB at the front, coronin at the back, and the

Arp2/3 complex throughout the wave.

In three dimensions, the waves show patterns characteristic

of each protein. MyoB is concentrated close to the membrane

and is enriched at the wave front (Fig. 9, A and B). In contrast,

the Arp2/3 label actually increases relative to actin toward the

interior of the cell (see Fig. 9 C, cross sections 1 to 5, and Fig. 9

D). Coronin forms a layer on top of the waves facing the cyto-

plasmic space. The distance between the membrane and the

zone of coronin shrinks behind the wave front until, at the

back of the wave, coronin approaches the membrane

(Fig. 8). This slope is the reason that TIRF microscopy visu-

alizes coronin only at the back of a wave.

The discrete positions of actin-associated proteins within

a wave are the result of self-organization in the membrane-

associated actin system. The FRAP data presented show

that bleached spots of actin remain stationary relative to

the substrate, which excludes translocation of preestablished

actin filaments as a basis of wave propagation. Similarly, the

bleached spots of MyoB turned out to be stationary, and

unbleached, i.e., newly recruited MyoB was incorporated

at the propagating wave front. As shown previously (4),

the Arp2/3 complex also resides in a stationary position rela-

tive to the substrate.

the wave propagates with constant velocity of 6 mm/min as in the waves in

Figs. 2 and 4. The profile illustrates the sequence of changes in net

polymerization or depolymerization of actin at a point on the membrane

when a wave passes. These data suggest that a short phase of high-rate actin

polymerization turns abruptly into a longer phase of net depolymerization.
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In summary, it is the de novo assembly of its constituents

that forces the wave front to move. This process is compa-

rable to the treadmilling shown in early studies for actin

A B 

C 

D 

FIGURE 9 Three-dimensional distribution of MyoB and Arp2/3 in actin

waves. Cells double-labeled either with GFP-MyoB or GFP-Arp3 and

mRFP-LimED were subjected to spinning disk confocal microscopy, and

deconvolved distributions in the z-direction obtained from image stacks.

(A) (Left panel) A wave with a clear zonal pattern of MyoB (green) and actin

(red) in a plane of focus close to the substrate surface. (Right panels) Z-scans

1 to 5 as indicated in the left panel. Scans 1 and 2 show cross sections

through the wave; scans 3 to 5 sections parallel to the wave from the front

(3) to the back (5). (B) Wave extending from cell edge to edge (top), and

the distribution in the z-direction of MyoB and actin along scan 6 (bottom).

(C) A cell double-labeled with GFP-Arp3 and mRFP-LimED. (Left panel)

Optical plane showing two waves in which the Arp2/3 complex (green)

and actin (red) overlap but do not completely coincide. (Right panels)

Z-scans 1 to 5 along the lines indicated on the left. (D) Z-series of three

x,y scans through the wave shown on top of the cell in C. These scans are

acquired at distances of 200 nm beginning with the left panel close to the

substrate-attached cell surface. Bars, 5 mm except 1 mm in scans 1 to 4 of C.
filaments at the leading edge of fibroblasts or in the filopodia

of neuroblastoma cells (32,33), and recently also for the

Arp2/3 complex in the lamellipodia of melanoma cells

(34). However, as long as the waves propagate on the

substrate-attached membrane area, there is no membrane

fold located in front of them that would serve as a scaffold

for the ordered assembly of proteins (1). Furthermore, the

waves are generated independently of chemotactic or other

signals transmitted through heterotrimeric G-proteins

(Fig. 5), and they do not require SCAR upstream of the

Arp2/3 complex (Fig. 6).

Force production by actin waves pushing against
the cell border

Actin waves are capable of pushing the membrane forward

when they hit the cell border (1), which means they produce

force as actin does at a leading edge (35). This activity of

actin waves can be understood on the basis of the three-

dimensional protein pattern presented here. At the cell

border, the vertical protein pattern turns by 90�, such that

the proposed gradient of actin polymerization is brought

into a horizontal direction (Figs. 8 and 9). As a consequence,

the force of actin polymerization will be directed toward the

lateral border of the cell. Actin waves propagate with veloc-

ities ~6 mm/min, which is in the same order as the migration

of an entire cell. Motor proteins of the myosin-I type are

not only present at the front of the actin waves, they are

intrinsic constituents of leading edges (36,37), where they

may play a similar role as in actin waves. The double-headed

myosin-II, typically enriched at the retracting tail of a cell, is

not a wave constituent and is not required for wave formation

(Movie S4).

It appears, therefore, that the structure and dynamics of the

free-running waves reflect the state of the actin system at

a leading edge. Like actin itself, all three wave constituents

are exchanged with the pool of proteins in the cytoplasm

or, in the case of MyoB, also with adjacent areas of the

plasma membrane. This pattern is the basis of a programmed

sequence of controls that organize the activation and inacti-

vation of actin polymerization within periods of a few

seconds. We conclude that the machinery for lamellipod

protrusion can be gathered together by the self-assembly of

proteins with no need of being fixed to a particular

membrane site. In a sense, the waves may be viewed as

free-running actin assemblies in search of a leading edge

or a particle to be phagocytosed.

Toward the modeling of wave structure
and dynamics

The proteins shown to be associated with actin waves are

functionally linked to each other and connected by physical

interactions. The adaptor protein, CARMIL, joins MyoB to

the Arp2/3 complex (13). If MyoB molecules are not bound

to a membrane, they can bind a second actin filament to a
Biophysical Journal 96(7) 2888–2900
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nonmotor (ATP-insensitive) actin-binding site (38,39). This

binding might be involved in thick accumulations of MyoB

at the wave front (Fig. 9, A and B). Coronins of yeast and

mammals not only bind to actin filaments but interact

directly with the Arp2/3 complex, thus inhibiting its

nucleating activity (17,40).

Based on the fact that within a wave, MyoB and coronin

sandwich the actin between them, it is reasonable to assume

that MyoB is involved in the initiation of actin polymeriza-

tion close to the membrane and at the front of a wave, and

coronin in the termination of polymerization at the top and

back of the wave. A role of MyoB in organizing actin waves

can be deduced from its known activities and its exchange

between cytosolic and membrane-bound states. The elimina-

tion of MyoB slows down cell motility (25,26), indicating

that this motor protein facilitates actin-driven membrane

protrusion. MyoB interacts with lipids as well as indirectly

with membrane-bound proteins and is targeted by this

FIGURE 10 Hypothetical role of MyoB in organizing actin filaments into

waves and in recruiting the Arp2/3 complex. Based on the z-scans shown in

Fig. 9 A, MyoB (blue) is proposed to assist by multiple interactions in

organizing the membrane-anchored actin network. MyoB binds with its

tail (triangles) to the plasma membrane (42), and its N-terminal motor

domain moves toward the plus end of actin filaments. In that way, clusters

of MyoB may keep the growing filaments separate from the membrane

(arrow), thus allowing subunits to enter. The C-terminal SH3 domain of

MyoB interacts with the proline-rich region of the adaptor protein CARMIL

(yellow), which links MyoB to the Arp2/3 complex through its acidic

domain (A). These interactions of CARMIL as well as the presence of the

protein-protein interacting, verprolin-like (V), and leucine-rich-repeat

(LRR) sequences are adopted from Jung et al. (13). The actin filaments

are branched at sites of Arp2/3 binding (green) until activity of the Arp2/3

complex is inhibited by coronin (brown circles).
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interaction specifically to the plasma membrane (41). In a

projection map obtained by cryoelectron tomography from

Acanthamoeba MyoB bound to a layer of phosphatidylser-

ine, the actin-binding site of the motor domain is placed 12

nm away from the polybasic lipid-binding site on the tail

(42). Because single MyoB molecules move in a nonproces-

sive way along actin filaments (43), Jontes et al. (42) sug-

gested that plaques of membrane-bound MyoB molecules

are held together by tail-tail interactions and cooperate in

the movement of actin filaments.

In the scheme of Fig. 10 we take this arrangement into

account and assume that actin filaments in the waves are

kept in a more or less upright position by the cooperation

of membrane-bound motor proteins. This hypothesis is

consistent with the absence of a detectable net movement

of actin in a direction parallel to the membrane (Fig. 7)

and also with the columns of polymerized actin that are orga-

nized on the top of MyoB patches accumulated at the

membrane (Fig. 9 B). If the actin filaments point with their

plus ends to the membrane, MyoB as a plus-end-directed

motor would move the filaments off the membrane, allowing

continued polymerization by the addition of new actin

subunits close to the membrane. In this view, MyoB acts

similar to a pulling force proposed to enhance formin-medi-

ated actin polymerization (44).

A minimal model for propagating actin rings in human

lymphoblasts requires only two autocatalytic steps, the

nucleation of actin polymerization and the dissociation of

actin filaments from the membrane (45). Similarly, wave

propagation can be modeled on the basis of cooperative

membrane binding and activation of a nucleator, followed

by its detachment (46). An intriguing possibility has been

the autocatalytic activation of actin nucleation by upstream

effectors of the Arp2/3 complex, in particular the pentameric

SCAR/WAVE complex (29). In neutrophils, Hem-1, a

member of this complex, is seen to move in the form of

waves along the substrate-attached membrane (3), with

a similar velocity as the actin waves in Dictyostelium
(~4 mm/min vs. 6 mm/min). Hem-1 waves propagate by

recruiting Hem-1 to the wave front, similar to the actin

waves, which propagate by the polymerization of actin at

their front (Fig. 7). Hem-1 waves annihilate on collision

(3), as actin waves tend to vanish at the site of collision

and thus to fuse into one wave (Movie S9), provided they

do not generate new expanding wave fronts at their site of

fusion (4,47). Despite these obvious similarities between

propagation of a member of the SCAR complex and actin

waves, the SCAR protein itself proved to be dispensable

for the propagation of actin waves in Dictyostelium.

However, these data do not rule out a role of SCAR in

wave initiation; in fact, Movies S13 and S14 indicate that

in SCAR-null cells only a few of the primordial actin and

Arp2/3 clusters are converted into propagating waves.

The autocatalytic progression of actin polymerization may

be maintained by the molecular players already known to be
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recruited to the waves: MyoB can bind to the newly formed

actin filaments that are nucleated as a result of Arp2/3 action,

and the MyoB molecules thus recruited can, through interac-

tion with CARMIL, engender binding of the Arp2/3

complex, which in turn will initiate another run of actin poly-

merization. Because of its branching activity, the Arp2/3

complex increases the number of polymerizing actin

filaments in exponential progression (12). However, as

a caveat against oversimplification, we wish to underscore

the multiple control pathways for actin polymerization in

Dictyostelium and the plethora of regulatory proteins with

overlapping functions. For example, in the myosin-I family

of Dictyostelium there are two more members that contain

SH3 domains (for review see Soldati (48)), and MyoB

even overlaps in function with MyoA, a myosin-I that lacks

an SH3-domain on its tail (25,26). Therefore, it seems

unlikely that the generation and propagation of actin waves

are based on the activity of only the few proteins studied.

CONCLUSIONS

Actin waves exemplify the potential of the actin system to

self-organize into supramolecular complexes by recruiting

proteins from the cellular pool in a defined temporal and

spatial pattern. Propagation of these waves appears to be

based on a programmed sequence of controls that activate

and inactivate actin polymerization within a few seconds.

The complexes of proteins constituting a wave are functional

as judged from the force they produce for membrane protru-

sion. The ordered assembly of proteins that constitute an

actin wave also holds for other dynamic actin structures

formed under various conditions within the environment of

a living cell. For instance, spatiotemporal patterns of actin

and associated proteins are found at the leading edge of

chemotaxing cells, in phagocytic cups (49), and at rocketing

phagosomes (50). The data presented here underscore the

importance of analyzing the three-dimensional organization

of advanced actin structures as a prerequisite for modeling

the molecular interactions that underlie their generation

and dynamics.
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