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Max-Planck-Institut fur Biochemie, This report deals with actin waves that are spontaneously generated on the planar,

f/l?rtﬁiggisgznljhggm52 substrate-attached surface of Dictyostelium cells. These waves have the following

' characteristics. (1) They are circular structures of varying shape, capable of changing
the direction of propagation. (2) The waves propagate by treadmilling with a recov-
ery of actin incorporation after photobleaching of less than 10 seconds. (3) The
waves are associated with actin-binding proteins in an ordered 3-dimensional organi-
zation: with myosin-IB at the front and close to the membrane, the Arp2/3 complex
throughout the wave, and coronin at the cytoplasmic face and back of the wave.
Coronin is a marker of disassembling actin structures. (4) The waves separate two
areas of the cell cortex that differ in actin structure and phosphoinositide composi-
tion of the membrane. The waves arise at the border of membrane areas rich in
phosphatidylinositol (3,4,5) trisphosphate (PIP3). The inhibition of PIP3 synthesis rever-
sibly inhibits wave formation. (5) The actin wave and PIP3 patterns resemble 2-
dimensional projections of phagocytic cups, suggesting that they are involved in the
scanning of surfaces for particles to be taken up.
PACS Codes: 87.16.Ln, 87.19.Ip, 89.75.Fb

1. Introduction

This article is an overview of work supported by the Deutsche Forschungsgemeinschaft
in the Priority Program “Optical analysis of the structure and dynamics of supramole-
cular biological complexes”. Subject of our studies has been the self-organization of
actin into propagating waves. I review published results on the dynamics and molecu-
lar composition of these waves and will elaborate on some connotations that are not
detailed elsewhere.

The starting question we addressed was: how are actin structures organized de novo
in cells that have been depleted of polymerized actin? To inhibit actin polymerization,
we have used latrunculinA (LatA). In living cells, this scavenger of actin monomers
results in the depolymerization of actin filaments at a rate determined by their turn-
over. The disassembly and re-assembly of actin structures has been monitored in Dic-
tyostelium cells using a GFP- tagged construct (LimEA) that proved to be an
appropriate label for recording the dynamics of filamentous actin structures in these
cells [1]. The actin structures rapidly turn over, resulting in microscopically detectable
breakdown of the actin network in the cell cortex within less than 20 seconds after
LatA addition [2].
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The removal of LatA enables the cells to regain normal actin organization and cell
motility within less than an hour. Of interest here is the intermediate state of excessive
wave formation before normal cell motility will recover. This state is preceded by the
formation of mobile actin patches [3]. The burst of patches at the onset of actin poly-
merization is mostly due to the fact that clathrin-dependent endocytosis requires actin
to polymerize in order for vesicles to be budded off. Therefore, many clathrin-coated
pits are arrested at the plasma membrane as long as LatA is present. Accordingly, the
first actin structures seen within about 5 minutes after removal of the drug are small,
clathrin-induced patches. Later on, actin waves are generated in a spatial relationship
to the synthesis of phosphatidylinositol-(3,4,5) trisphosphate (PIP3) in the plasma
membrane. We have used the time window of excess formation of actin waves for the
experimental analysis of their structure and mode of propagation [4].

2. Materials and methods

Cells of Dictyostelium discoideum strain AX2-214 were transfected with expression
vectors encoding GFP- or mRFP-fusion proteins [4] and subjected to imaging at 23 +
2°C in 17 mM Na/K-phosphate buffer, pH 6.0 (PB) according to [3]. For the recovery
of actin polymerization, cells were pretreated for about 15 minutes with 5 uM latrun-
culin A (Invitrogen). Subsequently, the drug was replaced with PB. To inhibit PI3-
kinases, a stock solution of 30 pM LY-294002 (Sigma) in DMSO was diluted to 50 uM
in PB and added to the cells during the wave-forming stage of recovery. For the ima-
ging of clathrin-coated structures in relation to reversible inhibition of wave formation,
a Zeiss LSM 510 equipped with a 63x/1.4 oil apochromate objective was used. TIRF
microscopy was applied to actin structures according to [5]. Spinning-disc confocal
microscopy was performed as detailed in [4].

For phagocytosis experiments, D. discoideum cells, double-labeled as for wave forma-
tion, were exposed to living Saccharomyces cerevisiae [6]. In the phagocytic cups
formed around these large particles, the accumulation of GFP-tagged proteins relative
to filamentous actin labeled with mRFP-LimEA was recorded using the Zeiss LSM 510
confocal microscope.

3. Results

3.1. Structure and dynamics of self-organizing actin waves

The actin waves studied here are typically circular structures of varying shape (Figure 1).
They change their shape by propagating at the substrate-attached surface of Dictyoste-
lium cells with velocities of about 100 nm per second [4]. The waves propagate in a
treadmilling mode, with net polymerization of actin at their front and net depolymeriza-
tion at the back. Even when the waves keep their overall shape during propagation, their
constituting proteins are exchanged: after photobleaching, half-maximal fluorescence
recovery of actin has been observed within 4 s, and of myosin-IB within 2 s [4]. The
Arp2/3 complex is distributed throughout the wave, indicating that the entire wave
structure is dominated by a dense fabric of branched actin filaments. Three-dimensional
scanning of protein distributions using spinning disc confocal microscopy revealed dis-
tinct patterns for myosin-IB and coronin in cross-sections through a wave. Myosin-IB, a
single-headed motor protein capable of binding to the plasma membrane, is enriched at
the front of the wave and at the substrate-attached area of the membrane. Coronin
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Figure 1 Shape dynamics of actin waves viewed on a substrate-attached cell surface. Wave images
have been recorded from a single cell of Dictyostelium discoideum at the indicated times by spinning-disc
confocal microscopy. During propagation of the wave, the cell showed negligible net movement. The
images are color-coded and superimposed on top of each other. Shape changes within a period of less
than 2 minutes are best recognized by comparing the green and white images. Waves can fuse or they
may split into two as in the red image at the end of the recorded sequence. The images are taken from
Figure 1 in [5].

occupies the sloping roof of the wave at its cytoplasmic face (Figure 2, left panel).
Assuming that membrane-anchored myosin-IB clusters are sites of active actin polymeri-
zation whereas coronin is recruited to sites of depolymerization, two gradients of actin
polymerization can be proposed: one gradient declining from the front to the back of a
wave, the other from the substrate-attached membrane to the roof of the wave (Figure 2,

right panel).

3.2. Actin waves are confined by different states of actin organization and by membrane
areas of different phosphoinositide composition

In order to probe for actin structures in the cortex of wave-forming cells, we used
dual-color fluorescence labeling of proteins that associate with different arrangements
of actin filaments [5]. The area circumscribed by a wave turned out to be enriched in
the Arp2/3 complex, indicating a dominance of dense dendritic actin structures in this
inner area. In contrast, cortexillin I, a protein that bundles actin filaments in anti-par-
allel direction, prevails in the external area, together with myosin-II, a conventional
myosin that forms bipolar filaments (Figure 3). Since the waves can change the direc-
tion of propagation, the two areas reciprocally increase or decrease in size.

Labeling of phosphoinositides revealed that actin waves are formed at the boundary
of a membrane area rich in PIP3 [7]. Enrichment of the Arp2/3 complex in this inner
area suggests that PIP3 directs the assembly of actin into dendritic structures, while in
the external area depleted of PIP3 a basal network of bundled actin filaments is
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Figure 2 Spatial organization of actin waves and the temporal pattern of actin polymerization and
depolymerization. Left panel: schematic cross-section through an actin wave showing the region at the
front and close to the membrane where myosin-IB is enriched (green) and the sloping roof of the wave to
which coronin is recruited (yellow). Vertical arrows indicate up and down regulation of actin
polymerization. Data suggest two gradients of actin polymerization, one falling from the substrate-attached
membrane to the top of the wave, the other from its front to the tail. Right panel: translation of the
spatial profile into a temporal sequence of actin net polymerization and depolymerization. The profile
illustrates the sequence of changes that occur when a wave passes over a point on the membrane. The
data published in [4] suggest that an initial phase of high-rate actin polymerization turns into a longer
phase of depolymerization.

dominating. The reciprocal expansion and shrinkage of these areas demonstrates a
connection between PIP3 regulation and conversion of one state of actin organization
into the other (Figure 3). A linkage of actin waves to PIP3 in the membrane has pre-
viously been found under other conditions [8]. This linkage is in line with the control
of actin polymerization through a positive feedback loop involving PIP3 and Ras [9].
However, under our conditions the actin waves do not coincide with regions of stron-
gest PIP3 accumulation but with zones where PIP3 forms the steepest gradients in the
membrane. The control mechanisms underlying this complex behavior remain to be
elucidated.

If the formation of actin waves relies on a pattern of PIP3 in the underlying mem-
brane, wave formation should be suppressed by the PI3-kinase inhibitor LY-294002
(Figure 4). In fact, the formation of actin waves is sensitive to 50 pM LY-294002, a
concentration which reduces PI3-kinase activity in vivo [10]. Upon addition of the
inhibitor, waves disappear within 2 minutes (Figure 4A, B). Only short actin-rich pro-
trusions are transiently formed, and numerous actin patches decorate the substrate-
attached membrane of the LY-treated cells. To find out whether these patches are
rudimentary actin waves or distinct structures, we have co-expressed GFP-tagged cla-
thrin light-chains together with the mRFP-tagged actin label, since actin patches of
similar size are known to be involved in clathrin-dependent endocytosis [11]. The two
labels coincided, indicating that, at the concentration used, LY-294002 neither prevents
clathrin-coated structures from inducing actin polymerization (Figure 4C) nor from
becoming internalized (Figure 4D).

The suppression of actin waves is readily reversible. Within 3 minutes after
removal of the inhibitor, profuse formation of actin waves recovered (Figure 4E). In
conclusion, the self-organization of actin waves is distinguished by its strong depen-
dence on PIP3 from the activity of clathrin-induced actin patches, such that clathrin-
dependent endocytosis can be separated from wave formation by the inhibition of
PIP3 synthesis.
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Figure 3 Spatial relationship of actin organization to the presence or absence of PIP3 in the
underlying membrane. The diagram represents a line scan through an actin wave pattern on a planar
glass surface. On top, the relationship of actin- and PIP3-labels is shown. The fluorescence intensity of actin
(red) peaks at the position of the wave formed at the border of a PIP3-rich area of the cell membrane
(green). Horizontal arrows point into the changing directions of wave propagation. On the bottom, actin
structures are shown to differ between the PIP3-rich area circumscribed by the wave and the external area
depleted of PIP3. The Arp2/3 complex known to nucleate branches of actin filaments dominates in the
PIP3-rich area, while proteins associated with anti-parallel bundles of filaments are prevailing in the external
area. This diagram summarizes data published in [5] and [7].

3.3. Protein and PIP3 patterns in phagocytic cups correspond to the patterns in wave-
forming cells

Like other phagocytes, Dictyostelium cells interact with adhesive surfaces in two ways:
on a planar surface they spread and migrate, on a convex surface a circular protrusion
is induced to try and engulf a particle. By progression of its rim along the particle sur-
face, this phagocytic cup envelops and eventually encloses the particle by separation of
the phagosome membrane from the plasma membrane. Filamentous actin accumulates
between the outer and inner leaflet of the cup membrane and is most strongly
enriched at the rim of the cup, the site of its protrusion. The leaflet of the cup mem-
brane that is in contact with the particle becomes rich in PIP3 [10,12].

With regard to the biological function of the actin waves generated on a planar sur-
face, it is appealing to consider them as devices to search for particles to be taken up.
In fact, the state of excessive wave formation in cells recovering from actin depolymeri-
zation is characterized by a high propensity for taking up particles with a minimum of
net movement of the cells on a planar surface [7]. If the particle-induced actin and
PIP3 patterns in a phagocytic cup are projected onto a plane, they coincide with the
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Figure 4 Reversible suppression of actin wave formation by the PI3-kinase inhibitor LY-294002.
Cells recovering from LatA treatment were allowed to form waves before 50 uM LY-294002 were added. In
(A to D) time is indicated in seconds before and after addition of the inhibitor (t = 0), in (E) before and
after its removal. In (A, B, and E) the LIimEA-GFP label for actin (green) is superimposed on phase-contrast
images showing cell shape (red). In (C and D) cells are double-labeled with mRFP-LimEA for actin (red) and
GFP-clathrin light chains for clathrin-coated structures (green). A, B, actin wave formation is suppressed by
LY-294002 while small actin patches are persisting. C, co-localization of the actin and clathrin labels in six
patches at the substrate-attached surface of an LY-treated cell. D, clathrin and actin dynamics in an LY-
treated cell. Arrowheads point to clathrin-coated structures (44 s) that recruit actin thus turning from green
to red (49 s) and subsequently disappear from the membrane (55 s). E, recovery of wave formation in a
big cell after the removal of Ly-294002. Bars, 10 um in (A, B, and E); 5 um in (C and D).
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spontaneously generated patterns in wave-forming cells (Figure 5). More complicated
patterns are observed in cups formed around long rod-shaped particles. These patterns
correspond to toroid-like actin-wave and PIP3 patterns that are formed in large cells
on a planar surface [7].

To underscore the similar organization of spontaneously generated wave patterns
and particle-induced phagocytic cups, we have compared the characteristic localization
of three actin-associated proteins in cups with their localization in waves as reported
in [4]. In the cups, myosin-IB is enriched close to the membrane at the very border of
the protruding cup (Figure 6). The Arp2/3 complex is distributed throughout the actin
layer of the cup. Coronin is again recruited to regions where actin is supposed to
depolymerize: at the sides and the bottom of the cup, specifically at the boundary
between actin layer and cytoplasmic space remote from the membrane (Figure 2).

For the optical analysis of the pattern dynamics, the planar arrangement of pattern
elements in wave-forming cells has an advantage; phase transitions in the cell cortex
can be recorded by TIRF microscopy at high temporal and spatial resolution. At each
point of the substrate-attached surface of a wave-forming cell the actin structure
undergoes transitions from one state to the other. The temporal sequences of these

planar surface curved particle

PIP3

Figure 5 Comparison of actin-PIP3 patterns on a planar surface and in phagocytic cups. Left:
autonomous actin waves (red) circumscribe a PIP3-rich area of the substrate-attached cell membrane
(green). Right: similarly, an actin ring at the rim of a phagocytic cup surrounds the PIP3-rich membrane
area invaginated in contact with a particle. Dotted red lines indicate accumulation of filamentous actin on
top of PIP3-enriched membrane areas. This diagram is based on data reported in [7].

Figure 6 Arrangement of actin-associated proteins in phagocytic cups. During the uptake of yeast
particles, cells were imaged to localize GFP-tagged myosin-IB, Arp2/3, or coronin (green) in combination
with filamentous actin (red). Centers of the particles are indicated by asterisks. A, bright-field image of a
late phagocytosis stage showing a particle being engulfed. B, double-fluorescence recording of the same
cell showing GFP-myosin-IB enriched at the border of the cup close to the plasma membrane. C, uptake of
a particle by a cell expressing GFP-Arp3, indicating coincident localization of the Arp2/3 complex and the
labeled actin. D, the phagocytic cup in a cell expressing GFP-coronin shows coronin remote from the
membrane at the interface between the actin layer and the cytoplasmic space. The progressing edge of
the cup is free of coronin. Bar, 10 um.

Page 7 of 9
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transitions are variable; they may be irregular or ordered into patterns with periods of
about 5 minutes [5].

4. Discussion

4.1. Relation of wave propagation in Dictyostelium to other actin-based cell functions
The actin waves in Dictyostelium cells are macromolecular complexes with a defined
3-dimensional architecture. While propagating, the waves continuously turn over their
constituents. The organization of these waves shows that self-sustained actin structures
can be generated without a membrane acting as a scaffold and site of activating factors
in front of these waves. The most relevant feature of the actin waves is their resem-
blance to functional actin structures that promote the extension of a phagocytic cup
(Figures 5 and 6). Similar patterns of actin-associated proteins are assembled during
leading edge protrusion, phagosome rocketing [13], cell spreading or clathrin-depen-
dent membrane internalization [11]. In all these cases is actin associated with the
Arp2/3 complex. A single-headed myosin, myosin-IB, is enriched at the front of the
dynamic actin structures close to the underlying membrane, and coronin is always
recruited to regions of actin disassembly. Characteristic of the actin waves is their loca-
lization at the boundary between PIP3 rich and depleted areas of the plasma mem-
brane. This localization coincides with the boundary between two states of actin
organization, one resembling the front region of a freely migrating or chemotaxing
cell, the other corresponding to the tail region rich in filamentous myosin-II [5].

The actin waves studied by us differ in their organization, dynamics and function
from actin-based waves of Hem-1, a constituent of the Arp2/3-activating WAVE com-
plex [14,15]. Hem-1 waves propagate in neutrophils at intervals in one direction and
are oriented by chemoattractant, whereas the actin waves in Dictyostelium are typically
circular and related to the phagocytic activity of these cells.

4.2. Actin waves are comparable to trigger waves in bistable systems

The finding that the actin waves studied in Dictyostelium cells are confined at their
front and back by two different states of actin organization is pertinent to the question
of whether or not the actin waves are periodic structures formed in an excitable med-
ium that, after a wave has passed, returns to its resting state ready to form a new
wave. Different from these structures, the actin waves generated in Dictyostelium cells
are confined at their front and back by two distinct states of actin organization. In this
respect, the wave-forming actin cortex resembles those pattern-generating reaction-dif-
fusion systems in which far from equilibrium bistability is established. Waves that
separate the two phases in such systems are known as “trigger waves” [16]. A model
specifying conditions under which bistability will arise in the actin cortex is provided
by Carsten Beta in this issue [Beta C: A bistable model of actin dynamics. PMC Bio-
physics, submitted].

In summary, actin waves separate two large areas of the cell cortex that are distin-
guished by their actin structure and by the PIP3 content of the membrane. Actin
structure and membrane composition of these areas are reciprocally interconverted
when the actin waves propagate into one or the other direction. Since the wave pat-
terns are formed in contact with a planar glass surface, they provide an opportunity to
analyze phase transitions in the actin system under superior optical conditions using
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TIRF microscopy and to correlate these transitions with the regulation of phosphati-
dylinositides in the membrane.
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