
Spontaneous Waves and Patches of 
F-Actin in Cells

• Does known actin biochemistry lead to spontaneous 
wave formation?

• What types of feedback mechanisms lead to 
spontaneous actin dynamics?

Anders Carlsson, Washington University 
in St Louis

 Polymerized actin often exhibits spontaneous dynamic 
behaviors, such as waves, patches, and uniform 
oscillations
These waves may help cells explore their environment, 
exert force, and sense tension



Actin Waves Appear After Recovery 
from Latrunculin Treatment

• Spontaneous 
waves and patches 
of actin assembly

• Over time, get 
patches first, then 
waves

• Wave speed is 
0.1-0.2 μm/s(Bretschneider et al 2004)

Visualization via total internal reflection 
fluorescence microscopy

5 μm



F-actin Waves Are Correlated with Edge 
Protrusion

• Actin waves appear to 
push membrane out

(Gerisch lab, 2009)

Figure 8. Pattern of phase transitions
during the circulation of an actin wave.
The analysis is based on fluorescence in-
tensities recorded in the mRFP-LimE!
channel of the image series shown in Fig.
7 and Supplement Material Movie 8. !A"
Three-dimensional representation of
spatio-temporal patterns. The time axis
from top to bottom comprises 1170 s. Left
panel: surface rendering of the actin
wave. The threshold of fluorescence in-
tensities has been adjusted such that the
external area within the cell is abrogated.
On top, actin fluctuations preceding the
evolution of a closed, circulating wave are
depicted. Right panel: representation of
the cell envelop, showing protrusions that
correlate with the underlying actin wave.
For this presentation, the threshold has
been kept below the fluorescence inten-
sity in the cytoplasm. !B" Two stages of
wave propagation illustrating the mea-
surement of persistence in the wave and
inner state versus persistence in the ex-
ternal state. Phase transitions are probed
at seven diametrical positions. For ex-
ample, at position 1 the wave entered in
the left panel and quit in the right panel
recorded 155 s later. Arrows on top of the
wave indicate the direction of its propaga-
tion. Bar, 5 "m. !C" Phase transitions at
the seven positions indicated in !B", sepa-
rated by 1.2 "m from the other. Closed
bars demarcate persistence in the wave
and inner state, open bars persistence in
the external state. Time in !B" and !C" is
given in seconds after the first frame of
Fig. 7!A". !D" Histograms summarizing the
measured lengths of time at the seven po-
sitions. From left to right: period lengths
from entry of one wave to entry of the next
wave !n=19"; time of persistence in the
state of wave and inner area !n=26"; and
time of persistence in the external state
!n=19".
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Hem-1 Waves in Chemoattractant-
Stimulated Neutrophils

Red, blue, and green are 
successive times

(Weiner et al, 2007)

there is appreciable forward progress of the wave, suggesting
that the recruited Hem-1 protein dynamically equilibrates
with the cytosolic pool and that the bulk of wave movement is
generated by recruiting more Hem-1 from the cytosol (Figure
3A and 3C, Video S11). Recruited Hem-1 only transiently
associates with the membrane (half life t1/2¼ 6.4 s, Figure 3C,
second panel). Hem-1 recruitment occurs with high proba-
bility adjacent to existing membrane-bound Hem-1 (99% 6
1% of newly-observed Hem-1 is observed within 0.2 lm of
existing Hem-1 foci and 0.15% 6 .1% is observed greater
than 0.2 lm away. The distribution that would be expected
for random Hem-1 association with the membrane would be
50.3% 6 14% within 0.2 lm of existing Hem-1 foci and
48.5% 6 13% more than 0.2 lm from existing Hem-1 foci).

Actin polymer is required for the rapid equilibration of
Hem-1 with the cytoplasmic pool. When latrunculin is added
to depolymerize filamentous actin, the photobleached Hem-1
spot is stable for at least 10 min, after which the cells detach
from the substrate (Figure 3B). Collectively, these data make
two important points. First, Hem-1 waves move by sequential
rounds of protein recruitment, not by a significant amount of
movement of individual Hem-1 complexes in the plane of the
membrane. Second, the observed rapid recycling of recruited
Hem-1 depends on polymeric actin.

Hem-1 Wavefronts Generate Zones of Inhibition and
Annihilate upon Collision
Particularly in cells with a single strong peripheral Hem-1

wave and multiple interior waves, a gap between waves can be

Figure 1. Hem-1 Component of the WAVE2 Complex Localizes to Multiple Propagating Waves in Chemoattractant-Stimulated HL-60 Cells

(A) HL-60 cells expressing Hem-1-YFP continually exposed to chemoattractant (20 nM fMLP)—see Video S1 and Video S2. Hem-1 initially concentrates in
foci, which form outwardly propagating waves that eventually develop into a polarized accumulation of Hem-1 at the leading edge (denoted by arrow
at 112 s). Panels five and six overlay successive Hem-1 distributions in red, blue, and green successively.
(B) Hem-1 waves concentrate at the ruffled leading edge of polarized cells (leading edge identified by arrow in Nomarski panel). Nomarski (Video S3),
Hem-1-YFP (Video S4), and overlay (Video S5) of polarized HL-60 cell exposed to 20nM fMLP.
(C) Leading edge advance is highly correlatedwith underlyingHem-1waves. The top panel shows positionof leading edge (blue circles andwhite cell outline),
most peripheral Hem-1wave (red triangles), andmore interior Hem-1wave (black squares). As the peripheral wave is extinguished, the leading edge stalls and
resumes movement once the interior wave approaches the leading edge. The lower panel displays distances relative to initial position of leading edge.
(D) TIRF membrane control. C5A receptor-GFP (which is uniformly distributed on the plasma membrane) is uniformly distributed in the TIRF field. An
arrow in the first panel denotes the leading edge.
(E) Hem-1 waves exhibit a spatial gradient in velocity (first panel) and lifetime (second panel) with respect to the leading edge.
(F) HL-60 cells acutely stimulated with chemoattractant (20 nM fMLP) produce a uniform field of Hem-1 spots, which asymmetrically disappear, are
retained at one end of the cell (arrow), and begin generating Hem-1 waves (Video S7).
doi:10.1371/journal.pbio.0050221.g001
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Actin-Based Wave Generator Organizes Cell Motility

Waves correlate with edge 
protrusion

Actin waves also seen in T cells (Upadhyaya lab)



Coarse-Grained Models of Actin Waves

• (Weiner et al 2007, Doubrovinski and Kruse 2008, 
2010). Actin filaments plus F-actin nucleators which 
act cooperatively and are active when at the 
membrane. 

• (Whitelam et al 2009) Nonlinear F-actin field with 
built-in positive feedback and spontaneously arising 
orientation anisotropy

Goal here: establish minimal model including 
known actin biochemistry

Related work: Falcke, Allard and Mogilner, Vavylonis, 
Levine and collaborators



Basic Idea: Simulate Dendritic-Nucleation Model of 
Actin Filament Generation

•“Arp2/3 complex” is activated by 
nucleation-promoting factors 
(NPF) in membrane: “dendritic 
nucleation”
•In a “Lego-Block” fashion, it starts 
new filaments on the sides of 
existing ones

(Volkmann et al, 2004)

(Svitkina et al 1999)



Simulation Approach: Stochastic “Topological” 
Processes Combined with Brownian 

Dynamics of Filament Motion

New branches appear within distance d of membrane

kon: polymerization rate
koff: depolymerization rate
kbr: branching rate
kcap: capping rate
kdet: branch detachment rate
ksev: severing rateksev
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Filaments Move via Brownian Dynamics in 
Membraneʼs Force Field

Membrane has 
1) repulsive interactions with all filament tips
2) attractive interactions with uncapped barbed ends

Z
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datt

dbr

Eb

dbr = 10 nm
datt = 10 nm
Eb = 4.5kT

Requires time step of about 10-7 s
Treat dendritic clusters as rigidly 
moving units and ignore cluster-
cluster interactions



Dynamics of Actin at Membrane: Initiation of 
Polymerization

9Bright green: uncapped barbed ends

Filaments nucleate
at membrane and
branch if they stay 
attached long enough

Most filaments leave the 
membrane before they 
branch, giving a large 
critical cluster size

This is similar to the effect 
of a threshold for positive 
feedback in continuum 
models



“Bare” Dendritic 
Nucleation Model 

Gives no 
Identifiable 
Waves or 
Patches

80 μM actin

3μm



Origin of Waves May Lie Upstream of Actin

Nucleation-promoting factors (NPFs) act upstream of 
actin polymerization and require membrane localization to 
efficiently activate Arp2/3 complex

Nature Reviews | Molecular Cell Biology

ARP2/3 complex

ARPC2

ARP3

ARPC3
ARP2

ARPC4

ARPC5

ARPC1

G-actin

ARP2/3
complex

F-actin

Class I
NPF

W
C
A

W

C
A A

RRRRRR

Class II
NPF -P

CC

-P
CC

-P
CC

ATP

ADP
Ph

osp
ha

te 
rel

ea
se

an
d fil

am
en

t a
ge

ing

1  NPF-mediated
    ARP2/3 recruitment

2  Actin nucleation
    and branching

3  Branch stabilization and
    membrane protrusion

4  Coronin–cofilin interactions,
    debranching and disassembly

90°

a

b

20 nm

A

Coronin

Cofilin

Pro-rich domain
A domain commonly found  
in ARP2/3 activators that 
contains binding sites for  
SH3 domains and the actin 
monomer-associated protein 
profilin.

Filopodium
A finger-like cellular extension 
composed of unbranched actin 
filaments that elongate to drive 
membrane protrusion.

Membrane ruffle
A dynamic cell surface 
protrusion containing a 
network of newly assembled 
actin filaments. It can appear 
as a dorsal circular wave or in 
peripheral cellular extensions.

SCAR homology domain
A regulatory element found in 
WAVE NPFs that bind multiple 
components of the WAVE 
complex.

In contrast to WASPs, WAVEs are fully active and 
not autoinhibited when purified as recombinant pro-
teins. They lack a GBD, and their N-terminal SCAR 
homology domains (SHDs) and PRDs are distinct from 
the regulatory portions of N-WASP (FIG.3a). The SHD 
associates with a complex consisting of BRICK1 (also 
known as HSPC300), ABI1, NCK-associated protein 1 
(NAP1) and specifically Rac-associated 1 (SRA1; also 
known as CYFIP1)41–44. In the ubiquitous WAVE com-
plex, BRICK1 and ABI1 bind to WAVE2, and NAP1 
interacts with ABI1 and SRA1 (REF. 42) (FIG.3b). Unlike 
WAVE1 or WAVE2 by themselves, the activities of the 
reconstituted complexes are suppressed43,44. Removal 
of an individual subunit disrupts the stability and/or 
localization of the others, highlighting the fact that the 
complex behaves as a unit45,46.

Similar to N-WASP, the WAVE2 PRD can bind to SH3 
domain-containing proteins, such as insulin receptor  
substrate protein of 53 kDa (IRSp53; also known as 

BAIAP2)47. WAVE2 also contains a basic peptide that 
binds the phospholipid PtdIns(3,4,5)P3 (REFS 47,48) 
and is Tyr phosphorylated to modulate its activity49. 
However, in contrast to N-WASP, most signalling  
to WAVE2 occurs through interactions with the com-
plex, rather than direct binding to WAVE2. RAC1,  
the best characterized WAVE activator, binds to  
SRA1 (REFS 43,45), although it might also act through 
IRSp53 (REFS 47,50). Moreover, NCK adaptor proteins 
can activate the WAVE complex, probably by inter acting 
with NAP1 (REF. 41). Importantly, the cellular source of 
the WAVE complex and the manner in which it is puri-
fied can greatly influence its response to stimuli51. RAC1 
and NCK proteins were initially shown to dissociate 
the complex41, but more recent reports indicate that it 
remains intact after activation45,46. In addition, physio-
logical stimulation of the WAVE complex probably  
requires cooperativity among RAC1, PtdIns(3,4,5)P3 
and protein kinases51. A better understanding of how 

Figure 2 | The structure of ARP2/3 in Y-branches and a model for nucleation and branching. a | The morphology 

of a Y-branched actin filament and the actin-related protein 2/3 (ARP2/3) complex is shown in an electron micrograph 

and in structural models based on electron tomography. The ARP2/3 complex consists of ARP2 and ARP3 plus the 

additional subunits ARPC1–ARPC5. In this model, all seven subunits participate in binding to the existing filament and 

ARP2 and ARP3 act as the first two subunits of the nascent filament. b | ARP2/3 is recruited by the WCA domains of 

class I nucleation-promoting factors (NPFs) in proximity to cellular membranes (1). The collective activities of WASP 

homology 2 (WH2; W), connector (C) and acidic (A) segments serve the basic purpose of bringing ARP2/3 together  

with the first actin subunit in the new filament to generate a branch (2). ARP2/3 branch points can be stabilized by 

filamentous actin (F-actin)-binding class II NPFs, such as cortactin (3). Coronin family proteins interact with ARP2/3 and 

F-actin to prevent cofilin-mediated disassembly of newly formed filaments (4, top). Coronin can also replace ARP2/3  

and synergize with cofilin to trigger debranching and disassembly of older ADP–actin filaments (4, middle). Disassembly 

of older branches can also occur spontaneously, following phosphate release from ARP2 and actin (4, bottom).  

β-P, β-propellor; CC, coiled coil; G-actin, globular actin; R, repeat. Structural models in part a modified, with permission, 

from REF.13  (2008) Rockefeller University Press.

REVIEWS

240 | APRIL 2010 | VOLUME 11  www.nature.com/reviews/molcellbio

© 20  Macmillan Publishers Limited. All rights reserved10

(Welch, 2010)



Assumption: F-Actin Detaches/
Inactivates Upstream NPFs
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Data for upstream actin 
patch proteins in yeast 
(Drubin lab, 2005)

Weiner et al (2007) 
showed that removal of 
the NPF Hem-1 from the 
membrane is greatly 
slowed by latrunculin 
treatment

Upstream protein lifetimes
are much longer with 
latrunculin treatment



Include F-Actin-Induced NPF 
Detachment in Model

13

na: 2D density of attached (active) NPFs
nd: 2D density of detached NPFs (constant)
A: membrane area
F: density of F-actin near membrane
kdet, katt: detachment and attachment constants

NPFs are detached by F-actin, then reattach spontaneously  
Detachment inactivates the NPFs
Arp2/3 activation  ∝ na2



Parameter Values

14

kB
on 8.7 µM−1s−1 [3]

kP
on 1.3 µM−1s−1 [4]

kcap 8.0 µM−1s−1 [5]

kuncap 0.0004 s−1 [5]

knuc 0.001 - 0.009 µM−1s−1

kbr 0.018 µM−3s−1

kdis 0.04s−1 [6]

ksev 0.005s−1 [7]

katt 0.025-0.075 s−1

kdet 0.005-0.015µM−1s−1

AB
c 0.07 µM [5]

AP
c 0.69 µM [5]

[A] 10-40 µM

[CP ] 0.15 - 0.5 µM

[Arp2/3] 1.0 µM [8]

Eb 2− 5kBT

Dmemb 0.04 µm2s−1 [9]

Dmon 4 µm2s−1 [10]

TABLE I: Simulation parameters: kB
on and kP

on are barbed- and pointed-end on-rate constants (for

example the barbed-end monomer addition rate is kB
on[Afree], where [Afree] is free-actin concentra-

tion); kcap is barbed-end capping rate constant (so capping rate is kcap[CP ]; kuncap is barbed-end

uncapping rate; knuc is non-branching nucleation rate; kbr is branching rate per subunit; kdis is

branch dissociation rate; ksev is severing rate per subunit; katt and kdet are attachment and detach-

ment rates of NPFs; AB
c and AP

c are barbed- and pointed-end critical concentrations; [A] is total

actin concentration; [CP ] and [Arp2/3] are capping-protein and Arp2/3 complex concentrations;

Eb is binding energy of actin filaments to membrane; Dmemb and Dmon are diffusion coefficients

for NPFs in membrane and actin monomers in solution.

4

On-and-off rates taken from in vitro 
measurements, other parameters 
used to obtain reasonable network 
structures or varied within 
reasonable ranges



Simulations Show that Branched Actin Networks Form 
Waves Under Some Conditions

22.5 μM actin 3μm (PRL, 2010)

Burst of actin polymerization is followed by loss of NPF, 
which forces actin growth forward



Simulated Fluorescence of Waves

Patchy state can 
appear as 
interloper



Why Does Dendritic Actin Nucleation Lead to 
Wave/Patch Formation?

• Positive feedback
• Diffusive spreading
• Delayed negative feedback

Generic mechanisms leading to wave/patch formation:

 u=activator  ( F-actin)
H= positive feedback (step fcn)  
 v = inhibitor (absence of NPF)

(Krischer and Mikhailov 1994)



Branching Causes Positive Feedback

dN/dt = kbr N
Branching rate

Number of filaments
(Fluorescence measures polymerized-actin content)

Polymerization has lag phase 
followed by exponential growth, 
characteristic of positive feedback

Bulk polymerization with Arp2/3 complex

Martin Wear 
(Cooper Lab), 
2004



Diffusionlike Spreading of F-Actin 
Clusters Results from Branching

19

Deff≈kbr L2/12≈0.01μm2/s
L

kbr

Deff is probably greater than the physical diffusion 
coefficient D because of attachment of dendritic  
clusters to membrane



• Slow NPF reattachment
• Slow spontaneous nucleation of actin 

filaments
• Optimal values of actin polymerization rate 

and binding strength to membrane

20

Wave/Patch Formation is Favored by:

• Spreading is not via Brownian motion
• Positive feedback is strongly stochastic

Differences from “Ordinary” Chemical Waves:



Concrete Predictions:

15 μM actin

 Reducing actin concentration will cause wave-patch transition

Patches form because of depletion effects 

Consistent with patch-wave transition seen during actin recovery 
after depletion (Bretschneider et al 2004)



0.2 sec between 
frames

Waves and patches propagate by treadmilling based on 
branching at edges of waves/patches - not by physical 
motion of F-actin

Treadmilling motion has 
been seen in FRAP 
experiments (Bretschneider 
et al 2009)
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Distribution of Arp2/3 complex is  broadly similar to that of actin

Green: Arp2/3 complex
Red: F-actin
Arrow: direction of wave motion

Expt (Bretschneider et al 2009)



These effects can be implemented by manipulating key protein 
concentrations

Baseline (wavy state)

Faster NPF reattachment

Increased filament binding

Reduced capping

Faster nucleation

Interventions favoring actin polymerization destroy waves

Wavy state has bursts in # polymerized subunits Np



Diffusion of NPFs slows, and eventually freezes patch/wave 
motion, while diffusion of filament clusters accelerates wave 
motion

Speedup due to cluster diffusion is a factor of two if they 
diffuse freely

Attachment of filaments to substrate tunes the behavior in the 
same way as the actin concentration: 

Weak attachment - patches
Medium-strength attachment - waves
Strong attachment - uniform coverage



Dynamic Phases of F-Actin
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FIG. 1: 3D network structure (left) and simulated fluorescence (right) for actin wave (red) propa-

gating across three-micron square area of membrane (green). Time difference between frames is 6

sec. Parameters are: katt = 0.025s−1, kdet = 0.009µM−1s−1, Eb = 2.8kBT , knuc = 0.003µM−1s−1,

[A] = 22.5µM , and [CP ] = 0.25µM . See Supplemental Video 1 for complete time evolution.

Fig. 2 show a more random distribution of F-actin, with some patchy features which move

and give the appearance of broken wave fronts.

The motion of the waves and patches results from three factors operating jointly:

Positive feedback of F-actin. This is casued by autocatalytic branching from existing

filaments, which by itself gives linear positive feedback [19]. Branching is modulated by

filament detachment from the membrane. If Eb is small, most single filaments leave the

membrane before they branch, so that formation of a dendritic cluster consisting of sev-

eral filaments, by a statistical fluctuation, is required before continued growth occurs. The

requirement for such a critical cluster at small Eb values results in a sudden onset of poly-

merization, which favors wave/patch formation. This effect is similar to that of nonlinearity

in the positive feedback.

Spreading of F-actin. Fig. 3 shows a filament growing from a patch by polymerization

and nucleating several branches, thus providing new polymerization nucleui and spreading

the patch to the right. This mechanism does not require the polarization of filament ori-

5

FIG. 2: Simulated fluorescence of patches obtained with parameters of Fig. 1 but with [A] reduced

to 15µM (top row) or [CP] decreased to 0.10µM (bottom row). Images are 12 sec (top row) and

18 sec (bottom row) apart. See Supplemental Videos 2 and 3 for complete time evolution.

entations suggested in Ref. [11], since a broad range of filament orientations, including the

vertical orientation, can generate new branches in the direction of motion (see Supplemen-

tary Material). However, the patches and waves are polarized in that there are more free

barbed ends at the leading edge.

Delayed negative feedback. This effect is, as mentioned above, grounded in exper-

imental observations. The delay has a large effect on the F-actin dynamics when 1/katt

exceeds the lifetime of polymerized actin, about 5 sec in the present simulations.

These three factors can give rise to traveling waves and, when combined with global

inhibition such as that arising from G-actin depletion, patches [18]. Small values of the

non-branching nucleation rate knuc are also required in order to avoid “parasitic” nucleation

interfering with wave or patch formation.

This model of actin waves and patches makes several experimentally testable predictions:

1) Increasing G-actin concentration leads to a transition from stationary patches, to moving

patches, to waves (cf. Figs. 1 and 2). This prediction is consistent with experiments [6]

that treated Dictyostelium cells with latrunculin, which depolymerized actin by sequestering
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FIG. 2: Simulated fluorescence of patches obtained with parameters of Fig. 1 but with [A] reduced

to 15µM (top row) or [CP] decreased to 0.10µM (bottom row). Images are 12 sec (top row) and

18 sec (bottom row) apart. See Supplemental Videos 2 and 3 for complete time evolution.

entations suggested in Ref. [11], since a broad range of filament orientations, including the

vertical orientation, can generate new branches in the direction of motion (see Supplemen-

tary Material). However, the patches and waves are polarized in that there are more free

barbed ends at the leading edge.

Delayed negative feedback. This effect is, as mentioned above, grounded in exper-

imental observations. The delay has a large effect on the F-actin dynamics when 1/katt

exceeds the lifetime of polymerized actin, about 5 sec in the present simulations.

These three factors can give rise to traveling waves and, when combined with global

inhibition such as that arising from G-actin depletion, patches [18]. Small values of the

non-branching nucleation rate knuc are also required in order to avoid “parasitic” nucleation

interfering with wave or patch formation.

This model of actin waves and patches makes several experimentally testable predictions:

1) Increasing G-actin concentration leads to a transition from stationary patches, to moving

patches, to waves (cf. Figs. 1 and 2). This prediction is consistent with experiments [6]

that treated Dictyostelium cells with latrunculin, which depolymerized actin by sequestering
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Patch Wave Random

Increasing actin concentration



Possible NPF-Actin Feedback Loops
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F-actin
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F-actin
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Disassembly

F-actin

NPF
NPF

Free

Barbed 

F-actin

Stochastic-growth simulations Whitelam et al, 2009

Weiner et al 2007; 
Doubrovinski and Kruse 2008

Possible model for actin dynamics 
in endocytosis



Listeria Phagosomes Can 
Exhibit Spontaneous Oscillations

29

(Theriot lab 2004)
Phase GFP-actin

Could these be due to a similar combination of 
positive and negative feedback? forms into a polarized comet tail that propels movement of

the bacterium (Tilney and Portnoy, 1989). We initially hy-
pothesized that flashing depended on ActA and represented
a stage in actin nucleation that preceded stable cloud forma-
tion. To test this, we used L. monocytogenes mutants express-
ing different amounts of ActA.

L. monocytogenes strain DP-L973 expresses decreased lev-
els of gene products regulated by the transcriptional activa-
tor PrfA, including ActA, and DP-L973 is deficient in actin-
based motility (Freitag et al., 1993; Smith et al., 1996). DP-
L973 invaded MDCK A10* cells and was able to induce
flashing (Figure 2), suggesting that decreased ActA levels
had no effect on flashing. To determine whether ActA had
any involvement in flashing, we infected cells with L. mono-
cytogenes !actA. L. monocytogenes !actA were able to flash
(Figure 2). Therefore, flashing is not dependent on ActA-
mediated nucleation of actin.

We had noticed that the proportion of flashing bacteria for
DP-L973 was approximately twice that of wild-type L. mono-
cytogenes. PrfA also regulates genes required for escape of L.
monocytogenes from the phagosome (reviewed in Cossart
and Lecuit, 1998). Because DP-L973 remains in the phago-
some for a longer period (Sun et al., 1990) and flashed more
frequently compared with wild-type L. monocytogenes, we
hypothesized that flashing might be associated with the
phagosome rather than the bacterial surface.

Infection of MDCK A10* cells with L. monocytogenes !hly
!plcA !plcB, a mutant that is unable to escape the phago-
some (O’Riordan et al., 2002), demonstrated that these bac-
teria were able to flash (Figure 2). Thus, the actin dynamics
we observe corresponds to actin assembly and disassembly
on the phagosome membrane, and direct contact between
the bacterial surface and the cytosol is not required. That the
actin accumulates close to the bacterial surface is consistent
with electron micrographs of L. monocytogenes in epithelial
cells which show a close apposition of the phagosome mem-

brane with the bacteria (Gaillard et al., 1987; Mengaud et al.,
1996; Lecuit et al., 2000).

Flashing Occurs after Internalization of Bacteria
To determine whether the GFP-actin accumulation during
flashing represented F-actin, we fixed MDCK A10* cells
infected with L. monocytogenes !hly !plcA !plcB and labeled
them with phalloidin. GFP-actin accumulation on the
phagosome colocalized with phalloidin (Figure 3A). Hence,
the actin accumulated on the phagosome is polymerized
actin.

To determine whether flashing occurred during or after
internalization of bacteria, cells infected with L. monocyto-
genes !hly !plcA !plcB were fixed and stained such that
intracellular and extracellular bacteria could be distin-
guished from each other. We fixed cells without permeabi-
lization, and added polyclonal serum raised against L. mono-
cytogenes O antigen such that only extracellular bacteria
were stained. Intracellular bacteria were protected from the
antibody and were nonfluorescent. When actin was present
on a bacterium, the bacterium was protected from the anti-
serum, indicating that the bacterium was intracellular (Fig-
ure 3B). Also, a nonuniform distribution of actin was not
necessarily associated with a bacterium that was partially
inside and partially outside the cell (Figure 3B, top), sug-
gesting that flashing actin and entry are not necessarily
correlated. In a minority ("35%) of instances where bacteria
were associated with actin, the bacteria seemed to be par-
tially inside the cell. These cases were presumed to be bac-
teria in the process of entering the cell and were often
characterized by fainter actin staining compared with those
bacteria that were fully internalized. Extracellular bacteria
and extracellular portions of bacteria did not costain for
actin. Therefore, flashing most likely does not represent
abortive attempts at phagocytosis and represents actin ac-
cumulation on a fully formed phagosome.

To test whether actin accumulation on fully formed
phagosomes also occurred on MDCK cells that do not ex-
press GFP-actin, we used MDCK G cells. Phalloidin staining
showed that F-actin also colocalized around the phagosome
of L. monocytogenes !hly !plcA !plcB in MDCK G cells (Fig-
ure 3C). Similar to MDCK A10* cells, actin accumulation
was observed on bacteria that were intracellular. Therefore,
flashing is not an artifact of GFP-actin expression.

Previous studies of macrophages and epithelial cells in-
fected with wild-type L. monocytogenes show that approxi-
mately one-third of the bacteria remain within the phago-
some 2 h after infection (Tilney and Portnoy, 1989; Marquis
et al., 1995). We observed flashing 1–4 h after infection of
MDCK cells with L. monocytogenes, consistent with the pe-
riod during which the bacteria reside in the phagosome.

Flashing Actin Is Associated with Arp2/3 Complex
ActA mediates actin polymerization through activation of
the Arp2/3 complex. Arp2/3 complex has nucleating and
branching activity that enables it to form dendritic networks
of actin (Mullins et al., 1998). Even though flashing is not
dependent on ActA, Arp2/3 complex may still be involved
in flashing. We immunostained MDCK A10* cells infected
with L. monocytogenes !hly !plcA !plcB for Arp3 and p34,
two members of the Arp2/3 complex. Flashing actin colo-
calized with Arp3 (Figure 4). Similar results were obtained
for p34 staining. Therefore, Arp2/3 complex is probably
involved in mediating actin filament network growth in
flashing.

In experiments performed with L. monocytogenes and
E-cadherin–coated beads (see below), sequestration of actin

Figure 2. Flashing is independent of ActA and occurs on the
phagosome membrane. Traces of fluorescence intensity (GFP-actin)
versus time for various points on flashing L. monocytogenes strains
DP-L973, !actA, and !hly !plcA !plcB. L. monocytogenes !hly !plcA
!plcB is unable to escape the phagosome but still flashes.

P. T Yam and J. A. Theriot
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Does Such a  Mechanism Describe 
Dynamic Actin Patches in Yeast?
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(Kaksonen et al 2003)Fluorescence of a pre-NPF  (Sla1)

Sla1 patch disassembly 
requires F-actin

But patch assembly does 
not require F-actin

(Cooper lab 2006)



Modeling a Transient Actin Patch
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formation and its dependence on cluster size; the square-root terms in Eq. (1) reflect

the contribution of the surface energy (which is proportional to
√
N for a protein

patch growing in two dimensions). Note that the factor in front of the exponential

can safely be taken to be k+N , since adjusting this factor is equivalent to adjusting Nc.

The parameters in this model were adjusted to fit measured data for the depen-

dence of a coat protein/NPF (Las17) and F-actin (as indicated by the actin-binding

protein Abp1) in budding yeast. The parameters adjusted were: an overall factor

scaling the model results to the experimental data, k+N , k
+
F , k

−
F , and k

+
D . The param-

eter k−N was assigned a fixed value since changes in k
−
N can be compensated for by

changes in the normalization of [D], and [D] is not included in the fitting database.
To reduce the number of fitting parameters, and because disassembly of D is ex-

pected to at least partly require disassembly of F , it was assumed that k−D = 0.25k−F .
The exponents i and j were assigned the value 8; smaller values than this tended to

give a worse fit to the data. As shown in Fig. 5, the modeling at this level gives a

good fit to the averaged patch-count data. The life cycle of the patch is that first NPF

builds up, causing F-actin buildup; the F-actin in turn causes disassembly factors to

build up, which disassemble the NPF patch.

Fig. 5 Solid lines: time courses of coat/NPF (black) and F-actin (red) obtained from deterministic

simulations Dashed lines denote experimental data from Ref. [?].

This model makes several predictions regarding the behavior of key observables

on underlying rates and concentrations. For example, k+F is expected to influence the

height and lifetime of the actin peak, and thus the NPF lifetime as well. Fig. 6 shows

the dependence of the F-actin peak height and the patch lifetime on k+F . It is seen

that the peak height increases with k+F , but at a rate slower than linear. The slowness

of the increase is a manifestation of the negative feedback loop connecting F-actin

Fit to experimental time 
courses from Drubin lab

Black: NPF
Red: actin

NPF

F-actin
Disassembly Proteins



Effect of Branching Rate on Patch 
Properties
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Actin peak height 
increases slowly with 
branching rate - relates to 
NPF mutation 
experiments?

Branching rate Branching rate

Text

NPF lifetime drops 
abruptly with branching 
rate



Conclusions
Known actin biochemistry leads to spontaneous 
formation of waves and patches

Characteristic transitions in dynamic behavior are 
seen with varying actin concentration

Negative feedback of F-actin on membrane 
proteins might be a common mechanism leading to 
oscillating or transient behavior

Supported by joint DMS/NIGMS initiative in mathematical biology

Currently working on including myosin in network model


