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Distributed Actin Turnover in the Lamellipodium and FRAP Kinetics
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ABSTRACT Studies of actin dynamics at the leading edge of motile cells with single-molecule speckle (SiMS) microscopy
have shown a broad distribution of EGFP-actin speckle lifetimes and indicated actin polymerization and depolymerization
over an extended region. Other experiments using FRAP with the same EGFP-actin as a probe have suggested, by contrast,
that polymerization occurs exclusively at the leading edge. We performed FRAP experiments on XTC cells to compare SiMS to
FRAP on the same cell type. We used speckle statistics obtained by SiMS to model the steady-state distribution and kinetics of
actin in the lamellipodium. We demonstrate that a model with a single diffuse actin species is in good agreement with FRAP
experiments. A model including two species of diffuse actin provides an even better agreement. The second species consists
of slowly diffusing oligomers that associate to the F-actin network throughout the lamellipodium or break up into monomers after
a characteristic time. Our work motivates studies to test the presence and composition of slowly diffusing actin species that may
contribute to local remodeling of the actin network and increase the amount of soluble actin.
INTRODUCTION
Lamellipodia are flat protrusions that allow cells to attach,
and move across on flat surfaces (see Fig. 1, A and B).
This machinery for motility is used by a variety of cells
such as white blood cells in the immune system or epithelial
cells during wound healing and cell migration (1,2). The
lamellipodium is characterized by a brushlike network of
actin filaments, with their barbed ends located toward the
leading edge of the cell (3). Regulating proteins such as
capping protein (CP), Arp2/3 complex, SCAR/WAVE,
tropomyosin, and cofilin are also characteristic of lamellipo-
dia. The regulators are controlled through signaling path-
ways that steer cells from external cues.

Many of the actin regulatory proteins have been charac-
terized in vitro, but precisely how they control actin poly-
merization and depolymerization across the lamellipodium
has not been completely resolved. The majority of actin
polymerization in lamellipodia occurs near the leading
edge. Growing actin filaments push against the lipid
membrane while the whole actin network undergoes retro-
grade flow (1,4). As the network moves toward the body
of the cell, F-actin is depolymerized and recycled to be
used again. Numerous experiments provide evidence that
actin polymerization and depolymerization also occurs
throughout the lamellipodium (2): photoactivated labeled
actin showed turnover during retrograde flow (5); microin-
jected fluorescent actin and electron microscopy experi-
ments show barbed ends throughout the lamellipodium
(6,7); phalloidin-stabilized neuron growth cones incubated
with Alexa-488-G-actin shows incorporation of actin at
barbed ends within a 2–3 mm band (8); single-molecule
speckle (SiMS) microscopy on XTC cells demonstrates
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single molecules of actin polymerizing throughout the la-
mellipodium (9) (Fig. 1 C); quantitative fluorescent speckle
microscopy shows turnover of clusters of actin proteins far
from the leading edge (10); and cells that are permeabilized
and introduced with fluorescent CP demonstrate free barbed
ends, or CP binding sites well into (~5 mm) the lamellipo-
dium (11).

The studies mentioned in the preceding paragraph
indicate an extended distribution of barbed-ends across the
lamellipodium. However, fluorescent recovery after photo-
bleaching (FRAP) experiments show that significant fluo-
rescence recovery occurs fast near or at the leading edge,
while recovery away from the leading edge occurs with a
delay followed by a more rapid increase (12–14). A compu-
tational model by Lai et al. (12) reproduced the experi-
mental FRAP observations assuming actin polymerization
occurs only very close to the leading edge. In this picture,
recovery at the back relies on retrograde flow of unbleached
monomers from the very front (12,15).

It has been proposed that reassociation of the bleached
actin within the bleached area may slow down recovery
(2). This has been demonstrated by a reaction diffusion
model of actin turnover in a spatially homogenous system
without retrograde flow (16–18). However, to our knowl-
edge, the FRAP kinetics in a model that combines actin re-
modeling throughout the lamellipodium and retrograde flow
had not been calculated.

Many previous models of actin in the lamellipodium have
considered actin polymerization occurring exclusively at the
leading edge (19–22). The G-actin distribution has been
studied considering populations of bound or sequestering
actin monomers, assuming various combinations of sinks
and sources of G-actin (representing polymerization and
depolymerization) throughout the lamellipodium (23).
Other workers have implemented models that account for
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FIGURE 1 Single-molecule speckle microscopy: actin appearance

profile and lifetimes. (A) XTC cell expressing EGFP-actin at high concen-

trations (29). (Scale bar) 8 mm. (B) Cell expressing EGFP-actin at low

concentrations (29). (Top) Individual speckles indicate single actin proteins.

(Bottom) Same as top, showing speckle tracks in time. The beginning and

end of track (speckle appearance and disappearance) corresponds to poly-

merization and depolymerization. (Scale bar) 2.65 mm. (C) Appearance

events versus distance from the leading edge (9). (Continuous line)

Phenomenological double-exponential fit of the data between 0 and 5 mm

(appearances beyond 5 mm are in regions of adhesion formation and retro-

grade-flow-decrease (30) that are not relevant). Fit procedure: Length l1
was fixed to 0.5 mm and l2 to 4 mm, values that allowed us to match the

intensity profile in Fig. 3; we let the magnitudes A1 and A2 vary. (D) Speckle

lifetime distribution (resampled from Smith et al. (29), with and without

photobleaching correction) and double-exponential fit. The fit was per-

formed by fixing the long lifetime to be 60 s, a value that does not overre-

present very long-lived speckles, and allowing other parameters to vary.
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well-known reactions at the leading edge, including
assembly and disassembly away from leading edge and
G-actin diffusion (24–26). However, Novak et al. (23),
Huber et al. (24), Ditlev et al. (25), and Stuhrmann et al.
(26) did not model FRAP curves. A three-dimensional
partial-differential-equation model (20) was used to model
FLAP (27), where the fluorescence recovery of one fluores-
cent species after its photobleaching is measured relative to
the other fluorescent species as a reference. This model
treated actin monomers and polymers in a solvent but it
did not include the effects of actin polymerization away
from the leading edge. Another group studied FRAP of
CP at the leading edge (28).

In this article, we compare models with actin turnover
distributed throughout the lamellipodium to experiments.
We performed FRAP experiments on XTC cells, the same
cell type used in prior SiMS experiments. While the
FRAP recovery in XTC lamellipodia is qualitatively similar
to that in other cells (12–14), our models demonstrate that
SiMS and FRAP data do not contradict one another.
Biophysical Journal 104(1) 247–257
We compare two different models and show that turnover
can occur without causing rapid FRAP recovery away from
the leading edge:

The first model uses diffuse actin that polymerizes and
depolymerizes as monomers. FRAP curves simulated with
this model are good fits to experiments, but have some
different qualitative features.

For the second model, we consider two species of
diffuse actin that can polymerize and depolymerize
throughout the lamellipodium: monomers (G-actin) and
oligomers (O-actin). Oligomers are slowly diffusing actin
that can anneal to the F-actin network. The presence of
a small amount of oligomers further reduces the amount
of recovery away from the leading edge in simulated
FRAP. The results of this model are in better agreement
with both FRAP and SiMS microscopy. We discuss how
distributed actin turnover might contribute to the function
of the lamellipodium.

The following models use speckle appearance rates and
speckle lifetimes from SiMS microscopy (9,29) to compute
the steady-state F-actin profile. We consider cells as in
Watanabe and Mitchison (9) and Smith et al. (29) that
have negligible leading-edge protrusion or retraction (30).
The F-actin profile is then used to calculate the steady-state
G- and O-actin profiles and the corresponding polymeriza-
tion rates as function of distance from leading edge. Using
these rate constants in a two-dimensional stochastic simula-
tion, we compute the predicted FRAP curves and compare
to experimental data.
RESULTS

Two-channel FRAP in XTC cells

We performed FRAP of fluorescently labeled actin in XTC
lamellipodia to compare SiMS and FRAP data on the same
cell type. For improved accuracy we used two labels,
mCherry-actin and EGFP-actin, and bleached the EGFP-
actin (Fig. 2 A, and see Movie S1 in the Supporting Mate-
rial). The recovery was quantified by measuring the channel
intensity ratio, as in Zicha et al. (27). This approach gives
a better measurement of recovery than single-color FRAP
because it allows:

1. Normalization against the intrinsic fluctuations of the
system;

2. Monitoring of system behavior for very long times; and
3. Tracking the position of the leading edge in the

unbleached channel.

For the analysis, we cropped the bleached region, tracked
the leading edge of bleached cells, and measured the
retrograde flow (see the Supporting Material). We
chose three cells that had retrograde-flow speeds 0.05–
0.06 mm/s and a leading edge that moves <0.6 mm during
recovery. These retrograde-flow speeds were a bit smaller



FIGURE 2 Two-color FRAP experiments on

XTC fibroblasts. (A) mCherry-actin and EGFP-

actin channels of a lamellipodium segment from

Movie S1, and their ratio. EGFP-actin is bleached

at t ¼ 0 s. Retrograde flow speed: 0.050 5

0.005 mm/s. The leading edge of the mCherry

channel was tracked using an active contour (30).

Image ratio for pixels to the right of the contour

set to zero. (Scale bar) 2 mm (B) Recovery of

normalized image ratio in the segment of cell in

panel A (see Section 4 in the Supporting Material).

Front and back measurements are averages over

0–0.5 mm and 2.5–3 mm from the leading edge.

(C) Averaged recovery from three separate movies

that met our criteria (main text, and see the Sup-

porting Material). Average retrograde flow speed,

0.056 mm/s. (Error bars) SD.
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compared to 0.063 mm/s in prior FRAP experiments (12)
but somewhat larger than in prior SiMS experiments:
0.025 mm/s in Watanabe and Mitchison (9) and
0.017 mm/s in Smith et al. (29). The normalized intensity
recovery at 0–0.5 mm (front) and 2.5–3.0 mm (back) from
the leading edge is shown in Fig. 2 B (single cell) and
Fig. 2 C (average of three cells). Similar to FRAP in
other cell types (12–14), we find recovery away from the
leading edge occurs with a delay followed by a more rapid
increase.
F-actin profile based on speckle statistics

We used the statistics of single molecules of labeled actin
obtained in previous studies of XTC cells (Fig. 1) (9,29)
as an input to our model. The location of speckle-appear-
ance events correspond to polymerization and yield an
appearance rate, a(x), as function of distance from
leading-edge x (Fig. 1 C) (9). The units of a are mM/s. To
obtain an analytical form for a(x), we approximate the
appearance curve with a double-exponential:

aðxÞ ¼ GNK
�
A1e

�x=l1 þ A2e
�x=l2

�
: (1)

The shorter length, l1, corresponds to polymerization at the

leading edge while the longer length scale, l2, corresponds
to basal polymerization that occurs throughout the lamelli-
podium. This equation is a phenomenological fit chosen
for two reasons: it captures the experimental data, and it
yields analytical results in later calculations. The total rate
of appearance is scaled in proportion to the cytoplasmic
concentration of labeled actin monomers far from the
leading edge, GN. For convenience, we pick A1þA2 ¼ 1,
so K can be used as a parameter that adjusts the total rate
of polymerization and the resulting F-actin/G-actin (F/G)
ratio. The fit gives A1 ¼ 0.84, A2 ¼ 0.16, l1¼ 0.5 mm,
and l2 ¼ 4 mm (Fig. 1 C). While the bin size for appearance
data is comparable to l1, we show later that the distribution
of appearance events within the first 0.5 mm of the leading
edge is not crucial for this study. What is more important
is the total number of speckles in the first bin.

Measurements of the speckle lifetime distribution in
Fig. 1 D, p(tl), give the probability distribution of the
amount of time tl that each actin subunit spends as F-actin.
The lifetime distribution is approximately constant within
the first 3-mm from the leading edge (9), which is also
true for the data in Smith et al. (29) (not shown here). We
approximate the lifetime distribution with a double-
exponential,

pðtlÞ
pð0Þ ¼ C1e

�tl=t1 þ C2e
�tl=t2 ; (2)

where C1 ¼ 0.741, C2 ¼ 0.259, t1¼ 16 s, and t2 ¼ 60 s. We
chose exponentials because they capture the lifetime distri-
bution well. They are also mathematically convenient
because they allow use of exponential statistics in simula-
tions and enable our obtaining analytical results for vali-
dating the simulations.

The velocity of retrograde flow vr provides the remaining
parameter necessary to construct an F-actin profile repre-
sented by the speckle statistics. Using the appearance rate
Biophysical Journal 104(1) 247–257
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a(x) as a source of F-actin yields the steady-state concentra-
tion profile F(x):

FðxÞ ¼
ZN

0

Yðx; x0Þaðx0Þdx0: (3)

The profile Y(x, x0) generated by a point source at x0 is ob-
tained by considering the amount of subunits that have
a longer lifetime than the time it took to travel from x0 to
x via retrograde flow,

Yðx; x0Þ ¼ Qðx � x0Þ 1

vr

ZN

x � x0

vr

pðtlÞdtl; (4)

where the prefactor is found by balancing the amount due to
0

FIGURE 3 Steady-state profile in model with G-actin monomers as only

diffuse actin species. (A) F- and G-actin states and transition rates. (B)

Steady-state profiles of F- and G-actin for two different K values, which

determine the F/G ratio. The retrograde flow speed 0.05 mm/s was chosen
retrograde flow out of x with the amount created by the
point source.

Retrograde flow rate is approximately constant within the
first 4-mm from the leading edge of XTC cells (30). Because
we are interested in FRAP recovery within the first 3-mm,
we do not consider variations in retrograde flow.
to compare to the profile of the cell in Fig. 2 A. Concentration is normalized

to GN. We do not try to capture the exact position of the maximum of the

F-actin profile that occurs within the first 1-mm from leading edge; this

feature depends on the precise value of parameter l1. (C) Comparison of

simulated total actin concentration profile from panel B to the mCherry-

actin intensity profile of Fig. 2 A. Distance from leading edge measured

by the fitted active contour. Negative distances are to the side of the contour

outside the cell. (Error bars) SD over whole movie.
G-actin profile considering monomers as the only
diffuse actin species

As a first model, we consider that actin exists in two states:
F-actin that undergoes retrograde flow, and G-actin with
diffusion coefficient D ¼ 4 mm2/s (17,27,31,32) (we also
varied the value of D in Fig. S4 in the Supporting Material).
G-actin diffuses freely, polymerizing to become F-actin
with rate a(x) (Fig. 3 A). At steady state, both retrograde
flux of F-actin and diffusive flux of G-actin balance the local
exchange between F- and G-actin,

vr
vFðxÞ
vx

¼ D
v2GðxÞ
vx2

¼ aðxÞ � dðxÞ; (5)

whereG(x) is the G-actin concentration. Knowing F(x) from
Eq. 3, we can solve Eq. 5 for the G-actin profile:

GðxÞ ¼ GN � vr
D

ZN

x

Fðx0Þdx0: (6)

The resulting steady-state profiles are plotted in Fig. 3 B,

normalized to the G-actin concentration far from the leading
edge, GN. The value of parameter K determines the F/G
ratio because it changes the magnitude (but not the shape)
of the F-actin profile (Eqs. 1–3, and see Section 1 in the
Supporting Material). By increasing K, the G-actin deple-
tion near the leading edge is increased (Fig. 3 B). Increasing
the value of the retrograde flow velocity causes a greater
depletion of G-actin (not shown). The requirement that
Biophysical Journal 104(1) 247–257
G(x) remains positive restricts the possible values of K,
vr, and GN and the maximum possible value of the F/G
ratio,

Z L

0

FðxÞdx=
Z L

0

GðxÞdx;

where L is characteristic lamellipodium width. Values of
the F/G ratio are in the range 2–10 (2,33–35) and the graphs
in Fig. 3 show that the model can account for these
measurements.

The F- and G-actin profiles in Fig. 3 B show the depletion
of G-actin near the leading edge. The total profile is similar
to the experimental profile of the mCherry channel in
Fig. 2 A, as shown in Fig. 3 C. The profile becomes wider
for larger values of the retrograde flow rate. Plots of the
disappearance rate d(x), namely the rate with which F-actin
becomes G-actin at steady state, show a peak between 1 and
2 mm away from the leading edge (see Fig. S1 C), similar
to (24,26). The F-actin profile and d(x) are the same for
the two models we consider in this article because they
are determined by the measured appearance rate, retrograde
flow, and speckle lifetimes.
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Particle simulation with monomers as the only
diffuse actin species

To calculate FRAP recovery curves in the monomer-only
model, we assume that the appearance rate is proportional
to the local G-actin concentration. The transition rate at
which monomers convert to F-actin is

rG/FðxÞ ¼ aðxÞ
GðxÞ: (7)

Fig. 4 A shows the calculated G/F transition rate using the

measured a(x) and G(x) from Eqs. 1 and 6. Estimated values
for the concentration of barbed ends are [B] z 1 mM (2).
In this model we expect the transition rate to be proportional
to the local concentration of free barbed ends. Using
rG/F ¼ kþ[B], we find the rate constant close to the leading
edge is kþ z 0.6 mM�1 s�1, consistent with previous esti-
mates (2).

Equation 7 contains an implicit relationship among poly-
merization-rate constant, F/G ratio, retrograde flow rate, and
GN. This is a condition required for self-consistency of the
model at steady state. It should not be used to infer a depen-
dency between only two variables. For example, reducing
FIGURE 4 Simulated FRAP results in model with monomers as only

diffuse actin species. (A) Calculated monomer transition rate as a function

of distance from the leading edge for two different F/G values (vr ¼ 0.056

mm/s as in the average of Fig. 2 C). (B) Comparison of simulated recovery

curves to experiment of Fig. 2 C at 0–0.5 mm (front) and 2.5–3 mm (back)

from leading edge, for two K values. Simulated intensities are normalized

to the steady-state value at the bleached position and approach 1 at suffi-

ciently long times. (C) Image of simulated FRAP. Size of bleached

region 5 � 20 mm and K ¼ 0.5 s�1, vr ¼ 0.056 mm/s. Simulated exposure

500 ms/frame with 2500-ms lag between frames. (Bar) 2 mm.
cofilin concentration by shRNA decreases the retrograde
flow rate (13) but Eq. 7 cannot be used in isolation to infer
that this must also change the polymerization rate; such
a perturbation may also decrease the G-actin pool and
modify the F-actin lifetimes.

We used the transition rate, rG/F(x), in an off-lattice
two-dimensional Monte Carlo simulation to simulate the
reaction and diffusion of individual actin subunits in the
lamellipodium (a rectangle 40-mm-wide, with reflecting
boundaries, extending 60-mm into the cell). Each subunit
is either diffusing (G-actin) or undergoing retrograde flow
(F-actin). Subunits are updated every time-step Dt, chosen
to be sufficiently small, 1 ms or smaller. The distance trav-
eled by diffusing monomers within Dt is picked from
the two-dimensional Gaussian diffusion propagator. After
the monomer is moved, it is checked for association
to the F-actin in the lamellipodium, which occurs with
probability rG/F(x)Dt. When a monomer transitions to
F-actin, its lifetime is picked from the lifetime distribution
p(tl), see Section 3 in the Supporting Material. The
positions of F-actin subunits are updated by moving them
in the direction of retrograde flow by distance vrDt. If they
reach the boundary, they are converted back into G-actin
(the size of the system was chosen to be large enough to
make this a rare event). After an F-actin subunit is moved,
its lifetime is compared to the time elapsed since polymer-
ization, to check if it should depolymerize and become
G-actin.

The system was initialized at steady state by using the
concentration profiles obtained from the Eqs. 3 and 6. The
lifetimes of the particles in the initial distribution were
picked by applying Bayes’ rule (see Section 3 in the
Supporting Material). The resulting initial distributions of
F- and G-actin subunits maintain the calculated steady-state
distributions, validating the simulations (see Fig. S2).

To simulate images, the particles are treated as diffrac-
tion-limited spots that diffuse during camera exposure
(29). The position of each particle is updated and exposed
throughout the exposure time, ~106 times per exposure, to
produce a simulated lamellipodium image. Bleached parti-
cles are removed from the simulation and do not contribute
to intensity.
FRAP recovery in model with monomers
as the only diffuse actin species

A simulated FRAP image is shown in Fig. 4 C and Movie S2
where a region of size 5 � 20 mm is bleached near the
leading edge. Fig. 4 B shows the recovery of intensity at
two strips between 0 and 0.5 mm, and 2.5–3 mm (front and
back) from the leading edge. Overall, the recovery curves
are similar to the recovery curves seen in experiments
(Fig. 2), with fast recovery at the front and slower recovery
at the back. The value K ¼ 0.7 s�1 gives the best least-
squares fit (Fig. S3).
Biophysical Journal 104(1) 247–257



252 Smith et al.
Recovery at the front involves three stages:

Stage 1. Unbleached G-actin diffusion to the leading
edge within ~2 s, assuming free diffusion (see the
discussion on inhibited diffusion below).

Stage 2. The F-actin increases until a balance is estab-
lished between polymerization of G-actin and
removal of F-actin by retrograde flow away from the
leading-edge region and depolymerization. Because
the time it takes for an F-actin subunit to be carried
away from the front region, 0.5 mm/vr ¼ 8.9 s, and
because the average speckle lifetime is 27 s (see Eq.
S11 in the Supporting Material and Eq. 2), retrograde
flow is the dominant removal mechanism of F-actin
close to the leading edge. Thus this second stage
completes in ~9 s.

Stage 3. There is a slow recovery due to the algebraic tail
of the G-actin diffusion (see also Fig. S4) while the
local F/G ratio remains approximately constant.

Recovery at the rear is slower than at the front. There is
a small but important qualitative difference between the
shapes of the simulated and experimental recovery curves
in Fig. 4 B. In the experimental data there is a plateau in
the recovery between 20 and 40 s, just before retrograde
flow carries fresh monomers from very close to the
leading edge into the region. This plateau also occurred in
the FRAP results in Lai et al. (12). In the simulations,
recovery at the back involves G-actin diffusion into the
bleached region, G-actin transitioning to F-actin (that occurs
over 1/rG/F z 10 s, see Fig. 4 A), and retrograde flow
carrying unbleached subunits to the rear. In the simulations,
retrograde flow carries unbleached monomers from the very
front to the back in 47 s and causes an abrupt increase
in slope. However, the intensity at the back has already
started to recover at earlier times due to the basal
polymerization.

It has been shown that a high F/G ratio can cause a delay
in FRAP because association of G-actin into F-actin hinders
the diffusion of G-actin into the bleached region (16). This
effect becomes important when the typical distance traveled
by G-actin before reassociation to F-actin (23),

s ¼
ffiffiffiffiffiffiffiffiffiffi
4D

rG/F

r
;

becomes comparable to the size of the bleached region. In

Fig. 4 A, increasing K increases rG/F. To estimate s,
we use rG/F at the midpoint of the bleached region. For
K ¼ 0.5 s�1, we find s ¼ 16 mm and for K ¼ 0.75 s�1, s ¼
12.6 mm, values that are larger than thewidth of the bleached
region. Thus while hindered diffusion has an effect on the
recovery in Fig. 4, it cannot fully account for slow recovery
at the back in experiments. To explore this concept further,
we look at the consequence of changing the diffusion coeffi-
cient,D (see Fig. S4). ChangingD changes the G-actin distri-
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bution, causing a larger G-actin depletion near the leading
edge for smaller D values. When D ¼ 6 mm2/s, s ¼ 16 mm
and the shapes of the recovery curves in Fig. S4 C are qual-
itatively similar to Fig. 4 B. When D ¼ 2 mm2/s, s ¼ 4.8 mm
and we see a much stronger delay in both front and back
recovery. A remarkable feature of the D ¼ 2 mm2/s case is
that the recovery at the front is slowed much more than the
recovery at the rear. This indicates that hindered diffusion
cannot explain both the slow recovery at the rear and the
fast recovery at the front in Fig. 2.

We also considered the effects of having a longer lifetime,
t2 (see Fig. S5), and found that it slows recovery, but it would
have to increase significantly compared to the measured
values (Fig. 1 D). The factor that changed the shape of the
back recovery the most was l2, which determines how far
into the lamellipodium polymerization occurs. By reducing
l2 close to l1 we get recovery curves more similar to
a leading-edge-polymerization-only model, but this is
equivalent to assuming negligible polymerization away
from the leading edge. Further narrowing the polymerization
region near the leading edge by reducing l1 (see Fig. S7)
could partially contribute to a sigmoidal back-recovery.

The discrepancy in the back-recovery curves between
model and experiment is small, but it illustrates the differ-
ence between a treadmilling-type model and a model with
remodeling further away from the leading edge. Another
small discrepancy is that the simulated recovery at the front
has a slower tail compared to experiment.

We did not explicitly account for the fact that G-actin
monomers can carry different types of nucleotide (ADP
or ATP), or that monomers can be bound to profilin,
thymosin, or cofilin. We assumed that the reactions among
these different states occur fast enough to be considered
quasistatic and also do not modify the diffusion coefficient
of bound G-actin (23). Thus, the values of rate constants
represent the average behavior of the G-actin pool. If
there is a time that must elapse before a depolymerized
monomer is able to repolymerize, this delay would not
modify the shape of the FRAP curves qualitatively (this
would be similar to using a higher K; see Fig. 4 B and
Fig. S10).

The results in Fig. 4 indicate that a model which only
includes monomers as the diffuse actin species cannot
account for some qualitative features of FRAP results. In
the next section we examine the possibility that appearance
events in SiMS microscopy are caused by both G-actin and
slowly diffusing actin oligomers.
Model with both monomers and oligomers
contributing to appearance events

Several works suggest actin oligomers are present in the
lamellipodium. Cofilin causes severing of actin filaments
(36–39) and the Arp2/3 complex nucleates actin filaments
that can debranch in vitro (40,41). The short lifetimes of



FIGURE 5 Speckle statistics used to create a steady-state profile in

a model with both G-actin and actin oligomers (O-actin) as diffuse species.

(A) F-, G-, and O-actin states and transition rates. (B) Appearance-events

broken into monomers and oligomers. We consider the limit where speckle

appearance events far from the leading edge are primarily due to oligomers

while monomers dominate appearances within the first 1 mm. (C) Steady-

state profiles for two different K values (t0 ¼ 20 s, DO ¼ 0.5 mm2/s, vr ¼
0.05 mm/s). Concentration is normalized to GN. (D) Comparison of simu-

lated total actin concentration profile from panel C to the mCherry-actin

intensity profile as in Fig. 3 C.
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CP speckles in lamellipodia, which depend on cofilin-
catalyzed, jasplakinolide-sensitive actin disassembly, indi-
cate severing of capped filaments (11). Oligomer annealing
(42,43), possibly involving Aip1-capped filaments (44–46),
could be a mechanism for structural reorganization of actin
filaments in the lamellipodium (11,46). This could assist the
change from a densely branched network near the leading
edge to a network of longer filaments further away (3).
However, a different picture has been discussed after recent
cryoelectron microscopy experiments (47–50).

Oligomer generation and annealing would be consistent
with SiMS observations. Oligomers with diffusion coeffi-
cient DO z 0.5 mm2/s and a fluorescent subunit would
appear as background noise during exposure in SiMS exper-
iments (29). If they anneal to the network, they would
contribute to speckle-appearance events in SiMS experi-
ments. When they dissociate from the network (via severing
or debranching) they would contribute to speckle disappear-
ances. Because the diffusion coefficient in the cytoplasm
decreases with increasing molecular weight of the protein
complex (51), such DO values may represent fragments of
~10 actin subunits or less.

In the model shown in Fig. 5 A, G-actin monomers can
associate into F-actin and F-actin subunits depolymerize
into O-actin. Subunits of O-actin can become F-actin or
disassemble to G-actin with an average lifetime tO. O-actin
is a slowly diffusing species of actin with a different appear-
ance profile than G-actin (Fig. 5 B). The total appearance
rate is separated into oligomers, aO(x), and monomers,
aG(x), with a(x) ¼ aO(x) þ aG(x). We assume O-actin
accounts for a majority of appearance events away from
the leading edge while G-actin polymerization contributes
to most events close to the leading edge. Given the evidence
for barbed ends throughout the lamellipodium, we expect
both O- and G- actin to associate away from the leading
edge. Here we examine a limiting case to illustrate how
much of an effect oligomer-based remodeling has on
FRAP. The relative G- and O-actin contribution to appear-
ances is considered in the Discussion.

We use the speckle-appearance rates and lifetime distri-
butions to calculate the steady-state profiles. At steady state,
similar to Eq. 5,

vr
vFðxÞ
vx

¼ aoðxÞ þ aGðxÞ � dðxÞ; (8)

v2GðxÞ 1

DG

vx2
¼ aGðxÞ �

to
OðxÞ; (9)

v2OðxÞ 1

Do

vx2
¼ aoðxÞ � dðxÞ þ

to
OðxÞ; (10)

where DG ¼ 4 mm2/s and DO are the G- and O-actin diffu-
sion coefficients. The F-actin profile is given by the same
expression as in Eq. 3, so we can substitute in Eq. 8 to solve
for d(x), which leads to O(x) through Eq. 10,

OðxÞ ¼ to cosh

�
xffiffiffiffiffiffiffiffiffiffi
Doto

p
�ZN

0

f ðx0Þexp
� �x0ffiffiffiffiffiffiffiffiffiffi

Doto
p

�
dx0

� to

Zx

0

f ðx0Þsinh
�
x � x0ffiffiffiffiffiffiffiffiffiffi
Doto

p
�
dx0;

(11)
where f ðxÞ ¼ aGðxÞ � vrvF=vx. The G-actin profile can
then be solved similar to the monomer model, using Eq. 10:
GðxÞ ¼ GN � Do

DG

OðxÞ � vr
DG

ZN

x

Fðx0Þdx0: (12)
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Examples of calculated profiles are shown in Fig. 5 C, where
we used DO ¼ 0.5 mm2/s and tO ¼ 20 s. The total amount of
O-actin can be quite low compared to the amount of F- and
G-actin, while still making a contribution to the total
appearance rate.
FRAP simulations using O-, G-, and F-actin

The O- and G-actin binding rates were obtained from the
steady-state profiles (Fig. 6 A),

rG/FðxÞ ¼ aGðxÞ
GðxÞ ; rO/FðxÞ ¼ aOðxÞ

OðxÞ :

Using these rates, we performed stochastic particle simula-
tions to produce images of simulated FRAP (Fig. 6 C and
see Movie S3), as in the monomer-only model. Good fits
were obtained for K ¼ 0.4–0.9 s�1, DO < 1 mm2/s, and
tO < 60 s (see Fig. S3, Fig. S8, and Fig. S9) without the
need to modify the appearance profile or actin lifetimes.
The new model captures two features of the experiment in
Fig. 2 that the monomer-only model did not:

1. Recovery away from the leading edge (Fig. 6 B) is slower
than the recovery in the monomer-only model (Fig. 4 B).
FIGURE 6 FRAP in model with both G-actin and O-actin as diffuse

species (t0 ¼ 20 s, DO ¼ 0.5 mm2/s, vr ¼ 0.056 mm/s as in the average of

Fig. 2 C) shows better agreement with experiment. (A) Calculated transition

rates as function of distance from the leading edge for two K values. The

two O/F curves can be shown to be identical. (B) Comparison of simu-

lated recovery curves to experiment of Fig. 2 C at 0–0.5 mm (front) and

2.5–3 mm (back) from leading edge, for two K values. (C) Image of simu-

lated FRAP (as in Fig. 4 C) for K ¼ 0.5 s�1. (Bar) 2 mm.
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The resulting FRAP curve at the back does not show
significant recovery until retrograde flow carries mono-
mers from the leading edge into the back region. For
the chosen parameters, oligomers do not diffuse into
the bleached region before retrograde flow transports
monomers from the leading edge into the region. Two
factors contribute: The time required to travel a distance
of ~3 mm by free oligomer diffusion is ~10 s, but this is
slowed down by rebinding of O-actin within the bleached
region (16) because sO ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4D0=rO/F

p
z3:2 mm; and

the generation of a new O-actin subunit, from unbleached
monomers that polymerize at the leading edge, requires
times of approximately the average speckle-lifetime.

2. The recovery at the leading edge (Fig. 6 B) does not have
a significant long tail and is similar to Fig. 2 C, even with
the higher K value. The tail in the front recovery curve in
Fig. 4 C for K ¼ 0.75 s�1 was due to hindered diffusion
(16). In the model with oligomers, the region of G-actin
polymerization is narrow, and this effect is reduced in
magnitude.

The above results support models that include annealing
and severing in the lamellipodium (21,24). They indicate
that SiMS results are consistent with FRAP data, and may
also reveal the kinetics of a population of actin not previ-
ously characterized in cells.
DISCUSSION

We used modeling and performed new experiments to show
that SiMS and FRAP experiments are not in contradiction
with one another and their combination provides informa-
tion on the actin-remodeling kinetics at the lamellipodium.
A model in which all diffuse actin species are identical
and have a single diffusion coefficient predicts a slow,
continuous recovery at the back of the lamellipodium—an
outcome somewhat different than that depicted in the exper-
iment in Fig. 2, which shows a two-stage recovery process.
One possible contributor to this small discrepancy could be
the bright illumination required for photobleaching that may
change the kinetics of the actin in the lamellipodium (we
found that very bright illumination sometimes triggers
cell-edge retraction).

Here we showed another possibility: a model with both
monomers and oligomers (G- and O-actin) which agrees
with both basal remodeling and two-stage FRAP recovery
at the back of the lamellipodium. This agreement requires
that O-actin has a diffusion coefficient ~10-times smaller
than G-actin, which can occur if oligomers consist of
a few actin monomers or if they are associated with proteins
such as Arp2/3 complex, Aip1, CP protein, or VASP tetra-
mers, which bind to multiple actin monomers and to the
sides of filaments (52,53). In the model, we did not distin-
guish between lamellipodium and lamella (54) because in
lamellipodia of XTC cells, both short-lived and long-lived
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speckles move with the same retrograde flow-speed
(S. Yamashiro, H. Mizuno, M. B. Smith, G. L. Ryan,
D. Vavylonis, N. Watanabe, unpublished).

In the model with oligomers, we assumed that the
speckle-appearance rate a(x) within 1-mm of the leading
edge is mostly coming from monomers (Fig. 5 B).
The appearance rate is the sum of the products of the
G/F and O/F transition rates with the local G- and
O-actin concentrations. For the parameters of Figs. 5
and 6, we found that this leads to O-actin to assemble
with smaller rate constants at the very front (Fig. 6 A).
This is a reasonable result because it may be harder for
O-actin to assemble at barbed ends pushing against
the membrane, although a recent experimental study
suggests O-actin polymerization occurs at the leading
edge (56). In some simulations where the O/F and G/
F rate constants at the leading edge were similar, as in
Fig. S8 A where tO ¼ 5 s, the resulting FRAP recovery
was similar to Fig. 5 B.

In the model with oligomers, we also assumed the
speckle-appearance rate a(x) away from the leading edge
is primarily due to O-actin (Fig. 5 B). We have explored
the contribution of both G- and O-actin to the appearances
in the basal region by breaking the second term of Eq. 1
into two parts, A2 ¼ (1�f)A2 þ fA2. The (1-f)A2 term is
the portion of G-actin appearances while fA2 corresponds
to the O-actin contribution. The predicted recovery curves
as a function of f are shown in Fig. S10. This figure demon-
strates that G-actin appearance events away from the
leading edge increase the rate of recovery away from the
leading edge. Because both monomers and oligomers would
bind to free barbed ends, an intermediate f value could be
more realistic.

A possible origin for differences between G- and O-actin
association rates might be that O-actin has more binding
sites away from the leading edge (e.g., filament sides).
Also, free barbed ends of severed filaments located away
from the leading edge could be protected by Aip1 that exists
at 1.8 mM at the leading edge (46). Experiments using cells
permeabilized by CP have demonstrated an abundance of
free barbed ends throughout the lamellipodium (11). These
experiments might label free barbed ends that were pro-
tected by Aip1 that dissociated during preparation. This
would be consistent with the live cell observations that
show Aip1 speckles dissociating at 1 s�1 (46) and CP in
a narrow region close to the leading edge. A maximal esti-
mated rate of Aip1 capping, ~1.8 mM/s, may, however,
fall short of the anticipated oligomer generation rate of order
0.2GNK ~ 10 mM/s in the basal region (see Fig. S1 C).
Another reason G-actin might associate more slowly in
the basal region is the presence of sequestering proteins,
such as thymosin-b4.

Distributed turnover within the lamellipodium is ex-
pected to influence its mechanical properties such as
substrate adherence and force production. Oligomers in
the lamellipodium could further serve multiple purposes.
Control of actin assembly relies on nucleating proteins acti-
vated at the leading edge. This leads to autocatalytic poly-
merization regulated by capping. While this mechanism
allows fast response, it consumes energy and may result in
misoriented branches. Instead of disassembling branches
into monomers, it may be energetically efficient to recycle
these segments. Annealing those segments to filaments
growing in the preferred directionmay provide a geometrical
feedback to turn a random branched structure into a polar-
ized network. Another function could be regulation of
soluble actin. Due to their slow diffusion coefficient, oligo-
mers may accumulate near the leading edge (Fig. S9 A
and B). Recent experiments showed higher G-actin concen-
tration at the leading edge of growth cones, measured
by DNase1 binding (8). Our work suggests a possible expla-
nation for this increase; we offer this idea in addition to that
of convective flow, as already put forth in the literature
(27,57,58).

Our model motivates experiments to look for the presence
of oligomers and measure their characteristics, for example
tO and DO. These parameters influence the amount of blur-
ring of the edges at the boundary of the bleached region.
This blurring is hard to detect (see Fig. 6 C), however,
because oligomers are predicted to be a small fraction of
the total actin. Fast acquisition (~10 ms/frame) SiMS exper-
iments could provide some of these details by tracking
actual diffusing particles to measure their lifetime and diffu-
sion coefficient (29).
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