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ABSTRACT Fluorescent markers that bind endogenous target proteins are frequently employed for quantitative live-cell imag-
ing. To visualize the actin cytoskeleton in live cells, several actin-binding probes have been widely used. Among them, Lifeact is
the most popular probe with ideal properties, including fast exchangeable binding kinetics. Because of its fast kinetics, Lifeact is
generally believed to distribute evenly throughout cellular actin structures. In this study, however, we demonstrate misdistribu-
tion of Lifeact toward the rear of lamellipodia where actin filaments continuously move inward along the retrograde flow.
Similarly, phalloidin showed biased misdistribution toward the rear of lamellipodia in live cells. We show evidence of convec-
tion-induced misdistribution of actin probes by both experimental data and physical models. Our findings warn about the poten-
tial error arising from the use of target-binding probes in quantitative live imaging.
INTRODUCTION
Quantitative live-cell imaging is becoming increasingly
important in the field of biology. Apart from protein probes
covalently attached to fluorescent proteins or chemicals,
fluorescent reporters that bind endogenous target proteins
are frequently employed for quantitative live-cell imaging
(1–3). For proper quantification of target-molecule distribu-
tion, two criteria are generally considered to be necessary
and sufficient: 1) the fluorescent probe can bind and report
all species of targets equally, and 2) it does not perturb
dynamics of endogenous targets in vivo.

To visualize the actin cytoskeleton in live cells, fluores-
cently labeled actin probes including Lifeact, phalloidin,
and actin-binding domains from various proteins have
been widely used (4). Among them, Lifeact (5) is the
most popular probe with ideal properties including fast
exchangeable binding kinetics (6). Because of its fast
kinetics, Lifeact is generally believed to distribute evenly
throughout cellular actin structures. In this study, we
demonstrate misdistribution of Lifeact toward the rear of la-
mellipodia where actin filaments continuously move inward
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along the retrograde actin flow that is widely observed in
adherent cells (7–9). Similarly, phalloidin, which has been
employed as a marker of F-actin in quantitative live-cell im-
aging (10–12), showed biased misdistribution toward the
rear of lamellipodia in live cells. We show evidence of con-
vection-induced misdistribution of actin probes by both
experimental data and physical models. Our data and simu-
lations indicated that the different Kd of the actin probe and
retrograde actin flow speeds may give rise to a wide variety
of distribution patterns.
MATERIALS AND METHODS

Plasmids

The expression vectors harboring the defective CMV (cytomegalovirus)

promoter (delCMV) for Lifeact-mCherry, Lifeact-EGFP, and EGFP-actin

were described (13–15). miRFP703 cDNA (16) was obtained from Addg-

ene (Cambridge, MA). The expression vector for miRFP703-actin was

generated by substituting miRFP703 cDNA for the coding sequence of

EGFP in delCMV-EGFP-actin.
Cell culture, transfection and electroporation

Xenopus laevis XTC cells were maintained as described previously (13,17).

The expression constructs were transfected into XTC cells by using polye-

thyleneimine as described previously (17). Alexa Fluor 546 phalloidin

(Thermo Fisher Scientific, Waltham, MA) (1 mM) was electroporated into

XTC cells with the Neon transfection system (Invitrogen, Carlsbad, CA)
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as described previously (15). Keratocytes were isolated from scales of gold-

fish (Carassius auratus) by culturing between a culture dish and a coverslip,

using L-15 Leibovitz medium (Invitrogen) supplemented with 10% fetal

bovine serum (Nichirei Biosciences, Tokyo, Japan) and 1%Antibiotic-Anti-

mycotic Mixed Stock Solution (Nacalai Tesque, Kyoto, Japan). Then cells

were trypsinized, resuspended with the culture medium, collected by centri-

fugation, and subjected to electroporation to simultaneously deliver Alexa

Fluor 546 phalloidin (0.25 mM) and CF680R-actin (18) as described (15).
Fluorescence microscopy and data analysis

Live-cell imaging was carried out using XTC cells as previously described

(17,19). Briefly, XTC cells were allowed to spread on a poly-L-lysine-

coated coverslip in 70% L-15 Leibovitz medium without serum. Kerato-

cytes were allowed to spread on a coverslip in L-15 Leibovitz medium

supplemented with 10% fetal bovine serum. Time-lapse imaging of XTC

cells and keratocytes was acquired by using a microscope (IX71; Olympus,

Tokyo, Japan) equipped with 100-W mercury illumination, a PlanApo 1.40

numerical aperture (NA) 100� oil objective (Olympus), and an electron

multiplying charged coupled device (EMCCD) camera (iXon3; Andor

Technology, Belfast, Northern Ireland) or a microscope (IX83; Olympus)

equipped with a PlanApo 1.40 NA 100� oil objective and an EMCCD cam-

era (Evolve 512; Photometrics, Tucson, AZ).

Immediately after time-lapse imaging, XTC cells and keratocytes were

fixed with cytoskeleton buffer (10 mM 2-(N-morpholono)ethane sulfonic

acid (pH 6.1), 90 mM KCl, 3 mM MgCl2, 2 mM EGTA) containing

3.7% paraformaldehyde for 15 min and permeabilized with 0.1% Triton

X-100 in cytoskeleton buffer for 10 min at room temperature. Alexa 647

phalloidin (Thermo Fisher Scientific), Alexa 546 phalloidin (Thermo Fisher

Scientific), or Oregon Green 488 phalloidin (Invitrogen) was used for stain-

ing F-actin in XTC cells and keratocytes.

For Lifeact staining in fixed XTC cells, the Lifeact peptide

(MGVADLIKKFESISKEE) was synthesized by Sigma-Aldrich (St. Louis,

MO), and then the synthesized Lifeact peptide conjugated with an N-termi-

nal Atto 550 fluorophore (Sigma-Aldrich) was used. After the fixation and

permeabilization processes described above, the cells were incubated with

1 nM Atto-550 Lifeact in an imaging solution comprising HEPES-buffered

solution (10 mM HEPES (pH 7.2), 90 mM KCl, 3 mM MgCl2, 100 mM

dithiothreitol [DTT]) with an oxygen-scavenging mix (200 mg/mL glucose

oxidase, 35 mg/mL catalase, 4.5 mg/mL glucose, 0.5% 2-mercaptethanol)

as described previously (6). Images of Atto-550 Lifeact were acquired using

an epifluorescent microscope (IX83) equipped with a PlanApo 1.40 NA

100� oil objective and an EMCCD camera (Evolve 512). Lifeact staining

images were generated by integrating images of Atto-550 Lifeact for 150 s

(3000 frames). After imaging of Atto-550 Lifeact, the probe was washed

out 10 times with the HEPES-buffered solution, and then the cells were

stained with rhodamine-phalloidin (Thermo Fisher Scientific).

To measure the retrograde flow speed in cells containing actin probes at a

low level, we tracked actin speckles or phalloidin speckles in lamellipodia

in a series of time-lapse images as previously described (14,15). In cells that

expressed actin probes at high level, we used kymograph analysis with

EGFP-actin to measure the retrograde flow speed.

Fluorescence intensity was measured using the Linescan function in the

MetaMorph software (Molecular Devices, San Jose, CA). The background

intensity in an area outside of the cell was subtracted from the original im-

age before the measurement. In each cell image, 7–11 lines were placed

across the lamellipodium by avoiding condensed F-actin structures. The

average fluorescence intensity was shown as a function of distance from

the lamellipodium tip for each cell.
Fluorescence anisotropy measurement

The synthesized Lifeact peptide conjugated with an N-terminal Atto 488

fluorophore (Sigma-Aldrich) was used. Rabbit skeletal muscle actin was
prepared from acetone powder by one cycle of polymerization and pelleting

as described previously (20). Actin was depolymerized in G-buffer (2 mM

Tris, 0.2 mM CaCl2, 0.2 mM ATP, 1 mM DTT (pH 8.0)) and then further

purified by gel filtration with HiLoad16/60 Superdex 200 (GE Healthcare,

Little Chalfont, UK). Cytoplasmic human platelet actin was obtained from

Cytoskeleton (Denver, CO). To prepare F-actin, G-actin in G-buffer was

polymerized into F-actin by addition of 0.1 volume of 10� polymerizing

buffer (200 mM Hepes, 1 M KCl, 20 mM MgCl2, 2 mM DTT, 5 mM

ATP, 10 mM EGTA (pH 7.5)) and incubated overnight on ice.

Fluorescence anisotropy measurements were performed using an

EnVision plate reader (Perkin Elmer, Waltham, MA) with a polarization

filter set (fluorescein isothiocyanate FP label; excitation wavelength

480 nm, emission wavelength 535 nm) at room temperature. Assays

with G-actin and F-actin were performed in G-buffer for samples with

G-actin and in F-buffer (20 mM Hepes, 0.1 M KCl, 2 mM MgCl2,

0.2 mM DTT, 0.5 mM ATP, 1 mM EGTA (pH 7.5)) for samples with

F-actin, respectively. F-actin was fragmented by sonication immediately

before mixing with Atto-488-labeled Lifeact (Atto-488 Lifeact). Atto-

488 Lifeact (0.1 mM) was mixed with increasing concentrations of G-actin

or F-actin in a total volume of 150 mL, and the mixtures were incubated for

15 min at room temperature. Then the horizontal (Ih) and vertical (Iv) com-

ponents of the fluorescent intensity were measured. The fluorescence

anisotropy, r, is calculated using r ¼ (Iv � GIh)/(Iv þ 2GIh). The G factor

is determined with fluorescein in accordance with the instruction of the

manufacturer.
Modeling the distribution of F-actin-binding
probe in lamellipodia

In this study, we first considered a model lamellipodium of a single cell

moving at a constant speed V (>0) toward the lab frame þX direction.

We assumed that the lamellipodium is homogeneous in the Y-direction

and the thickness of the lamellipodium in the Z-direction is very thin

(100–200 nm). Thus, the model lamellipodium is effectively along one

dimension, X, describing a cross section through the lamellipodium with

length L. In the cell frame x ¼ X � Vt (0% x% L), where x ¼ 0 represents

the lamellipodial base and x ¼ L indicates the lamellipodial tip, we define

Cb(x, t) and Cf(x, t) as the concentrations of F-actin-bound and free actin

probe in the lamellipodium at time t. Free actin probes can either bind to

F-actin with a rate of kon or diffuse in the cytosol with a diffusion coefficient

D. Bound actin probes can unbind from F-actin with a rate of koff or be

advected by the actin retrograde flow at a velocity v measured on the cell

frame. In this study, we considered two types of F-actin concentration

profiles: 1) a uniform distribution F ¼ F (constant) (21,22) and 2) a linear

profile that decreases toward the lamellipodial base, F ¼ ax þ b (Fig. 1 C).

The spatiotemporal dynamics of Cb and Cf in the cell frame x can be

described by the following set of reaction-convection-diffusion equations:

vCb

vt
¼ v

vCb

vx
� koff Cb þ konFCf (1)

and

vCf

vt
¼ D

v2Cf

vx2
þ koff Cb � konFCf : (2)

To solve Eqs. 1 and 2, the following boundary conditions and conservation

law were assigned:

vCbðL; tÞ ¼ 0; (3)

vCf ðx; tÞ
��
D
vx

��
x¼ L

¼ 0; (4)
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FIGURE 1 (A) Images of Lifeact-mCherry (LA-

mCherry, left) and EGFP-actin (middle) in live Xen-

opus XTC cells. After fixation, F-actin was stained

with Alexa 647 phalloidin (A647-phalloidin, right).

Representative data are shown (n ¼ 6 cells). (B)

Merged images of (A) showing rear-biased distribu-

tion of LA-mCherry in lamellipodia are given. (C)

The average fluorescence intensity of the images in

(A) along the yellow lines in the inset is shown.

(D and E) Similar distribution of Atto-550 Lifeact

(Atto-550-LA) and rhodamine-phalloidin (Rh-phal-

loidin) in fixed XTC cells is shown. Staining with

Rh-phalloidin was carried out after washing out

Atto-550 Lifeact, which is an exchangeable probe

(6). Representative data are shown (n ¼ 3 cells, see

Fig. S1).

Yamashiro et al.
and

ZL

0

�
Cbðx; tÞ þ Cf ðx; tÞ

�
dx ¼ constant: (5)

The boundary conditions Eqs. 3 and 4 represent no-flux conditions for

bound and free probes at the lamellipodial tip, whereas Eq. 5 indicates

the conservation law that the total amount of actin probe in the lamellipodia

remains constant.

Equations 1 and 2 were discretized using the second-order finite differ-

ence scheme in space (step dx ¼ 0.02 mm) and integrated in time (step

dt ¼ 5 ms) by the second-order Runge-Kutta method until they reached

the steady-state solution. The initial conditions were set as Cb(x, 0) ¼
0 and Cf ðx;0Þ˛Uð0; 1Þ, where Uð0; 1Þ represents a uniform random variable

ranging from 0 to 1.
Steady-state probe distribution at the uniform
F-actin profile

In the case of a uniform F-actin profile F ¼ F (constant), the steady-state

solution of Eqs. 1 and 2 can be analytically obtained as

CbðxÞ ¼ konF

koff
C1 þ D

v

�
C2x2e

�x2x þ C3x3e
�x3x

�
(6)

and
Cf ðxÞ ¼ C1 þ C2e
�x2x þ C3e

�x3x; (7)

where ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffir

x2 ¼

�1þ 1þ 4konF
D

�
v
koff

	2

2v
koff

ð>0Þ; (8)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4konF

�
v
	2

r

x3 ¼

�1� 1þ
D koff

2v
koff

ð<0Þ; (9)
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C1 ¼ 0; (10)
C�

C2 ¼

1� x2
x3
e�ðx2�x3ÞL

; (11)

and

C3 ¼ C�

1� x3
x2
e�ðx3�x2ÞL

: (12)

Here, the constant C* takes an arbitrary value depending on the total

amount of probe in lamellipodia. The fact that x2 > 0 means that the domi-

nant term describing the exponential increase of probe concentration to-

ward the lamellipodial base is given by the terms proportional to e�x2x in

Eqs. 6 and 7. The exponential profiles of both free and bound probes greatly

differ from the uniform F-actin profile, suggesting that probe distribution no

longer reflects the true F-actin distribution.
Values of the model parameters

The model parameters used in this study are summarized in Table S1. The

retrograde flow speed v and lamellipodial length L were measured by our

experimental data. The diffusion coefficient D of free probe was estimated

from that of G-actin in lamellipodia (�6 mm2 s�1) (23) by using the fact

that the diffusion coefficient scales approximately as the inverse of the

cube root of the molecular weight (�29.3 kDa for Lifeact-mCherry and

1.95 kDa for Alexa 647 phalloidin). We calculated the value of the dissocia-

tion rate koff of Lifeact-mCherry by dividing ln2 by the half-life of Lifeact-

mCherry (23 ms) (6). Because the in vitro value of koff, 2.6 � 10�4 s�1, of

phalloidin (24) is much smaller than the inverse of the half-life of actin fila-

ments, the dissociation rate of Alexa 647 phalloidin was estimated by the in-

verse of averaged halftime of lamellipodial actin filaments (0.08 s�1). As for

the probe association rate kon, we used the value of 2.9� 10�2 mM�1 s�1 for

Alexa 647 phalloidin reported in the previous in vitro study (24), whereas we

used 2.28 mM�1 s�1 for Lifeact-mCherry based on the relation kon¼ koff/Kd,

where Kd is the equilibrium dissociation constant (13.2 mM for Lifeact-

mCherry) (25). The value of uniform F-actin concentration F was set as

1000 mM according to the work by Abraham (26). For the case of the linear

F-actin profile, the concentration was estimated by using the fluorescence
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intensity of Alexa647-phalloidin in a fixed cell in our experiment (Fig. 1 C),

assuming that the F-actin concentration at the tip of lamellipodia is 1000mM.
RESULTS

Rear-biased misdistribution of Lifeact and
phalloidin in lamellipodia

We first noticed that Lifeact (5) shows rear-biased misdistri-
bution in lamellipodia. We compared distributions of Lifeact
and EGFP-actin in lamellipodia of live cells (Fig. 1, A–C),
which were then compared to F-actin distribution stained
with phalloidin after fixation. Thin lamellipodia contain a
dense F-actin meshwork (26). The measured F/G-actin ratio
is 6:1 with extraction experiments (13) and 12:1�20:1 with
fluorescent decay after photoactivation (27). Owing to the
high F/G-actin ratio in lamellipodia, EGFP-actin showed
approximately identical distribution to F-actin (Fig. 1 B,
middle). Thefluorescence intensities of EGFP-actin and phal-
loidin were high near the leading edge, with a gradual
decrease toward the base of lamellipodia (Fig. 1C). Inmarked
contrast, Lifeact reached its maximal intensity 2–5 mm away
from the leading edge (Fig. 1, B and C). Importantly, when
fixed cells were stained with Lifeact, F-actin distribution
was identical to that stained with Lifeact (Fig. 1, D and E;
Fig. S1), indicating that the rear-biased distribution of Lifeact
(Fig. 1 C, also see Fig. 6) occurs specifically in live cells.

We also found the rear-biased misdistribution of phalloi-
din by comparing distributions of phalloidin and fluores-
cently labeled actin (15,18) in lamellipodia of live fish
keratocytes (Fig. 2, A and B; Fig. S2). In live keratocytes,
phalloidin was scarcely distributed near the leading edge
and gradually increased toward the base of lamellipodia
(Fig. 2 A, left, and Fig. 2 B, red line). By contrast, fluores-
cent dye-labeled actin in live cells (Fig. 2 A, middle, and
Fig. 2 B, green line) and F-actin stained with phalloidin after
fixation (Fig. 2 A, right, and Fig. 2 B, blue dotted line)
distributed almost uniformly in lamellipodia, which was
compatible with F-actin distributions in the previous histo-
chemical and electron microscopic studies (21,22). Similar
rear-biased distribution of phalloidin in live cells was found
in the previous studies (10–12,28). Of note, Vallotton et al.
(11) reported a remarkable discrepancy of phalloidin distri-
bution between live-cell and fixed-cell situations by direct
comparison in the same cell (11). These observations reveal
the apparent misdistribution of both Lifeact and phalloidin
toward the base of lamellipodia in living cells.
Mathematical simulations of convection-induced
biased distribution of actin probes

We hypothesized a convection-induced biased distribution
mechanism (Fig. 3 A) for the rear-biased misdistribution
of actin probes. In lamellipodia, the dense F-actin (�1000
mM) (26) network is constantly conveyed to the cell center
by the retrograde actin flow.

Lifeact has been reported to have a 10- to 30-fold
higher affinity for binding to G-actin than to F-actin
in vitro (5). We reevaluated the affinities of Lifeact for
G- and F-actin by fluorescence anisotropy assay in vitro
using Atto-488-labeled Lifeact (Atto 488-Lifeact). F-actin
increased fluorescence anisotropy of Atto-488 Lifeact in a
concentration-dependent manner (Fig. 3 B). We performed
the assays with G-actin in a low-salt condition to prevent
actin polymerization. Under the condition, neither muscle
nor cytoplasmic G-actin caused an increase in fluores-
cence anisotropy of Atto-488 Lifeact (Fig. 3 B). We
concluded that Lifeact probes shuttle between the F-actin
bound state and the free state when introduced in live cells
and built a physical model based on this promise.

The association of free Lifeact and phalloidin to F-actin is
estimated to occur on the orders of 1� 10�4 and 1� 10�2 s,
respectively. Thus, rapid reassociation to F-actin might pre-
vent free probes from diffusing back to the front (Fig. 3 A).
The convection-induced biased distribution hypothesis re-
quires rigorous testing, especially for the fast exchangeable
Lifeact probe (with off rate 30 s�1) (6) because Lifeact
travels only �1 nm on average per binding event, and diffu-
sion, which depends on the square root of time, may mobi-
lize free probes effectively in a short time. To test this, we
developed a physical model to calculate the distributions
of Lifeact and phalloidin in lamellipodia. In the model,
the dynamics of actin probes in lamellipodia at the position
x (cell frame) and time t depends on transport by actin retro-
grade flow, diffusion in the cytosol, and binding kinetics:

vCb

vt
¼ v

vCb

vx
� koff Cb þ konFCf (13)
FIGURE 2 (A) Fluorescent speckle images of

Alexa 546 phalloidin (A546-phalloidin, left) and

CF680R-actin (middle) in a live fish keratocyte. The

probes were delivered into keratocytes by electropo-

ration (15). F-actin was stained with Oregon Green

phalloidin (OG-phalloidin) after fixation (right). (B)

The average fluorescence intensity of the images in

(A) along the white lines in the inset is shown. Repre-

sentative data are shown (n ¼ 4 cells). The region

where the lamellipodium detached from the glass

was excluded from analysis (the blue arrow in (A)).
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FIGURE 3 (A) Convection-induced biased distri-

bution model. Because of fast reassociation and the

retrograde actin flow, the probes are biased toward

back of lamellipodia. (B) Measurement of Atto-488

Lifeact binding to cytoplasmic (upper) or muscle

(lower) G-actin (blue dots) and F-actin (red dots)

by fluorescence anisotropy is shown. Atto-488 Life-

act binds to F-actin with the lines showing the best

fit to Kd ¼ 3.4 mM for cytoplasmic actin and Kd ¼
2.3 mM for muscle actin. (C) Calculated distribution

of LA-mCherry (red) in a model lamellipodium with

a linear decrease in F-actin concentration (green) is

shown. (D) Calculated distribution of Alexa phalloi-

din (red) in a model lamellipodium with a uniform

F-actin distribution (green) is shown.
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vCf

vt
¼ D

v2Cf

vx2
þ koff Cb � konFCf ; (14)

where Cf, Cb, and F, respectively, represent concentrations of
free, bound actin probes, and F-actin in lamellipodia. v indi-
cates retrograde flow velocity, D represents the diffusion
coefficient of free actin probes, and kon and koff are association
and dissociation rates, respectively (see Materials and
Methods for details of the model). We examined the concen-
tration profile of actin-binding probes in themodel lamellipo-
dia at the steady state. Our model produced the concentration
profile of total Lifeact (Cf þ Cb) as a rear-biased gentle peak
(Fig. 3 C), which is similar to our experimental observations
(Fig. 1 C). For phalloidin in the lamellipodia of keratocytes,
our model predicted an exponential increase of the total phal-
loidin concentration toward the lamellipodial base (Fig. 3D),
which is also similar to our experimental results (Fig. 2 B).

Several studies suggest the existence of actin oligomers in
addition to G- and F-actin in lamellipodia (29–31). We pre-
viously reported that a simulation including actin oligomers
provides a good agreement between single-molecule
speckle microscopy and FRAP (fluorescence recovery after
photobleaching) experiments with EGFP-actin in lamellipo-
dia (29). We also examined the effects of the existence of
actin oligomers on the convection-induced distribution of
Lifeact using the values we estimated in our previous study
(29). The calculated profile of total Lifeact showed that the
rear-biased misdistribution of Lifeact remains under the
condition, including actin oligomers, whereas the existence
of actin oligomers provides slight attenuation of the misdis-
tribution (Fig. S3).
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Our model showed that the different Kd of the actin probe
gives rise to the rear-biased distribution patterns with
various degrees of bias (Fig. 4). Even if the Kd was set to
be as large as 53 mM (Fig. 4 B, blue line), the concentration
profile clearly deviates from that of F-actin. Therefore, actin
probes with faster binding kinetics than fluorescent protein-
tagged Lifeact, which binds to F-actin with a Kd of 9–13 mM
(25), can still be mislocalized by a convection-induced
biased distribution mechanism.

In addition, our physiological model enables us to predict
how the retrograde flow speeds affect the convection-induced
distribution patterns of the actin probes. Our model showed
that the faster retrograde flow speed brings amore rear-biased
effect on distributions of the actin probes (Fig. 5).

To validate thesemodel predictions, we compared distribu-
tions of Lifeact (low-affinity F-actin-binding probe) (25),
phalloidin (high-affinity F-actin-binding probe), (24) and
F-actin simultaneously in lamellipodia with diverse retro-
grade flow speeds (Fig. 6). We found that the peak of phalloi-
din intensity was more rear biased than those of Lifeact
intensity (Fig. 6, B, D, F, and H. Also see merged images of
LA-EGFP and A546-phalloidin in Fig. 6, A, C, E, and G),
which is consistent with our model (Fig. 5). The rear-biased
misdistribution of Lifeact was more marked in cells with
fast retrograde flow speeds (Fig. 6, A–D) than cells with
slow retrogradeflow speeds (Fig. 6,E–H). These data indicate
that the convection-induced misdistribution is highly sensi-
tive to the change in the flow speed of the actin meshwork.
DISCUSSION

In this study, we found a convection-dependent mechanism
that may strongly influence the distribution of fluorescent



FIGURE 4 Simulated concentration profile of free

(A) and total (B) actin probes with various Kd. The

other parameters, except for kon, are the same as

those shown in Fig. 3 C and Table S1. F-actin distri-

bution is depicted by a green dotted line. The amount

of probe is measured in the same units on both

panels.
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markers. Interruption of F-actin binding of these actin
probes by an actin-binding protein cofilin may also
affect their distributions. Cofilin competes with phalloidin
for binding to F-actin (32) and reduces the affinity of
F-actin for Lifeact (25) in vitro. However, cofilin is
excluded from the leading edge of keratocytes (33). In
XTC cells, cofilin distributes throughout lamellipodia
without showing accumulation near the leading edge
(34). Therefore, interruption by cofilin cannot explain the
rear-biased misdistribution of Lifeact and phalloidin in
lamellipodia.

Initially, we started this study to examine whether the
retrograde actin flow gives rise to the rear-biased misdistri-
bution of phalloidin that has been used for quantitative live-
cell imaging (10,12). To our surprise, we found that even
Lifeact, which exhibits extremely fast exchangeable binding
kinetics (5,6), showed rear-biased misdistribution under the
influence of the retrograde actin flow. The convection-
induced mechanism presumably influences distributions of
actin-binding probes in general (35).

The previous study (36) proposes that the retrograde
actin flow increments cellular polarity by convection of
associate molecules. Maiuri et al. (36) demonstrated that
the speed of retrograde actin flow positively correlates
with the cell migration persistence time. The correlation
was attributed to the convection of polarity cues by the
retrograde flow, which reinforces the asymmetric distribu-
tion of polarity cues (36). The authors examined distribu-
tions of actin-binding probes, including Lifeact, in live
cells with different retrograde flow speeds. In contrast to
our observations, Maiuri et al. concluded that increasing
the retrograde flow speed did not change the concentration
profile of Lifeact (36). Misdistribution of Lifeact might
have been overlooked because the distributions of actin-
binding probes were not compared to the actual F-actin
distribution. In addition, the authors proposed accumula-
tion of a polarity cue to the rear based on the theoretical
model including a reaction-diffusion-convection system
(36). However, F-actin distribution was not taken into
account in the model. Thus, the convection-induced
misdistribution of Lifeact was unrecognized in the previ-
ous study (36).

Considering that Lifeact travels only �1 nm on average
per F-actin-binding event, the influence of the retrograde
actin flow would seemingly be negligible. However, in
this study, both experimental observations and physical
models revealed misdistribution of Lifeact toward the rear
of lamellipodia. Our observations indicate that the misdistri-
bution of Lifeact is sensitive to the change in the flow speed
of the actin meshwork. Our physical model incorporating
FIGURE 5 Simulated concentration profile of to-

tal LA-mCherry (A) and Alexa phalloidin (B) with

various retrograde flow speeds. The other parame-

ters, except for retrograde flow speed, are the same

as those adopted in Fig. 3 C and Table S1. The linear

F-actin distribution is depicted by a green dotted

line.
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FIGURE 6 (A, C, E, and G) Images of Lifeact-EGFP (LA-EGFP) and Alexa 546 phalloidin (A546-phalloidin) in four live Xenopus XTC cells with the

retrograde flow speeds indicated. The distributions of LA-EGFP and A546-phalloidin are compared to the F-actin distribution visualized by miRFP703-actin

in live cells (A, E, andG) or staining with A546-phalloidin after fixation (C). (B,D, F, andH) The average fluorescence intensity of the images in (A, C, and E)

or (G) along the yellow lines in the inset is shown. Representative data are shown (n ¼ 11 cells). Bars, 5 mm.
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F-actin distribution and kon and koff values of Lifeact pro-
duced the concentration profile of Lifeact as a rear-biased
peak, which is not consistent with the F-actin profile. These
findings clearly indicate that the retrograde actin flow gives
rise to the misdistribution of Lifeact.

Our finding also raises the intriguing possibility that the
retrograde actin flow may influence distributions of actin-
binding proteins to generate gradient distribution. As
described above, cofilin is excluded from the leading edge
of keratocytes (33), which may be partly due to the convec-
tion-dependent mechanism in lamellipodia.

Our results warn about the potential error arising from
the use of target-binding probes in quantitative imaging.
148 Biophysical Journal 116, 142–150, January 8, 2019
Even Lifeact, which has ideal properties as an actin-
binding probe, showed noticeable misdistribution under
the influence of the retrograde actin flow. Several studies
have employed Lifeact or phalloidin for quantitative
analyses of the amounts of F-actin (14,37) and for
mapping actin network turnover in lamellipodia (10,12).
We suggest that reevaluation of these studies is neces-
sary for the possible artifact arising from convection-
mediated misdistribution of actin probes. A similar prob-
lem might occur in live-cell imaging of phenomena
accompanied by cytoplasmic flow such as in C. elegans
zygotes, Drosophila oocytes, and plant cells. When
observing cells with cytoplasmic flow, it is necessary to
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pay attention to whether target-binding probes report
actual localization.

Prompted by our finding of the discrepancy between
F-actin and phalloidin distributions, we recently reexamined
myosin regulation of actin stability (38). In the previous
study (12), phalloidin was employed as an F-actin probe
in quantitative fluorescent speckle microscopy in live fish
keratocytes. The quantitative fluorescent speckle micro-
scopy study reported that actin-myosin II contraction
enhances actin network disassembly (12). However, rear-
biased misdistribution of phalloidin may have hindered
the accurate monitoring of actin network redistribution.
We therefore employed fluorescent DyLight-dye-labeled
actin that shows identical distribution to F-actin in la-
mellipodia. In combination with electroporation-based sin-
gle-molecule speckle microscopy, which allows direct
observation of actin turnover, we revealed that the myosin
II inhibitor blebbistatin enhances actin disassembly in la-
mellipodia of fish keratocytes and lamella of Xenopus
XTC cells at an early stage of the inhibition (38). Our
data thus provide compelling evidence that actomyosin
contraction stabilizes on actin filaments, contrary to the re-
sults of earlier studies (12,39–41).
CONCLUSIONS

In this study, we show evidence of convection-induced
misdistribution of actin probes by both experimental data
and physical models. Our simulations suggest that a convec-
tion-dependent mechanism may strongly influence the dis-
tribution of actin-binding probes. Our finding warns about
the potential error arising from the use of target-binding
probes in quantitative live-cell imaging.
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