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Cell’s Cytoskeleton at the Leading Edge
Motile Cell

Filopodial Actin (1D)
Lamellipodial Actin (3D)
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   Dendritic nucleation/Array treadmilling model

Pollard and Borisy, Cell 112, 453 (2003).

Regulation of 
force generation 
is complicated!
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3D Active Mesh within Lamellipodia



Stochastic simulations of lamellipodia protrusion

Simulation region is divided into 
compartments. 

Diffusion (Actin, Capping protein, 
Arp2/3) between compartments.

Chemical reactions in 
compartments:

Polymerization, 
Depolymerization, Capping, 
Branching...

Monte Carlo algorithm to 
generate stochastic trajectories

✏ L. Hu and G. A. Papoian, 
Biophys. J.; 2010, 98,1375
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The membrane is modeled 
as an elastic sheet under 
tension which also resists 
bending

Steric repulsion between 
the filament tips and the 
membrane



Tubes indicate 
growing actin 
filaments

Red spheres indicate 
Arp2/3 nucleation 
points

Diffusing monomeric 
species are not 
shown (actin, Arp2/3, 
and capping proteins)

Mechano-chemical 
couplings between 
the membrane and 
the filament growth

Stochastic Growth of a Lamellipodium
✏ L. Hu and G. A. Papoian, Biophys. J.; 2010, 98,1375–1384 
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 Numerous Long Filopodia 
Grow in HeLa Cells 

Richard E. Cheney and coworkers at UNC-CH, 
Proc. Natl. Acad. Sci. USA (2006) v 103, pp 12411 

Biological role of filopodia
Guiding cell movement 
Embryonic development, 
wound healing, cancer 
spreading 

Filopodial structure
Parallel actin filaments, 
enveloped by a membrane 
Cross-linking proteins
Tip protein complex



Our Computational Model for Filopodia 

Stochastic model for both the 
polymerization and diffusion
The filopodial tube is 
partitioned into 50 nm 
compartments
G-actin molecules “hop” 
between neighboring 
compartments
Uneven loading of the 
membrane force among the 
filaments in the bundle
Retrograde flow pulls back the 
actin filaments from the 
filopodial tube to the cell’s 
body



What limits the length?

Jr = Jp = Jd

Jd = −D
∂c

∂z
;

∂c

∂t
+

∂Jd

∂z
= 0;

Y. Lan and G. A. Papoian. The stochastic dynamics of filopodial growth. Biophys J (2008) vol. 94 (10) pp. 3839-3852

Nvr/δ = N(k+ctip − k−) = D(ctip − cbase)/L

Lan and Papoian
 (2008)



Retrograde Flow

Filopodia can grow very long at low retrograde flow speeds

The discrepancy between the mean-field and stochastic solutions can be 
quite large at low retrograde flow rates

Mean-Field Solution

rate between them, respectively. From the first equality of Eq. (17), we have

cn =
vretr
δkn

+
kd

kn
. (18)

For the parameter values given, cn = 1.87, which agrees with cn = 1.88 obtained from ensemble

averaging of 1000 stochastic trajectories. Thus, the actin concentration is very low at the tip of a

filopodium. From Eq. (17), (16) and (14), the steady-state filopodial length h is seen to be

h =
Cdld
N

�
c0δ

vretr

�
1− kd

kn

�
− 1

k0
efδ/NkBT

�
. (19)

With the parameters in the main text, we obtain the following expressions:

1. Dependence on the diffusion

h(Cd) = 13.9597Cd . (20)

2. Dependence on the external force

h(f) = 93.75(5− 1

3
e0.0412f ) . (21)

3. Dependence on the polymerization rate

h(k0) = 93.75(5− 1.5987

k0
) . (22)

4. Dependence on the retrograde flow

h(vretr) = 93.75(
40.5

vretr
− 0.5329) . (23)

In Fig. 5, 7 in the main text, we plotted these length dependence equations (20), (21), (22),

(23) with dashed lines. In general they agree with the stochastic simulation results quite well but

24

Stochastic
Simulations

✏ Y. Lan and G. A. Papoian, Biophys. J., (2008)  94,  3839-3852



Adding Capping Proteins & Formins

Capping proteins, when 
bound to filament tips, 
arrest polymerization

Consequently, the 
filament starts to retract
It may even completely 
disappear

Formins accelerate 
polymerization

 ✏ P. I. Zhuravlev and G. A. Papoian, Proc. Natl. Acad. Sci. USA; 2009, 106, 11570-11575 



Macroscopic oscillations of filapodial length
induced by low concentration of a capping protein

No Capping

With Capping



Filopodial Lifetime Distribution



The filopodial length

• Modeling: 

• 0.5 - 2 µm length, 

• growth speed on µm/min scale

• stationary

• Experiment: 

• typically 1 - 10 µm, 

• up to 100 µm with 10 µm/min growth 
speed

• growth - retraction cycles



What limits the length?

Jr = Jp = Jd

Jd = −D
∂c

∂z
;

∂c

∂t
+

∂Jd

∂z
= 0;

Y. Lan and G. A. Papoian. The stochastic dynamics of filopodial growth. Biophys J (2008) vol. 94 (10) pp. 3839-3852

Nvr/δ = N(k+ctip − k−) = D(ctip − cbase)/L

Lan and Papoian
 (2008)



Myosin X

!"#

!"$

!%%&

!'%%

!"#
!"$

!%%&

!'%%

!(

!$

!(

!$

)%*+,-.

/01,23"455(2

6-""$7-.8309,94

/01,2309,94

9.3*3"-(*05.,

:9*656309,94

9.3*3"-(*05.,

:9*6563"455(2

6-""$7-.8309,94

;,517

;,517

<=.>(9*6-.8

<=.>(9*6-.8

?*4#5635.6@9-.,5635.6

Motor

Ena/VASP

G-actin

Zhuravlev, Der and Papoian (2010):

Myosin X transports G-actin?

✏ P. I. Zhuravlev, B. Der and G. A. Papoian,  Biophys. 
J.; 2010, 98, 1439–1448



Effect of active transport on 
filopodial length

0

1

2

3

4

5

6

7

8

N
o

n
-s

eq
u

se
te

ri
n

g
, 

n
o

n
-c

lo
g

g
in

g

w
it

h
 E

n
a/

V
A

S
P

M
ax

im
al

 o
b

se
rv

ed
 s

ta
ti

o
n

ar
y

 l
en

g
th

, 
m

“
N

a
!v

e
”
 m

o
to

rs

N
o

 m
o

to
rs

N
o

n
-s

eq
u

es
te

ri
n

g
 m

o
to

rs



Active Transport Conclusions
Naїve addition of motors does not work

There are rules for efficient active transport:

Prevent sequestration

Clear the “rails”

Ena/VASP scheme may be a way to achieve 
these requirements

Flux balance dramatically affects growth 
dynamics



Motor concentration profiles

adhesions (see below) it might function in either the
transport or anchorage of filopodial integrins. Impor-
tantly, it is not known if the FERM domain of Myo10,
like that of talin, activates integrins.

Distribution and biochemical properties of Myo10
Myo10 appears to be vertebrate specific and is not present
in either C. elegans or Drosophila. Although Myo10 is
expressed in most vertebrate cells and tissues, it appears
to be expressed at relatively low levels – on the order of
hundreds or perhaps a few thousand copies per cell [5]. A
short form of Myo10 is expressed in the brain [5].
Preliminary data indicate that this unusual isoform
lacks most of the motor domain and is a nearly ‘headless’
myosin [24]. Interestingly, several proteins that are not
myosins have domain structures that are similar to the
tail of Myo10 and contain PH,MyTH4 and FERM domains
[5]. One of these proteins, motor axon guidance-1 (MAX-1),
is required for the proper guidance of motor axons
[25]. The existence of proteins such as MAX-1 suggests
that the domains found in the tail of Myo10 may have
scaffolding or signaling functions such as binding to
integrins or PtdIns(3,4,5)P3 even in the absence of a
myosin motor domain.

Although the biochemical properties of full-length
Myo10 have not been characterized, a heavy mero-myosin
(HMM)-like construct that consists of the head, neck and
predicted coiled coil has been expressed in baculovirus [7].
In vitro motility assays with this HMM-Myo10 demon-
strate that it moves towards the barbed ends of actin
filaments at a rate of w300 nm secK1. Although Ca2C

regulates the ATPase activity of HMM-Myo10 in vitro, it is
not clear whether Ca2C is an important regulator of full-
length Myo10 in vivo, because other factors such as the
presence of the tail domain and binding to cargos might
have major regulatory roles. The motility properties of
HMM-Myo10 are intriguing because its degree of proces-
sivity (the ability of one motor molecule to take multiple
steps along a filament without dissociating from it)
appears to lie between that of highly processive motors
such as myosin-V and non-processive motors such as
skeletal muscle myosin-II [7]. Recent studies of a Myo10
head-neck construct that includes all three IQ motifs
indicate that this single-headed construct spendsw16% of
its ATPase cycle bound ‘tightly’ to actin, but that it is
unusual because its ‘weak’ binding states have a relatively
high affinity for actin [26]. Since translocation along a
filament requires that motors either be individually
processive or be able to assemble into larger complexes
that are effectively processive, it will be important to
determine whether full-length Myo10 is processive and, if
not, whether it functions as part of a larger complex.

Localization of myosins to the tips of filopodia
One of the most intriguing features of Myo10 is its
localization at the tips of filopodia (Figure 3) [5,27].
Filopodia are slender cellular extensions that contain a
core of bundled actin filaments and appear to function as
fingers or sensors that explore and interact with a cell’s
surroundings. Because filopodia and related structures,
such as microvilli and stereocilia, grow by polymerization

of actin at their tips, there is much interest in the
molecular machinery that regulates polymerization at
the filopodial tip. Despite remarkable progress over the
past decade in understanding the actin polymerization
machinery, including ARP2/3 and the molecular basis of
lamellipodial extension [28], the mechanisms that regu-
late actin polymerization at the filopodial tip are unclear.
It is clear, however, that the extension and retraction of a
given filopodium depends on the balance between the rate
of actin polymerization at the tip and the rate of rearward
(retrograde) actin flow [29]. Although classic electron
microscopy images of actin filaments in microvilli showed
that these filaments insert into a dense ‘fuzz’ at the tips of
microvilli [30], the molecular nature of this material at the
tips of actin bundles has remained a mystery for over 30
years. The striking localization of Myo10 at the tips of
filopodia indicates that a ‘filopodial-tip complex’ is likely to
be involved in processes such as polymerization, adhesion
and cell signaling.

The bundled actin filaments at the core of a filopodium
have their barbed ends oriented (and polymerize) towards
the tip. Thus, one might expect that a myosin encounter-
ing a filopodial actin filament would simply move itself
along the filament until it reaches the tip, much like a car
moving down a one-way road. Consistent with this model,
an HMM-like construct of Myo10 that consists only of the
head, neck and predicted coiled coil is sufficient for tip
localization [27]. Furthermore, deletion of the head
domain of Myo10 blocks tip localization, which supports
the hypothesis that Myo10 uses its own motor activity to
move to the filopodial tip. It is important to note that other
than some MyTH-FERM myosins, such as Myo10, most
myosins, including GFP-tagged brush-border myosin-Ia
(Myo1a) [31], Myo1b [32], non-muscle myosin-II [33] and
Myo6 [34], do not localize to the tips of filopodia. One
exception is a ‘kinase-myosin’ of the myosin-III/ninaC
class that localizes normally to photoreceptor microvilli
and to the tips of filopodia when expressed in HeLa cells
[35]. Although it is not known whether myosin-III, a

Figure 3. Myo10 localizes to the tips of filopodia and retraction fibers. Fluorescence
micrograph of a A431 cell transfected with GFP-Myo10 (green) and stained for actin
filaments (red).

Review TRENDS in Cell Biology Vol.15 No.10 October 2005 535

www.sciencedirect.com

Sousa and Cheney (2005)

Kerber et al. (2009)

Upper: actin red, myosin 
X green.

Lower: myosin X is 
shining, you see 
concentration at the tip 
and individual motors 
traveling



Motor Distributions
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∂cf
∂t

+
∂Jf
∂z

= koffcb − koncf

∂cb
∂t

+
∂Jb
∂z

= koncf − koffcb

TASEP + diffusion: Boundary conditions for stationary 
solution:

Jf(0) = cf(0), (Jf + Jb)
���
tip

= 0, Jb(0) = 0

The solution does not depend on the filopodial length!

Jf + Jb is an integral
Jf(z) = −D

∂cf
∂z



Master Equation: Neglecting Correlations Between Sites

∂cf

∂t
=

∂

∂z

�
Dm

∂cf

∂z

�
+ koffcb − koncf ,

ḃn = k→bn−1 + k←bn+1 − (k→ + k←)bn − koffbn + koncf(zn)

∂cb
∂t = − ∂

∂z (vcb)− koffcb + koncf

zn = nε
bn = b(zn) = cb(z)
bn−1 = cb(z − ε) = cb(z)− εc�b(z) + ...
bn+1 = cb(z + ε) = cb(z) + εc�b(z) + ...

v = (k→ − k←)/ε

Discrete hopping for bound motors

Continuous diffusion for free motors



More Accurate Semi-Mean-Field Equation

ḃn = k→bn−1(1− bn) + k←bn+1(1− bn)− k→(1− bn+1)bn −
− k←(1− bn−1)bn − koffbn + kon(1− bn)cf(zn)

ḃn = k→bn−1 + k←bn+1 − (k→ + k←)bn −
− bn(k→ − k←)(bn−1 − bn+1)− koffbn + kon(1− bn)cf(zn)

∂cb
∂t = − ∂

∂z (vcb) + 2vcb
∂cb
∂z − koffcb + kon(1− cb)cf

∂cb
∂t = − ∂

∂z (vcb(1− cb))− koffcb + kon(1− cb)cf

...and then we start neglecting terms



Phantom Motors : Neglecting Next Neighbor Correlations

Naoz et al. , Biophys J, 2008 (stereocilia):
�
−Dm

∂2cf
∂z2 = koffcb − koncf ,

v ∂cb
∂z = −koffcb + koncf ,

Analytical exponential 
solution blows up 
near the tube base



Finite Filament Capacity: Saturation Effect

Figure 3: Motor concentration profiles for the analytical model # 2 (dotted lines) with kon(z)
dependence and simulations (solid lines with markers) with respect to various values of koff . From
left to right: Free motors, diffusing along the filopodium; Free and bound motors combined; Bound
motors, walking on filaments; Filopodium length versus time. In these simulations we investigated
the effect of the motor unbinding from filaments rate on the distribution of species while the other
manageable parameters were fixed: km,f = 50[1/s], cf0 = 0.1[µM ].
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�
−Dm

∂2cf
∂z2 = koffcb − kon (1− cb) cf ,

v ∂cb
∂z = −koffcb + kon (1− cb) cf ,

kon(cb) = kon(1− cb)

“on” rate diminishes with the 
fraction of bound filaments:



Jammed Motor Model: 
Traffic Jam + Saturation Effect

�
−Dm

∂2cf
∂z2 = koffcb − kon(1− cb)cf ,

∂
∂z (vcb(1− cb)) = −koffcb + kon(1− cb)cf ,
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