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Summary - course 1

Re =
ULρ

η
• Physical constraints on cell motility: low Reynolds number

• Net forward movement requires non-reciproqual movement 
eg. Rotation of helical structures, beating of flexible filaments

Inertia is negligeable. World dominated by viscosity

• Convergent evolution of means of propulsion in viscous media (water, 

extracellular matrix in organisms). 
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3 general problems
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          1.   Decoding the environment:  What is the nature of cues?

• Cells don’t move randomly but sense an external cue

• What is the nature of external cues? Diversity of cues
(chemical, mechanical, electric, light)

• Temporal vs spatial decoding

�3

  
          2.   Processing the cue: Cell polarisation

• Symmetry breaking: converting external gradient into vectorial cell organisation

• Deterministic vs Stochastic processing

• Polarisation of a cell or a trajectory

          3.   Mechanical response: Principles of movement

• Depends on environment

• Force generation: Active processes: actin pushing forces, actin flow, 
actomyosin contractility

• Force transmission: Passive resistance: friction/adhesion, viscous 
resistance of medium.

Summary - course 1
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1. Force generation: Active processes: actin pushing 

forces, actin flow, actomyosin contractility

2. Force transmission: Passive resistance: friction/
adhesion, viscous resistance of medium.

 Mechanics of cell crawling on substrate in 2D



2D cell motility on a substratum

Thomas LECUIT   2021-2022

• Cell adhesion to substrate

• The engine of motility: 
— actin polymerisation
— membrane tension
— cell adhesion
— cell contraction

Julie Thériot’s lab
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Cell contacts with a substrate

Thomas LECUIT   2021-2022

M. Abercrombie The Croonian Lecture: The Crawling Movement of Metazoan Cells 

Proceedings of the Royal Society of London. 207, 129-147 (1978)

10µm

Proc. R. Soc. Lond. B, volume 207 Abercrombie, plate 4 
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FIGURES 8 AND9. Electron micrographs of thin vertical sections through the leading edges of 

chick heart fibroblasts. Scale bars, I gm. 

FIGuRF, 8. A focal contact (arrow) showing an electron-dense plaque and associated tracts of 

microfilaments. 

FIGURE9. A ruffle. 

1µm

• Cells were first recognised to be pinned on the surface, at 
adhesion sites:

Use of reflexion interference microscopy
Focal contacts within 10-20 nm of glass surface
Coined by Izzard and Lochner (1976)

• Focal contacts are adhesion sites: stationary as cells move

• Cells are motile so motility entails dynamics of adhesion sites

Curtis, A. S. G. J. Cell Biol. 20:199-215. (1964) 

Proc. R. Soc. Lond. B, volume 207 Abercrombie, plate I 
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FIGURES 1 AND 2. A primary chick embryo heart fibroblast. Scale bars, 10 im. 

FIGURE 1. Phase contrast micrograph. 

FIGURE 2. Interference reflexion micrograph. Both types of close approach of the leading 

lamella to thle substratum can be seen; the dark streaks are focal contacts indicating a 

10-15 nin cell-substratum separation! the grey areas indicate a 30-50 nim separation. 

(Facinlg p. 1.32) 

source: Wikipedia

10µm

primary chick embryo heart fibroblast

Phase contrast

Interference Reflexion

Izzard and Lochner J. Cell Sci. 21:129-160. (1976)
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Adhesion to the substrate
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Title

Proc. R. Soc. Lond. B, volume 207 Abercrombie, plate 4 
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FIGURES 8 AND9. Electron micrographs of thin vertical sections through the leading edges of 

chick heart fibroblasts. Scale bars, I gm. 

FIGuRF, 8. A focal contact (arrow) showing an electron-dense plaque and associated tracts of 

microfilaments. 

FIGURE9. A ruffle. 

1µm

Lindsay B Case and Clare Waterman Nat Cell Biol. 17(4):955-963 (2015)
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M. Abercrombie Proc. Royal Society. 207:129-147 (1978) 

PALM/STORM microscopy

Kanchanawong, P. et al.. Nature 468, 580–584 (2010). 
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Cell induced substrate deformation
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Cells exert traction forces on substrates

A. Harris, D. Stopak and P. Wild. Nature. 290:249-251 (1981)

traction force microscopy

N. Balaban et al. and B. Geiger. Nature Cell Biology. 3: 466-472 (2001)

A GFP-integrin beta 1 expressing MDCK cell crawling on a miniature pillar array

Human skin 
fibroblasts

GFP–vinculin 
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The Lamellipodium: the « engine » of substrate motility
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Cell fragments devoid of nucleus and microtubules are motile

Euteneuer U, Schliwa M. Nature. 310(5972):58-61 (1984)

Erin Barnhart (Thériot lab), Stanford

NATURE VOL. 310 5 JULY 1984 

a 

Fig. 3 Tracking of the locomotion of a small fragment (a) and 
corresponding phase contrast micrographs of the living fragment 
(b-f). An intact cell approaches the fragment from behind (b) 

and collides with it (c), as a consequence of which both the 
fragment and the cell change their course (d). The fragment was 
tracked for another 10 min and then fixed (g). The rhodamine-
phalloidin label of the fixed fragment is shown in g at the same 
magnification as the phase contrast micrographs (b-f). The phase 
contrast micrograph of the fixed fragment (h) and the anti·tubulin 
staining (i) are shown at a higher magnification. No microtubules 

are present. Scale bar in a, 50 IJ.m. 

cultured fibroblasts, which frequently and abruptly change 
direction within 1-2 cell diameters7

• On the average, fragments 
move slightly more slowly than intact cells (Table 1). 

We have followed the movement of several fragments for a 
time period of at least 10 min (corresponding to a distance 
travelled of -200 fLm) and have then processed these fragments 
for immunofluorescence microscopy with rhodamine-phal-
loidin and anti-tubulin to determine the presence and organiz-
ation of actin filaments and microtubules. Figures 2 and 3 give 
two examples. The first (Fig. 2) shows the course of a small 
fragment (14 x 18 J.Lm) recorded over 14 min and then fixed. This 
fragment, like 7 out of 11 studied in this way, did not contain 
a single piece of microtubule, while neighbouring intact cells 
display the characteristic circumnuclear microtubule whorls. 
The second (Fig. 3) is engaged in a collision with an intact cell, 
which it avoids successfully by changing its pathway. It, too, 
contains no microtubules. Four of the fragments did contain 

one to five short microtubule segments a few micrometres in 
length; one example is shown in Fig. 4, demonstrating that 
microtubule fragments are easily identified if they are there. The 
absence of microtubules was confirmed in six other fragments 
processed for either serial section electron microscopy or 
wholemount stereo high-voltage electron microscopy (data not 
shown). None of a total of over 20 fragments studied by either 
immunofluorescence microscopy using anti-tubulin or anti-
centrosome antibodies or electron microscopy, contained cen-
trioles. 

Microtubule pieces within lamellar fragments are probably 
adventitiously entrapped in the process of fragment formation 
and are not required for persistent movement. Depolymerization 
of microtubules by cold treatment in the presence of nocodazole 
or colcemid (followed by rewarming in the presence of the 
drugs) does not change persistency or velocity of fragment 
locomotion in any fragment studied; the same is true for 
nocodazole- or colcemid-treated intact keratocytes (Table I). 

We have followed the movement of several cells treated in this 

• 

• 

Fig. 4 Phase contrast (a) and anti·tubulin fluorescence micro-
graph (b) of a fragment that was locomoting before fixation. This 

fragment contains a single microtubule forming a loop. 

(A)

t = 0 sec

cell fragment

keratocyte

t = 40 sec

t = 20 sec

10 mm

R. Phillips, J. Thériot, J. Kondev, H. Garcia PBOC

• cell fragment motility is persistent

• Its determinants (the « engine » of motility) must be present at 
the lamellipodium itself
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Composition of lamellipodium
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Actin architecture

1µm

T. Svitikina and G. Borisy. Journal of Cell Biology, 139, 397–415  (1997)

(B)

~30 mm

~15 mm

~0.2 mm

~1 mm

~6 mm

adhesion
complexes

actin filaments

myosin clusters

cell
membrane

actin
monomers

actin filament

nucleus

TOP VIEW

SIDE VIEW

• A branched actin network in the lamellipodium

• Barbed end of actin filaments  towards the leading edge

R. Phillips, J. Thériot, J. Kondev, H. Garcia PBOC
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Dynamics of lamellipodium

Actin turnover and treadmilling

Fi gur e 7. I nhi bi t i on of Rhdami ne- act i n i ncor por at i on i n per meabi l i zed f i br obl ast s by CapZ. ( a and b) cel l s wer e per meabi l i zed i n t he
pr esence of 1 Ag/ ml of f l uor escei n- phal l oi di n f or 2 mi n, r i nsed t hr ee t i mes wi t h per meabi l i zat i on buf f er over t he cour se of 2 mi n, and
subsequent l y i ncubat ed f or 4 mi n wi t h 0. 41, MRhdami ne- act i n i n per meabi l i zat i on buf f er . ( a) Rhodami ne, and ( b) f l uor escei n- phal l oi di n
st ai n . ( c and d) Rhodami ne and f l uor escei n- phal l oi di n st ai n, r espect i vel y, of a cel l i ncubat ed wi t h RAi n t he pr esence of CapZ. Condi t i ons
as f or a and b except t hat 20 nMCapZ was pr esent t hr oughout t he whol e exper i ment . Ar r owheads i ndi cat e wel l - pr eser ved l amel l i podi a .
The par t of t he cel l i ncl uded at t he r i ght hand/ bot t omof a and b has a ver y nar r ow, par t l y r uf f l i ng l amel l i podi um, and shows a r el at i vel y
hi gh RA i ncor por at i on . Bar , 10 j m.

and second, we det er mi ned t he cr i t i cal concent r at i on of t he
RA i ncor por at i on. For t he l at t er exper i ment we want ed t o
el i mi nat e as much as possi bl e, any cont r i but i ons f r omt he i n-
t r i nsi c monomer i c act i n pool . We t her ef or e per meabi l i zed
t he cel l s i n t he pr esence of FI TC- phal l oi di n f or 90 s t o st abi -
l i ze t he i nt r i nsi c act i n f i l ament s, and subsequent l y r i nsed t he
cover sl i ps wi t h per meabi l i zat i on buf f er ( i n t he absence of
phal l oi di n) mul t i pl e t i mes dur i ng 2 mi n t o r emove bot h act i n
monomer s and unbound phal l oi di n, and onl y t hen appl i ed
t he RA- cont ai ni ng buf f er . Wi t hout phal l oi di n st abi l i zat i on of
t he i nt r i nsi c act i n cyt oskel et on l amel l i podi al act i n cont ent
and t he degr ee of pr eser vat i on sever el y decr eased af t er r e-
peat ed exchanges of t he medi um( not shown) .

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991

CapZ, a pr ot ei n pur i f i ed f r omt he Z- band of muscl e, was
shown t o speci f i cal l y cap t he bar bed end of act i n f i l ament s,
wi t h a Kd of about 0. 5 nM. I t does not bi nd t o act i n mon-
omer s at al l ( Cal dwel l et al . , 1989) . CapZ has al so been
shown t o nucl eat e act i n, but at t he concent r at i ons of act i n
used i n our assay ( <1 uM) , t hi s ef f ect shoul d be negl i gi bl e
( Cal dwel l et al . , 1989) . As can be seen i n Fi g. 7, RAi ncor -
por at i on i n l amel l i podi a i s st r ongl y i nhi bi t ed by t he pr esence
of 20 nMCapZ, compar e Fi g. 7, a and c, whi l e t he densi t y
of t he i nt r i nsi c act i n maki ng up t he cyt oskel et on of t he l amel -
l i podi a i s much l ess af f ect ed, compar e Fi g. 7, b and d. I n
CapZ t i t r at i on exper i ment s we obser ved t hat t he hal f - maxi -
mal concent r at i on f or i nhi bi t i on of act i n i ncor por at i on was

510

cells were permeabilized in the presence of fluorescein-phalloidin 
for 2 min, rinsed over the course of 2 min, and subsequently 

incubated for 4min with Rhodamine-actin. (a) Rhodamine , and (b) 
fluorescein-phalloidin stain

Symons, M.H., and Mitchison, T.J. J. Cell Biol. 114, 503–513. (1991)  

• actin filaments grow from the margin of the lamellipodium

• filaments are « transported » inward in cells but remain stationary in the substrate referential

• The speed of retrograde actin flow correlates with cell movement

• Model: Treadmilling of actin from the margin

Theriot, J.A., and Mitchison, T.J. Nature 352, 126–131. (1991)

in intensity over time, presumably due to filament turnover (see 

below). Fluorescence intensity profiles revealed that the bar did 

not spread over time, and that at least 90% of the activated actin 

seemed to behave as a coherent unit both in rapidly moving 

and in slowly moving cells (Fig. 4i,j). 

To check that the persistent bar observed after activation in 
the lamellipodium was due to CR-actin incorporation into the 

actin cytoskeleton, carbethoxylated-CR-actin, which is strongly 

inhibited in its ability to polymerize (see above), was injected 

into keratocytes. This actin was then activated and observed. In 

contrast to native CR-actin, the fluorescent signal did not persist 
as a coherent bar, but spread throughout the cell in a few seconds 

(Fig. 4g, h). 

The rates of rearward actin transport (relative to the substrate 

and relative to the cell margin) and forward cell movement were 
determined for 46 cells where the activated CR-actin bar could 

be followed for at least 30 s (Fig. 5). For cells moving at rates 
ranging from 0.001 to 0.13 f.Lm s- 1 (0.06-8.0 f.Lm min- 1

), the rate 

of movement of the activated actin bar toward the nucleus with 

respect to the cell edge was roughly equal to the speed of the 

cell. That is, the activated bar remained fixed relative to the 

substrate as the cell moved forward over it, regardless of the 

rate of cell movement. 

FIG. 4 Behaviour of actin microfilaments in moving 

keratocytes. Activated bar of CR-actin (pink) on a 
moving keratocyte (blue) 4 s (a), 48 s (b), 81 s (c) 

and 136 s (d) after activation. Scale bar, 10 .,.m. 

Note the curving of the activated bar in c and d. 

A second example 4 s (e) and 70s (f) after 

activation. Activated region of carbethoxylated-

CR-actin (not competent to polymerize) 1 s (g) and 

6 s (h) after activation. Note that the activated 

bar is wider in g than in a or e due to rapid 

diffusion in 1 s. This diffusion is more evident in 

h. i, Profiles of fluorescence intensity in a rapidly 
moving cell 4 s (thin line) and 48 s (thick line) after 

activation. The position of the cell margin at each 

time point is indicated by an arrow. Scale bar, 

2 .,.m. }. Profiles of fluorescence intensity in a 

slowly moving cell 4 s (thin line) and 40 s (thick 

line) after activation. The position of the cell margin 

at each time point is indicated by an arrow. Note 

that the peak of fluorescence intensity remains 

stationary relative to the substrate in both cases. 

These profiles show fluorescence distribution in 

the lamellipodium only, as in Fig. 3. The decrease 

in fluorescence represents depolymerization and 

diffusion of activated subunits into the thick region 

of the cell near the nucleus, which can be seen in 
panels e-f. 

METHODS. Keratocytes were injected and 

observed at 15 •c. Paired phase and fluorescence 

images were recorded < 2 s apart, using an ISIT 

camera for both. Since no components of the 

optical system were moved and the wavelength 

of light in both cases was about the same (600-

630 nm), the two images are exactly in register. 

Paired images were superimposed in pseudocolour 

using Image 1 software. The outline of the cell in 

the phase image was traced on the monitor and 

the rest of the image was blacked out so that the 

cell margin could be easily seen in the composite 

colour image. The bar in the cell shown in a-d 

persists an unusually long time, allowing visualiz-

ation of the curving near the nucleus; the turnover 
in the cell shown in e- f is more typical. Photo-

bleaching was measured by determining the total 

fluorescence intensity over time in cells in which 

the injected CR-actin had been completely acti-

vated. Bleaching was determined to be about 

1.1% per s of illumination (s.d. = 0.3 %, n = 5) 

which corresponds to 3. 7 % per min of shuttered 
observation. 

NATURE · VOL 352 · 11 .liLY 1991 

ARTICLES 

Ten of the 13 cells moving at rates of < 0.02 f.Lm s- 1 were either 
members of small clumps of cells 11 or bipolar cells with two 
lamellipodia pulling in opposite directions at each end 12

• In 

both cases, opposing forces on the cell body prevented the cells 

from advancing rapidly. These cells appeared to remain healthy 

(they exhibited normal intracellular organelle motility) and their 

lamellipodia continued to generate force (the nuclei and cell 
bodies could be seen to be pulled by the opposing lamellipodia 

in a 'tug of war'). We were surprised that we did not observe 

any centripetal movement of actin filaments in these tethered 
cells, because such movement has been detected in nonmotile 
fibroblasts

4 
and growth cones5

• 

Filament turnover 

As noted above, the fluorescence intensity in the activated bar 
in cells injected with CR-actin decreased rapidly. The turnover 

time of actin polymer in the keratocyte lamellipodium was 

determined from the rate of decrease in intensity. The average 

half-life of the signal arising from CR-actin in the activated 
region was 23 s (s.d. = 6, n = 12). This rapid turnover was not 
due to photobleaching of the fluorochrome; photobleaching 

over a 60-s period was < 4% (see legend to Fig. 4). There was 

no correlation between the measured half-life and the rate of 

129 

position of 
leading edge

ARTICLES 

cell movement or between the half-life and the position of the 

activated region in the lamellipodium. 

Implications of filament movement 

In the keratocyte lamellipodium, the actin filaments, once 
formed, remain fixed relative to the substrate. Furthermore, all 

of the filaments behave homogeneously as a single class; that 

is, we can detect no shear between different populations of 

microfilaments. Therefore, the cytoskeletal meshwork filling 
newly extended regions of the lamellipodium must arise solely 

by new actin polymerization and not by a sliding of preexisting 

filaments relative to each other2 1
•
22

• Similarly, the traction force 

which must be generated to drag the bulk of the cytoplasm 
forward also cannot involve shear between different populations 

of microfilaments23
. 

The force responsible for cell locomotion is unknown. Candi-

dates include force arising from the polymerization of actin 

itself, with its associated energy of ATP hydrolysis24
, turgor 

pressure resulting from local water influx
25

, positive hydrostatic 
pressure resulting from a contraction of the rear of the cell26 

and force arising from molecular motors, such as myosin 21
•
22

•
27

• 

We cannot yet distinguish among these possibilities, but note a 

few constraints imposed by our data. That we can detect no 

shear of actin filaments does not rule out a role for myosin in 
lamellipodial protrusion, but it does require that any myosin 
present be moving nonactin components on a unitary actin 

cytoskeleton rather than moving microfilaments relative to one 
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) 

FIG. 5 Correlation between the rate of actin filament transport and the 

speed of cell locomotion. Plot of movement rate of activated bar of CR-actin 
relative to the substrate (a ) or relative to the cell edge (b) as a function 

of cell speed. Each point represents an individual ceiL Line shown in b is 

x= - y. 

METHODS. The positions of the peak of actin fluorescence intensity and of 

the edge of the cell were recorded for each frame (every 6-11 s) over the 

period of observation (typically 30-90 s) using the Image 1 processor. 

Average rates for the period of observation were determined by fitting a 

straight line to each plot of position versus time. 

130 

another. This activity is more likely to be performed by a 

single-headed myosin I than by conventional two-headed 
myosin II (ref. 27). This is in agreement with genetic data 

indicating that myosin II does not play a direct part in lamel-
lipodial extension in Dictyostelium28

•
29

• We also note that as 

cells, whose membranes are tethered by interactions with other 

cells or by a second lamellipodium opposing the first, exhibit 

very slow rates of actin insertion at the leading edge, stretching 

of the membrane must be tightly coupled to new polymerization. 

This suggests at least a partial role for turgor and hydrostatic 

pressures in protrusion. 

For the cell to move forward, it must generate traction relative 
to the substrate. Several classes of adhesion molecules interact 

indirectly with actin30
•
3
', and that the actin cytoskeleton in 

keratocytes is stationary relative to the substrate is consistent 
with the assumption that traction is generated by actin interact-

ing with cell-surface adhesion proteins. The identity of the 

adhesive elements in keratocytes is unknown. Interference 
reflection microscopy of very similar cells from Xenopus 32 indi-

cates that keratocytes (like most other very rapidly locomoting 

cells, but unlike slower cells such as fibroblasts 33
) do not make 

close focal contacts with their substrate. 

In strong contrast to our results, centripetal movement of 

actin filaments in the absence of forward cell movement has 
been observed in fibroblasts

4 
and Aplysia growth cones5

. Pre-

sumably in these cell types there must be some regulation of 
the adhesion molecule-cytoskeleton interaction. Keratocytes are 

highly specialized for motility and are not chemotactic towards 

any known agent. It seems possible that keratocytes may lack 

control mechanisms present in fibroblasts and growth cones 

which may trade efficiency in movement for the ability to 

respond to chemical signals. Polymorphonuclear leukocytes, 

though, are efficiently chemotactic and also move at top rates 
rivalling those of keratocytes

34
• We need to measure actin move-

ments in these other cell types as a function of cell speed to 

determine whether our general conclusion that lamellipodial 
protrusion is specifically correlated with new actin polymeriz-

ation is true for cells other than keratocytes. 

The dynamic behaviour of other elements of the lamel-

lipodium is under investigation. In keratocytes 13 as well as in 

polymorphonuclear leukocytes
34 

the cell's plasma membrane 
moves forward passively with respect to the substrate (and 
therefore also with respect to the actin cytoskeleton) as the cell 

advances. By contrast, concavalin A-coated particles on cell 

surface glycoproteins may move rapidly forward or 

backward 
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•
35
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not spread over time, and that at least 90% of the activated actin 

seemed to behave as a coherent unit both in rapidly moving 
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the lamellipodium was due to CR-actin incorporation into the 

actin cytoskeleton, carbethoxylated-CR-actin, which is strongly 

inhibited in its ability to polymerize (see above), was injected 

into keratocytes. This actin was then activated and observed. In 

contrast to native CR-actin, the fluorescent signal did not persist 
as a coherent bar, but spread throughout the cell in a few seconds 

(Fig. 4g, h). 

The rates of rearward actin transport (relative to the substrate 

and relative to the cell margin) and forward cell movement were 
determined for 46 cells where the activated CR-actin bar could 

be followed for at least 30 s (Fig. 5). For cells moving at rates 
ranging from 0.001 to 0.13 f.Lm s- 1 (0.06-8.0 f.Lm min- 1

), the rate 

of movement of the activated actin bar toward the nucleus with 

respect to the cell edge was roughly equal to the speed of the 

cell. That is, the activated bar remained fixed relative to the 

substrate as the cell moved forward over it, regardless of the 

rate of cell movement. 

FIG. 4 Behaviour of actin microfilaments in moving 

keratocytes. Activated bar of CR-actin (pink) on a 
moving keratocyte (blue) 4 s (a), 48 s (b), 81 s (c) 

and 136 s (d) after activation. Scale bar, 10 .,.m. 

Note the curving of the activated bar in c and d. 

A second example 4 s (e) and 70s (f) after 

activation. Activated region of carbethoxylated-

CR-actin (not competent to polymerize) 1 s (g) and 

6 s (h) after activation. Note that the activated 

bar is wider in g than in a or e due to rapid 

diffusion in 1 s. This diffusion is more evident in 

h. i, Profiles of fluorescence intensity in a rapidly 
moving cell 4 s (thin line) and 48 s (thick line) after 

activation. The position of the cell margin at each 
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the lamellipodium only, as in Fig. 3. The decrease 

in fluorescence represents depolymerization and 
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of the cell near the nucleus, which can be seen in 
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METHODS. Keratocytes were injected and 

observed at 15 •c. Paired phase and fluorescence 

images were recorded < 2 s apart, using an ISIT 

camera for both. Since no components of the 

optical system were moved and the wavelength 

of light in both cases was about the same (600-

630 nm), the two images are exactly in register. 

Paired images were superimposed in pseudocolour 

using Image 1 software. The outline of the cell in 

the phase image was traced on the monitor and 

the rest of the image was blacked out so that the 

cell margin could be easily seen in the composite 

colour image. The bar in the cell shown in a-d 

persists an unusually long time, allowing visualiz-

ation of the curving near the nucleus; the turnover 
in the cell shown in e- f is more typical. Photo-

bleaching was measured by determining the total 

fluorescence intensity over time in cells in which 

the injected CR-actin had been completely acti-

vated. Bleaching was determined to be about 

1.1% per s of illumination (s.d. = 0.3 %, n = 5) 

which corresponds to 3. 7 % per min of shuttered 
observation. 
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in a 'tug of war'). We were surprised that we did not observe 
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cells, because such movement has been detected in nonmotile 
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in cells injected with CR-actin decreased rapidly. The turnover 
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determined from the rate of decrease in intensity. The average 

half-life of the signal arising from CR-actin in the activated 
region was 23 s (s.d. = 6, n = 12). This rapid turnover was not 
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over a 60-s period was < 4% (see legend to Fig. 4). There was 

no correlation between the measured half-life and the rate of 
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To check that the persistent bar observed after activation in 
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the rest of the image was blacked out so that the 

cell margin could be easily seen in the composite 

colour image. The bar in the cell shown in a-d 

persists an unusually long time, allowing visualiz-
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in the cell shown in e- f is more typical. Photo-

bleaching was measured by determining the total 
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vated. Bleaching was determined to be about 
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in intensity over time, presumably due to filament turnover (see 

below). Fluorescence intensity profiles revealed that the bar did 

not spread over time, and that at least 90% of the activated actin 

seemed to behave as a coherent unit both in rapidly moving 

and in slowly moving cells (Fig. 4i,j). 

To check that the persistent bar observed after activation in 
the lamellipodium was due to CR-actin incorporation into the 

actin cytoskeleton, carbethoxylated-CR-actin, which is strongly 

inhibited in its ability to polymerize (see above), was injected 

into keratocytes. This actin was then activated and observed. In 

contrast to native CR-actin, the fluorescent signal did not persist 
as a coherent bar, but spread throughout the cell in a few seconds 

(Fig. 4g, h). 

The rates of rearward actin transport (relative to the substrate 

and relative to the cell margin) and forward cell movement were 
determined for 46 cells where the activated CR-actin bar could 

be followed for at least 30 s (Fig. 5). For cells moving at rates 
ranging from 0.001 to 0.13 f.Lm s- 1 (0.06-8.0 f.Lm min- 1

), the rate 

of movement of the activated actin bar toward the nucleus with 

respect to the cell edge was roughly equal to the speed of the 

cell. That is, the activated bar remained fixed relative to the 

substrate as the cell moved forward over it, regardless of the 

rate of cell movement. 
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moving keratocyte (blue) 4 s (a), 48 s (b), 81 s (c) 

and 136 s (d) after activation. Scale bar, 10 .,.m. 

Note the curving of the activated bar in c and d. 

A second example 4 s (e) and 70s (f) after 

activation. Activated region of carbethoxylated-

CR-actin (not competent to polymerize) 1 s (g) and 

6 s (h) after activation. Note that the activated 

bar is wider in g than in a or e due to rapid 
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of the cell near the nucleus, which can be seen in 
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the rest of the image was blacked out so that the 

cell margin could be easily seen in the composite 
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persists an unusually long time, allowing visualiz-
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in the cell shown in e- f is more typical. Photo-
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which corresponds to 3. 7 % per min of shuttered 
observation. 

NATURE · VOL 352 · 11 .liLY 1991 

ARTICLES 

Ten of the 13 cells moving at rates of < 0.02 f.Lm s- 1 were either 
members of small clumps of cells 11 or bipolar cells with two 
lamellipodia pulling in opposite directions at each end 12

• In 

both cases, opposing forces on the cell body prevented the cells 

from advancing rapidly. These cells appeared to remain healthy 

(they exhibited normal intracellular organelle motility) and their 

lamellipodia continued to generate force (the nuclei and cell 
bodies could be seen to be pulled by the opposing lamellipodia 

in a 'tug of war'). We were surprised that we did not observe 

any centripetal movement of actin filaments in these tethered 
cells, because such movement has been detected in nonmotile 
fibroblasts

4 
and growth cones5

• 

Filament turnover 

As noted above, the fluorescence intensity in the activated bar 
in cells injected with CR-actin decreased rapidly. The turnover 

time of actin polymer in the keratocyte lamellipodium was 

determined from the rate of decrease in intensity. The average 

half-life of the signal arising from CR-actin in the activated 
region was 23 s (s.d. = 6, n = 12). This rapid turnover was not 
due to photobleaching of the fluorochrome; photobleaching 

over a 60-s period was < 4% (see legend to Fig. 4). There was 

no correlation between the measured half-life and the rate of 

129 

in intensity over time, presumably due to filament turnover (see 

below). Fluorescence intensity profiles revealed that the bar did 

not spread over time, and that at least 90% of the activated actin 

seemed to behave as a coherent unit both in rapidly moving 
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actin cytoskeleton, carbethoxylated-CR-actin, which is strongly 

inhibited in its ability to polymerize (see above), was injected 

into keratocytes. This actin was then activated and observed. In 

contrast to native CR-actin, the fluorescent signal did not persist 
as a coherent bar, but spread throughout the cell in a few seconds 

(Fig. 4g, h). 

The rates of rearward actin transport (relative to the substrate 

and relative to the cell margin) and forward cell movement were 
determined for 46 cells where the activated CR-actin bar could 

be followed for at least 30 s (Fig. 5). For cells moving at rates 
ranging from 0.001 to 0.13 f.Lm s- 1 (0.06-8.0 f.Lm min- 1

), the rate 

of movement of the activated actin bar toward the nucleus with 

respect to the cell edge was roughly equal to the speed of the 

cell. That is, the activated bar remained fixed relative to the 

substrate as the cell moved forward over it, regardless of the 

rate of cell movement. 

FIG. 4 Behaviour of actin microfilaments in moving 

keratocytes. Activated bar of CR-actin (pink) on a 
moving keratocyte (blue) 4 s (a), 48 s (b), 81 s (c) 

and 136 s (d) after activation. Scale bar, 10 .,.m. 

Note the curving of the activated bar in c and d. 

A second example 4 s (e) and 70s (f) after 

activation. Activated region of carbethoxylated-

CR-actin (not competent to polymerize) 1 s (g) and 

6 s (h) after activation. Note that the activated 

bar is wider in g than in a or e due to rapid 

diffusion in 1 s. This diffusion is more evident in 

h. i, Profiles of fluorescence intensity in a rapidly 
moving cell 4 s (thin line) and 48 s (thick line) after 

activation. The position of the cell margin at each 

time point is indicated by an arrow. Scale bar, 

2 .,.m. }. Profiles of fluorescence intensity in a 

slowly moving cell 4 s (thin line) and 40 s (thick 

line) after activation. The position of the cell margin 

at each time point is indicated by an arrow. Note 

that the peak of fluorescence intensity remains 

stationary relative to the substrate in both cases. 

These profiles show fluorescence distribution in 

the lamellipodium only, as in Fig. 3. The decrease 

in fluorescence represents depolymerization and 

diffusion of activated subunits into the thick region 

of the cell near the nucleus, which can be seen in 
panels e-f. 

METHODS. Keratocytes were injected and 

observed at 15 •c. Paired phase and fluorescence 

images were recorded < 2 s apart, using an ISIT 

camera for both. Since no components of the 

optical system were moved and the wavelength 

of light in both cases was about the same (600-

630 nm), the two images are exactly in register. 

Paired images were superimposed in pseudocolour 

using Image 1 software. The outline of the cell in 

the phase image was traced on the monitor and 

the rest of the image was blacked out so that the 

cell margin could be easily seen in the composite 

colour image. The bar in the cell shown in a-d 

persists an unusually long time, allowing visualiz-

ation of the curving near the nucleus; the turnover 
in the cell shown in e- f is more typical. Photo-

bleaching was measured by determining the total 

fluorescence intensity over time in cells in which 

the injected CR-actin had been completely acti-

vated. Bleaching was determined to be about 

1.1% per s of illumination (s.d. = 0.3 %, n = 5) 

which corresponds to 3. 7 % per min of shuttered 
observation. 

NATURE · VOL 352 · 11 .liLY 1991 

ARTICLES 

Ten of the 13 cells moving at rates of < 0.02 f.Lm s- 1 were either 
members of small clumps of cells 11 or bipolar cells with two 
lamellipodia pulling in opposite directions at each end 12

• In 

both cases, opposing forces on the cell body prevented the cells 

from advancing rapidly. These cells appeared to remain healthy 

(they exhibited normal intracellular organelle motility) and their 

lamellipodia continued to generate force (the nuclei and cell 
bodies could be seen to be pulled by the opposing lamellipodia 

in a 'tug of war'). We were surprised that we did not observe 

any centripetal movement of actin filaments in these tethered 
cells, because such movement has been detected in nonmotile 
fibroblasts

4 
and growth cones5

• 

Filament turnover 

As noted above, the fluorescence intensity in the activated bar 
in cells injected with CR-actin decreased rapidly. The turnover 

time of actin polymer in the keratocyte lamellipodium was 

determined from the rate of decrease in intensity. The average 

half-life of the signal arising from CR-actin in the activated 
region was 23 s (s.d. = 6, n = 12). This rapid turnover was not 
due to photobleaching of the fluorochrome; photobleaching 

over a 60-s period was < 4% (see legend to Fig. 4). There was 

no correlation between the measured half-life and the rate of 

129 

4s                        48s                        81s                       136s  
(time after photoactivation/un-caging)

Caged fluorescent G-actin
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Actin turnover and treadmilling

• Fluorescent speckle microscopy: 

—Based on low incorporation rate of fluorescenct G-actin
—speckle tracking (particle imaging velocimetry)

Dynamics of lamelipodium

Vallotton, P., Gupton, S. L., Waterman-Storer, C. M. & Danuser, G. PNAS. 101, 9660–9665  (2004). 

$"x, t& % !I"x, t&!dt & I"x, t&div"v(x, t&) & $I"x, t)v(x, t).

[4]

—Calculate assembly and disassembly maps from actin 
intensity I(t) and divergence of FSM flow field 

Net turnover rate of actin: 

C. Wilson et al. and G. Danuser and Julie Thériot. Nature 465, 373–379. (2010)
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• Polarization of assembly/disassembly of F-actin

• F-actin retrograde flow
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Polarized actin nucleation at the leading edge
Actin turnover

Dynamics of lamelipodium

• Actin treadmils very slowly on its own

• Actin nucleators promote faster treadmilling at the leading edge

DA Fletcher, RD Mullins Nature 463 (7280), 485-492

dissociation 
constant K (µM) 
of ATP-actin at 
barbed end 
lower than at 
pointed end 

Load
(membrane)
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(cap)
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material
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Constructor
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Signal

Nucleation and
crosslinking
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Uncrosslinking
and disassembly
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b

• Branched actin nucleation by the Arp2/3 complex

• Individual filaments do not treadmil, rather, the actin array 
treadmils as a whole by nucleation at the cell front and 
disassembly at the back
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Polarized actin nucleation at the leading edge
Actin turnover

Dynamics of lamelipodium

•  Mechanisms of fast actin polymerization 

— polymerization competent subunits at a 100x 
the critical concentration for pure actin
—Profilin associates with ATP-actin and blocks 
incorporation at pointed ends
—Mechanisms that reduce polymerization to 
maintain a sufficient pool of competent subunits 
far from equilibrium: Capping at barbed ends and 
ADF/Cofilin which breaks filaments. 

• Importance of capping: restricts filament growth 
at the leading edge. Induce stronger pushing 
forces (see later). 

T. Pollard and G. Borisy. Cell 112:453-465 (2003)
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Actin turnover requires cell contraction

Thomas LECUIT   2021-2022

Keratocytes

C. Wilson et al. and G. Danuser and Julie Thériot. Nature 465, 373–379. (2010)

• ADF/Cofilin breaks filaments and 
contributes to maintaining a high pool of 
monomers to sustain polymerization

• Actomyosin contraction also contributes 
to actin filaments disassembly. 

e
f YFP–myosin distribution

(Median projection)

µm s–1

Assembly Disassembly

a

b

c

d

e

f

Cell body

Lamellipodium

Cell body

Lamellipodium

0
0.25
µm s–1

–0.25
µm s–1

0.25
µm s–1

Assembly Disassembly

10 µm

Before treatment 10 min after 50 µM blebbistatin

Inhibition of myosin II with blebbistatin blocks inward flow 
and alters the pattern of disassembly of the actin network 

Correlation between actin disassembly and MyosinII localisation
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Actin turnover requires actomyosin contraction

Thomas LECUIT   2021-2022 C. Wilson et al. and G. Danuser and Julie Thériot. Nature 465, 373–379. (2010)
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n = 615 6578 83 41 3055

Maximum

Minimum

Third quartile

First quartile

Mean ± 95% CI

Significant increase

from all other groups

Significant decrease

from all other groups

Keratocytes

• Two parallel pathways for actin disassembly in a keratocyte:

• MyosinII induced disassembly and actin turnover (induced by cofilin and other regulators)

Jasplakinolide reduces actin turnover by 
blocking depolymerization.
Belbbistatin inhibits MyosinII
—Synergistic effect of jasp and blebbistatin
Cell movement and actin retrograde flow are 
completely blocked
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Mechanism of force production by actin polymerization

Thomas LECUIT   2021-2022

The model of « Brownian ratchet »

C. Peskins, G. Odell and G. Oster. Biophysical Journal 65:316-324 (1993)

Extension of lamelipodia is driven by actin polymerization, but no motor is involved. 
The free energy drop associated with polymerization is sufficient to deform the membrane
However, what is the mechanism for energy transduction that produces a mechanical force?

• The problem:

Brownian Ratchet

-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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probabilities (41). By contrast, we assume that the jump
probabilities are symmetric, and so diffusion is unbiased.
Only when diffusion crosses a ratchet threshold does the
motion become ratcheted.

Perhaps these differences do not distinguish between ther-
mal mechanisms in any fundamental way, for thermal fluc-
tuations participate in all chemical reactions and, ultimately,
the BR mechanism derives its free energy from chemical
reactions: actin polymerization in the case of Listeria and
fllopodial motion, and by a variety of processes in protein
translocation, including binding of chaperonins, post-
translational coiling, glycosylation, etc. As in Huxley's
model and its relatives, the proximal force for movement
arises from random thermal fluctuations, while the chemical
potential release accompanying reactions serves to rectify the
thermal motions of the load (e.g., Refs. 2 and 42). For ex-
ample, the binding free energy of a monomer to the end of
an actin filament must be tight enough to prevent the load
from back diffusion. If AGb were -kBT, the residence time
of the monomer would be short and the site would likely be
empty when the load experiences a reverse fluctuation, or, if
the site is occupied, the force of its collision with the load
would dislodge the monomer. Hence the concentration of
monomers and the binding energy of polymerization supply
the free energy to implement the ratchet. Thus these pro-
cesses do not violate the Second Law; rather they use chem-
ical bond energy to bias the available thermal fluctuations to
drive the ratchet.

APPENDICES

A. The polymerization ratchet
In this appendix we derive the load-velocity relation for the polymerization
ratchet. Consider the situation shown in Fig. 3.

A particle diffuses in one dimension ahead of a growing polymer. We put
the origin of our coordinate system on the tip of the polymer so that the
distance between the tip and the diffusing particle is x. The particle executes
a continuous random walk (Brownian motion) with diffusion coefficient D
in a constant force field, -f, which imparts a drift velocity -DflkBT. When-
ever the distance between the particle and the tip of the polymer exceeds
the size of a monomer, 6, there is a probability/unit time a = k.,,,, X (mono-
mer concentration) that a monomer will polymerize onto the tip, extending
the length of the polymer by S. This is equivalent to the particle jumping
from x -- x - 8, since x is the distance between the particle and the tip of
the polymer. Regardless of the position of the diffusing particle, there is a
probability/unit time f3 = k0ff of a monomer dissociating from the tip of the
polymer. This is equivalent to the particle jumping from x -3 x + 8. We
describe the mean behavior of a large ensemble of such particle-polymer
systems by defining a density c(x, t), such that fb c(x, t) dx = number of
systems in the ensemble for which x is in the interval (a, b) at time t.
Consulting the transition diagram in Fig. 3, one can see that c(x, t) obeys
the following pair of diffusion equations:

ac a2c Df ac
-= D- + -+ ac(x + 8, t)-,(3c(x, t), x < 8
at ax kTax

(Al)

ac a2c Dfdc
dt =D-x2 + - + a[c(x + 6, t) - c(x, t)]at ax kBTaX

+ P3[C(X-8, t)-c(x, t)], x > 8 (A2)

With the help of the Heaviside step function, these may be written as a
single equation, as has been done in the text (Eq. 1). We will assume that
the free energy of polymerization is sufficiently large that a monomer cannot
be knocked off if the load fluctuates to the left and hits the tip. Thus we can
impose the reflecting boundary condition at x = 0 as follows.

ac(O, t) Df
-D - C(O,t)=0

ax kBT
(A3)

We also impose the condition that c(x, t) be continuous atx = 8 (this turns
out to ensure that the flux is continuous at x = 8 as well):

c(S., t) = c(8+, t). (A4)

Once a steady state solution c(x) has been found for a given load force
f, the velocity corresponding to that load is found as follows.

af; c(x) dx - A f c(x) dx
vf=x8 x0"O c(x) dx

(A5)
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FIGURE 3 Transition diagram for Eqs. Al and A2.

This is because fl c(x) dx is the total number of systems in the ensemble
and f| c(x) dx is the number of systems for which the gap between the
diffusing particle and the polymer tip is large enough for monomer insertion.
Thus af, c(x) dx - Ofo c(x) dx is the net rate of polymerization (number
of monomers inserted minus the number of monomers removed/unit time)
for the ensemble as a whole. Dividing by the number of systems in the
ensemble, we obtain the net rate of polymerization/system (i.e., per polymer
chain). Finally, we multiply by the monomer size, 8, to convert this rate to
the velocity with which the polymer tip advances. As a result of this entire
computation, we obtain the formula for the mean polymerization velocity
as a function of the load force f, as given in the text (Eq. 2).

B. The translocation ratchet

The situation for the translocation ratchet is somewhat different from that
of the polymerization ratchet and requires a separate analysis. Consider a
rod diffusing longitudinally along the x axis with diffusion coefficient D.
A force, -f, is applied to the end of the rod which imparts a drift velocity
-(f/C) = - (DkB T)f, where; is the frictional drag coefficient. The rod
carries ratchet sites which are equally spaced and have separation 8 between
adjacent sites. We assume that a ratchet site can freely cross the origin from
left to right. In the case of a perfect ratchet, we assume that each ratchet site,

C

x < 8
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend

Peskin et al. 317

Brownian Ratchet

-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend

Peskin et al. 317

Brownian Ratchet

-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation
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D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation
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D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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where 

Velocity of polymerization ratchet

is the dimensionless load force
or, equivalently, the work done against load (ie. membrane) by adding one monomer

The polymerization rate     is weighted by the probability of the load allowing a gap the size of a monomer 
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation
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D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend

Peskin et al. 317

�17



Mechanism of force production by actin polymerization

Thomas LECUIT   2021-2022

Not a biased random walk in which the jump probabilities are asymmetric 
and diffusion is biased
Here diffusion is unbiased

Actin polymerization rectifies the thermal fluctuations of the load 

occurring at the membrane: renders unidirectional the random 
fluctuations (diffusion) of load. 

The origin of the force for movement arises from thermal fluctuation of 
the load.  
But the free energy of binding of actin monomer to filament is large 
enough with respect to thermal fluctuations to drive the ratchet forward:

If 

Brownian Ratchet

probabilities (41). By contrast, we assume that the jump
probabilities are symmetric, and so diffusion is unbiased.
Only when diffusion crosses a ratchet threshold does the
motion become ratcheted.

Perhaps these differences do not distinguish between ther-
mal mechanisms in any fundamental way, for thermal fluc-
tuations participate in all chemical reactions and, ultimately,
the BR mechanism derives its free energy from chemical
reactions: actin polymerization in the case of Listeria and
fllopodial motion, and by a variety of processes in protein
translocation, including binding of chaperonins, post-
translational coiling, glycosylation, etc. As in Huxley's
model and its relatives, the proximal force for movement
arises from random thermal fluctuations, while the chemical
potential release accompanying reactions serves to rectify the
thermal motions of the load (e.g., Refs. 2 and 42). For ex-
ample, the binding free energy of a monomer to the end of
an actin filament must be tight enough to prevent the load
from back diffusion. If AGb were -kBT, the residence time
of the monomer would be short and the site would likely be
empty when the load experiences a reverse fluctuation, or, if
the site is occupied, the force of its collision with the load
would dislodge the monomer. Hence the concentration of
monomers and the binding energy of polymerization supply
the free energy to implement the ratchet. Thus these pro-
cesses do not violate the Second Law; rather they use chem-
ical bond energy to bias the available thermal fluctuations to
drive the ratchet.

APPENDICES

A. The polymerization ratchet
In this appendix we derive the load-velocity relation for the polymerization
ratchet. Consider the situation shown in Fig. 3.

A particle diffuses in one dimension ahead of a growing polymer. We put
the origin of our coordinate system on the tip of the polymer so that the
distance between the tip and the diffusing particle is x. The particle executes
a continuous random walk (Brownian motion) with diffusion coefficient D
in a constant force field, -f, which imparts a drift velocity -DflkBT. When-
ever the distance between the particle and the tip of the polymer exceeds
the size of a monomer, 6, there is a probability/unit time a = k.,,,, X (mono-
mer concentration) that a monomer will polymerize onto the tip, extending
the length of the polymer by S. This is equivalent to the particle jumping
from x -- x - 8, since x is the distance between the particle and the tip of
the polymer. Regardless of the position of the diffusing particle, there is a
probability/unit time f3 = k0ff of a monomer dissociating from the tip of the
polymer. This is equivalent to the particle jumping from x -3 x + 8. We
describe the mean behavior of a large ensemble of such particle-polymer
systems by defining a density c(x, t), such that fb c(x, t) dx = number of
systems in the ensemble for which x is in the interval (a, b) at time t.
Consulting the transition diagram in Fig. 3, one can see that c(x, t) obeys
the following pair of diffusion equations:

ac a2c Df ac
-= D- + -+ ac(x + 8, t)-,(3c(x, t), x < 8
at ax kTax

(Al)

ac a2c Dfdc
dt =D-x2 + - + a[c(x + 6, t) - c(x, t)]at ax kBTaX

+ P3[C(X-8, t)-c(x, t)], x > 8 (A2)

With the help of the Heaviside step function, these may be written as a
single equation, as has been done in the text (Eq. 1). We will assume that
the free energy of polymerization is sufficiently large that a monomer cannot
be knocked off if the load fluctuates to the left and hits the tip. Thus we can
impose the reflecting boundary condition at x = 0 as follows.

ac(O, t) Df
-D - C(O,t)=0

ax kBT
(A3)

We also impose the condition that c(x, t) be continuous atx = 8 (this turns
out to ensure that the flux is continuous at x = 8 as well):

c(S., t) = c(8+, t). (A4)

Once a steady state solution c(x) has been found for a given load force
f, the velocity corresponding to that load is found as follows.

af; c(x) dx - A f c(x) dx
vf=x8 x0"O c(x) dx

(A5)
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FIGURE 3 Transition diagram for Eqs. Al and A2.

This is because fl c(x) dx is the total number of systems in the ensemble
and f| c(x) dx is the number of systems for which the gap between the
diffusing particle and the polymer tip is large enough for monomer insertion.
Thus af, c(x) dx - Ofo c(x) dx is the net rate of polymerization (number
of monomers inserted minus the number of monomers removed/unit time)
for the ensemble as a whole. Dividing by the number of systems in the
ensemble, we obtain the net rate of polymerization/system (i.e., per polymer
chain). Finally, we multiply by the monomer size, 8, to convert this rate to
the velocity with which the polymer tip advances. As a result of this entire
computation, we obtain the formula for the mean polymerization velocity
as a function of the load force f, as given in the text (Eq. 2).

B. The translocation ratchet

The situation for the translocation ratchet is somewhat different from that
of the polymerization ratchet and requires a separate analysis. Consider a
rod diffusing longitudinally along the x axis with diffusion coefficient D.
A force, -f, is applied to the end of the rod which imparts a drift velocity
-(f/C) = - (DkB T)f, where; is the frictional drag coefficient. The rod
carries ratchet sites which are equally spaced and have separation 8 between
adjacent sites. We assume that a ratchet site can freely cross the origin from
left to right. In the case of a perfect ratchet, we assume that each ratchet site,

C

x < 8
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probabilities (41). By contrast, we assume that the jump
probabilities are symmetric, and so diffusion is unbiased.
Only when diffusion crosses a ratchet threshold does the
motion become ratcheted.

Perhaps these differences do not distinguish between ther-
mal mechanisms in any fundamental way, for thermal fluc-
tuations participate in all chemical reactions and, ultimately,
the BR mechanism derives its free energy from chemical
reactions: actin polymerization in the case of Listeria and
fllopodial motion, and by a variety of processes in protein
translocation, including binding of chaperonins, post-
translational coiling, glycosylation, etc. As in Huxley's
model and its relatives, the proximal force for movement
arises from random thermal fluctuations, while the chemical
potential release accompanying reactions serves to rectify the
thermal motions of the load (e.g., Refs. 2 and 42). For ex-
ample, the binding free energy of a monomer to the end of
an actin filament must be tight enough to prevent the load
from back diffusion. If AGb were -kBT, the residence time
of the monomer would be short and the site would likely be
empty when the load experiences a reverse fluctuation, or, if
the site is occupied, the force of its collision with the load
would dislodge the monomer. Hence the concentration of
monomers and the binding energy of polymerization supply
the free energy to implement the ratchet. Thus these pro-
cesses do not violate the Second Law; rather they use chem-
ical bond energy to bias the available thermal fluctuations to
drive the ratchet.

APPENDICES

A. The polymerization ratchet
In this appendix we derive the load-velocity relation for the polymerization
ratchet. Consider the situation shown in Fig. 3.

A particle diffuses in one dimension ahead of a growing polymer. We put
the origin of our coordinate system on the tip of the polymer so that the
distance between the tip and the diffusing particle is x. The particle executes
a continuous random walk (Brownian motion) with diffusion coefficient D
in a constant force field, -f, which imparts a drift velocity -DflkBT. When-
ever the distance between the particle and the tip of the polymer exceeds
the size of a monomer, 6, there is a probability/unit time a = k.,,,, X (mono-
mer concentration) that a monomer will polymerize onto the tip, extending
the length of the polymer by S. This is equivalent to the particle jumping
from x -- x - 8, since x is the distance between the particle and the tip of
the polymer. Regardless of the position of the diffusing particle, there is a
probability/unit time f3 = k0ff of a monomer dissociating from the tip of the
polymer. This is equivalent to the particle jumping from x -3 x + 8. We
describe the mean behavior of a large ensemble of such particle-polymer
systems by defining a density c(x, t), such that fb c(x, t) dx = number of
systems in the ensemble for which x is in the interval (a, b) at time t.
Consulting the transition diagram in Fig. 3, one can see that c(x, t) obeys
the following pair of diffusion equations:

ac a2c Df ac
-= D- + -+ ac(x + 8, t)-,(3c(x, t), x < 8
at ax kTax

(Al)

ac a2c Dfdc
dt =D-x2 + - + a[c(x + 6, t) - c(x, t)]at ax kBTaX

+ P3[C(X-8, t)-c(x, t)], x > 8 (A2)

With the help of the Heaviside step function, these may be written as a
single equation, as has been done in the text (Eq. 1). We will assume that
the free energy of polymerization is sufficiently large that a monomer cannot
be knocked off if the load fluctuates to the left and hits the tip. Thus we can
impose the reflecting boundary condition at x = 0 as follows.

ac(O, t) Df
-D - C(O,t)=0

ax kBT
(A3)

We also impose the condition that c(x, t) be continuous atx = 8 (this turns
out to ensure that the flux is continuous at x = 8 as well):

c(S., t) = c(8+, t). (A4)

Once a steady state solution c(x) has been found for a given load force
f, the velocity corresponding to that load is found as follows.

af; c(x) dx - A f c(x) dx
vf=x8 x0"O c(x) dx

(A5)
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FIGURE 3 Transition diagram for Eqs. Al and A2.

This is because fl c(x) dx is the total number of systems in the ensemble
and f| c(x) dx is the number of systems for which the gap between the
diffusing particle and the polymer tip is large enough for monomer insertion.
Thus af, c(x) dx - Ofo c(x) dx is the net rate of polymerization (number
of monomers inserted minus the number of monomers removed/unit time)
for the ensemble as a whole. Dividing by the number of systems in the
ensemble, we obtain the net rate of polymerization/system (i.e., per polymer
chain). Finally, we multiply by the monomer size, 8, to convert this rate to
the velocity with which the polymer tip advances. As a result of this entire
computation, we obtain the formula for the mean polymerization velocity
as a function of the load force f, as given in the text (Eq. 2).

B. The translocation ratchet

The situation for the translocation ratchet is somewhat different from that
of the polymerization ratchet and requires a separate analysis. Consider a
rod diffusing longitudinally along the x axis with diffusion coefficient D.
A force, -f, is applied to the end of the rod which imparts a drift velocity
-(f/C) = - (DkB T)f, where; is the frictional drag coefficient. The rod
carries ratchet sites which are equally spaced and have separation 8 between
adjacent sites. We assume that a ratchet site can freely cross the origin from
left to right. In the case of a perfect ratchet, we assume that each ratchet site,
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on the diffusion coefficient of the load. Membrane tensions
fall in the range 0.035-0.039 dyne/cm, which amount to a
load force of about 25 pN. A filopod of 20 filaments could
produce a thrust 20 times as strong as a single filament, or
about 200 pN. The force required to stall the ratchet is found
by setting v = 0 in Eq. 3, which yields the familiar ther-
modynamic relationship (3/a = exp(-f X 8/kBT), or

fo -
B In(I) (4)

This formula for the stall force is exact; it remains valid for
all parameter values, even those that violate the assumptions
used in deriving Eq. 3.
Two observations support the BR model for filopodial

growth. First, the velocity of extension is almost constant
(13), unlike the acrosomal extension of Thyone sperm, in
which length grows as the square root of time (14-19). The
BR mechanism produces a constant velocity provided that
the polymerization affinity is constant. Eventually, the filo-
pod may grow long enough so that the diffusion of actin
monomers to the tip is limiting, in which case the velocity
will decrease. Second, experiments by Bray et al. (20) dem-
onstrated that filopodial extension velocities actually in-
creased somewhat with external osmolarity. This is consis-
tent with the BR mechanism, since pulling water out of the
cell will concentrate the actin monomers, thus increasing the
affinity for a time, and hence the ratchet velocity. This con-
trasts with acrosomal protrusion of Thyone wherein increas-
ing the external osmolarity decreases protrusion velocities
(17-19). However, once a filopod grows long enough so that
diffusion limits the concentration of actin monomers at the
tip, the protrusion velocity will fall to zero quite quickly.
The BR formula omits an important feature: proteins are

flexible, elastic structures, whose internal fluctuations sig-
nificantly affect their motions. In the ratchet formula (2) the
rod is assumed to be stiff and the gap width depends solely
on the diffusion of the barrier. However, since the actin
monomers are themselves flexible, Brownian motion will
induce thermal "breathing" modes which will contribute to
the gap width. There is no simple way to include this into the
model; however, we can use numerical simulations to in-
vestigate elastic effects in particular situations. We have per-
formed a molecular dynamics simulation of this situation
using the parameters for actin; the details of this computation
will be published elsewhere. We find that for rod lengths of
more than 50-100 monomers the fluctuations within the rod
can compress the rod enough to permit polymerization even
if the barrier is too large to diffuse appreciably. In this sit-
uation the elastic compression energy generated by thermal
motions is the proximal origin of the force.

Listeria propulsion

The bacterium Listeria monocytogenes moves through the
cytoplasm of its host cell with velocities typically between
0.02 and 0.2 ,um/s (21), but as fast as 1.5 ,um/s in some cells
(22, 23). As it moves, it trails a long tail of polymerized actin

consisting of many short fibers cross-linked into a mesh-
work; the fibers are oriented predominantly with the barbed
end in the direction of motion (22, 23). Using fluorescent
photoactivation Theriot et al. (21) were able to visualize the
tail as the bacterium moved. They found that the tail re-
mained stationary, and that actin inserted into the tail mesh-
work adjacent to the bacterial body. Taken together, these
observations suggest that actin polymerization may drive
bacterial movement (21, 24).
We propose that Listeria is driven by the BR mechanism:

the polymerizing tail rectifies the random thermal motions of
the bacterium, preventing it from diffusing backwards, but
permitting forward diffusion. In this view the tail doesn't
actually push the bacterium: propulsion is simply Brownian
diffusion rendered unidirectional by the polymerization of
the actin tail. This could work in several ways. For example,
assume the bacterium diffuses as a Stokes particle of size -1
,um (25), and the polymerization rate constants are the same
as we used in the filopod calculation (12, 26). If the elastic
resistance of the cell's dense actin gel is the major imped-
iment to the bacterium's motion, it may be reasonable to
ascribe the load force to this elastic resistance. Then the
ratchet formula predicts velocities in the correct range work-
ing against a load of a few piconewtons. The velocity de-
pends on the effective concentration of actin monomers near
the bacterium. The in vitro concentration is unknown, but is
likely to be much higher than at the tip of a filopod. Using
an effective local concentration of 50 ,tM (27), the stall force
for a single actin fiber isfo - 9 pN, about six times the force
generated by a myosin crossbridge. Since the tail consists of
many fibers, whose orientations are not collinear, we cannot
directly compute the thrust of the tail without knowledge of
the fiber number and orientation distributions. All we can say
is that the computed load-velocity curve shows that one fiber
would be sufficient to drive a 1-,um bacterium at 1.5 ,um/s
against a load of 1 pN. This calculation assumes that the
Brownian motion of the bacterium is the same as it would be
in fluid cytoplasm. However, the average mesh size of the
cortical actin gel is in the neighborhood of 0.1 ,uim, about
1/10th the size of the bacterium, and so the gel may constrain
the bacterium's Brownian motion substantially. This can pro-
duce an apparent cytoplasmic viscosity of more than 100
poise, which would reduce the ratchet velocity considerably.
However, molecular dynamics simulations demonstrate that
the elastic breathing modes of the actin tail fibers discussed
above can still drive the motion of the bacterium at the ob-
served velocities. We will report on these simulations else-
where.

According to the BR mechanism the speed of the BR de-
pends on the polymerization rate of actin, although it is not
driven directly by the polymerization. The faster the bacte-
rium can recruit actin from the cytoplasmic pool the faster
the bacterium moves and the longer the tail grows. Theriot
and Mitchison (21) found that the velocity was proportional
to tail length. In Appendix C we show that this linear rela-
tionship between velocity and tail length holds quite gener-
ally, regardless of the mechanism of force generation. Using
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on the diffusion coefficient of the load. Membrane tensions
fall in the range 0.035-0.039 dyne/cm, which amount to a
load force of about 25 pN. A filopod of 20 filaments could
produce a thrust 20 times as strong as a single filament, or
about 200 pN. The force required to stall the ratchet is found
by setting v = 0 in Eq. 3, which yields the familiar ther-
modynamic relationship (3/a = exp(-f X 8/kBT), or

fo -
B In(I) (4)

This formula for the stall force is exact; it remains valid for
all parameter values, even those that violate the assumptions
used in deriving Eq. 3.
Two observations support the BR model for filopodial

growth. First, the velocity of extension is almost constant
(13), unlike the acrosomal extension of Thyone sperm, in
which length grows as the square root of time (14-19). The
BR mechanism produces a constant velocity provided that
the polymerization affinity is constant. Eventually, the filo-
pod may grow long enough so that the diffusion of actin
monomers to the tip is limiting, in which case the velocity
will decrease. Second, experiments by Bray et al. (20) dem-
onstrated that filopodial extension velocities actually in-
creased somewhat with external osmolarity. This is consis-
tent with the BR mechanism, since pulling water out of the
cell will concentrate the actin monomers, thus increasing the
affinity for a time, and hence the ratchet velocity. This con-
trasts with acrosomal protrusion of Thyone wherein increas-
ing the external osmolarity decreases protrusion velocities
(17-19). However, once a filopod grows long enough so that
diffusion limits the concentration of actin monomers at the
tip, the protrusion velocity will fall to zero quite quickly.
The BR formula omits an important feature: proteins are

flexible, elastic structures, whose internal fluctuations sig-
nificantly affect their motions. In the ratchet formula (2) the
rod is assumed to be stiff and the gap width depends solely
on the diffusion of the barrier. However, since the actin
monomers are themselves flexible, Brownian motion will
induce thermal "breathing" modes which will contribute to
the gap width. There is no simple way to include this into the
model; however, we can use numerical simulations to in-
vestigate elastic effects in particular situations. We have per-
formed a molecular dynamics simulation of this situation
using the parameters for actin; the details of this computation
will be published elsewhere. We find that for rod lengths of
more than 50-100 monomers the fluctuations within the rod
can compress the rod enough to permit polymerization even
if the barrier is too large to diffuse appreciably. In this sit-
uation the elastic compression energy generated by thermal
motions is the proximal origin of the force.

Listeria propulsion

The bacterium Listeria monocytogenes moves through the
cytoplasm of its host cell with velocities typically between
0.02 and 0.2 ,um/s (21), but as fast as 1.5 ,um/s in some cells
(22, 23). As it moves, it trails a long tail of polymerized actin

consisting of many short fibers cross-linked into a mesh-
work; the fibers are oriented predominantly with the barbed
end in the direction of motion (22, 23). Using fluorescent
photoactivation Theriot et al. (21) were able to visualize the
tail as the bacterium moved. They found that the tail re-
mained stationary, and that actin inserted into the tail mesh-
work adjacent to the bacterial body. Taken together, these
observations suggest that actin polymerization may drive
bacterial movement (21, 24).
We propose that Listeria is driven by the BR mechanism:

the polymerizing tail rectifies the random thermal motions of
the bacterium, preventing it from diffusing backwards, but
permitting forward diffusion. In this view the tail doesn't
actually push the bacterium: propulsion is simply Brownian
diffusion rendered unidirectional by the polymerization of
the actin tail. This could work in several ways. For example,
assume the bacterium diffuses as a Stokes particle of size -1
,um (25), and the polymerization rate constants are the same
as we used in the filopod calculation (12, 26). If the elastic
resistance of the cell's dense actin gel is the major imped-
iment to the bacterium's motion, it may be reasonable to
ascribe the load force to this elastic resistance. Then the
ratchet formula predicts velocities in the correct range work-
ing against a load of a few piconewtons. The velocity de-
pends on the effective concentration of actin monomers near
the bacterium. The in vitro concentration is unknown, but is
likely to be much higher than at the tip of a filopod. Using
an effective local concentration of 50 ,tM (27), the stall force
for a single actin fiber isfo - 9 pN, about six times the force
generated by a myosin crossbridge. Since the tail consists of
many fibers, whose orientations are not collinear, we cannot
directly compute the thrust of the tail without knowledge of
the fiber number and orientation distributions. All we can say
is that the computed load-velocity curve shows that one fiber
would be sufficient to drive a 1-,um bacterium at 1.5 ,um/s
against a load of 1 pN. This calculation assumes that the
Brownian motion of the bacterium is the same as it would be
in fluid cytoplasm. However, the average mesh size of the
cortical actin gel is in the neighborhood of 0.1 ,uim, about
1/10th the size of the bacterium, and so the gel may constrain
the bacterium's Brownian motion substantially. This can pro-
duce an apparent cytoplasmic viscosity of more than 100
poise, which would reduce the ratchet velocity considerably.
However, molecular dynamics simulations demonstrate that
the elastic breathing modes of the actin tail fibers discussed
above can still drive the motion of the bacterium at the ob-
served velocities. We will report on these simulations else-
where.

According to the BR mechanism the speed of the BR de-
pends on the polymerization rate of actin, although it is not
driven directly by the polymerization. The faster the bacte-
rium can recruit actin from the cytoplasmic pool the faster
the bacterium moves and the longer the tail grows. Theriot
and Mitchison (21) found that the velocity was proportional
to tail length. In Appendix C we show that this linear rela-
tionship between velocity and tail length holds quite gener-
ally, regardless of the mechanism of force generation. Using
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Brownian Ratchet

-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend

Peskin et al. 317

load force given membrane tension: 
So a few filaments can easily push the membrane
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-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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This model also accounts for the motility of the bacteria Listeria monocytogenes in cells, driven by actin comet tails
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Elastic Brownian ratchet

The thermal fluctuations of the load (membrane) are not quite sufficient to produce deformations

Brownian Ratchet

-2 X 104 kBT.2 Since we are dealing with thermal motions,
henceforth we will express all energetic quantities in terms
of kBT - 4.1 X 10-14 dyne-cm, where kB is Boltzmann's
constant and T is the absolute temperature. The free energy
change accompanying actin polymerization is AG - -14
kBT/monomer (10). So, polymerization can provide suffi-
cient free energy to drive membrane deformation (5, 11). The
BR model provides an explanation for how this free energy
is transduced into an axial force.

Consider the ratchet shown in Fig. 1. An actin rod poly-
merizes against a barrier (e.g., a membrane) whose mobility
we characterize by its diffusion coefficient, D. We model a
polymerizing actin filament as a linear array of monomers;
here, the ratchet mechanism is the intercalation of monomers
between the barrier and the polymer tip. Denote the gap
width between the tip of the rod and the barrier by x, and the
size of a monomer is indicated by 8. When a sufficiently large
fluctuation occurs the gap opens wide enough to allow a
monomer to polymerize onto the end of the rod. The poly-
merization rate is given by R = kon(X) X M - f, where M
is the local monomer concentration and kon(x) X M, reflects
the conditional probability of adding a monomer when
the gap width is x. We set k,n(X) X M = a when x 2 8, and
kon(X) x M = 0 when x < 6. If no barrier were present, actin
could polymerize at a maximum velocity of 6 X R - 0.75
,um/s at 25 ,uM concentration of actin monomers (12). Cel-
lular filopodia protrude at velocities about 0.16 ,um/s (13),
well below the maximum polymerization rate. In Appendix
A we show that the polymerization BR obeys the equation

ac a2c IfD \ac

x
D2+ kT) yx + a[c(x + 8,t) - H(x -8)c(x,t)]

+ 3[H(x - 8)c(x - 6,t) - c(x,t)] (1)
where c(x,t) is the density of systems in an ensemble at po-
sition x and time t. Here D is the diffusion coefficient of the
particle, -f is the load force (i.e., to the left, opposing the
motion), H(x - 6) is the Heaviside step function (= 0 for
x < 6, and = 1 for x > 8). The boundary conditions are that
x = 0 is reflecting and that c(x,t) is continuous at x = 8. The

2 If we model a filopod as a cylinder with a hemispherical cap, then we can
compute how much energy it takes to form such a structure from a planar
bilayer. Using B - 5OkBT, the energy required to bend a membrane into a
hemispherical cap is W = 47rB - 600 kBT. To create a membrane cylinder
of radius 50 nm and L = 1 ,im costs - 3000 kBT/jim. To elongate by 1
ratchet distance, 8 = 2.5 nm, against a membrane tension of about o = 0.035
dyne/cm (equivalent to a load force of -11 pN) costs -6.6 kBT, so that a
protrusion of 5 ,um requires - 1.3 X 104 kBT of work. Thus the total work
to create a filopod 5 ,Lm long and 50-nm radius = 2 x 104 kBT The binding
energy of an actin monomer is - -13.6 kBT/monomer, making the process
8/13.6 -60% efficient. Each monomer, before attaching to the filament,
binds one ATP which is hydrolyzed sometime after the monomer attaches.
Each hydrolysis yields about AG - 15-20 kBT/mol -62 pN-nm/ATP; if we
were to add this to the ATP; contribution we would have a total free energy
drop of AG - -30 kBT/monomer. However, since ATP is hydrolyzed after
polymerization its contribution to force generation is not important. The
viscous work against the fluid medium is inconsequential compared to the
bending energy, so we can neglect it in this estimate.
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FIGURE 1 The polymerization ratchet. An actin filament polymerizes
against a barrier with diffusion constant D upon which a load, f, acts. Be-
cause the filaments are arranged in a paired helix, we model the ratchet
distance, 8, as half the size of a monomer. The the graphs shows the speed
of the polymerization ratchet, v (,um/s), driven by a single actin filament,
as a function of dimensionless load force, w = f X 8/kB. The solid line is
based on Eq. 2, the formula for the ratchet speed when depolymerization is
negligible (3 -* 0). The curve was plotted by using , as a parameter, i.e.,
,- [w(A), v(,u)]. The dashed line is based on Eq. 3, valid when poly-
merization is much slower than diffusion, a 82/D << 1 and 3 82/D << 1. The
rate constants were taken from Pollard (12) for actin polymerization: a =

kon X M = 11.3 [1/s X ,iM] X 10[ ,uM], 3 = 1.6 [I/s], 8 = (monomer size)/2
- 2.7 x 10-7 cm, since actin is a double helix). We used a load diffusivity
of D = 1 x 10-9 cm2/s, corresponding to a disk of diameter - 2.5 Am.
Filopodial velocites are below 0.16 ,Am/s (13), which is about 20% of the
maximum polymerization velocity, 8 X (a - 13) =8 X (ko0 X M - k0ff) -
0.76 ,im/s (12, 27). From Eq. 4, the stall force for a single actin fiber isfo

- 7.8 pN. A filopod composed of 20 filaments presumably could exert 20
times this force.

steady state solution to Eq. 1 gives the force-velocity relation
if we define the ratchet velocity by

afc c(x) dx -Bf' c(x) dx
v6= 8 f c(x) dx)

(i.e., we weight the polymerization velocity by the proba-
bility of a 6-sized gap). When depolymerization can be ne-
glected, i.e., 3 << a, which is the case for actin polymer-
ization, we obtain the load-velocity relationship:

2D G, - (l) (w2/2)
v _=(e 1)

co + co 1)j1 (2)

where w is the dimensionless work done against the load in
adding one monomer: co = f X 8/kBT, and gw,^,a,D) > w

is given by solving a transcendental equation, ,L - X = (a
82/D) [1 - exp(-,u)])/,u. Fig. 1 shows a plot of v(X). If the
polymerization and depolymerization velocities are much
slower than the ideal ratchet velocity, i.e., a X 8, 3 x 8 <<
2D/6, then the ratchet equation can be solved explicitly for
3 $ 0. The result is a startlingly simple formula:

v = 8[ote-' -] (3)
That is, the polymerization rate, a = klc, X M, is weighted
by the probability of the load allowing a monomer-sized gap,
6. Note that in this limit the ratchet velocity does not depend
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1994). We model a polymerizing actin filament as an elastic
rod whose length grows by addition of monomers at the tip
at a rate konM [s- 1] and shortens by losing subunits at a rate
k0ff [s-1], where klc, [s-1jiM-1] is the polymerization rate
and M[,uM] the local molar concentration of monomers near
the growing tip. The values of all the parameters we use are
gathered in Tables 1 and 2.
An actin filament can be characterized by its persistence

length, A[,um] (Janmey et al., 1994). The theoretical elastic
bending modulus, B, of a filament is related to its persis-
tence length by B = AkBT (Doi and Edwards, 1986). How-
ever, the experimental persistence length, Aobs, is generally
determined by fitting the observed shape of filaments with
a Fourier series, and so depends on the actual length of the
observed filaments: B = AobS(f)kBT = O(l)AkBT. For our

purposes here we shall neglect this distinction. The data on
the numerical value of A varies between 0.5 p.m (Kas et al.,
1993, 1996; Gotter et al., 1996) to 15 p.m (Isambert et al.,
1995) depending on the experimental conditions. We feel
that the lower measurements are more realistic for filaments
under cellular conditions, and so we shall use the value A

1 p.m. We focus our attention on the actin filaments that
constitute the "free ends" at the growing surface of a cross-
linked actin gel. To render the model tractable, we shall
make the following simplifying assumptions: 1) The ther-
mal fluctuations of the filaments are planar. 2) All filaments
impinge on the load at the same angle, 0, and they poly-
merize with the same angle-dependent rate, V. 3) The free
ends of each filament are the same length, i?. That is, the
growing region is of constant width, behind which the
filaments become cross-linked into a gel. 4) We consider
only one fluctuation mode, neglecting collective modes of
the whole actin network; i.e., we treat the body of the
network as a rigid anchor. The assumed spatio-angular
structure of the actin network is shown in Fig. 1.
As the filaments polymerize, their Brownian motions

impinge on the load (e.g., the bacterial wall, or the cyto-
plasmic surface of the plasma membrane) exerting a pres-

TABLE 2

Symbol

B
Db
Df
f
fA

kBT

N
P(o, f)

i(O, Yo)

q
s

t

V

V*
Vr

Vp
x

Yo

A

K

CO

Other notation

Meaning

Bending modulus of actin filament = A kBT (pN-nm2)
Diffusion coefficient of bacterium (,um2/s)
Effective diffusion coefficient of filament (Am2/s)
Load force (pN)
Stall force (pN)
= w/2s = fl/O8 dimensionless load force
Unit of thermal energy = 4.1 X 10-'4 dyne-cm =

4.1 pN-nm
Number of filaments
Probability of 8-sized gap as a function of the load, f,

and angle, 0
Probability of 8-sized gap as a function of the angle,

0, and the equilibrium position of the filament tip,
Yo

= V/(8kn*M) dimensionless polymerization velocity
Ratio of depolymerization and polymerization rates
Time (s)
Velocity of filament tip (,Am/s)
= V(0,) maximum polymerization velocity (,um/s)
= 2D/8 ideal ratchet velocity (,um/s)
Free polymerization velocity (,um/s)
Position of filament tip (nm)
Equilibrium distance of filament tip measured from

the membrane (nm)
= &cos(O) = size of sufficient gap to permit

intercalation of monomer
= K082/2kBT = dimensionless bending energy
Elastic constant of an actin filament (pN/nm)
= f 8/kBT dimensionless work to move the load ahead
by one monomer

sure. However, to add a monomer to the tip of a free
filament end a thermal fluctuation must create a gap suffi-
cient to permit intercalation. For a filament approaching the
load perpendicularly, a gap half the size of an actin mono-
mer is necessary to enable a monomer to intercalate be-
tween the tip and the membrane (the actin filament is a

double helix, so a gap of only - 2.7 nm is required). For

a filament approaching at an angle 0 to the load, the required

TABLE I Parameter values

Notation Meaning Value Source

e Length of free filament end 30-150 nm (Marchand et al., 1995; Small et al., 1995;
Tilney et al., 1992a; Tilney et al., 1992b)

Stall force of keratocyte 45 nN (Oliver et al., 1995a; Oliver et al., 1995b)
kon Polymerization rate 11 s- 'uM-' (Pollard, 1986)
M Monomer concentration 10-50 AM (Cooper, 1991; Marchand et al., 1995)
k0ff Depolymerization rate 1 s-1 (Pollard, 1986)
8 Intercalation gap 2.7 nm (Pollard, 1986)
d Effective radius of actin 4 nm (Bremer et al., 1991)
Inc Viscosity of cytoplasm and cytoskeleton 30 poise (Dembo, 1989; Valberg and Feldman, 1987)
Iq Viscosity of fluid component of cytoplasm 0.03 poise (Dembo, 1989; Fushimi and Verkman, 1991)
A Persistence length of actin 1 ,um (Kas et al., 1996)
a Length of Listeria 6 ,um (Tilney and Portnoy, 1989)
b Radius of Listeria 0.5 ,um (Tilney 1989)
a Membrane surface tension 0.035 pN/nm (Cevc and Marsh, 1987)
L Length of lamellipodia 5 ,um (Small et al., 1995)
0 Filament angle 0-450 (Small et al., 1995; Tilney et al., 1992a; Tilney

et al., 1992b; Zhukarev et al., 1995)
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an actin filament at angle     with respect to a load is modelled as a 1D spring:
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4AkBT Ko(f, A)K(C, A, 0) - 3sin2(0) - sin2(0)Actin
filament tip

(2)
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The statistical motion of a filament tip subject to a harmonic
restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:

where

V

y

-l, _lv
I1 -I

(b)

FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:
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FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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1994). We model a polymerizing actin filament as an elastic
rod whose length grows by addition of monomers at the tip
at a rate konM [s- 1] and shortens by losing subunits at a rate
k0ff [s-1], where klc, [s-1jiM-1] is the polymerization rate
and M[,uM] the local molar concentration of monomers near
the growing tip. The values of all the parameters we use are
gathered in Tables 1 and 2.
An actin filament can be characterized by its persistence

length, A[,um] (Janmey et al., 1994). The theoretical elastic
bending modulus, B, of a filament is related to its persis-
tence length by B = AkBT (Doi and Edwards, 1986). How-
ever, the experimental persistence length, Aobs, is generally
determined by fitting the observed shape of filaments with
a Fourier series, and so depends on the actual length of the
observed filaments: B = AobS(f)kBT = O(l)AkBT. For our

purposes here we shall neglect this distinction. The data on
the numerical value of A varies between 0.5 p.m (Kas et al.,
1993, 1996; Gotter et al., 1996) to 15 p.m (Isambert et al.,
1995) depending on the experimental conditions. We feel
that the lower measurements are more realistic for filaments
under cellular conditions, and so we shall use the value A

1 p.m. We focus our attention on the actin filaments that
constitute the "free ends" at the growing surface of a cross-
linked actin gel. To render the model tractable, we shall
make the following simplifying assumptions: 1) The ther-
mal fluctuations of the filaments are planar. 2) All filaments
impinge on the load at the same angle, 0, and they poly-
merize with the same angle-dependent rate, V. 3) The free
ends of each filament are the same length, i?. That is, the
growing region is of constant width, behind which the
filaments become cross-linked into a gel. 4) We consider
only one fluctuation mode, neglecting collective modes of
the whole actin network; i.e., we treat the body of the
network as a rigid anchor. The assumed spatio-angular
structure of the actin network is shown in Fig. 1.
As the filaments polymerize, their Brownian motions

impinge on the load (e.g., the bacterial wall, or the cyto-
plasmic surface of the plasma membrane) exerting a pres-
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Meaning

Bending modulus of actin filament = A kBT (pN-nm2)
Diffusion coefficient of bacterium (,um2/s)
Effective diffusion coefficient of filament (Am2/s)
Load force (pN)
Stall force (pN)
= w/2s = fl/O8 dimensionless load force
Unit of thermal energy = 4.1 X 10-'4 dyne-cm =

4.1 pN-nm
Number of filaments
Probability of 8-sized gap as a function of the load, f,

and angle, 0
Probability of 8-sized gap as a function of the angle,

0, and the equilibrium position of the filament tip,
Yo

= V/(8kn*M) dimensionless polymerization velocity
Ratio of depolymerization and polymerization rates
Time (s)
Velocity of filament tip (,Am/s)
= V(0,) maximum polymerization velocity (,um/s)
= 2D/8 ideal ratchet velocity (,um/s)
Free polymerization velocity (,um/s)
Position of filament tip (nm)
Equilibrium distance of filament tip measured from

the membrane (nm)
= &cos(O) = size of sufficient gap to permit

intercalation of monomer
= K082/2kBT = dimensionless bending energy
Elastic constant of an actin filament (pN/nm)
= f 8/kBT dimensionless work to move the load ahead
by one monomer

sure. However, to add a monomer to the tip of a free
filament end a thermal fluctuation must create a gap suffi-
cient to permit intercalation. For a filament approaching the
load perpendicularly, a gap half the size of an actin mono-
mer is necessary to enable a monomer to intercalate be-
tween the tip and the membrane (the actin filament is a

double helix, so a gap of only - 2.7 nm is required). For

a filament approaching at an angle 0 to the load, the required

TABLE I Parameter values

Notation Meaning Value Source

e Length of free filament end 30-150 nm (Marchand et al., 1995; Small et al., 1995;
Tilney et al., 1992a; Tilney et al., 1992b)

Stall force of keratocyte 45 nN (Oliver et al., 1995a; Oliver et al., 1995b)
kon Polymerization rate 11 s- 'uM-' (Pollard, 1986)
M Monomer concentration 10-50 AM (Cooper, 1991; Marchand et al., 1995)
k0ff Depolymerization rate 1 s-1 (Pollard, 1986)
8 Intercalation gap 2.7 nm (Pollard, 1986)
d Effective radius of actin 4 nm (Bremer et al., 1991)
Inc Viscosity of cytoplasm and cytoskeleton 30 poise (Dembo, 1989; Valberg and Feldman, 1987)
Iq Viscosity of fluid component of cytoplasm 0.03 poise (Dembo, 1989; Fushimi and Verkman, 1991)
A Persistence length of actin 1 ,um (Kas et al., 1996)
a Length of Listeria 6 ,um (Tilney and Portnoy, 1989)
b Radius of Listeria 0.5 ,um (Tilney 1989)
a Membrane surface tension 0.035 pN/nm (Cevc and Marsh, 1987)
L Length of lamellipodia 5 ,um (Small et al., 1995)
0 Filament angle 0-450 (Small et al., 1995; Tilney et al., 1992a; Tilney

et al., 1992b; Zhukarev et al., 1995)
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The statistical motion of a filament tip subject to a harmonic
restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:

where
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FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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Mechanism of force production by actin polymerization
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• The model: consider now the thermal fluctuations 

of the elastic polymerizing filament

thermal fluctuations induce filament bending

the bending modulus B of actin filaments determines the extent of 
fluctuations
the persistence length    of filament reflects this: 

Cell Motility Driven by Actin Polymerization

1994). We model a polymerizing actin filament as an elastic
rod whose length grows by addition of monomers at the tip
at a rate konM [s- 1] and shortens by losing subunits at a rate
k0ff [s-1], where klc, [s-1jiM-1] is the polymerization rate
and M[,uM] the local molar concentration of monomers near
the growing tip. The values of all the parameters we use are
gathered in Tables 1 and 2.
An actin filament can be characterized by its persistence

length, A[,um] (Janmey et al., 1994). The theoretical elastic
bending modulus, B, of a filament is related to its persis-
tence length by B = AkBT (Doi and Edwards, 1986). How-
ever, the experimental persistence length, Aobs, is generally
determined by fitting the observed shape of filaments with
a Fourier series, and so depends on the actual length of the
observed filaments: B = AobS(f)kBT = O(l)AkBT. For our

purposes here we shall neglect this distinction. The data on
the numerical value of A varies between 0.5 p.m (Kas et al.,
1993, 1996; Gotter et al., 1996) to 15 p.m (Isambert et al.,
1995) depending on the experimental conditions. We feel
that the lower measurements are more realistic for filaments
under cellular conditions, and so we shall use the value A

1 p.m. We focus our attention on the actin filaments that
constitute the "free ends" at the growing surface of a cross-
linked actin gel. To render the model tractable, we shall
make the following simplifying assumptions: 1) The ther-
mal fluctuations of the filaments are planar. 2) All filaments
impinge on the load at the same angle, 0, and they poly-
merize with the same angle-dependent rate, V. 3) The free
ends of each filament are the same length, i?. That is, the
growing region is of constant width, behind which the
filaments become cross-linked into a gel. 4) We consider
only one fluctuation mode, neglecting collective modes of
the whole actin network; i.e., we treat the body of the
network as a rigid anchor. The assumed spatio-angular
structure of the actin network is shown in Fig. 1.
As the filaments polymerize, their Brownian motions

impinge on the load (e.g., the bacterial wall, or the cyto-
plasmic surface of the plasma membrane) exerting a pres-

TABLE 2

Symbol

B
Db
Df
f
fA

kBT

N
P(o, f)

i(O, Yo)

q
s

t

V

V*
Vr

Vp
x

Yo

A

K

CO

Other notation

Meaning

Bending modulus of actin filament = A kBT (pN-nm2)
Diffusion coefficient of bacterium (,um2/s)
Effective diffusion coefficient of filament (Am2/s)
Load force (pN)
Stall force (pN)
= w/2s = fl/O8 dimensionless load force
Unit of thermal energy = 4.1 X 10-'4 dyne-cm =

4.1 pN-nm
Number of filaments
Probability of 8-sized gap as a function of the load, f,

and angle, 0
Probability of 8-sized gap as a function of the angle,

0, and the equilibrium position of the filament tip,
Yo

= V/(8kn*M) dimensionless polymerization velocity
Ratio of depolymerization and polymerization rates
Time (s)
Velocity of filament tip (,Am/s)
= V(0,) maximum polymerization velocity (,um/s)
= 2D/8 ideal ratchet velocity (,um/s)
Free polymerization velocity (,um/s)
Position of filament tip (nm)
Equilibrium distance of filament tip measured from

the membrane (nm)
= &cos(O) = size of sufficient gap to permit

intercalation of monomer
= K082/2kBT = dimensionless bending energy
Elastic constant of an actin filament (pN/nm)
= f 8/kBT dimensionless work to move the load ahead
by one monomer

sure. However, to add a monomer to the tip of a free
filament end a thermal fluctuation must create a gap suffi-
cient to permit intercalation. For a filament approaching the
load perpendicularly, a gap half the size of an actin mono-
mer is necessary to enable a monomer to intercalate be-
tween the tip and the membrane (the actin filament is a

double helix, so a gap of only - 2.7 nm is required). For

a filament approaching at an angle 0 to the load, the required

TABLE I Parameter values

Notation Meaning Value Source

e Length of free filament end 30-150 nm (Marchand et al., 1995; Small et al., 1995;
Tilney et al., 1992a; Tilney et al., 1992b)

Stall force of keratocyte 45 nN (Oliver et al., 1995a; Oliver et al., 1995b)
kon Polymerization rate 11 s- 'uM-' (Pollard, 1986)
M Monomer concentration 10-50 AM (Cooper, 1991; Marchand et al., 1995)
k0ff Depolymerization rate 1 s-1 (Pollard, 1986)
8 Intercalation gap 2.7 nm (Pollard, 1986)
d Effective radius of actin 4 nm (Bremer et al., 1991)
Inc Viscosity of cytoplasm and cytoskeleton 30 poise (Dembo, 1989; Valberg and Feldman, 1987)
Iq Viscosity of fluid component of cytoplasm 0.03 poise (Dembo, 1989; Fushimi and Verkman, 1991)
A Persistence length of actin 1 ,um (Kas et al., 1996)
a Length of Listeria 6 ,um (Tilney and Portnoy, 1989)
b Radius of Listeria 0.5 ,um (Tilney 1989)
a Membrane surface tension 0.035 pN/nm (Cevc and Marsh, 1987)
L Length of lamellipodia 5 ,um (Small et al., 1995)
0 Filament angle 0-450 (Small et al., 1995; Tilney et al., 1992a; Tilney

et al., 1992b; Zhukarev et al., 1995)

Mogilner and Oster 3031

�19



Cell Motility Driven by Actin Polymerization

f [pN]
0 1 23

600
V [nm/s]

80

FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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The statistical motion of a filament tip subject to a harmonic
restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:

where

V

y

-l, _lv
I1 -I

(b)

FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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given by

4AkBT Ko(f, A)K(C, A, 0) - 3sin2(0) - sin2(0)Actin
filament tip

(2)

Rigid
actin
network

on

The statistical motion of a filament tip subject to a harmonic
restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:

where

V

y

-l, _lv
I1 -I

(b)

FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.

_ ,f~~~~~~~l

Mogilner and Oster 3033

1

1

dimensionless work of the load force to bend a filament by 

mean elastic energy stored in filament sufficiently bent to intercalate one monomer. 

load force relative to the force required to bend a filament by one intercalation distance, 

Cell Motility Driven by Actin Polymerization

f [pN]
0 1 23

600
V [nm/s]

80

FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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FIGURE 2 Polymerization velocity V [nm/s] as a function of load, f,
[pN], and filament incidence angle, 0, in degrees for fixed length, e = 30
nm, and persistence length, A = 1 ,um. The critical angle, O, for fastest
growth depends on the load; the trajectory of Oc is shown on the V(f, 0)
surface connecting the loci of maximum velocity at each load. At small
load forces, the optimal velocity, V* = V(0c) - 1 ,um/s for a local
monomer concentration of - 45 ,uM. The figure was computed from the
load-velocity expressions (4-6). The parameter values used in the com-
putations are given in Table 1.

surface of the membrane sufficiently to permit intercalation.
Because a filament growing nearly parallel to the load
cannot exert an axial thrust, there must be an optimal angle
for which the force generated is greatest. Because filaments
will grow fastest in this direction, we expect that in a
population of growing filaments those oriented near the
optimum angle will predominate. This optimal angle de-
pends on the load force, f, and on the flexibility of the free
end. The tip flexibility depends on its length, e, which
depends on the cross-link density of the gel, and on the
bending stiffness of the filaments, B (i.e., their thermal
wavelength, A). Generally, the optimal angle is an increas-
ing function of the load force and bending stiffness, and a
decreasing function of the free end length: Oc(f1 , A , et4).
The above argument depends on the assumption that each

filament acts independently. This would be the case if the
membrane were very flexible and/or the filaments more
widely spaced than the membrane wavelength. Otherwise,
the polymerization of one filament could "subsidize" the
growth of its neighboring filaments by pushing the mem-
brane outward. This would lead to the coexistence of fila-
ments at different angles. We will treat this case in a
subsequent publication. Experimentally, the filament distri-
bution is rather broad about a mean angle of -45° , so the
subsidy effect is probably operating to some extent. Also,
because polymerization is stimulated by membrane-associ-
ated proteins, filament growth only occurs very close to the
inner surface of the membrane. Therefore, only those fila-
ment tips that are very close to this polymerization bound-
ary region participate in the competition for monomers; tips
that lag too far behind the polymerization front will effec-
tively cease their forward growth.
We define the optimum polymerization velocity as

V*(f) = V[f, Oc(f)]. The projection of the solid line onto
the V-f plane in Fig. 2 would be a graph of this function.

LIMITING CASES

In Appendix E we derive four limiting cases for the optimal
velocity V*, which apply in different regimes of filament
length and load. We characterize these regimes by the
following three dimensionless parameters:

= f8lkBT, s = Ko52/2kBT, f = (0/2_ = f/K08 (7)

co is the dimensionless work of the load force to bend a
filament by 8. s measures the mean elastic energy stored in
a filament that has been bent sufficiently to intercalate one
monomer. f measures the load force relative to the force
required to bend a filament by one intercalation distance, 8.
The four cases we consider are shown on the c-s plane in
Fig. 3, and the optimal angles and velocities are summarized
in Table 3. Each of these four cases will be used below to
describe different kinds of actin-driven motility.

POLYMERIZATION-DRIVEN CELL MOTILITY

The model for force generation by actin polymerization
casts light on certain aspects of cell motility. In this section
we shall examine the model's predictions for two types of
cell movement: the motion of the pathogenic bacterium
Listeria monocytogenes, and the protrusion of lamellipodia
in crawling embryonic cells.

The motion of Listeria

The bacterial pathogen Listeria monocytogenes moves
through the cytoplasm of infected cells by polymerizing a
tail of cross-linked actin filaments whose average orienta-
tion is with the plus (fast polymerizing) end pointing to-
wards the bacterial body (Marchand et al., 1995; Sanger et
al., 1992; Smith et al., 1995; Southwick et al., 1994, 1996).
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FIGURE 3 The E--w plane delimiting the four asymptotic regions corre-
sponding to small and large load forces and short (stiff) and long (flexible)
filaments tabulated in Table 3.
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damp the amplitude of the membrane fluctuations. Because
the diffusion coefficients of such proteins are small, the
proteins can damp the membrane fluctuations sufficiently to
arrest intercalation.

If membrane fluctuations are insufficient to permit poly-
merization, filament fluctuations in a network of cross-
linked fibers can easily accommodate monomer intercala-
tion and drive protrusion. Assuming an average distance
between filaments of - 20 nm, the number of filament tips
along a strip of leading edge of area 5 ,um X 0.2 ,um is N -

5000. In a freely migrating keratocyte, the only load oppos-
ing the polymerization is from the membrane tension, f-
0.035 pN/nm (Cevc and Marsh, 1987). The corresponding
total load force is uL - 175 pN, and the load force per
filament is f - 0.035 pN. From Eq. 7 w - 0.02 << 1, and
for Ko 0.6 pN/nm, s - 0.6. Thus we are in region
corresponding to Case 3 from Table 3. Using the parameters
from Table 1, we find that the critical angle for fastest
growth is Oc - 48° , which is close to the average filament
angle observed by Small in lamellipodia of the fish kerato-
cyte (Small et al., 1995).
At the optimal angle, Oc, the effective polymerization

velocity (c.f. Table 3) is V* kon MS cos(Oc). The observed
value of - 1 ,um/s is achieved for a monomer concentration
at the leading edge ofM 45 ,uM. While this is higher than
the cytoplasmic value of - 10 ,uM, the effective concen-
tration of monomer just under the leading membrane edge is
probably much higher due to the presence of proteins anal-
ogous to ActA in Listeria, which recruit polymerization-
competent monomers (Friederich et al., 1995; Kocks and
Cossart, 1993; Kocks et al., 1993; Southwick and Purich,
1995).
The computed load-velocity curve for a lamellipod, using

the data in Table 1, is plotted in Fig. 4 b. Using Eq. 8 the
stall force per filament isfs - (2 kBT/O)(X16)1/2 - 5 pN. The
total stall force would then be 5 pN X 5000 - 25 nN. Using
a microneedle, Oliver et al. measured the force required to
stop the advancing lamellipodium of a keratocyte as - 45

TABLE 4 Protein localization in regions of high membrane
curvature

Protein Reference

ActA expressed in mammalian (Friederich et al., 1995)
cells at the tips of membrane
ruffles

Proteins localized to membrane (Ridley, 1994)
ruffles

rab 8 proteins at the tips of (Chen et al., 1993)
lamellae and ruffles

Actin nucleation sites at the rims (DeBiasio et al., 1988)
of lamellipodia

Virus spikes on filopodia (Mortara and Koch, 1989)
Diacylglycerol-nucleating actin (Shariff and Luna, 1992)

assembly
Coatamers on the rim of the Golgi (Kreis, 1992)
Receptors clustering in coated pits (Anderson and Kaplan, 1983)
GPI-anchored proteins and calcium (Fujimoto, 1993; Hooper, 1992)
pumps in caveolae

nN, which compares favorably with the theoretical value
(Oliver et al., 1994, 1995b).
We conclude that 1) lamellipodial protrusion is driven by

rectified polymerization of the thermally fluctuating actin
filaments, and 2) the orthogonal geometry of the filaments
is nucleated by the angular dependence of the protrusion
velocity, and is subsequently "frozen in" by actin cross-
linking proteins. We predict that, as the resistance force
increases, the filaments of the lamellipodial cytoskeleton
will align at angles more parallel to the leading edge of the
cell. At the measured stall load, the filaments should be
almost parallel to the edge, a conclusion that may be
checked experimentally with sufficiently high resolution
electron microscopy. We also predict that higher concen-
trations of actin-binding proteins would produce heavier
cross-linking, shorter free ends of the filaments, and effec-
tively slower protrusion velocities.
The above analysis depends on the presence of membrane

proteins to damp the fluctuations of the bilayer at the
leading edge sufficiently to inhibit monomer intercalation.
Where the concentration of protein falls sufficiently, the
thermal fluctuations of the membrane will permit intercala-
tion of monomers without the necessity of filament fluctu-
ation. In this situation, the optimal approach angle for
filaments is normal to the bilayer (Oc = 00). In such regions
we expect the actin to cross-link into parallel bundles, rather
than an orthogonal network. This may represent the nucle-
ation of microspikes in fibroblasts and filament bundles in
keratocytes. This phenomenon is discussed more fully in
Mogilner and Oster (1996).

Finally, we mention that lamellipodial protrusion is often
accompanied by a centripetal flow of cytoplasm: particles
and ruffles on the dorsal surface of the lamella move toward
the perinuclear area. Because this retrograde, or centripetal,
flow of lamellar substance accompanies cell migration,
there must be a counter-flow of material in the lamellipod
(Sheetz, 1994; Small, 1994; Stossel, 1993; Theriot and
Mitchison, 1991). Fast centripetal flow of up to 100 nm/s is
observed in neural growth cone-lamellae (Lin and Forscher,
1995). In fibroblasts the centripetal flow is fast, while in
keratocytes it is slow (Sheetz, 1994). An analysis and model
for centripetal flow is given in Mogilner and Oster (1996);
this model depends on the velocity formula derived here as
a boundary condition.

DISCUSSION

Energetic arguments have long been cited in support of the
presumption that actin polymerization can produce an axial
force (Cooper, 1991; Hill and Kirschner, 1982). However,
thermodynamics can only assert what is energetically pos-
sible, but can say nothing about whether a mechanism is
mechanically feasible. Here we have analyzed the mechan-
ics of actin polymerization and demonstrated how growing
filaments can develop a protrusive pressure.

Previously, Peskin et al. (1993) demonstrated that poly-
merization of a rigid filament could push a load. In their
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M. They obtained a Michaelis-Menten-like saturating curve:
at small M the velocity grows linearly with M; at larger M
the velocity asymptotes to a limiting value. This is consis-
tent with the polymerization ratchet model since, for small
M, the velocity is equal to the free polymerization velocity,
which is proportional to M. At larger M, the velocity is
eventually limited by the drag resistance of the host cyto-
plasm, so the velocity must eventually saturate. Theoreti-
cally, the maximum propulsion velocity is achieved when
the viscous resistance becomes equal to the stall force. Thus
we predict that, for small M, the velocity will be size
independent, but for large M the limiting velocity will be
proportional to bacterial size.

Lamellipodial extension

Locomoting cells move by a cycle of protrusion and adhe-
sion of their leading edge, followed by-or accompanied
by-retraction of their trailing edge. One of the principal
protrusive organelles is the lamellipod, a thin veil-like struc-
ture of filamentous actin extending from organelle-rich cell
body in the direction of movement (Small, 1994; Theriot
and Mitchison, 1991; Theriot, 1994; Trinkaus, 1984). La-
mellipodial protrusion is the result of a coordinated activity
of cytoskeletal, membrane, and adhesive systems. Here we
focus our attention on the mechanochemical aspects of force
generation driving protrusion.
The lamellipodia of fibroblasts and keratocytes have been

particularly well studied. They consist of a broad, flat cy-
toplasmic sheet about 200 nm thick and 5-15 ,um wide. The
ventral surface of the lamellipod is adherent to the substra-
tum (Lee et al., 1994; Oliver et al., 1994, 1995). Fibroblast
lamellipodia advance in irregular pulsatile fashion (Lackie,
1986), while keratocytes protrude more smoothly, appear-
ing to glide at - 1 gm/s in such a way that the cell's shape
remains unchanged (Lee et al., 1993). The mechanisms of
lamellipodial protrusion are similar in both cell types, but
differ in certain aspects. For example, fibroblast lamella are
punctuated by microspikes, or small filopodia containing
parallel arrays of actin filaments, while keratocytes lack
microspikes, but do contain ribs of parallel actin filaments
that generally do not protrude beyond the leading edge. The
actin filaments comprising the lamellipod are almost
straight and extend from the front edge through the length of
lamellipodia, with an average length of 4-7 ,um. The fila-
ments are cross-linked into a network with an angular
distribution broadly distributed about 450 (Small et al.,
1995). The density of cross-links gives an estimate of the
average length of the free filament ends at the leading edge
of e - 30 nm. All filaments are oriented with their barbed
(plus) ends in the direction of protrusion (Small et al.,
1987), which has led to the assumption that actin polymer-
ization takes place in a narrow region of a few nanometers
beneath the plasma membrane, while depolymerization
takes place proximally, near the cell center. Fig. 5 shows a
schematic view of the filaments at the leading edge. We

shall treat the lamellipodium as a network of two popula-
tions of parallel, cross-linked fibers incident on the cyto-
plasmic face of the membrane at angles ±0.
The situation in lamellipodia is different from Listeria

because membrane fluctuations can play a decisive role in
permitting monomer intercalation effective enough to allow
the filaments to polymerize at their maximum rate, oriented
normal to the membrane. This would be contrary to the
observed orthogonal network comprising the lamellipodium
of the keratocyte. The answer, we believe, is that the leading
edge of the lamellipodium is not a bare bilayer, but is
heavily populated with membrane-associated proteins. Ac-
tin polymerization is likely stimulated by ActA-like pro-
teins, for when ActA is expressed in mammalian cells, and
myristolated to ensure its membrane association, actin is
nucleated from the plasma membrane and protrusive activ-
ity is stimulated (Friederich et al., 1995). Indeed, there is
ample evidence that many proteins cluster in regions of high
membrane curvature (Table 4). These proteins dramatically
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M. They obtained a Michaelis-Menten-like saturating curve:
at small M the velocity grows linearly with M; at larger M
the velocity asymptotes to a limiting value. This is consis-
tent with the polymerization ratchet model since, for small
M, the velocity is equal to the free polymerization velocity,
which is proportional to M. At larger M, the velocity is
eventually limited by the drag resistance of the host cyto-
plasm, so the velocity must eventually saturate. Theoreti-
cally, the maximum propulsion velocity is achieved when
the viscous resistance becomes equal to the stall force. Thus
we predict that, for small M, the velocity will be size
independent, but for large M the limiting velocity will be
proportional to bacterial size.

Lamellipodial extension

Locomoting cells move by a cycle of protrusion and adhe-
sion of their leading edge, followed by-or accompanied
by-retraction of their trailing edge. One of the principal
protrusive organelles is the lamellipod, a thin veil-like struc-
ture of filamentous actin extending from organelle-rich cell
body in the direction of movement (Small, 1994; Theriot
and Mitchison, 1991; Theriot, 1994; Trinkaus, 1984). La-
mellipodial protrusion is the result of a coordinated activity
of cytoskeletal, membrane, and adhesive systems. Here we
focus our attention on the mechanochemical aspects of force
generation driving protrusion.
The lamellipodia of fibroblasts and keratocytes have been

particularly well studied. They consist of a broad, flat cy-
toplasmic sheet about 200 nm thick and 5-15 ,um wide. The
ventral surface of the lamellipod is adherent to the substra-
tum (Lee et al., 1994; Oliver et al., 1994, 1995). Fibroblast
lamellipodia advance in irregular pulsatile fashion (Lackie,
1986), while keratocytes protrude more smoothly, appear-
ing to glide at - 1 gm/s in such a way that the cell's shape
remains unchanged (Lee et al., 1993). The mechanisms of
lamellipodial protrusion are similar in both cell types, but
differ in certain aspects. For example, fibroblast lamella are
punctuated by microspikes, or small filopodia containing
parallel arrays of actin filaments, while keratocytes lack
microspikes, but do contain ribs of parallel actin filaments
that generally do not protrude beyond the leading edge. The
actin filaments comprising the lamellipod are almost
straight and extend from the front edge through the length of
lamellipodia, with an average length of 4-7 ,um. The fila-
ments are cross-linked into a network with an angular
distribution broadly distributed about 450 (Small et al.,
1995). The density of cross-links gives an estimate of the
average length of the free filament ends at the leading edge
of e - 30 nm. All filaments are oriented with their barbed
(plus) ends in the direction of protrusion (Small et al.,
1987), which has led to the assumption that actin polymer-
ization takes place in a narrow region of a few nanometers
beneath the plasma membrane, while depolymerization
takes place proximally, near the cell center. Fig. 5 shows a
schematic view of the filaments at the leading edge. We

shall treat the lamellipodium as a network of two popula-
tions of parallel, cross-linked fibers incident on the cyto-
plasmic face of the membrane at angles ±0.
The situation in lamellipodia is different from Listeria

because membrane fluctuations can play a decisive role in
permitting monomer intercalation effective enough to allow
the filaments to polymerize at their maximum rate, oriented
normal to the membrane. This would be contrary to the
observed orthogonal network comprising the lamellipodium
of the keratocyte. The answer, we believe, is that the leading
edge of the lamellipodium is not a bare bilayer, but is
heavily populated with membrane-associated proteins. Ac-
tin polymerization is likely stimulated by ActA-like pro-
teins, for when ActA is expressed in mammalian cells, and
myristolated to ensure its membrane association, actin is
nucleated from the plasma membrane and protrusive activ-
ity is stimulated (Friederich et al., 1995). Indeed, there is
ample evidence that many proteins cluster in regions of high
membrane curvature (Table 4). These proteins dramatically
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damp the amplitude of the membrane fluctuations. Because
the diffusion coefficients of such proteins are small, the
proteins can damp the membrane fluctuations sufficiently to
arrest intercalation.

If membrane fluctuations are insufficient to permit poly-
merization, filament fluctuations in a network of cross-
linked fibers can easily accommodate monomer intercala-
tion and drive protrusion. Assuming an average distance
between filaments of - 20 nm, the number of filament tips
along a strip of leading edge of area 5 ,um X 0.2 ,um is N -

5000. In a freely migrating keratocyte, the only load oppos-
ing the polymerization is from the membrane tension, f-
0.035 pN/nm (Cevc and Marsh, 1987). The corresponding
total load force is uL - 175 pN, and the load force per
filament is f - 0.035 pN. From Eq. 7 w - 0.02 << 1, and
for Ko 0.6 pN/nm, s - 0.6. Thus we are in region
corresponding to Case 3 from Table 3. Using the parameters
from Table 1, we find that the critical angle for fastest
growth is Oc - 48° , which is close to the average filament
angle observed by Small in lamellipodia of the fish kerato-
cyte (Small et al., 1995).

At the optimal angle, Oc, the effective polymerization
velocity (c.f. Table 3) is V* kon MS cos(Oc). The observed
value of - 1 ,um/s is achieved for a monomer concentration
at the leading edge ofM 45 ,uM. While this is higher than
the cytoplasmic value of - 10 ,uM, the effective concen-
tration of monomer just under the leading membrane edge is
probably much higher due to the presence of proteins anal-
ogous to ActA in Listeria, which recruit polymerization-
competent monomers (Friederich et al., 1995; Kocks and
Cossart, 1993; Kocks et al., 1993; Southwick and Purich,
1995).
The computed load-velocity curve for a lamellipod, using

the data in Table 1, is plotted in Fig. 4 b. Using Eq. 8 the
stall force per filament isfs - (2 kBT/O)(X16)1/2 - 5 pN. The
total stall force would then be 5 pN X 5000 - 25 nN. Using
a microneedle, Oliver et al. measured the force required to
stop the advancing lamellipodium of a keratocyte as - 45

TABLE 4 Protein localization in regions of high membrane
curvature

Protein Reference

ActA expressed in mammalian (Friederich et al., 1995)
cells at the tips of membrane
ruffles

Proteins localized to membrane (Ridley, 1994)
ruffles

rab 8 proteins at the tips of (Chen et al., 1993)
lamellae and ruffles

Actin nucleation sites at the rims (DeBiasio et al., 1988)
of lamellipodia

Virus spikes on filopodia (Mortara and Koch, 1989)
Diacylglycerol-nucleating actin (Shariff and Luna, 1992)

assembly
Coatamers on the rim of the Golgi (Kreis, 1992)
Receptors clustering in coated pits (Anderson and Kaplan, 1983)
GPI-anchored proteins and calcium (Fujimoto, 1993; Hooper, 1992)
pumps in caveolae

nN, which compares favorably with the theoretical value
(Oliver et al., 1994, 1995b).
We conclude that 1) lamellipodial protrusion is driven by

rectified polymerization of the thermally fluctuating actin
filaments, and 2) the orthogonal geometry of the filaments
is nucleated by the angular dependence of the protrusion
velocity, and is subsequently "frozen in" by actin cross-
linking proteins. We predict that, as the resistance force
increases, the filaments of the lamellipodial cytoskeleton
will align at angles more parallel to the leading edge of the
cell. At the measured stall load, the filaments should be
almost parallel to the edge, a conclusion that may be
checked experimentally with sufficiently high resolution
electron microscopy. We also predict that higher concen-
trations of actin-binding proteins would produce heavier
cross-linking, shorter free ends of the filaments, and effec-
tively slower protrusion velocities.
The above analysis depends on the presence of membrane

proteins to damp the fluctuations of the bilayer at the
leading edge sufficiently to inhibit monomer intercalation.
Where the concentration of protein falls sufficiently, the
thermal fluctuations of the membrane will permit intercala-
tion of monomers without the necessity of filament fluctu-
ation. In this situation, the optimal approach angle for
filaments is normal to the bilayer (Oc = 00). In such regions
we expect the actin to cross-link into parallel bundles, rather
than an orthogonal network. This may represent the nucle-
ation of microspikes in fibroblasts and filament bundles in
keratocytes. This phenomenon is discussed more fully in
Mogilner and Oster (1996).

Finally, we mention that lamellipodial protrusion is often
accompanied by a centripetal flow of cytoplasm: particles
and ruffles on the dorsal surface of the lamella move toward
the perinuclear area. Because this retrograde, or centripetal,
flow of lamellar substance accompanies cell migration,
there must be a counter-flow of material in the lamellipod
(Sheetz, 1994; Small, 1994; Stossel, 1993; Theriot and
Mitchison, 1991). Fast centripetal flow of up to 100 nm/s is
observed in neural growth cone-lamellae (Lin and Forscher,
1995). In fibroblasts the centripetal flow is fast, while in
keratocytes it is slow (Sheetz, 1994). An analysis and model
for centripetal flow is given in Mogilner and Oster (1996);
this model depends on the velocity formula derived here as
a boundary condition.

DISCUSSION

Energetic arguments have long been cited in support of the
presumption that actin polymerization can produce an axial
force (Cooper, 1991; Hill and Kirschner, 1982). However,
thermodynamics can only assert what is energetically pos-
sible, but can say nothing about whether a mechanism is
mechanically feasible. Here we have analyzed the mechan-
ics of actin polymerization and demonstrated how growing
filaments can develop a protrusive pressure.

Previously, Peskin et al. (1993) demonstrated that poly-
merization of a rigid filament could push a load. In their
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damp the amplitude of the membrane fluctuations. Because
the diffusion coefficients of such proteins are small, the
proteins can damp the membrane fluctuations sufficiently to
arrest intercalation.

If membrane fluctuations are insufficient to permit poly-
merization, filament fluctuations in a network of cross-
linked fibers can easily accommodate monomer intercala-
tion and drive protrusion. Assuming an average distance
between filaments of - 20 nm, the number of filament tips
along a strip of leading edge of area 5 ,um X 0.2 ,um is N -

5000. In a freely migrating keratocyte, the only load oppos-
ing the polymerization is from the membrane tension, f-
0.035 pN/nm (Cevc and Marsh, 1987). The corresponding
total load force is uL - 175 pN, and the load force per
filament is f - 0.035 pN. From Eq. 7 w - 0.02 << 1, and
for Ko 0.6 pN/nm, s - 0.6. Thus we are in region
corresponding to Case 3 from Table 3. Using the parameters
from Table 1, we find that the critical angle for fastest
growth is Oc - 48° , which is close to the average filament
angle observed by Small in lamellipodia of the fish kerato-
cyte (Small et al., 1995).

At the optimal angle, Oc, the effective polymerization
velocity (c.f. Table 3) is V* kon MS cos(Oc). The observed
value of - 1 ,um/s is achieved for a monomer concentration
at the leading edge ofM 45 ,uM. While this is higher than
the cytoplasmic value of - 10 ,uM, the effective concen-
tration of monomer just under the leading membrane edge is
probably much higher due to the presence of proteins anal-
ogous to ActA in Listeria, which recruit polymerization-
competent monomers (Friederich et al., 1995; Kocks and
Cossart, 1993; Kocks et al., 1993; Southwick and Purich,
1995).
The computed load-velocity curve for a lamellipod, using

the data in Table 1, is plotted in Fig. 4 b. Using Eq. 8 the
stall force per filament isfs - (2 kBT/O)(X16)1/2 - 5 pN. The
total stall force would then be 5 pN X 5000 - 25 nN. Using
a microneedle, Oliver et al. measured the force required to
stop the advancing lamellipodium of a keratocyte as - 45

TABLE 4 Protein localization in regions of high membrane
curvature

Protein Reference

ActA expressed in mammalian (Friederich et al., 1995)
cells at the tips of membrane
ruffles

Proteins localized to membrane (Ridley, 1994)
ruffles

rab 8 proteins at the tips of (Chen et al., 1993)
lamellae and ruffles

Actin nucleation sites at the rims (DeBiasio et al., 1988)
of lamellipodia

Virus spikes on filopodia (Mortara and Koch, 1989)
Diacylglycerol-nucleating actin (Shariff and Luna, 1992)

assembly
Coatamers on the rim of the Golgi (Kreis, 1992)
Receptors clustering in coated pits (Anderson and Kaplan, 1983)
GPI-anchored proteins and calcium (Fujimoto, 1993; Hooper, 1992)
pumps in caveolae

nN, which compares favorably with the theoretical value
(Oliver et al., 1994, 1995b).
We conclude that 1) lamellipodial protrusion is driven by

rectified polymerization of the thermally fluctuating actin
filaments, and 2) the orthogonal geometry of the filaments
is nucleated by the angular dependence of the protrusion
velocity, and is subsequently "frozen in" by actin cross-
linking proteins. We predict that, as the resistance force
increases, the filaments of the lamellipodial cytoskeleton
will align at angles more parallel to the leading edge of the
cell. At the measured stall load, the filaments should be
almost parallel to the edge, a conclusion that may be
checked experimentally with sufficiently high resolution
electron microscopy. We also predict that higher concen-
trations of actin-binding proteins would produce heavier
cross-linking, shorter free ends of the filaments, and effec-
tively slower protrusion velocities.
The above analysis depends on the presence of membrane

proteins to damp the fluctuations of the bilayer at the
leading edge sufficiently to inhibit monomer intercalation.
Where the concentration of protein falls sufficiently, the
thermal fluctuations of the membrane will permit intercala-
tion of monomers without the necessity of filament fluctu-
ation. In this situation, the optimal approach angle for
filaments is normal to the bilayer (Oc = 00). In such regions
we expect the actin to cross-link into parallel bundles, rather
than an orthogonal network. This may represent the nucle-
ation of microspikes in fibroblasts and filament bundles in
keratocytes. This phenomenon is discussed more fully in
Mogilner and Oster (1996).

Finally, we mention that lamellipodial protrusion is often
accompanied by a centripetal flow of cytoplasm: particles
and ruffles on the dorsal surface of the lamella move toward
the perinuclear area. Because this retrograde, or centripetal,
flow of lamellar substance accompanies cell migration,
there must be a counter-flow of material in the lamellipod
(Sheetz, 1994; Small, 1994; Stossel, 1993; Theriot and
Mitchison, 1991). Fast centripetal flow of up to 100 nm/s is
observed in neural growth cone-lamellae (Lin and Forscher,
1995). In fibroblasts the centripetal flow is fast, while in
keratocytes it is slow (Sheetz, 1994). An analysis and model
for centripetal flow is given in Mogilner and Oster (1996);
this model depends on the velocity formula derived here as
a boundary condition.

DISCUSSION

Energetic arguments have long been cited in support of the
presumption that actin polymerization can produce an axial
force (Cooper, 1991; Hill and Kirschner, 1982). However,
thermodynamics can only assert what is energetically pos-
sible, but can say nothing about whether a mechanism is
mechanically feasible. Here we have analyzed the mechan-
ics of actin polymerization and demonstrated how growing
filaments can develop a protrusive pressure.

Previously, Peskin et al. (1993) demonstrated that poly-
merization of a rigid filament could push a load. In their

Mogilner and Oster 3037
Cell Motility Driven by Actin Polymerization

damp the amplitude of the membrane fluctuations. Because
the diffusion coefficients of such proteins are small, the
proteins can damp the membrane fluctuations sufficiently to
arrest intercalation.

If membrane fluctuations are insufficient to permit poly-
merization, filament fluctuations in a network of cross-
linked fibers can easily accommodate monomer intercala-
tion and drive protrusion. Assuming an average distance
between filaments of - 20 nm, the number of filament tips
along a strip of leading edge of area 5 ,um X 0.2 ,um is N -

5000. In a freely migrating keratocyte, the only load oppos-
ing the polymerization is from the membrane tension, f-
0.035 pN/nm (Cevc and Marsh, 1987). The corresponding
total load force is uL - 175 pN, and the load force per
filament is f - 0.035 pN. From Eq. 7 w - 0.02 << 1, and
for Ko 0.6 pN/nm, s - 0.6. Thus we are in region
corresponding to Case 3 from Table 3. Using the parameters
from Table 1, we find that the critical angle for fastest
growth is Oc - 48° , which is close to the average filament
angle observed by Small in lamellipodia of the fish kerato-
cyte (Small et al., 1995).

At the optimal angle, Oc, the effective polymerization
velocity (c.f. Table 3) is V* kon MS cos(Oc). The observed
value of - 1 ,um/s is achieved for a monomer concentration
at the leading edge ofM 45 ,uM. While this is higher than
the cytoplasmic value of - 10 ,uM, the effective concen-
tration of monomer just under the leading membrane edge is
probably much higher due to the presence of proteins anal-
ogous to ActA in Listeria, which recruit polymerization-
competent monomers (Friederich et al., 1995; Kocks and
Cossart, 1993; Kocks et al., 1993; Southwick and Purich,
1995).
The computed load-velocity curve for a lamellipod, using

the data in Table 1, is plotted in Fig. 4 b. Using Eq. 8 the
stall force per filament isfs - (2 kBT/O)(X16)1/2 - 5 pN. The
total stall force would then be 5 pN X 5000 - 25 nN. Using
a microneedle, Oliver et al. measured the force required to
stop the advancing lamellipodium of a keratocyte as - 45

TABLE 4 Protein localization in regions of high membrane
curvature

Protein Reference

ActA expressed in mammalian (Friederich et al., 1995)
cells at the tips of membrane
ruffles

Proteins localized to membrane (Ridley, 1994)
ruffles

rab 8 proteins at the tips of (Chen et al., 1993)
lamellae and ruffles

Actin nucleation sites at the rims (DeBiasio et al., 1988)
of lamellipodia

Virus spikes on filopodia (Mortara and Koch, 1989)
Diacylglycerol-nucleating actin (Shariff and Luna, 1992)

assembly
Coatamers on the rim of the Golgi (Kreis, 1992)
Receptors clustering in coated pits (Anderson and Kaplan, 1983)
GPI-anchored proteins and calcium (Fujimoto, 1993; Hooper, 1992)
pumps in caveolae

nN, which compares favorably with the theoretical value
(Oliver et al., 1994, 1995b).
We conclude that 1) lamellipodial protrusion is driven by

rectified polymerization of the thermally fluctuating actin
filaments, and 2) the orthogonal geometry of the filaments
is nucleated by the angular dependence of the protrusion
velocity, and is subsequently "frozen in" by actin cross-
linking proteins. We predict that, as the resistance force
increases, the filaments of the lamellipodial cytoskeleton
will align at angles more parallel to the leading edge of the
cell. At the measured stall load, the filaments should be
almost parallel to the edge, a conclusion that may be
checked experimentally with sufficiently high resolution
electron microscopy. We also predict that higher concen-
trations of actin-binding proteins would produce heavier
cross-linking, shorter free ends of the filaments, and effec-
tively slower protrusion velocities.
The above analysis depends on the presence of membrane

proteins to damp the fluctuations of the bilayer at the
leading edge sufficiently to inhibit monomer intercalation.
Where the concentration of protein falls sufficiently, the
thermal fluctuations of the membrane will permit intercala-
tion of monomers without the necessity of filament fluctu-
ation. In this situation, the optimal approach angle for
filaments is normal to the bilayer (Oc = 00). In such regions
we expect the actin to cross-link into parallel bundles, rather
than an orthogonal network. This may represent the nucle-
ation of microspikes in fibroblasts and filament bundles in
keratocytes. This phenomenon is discussed more fully in
Mogilner and Oster (1996).

Finally, we mention that lamellipodial protrusion is often
accompanied by a centripetal flow of cytoplasm: particles
and ruffles on the dorsal surface of the lamella move toward
the perinuclear area. Because this retrograde, or centripetal,
flow of lamellar substance accompanies cell migration,
there must be a counter-flow of material in the lamellipod
(Sheetz, 1994; Small, 1994; Stossel, 1993; Theriot and
Mitchison, 1991). Fast centripetal flow of up to 100 nm/s is
observed in neural growth cone-lamellae (Lin and Forscher,
1995). In fibroblasts the centripetal flow is fast, while in
keratocytes it is slow (Sheetz, 1994). An analysis and model
for centripetal flow is given in Mogilner and Oster (1996);
this model depends on the velocity formula derived here as
a boundary condition.

DISCUSSION

Energetic arguments have long been cited in support of the
presumption that actin polymerization can produce an axial
force (Cooper, 1991; Hill and Kirschner, 1982). However,
thermodynamics can only assert what is energetically pos-
sible, but can say nothing about whether a mechanism is
mechanically feasible. Here we have analyzed the mechan-
ics of actin polymerization and demonstrated how growing
filaments can develop a protrusive pressure.

Previously, Peskin et al. (1993) demonstrated that poly-
merization of a rigid filament could push a load. In their

Mogilner and Oster 3037

predicted stall force for strip of 5µm membrane front: 25nN
(5000 filaments and 5pN stall force/filament)

measurement: 45nN to stop advancing membrane in keratocyte

The model predicts that filaments grow more and more 
parallel to membrane  as the resistance force increases
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given by

4AkBT Ko(f, A)K(C, A, 0) - 3sin2(0) - sin2(0)Actin
filament tip

(2)

Rigid
actin
network

on

The statistical motion of a filament tip subject to a harmonic
restoring force of the effective spring and a load force can
be described by a Fokker-Planck equation. In Appendix C
we use the fact that the thermal fluctuations of the filament
tips is much faster than the polymerization rate to solve this
Fokker-Planck equation using perturbation theory; the result
is the following expression for the velocity:

where

V

y

-l, _lv
I1 -I

(b)

FIGURE 1 (a) Schematic of a free actin filament tip of length e imping-
ing on a load at an angle 0. A filament tip can add a monomer only by a
bending fluctuation of amplitude A. The polymerization rate is knM - kff,
where M is the monomer concentration. The actin network behind the last
cross-link is regarded as a rigid support. (b) The mechanical equivalent of
(a). The bending elasticity is equivalent to a spring constant, K, given by
Eq. 2. y is the equilibrium distance of the tip from the load, and x is the
deviation of the tip from its equilibrium position.

fluctuation amplitude is 6 cos(0). The frequency with which
these gaps appear, along with the local concentration of
actin monomers, determines whether, and how fast, the gel
surface can advance. A freely polymerizing tip advancing at
an angle 0 would grow at a velocity

Vp = A(konM-k0f) (1)

where A = 6 cos(0) is the projected size of a monomer onto
the direction of protrusion (c.f. Appendix A. 1). However,
because of the load, the actual velocity of the gel front will
be less than Vp.
A filament bends much more easily than it compresses,

and so the major mode of thermal motion for a single fiber
is a bending undulation. In Appendix B we show that a
filament impinging on the load at an angle 0 behaves as an
effective one-dimensional spring with an elastic constant

where Yo is the average asymptotic equilibrium distance of
the tip from the load. Eq. 3 resembles the expression (Eq. 1)
for a freely polymerizing filament if we interpret i(0, yo) as
the probability of a gap of sufficient size and duration to
permit intercalation of a monomer. We have assumed that
the only barrier to intercalation is geometric. That is, a gap
equal to the projected size of a monomer is necessary and
sufficient for intercalation. The expression for '(0, yo) given
by Eq. 4 depends on yo, which can be found as follows.
The potential energy of the filament free end is Ey=

1/2K(X _ yO)2, where x is the instantaneous position of the tip
and yo its elastic equilibrium position, both relative to the
load. In Appendix D we use this potential to derive the
average force that a thermally fluctuating filament exerts on
the load:

f(yo) :::t- kBT exp(-Kyo2/2kBI)
fJb1exp(- K(X -yO)2/2kBT)dX

It is easy to show that flyo) is monotonically decreasing.
Note that Eq. 5 has the units of force since the denominator
has the units of length. Thus, Eq. 5 can be inverted to give
yo(f) and inserted into Eqs. 3 and 4 to yield the following
load-velocity relationship, which is the principal result of
this paper:

Here p(0, f ) = p[0, yo(f )] is the steady-state probability of
a gap of width 8 cos(O) between the filament tip and the
force, f. Note that the expression for this probability also
depends on the flexibility of the filament tip through the
parameters e and A.

In general, function p(O, f ) must be computed numeri-
cally. The generic shape of the load-velocity relationship,
V(f, 0), is shown in Fig. 2. A crucial feature is that the
filament growth velocity is not a monotonic function of the
angle, but passes through a maximum at a critical filament
angle Oc. The reason is clear: thermal fluctuations may not
be able to bend a stiff filament acting normally to the

ka'

V A[konMiO(O, yo) - koff] (3)

fJexp(- K(X - yO)2/2kBT)dx
P(0,YO) = f'exp(- K(X- yo)2/2kBT)dx (4)

(5)

V 6scos (0)[konMp(0,f) - koff] (6)
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At low angles thermal fluctuations cannot sufficiently bend filament for filament 
growth. At large angles, the thrust associated with polymerization is lower. So there 
must be an optimum in between.
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Importance of membrane tension

Thomas LECUIT   2021-2022

—load force in Brownian ratchet models 

multiple
lamellipodia

single
lamellipodium

low tension high tension

Migration 
speed

Membrane tension

increased
streamlining

increased
polarization

decreased
polymerization

increased
retrograde flow

actin monomer

F-actin

focal adhesion

P. Sens and J. Plastino. J. Phys.: Condens. Matter 27 (2015) 273103 (13pp) 

• Membrane tension depends on available membrane area, cytoskeletal activity (actin 
polymerization) and cell-substrate adhesion (wetting forces)

• Membrane tension in turn affects actin polymerisation and cell migration

Feedback between membrane tension and actin polymerization during cell motility
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Membrane tension and cytoskeletal forces

Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)

• Measurement of cell membrane tension using an optical tweezer

A B

C D E
n=65 cells

giving B = 0.14 6

measured in other cell

mated from the

0.01 pN $ mm, T=

range between 150

of 276 6 10 pN/mm

values are high compared
F  =

T
of 54 6 1 pN

Membrane tension
Tether forces

Bending modulus
(links tether force FT 
and tether radius RT)

Thomas LECUIT   2021-2022

Feedback between membrane tension and actin polymerization during cell motility

A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)
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CBA

• Membrane Tension requires an « active » 
cytoskeleton (turnover and contraction)

B

A

C D

n=100 n=60 cells n=50

n= 30 cells

• Tension is enhanced by actin based
       protrusive forces at cell front

Thomas LECUIT   2021-2022

Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)

A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)

F-actin density 
(phalloidin)
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• In-plane membrane tension is the main 
contributor of tension in keratocytes 
(tension in blebs similar to non-bleb regions)

A B

n=7

CytoD treated cell’s blebbs

Thomas LECUIT   2021-2022

Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. (2013)
A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)

(RGD density)

• Tension is enhanced by cell-substrate 
adhesion and low contractility

A

B

n=11
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Lieber AD. et al, Theriot J, and Keren K. Current Biol. 23:1409. 2013

• Cells adjust actin polymerisation to membrane 
surface area so as to maintain membrane tension:

     >Feedback of tension on actin  polymerization  

(consistent with Brownian ratchet model)? 

A B C

n=105

• Membrane tension is determined by 
mechanical force balance between 
actin pushing forces, load exerted by 
membrane tension, myosin 
contraction and adhesion to 
substrate. 

F

Thomas LECUIT   2021-2022

Membrane tension and cytoskeletal forces

Feedback between membrane tension and actin polymerization during cell motility

>Homeostasis
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Title

Bieling et al., D. Fletcher and D. Mullins Cell 164, 115–127 (2016)

Force feedback on branched actin network  

architecture and mechanics

�26



Thomas LECUIT   2021-2022

A

B mCherry-WAVE1∆N Alexa488-actin

mCherry

ActinWH
2

Profilin-Actin

CA

PEG-Layer
NPF

Arp2/3

Profilin-Actin

PEG

Thioether

CP

Actin filament

micropattern

Cantilever

Ezrin

s
id

e
 v

ie
w

15µm

t = 0min t = 1:30min t = 3:00min t = 4:30min t = 6:00min

v ≈ 
7µm/min

Arp2/3

Bieling et al., D. Fletcher and D. Mullins Cell 164, 115–127 (2016)

• An in vitro assay to assess actin assembly in response to a load
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• Force feedback increases actin density
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• Force feedback increase mechanical efficiency of actin network

Force feedback on branched actin network  

architecture and mechanics
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• How do load-induced changes in network architecture affect the ability of 
branched networks to transmit and resist forces? 

• Growing branched actin networks adapt to a specific growth force to become 
maximally stiff and minimally viscous at that load. 

D measure properties

at increasing load
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Bieling et al., D. Fletcher and D. Mullins Cell 164, 115–127 (2016)

Force feedback on branched actin network  

architecture and mechanics

branched actin networks 
are stiffest when the test 
load matches the original 
growth force 
experienced during its 
assembly.

Stiffness of network increases 
with filament density

https://www.biorxiv.org/content/10.1101/2021.05.24.445507v1Mechanism:
�28



Load adaptation of lamellipodial actin networks

Thomas LECUIT   2021-2022
J. Mueller et al.,  and M. Sixt Cell 171, 188–200 (2017)
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Load adaptation of lamellipodial actin networks

J. Mueller et al.,  and M. Sixt Cell 171, 188–200 (2017)

• As cell projected area increases, actin density increases and protrusion speed decreases

—cell area increases correlates with increased membrane tension

• Increase in membrane tension increases actin density and reduces velocity (and vice versa)
—Membrane aspiration is used to increase membrane tension
    Detachement reduces membrane tension
— Test of causality
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Load adaptation of lamelipodial actin networks

J. Mueller et al.,  and M. Sixt Cell 171, 188–200 (2017)

—EM tomography reveals changes in branched actin network architecture following 
changes in membrane tension (ie. mechanical load on actin)

• angles of actin filaments are 
normally predominantly at 
around +/- 35°

• Following transient increase in 
membrane tension, angles at 

0-20° and 50-70° are more 
frequent

• When tension is decreased, 
angles at 0° become 

predominent

• Geometry
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Load adaptation of lamelipodial actin networks

J. Mueller et al.,  and M. Sixt Cell 171, 188–200 (2017)

—Stochastic computational model based force velocity curves from Mogilner & Oster 1996

• Given a certain value of 
protrusion speed, filaments that 
grow at angle    need to grow at 
velocity             faster to keep up 
with the membrane 

• If load is reduced, speed increases, 
and filaments that grow at lower 
angles reach the plasma 
membrane faster than other 
filaments, which thus are capped.

• Conversely, if load is increased 
filaments are larger angles are 
selected as well. 

angle 4

advancing membraneð1=cos4Þ

keep contact

• Filaments away from the leading edge 

membrane are not protected from 

capping and stop elongating
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1. Force generation: Active processes: actin pushing 

forces, actin flow, actomyosin contractility

2. Force transmission: Passive resistance: friction/
adhesion, viscous resistance of medium.

 Mechanics of cell crawling on substrate in 2D



Cell adhesion and force transmission

Thomas LECUIT   2021-2022

The molecular clutch model
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Fig ure  5. Te nsio n a nd  Fo rwa rd  Mo ve me nt Is Pro d uc e d  Whe n Ac tin 

Re tro g ra d e  Flo w Is Blo c ke d  b y Bind ing  to  Re c e p to rs 

In (a ) a  futile  c yc le  o f a c tin a sse mb ly (sha d e d  c he vro ns) a nd  d isa s- 

se mb ly (fa int c he vro ns) a nd  re tro g ra d e  flo w  is p ro d uc e d  b y the  a c - 

tio n o f myo sin o n the  a c tin fila me nts, whe n the re  is no  me c ha nic a l 

linka g e  with the  e xtra c e llula r sub stra tum. Ac tin is sho wn d isso c ia t- 

ing  fro m its p o inte d  e nd  (11, while  the  a c tin fila me nt is b e ing  d rrve n 

to  the  le ft b y myo sin (2) a tta c he d  to  a  rig id  sub me mb ra no us ma trix 

(3). The  a c trn fila me nt IS no t inte ra c ting  with the  ta lin (4), whic h is 

b o und  to  the  inte g rin re c e p to r (5) thro ug h the  me mb ra ne  to  the  e x- 

tra c e llula r sub stra tum (61. 

In (b ) te nsio n a nd  fo rwa rd  m o ve m e nt is p ro d uc e d  whe n the re  is a  

me c ha nic a l inte ra c tio n b e twe e n the  ta lin a nd  the  a c tin fila me nt. 

Und e rthe se c irc umsta nc e s, the a c tin fila me nt issta tio na ry b y virtue  

o f its rig id  me c ha nic a l inte ra c tio n with the  e xtra c e llula r sub stra tum 

(6) via  inte g rrn (5) a nd  ta lin (4), whic h is no w sho wn a tta c he d  e ithe r 

d ire c tly o r ind rre c tly to  the  a c tin. The  myo sin (2) a nd  its sta b le  sub - 

me mb ra no us e le me nt (3) no w c ra wl to  the  rig ht o n the  rig id  a c tin 

fila me nt. Ne w a c trn sub units a d d  a t the  b a rb e d  e nd  (sho wn a s 

sha d e d  c he vro ns), le a d ing  to  p ro trusio n. 

ly b y p o lyme r d yna mic s c o nstra ine d  b y a  rig id  b a rrie r. 

Re tro g ra d e  tra nslo c a tio n o f a c tin fila me nts c o uld  b e  

d rive n b y myo sin (Fig ure  4b ). C o nve ntio na l myo sin, no w 

c a lle d  myo sin typ e  II, ha s g e ne ra lly no t b e e n fo und  in 

la rg e  a mo unts ne a r the  le a d ing  e d g e  (Zig mo nd  e t a l., 

1979; Le to urne a u, 1981; Yumura  e t a l., 1984) This sug - 

g e sts tha t its ro le  in mo tility is a t mo st a n ind ire c t o r 

g lo b a l o ne , suc h a s e xtrud ing  c yto p la sm b y sq ue e zing  a  

d ista nt p a rt o f the  c e ll like  a  to o thp a ste  tub e . The  re c e nt 

d isrup tio n o f the  myo sin typ e  II g e ne  in slime  mo ld s 

witho ut imp a irme nt o f mo tility re info rc e s the  a rg ume nt 

tha t myo sin II is no t invo lve d  in la me llip o d ia l p ro trusio n 

(Kne c ht a nd  Lo o mis, 1987; De Lo za nne  a nd  Sp ud ic h, 

1987). Re c e ntly, ho we ve r, typ e  I myo sins tha t ma y d rive  

the  re tro g ra d e  flo w o f a c tin ha ve  b e e n d e sc rib e d  (Ko rn 

e t a l., 1988). The se  la c k a  he lic a l ta il with whic h to  fo rm 

fila me nts, a nd  p ro b a b ly inte ra c t with c e llula r me m- 

b ra ne s. Fo r myo sin to  d rive  re tro g ra d e  a c tin flo w, a s 

sho wn in Fig ure  4b , the  myo sin must b e  te the re d  to  

so me  sta b le  sub me mb ra no us struc ture  tha t will no t te nd  

to  mo ve  fre e ly with the  p la sma  me mb ra ne . In this mo d e l 

fo rc e  g e ne ra te d  b y myo sin wo uld  te nd  to  d rive  e ithe r the  

a c tin fila me nts b a c kwa rd  o r the  me mb ra no us c o mp o - 

ne nts fo rwa rd . It ha s b e e n sho wn re c e ntly tha t a  110 kd  

myo sin I in the  inte stina l mic ro villus links the  c o re  a c tin 

fila me nts to  the  me mb ra ne  (Mo o se ke r, 1985; C o llins 

a nd  Bo ryse nko , 1984). This myo sin ha s a c tua lly b e e n 

fo und  to  e xe rt fo rc e  in in vitro  e xp e rime nts (Mo o se ke r 

e t a l., 1988). Inte re sting ly, the  ma ximum ve lo c ity tha t 

this myo sin ha s b e e n d e mo nstra te d  to  mo ve  o n a c tin 

fila me nts in vitro , 3 urn min-’  fo r myo sin me mb ra ne  

p la q ue s, is ve ry simila r to  the  ma ximum ra te  o f re tro - 

g ra d e  a c tin flux in g ro wth c o ne s in vitro . We  e xp e c t tha t 

the se  sma ll myo sins ma y b e  wid e ly d istrib ute d  a nd  tha t 

ATP hyd ro lysis b y myo sin I is the  b e st c a nd id a te  fo r 

p ro vid ing  the  mo tile  fo rc e  o n a c tin fila me nts (Fig ure  4b ). 

When Does Actin Polymerization Lead to 

Protrusive Activity? 

We ha ve  d e sc rib e d  filo p o d ia  in ste a d y sta te , whe re  the  

p ro visio n o f a c tin sub units a t the  p la sma  me mb ra ne  is 

b a la nc e d  b y tra nslo c a tio n o f the  fila me nt b und le  to wa rd  

the  c e ll b o d y, Mo st o fte n filo p o d ia  a re  in fa c t e ithe r a d - 

va nc ing  o r re tra c ting  (Bra y a nd  C ha p ma n, 1985). 

Whe the r the  le a d ing  e d g e  p ro trud e s o r re tra c ts is d e p e n- 

d e nt o n the  b a la nc e  b e twe e n p o lyme riza tio n o nto  the  

b a rb e d  e nd s, re tro g ra d e  mo ve me nt o f the  fila me nts, a nd  

whe the r myo sin-c o nta ining  sub me mb ra no us struc ture s 

mo ve  fre e ly with the  a c tin o r a re  sta tio na ry re la tive  to  

the  a c tin fila me nts. Re tro g ra d e  flux c o ntinue s in b o th 

ra p id ly mo ving  a nd  sta tio na ry g ro wth c o ne s (Bra y a nd  

C ha p ma n, 1985; Fo rsc he r a nd  Smith, 1988), so  it ma y b e  

a  re la tive ly c o nsta nt p a ra me te r-p e rha p s wo rking  a t the  

full sp e e d  o f the  typ e  I myo sin. Thus whe the r a  filo p o - 

d ium p ro trud e s o r re tra c ts is p ro b a b ly d e c id e d  b y the  

ra te  o f p o lyme riza tio n. This ra te  is g o ve rne d  b y b o th the  

lo c a l a c tin mo no me r c o nc e ntra tio n a nd  the  a c c e ssib ility 

o f the  b a rb e d  e nd s. Ac c e ssib ility c a n b e  c o ntro lle d  b y 

the  p hysic a l b a rrie r o f the  me mb ra ne  o r b y sp e c ific  c a p - 

p ing  p ro te ins. Sud d e n e xte nsio n-suc h a s o c c urs d uring  

filo p o d ia l o r la me llip o d ia l p ro trusio n-c o uld  the re fo re  

re sult fro m a ny c o mb ina tio n o f inc re a se d  mo no me r 

c o nc e ntra tio n, d e c re a se d  a ffinity o f a  c a p p ing  p ro te in, 

o r d e c re a se d  me mb ra ne  re sista nc e  (lo c a l so fte ning ), 

suc h a s mig ht o c c ur a s a  re sult o f e xo c yto sis. In the  se a  

c uc umb e r sp e rm a c ro so me , p ro trusio n se e ms to  b e  

d rive n b y inc re a se d  mo no me r c o nc e ntra tio n d ue  to  d is- 

so c ia tio n o f a c tin fro m its c o mp le x with the  mo no me r 

b ind ing  p ro te in p ro filin (Tilne y e t a l., 1978). The re  is 

so me  e vid e nc e  tha t the  p ro filin-a c tin c o mp le x c a n b e  

re g ula te d  b y se c o nd  me sse ng e rs in o the r c e lls (Ha nsso n 

e t a l., 1988). Re c e nt e xp e rime nts ha ve  sho wn tha t re c e p - 

to rs c a n re g ula te  the  p o lyme riza tio n o f a c tin o ff wa she d  

me mb ra ne s (C a rso n e t a l., 1986), sug g e sting  tha t se c o nd  

me sse ng e r syste ms mig ht re g ula te  a c tin c a p p ing  fa c to rs. 

How Does the Retrograde Flow of Actin 

Generate Tension? 

Ad va nc ing  g ro wth c o ne s g e ne ra te  te nsio n o n the  sub - 

stra tum (Bra y, 1979). We  a re  inte re ste d  in the  ro le  a c tin 

d yna mic s p la y in this p ro c e ss. To  g e ne ra te  te nsio n, the  

g ro wth c o ne  must ma ke  a tta c hme nts to  the  sub stra tum. 
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Introduction 

Ne rve  c e lls e sta b lish the ir c o nne c tio ns b y e xte nd ing  

ne uritic  p ro c e sse s a wa y fro m the  ra the r fixe d  p o sitio n o f 

the  c e ll b o dy. In the  c a se  o f a xo ns, this g ro wth c a n b e  

e xte nsive  a nd  the  a xo n itse lf c a n c o nta in mo re  tha n 99% 

o f the  c yto p la smic  vo lume  (He id e nha in, 1911). The re  is 

a b und a nt e vid e nc e  tha t the  c yto ske le to n is the  ma jo r in- 

te rna l struc ture  d e fining  the  mo rp ho lo g y o f ne uro ns 

(Le to urne a u, 1982; Lo c ke rb ie , 1987). We  fe e l tha t a n un- 

d e rsta nd ing  o f ho w the  a xo na l c yto ske le to n is a sse m- 

b le d  wo uld  la rg e ly e xp la in the  o ve ra ll intra c e llula r p ro - 

c e ss o f ne uro na l g ro wth. Ac c o rd ing  to  this vie w, the  

info rma tio n fro m b o th intrinsic  a nd  e xtrinsic  so urc e s 

tha t g o ve rns the  d ire c tio n a nd  mo rp ho lo g y o f ne uro na l 

p ro c e sse s a c ts e ithe r d ire c tly o r ind ire c tly to  influe nc e  

the  sp a tia l o rg a niza tio n o f the  c yto ske le to n. While  the  

c o rre c t sp a tia l o rg a niza tio n o f me mb ra ne  e le me nts is 

o b vio usly a lso  imp o rta nt, we  sug g e st tha t this is la rg e ly 

d e fine d  b y c yto ske le ta l e le me nts. We  will no t d isc uss e x- 

p lic itly me mb ra ne  d yna mic s e xc e p t a s the y a ffe c t the  

c yto ske le to n, no r will we  d isc uss e xp lic itly e xtrinsic  

g uid a nc e  c ue s. in this re vie w we  sha ll fo c us o n the  ro le  

o f a c tin mic ro fila me nts a nd  mic ro tub ule s in ne uro na l 

g ro wth. We  sha ll try to  o utline  a  numb e r o f mo le c ula r 

p o ssib ilitie s tha t c o uld  e xp la in c e ll mo tility a t the  g ro wth 

c o ne  a nd  e xte nsio n o f the  a xo n pro c e ss. Using  kno wl- 

e d g e  o f a xo na l b e ha vio r a nd  the  b io c he mic a l p ro p e rtie s 

o f a c tin a nd  tub ulin, we  sha ll try to  na rro w d o wn the  

numb e r o f p o ssib le  mo d e ls a t this time . Muc h o f o ur in- 

fo rma tio n will c o me  fro m e xa mp le s fro m no nne uro na l 

c e lls, a nd  we  will use  this info rma tio n to  d e ve lo p  a  

mo d e l fo r ne rve  c e ll g ro wth. We  sha ll no t c o nsid e r the  

ro le  o f ne uro fila me nts. The ir slo w ra te  o f mo no mtir- 

p o lyme r e xc ha ng e  se e ms inc o nsiste nt with the ir p la ying  

a  ma jo r ro le  in the  initia l e la b o ra tio n a nd  sta b iliza tio n 

o f g ro wing  a xo ns (Willia ms a nd  Rung e , 1983). Furthe r- 

mo re , fro m the  p o int o f vie w o f a xo n g ro wth, we  no te  

tha t a rthro p o d s a p p a re ntly ma na g e  to  e sta b lish ne rvo us 

syste ms witho ut the se  p o lyme rs (Phillip s e t a l., 1983) 

a nd  in ma mma ls e a rly ne urite  o utg ro wth c a n o c c ur 

witho ut the ir e xp re ssio n (Sha w e t a l., 1985). 

Nerve Growth Can Be Divided into Three Processes 

An e a rly b re a kthro ug h in the  und e rsta nd ing  o f ne uro na l 

g ro wth c a me  fro m the  re a liza tio n b y Ra mo n y C a ja l tha t 

the  ne two rk o f ne rve  fib e rs re p re se nte d  hig hly e xte nd e d  

p ro c e sse s o f sing le  c e lls (Ra mo n y Ca ja l, 1909). He  id e n- 

Review 

tifie d  the  g ro wth c o ne  a s the  a c tive ly mo tile  struc ture  a t 

the  e xtre mity o f the se  c e lls d uring  the  p ro c e ss o f a xo n 

o utg ro wth. As the  g ro wth c o ne  a d va nc e s, the  a xo n is 

e la b o ra te d  b e hind  it, a nd  b y this simp le  pro c e ss, the  b a - 

sic  a na to my o f the  ne rvo us syste m is g e ne ra te d . We  

kno w tha t the  p ro te in b uild ing  b lo c ks fo r the  c o nstruc - 

tio n o f ne w le ng ths o f a xo n a re  synthe size d  in the  c e ll 

b o d y a nd  tra nsp o rte d  d o wn the  a xo n (Gra fste in a nd  Fo r- 

ma n, 1980). The  q ue stio n o f whe the r c yto ske le ta l e le - 

me nts a re  tra nsp o rte d  d o wn the  a xo n a s mo no me r5 o r 

p o lyme rs is c urre ntly q uite  c o ntro ve rsia l, so  we  c a nno t 

p re se ntly d e c id e  whe the r a c tin a nd  tub ulin c o nstitute  a  

func tio na l p a rt o f the  a xo na l c yto ske le to n d uring  tra ns- 

p o rt (Bla c k a nd  La se k, 1980; Nixo n a nd  Lo g vine nko , 

1986; Ba mb urg , 1988). We  sha ll a rg ue , ho we ve r, tha t 

b o th a c tin a nd  tub ulin a sse mb le  into  the  sta b le  a xo na l 

c yto ske le to n a t the  ne c k o r the  c e ntra l re g io n o f the  

g ro wth c o ne  (a  re g io n tha t c a n b e  d e fine d  mo rp ho lo g i- 

c a lly a s the  fina l e xtre mity o f the  ma jo rity o f mic ro tu- 

b ule s a nd  me mb ra ne -b o und  ve sic le s) tle to urne a u, 

1983) a nd  tha t it is a t this p o int tha t the  sp a tia l o rg a niza - 

tio n o f the se  p o lyme rs in the  g ro wing  a xo n is d e fine d . 

Co nse q ue ntly, it is the  re g io n a ro und  the  ne c k o f the  

g ro wth c o ne  whe re  d e c isio ns a re  ma d e  a s to  whic h 

d ire c tio n the  a xo n will g ro w. 

Fro m the se  c o nsid e ra tio ns we  sha ll a rg ue  tha t d ire c te d  

ne uro na l g ro wth re sults fro m the  c o mb ina tio n o f thre e  

pro c e sse s: tra nsp o rt o f p re c urso rs to  the  g ro wth c o ne , 

a c tive  mo tility o f the  g ro wth c o ne , a nd  a sse mb ly o f the  

a xo na l c yto ske le to n a t the  ne c k o f the  g ro wth c o ne . We  

sha ll o rg a nize  this re vie w p rinc ip a lly o n the  b a sis o f 

a na to my, b o th c e llula r a nd  mo le c ula r. Our a im will b e  

to  o ffe r a  mo le c ula r e xp la na tio n fo r the  la st two  o f the se  

p ro c e sse s a nd  to  a na lyze  ho w the y c o ntrib ute  to  d ire c t- 

ing  ne ura l g ro wth to wa rd  sp e c ific  ta rg e ts. 

The Growing Axon Consists of Two Discrete 

Cytoplasmic Domains 

Alre a d y imp lic it in o ur d isc ussio n o f the  g ro wth o f a n 

a xo n wa s the  d ivisio n o f its c yto p la sm into  two  d o ma ins: 

the  a xo n tub e  a nd  the  g ro wth c o ne . We  sha ll re fe r to  the  

c yto p la sm in the se  two  d o ma ins a s a xo p la sm a nd  

kine to p la sm, re sp e c tive ly (se e  Fig ure  I). ,4xo p la sm is 

sp e c ia lize d  fo r tra nsp o rt, a nd  mic ro tub ule s d o mina te  its 

c yto ske le to n, a ltho ug h a c tin is a lso  p re se nt in the  a xo n 

a s a  c o rtic a l she ll (Hiro ka wa , 1982; Sc hna p p  a nd  Re e se , 

1982). Kine to p la sm is sp e c ia lize d  fo r mo tility a nd  lo c o - 

mo tio n a nd  is d o mina te d  b y a c tin fila me nts (Le to ur- 

ne a u, 1983). In a d d itio n, the re  is a  tra nsitio n zo ne  b e - 

twe e n the  kine to p la sm a nd  the  a xo p la sm c o nta ining  le ss 

o rg a nize d  ve sic le s in the  c e ntra l re g io n o f ne uro ns 

(Go ld b e rg  a nd  Burme iste r, 1986). De sp ite  the se  d iffe r- 

e nc e s, the  p ro te in c o nte nt o f the  kine to p la sm a nd  a xo - 

p la sm is like ly to  b e  q uite  simila r. The  ma jo r d iffe re nc e  

lie s in the  sp a tia l o rg a niza tio n a nd  d yna mic s o f the ir 

c yto ske le to ns. In the  a xo p la sm tub ulin a nd  a c tin a re  
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Introduction 

Ne rve  c e lls e sta b lish the ir c o nne c tio ns b y e xte nd ing  

ne uritic  p ro c e sse s a wa y fro m the  ra the r fixe d  p o sitio n o f 

the  c e ll b o dy. In the  c a se  o f a xo ns, this g ro wth c a n b e  

e xte nsive  a nd  the  a xo n itse lf c a n c o nta in mo re  tha n 99% 

o f the  c yto p la smic  vo lume  (He id e nha in, 1911). The re  is 

a b und a nt e vid e nc e  tha t the  c yto ske le to n is the  ma jo r in- 

te rna l struc ture  d e fining  the  mo rp ho lo g y o f ne uro ns 

(Le to urne a u, 1982; Lo c ke rb ie , 1987). We  fe e l tha t a n un- 

d e rsta nd ing  o f ho w the  a xo na l c yto ske le to n is a sse m- 

b le d  wo uld  la rg e ly e xp la in the  o ve ra ll intra c e llula r p ro - 

c e ss o f ne uro na l g ro wth. Ac c o rd ing  to  this vie w, the  

info rma tio n fro m b o th intrinsic  a nd  e xtrinsic  so urc e s 

tha t g o ve rns the  d ire c tio n a nd  mo rp ho lo g y o f ne uro na l 

p ro c e sse s a c ts e ithe r d ire c tly o r ind ire c tly to  influe nc e  

the  sp a tia l o rg a niza tio n o f the  c yto ske le to n. While  the  

c o rre c t sp a tia l o rg a niza tio n o f me mb ra ne  e le me nts is 

o b vio usly a lso  imp o rta nt, we  sug g e st tha t this is la rg e ly 

d e fine d  b y c yto ske le ta l e le me nts. We  will no t d isc uss e x- 

p lic itly me mb ra ne  d yna mic s e xc e p t a s the y a ffe c t the  

c yto ske le to n, no r will we  d isc uss e xp lic itly e xtrinsic  

g uid a nc e  c ue s. in this re vie w we  sha ll fo c us o n the  ro le  

o f a c tin mic ro fila me nts a nd  mic ro tub ule s in ne uro na l 

g ro wth. We  sha ll try to  o utline  a  numb e r o f mo le c ula r 

p o ssib ilitie s tha t c o uld  e xp la in c e ll mo tility a t the  g ro wth 

c o ne  a nd  e xte nsio n o f the  a xo n pro c e ss. Using  kno wl- 

e d g e  o f a xo na l b e ha vio r a nd  the  b io c he mic a l p ro p e rtie s 

o f a c tin a nd  tub ulin, we  sha ll try to  na rro w d o wn the  

numb e r o f p o ssib le  mo d e ls a t this time . Muc h o f o ur in- 

fo rma tio n will c o me  fro m e xa mp le s fro m no nne uro na l 

c e lls, a nd  we  will use  this info rma tio n to  d e ve lo p  a  

mo d e l fo r ne rve  c e ll g ro wth. We  sha ll no t c o nsid e r the  

ro le  o f ne uro fila me nts. The ir slo w ra te  o f mo no mtir- 

p o lyme r e xc ha ng e  se e ms inc o nsiste nt with the ir p la ying  

a  ma jo r ro le  in the  initia l e la b o ra tio n a nd  sta b iliza tio n 

o f g ro wing  a xo ns (Willia ms a nd  Rung e , 1983). Furthe r- 

mo re , fro m the  p o int o f vie w o f a xo n g ro wth, we  no te  

tha t a rthro p o d s a p p a re ntly ma na g e  to  e sta b lish ne rvo us 

syste ms witho ut the se  p o lyme rs (Phillip s e t a l., 1983) 

a nd  in ma mma ls e a rly ne urite  o utg ro wth c a n o c c ur 

witho ut the ir e xp re ssio n (Sha w e t a l., 1985). 

Nerve Growth Can Be Divided into Three Processes 

An e a rly b re a kthro ug h in the  und e rsta nd ing  o f ne uro na l 

g ro wth c a me  fro m the  re a liza tio n b y Ra mo n y C a ja l tha t 

the  ne two rk o f ne rve  fib e rs re p re se nte d  hig hly e xte nd e d  

p ro c e sse s o f sing le  c e lls (Ra mo n y Ca ja l, 1909). He  id e n- 
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o utg ro wth. As the  g ro wth c o ne  a d va nc e s, the  a xo n is 

e la b o ra te d  b e hind  it, a nd  b y this simp le  pro c e ss, the  b a - 
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me nts a re  tra nsp o rte d  d o wn the  a xo n a s mo no me r5 o r 
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p re se ntly d e c id e  whe the r a c tin a nd  tub ulin c o nstitute  a  
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p o rt (Bla c k a nd  La se k, 1980; Nixo n a nd  Lo g vine nko , 
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b ule s a nd  me mb ra ne -b o und  ve sic le s) tle to urne a u, 

1983) a nd  tha t it is a t this p o int tha t the  sp a tia l o rg a niza - 

tio n o f the se  p o lyme rs in the  g ro wing  a xo n is d e fine d . 

Co nse q ue ntly, it is the  re g io n a ro und  the  ne c k o f the  

g ro wth c o ne  whe re  d e c isio ns a re  ma d e  a s to  whic h 

d ire c tio n the  a xo n will g ro w. 

Fro m the se  c o nsid e ra tio ns we  sha ll a rg ue  tha t d ire c te d  

ne uro na l g ro wth re sults fro m the  c o mb ina tio n o f thre e  
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ing  ne ura l g ro wth to wa rd  sp e c ific  ta rg e ts. 

The Growing Axon Consists of Two Discrete 

Cytoplasmic Domains 

Alre a d y imp lic it in o ur d isc ussio n o f the  g ro wth o f a n 

a xo n wa s the  d ivisio n o f its c yto p la sm into  two  d o ma ins: 

the  a xo n tub e  a nd  the  g ro wth c o ne . We  sha ll re fe r to  the  

c yto p la sm in the se  two  d o ma ins a s a xo p la sm a nd  

kine to p la sm, re sp e c tive ly (se e  Fig ure  I). ,4xo p la sm is 

sp e c ia lize d  fo r tra nsp o rt, a nd  mic ro tub ule s d o mina te  its 

c yto ske le to n, a ltho ug h a c tin is a lso  p re se nt in the  a xo n 

a s a  c o rtic a l she ll (Hiro ka wa , 1982; Sc hna p p  a nd  Re e se , 

1982). Kine to p la sm is sp e c ia lize d  fo r mo tility a nd  lo c o - 

mo tio n a nd  is d o mina te d  b y a c tin fila me nts (Le to ur- 

ne a u, 1983). In a d d itio n, the re  is a  tra nsitio n zo ne  b e - 

twe e n the  kine to p la sm a nd  the  a xo p la sm c o nta ining  le ss 

o rg a nize d  ve sic le s in the  c e ntra l re g io n o f ne uro ns 

(Go ld b e rg  a nd  Burme iste r, 1986). De sp ite  the se  d iffe r- 

e nc e s, the  p ro te in c o nte nt o f the  kine to p la sm a nd  a xo - 

p la sm is like ly to  b e  q uite  simila r. The  ma jo r d iffe re nc e  

lie s in the  sp a tia l o rg a niza tio n a nd  d yna mic s o f the ir 

c yto ske le to ns. In the  a xo p la sm tub ulin a nd  a c tin a re  

• free retrograde flow:
    no movement

• Molecular coupling to 
substratum (ECM):

   protrusion

T. Mitchison and M. Kirschner Neuron 1:761-772 (1988)

L. Case and C. Waterman Nature Cell Biology 17:955-963 (2015)
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Kanchanawong, P. et al.. Nature 468, 580–584 (2010). 
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Cell adhesion and force transmission
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Differential transmission of actin motion within focal adhesions 

Ke Hu et al. G. Danuser and C. Waterman  

Science 315, 111 (2007) 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• Retrograde actin flow velocity is reduced at focal 
adhesions consistent with frictional molecular 
coupling with Integrins limiting flow

• Flow is not blocked

• Method used Fluorescence speckle microscopy 
(FSM) and TIRF (submicron resolution)

• Shear at focal adhesion: gradient of velocity within Focal adhesions

• Slippage interface
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Cell adhesion and force transmission

Ke Hu et al. G. Danuser and C. Waterman  

Science 315, 111 (2007) 

Differential transmission of actin motion within focal adhesions 
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• Correlation between actin flow and vinculin dynamics

• In protrusions, focal adhesions are 
stationary

• At stationary FAs: stable correlation of 
velocities

• In retractions, FAs disassemble

• This is associated with increased velocities 
and correlation during slippage up to a 
maximum

• Suggests that dissociation of  Vinculin from 
more stationary FA components causes 
slippage. 

Stable Focal Adhesion Sliding Focal Adhesion
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Cell adhesion and force transmission

Elastic coupling at molecular clutches

Tension along engaged clutches increases 
their off- rate constant, koff*, exponentially 

according to Bell’s Law with a characteristic 
breaking force Fb 

Force balance between elastic resistance of 

substrate and tension engaged in molecular 

clutches

• Model

C. Chan and D.J. Odde 

Science 322, 1687-1691 (2008) 

mechanics of force transmission at the molecular clutches: 
impact of substrate stiffness
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Cell adhesion and force transmission

—High substrate stiffness: Frictional slippage 
as elastic bonds in clutches soon reach 
breaking force, so life time of elastic bonds is 
very short

Slippage at constant velocity

—Low substrate stiffness: Load and Fail
Substrate compliance slows down tension 
build up in clutches and increases the life 
time of actin/clutches interaction

Low resistance causes high rates of actin flow.  As 
the substrate strains and tension builds up, 
more and more clutches are engaged as they 
share the load. This in turn increases mechanical 
resistance and reduces actin flow
Stochastic loss of a clutch induces catastrophic 
collapse of all clutches, coupling failure and rapid 
rise in actin flow rate

Emergent oscillatory dynamics

• Predictions:

C. Chan and D.J. Odde 

Science 322, 1687-1691 (2008) 

coupling failure

tension build up
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C. Chan and D.J. Odde 
Science 322, 1687-1691 (2008) 

• Experimental tests:

Observation of substrate deformation 
induced by filopodia on growth cones

Reveals Load and Fail dynamics on soft 
substrates 

730-Pa PAG with 
embedded 
fiduciary marker 
beads  

Force Velocity curves reveal a sharp 
transition at 1kPa substrate stiffness 
similar to model predictions

mechanics of force transmission at the molecular clutches: 
impact of substrate stiffness
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Directionally asymmetric catch bond between the clutch and Actin
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D. Huang et al., A. Dunn. Science 357, 703–706 (2017) 

Cell adhesion and force transmission

Measurement of Vinculin Actin association 
under load using optital tweezers
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A 2-state catch bond model best fits the data

(similar to E-cadherin based adhesion cf 
Cours 2017-2018)

Could impact actin filaments orientation

y

optical trap (OT)–based assay to define the load 
dependence of the binding interaction between 
vinculin and F-actin 
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Cell propulsion and contractility
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Cell motility requires coordination of anterior protrusion and 
posterior retraction, as well as translocation of the cell body

F

But not necessarily as in neurons where axon extension requires motility of growth cone.

Mechanisms of Front-Rear Coupling :
• Temporal coupling ensures overall cell translocation, instead of cell 

elongation (eg. neurons)

• Spatial coupling is associated with cell polarization and persistence of 
motility

membrane tension

actin retrograde flow
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Membrane Tension and cell polarization

Mechanisms of Front-Rear Coupling: Spatial

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)

• Cells exhibit front rear polarity:

• Questions: 
—Mechanisms of unipolar polarity (in spite of dynamic repolarization)
—Persistence of cell polarization?

HL60 cell: human leukocyte 
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Conceptual mechanisms of Unipolar polarization
Local excitation (positive feedback loop) + Global inhibition 

Spatial Front-Rear Coupling: Polarization

AI

Membrane

Cytosol

A

Position

AS

Membrane

Cytosol

Position

Diffusible inhibitor
(Turing instability)

Limiting substrate
(Meinhardt)

AT

Membrane

Cytosol

Position

Membrane tension

A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)

see course 27 Nov 2018
https://www.college-de-
france.fr/site/thomas-lecuit/
course-2018-11-27-10h00.ht
m
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Membrane tension

Spatial Front-Rear Coupling: Polarization

A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)

0 s 20 s 40 s 60 s 80 s 100 s 120 s 0 s 60 s 120 s 180 s

*

*
Cell polarity persists in tethered cells:
long range inhibitor propagates 

through tether (a priori incompatible 
with diffusion)

-20s 0s 20s 40s 60s 80s 100s 120s 140s-40s

Pseudopod formation after cell severing

This short-lived inhibitor could be due to mechanical 
tension, a rapidly synthesized limiting component, or a 
diffusible inhibitor with a short half-life. 

Argues for short-lived inhibitor generated at the leading edge 

Time (s)

N
o

rm
a

liz
e

d
 R

e
c
o

v
e

ry

1

0.8

0.6

0.4

0.2

0
0 50 100 150 200 250

Tether
retraction

Pre 0s 90s 200s160s

Low diffusivity through tether incompatible with biochemical models

0 10.25 0.750.5

0%

2.5%

5%

Time (sec)

P
e

rc
e

n
t 

R
e

c
o

v
e

ry

• Limiting substrate model: the rate of pseudopod 
recovery requires a high rate of protein synthesis of 
substrate (6 p/s), which has to be balanced by 
exceedlingly high diffusion coefficient (>300µm2/s) to 
maintain polarity in tethered cells

• Inhibitor: short-lived inhibitor to explain recovery but 
given time of diffusion through tether, would not 
repress at long range in tethered cell.

HL60 cell: human leukocyte 

Heat treated cells form tethers                       that persist
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Membrane tension

Spatial Front-Rear Coupling: Polarization

A. Houk et al. O. Weiner. Cell 148, 175–188 (2012)

Pulling force over time for individual cells following

0 10 20 30 40 50 60 70 80 90
0

5

10

15

20

25

30

100

Tube
breaks

Add
fMLP

Pull membrane tube

Extend membrane tube
80 90

0

1

70

Time (s)

N
o

rm
. 

C
h

a
n

g
e

Time (s)

F
o

rc
e

 (
p

N
)

Pull 1 Pull 2Hold 1 Hold 2 Pre-spread Post-spread

4s 8s 20s 60s 70s 84s

p = 0.0001

p = 0.0006

Pull
1

Hold
1

Pull
2

Hold
2

Pre
Spread

Post
Spread

5

10

15

20

25

30

F
o

rc
e

 (
p

N
)

Inactive cell
Low Tension

Protrusive cell
High Tension

Low pulling force on bead

High pulling force on bead

fMLP

• Membrane tension probed with 

tether increases during cell 

protrusion
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• Cell aspiration increases 
membrane tension and inhibits 
Scar/WAVE at leading edge

• Reduced membrane tension (ie. 
hypertonic medium and MyoII 
inhibition) increases WAVE at the 
cell front

• Membrane tension works as a 

long range inhibitor of actin 

nucleation. 
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Cytosol
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Actin retrograde flow and Myosin advection

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)
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Thomas LECUIT   2021-2022

Mechanisms of Front-Rear Coupling

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)
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Actin retrograde flow and Myosin advection

• Cell protrusion at the front and cell retraction 
at the back are synchronous (cell area is 
constant)

• Coupling is instantaneous, calling for 
mechanical coupling (ie. membrane tension)

• Incompatible with diffusion of molecule 
(diffusion over 30 µm would take around 30s).
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Mechanisms of Front-Rear Coupling
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T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)

Actin retrograde flow and Myosin advection

• MyosinII is polarized at the back of 
cells

• MyosinII polarity fluctuates

• High correlation with cell protrusion 
with a consistent 9s delay

• This delay is incompatible with 
MyosinII contractility causing cell 
retraction

• MyoII polarity correlates with 
protrusion speed
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Actin retrograde flow and Myosin advection

Mechanisms of Front-Rear Coupling

Maximal Intensity Projection
 in the cell frame of reference

Kymograph in the laboratory
 frame of reference
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• Modeling of diffusion, 
advection and association/
dissociation explains 
dynamic relocalisation of 
MyoII and correlation with 
cell protrusion (with 10s 
delay)

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)

Actin MyosinII MyosinII

Actin
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Actin retrograde flow and Myosin advection:
• Front and back of leukocytes are mutually reinforcing.

Mechanisms of Front-Rear Coupling

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)
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• MyosinII inhibition does not block instantaneous coupling between protrusion and retraction 
(consistent with some other mechanism (ie. membrane tension) required for this)

• But MyosinII activation locally (blebbistatin and photoinactivation) causes expansion of 
leading edge and increased velocity, as well as increased persistence. 
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— causes adaptation of cell to changed environment

Actin retrograde flow and Myosin advection:

Mechanisms of Front-Rear Coupling

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)
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Feedback mechanisms underlie cell turning
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Long-term trajectories of cells exhibit Persistent Turning States 
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Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286–299 (2020)
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Cell asymmetry during cell rotation

• Asymmetric shape is associated 
with cell turning
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.]• Asymmetric actin density underlies cell 
turning: higher rate in the outer side of the turn
cells pivot around turns with faster 
lamellipodial protrusion on the outer side 
of the turn 

This is not sufficient to account for turning
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cell rear. This is required for 
persistent turning.

Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286–299 (2020)
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Feedback mechanisms underlie cell turning

• Asymmetric Actin flow patterns 

• In cell frame of reference, flow 
explains MyosinII enrichment by 
advection

• In lab frame of reference, minimal 
symmetric flow at cell front 
reflects high coupling to 
substrate (adhesion) 

• asymmetric centripetal flow at 
the rear reflects grip (left) and 
slip (right)
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• Asymmetric Traction forces 

• Symmetric propulsive forces at the front

• Asymmetric resistive forces at the rear

weaker inward traction at rear right (outer side of turn)
stronger forward traction at rear right

Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286–299 (2020)

Cell mostly steered from the rear

grip slip

polarization
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Feedback mechanisms underlie cell turning

Allen et al., Julie Thériot and A/ Mogilner, Cell Systems 11, 286–299 (2020)

• High flow speed associated with low adhesion

• Low flow speed associated with high adhesion

Feedback loops cause persistent turning

Increased myosin contractility and actin flow on 
the outer side of the turning cell breaks 
adhesions on the outer edge of the cell (SLIP), 
weakening traction forces (colored vectors) 
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Membrane tension

adhesion

speed

Migration 
speed

Membrane tension

increased
streamlining

increased
polarization

decreased
polymerization

increased
retrograde flow

actin monomer

F-actin

focal adhesion

speed

membrane tension

Adhesion

• Force production: actin polymerization 

• Force transmission: substrate adhesion

• But excess mb tension and adhesion inhibit motility (negative feedback)

• Mechanical adaptation via feedbacks - impact on environment sensing
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