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ABSTRACT Inspired by the motility of the bacteria Listeria monocytogenes, we have experimentally studied the growth of
an actin gel around spherical beads grafted with ActA, a protein known to be the promoter of bacteria movement. On
ActA-grafted beads F-actin is formed in a spherical manner, whereas on the bacteria a “comet-like” tail of F-actin is produced.
We show experimentally that the stationary thickness of the gel depends on the radius of the beads. Moreover, the actin gel
is not formed if the ActA surface density is too low. To interpret our results, we propose a theoretical model to explain how
the mechanical stress (due to spherical geometry) limits the growth of the actin gel. Our model also takes into account
treadmilling of actin. We deduce from our work that the force exerted by the actin gel on the bacteria is of the order of 10 pN.
Finally, we estimate from our theoretical model possible conditions for developing actin comet tails.

INTRODUCTION

Actin polymerization plays a crucial role in cell motility. the beads was found to be dependent in a reproducible
One of the most widely studied examples (Lackie, 1986;manner upon the diameter of the bead. Indeed, the gel is
Stossel, 1993) is the crawling movement of eukaryotic cellduilt by addition of G-actin at the surface of the bead, which
by protrusion of actin-rich lamellipodia in front of the cell necessarily creates a stress in a spherical geometry. This
that tract the cell forward when the microfilament network stress is sufficient to limit the growth of the actin gel. In a
reorganizes. The force induced by the growth of actin fila-first approximation (i.e., if we neglect treadmilling), one can
ments is sufficient to stress and deform cell membranes. Atate that the polymerization process stops when the chem-
similar system of force generation is also responsible for thécal energy gain in the polymerizatioft) is balanced by
movement oL isteria monocytogenamce in the cytoplasm the elastic energy cost for adding a new mononiey).( If

of infected cells. By virtue of producing an F-actin filled- we designatef the average distance between nucleating
tail, Listeria constitute a simple model for studying move- proteins (nucleators) on the bead (the density of nucleators
ment induced by actin polymerization. The tail is made ofis then 1£%), Au the chemical energy released in the poly-
microfilaments cross-linked together (Cossart, 1995) andnerization process; the radius of the bead, thét), = 1/&2
oriented with their plus end (favored for polymerization) A X 47r2. The work of the force for adding a monomer is
toward the bacterium. The protein responsible for F-actino,a per unit area, where,, is the radial component of the
nucleation has been identified (Kocks et al., 1992; Domanrstress anda is the size of a G-actin monomer, then the
et al., 1992) as a transmembrane protein of 69 kDa calleglastic energy can be expressedgs= o,,a X 4mrZ. From
ActA. The mechanism of actin filament formation from the expression ofr,, derived in this paper (Eq. 17), we
Listeria has been studied in cell-free extractsXénopus deduceE,, = C(er)? a X 4ar?, whereC is the elasticity
eggs or human cell extracts, and shows that the recruitmemhodulus of the actin gel and is its thickness. Writing

of eukaryotic proteins is necessary for the motilityla-  E,, = E, givese =r1; V Au/Ca&?, which expresses thatis

teria (Lasa and Cossart, 1996; Welch et al., 1997). Our goaan increasing function of the bead size, as experimentally
was to experimentally study the role of topology on actinobserved. This simple model applies for equilibrium situa-
polymerization by conceiving a system that resembles thaions. In the experimental system we analyze here, the
of Listeria but permits testing various parameters such agolymerization process is stationary but not at equilibrium,
geometry or density of actin nucleators. We prepared andnd the model presented takes into account the simultaneous
purified a recombinant ActA and grafted it covalently onto polymerization/depolymerization process (or treadmilling)
beads of different diameters. When added to cell-free exas well as the stress created by the actin gel on the spherical
tracts prepared from HelLa cells, the beads acquired ahead.

F-actin gel structure. The thickness of this actin gel around

MATERIALS AND METHODS
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second step, an oligonucleotidé-GTAGACCCGGGCCCATCACCAT-  Listeria bacteria

CACCATCACTG-3 (encoding six histidines and comprisir@ma and

EcoRI sites at the 5and 3 ends, respectively) was inserted in the We used a modified.. monocytogenestrain described by Lasa et al.
pGEX2T-adaptor yielding pGEX2T-his. The third step consisted of intro- (1995). This strain carries a deletion removing the actA gene and was
ducing a DNA fragment encoding the ActA protein truncated of its trans-transformed with a multicopy plasmid encoding ActA.

membrane anchor and the signal peptide. The pCB6-actAl (Friederich et

al., 1995) expression vector was linearizeddnpRI and filled in using the

Klenow fragment of DNA polymerase |. After heat-inactivation of the Cell line

enzyme, the DNA was digested wiXba and an~1.75-kbXba-EcadRl

blunt-ended actA gene fragment was isolated. Finally, the actA fragmen'tl'he human HelLa S3 cell line was grown in Dulbecco’s minimum essential
was ligated intoXba-Sma-digested pGEXT2T-his. The final pGEX2T- medium (DMEM) supplemented with 10% fetal calf serum, at 37°C, under
actA-his construct encodes GST fused to ActA comprising a six-histidine®% CQ..

tag in the C-terminal region (see Fig.A). GST-ActA-His was produced

in Escherichia colstrain BL21 (DE3) and purified successively on a nickel

agarose matrix (purchased from Qiagen GmbH, Hilden, Germany) and olleLa cell-free extracts

a Sepharose glutathione matrix (purchased from Amersham Pharmacia ) ) o
Biotech, Uppsala, Sweden). The elution solution was dialyzed in buffer DCytosphc extracts were prepared following a mgdmcatlon of the procedure
(0.2 M boric acid, pH 8.5) and stored in aliquots aB0°C. Protein described by Paschal and Gerace (1995). Abotitgls were centrifuged

concentration was determined as described by Bradford (1976), (reagent$ 300 g for 10 min and washed twice in PBS, resuspended in 5 ml buffer

purchased from Bio-Rad, Hercules, CA). A (5 mM HEPES, pH= 7.4, 5 mM potgssnum acetate,_z mM magnespm
acetate, 1 mM EGTA, and a cocktail of protease inhibitors including
Pefablock, leupeptin, pepstatin, and aprotinin giM each), and stirred
slowly at 4°C for 20 min on a rotary shaker. The solution was passed five

Fluorescent actin preparation times in a cell cracker and centrifuged for 30 min at 40,800, 4°C. The
supernatant was clarified by centrifugation for 60 min at 100,800.

Rabbit skeletal muscle actin was prepared according to the method de=inally, aliquots of cytosolic extracts (12 mg/ml) were frozen in liquid
scribed by Spudich and Watt (1971). Actin was labeled with rhodaminenitrogen and stored at80°C.

using the procedure of Kreis et al. (1982). Aliquots were stored&i°C

at a concentration of 2 mg/ml (4@M). Phalloidin was purchased from

Sigma-Aldrich (St. Quentin Fallavier, France) and directly added to theGel electrophoresis and immunoblotting

samples to a final concentration of Qug/ml.
Proteins were analyzed by SDS-PAGE. Immunoblotting was made by use
of the antibody anti-ActA2 against the N-terminus of ActA (Golsteyn et al.,
1997). Transfer to nitrocellulose and antibody incubation were performed

Latex beads according to the method described by Burnette (1981).

Latex beads were purchased from Polyscience, Inc. (Warrington, PA): we

used carboxylate functionalized latex beads for covalent grafting (25 B

uEq/g of carboxylate groups). Diameters of particles were chosen in thVlethods of observation

1-to-10um range. Proteins Werg_cqvalently grafteq via EDAC (1-ethyl-3- g oo \yere directly taken from the storage buffeisteria were first
(-3-dimethylaminopropyl)carbodiimide)) as0 de;cnbed by the manufac-Suspended in half the volume of Xb buffer (10 mM Hepes, .7, 100
turer. ActA-grafted beads were stored at 4°C in a storage buffer (20 mMmM KCI, 1 mM MgCl,, 0.1 mM CaCl, 50 mM sucrose) before adding to
phosphate buffer, p 7.4, 1.% BSA, 150 mM Nacl, 20 mM I\_laj,\IO.S_% cell-free extracts supplemented with 30 mM creatine phosphate, and 1 mM
glycerol). We made two series of ActA-grafted beads. The first series (WeATP as described by Marchand et al. (1995). In each case the volume
will call this series “ActA saturated beads”) with beads of various diam- increase did not exceed 15% of the initial volume of the extracts.

eters (Lum, 2 um, 10um) was prepared by incubating the beads in excess

of ActA to saturate the protein surface concentration. The amount of

protein coupled to the beads was determined by subtracting the quantity
protein remaining in the supernatant after incubation from the initial
amount of protein in the solution. The total surface of the beads wasgopservations were made of beads or bacteria in extracts containing a final
deduced from their volume and size. The surface concentration of graftegoncentration of 0.5.M rhodamine actin. A sl suspension of 2.5%
proteins was then given by the ratio between the total amount of couple@leads in storage buffer (or from the resusperidstériain Xb buffer) was
proteins versus the total surface of the beads. As an example, the concegssuspended in 1@ of cell-free extracts supplemented with rhodamine
tration of ActA on 10um-diameter beads was estimated at (5.6.6) X actin, creatine phosphate, and ATP. Fjueof the mixture was squashed
102 protein/nnt (we reproducibly measured that14 = 3 ug protein  petween a microscope slide and a 22-mm-square coverslip sealed with
could be bound to 10l of a suspension of 2.5% of 1@m-diameter latex  yarnish. Samples were observed by fluorescence microscopy with an
beads), assuming a molecular mass of GST-ActA-His of 92,890 Da. Thenyerted microscope (IX70, Olympus Optical Co. Gmbh, Hamburg,
second series of beads (we will call this series "ActA concentration beads”lzermany).

was prepared to vary the surface density of ActA protein. The beads were

incubated in a mixture of ActA and BSA at a ratio of 10, 30, 50, 70, and

90% of ActA. The total amount of coupled proteins was determined by thegjactron microscopy

same method as the previous series, and the amount of ActA proteins

coupled to the beads was deduced, according to the manufacturer instru§amples for observation were prepared as described by Tilney and Portnoy,
tions, by SDS-PAGE analysis of proteins remaining in solution (see Tablel989. A numbem pul of 2.5% bead solution in storage buffer (or.8

1). We found that the surface density of ActA did not correspond to theresuspendetlisteriain 10 times less volume of Xb) was added to 400
relative amount of BSA/ActA in the solution, due to the different affinity of cell-free extracts supplemented with ATP and creatine phosphatas

of BSA and ActA to carboxylated functions. calculated to have the same total bead surface for the different samples:

%Iuorescence microscopy
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n = 4 or 8, respectively, for 1- and 2m-diameter beads; for 1@m- RESULTS
diameter beads, we took 8 from 5X reconcentrated beads in storage
buffer. The mixture was incubate4 h atroom temperature. The latex Purification of GST-ActA-His

beads and/or the bacteria were pelleted in a horizontal centrifuge (3000 . . . .
RPM for 3 min), and incubated for 40 min at 4°C with 1% glutaraldehyde, 1 N€ protein ActA was first purified on a nickel agarose

0.5% of tannic acid in phosphate buffer, 50 mM, pH6.3, rinsed twice in ~ matrix and further on a Sepharose glutathione matrix. The
phosphate buffer, incubated 20 min at 4°C in phosphate buffer containingyurity of the protein was confirmed by SDS-PAGE under
0.5% osmium, rinsed three times with water, and stained with an aqueo%ducing conditions. Coomassie staining of the gel (Fig 1

solution of 2% uranyl acetate ifal h at4°C. The samples were then revealed one protein band miarating at a position corre-
dehydrated in alcohol and embedded in epon. Gold labeling was performe§) v P I Igrating posil

by incubating 4ul beads in a solution (2.5% BSA in PBS) containing 1/150 SPonding to an apparent molecular mass of 120 kDa that
of the polyclonal rabbit antibody anti-ActA2 against the N-terminus of was higher than expected from the amino acid sequence (see
ActA (Golsteyn et al.,, 1997). Then, after washing, the beads were incufig, 1 A): 92 kDa. It is likely that this apparent migration
bated with protein A coupled to 10 nm gold particles (PAG10) purchasedbehavior is due to the high proline content of ActA (Kocks

from Dr. J. W. Slot, Department of Cell Biology, Utrecht University, The . . . . .
Netherlands. Ultrathin sections (thickness #0 10 nm) stained with et al, 1992). Antibodies against ActA reacted with this

ethanolic uranyl acetate and lead citrate were observed in a Philips cM 128and, confirming that indeed this band corresponded to

electron microscope at 80 kV. ActA.
A ActA wild-type
1 610
B a0 I
Transmembrane
domain

: GST-ActA-His o

GST 6HIS-tag

B
kDa

200 | -

116 Sy ===

97 -

67 -
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FIGURE 1 @) Diagram describing GST-ActA-His, the variant of ActA used for our experiments. Amino acid numbers are sBpWRS-PAGE
analysis of the purified protein GST-ActA-Hisight columr) and molecular weight marker proteins markieft(columr).
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Experimental assay: Listeria in cell-free extracts quantity of ActA detached from the beads was negligible
prepared from HelLa cells (<5%) by analyzing the extracts after incubation with the
2-um-diameter beads by immunoblotting with ActA spe-

We set up an assay for studyihgteriain vitro in cell-free cific antibodies. Within 30 min the beads were surrounded
extracts prepared from HelLa cells. Cell-free extracts were - .
a fluorescent staining (see beads ofu-diameter on

supplemented with ATP, creatine phosphate, and rhodamiqu

actin as described in Materials and Methods. During the 9. 2), \Ilv?ose |?tent§|ty mcregstid Vg'th élme_l,_r:ndgcatgg the
incubation~40% of Listeria developed an F-actin tail, and accumufiation ot actin aroun € beads. Tne beads were

the length of the comet-like tail ranged from 15 to 36n. easily detected by phalloidin staining (Qug/ml final con-

The velocity ofListeria varied between 0.75% 0.5 um/min centration), which revealed that this actin structure was
within a population of 30 moving_isteria Sc;me of the composed of F-actin. Growth of the actin gel was stabilized

comets displayed a periodic density (see Fig. 2). A simila2t€r 4 N, as confirmed by video time-lapse microscopy
phenomenon has been described for an ActA truncatefPservations. At this time the beads reduced their Brownian
variant of Listeria (Lasa et al., 1997). Immobileisteria ~ Motion and became stuck to the bottom slide.

were surrounded with an isotropic F-actin cloud and did not 10 test whether the quantity of F-actin accumulated
form any comet-like tail. around beads and around bacteria was the same, we mixed

beads and.isteria in one preparation (Fig. 2): the fluores-
cence intensity was indeed equivalent for beads and bacteria

ActA saturated beads in cell-free extracts (within a relative error of 10%). After 45 h the actin gel
prepared from Hela cells around the beads stopped growing, wherkisseria con-
GST-ActA-His was covalently grafted to polystyrene beadstinued to develop an F-actin tail. o
functionalized with COOH (of Jum, 2 um, and 10um in The three following tests confirm the specificity of ActA

diameter). These beads were added to cell-free extracfgr F-actin gel growth:
supplemented with rhodamine actin as described in the

experimental assay fokisteria We confirmed that the © The same type of carboxylate latex beadsu@ in
diameter) grafted with BSA did not recruit rhodamine

actin (the quantity of grafted BSA was estimated at 2
10! molec./nnf) under the same conditions;

e uncoupled carboxylated beads did not nucleate an actin
gel as well;

e we tested that actin nucleation was not a simple effect
due to the presence of lysine in ActA (although the global
charge of ActA is expected to be negative in physiolog-
ical conditions, since the calculated isoelectric point of
GST-ActA-His is 5), as polylysine, under certain exper-
imental conditions, is reported to nucleate actin polymer-
ization (filaments are oriented with their pointed end
toward the nucleating surface) (Brown and Spudich,
1979): we repeated the experimental assay in cell-free
extracts with beads coated with polylysine instead of
ActA. We used three types of polylysine (ref. P8920,
P0899, P1149 purchased from Sigma). In none of the
three samples, under similar experimental conditions, did
we observe any fluorescence due to actin assembly (long
filaments, ~50 um, appearing after 24 h are of a very
different nature). We checked that our polylysine was
indeed functional: beads grafted with polylysine placed
in a buffer containing 0.5 M KCI, 0.5 mM Mgg]| 0.2
mg/ml G-actin did nucleate F-actin, as described by
Brown and Spudich (1979). Under these conditions,
beads grafted with ActA did not generate actin filaments
when placed in buffer containing 0.5 M KCI, 0.5 mM

FIGURE 2 Mixture of beads 2um in diameter (ound object} coated MgCl,, 0.5 mM rhodamine actin, supplemented with

with GST-ActA-His andListeria monocytogeneglongated objec)sa few G-actin to a final concentration of 0.2 mg/ml actin. This
hours after incubation in HeLa cell-free extracts. Fluorescence microscopy. IS consistent with the report that incubation lagteria
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with actin alone did not result in actin association with e of the actin gel was deduced from:

bacteria (Welch et al., 1997). .

e=———
We cut the GST part of GST-ActA-His with thrombin: we 14 (d)z
obtained four segments including the GST segment, but 1)
three others as well despite the fact that no other site of

. : . wheree is the F-actin thickness measured on the image, and
ActA was supposed to react with thrombin. We did the SaMEs _ 70 = 10 nm the thickness of the section (see Materials

experiments on the ActA-grafted latex beads with GST-and Methods). The correcting factor YL + (d/5)7] does
ActA-His, and got the GST segment only. Fluorescence, qajitatively change the experimental results, but re-
microscopy observations of these latter beads in the extraclg,ces the dispersion. The variation of the bead size for the
(actin marked with rhodamine) showed the same behavioj _ 54 2um beads was within 4% (see Table 1). Although
as nontreated beads: this shows that the presence of G$e size range of the 1Gm calibrated beads was within
does not affect, in a significant way, the polymerization 1oy, jt happened that we observed beads as large agi20
process. _ _ and we took advantage of this variation to make measure-
~ We examined the protein-grafted beads andLiisésria,  ments of actin gel size around one of these larger beads. We
incubated in cell-free extracts for 4 h, by electron micros-gstimated its radiu® from the electron microscopy image

copy to observe their surrounding actin gel in detail. Twopy ysing geometrical arguments, which give:

important observations were made (see Fig. 3). First, neither .

the 2.um-diameter beads grafted with BSA nor the uncou- R=r.l+ <>

pled carboxylated beads produced an actin gel: this con- o

firms the observations made by fluorescence microscopywherer is the radius of the bead section on the image, and

Second, the thickness of the actin gel produced by GST(:j is defined above. '

ActA—His—grafted_beads was flound to-vary with the radius The experimental values in Table 1 show that 1) the

9f the beads. Third, we examined act_ln structures aqd CorEonsequence of a decrease in ActA surface density is that no

firmed that both the beads coated with ActA anidteria actin gel is formed, below a density of the order 0k3.0®

produced similar F-actin gels. prot./nf; and 2) the thickness of the actin gel around ActA
saturated beads is an increasing function of the radius of the
bead.

The effect of ActA concentration on beads in
cell-free extracts DISCUSSION

The role of ActA density was studied by preparing beadd-et us now try to understand quantitatively why, in a
that contained different ratios of BSA and ActA. These spherical geometry, the polymerization stops when a given
beads were incubated in supplemented cell-free extracts arfickness of actin gel is reached. In this context, the word
observed both by fluorescence microscopy and electrorgel” means that actin filaments are cross-linked in a net-
microscopy. The estimated densities of ActA are given inwork that resists both static and shear compression. Any
Table 1. We confirmed that the density of ActA around oneaddition of G-actin material at the particle/gel interface
bead was homogeneous by gold labeling (see Fig. 4) for theequires the buildup of a stress able to push away the
beads with the highest and the lowest density. The amourready formed gel. Within the time scales over which the
of PAG10 around one bead was found to be 63.30  Polymerization process takes place the gel is clearly in
PAG/bead on the 3.8 0.6 X 10 prot./n? beads by mechanical equilibrium. The following model simulta-
counting 13 beads on ultrathin sections that crossed the be&$0Usly takes into account that actin is polymerizing at the
through its center. Fluorescence microscopy revealed thaface of the sphere)( depolymerizing at the outer end
the fluorescence intensity decreased when the ActA densit{f): and that the gel is constrained. Our notations are sum-
decreased. marized in Fig. 5.

The thicknese of the actin gel layer around both ActA L€t dri/dt and dndt be, respectively, the number of
saturated beads and ActA concentration beads is given iffionomers added to the gel per unittime at the surface of the
Table 1;e was measured on images taken at the saera,d ( and at the outer surface of the ge};(according to
magnification 28,000). We examined-100 beads and van't Hoff (1884) one can write:

performed a statistical analysis on a random population of dn . A

15 beads, making 20 measurements per bead. If the ultrathin dar ~ e’ C — w (1a)
section did not cross the bead right through its center, a gray

ring of width d (projection of the bead edge) was visible dLF_ - ) b
around the latex beads on the images. The radial thickness dt ~ @1 T @ (1b)

Biophysical Journal 78(3) 1643-1654
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FIGURE 3 Electron micrographs of
latex beads (olisteria) incubated in
Hela cell-free extractsaf Latex beads
(¢ = 2 um) coated with BSA; If) latex
beads ¢ = 1 um) coated with GST-
ActA-His; (c) latex beadsd¢ = 2 um)
coated with GST-ActA-His; d) latex
beads ¢ = 10 um) coated with GST-
ActA-His; (e) bacterium with its actin
comet tail. One can observe that the
beads are slightly deformed, probably
because of processing for EM analysis.

500nm

wherec' andc® are, respectively, the concentration of free (b) ends and pointedp] ends, andw3 and w9 are the

G-actin monomers at the surface of the bead and at the outprobability for a monomer to leave the filament at the
surface.o? and »? are the polymerization rates for barbed barbed ) and pointed [§) end. This notation i and p)

Biophysical Journal 78(3) 1643-1654
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Expression of the stress of(r, t) as a function of r;
and the Young’s modulus of the gel

The radial component of the stress(r, t) and the tangen-
tial componentr, | (r, t) of the stress(r, t), must obey the
equilibrium equation (in spherical coordinates).

- 19 2
V.g(rvt) =O=Pﬁr20},(r,t) +FO-J_J_(r!t) =0 (2)

A spherical layer of areal#? and volume HrZdr;,
initially polymerized (synthesized) and cross-linked at the
particle surface at timé&, is converted after a time ¢ t')
to a spherical layer of ared(t)> and volume Hr(t)? dr(t).

The tangential component of the stress can be simply eval-
uated as (Landau and Lifchitz, 1967):
r(t) — ri>

o . (r,t)= C(r.

@)

whereC is the elasticity modulus of the gel.

The validity of Eq. 3 requires that the gel deformation is
small enough, that it can be considered in the linear elas-
ticity regime. Considering that the observed thicknesses are
of the order of a few hundred nanometers for several micron
diameter spheres, this is a reasonable approximation.

Let us define the outer radius of the gel kyt). At time
t = 0, rt = 0) = r;. Furthermore, at any given time, the
absence of external stress on the gel surface is expressed by:

0y(re, 1) =0 (4)
FIGURE 4 Immuno-gold (10 nm) labeling of beads grafted with 3.8 Making use of Egs. 2—4, one can calculate the radial
0.6 X 10'°® ActA/m?. Beads are deformed due to EM processing. component of the stress as a function of radius vector
r2)/rgt) 1 ro1
implies that the actin filaments are oriented with their o, =2C—>\ 3 ~5) "3 T3 (5)
I ]

barbed end toward the beads surface, and their pointed end
toward the outer part of the gel. This assumption is in As aresult, the gel exerts a streggr = r;, t) = o(t) on
agreement with electron microscopy observationtiste-  the bead surface, given by:
ria comets (Tilney et al.,, 1992) but we have no direct 5
. . ) X rat/re 1) 1

experimental evidence of actin filament polarity on beads. o(t) = 2C| S =~ — 2| + 2 (6)
However, as an indirect proof, the model based on this rm\3r 2/ 6
assumption accounts for e>.<per_|menta| r.eSl.JItS' This stress in turn controls the polymerization rate at the

Considering that polymerization of actin filaments occurs

X “bead surface.

on the surface of the bead, the inner part of the gel is
stressed, which means that the coefficieafsand w3 of
dn'/dtdepend on the stregs= o,(r;). First we calculate the Steady-state treadmilling regime
stress created by the actin gel on a bead. Second, we

theoretically describe the general situation that includes. the stationary _reg!me, the QEI 'Fhlckneesy fe = Ti 1S
I . - . iIndependent of time; polymerization at the inner surface
diffusion of G-actin monomers and treadmilling of actin

. ) . . . xactly balances depolymerization at the outer surface and a
filaments. We discuss the different possible regimes an e

. . e . —._monomer diffusive flux transports the monomers from the
show that in our experimental conditions, treadmilling is

essentially negligible. We show that, in this limit, the thick- outer surface to the inner one. This implies:

ness of the grown gel depends on the radius of the bead, as dn dre

measured experimentally. We end up in discussing the dat = " at 9)
possible conditions under which beads can nucleate a comet

tail made of actin filaments. r2J(r) = const, (20)

Biophysical Journal 78(3) 1643-1654
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TABLE 1 Thickness of the actin gel as a function of the radius of the beads

Estimate of the

r; (um) ActA Density e (nm) Quotiente/r;
0.48 + 0.02 saturated (5.6 0.6 10 prot./n?) 94 + 10 2x 107t
0.95+ 0.04 saturated (5.6 0.6 10° prot./n?) 146 + 10 1.5x 107t
472+ 0.48 saturated (5.6 0.6 10 prot./n?) 503 + 20 1x10°?t
10.1+ 0.5 saturated (5.6 0.6 10 prot./n?) 790 + 20 0.8x 10°*
0.95* 0.04 3.8+ 0.6 10° prot./n? 125+ 10 1.3x 10
0.95+ 0.04 2.3+ 0.4 10° prot./n? small aggregates of actinsd0 nm)
0.95+ 0.04 2.1+ 0.3 10 prot./n? small aggregates of actirs@¢0 nm)
0.95+ 0.04 1.7+ 0.3 10° prot./n? no actin detected
0.95+ 0.04 6.2+ 1 10'° prot./n? no actin detected

r; is the average radius of the beads given by the manufacturer, except in the linerwhet®.1 um is out of range (twice the average size, see the
Discussion)g is the thickness of the actin gel around beads of various diameters; the estimate of the density of grafted ActA is measured as described in
Materials and Methods.

and .
j @f(0)[ €+ (0fe® — )| — wi(0) = ) — wic®
dri }
dt

36(r) = r33(r) = (1 + &23c(r) = r?(— )«s-z (11) Dgz[l T
(15)

in which J-(r) is the flux (algebraic value) of monomeric
actin (G-actin), anct the average distance between ActA
molecules.

As usual, the diffusion flux can be expressed in terms o
the gradient of the monomeric concentratio(r), and the
monomer diffusion coefficienD:

Equation 15 determines the gel thicknesss a function of

the polymerization rates, their stress dependence, the diffu-
tsion coefficientD, the ActA densityé 2, the external mo-
nomeric concentration®, and the particle radius. This is

a treadmilling regime in which the polymerization rate is
governed by the stress buildup and monomer diffusion,
dc(r) rather than by an adjustment of the monomer concentration,

dr (12)  as would be the case in solution (Carlier et al., 1997).

Jo(r) = —D

If we can takeD as a constant, then Eqgs. 10 and 12 give:
, Gel thickness at steady state
c—c rir+e b b
—— (13) The rateswy(o) and wy(o) can be related to the stress-free
€ r ratesw?(0) andw3(0) by a simple use of Kramers or Eyring

wherec® and ¢ stand for the concentration of monomers rate theories (Eyring, 1935; Kramers, 1940) in which the

outside the gel and at the bead surface, respectively. potential barriers to be overcome for either adding or sub-
Combining Egs. 9, 11, and 13, we obtain: tracting a monomer are shifted by the mechanical work

against addition or for subtraction of the monomer at the

Jo(r) =-D

dn drf ¢ — e barrier maximum. As usuakis the Boltzmann constant and
_ N — P T2 .
dt(g’ c) = dt D e (1 + ri)g' (14) T the temperature (S.I. unit).
) . o : Hence:
That is, with Egs. 1 and after elimination of
(o) = exp(—&a,0/kT) (0) (16a)
(o) = exp(+ &a,0/KT) w3(0). (16b)

The force acting on a single filamentis?, anda,, a, are

the distances over which the force produces work to reach
the maximum of the potential barrier. In a simple picture,
a, + a, = a, wherea is the size of a G-actin monomer.
Equation 6 expressing the strescan be simplified when
e<<r;

2
e
FIGURE 5 Notations used in the text.is the radius of the bead,and o= C() a7)
0 the spherical coordinates|s the thickness of the gel layat, = r; + e.
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If we further remark that under most practical circumstancesvrite:
0fc® << wh, we can rewrite Eq. 15 in the form:

3(0)
(0) = v X exXp(Au,/KT) (23a)
cCwi(elr;) X (1 - ) = wd(elr) + b (18) 2
L+ (elr)) R0
where two important lengths clearly emerge: the bead radius ¢ wd(0) expap/kT) (23b)

r, and the diffusion lengte* = D&°c%wh. They correspond , ) ) )

to two different possibilities of reaching steady state: eithefVherev is the reaction volumeap, the chemical potential
the stress buildup is so large that the polymerization rat&lifférence per monomer, between the unpolymerized state
essentially drops to zero, or the diffusion becomes so slo@"d the polymerized state excluding the translational en-
that the monomer concentration at the bead surface becomB8PY KT X In(c), andAp. the chemical potential difference

small enough that it is balanced by the depolymerization aP€" monomer including the translational entrop. rep-
the outer surface. resents the chemical energy released in the polymerization

process. Using Eq. 16 and Eq. 23b we get:

cCwl(o) Aun — oéa
Diffusion-limited regime (o) = eXF{kT) (24)
Let us first consider; >> €* (i.e., essentially flat surfaces, b
no stress can build up); knowing from Eq. 18 teat e*, ~ Dividing Eq. 22 byw;, one can extract:
Eq. 18 simplifies to: P
o&a = Ap — KT X In<1 + bz) (25)
e wy(0)
Cwl(0) X |1 - | = 3(0) + o} (19) - : N :
er In principle, Eq. 25 is only an implicit equation fer, and

hence fore/r;. However, the ratiavh/w$ comes only in a

logarithm, and it only appears as a corrective term. If we

(h + 2(0)) ignore the .Iogarithm,. Eq.'25 expresses the fact that'the

e= *( - eb) (20)  polymerization stops in this regime, when the mechanical
C01(0) work required to add a new monomer equals the chemical

If we further remark that under usual circumstances the ¢ &Y gained in the process. The'depolym_erizatilon at the
stress-free initial polymerization ratg »2(0) is much larger pointed end appears as a correction to this b§15|c feature
than both the depolymerization rate at the pointed efid (unless the depolymerization rate under stress is unexpect-

) R ly small).
2E?O;h(tahztr:ess free depolymerization rate at the barbed eI%jTransforming Eq. 25 into an equation for the gel thick-
2 ’

ness by using Eq. 17, we get:

or

e~ e (21)

~ 1/2
S ) (26)

— * — | —
e=¢* r'(sza

Note that at steady state in this regime, the polymerization
ien b — b= P (c < :
rate isCw;(0) — w = w3 (G Co- The concentration at in which we have writtem\ji = A — KT X In(1 + wb/w)).
the bead surface reaches the steady-state treadmilling con- : . : .
The gel thickness is proportional to the bead radius,

centration obtained in solution (Carlier et al., 1997). . ’ .
which simply expresses that there is one stress value for
which steady state is reached.

Stress-limiting regime

Let us now consider the opposite lingit >> r,; anticipating ~ General case and orders of magnitude

thatr; = e, Eq. 18 reads: Equation 18 may be easily solved, for instance graphically
as shown in Fig. 6. The general solution gives values
e e i ; ;
c%‘j() = wf + wS(). (22) mte_rmedlate betweeg* and e**. Mor_e important are the
i i estimates oke* and €*. In our experiments, in which the

distance between ActA molecules on the surface is 42—-77 A
Clearly, in this regime the gel thickness is governed by thgsee Materials and Methods; Table 1), we take a mesh size
bead radius thickness. Whenever ATP hydrolysis is notvhich is the smallest possible length imposed by the actin
directly involved in the polymerization process [note thatfilament diameter:{ = 10 nm; the concentration in free
ATP hydrolysis occurs later, once the polymerization hasG-actin in the HelLa cell extracts is expected to be of the
taken place and detailed balance should hold], one caarder of 0.5uM, as suggested by the critical concentrations
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of actin filaments dynamics (Carlier, 1991), since we are in
a situation where the pointed ends depolymerize. This gives
a c® value of 3x 10" molec./cnf; wb can be estimated
(Theriot et al., 1992) from our observations bisteria as

the ratio between the velocity of the bacteria (OufB/min)

and the length of the comet (20m): we getw) ~ 6 X 10~ *

s 1. The value of the monomeric diffusion coefficient of
G-actin has been measured in a buffer (buffer A: 2 mM Tris
(pH = 8), 0.2 mM CaCj, 1.0 mM ATP, 0.5 mM dithio-
threitol [DTT]): D, = 5 X 10’ cné/s (Lanni et al., 1981).
Knowing that the viscosity of cell-free extracts is about
three times that of water (or buffer) (Fushimi and Verkman,
1991), we infer a valudD ~ 1.6 X 10~ cn¥é/s in our
experiments. Hence we expegtto be of the order of 1
mm. This estimate represents an upper limit, since steric
hindrance and temporary interactions of monomers with the
gel proteins could slow down the diffusion process. In any
case this length is large compared to the experimentally
found thicknesses, and one expects the experiment to cor-
respond to the stress-governed regime.

The radius dependence of the gel thickness observed
experimentally (Table 1) confirms these expectations.
Equation 26 gives us a prescription for estimating the pro-
portionality ratio expected betweerandr;. If we take the
gel elastic modulu€ = (K/&) = (KT/&) in whichK =
KTl, is the bending elastic modulus of actin filamernits,
their persistence length, agdthe average distance between
cross-links, we get:

e A w 12 gﬁ
- (n) &l 2™

ri
With A ~ 14KT (Gordon et al., 1976, = ¢ = 10 °cm,
I, = 15 um (Yanagida et al., 1984; Ott et al., 1993; Gittes
et al., 1993; Dfgemeier and Eimer, 1994; Isambert et al.,
1995),a, ~ 5 X 10"’ cm, we obtain €r;) = 10" *, which
is typically what we observe experimentally. We can thus

(27)

FIGURE 6 Graphic solutions for Eq. 18 are obtained by rewriting Eq. 18conclude that the polymerization process in our experiment

using Egs. 16a and b, taking for the sake of arguragnt a, = a/2, which
leads to:

b e e ele*
C*w7(0) X exp<—a<? X g))[l 17 e/r:|
b e e
= wy(0) X exp( + a(T X g)) + b,

_#aC
TO2kT

with

a

the left and right part of the above equation are, respectively, represented

is indeed stopped by the mechanical stress buildup. Note
that the above-discussed numbers imply an elastic modulus
C (a few 1€ Pa, given that ~ 10 ® cm) large compared

to values measured with actin gels. If we take as an upper
limit of C the largest value measured in thisteria comet

(F. Gerbal et al., submitted for publication), i.&,~ 10*

Pa, we are led with a length ~ 3 X 10 ® cm, which
implies that not all ActA are functional at the surface. We

bold and dashed; the numerical values needed are the ones given in thRe estimated from the slogsof the experimental curve giving the thick-

text:

3 =6Xx10"s% ¢=100A,a=50A,1,=15um,

KT
C~ ?" Col(0)=3.3x 102%™ ¢
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nesse versus timeS = 200 (nm)/20x 60 (s) (V. Noireaux, manuscript in
preparation) by writingc®w?(0) = Fa, thenwf(0) = 2.7 X 10 8 st as
deduced from Eq. 24af Takinge*/r, = 102, e = e* is the solution, as
described in the textpj takinge*/r; = 1 gives the solutiom/e* = 107
() takinge*/r; = 107, the solution is/fe* = 0.001, and consequentty=
e* and e/r; = 10! as measured experimentally.
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then find @/r;) ~ 0.3, which is still compatible with our ity of the polymerization process of actin filaments (van
experiments. Oudenaarden and Theriot, 1999).

Spherical symmetry versus “comet” CONCLUSIONS

The above-developed arguments show that if the pOIyrner‘T’his work confirms the crucial role played by ActA in actin

Iszt?;ltc;n &rgciz\s/viﬁksetz p;agﬁtgr?]gﬁi [::I}er;ctagy ?\y;r?ﬁgfn:gdolymerization and demonstrates the interest of studying
' 9 P y 9 his process in a spherical topology. If there were no cross-

This .V\."" always be the case unless a ;ymmetry-preaklnginking of the actin filaments one would observe the growth
transition takes place. A very rough estimate of this sym-

. o ) of a polymerized layer bound only by the diffusion length
metry-breaking possibility goes as follows: at the outere* (see Discussion). Our results show unambiguously that

:?rg:‘ge(’ ?\l/ltemogghEtheggl?srrg?litsstﬁz;\rlsg:ﬁhtehse, th; Enugn%netlﬂe factor limiting the thickness of the actin gel is the
tan enti%l tens)i/onq.ln eneral. bevond a. ive?\ threshol echanical stress exerted by the gel on the bead surface.
9 - ng » €Y 9 he fact that an external force could modify the polymer-

Zgllinrggtggarfatue r;ic:jr :ﬁnZL?igsbrslikhggf o:‘%eesrt]i?r:i i\,:a(!;nzation process of microtubules or actin filaments has been
P brop f reviously analyzed theoretically (Hill and Kirschner,

be expressed as a deformation threshold (i.e., a strain thres 982). In our work, the force per filament necessary to

\?Jg)’nwmcf trur/r;s SUte}ro bE cif (t);der olnie. \I/nrotrl}ﬁr IW?rds’block polymerization is found to be of the order of 10 pN,
en (. )/ = (@) ~ 1, the gel is very likely to hich is quite reasonable (i.e., k0 per monomer size). It

develop a fracture. This fracture releases a significang , . o
. o oes not provide either strong support or strong opposition
amount of the tensile stress at the interior of the gel layer P g supp g opp

and consequently also a sizable amount of the normal streto any molecular theory (Mogilner and Oster, 1996). It is
q y %r?teresting to realize that the pressure exerted by the gel on

at the inner surface. The polymerization process can then 9%%e bead is of the order of one atmosphere. Scaling this

on, and one can understand that a comet can result from thbsress:ure with ActA density allows us to estimate the max-
initial fracture. For this to occur, one wants (from Eq. 27):

imum force a nativeListeria is able to develop: we find a
Ap\2 & force of the order of a few nanonewtons, much larger than
(kT) W% 1. (28) adverse forces a cell could oppose [note, however, that
P buckling of theListeria comet would drastically decrease
Since A is essentially of order 1@T, andl,, a are not this force (Gerbal et al., 1999)]. Our observations are very
subject to large changes, one needs a rafig)(as large as close to. thg one made by M. Dogterom on microtubules
possible to have chances of observing symmetry breakingelymerization (Dogterom and Yurke, 1997): the orders of
according to this mechanism. It is striking to remark thatMagnitude are fairly similar. In this last experiment, mea-
native Listeria develop comets containing 10° filaments surements are made on single microtubules and the force is
per cross section of the comet, which corresponds to aHue to the existence of an external obstacle. In our case the
average distance between ActA-ef.00 nm: if we assume force results from the self-developed stress bound to the
& ~ & condition 28 is then essentially fulfilled. Note, spherical topology. Note that a natilésteria has globally '
however, that in our experiments and & are clearly dif- the same topology, so that our work demonstrates the im-

ferent, since varying moderately can result in the absence Portance of mechanical stressed.isteriaas well. Finally,
of the gel. it is interesting to remark that the incidence of spherical

In this argument, the size of the particle does not play 40P0logy on polymeric growth properties has been pointed
role. This is correct as long as we ignore fluctuations. ThePut in other contexts; for instance, the problem of “starburst
relevant fluctuations are ActA surface density fluctuationsPOlymers” (de Gennes and Hervet, 1983), where the coor-
that are frozen during the grafting process. As a rough ruléination number of the reacting entity should change at a
of thumb they are of the order of'N, whereN is the total certain radius because of steric hindrance. In this case, the
number of ActA on the bead. Typically one-half of the beadpolymerization that takes place at the outer edge of the star
will have an ActA excess of/N over the other half: this 1S Not stopped, but the number of bonds allowed in the
considerably decreases the instability threshold. The exafgaction decreases.
conditions under which a comet could develop go beyond
the scope of this work. We can easily understand that the
smallest bead radius compatible with a gel formation will beWe thank P. Cossart for theisteria strain, D. Riveline for his useful
the best, since this corresponds to the largest relative uﬁ_.uggest'ions for experiments, F. Gerbal gnd 'M.-F.'Car'lier for fruitful
balance. This is confirmed by recent observations made bglscussmns about ‘a_ctln, F. Amblard for his stl_mulatlng interest, and F.

rochard for her critical reading of the manuscript. Two of us (J.P., C.S.)

the group of J. A. Theriot (Cameron et al., 1999), WhOhank p. Chaikin, F. ‘Jicher, and I. Rabin for constructive discussions
propose an alternative mechanism involving the stochasticabout the model, and S. Moss for interesting discussions.
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