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Curved tails in polymerization-based bacterial motility

Andrew D. Rutenber
Department of Physics, Dalhousie University, Halifax, NS, Canada B3H 3J5

Martin Grant
Centre for the Physics of Materials, Physics Department, McGill University, 3600 rue University, @@, Canada H3A 2T8
(Received 21 November 2000; published 19 July 2001

The curved actin “comet-tail” of the bacteriurhisteria monocytogenes a visually striking signature of
actin polymerization-based motility. Similar actin tails are associated ®itlgella flexneri spotted-fever
Rickettsiae the Vacciniavirus, and vesicles and microspheres in reldteditro systems. We show that the
torque required to produce the curvature in the tail can arise from randomly placed actin filaments pushing the
bacterium or particle. We find that the curvature magnitude determines the number of actively pushing fila-
ments, independent of viscosity and of the molecular details of force generation. The variation of the curvature
with time can be used to infer the dynamics of actin filaments at the bacterial surface.
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INTRODUCTION Rickettsiae[3] demonstrate that the tail is stationary with
respect to the surrounding environment, probably due to
The bacterialL. monocytogenesS. flexneri the spotted steric or functional connections with the cellular cytoskel-
fever group ofRickettsiagand theVacciniavirus are intrac- ~ €ton, so that the shape of the tail represents the path of the
ellular pathogens that move through the continual polymerPacterium. The curvature of this path varies from bacterium
ization of actin[1—4] in distinctively curved “comet tails” of to bacterium, and changes'over time for mdlwdual bacteria.
actin filaments behind the motile particles. While fascinating'L's nqlt known whathdeteLmlnes the bacterlall pathh and hen_ce
on its own, the actin comet tail is functionally similar to the (€ tall curvature, though no active control or chemotactic

actin mesh in the lamellipodia of a locomoting eukaryotic ?€Navior has been proposed for these systems.

cell, and the bacterial surface is analogous to the IeadinﬁJ"B"’mtelr"'.’1 Zre .fﬁnctlzm_ng fm|||crom§ch|nez, 'klj'rlta cannot be
edge of the cell. Identification of the biochemical compo-'""Y €XP oited without being fully understood. mono-

nents involved has thus provided insight into the active regugytogenesmotility system is understood well enough bio-

lation of actin polymerization by the c€llb,6], an essential chemically that_Act_A coated micr(_)sph_el[dsg] S.hOUId recon-
cellular proces$7]. stitute polymerization-based maotility in solutions of purified

For polymerization-based motility, the force generated byprotglns[G], .e., with t_otall exgenmendtalhcontrq:_. Howevekr],
actin polymerization at the moving object’'s surface drivesweb 0 nbc|>t yeuquanurt]atl\ée yun (Iarstan. the T:Ot' Ity enoug
the object forward against the viscous drag of the cytoplasrﬁ0 e able to use t e bacterial or microsphere motion as a
[8,9]. The necessary and sufficient bacterial contribution t robe of the _bacterlal or cell_u_lar conditions, or conver_sely to
motility is a single surface protein that orchestrates cellula@ttempt to tailor those conditions to affect the bacterial mo-

cytoplasmic proteins to locally promote the nucleation, elon- on.-
gation, and cross-linking of actin filaments. lln monocyto- In this paper, we propose that the curvature results from

genes this process is driven by the bacterial protein ActAthe random location of actin filaments pushing agai'nst the
[10-13, while S. flexneriexpresses the protein IcsA for the bacterium. We show how the curvature of the bacterial path
same purposgl4,15. Candidates for similar proteins have &7 b? used to predict static and dynar_mc structure at the
been proposed for spotted-fevRickettsiae[3,16] and for bacterial surfape. T_he average cgrvature is detgrmlned by the
the Vaccinia virus [17]. Simplified systems that have been qumber of active f""ﬂ?m‘?”ts pushing the bgcte_num. Informa-
developed for the study of polymerization-based motility in-tion abqut filament lifetime and surface .dlffusm.)n rates may
clude Escherichia coli expressing IcsA on their surfaces be obtained from curvature autocorrelations, since curvature

[15,18 and microspheres coated with purified AcfA9]. dhepsnds (')nl theflocat:fofr_ll of active f|Ia|mer:tsl W'trll. re(?pem to
Similar motility mechanisms appear to be at work in endo-Ne bacterial surface. It filaments are closely localized to spe-
cific bacterial surface proteins, then lifetimes and diffusivi-

somal rocketind20], and in nonactin polymerization-based fth . be inferred. We f h
motility systems derived from nematode spef@i]. Actin ties of those proteins can be inferred. We focus on the most
common experimental geometry of a thin quasi-two-

olymerization-based motility may even play an important™: . . .
POty y may icd P dimensional system constrained between a glass slide and

role in vesicle trafficking within the ce[l22,23. ) ;
As the bacterium or particle is driven forward, a curved “°V€" slip, howe\_/er we also discuss what_would he expected
cometlike tail of actin filaments remains behind. Pho-'cor bulk geometries. In both cases, we discuss the apparent

tobleaching experiments in monocytogeng®4] and quali- curvature appropriate to video microscopy.

tative observation ofS. flexneri[15] and of spotted-fever CURVED TRAJECTORIES

Curvature is defined as the rate of rotation of direction,
*Electronic address: http://www.physics.dal-ear/profile.html K=d#/ds, or the rotation per unit path length, whefeis
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2a To calculate the torqu&l, we must consider the torque
A due to each filament. These individual torques depend on
p— | exactly where the filament pushes on the bacterium. We as-
( b i 0 \ > - sume that the actively pushing filaments are each randomly
S placed on the trailing end of the bacterium, so that each one

9 will produce a random vectorial torque on the bacterium. The
sum of many of these random torques will have a Gaussian
distribution with zero mean. We can calculate the root-mean-

FIG. 1. The polar anglé and the axial anglep with respectto  square(RMS) torque,N, s, from the local filament density.
the capsule-shaped bacterium. The bacterium is taken to be curving/e take the growing filament barbed ends as uniformly dis-
within the plane of the page. The half-length and the radius of theributed over the hemispherical cap at the end of the bacte-
bacterium area andb, respectively. A schematic actin comet-tail is jum. In cross section, this leads to enhanced filament density
shown to the left, and the bacterium is pushed towards the right. Wﬁt the edges of the tail, similar to that seen in thin-section
approximate .the bacterium as a prolate ellipsoid for purposes ofactron micrographs df. monocytogenek28]. This distri-
drag calculations. bution also follows naturally if the filament density follows a

uniform ActA surface density. In cross-sectional coordinates,
the polar angle in the current plane of motisee Fig. 1and  where the cylindrical radius ranges from 0 td, the fila-
sis the distance measured along the particle path. The radiyfent density distribution is
of curvature,R=1/K|, equals the radius of the circle that
locally best fits the path. Eithdf or R locally characterize Pi(r,$)=obl\b?—r?, 2
the path, i.e., both may vary along the bacterial path.

Curved trajectories imply that a torqieis acting on the wherePr dr d¢ is the average number of filaments in the
bacterium to balance viscous drag proportional to the angulanterval (r,r+dr) and (¢,¢+d¢). Here,o= n/(2mb?) is
rate of rotation, N=#6C,,,, where Cy,=(32m/3)5(a* the uniform surface filament density on the hemispherical
—b%)/[(2a%—b?)S—2a] is a rotational drag coefficient for €nd of the bacterium, arfalis the bacterial radius. The mean-

turning in 8, and» is the fluid viscositya andb are bacterial ~ Square torque perpendicular to the direction of motion is eas-
dimensions (see Fig. 1 and S=2(a?—b2)  Y2nja ily found to be
+(a?=b?)]/b} [25]. The viscous drag forcE due to lin-

27 (b
ear motion at speed also carries a factor of the viscosity, <N2>:fgf f derdr[(r sing)?+(r cose)?]P(r, ),
where F=uf;,, and f;,=167y(a®—b?)/[(2a’—b?)S o Jo

—2a] [25]. Since the curvature of the path§=6/v ®)
= (N/Cym)/(F/fjin), we can use the drag coefficients to 0b- \yheref r sin¢ andf,r cose are the two components of the
tain a remarkably simple result, torque, so that they add in quadrature. This leads to an RMS

torqueN,me= V(N?) = fob2\/47c/3. Taking the ratiN,e/F

3 N to calculate the RMS curvature from E(d), we have
Ks —— =, 1

2(a’+b? F W

Kims= V3 __b \/ 3 (4)
™ (a2+b?)JAmo a?+b? ¥ 2n
independent of the viscosity. This is fortunate since the ef-

fective viscosity of the cellular cytoplasm is strongly scale-for a hemispherical distribution of filaments. Bacterial size
dependent, ranging from 0.01 poise (£0Pas) for small and shape contribute to the curvature, as does the average
loops on dye moleculef26] to 2100 poise(210 Paj for  distribution of filaments Eq(2). Other surface distributions
1.3 um diameter spherel27]. We find that the curvature of filament densities are also possible, and would affect the
directly probes the ratio of force and torque applied to thegeometric prefactors in Eq4) though not the functional
bacterium, with an easily determined geometrical prefactor.dependence on the number of filaments

The force,F=fgn, is proportional to the number of ac- Remarkably, the average force per filaméptdoes not
tively pushing filaments, while the force per filament,  appear in our expression for the curvature, so that our results
depends on the specific details of the motility mechanism, aappearindependentof the details of the force generation
seen explicitly in thermal-ratchet models of polymerization-mechanism. However, within polymerization ratchet models
based motility[8]. A complementary coarse-grained elastic[8], thermal fluctuations of semiflexible actin filaments trans-
analysis of polymerization-based bacterial moti@hexists, verse to their length29] could generate transverse forces,
however it is not convenient for determining curvatures. Wewhich would lead to an increased torque and greater curva-
take fy as constant in time, which amounts to consideringture than predicted above in E@). This transverse contri-
only times much greater than the mean time between actihution would depend on the biomechanics of the coupling
monomer addition or equivalently distances much greatebetween the actin filament and the bacterial surface, which
than the monomer size 2.7 nm. This is appropriate, since therould also depend on the bacterial shape. Unfortunately it
observed radii of curvature are larger than the bacterial scalelso depends on the effective and anisotropic elastic con-
(which is 1-2 um). stants of the actin filamen{29], which in turn sensitively
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depend on how actively pushing actin flaments are cross- 2.0
linked into the bacterial tail and the cytoskeleton, as can be
seen by contrasting the elastic constants giveri28} and

[30]. Our simplified treatment corresponds to no coupling of 101
forces transverse to the direction of bacterial motion. We
hope that sensitive experiments can uncover the effects of
these transverse forces and hence yield more insight into

0.5f
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polymerization-based force generation, though we expect the X
effects to show up predominately in the geometrical prefac- o . .
tor or amplitude of the curvature in E¢4) and not in the FIG. 2. The curvature distributionBg(x) (thick solid), P(X)

1/\/ﬁ dependence. We expect our subsequent analysis, dpelid), and P\(x) (dashed for ensemble, apparent, and intrinsic

distributions and autocorrelations of the curvature, to be unSurvatures, respectively, vs the scaled curvaturésee text We

affected. expectPg(x) if a single bacterium is tracked over large times or if

The vectorial torque perpendicular to the bacterial direc2 collection of bacteria are trackeB(x) if enough data can be

tion of motion is Gaussian-distributed. and the curvature i athered for a single bacterium before the intrinsic curvature
! changes, andP|(x) for a single bacterium if the curvature is ex-

proportional to themagnitudeof the torque. Within a bulk tracted f ficiently | 3D traiectory in a bulk |
[three-dimensional3D)] geometry, the curvature has distri- racted from a sutlicienty fong rajectory in a bulk sample.

bution
Pa(X) 2 (7
AlX) = ———,
P,(x)=2xe %, (5) mVl=X
. wherex=|K,J/|K| €[0,1].
wherex=|K|/Kns and [¢P(x)dx=1. If an individual bacterium changes its intrinsic curvature

in time, then over sufficient tim& will explore the entire

intrinsic distribution, Eq.(5). The ensemble distribution

Pe(x) of apparent curvatures will then be given by Ed)
The curvature of the bacterial path, characterized by Egconvoluted with Eq(5):

(4) and Eq.(5), isintrinsic to a given random placement of

filaments pushing against the bacterium. This intrinsic curva- o 2

ture is constant for fixed filament locations on the bacterial PE(X):f dy Pi(y)Pa(y/x)ly= \[;e_x 2 ®

surface. At any given time, the intrinsic curvature represents *

circular motion around the curvature axis. However, the in-

stantaneous curvature axis is not necessarily parallel to th&

Ikl]r;(\a/;) fas I?]rc])tr;usr?if?r?naEE?JEFJrg.at\r/]V\évor?]lt?s?%lfc? rcecilrlgtil(g:: a:jr;; aussian distribution of each component of the torque. This

namical effects which change the direction of the curvatureensemble" distribution also characterizes the apparent cur-

axis, both through rotation of the bacterium and through moYatures of large groups of bacteria, since they will each have

tion of the filaments on the bacterial surface a different intrinsic curvature chosen from E&) and each

Most experimental work to date has been done with reWill have a random axial anglg. The differences between

stricted geometries, such as the typical gap of several mIfc_he ensemble, apparent, and intrinsic curvature distributions

crons[18] between a glass slide and its cover slip. For thinareFdraernatlc,_as_ shol\;vr}kln Fig. |2' I ded
enough samples, curvature out of the plane will be restricted. "°F Pacteria in a bulk sample, two angles are needed to

If the axial angle¢p measures the angle between the vectorith?raCter'lzfpth? Eactenal patth|t|r_1 res?egt ;0 thz VIEwer: a
torque and the normal to the sample plane in the line of sigh?°!ar angle¥ with respect to the line of sight and an azi-
uthal angle¢, about the line of sight. One must also

then the apparent curvature as measured from a microsco ) ’ ; ) ;
specify the axial angle> about the bacterial axis. If we line

or video image will be : i
up the bacterium to travel away from us along the line of
sight, before rotating it towards us B in the ¢, azimuthal
Kapp= |K|cos¢b. (6)  direction, and measuré as the angle between the vectorial
torque andgy, then the apparent curvature is

Positive and negative curvatures correspond to clockwise
and counterclockwise curved paths in the microscope image, K app,ao= — | K|cose/sin? . 9
respectively.

A single bacterium with a fixed intrinsic curvatur,  This is the curvature as measured from a microscope or
would eventually uniformly explores € [0,27] through ro-  video image, and takes values from ¢,%) with no explicit
tational diffusion[31]. As it does, the apparent curvature will ¢, dependence. Extremely large apparent curvatures are
change. For a fixed intrinsic curvature sampling at uniformseen when bacteria are moving towards or away from the
time intervals, we would measure a distribution of apparenbbserver with correspondingly small velocities, with
curvatures given by small. The apparent speed ig,;~v sin'¥, wherev is the

MEASURING CURVATURE

herex=|K pd/ (Kims/ \J2), where the RMS-apparent torque
equal toK ,¢/\2. Pg(x) also follows directly from the
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bacterial speed along its path. A convenient quantity is obpend on the details of filament nucleation, namely how new
tained by “normalizing” the apparent curvature by multiply- filaments are placed with respect to preexisting active fila-
ing by v5,,, to obtain ments.

Azimuthal diffusion will not affect the intrinsic curvature
or its correlations, but it can contribute to decay of correla-
tions of the apparentcurvature by changing the apparent
_ curvature over time. Azimuthal diffusion obeygA ¢)?)
whereK=|Kv?|. This also decreases the weight placed on=2D ,At, whereA ¢ is the net angle of rotation in the time
apparently stationary bacteria, which can be hard to distinAt andD, is the diffusion constant. This has a direct effect
guish from other objects, and simplifies the analyi'igpp on the correlation between apparent curvatures separated in
will have the ensemble distributioRg(x) if ¢ is uniformly ~ time by At>0:
explored in time. Note that time or path-length weighted dis-
tributions will differ in bulk samples, since the apparent Aapd AD=(Kapf K apft+At))

K apr= K app 3t 5pp= — K COS, (10)

speed 5, Will vary dramatically even for a constant intrinsic = (K2 Ve AU cosd(t)cod d(t)+ A
bacterial speed. The distributions presented in this paper are (Kimy {cosg(tjcot (1) 2
for time-weighted sampling, appropriate for video micros- =(KZ Je AUTg Dadtjp, (12

copy and/or for planaf2D) geometries.
where 7 is the decay time from intrinsic correlations in Eq.
(11) and the average is ovérfor a single bacterium(We

have used the identity(e®)=e 2 for Gaussian-
For individual bacteria, the experimentally apparent varia-distributedx.) Of course, rotation of the bacterium around its
tion of curvature from one moment to the next is striking long axis will lead to decaying autocorrelations only if active
[3,18,33. Restricting ourselves to thin planar samples, thefilament tips are localized to bacterial surface features. If not,
angular diffusion of the bacterial orientation can lead toazimuthal diffusion might not affect the apparent curvature.
changing apparent curvatures through changing axial angles For individual bacteria tracked for times much less than
¢ in Eq. (10), and theintrinsic curvature can also vary if the intrinsic curvature will appear constant. For times much
filament locations on the bacterial surface move significantljjonger thanr, each bacterium will sample the ensemble of
over time. We explore two case@) where activelpushing intrinsic curvatures. The characteristic time scale may be
filaments are removed and randomly replaced on the bacteneasured from the decay of curvature autocorrelations. Fila-
rial surface, and(ii) where active filament locations ran- ment decay/replacement, filament diffusion, and axial rota-
domly diffuse. We will later apply these cases to characteriz&ion all contribute to exponential decay of the apparent cur-
filament repositioning for different motile systems. vature correlations. Their contributions to a particular motile
It is easiest to characterize changes in the net torque actystem may be separated through independent measurements
ing on the bacterium with respect to a reference frame fixe@r through systematic studies where parameters such as the
to the bacterium. We consider the correlation of the intrinsicparticle size or the cytoplasmic viscosity are varied.
vector torques separated in time hy>0: Random rotation and diffusion of bacterial positions will
also contribute to the measured curvature and curvature au-
N > N2 At tocorrelations. In principle, this is a complicated hydrody-
An(AD=(N(D) - N(t+AD) =Nryse : (11) namic effect[35] I(Eadinég3 to exponential agymptoticydecay,
however the time scales are very short~R%p/7
where a static intrinsic curvature correspondsrte», and  <107° s for a bacterium in a cell, whelR is the cell size
the average is over the initial timteThe second line follows andp the Cytop|asmic densi)y’;ompared to the measurement
directly if each filament has a lifetime after which it is intervals in typical bacterial experimentseconds The au-
replacedrandomlyon the rear of the bacterium by another tocorrelation decay will effectively be discontinuous it
filament. If new filaments are randomly placed, they will be =, where thermal and measurement jitter will contribute at
uncorrelated with other filaments. The correlation will thenat=0 but not forAt>0. To eliminate those contributions,
be proportional to the fractlc_)n of fl_Iar_nen_ts that have not beefAhe experimental RMS curvatutié,,s should be extracted
replaced between the two times, i.e-,('2~'2'". Exponential  from the At—0* limit of the autocorrelations or should be
decay also applies for actin filaments whose fast-growingit from sufficiently long segments of the bacterial path.
barbed'end pOSitionS diffuse over the baCterial Surface W|th Curvature autocorre'a‘tions in bu|k Samp'es are Simp|e
diffusion constantD. Solutions of diffusion on a spherical only when the intrinsic curvature is extracted from full 3D
surface of radius [33] leads tor=b%(2D). These results tracking of the bacterial trajectorisee, e.g.[36]). In that

would apply directly to proteolysis/replacement or surfacecase, Eq(11) will describe the autocorrelation decay.
motion of bacterial proteins such as ActA or IcsA if active

filament positions are localized to such bacterial surface fea-
tures(see below. They should also apply to dynamics intrin-

sic to the actin tail through capping and nucleation of active In this section, we discuss several specific motile systems,
actin filamentg34], where capping is a loss mechanism. Inand use the details to refine our discussion of curved bacte-
this case, the time scale of autocorrelation decay would dedal paths. For illustrative purposes, curvature has been esti-

CURVATURE DYNAMICS

MOTILE SYSTEMS
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mated from published images d&f monocytogenesThis |ifetime 7 of individual ActA is approximately 2 hin vivo

should be considered an order of magnitude estimate only41] and would directly contribute to the curvature autocor-
We only analyze motion withitxXenopus laevisell extracts, | a|ation decay given by Eq12).

since cellular organelles and cell membranes, which can lo- If there is a connection between the bacterium and its tail

cally affect bacterial trajectories through collisions and{g], then axial diffusion will be dramatically reduced and

which are hard to control for in published images, are absent, : . .
. . : -_autocorrelation decay due to proteolysis should dominate and
Also absent in extracts is a polarized cytoskeleton, which

could plausibly align bacterial motion in intact cells; this could be directly observed. However, if the bacterium is not

could be explored through a systematic comparison of bac:t—'ghtIy attached to its tail, then it will rotate witD,

terial motion in cells and in cell extracts. It must be empha-— KsT/Ca~10 ® raf s, corresponding to a time sc;ale

sized thatproper studies of curvature require unbiased data' Ezq. £12) of 1£DA.% 1000 s<r, whereC=(32m/3)n(a”

and individual images previously selected for publication—P“)b“/(2a—b<S) is the viscous drag coefficient for axial

may be biased by aesthetic considerations. Distributions an@®tation[25], and we takep= 30 poise(3 Pa $ following [8].

autocorrelations require much more data than are available

from published individual images, and will require analysis Shigella flexneri

of video data. The Gram-negativeS. flexnerihas a similar maotility
The details of the nanoscale mechanical connection berhechanism ta. monocyfogene[ﬂs 47 for example, it has

tween the actin filament tail and a particular bacterium or ; ' . T L X

a unipolar surface protein required for motility, Ics8. flex-

motile particle are not yet known, nor are the details of the

dynamics. Indeed, these details may differ for different bac—neri are about 2.3um long and 0.5um in diameter, and

teria or for different natural or reconstituted cytoplasmic en-MoVe at speeds comparableltomonocytogen&is2]. How-

vironments. We present some plausible scenarios below arfyer: differences are observed betwegnflexneriand L.

indicate the expected results of a curvature analysis in eacRonocytogenedhe tails ofS. flexneriappear to have fewer
actin filaments thah. monocytogenelg!t3]. IcsA is targeted

to one bacterial pole its. flexneriand may diffuse in the
Listeria monocytogenes outer membrang44], in contrast td_. monocytogengsvhere
ActA is stationary.

Curvature studies can help investigate these differences.
For example, if fewer filaments are actually pushing the bac-
terium, rather than simply fewer filaments involved in cross-
linking, then according to Eq4), the curvature of the path
of S. flexneriwill be systematically larger. If actin filament

Xenopusextract[37] have apparent curvatures of approxi- tips were associated with individual IcsA, then diffusion of
P PP PP IcsA on the outer bacterial membrane would contribute a

— 71 . _ .
T 08 epcorsoning (20 Nrerts e/, where g b(2D) i €3, (12, n acation
P 9 : y to the finite IcsA lifetime due to proteolysi44]. Unfortu-

F;Zr]nber, it is consistent with electron microscopy Imagesnately,S. flexneriare not motile inXenopusextracts[18,32,

The role of ActA in polymerization is being uncovered but they do have qualitatively similar curvatureltomono-

[38] but questions remain. It is not yet clear whether indi_cytogenesn intact cells[32].
vidual filaments are associated with individual ActA mol-
ecules, and if so, for how long. Direct mechanical attachment
is possible and indeed indicated by optical tweezer studies The spotted-fever group oRickettsiaeuse actin-based
[9]. Indirect attachment is also possible if the complex ofmotility for intracellular movemenf{16]. While a surface
ActA and cytoplasmic proteins serves as a source of mongprotein (rOmpA) of motile R. rickettsiihas been implicated
meric actin with locally enhanced polymerization affinity. in tail formation and has sequence similarity to a domain of
For example, profilin has been shown to interact with ActAlcsA [45], its surface distribution and specific biochemical
through vasodilator-stimulated phosphoprotéASP) [11]  role have not yet been characterized. The most studied spe-
and hence can provide a local “plume” of profilin-ATP-G- cies, R. conorii [32] and R. rickettsii[3], are roughly the
actin which in some conditions can polymerize more readilysame size ak. monocytogene$ut move only one-third as
than ATP-G-actin[39]. We can readily obtain the leading fast.

behavior of the steady-state concentratidiffusing a dis- While Rickettsiaeare obligate pathogens that are not vi-
tanced from a disklike source of radius and strengtiC, able inXenopusextracts, the curvature of their paths in intact
[40], C/Cy=2s/(ard). The diffusive plume would provide cells is qualitatively smaller than that bf monocytogenesr
significantly enhanced polymerization only to distances orS. flexneri(32]. Yet the tails inR. conoriiare found to have
order the sizes of the ActA itself. If ActA is well separated very long parallel filaments, with relatively few filaments
on the bacterial surface, then filament nucleation and growtbbserved in cross-section electron micrograpsg|. It is
would be closely associated with individual ActA molecules,worth considering two possibilities. The first is that the fila-
which in turn would be held stationary by the external pep-ments are not uniformly distributed on the bacterial surface.
tidoglycan layer of the bacterium. The proteolysis inducedThe numeric prefactor of the curvature Bd) will range

Motile L. monocytogenedave a distribution of tail
lengths ranging up to about 1am [28] and speeds of up to
0.4 u m/s[24]. MatureL. monocytogeneare roughly cy-
lindrical Gram-positive bacteria, 1..xm long with a diam-
eter of approximately 0.5u.m [32]. Polar surface expression
of ActA is required[10,11] for motility. L. monocytogeneis

Spotted-feverRickettsiae
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from O for polar filaments ta/3/2 for uniform distribution  onstrate diffusion of ActA on the microsphere.

on a hemispherfEq. (2)] to 3 if all filaments are along the Microspheres are also good systems for systematic studies
outer edge at=b. A smaller than expected curvature can of various radiib with a constant surface density of ActA
result from clustering of active filaments near the pole. How-and, presumably, actin filaments. In the autocorrelation
ever, this appears to be unlikely from the electron micro-decay, a finite filament lifetime would make a contribution
graphs of decorated actin tail32]. A second possibility is that scales as~ const, diffusion on the microsphere surface
that the filaments are not randomly distributed on the bactewould haver~b?, while axial diffusion would have D/,
rial surface. If the arrangement is symmetric, or regularly~b?® [25]. Varying the cytoplasmic viscosity, on the other
spaced, then the expected torque would be reduced. Aand, should only affect axial diffusion, with[IA~ 7.
paracrystalline surface structure is observedRickettsiae

bacteria[46], though it is unknown whether it affects poly-

merization dynamics. SUMMARY

Random filament interaction with the bacterial or particle

VIRUSES AND VESICLES surface can explain the characteristic curved paths observed
in polymerization-based motility systems, suchLasnono-
cytogenesS. flexneri spotted-feveRickettsiage Vacciniavi-

rus, and motile lipid vesicles and microspheres. We distin-
fguish between the intrinsic curvature, which can only be
measured with the full three-dimensional trajectory of the
Yacterium or particle, and the apparent curvature observed in
microscope images. We derived explicit distributions for
these curvatures and showed how they can uncover impor-
tant qualitative differences between the various
polymerization-based motility systems. We showed, in Eq.
(12), how the lifetime and dynamics of surface-associated
proteins, such as ActA or IcsA, affect the evolution of the
intrinsic curvature of the motion of individual bacteria, virus
rticles, vesicles, or protein-coated microspheres.

Actin polymerization-based motility is exhibited by the
Vacciniavirus, where~200 nm diameter oblate virus par-
ticles move at 0.05um/s with tails of length 8 um in
HelLa cells[4]. One of the interesting unsolved puzzles o
this system is that the virus always travels in the symmetr
direction, which is the orientation of highest drag.

If filaments are localized to the viral surface by a specific
protein [17], and if it diffuses over the viral surface, the
intrinsic curvature will change with time witlr=b?/(2D)
following Eq. (11) and[33], whereb is the vesicular radius
andD is the diffusion constant of the motility protein on the
viral membrane. Usin@~10° cn¥/s, appropriate for dif-
fusion within vesicular membranes, we haxe0.05 s. This

. . ) P a
is much Ies_s than the time s_cale of ro';atlonal diffusion andp Systematic experimental analysis of curvature in
would dominate autocorrelation decay if present.

L - g . polymerization-based motility systems has not yet been
Polymenzanon-b_ased motility with curved comet tal|.S done, but would supplement genetics, biochemistry, and mi-

%roscopy by providing structural information about the inter-

systems fqr systematic study since'they haye fluid oyter I""yl"ace between the actin tail and the bacterium. Curvature stud
ers, spherical geometry, and a variety of sizes. Vesicle moay

i : . es could estimate the number of filaments actively pushin
tion has been reconstituted Xenopusegg extract$22], in yp 9

q d ic1680], and i tracts of tod the bacterium, the distribution of these active filaments on
endocytosed vesic » andin extracts or nematode Sperm y,q 1,5 ctarig| surface, their localization with respect to motil-

[2%.]' In Isomg si/.stezrgs,z th(_a ver.?lc:]e l'p'dfhd'ﬁ(:tly rrt1ed|ateity protein complexes, and surface motility protein lifetime
actin polymerizatiori22,23, in which case the filaments are and diffusion on the bacterial surface. A similar analysis can

unlikely to be localized to particular spots on the vesiclebe done for virus, vesicle, and microsphere systems

sun:jace. Effelcu\t/_e f||an:jer|1t motlfo?_l COUIdt Stf'” OCCtlrJ]r due .t? It is useful to summarize the specific applications of this
random nucleation and 10ss or filaments from the vesic eanalysis. There are three. First, the relation between curva-
surface, and this is a possible mechanism of intrinsic curvay,

i ; lation d in bacterial ¢ I ure and number of filaments in the actin tail, E4), can be
ure autocorrelation decay In bacterial Systems as well. compared with electron-microscopy cross sections and with

normalized fluorescence studies. The relation between curva-
MICROSPHERES ture gnd parti(_:le sizg, als_o i_n E@), can be used_for differ-
ent sized particles with similar surface preparations, such as
A simplified in vitro system using small polystyrene mi- microspheres. Second, the distribution of observed curva-
crospheres, coated with purified ActA and addeémopus tures is predicted to be Gaussian, E8). For particles with
lavis egg extract, has been shown to reconstitute actin-basegbnstant intrinsic curvatures, a qualitatively distinct distribu-
motility [19]. Could different intrinsic curvatures be sampled tion of apparent curvatures, E¢7), is expected. If three-
by a single “inert” microsphere? The ActA has its transmem-dimensional tracking of particles in a thick sample is used,
brane domain replaced by ax6His repeat, and is nonspe- then the intrinsic distribution would apply, E(). Third, the
cifically bound to the carboxylated polystyrene microspherevariation of curvature in time is predicted to be described by
It may be possible for the ActA to randomly crawl on the an exponentially decaying autocorrelation function, @4).
microsphere surface without detachirifpr example, see The time scale of autocorrelation decaycharacterizes how
[47]). Allowing a small surface diffusion rate,D the position of active filaments in the bacterial tail changes.
=10 '2 cn/s, results in a decay time for correlations of Studies of different sized particles, or direct tracking of azi-
r=b?/(2D)=325 s for a 0.5um diameter microsphere. muthal particle rotation, could help to untangle the possible
Data from curvature studies may thus may be able to demeontributions to curvature autocorrelation decay.
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We have made simplifying assumptions to facilitate ourmotion itself, as well as local constraints posed by cellular
analysis. We have assumed particular particle shapes and srganelles and membranes, will affect particle trajectories.
face distributions of filaments. We also took the individual This could dominate the effects described hiergivo.
filament forcesf, to be in the direction of particle travel.
Different shapes, surface distributions, and filament orienta-
tions would change the numerical prefactor in H¢),
though the curvature distributions would not be affected. We
have also assumed that individual filaments aréepen- This work was supported financially by the Natural Sci-
dentlyrandomly located. Nonrandom symmetric filament lo-ences and Engineering Research Council of Canégala,
cations will result in curvatures mudhassthan predicted in  Fonds pour la Formation de Chercheurs et I'AiddaaRe-
this paper. In contrast, filament distributions that are notherche du Queeg and by the Canadian Institute of Ad-
symmetric will lead to qualitatively larger curvature than dis- vanced Research Program in the Science of Soft Surfaces
cussed here, where we assume a random but azimuthalénd Interfaces. We would like to thank Lisa Cameron, Julie
symmetric distribution. We have also assumed that the visTheriot, and Bob Heinzen for discussions, and Sarah Keller
cosity does not vary strongly over bacterial length scalesand Jennifer Robbins for critical readings of earlier versions
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