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Growth of fingerlike protrusions driven by molecular motors
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The actin cortex is an important part of the motile machinery of a eucaryotic cell. The cortex is steadily
reorganized, for example, through the action of molecular motors forming active crosslinks between pairs of
actin filaments. Here, the effect of correlations between molecular motors on the induced relative motion of
two aligned filaments is investigated. It is found that the average relative velocity between filaments depends
nonmonotonically on the motor concentration. Depending on the properties of the filaments’ ends, the active
interaction between filaments of the same orientation may lead either to a complete overlap or to separation. In
addition to pure actin polymerization the active separation of filaments might be involved in the growth of long
fingerlike protrusiongfilopods.
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[. INTRODUCTION provide the necessary space needed for further polymeriza-
tion [5,6]. Within this framework indications of fingerlike
During the growth of an axon, nerve cells extend finger-protrusions have been reported only in the case of a fluctu-
like protrusions a tenth of a micron wide and up to®th  ating membrand7]. Membrane fluctuations are, however,
long [1]. These so-called filopods are formed by a bundle ofiikely to be suppressed at the tip of filopods due to mem-
long filamentous polymers made of the protein actin. Due tdrane proteins accumulated at this po{®. Here, we
different polymerization rates, the two ends of actin fila- present a possible mechanism for filopod growth, based on
ments can be distinguished. The bundle of actin filaments itthe action of molecular motors accompanying the polymer-
a filopod is oriented such that the faster polymerizing pluszation of actin.
ends point towards the tip, while the minus ends point to- Molecular motors are ATPases, i.e., proteins catalyzing
wards the cell body. Therefore, polymerization of actin hashe hydrolysis of ATP, that undergo a series of conforma-
been assumed to provide the driving force for growing theseional changes during the hydrolysis of ATP]. On an ap-
protrusions. propriate substrate, these conformational changes induce a
Indeed, polymerization of actin is very likely to be the displacement of the motor relative to the substrate. For ex-
driving force in several mechanisms of cell motil[]. For  ample, motors of the myosin superfamily advance on an ac-
example, the bacteriutisteria monocytogenesdvances by  tin filament towards the filament's plus end. In the last 10-15
growing an actin comet at one of its poles and the leadingears, motor proteins have been intensively studied in order
edge of moving eucaryotes is a place of intense actin polyto elucidate the mechanism by which an individual motor
merization. Recentlyin vitro experiments have been con- moves forward. Sef8,9] for reviews of the current experi-
ceived in order to investigate if actin polymerization alone ismental and theoretical understanding. More recently, collec-
sufficient to drive these processes. Hasteria this is the tive properties of filament-motor systems start to attract a
case, as latex beads immersed in an extract containing ontyoader interest. Collective effects in these systems appear,
proteins, that are involved in the polymerization of actin,because motors or complexes of motors may actively
may grow a comet and moJ&]. Concerning the growth of crosslink filament pairs, resulting in an active relative dis-
filopods, polymerization of actin within giant vesicles hasplacement of the filaments. As a consequence, contraction of
been found to produce fingerlike protrusiod. However,  filament bundles followed by filament sortifig0] has been
an unphysiologically high concentration of monomeric actinobserved, as well as the formation of asters, vortices, and
seems to be necessary. Furthermore, the protrusions gen@etworks of filament§11,17] in a quasi-two-dimensional ge-
ated in this way extended only up to a length of aboutometry. Theoretically, filament sortingl3], contraction of
10 wm. disordered filament bundld44,15, and persistent filament
Also on theoretical grounds there are indications that inransport{ 16] have been obtained.
addition to pure actin polymerization there is another mecha- In this work we will look at the influence of correlation
nism involved in the growth of long filopods. The current effects between motors due to excluded volume interactions
understanding of how polymerization of actin may push aon the relative motion between two actively cross-linked
membrane states that fluctuations of the membrane or bendligned filaments. We will first study the case when the un-
ing fluctuations of actin filaments close to the membranebound motors are homogeneously distributed around the fila-
ments. Remarkably, due to the motor interactions, filaments
of the same orientation will under certain conditions tend to
*Present address: Max-Planck-Institut fRhysik komplexer Sys- separate from each other. This observation suggests a mecha-
teme, Nahnitzer Str. 38, D-01187 Dresden, Germany. nism of filopod growth by pushing a filament against the tip.
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In the last section, we investigate this possibility moreconfigurations of one crosslink per pair only. Let the cross-

closely. linking motor be on sita of flament 1 and on sitk of
filament 2. Then, within an interval of tim#t, the probabil-
Il. A MODEL FOR MOTOR-INDUCED SLIDING ity for a relative displacement between the two filaments due
OF FILAMENTS to the motor advancing on filament 1 is,(1—s{}))At,

wheres(¥ is the occupation number of siteon filamentk.

Let us start by describing the general setting, which wean analogous expression holds if the motor advances on
will use in the following sections. It is chosen so that it filament 2. A crosslink between the two filaments is assumed
captures the qualitative features of the motor-filament interto pe established with probability, if two facing sites on
actions, but neglects details, many of which are still un-hese filaments are occupied. The valuegfis assumed to
known. A filament is represented as a linear lattice composege constant along the filaments, but will, in general, depend

of L equally spaced sites, with site number 1 being associpn their relative orientation. For the average velocity of fila-
ated with the filament's minus end and site numbevith its ~ ment 2 relative to filament 1 in units of monomers per time

plus end. Molecular motors bound to the filament are reprege thus obtain in the stationary state
sented as particles occupying the sites of the corresponding
lattice. Here, each site accepts at most one motor and the C(1)(2) 1 (1)1 (2)
actual state of site numberis given by the value of;, U:(igd Pawn(]i s £571K7). (2
which is 0 for an empty site and 1 otherwise. Two filaments '

are displaced with respect to each other by a moleculafigre A denotes the region of overlap of the two aligned
motor—or a compound of motors—if this motor is bound 10 i ments, {,k) are pairs of adjacent sites on the different
both filaments simultaneously and advances on one of themg, - .o i is the current from site to sitei+1 on fila-

i

TES ﬁu"i?t (gimorgozsrﬁm;n imﬁ\c/) SrlteltjiL(r} 'r?]gernogerﬂ t?hr mentk, and{- - -} denotes the ensemble average. The plus
a as the ension ot a erse titnamber of motors sign applies in the case of antiparallel filaments, i.e., fila-

ad\_ﬁ]ncmg fro[nt.to ! +:% per=un|t t'me('j J=(i | ments of opposite orientation, the minus sign in the opposite
e expectation value§;=(s;) and J;=(j;) are calcu-  ,qq of parallel filaments.

lated by using the following model for a motor moving along -, ey 1 calculate the needed expectation values, we
a single filament. A motor on sitemay advance towards the will use the independent filaments approximation '
plus end of a filament by hopping to site- 1, provided that
this site is empty. Within an interval of tima&t, the prob- wn(sWsP(1-sb)))y =M 3)
ability for such a hopping event im,At, such thatJ; b e '

= wp(si(1—si+1)). Apart from hopping, motors may attach Thereby, everything can be calculated using expectation val-
to and detach from the filament at any site. The correspondyes obtained for single filaments. This approximation is ap-
ing rates are denoted hy, and wq, respectively. The last propriate if, for example, motors have to form a compound
site of the filament requires special consideration for there i$n order to cross-link two filaments and if these compounds
no further site the motor may hop to. We assume that th@orm rarely and are short-lived compared to typical time
detachment rate at this site is given &Y+ wy(1—0) with  scales for the dynamics on a filament. We can give another
o<1+wq/wy. Note, that the attachment rate, will in example: let there be two kinds of motors showing both the
general not be equal for all sites along the filament as isame dynamics on a single filament, but only motorsrué
depends on the amount of unbound motors present in thgpe are able to cross-link filament pairs. Then the approxi-

environment of these sites. t, were different from zero mation is appropriate under the condition of only a few
only on the first site and4= 0, then this model is the totally crosslinkers.

asymmetric exclusion moddl17]. Putting everything to-
gether, the time evolution of the average occupation number

e Ill. FILAMENT SLIDING FOR A HOMOGENEOUS
S; of sitei is given by

DISTRIBUTION OF UNBOUND MOTORS

In this section we will study the case of a spatially con-

gio~ @nS-1(1-S) —opSi(1-Si4) stant attachment rate,, corresponding to homogeneously
distributed unbound motors. Only the stationary states will
Twa(1-S)~wgS, (1)  be considered.

Let us first briefly discuss the motor dynamics on one
where we have used the mean field approximatigs, , ;)  filament. If motors are incapable of advancing along the fila-
=SS ,;. The boundary conditions ar§,=0 and S,,; ment, i.e.,w,=0, the mean occupation of any site is given
=0. by r=w,/(w,+ wg). The same holds for all values af, if

In order to calculate the average velocity between twahe filament is of infinite length or forms a closed loop. In the
aligned filaments, denoted by 1 and 2, we make the followcase of a finite filament length with open boundaries, the
ing assumptions: Firstly, a motor can only connect the twalistribution changes as, is increased from zero to a finite
filaments at two adjacent sites. Secondly, filaments are takevalue. Here, with increasing;,, the homogeneous distribu-
to be rigid objects. Finally, the probability of forming a tion is changed from the boundaries towards the bulk. Our
crosslink is weak enough such that it suffices to considenumerical analysis shows that this is mostly effective in the
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case ofr <1/2. Forr>1/2, the current towards the plus end S; K
dominates, and little influence of the boundaryiatL is F e
observed except for the very neighbors of the boundary. A y
simple analytical analysis also supports this reguiot
shown).

Towards the minus end, the filament is on average less 0'
populated, as motors cannot arrive in this region by moving ’
on the filament. Concerning the behavior towards the plus
end we have to distinguish two casesolfr, then detach-
ment from the last site is less likely than in the bulk. Conse-
guently, motors jam and this region is more densely occupied
than the bulk. In the opposite case<r, the mean occupa-
tion correspondingly diminishes towards the plus end. See 0.
Fig. 1, which presents the mean occupation number in the 0 10 20 30 40 4
steady state as obtained by a numerical simulation of the
stochastic motor dynamics. FIG. 1. The steady state for motors moving on one filament.

This figure also represents the average motor currenfnown are the mean occupation numir(top) and the mean
Starting from the minus end, it grows from zero up to its CUrrentJi=(ji)/ws (bottom along the filament forw, /w=0.1,
bulk value w,r (1—r). For o> it then decreases towards “d¢/@n=0-1, andL.=50. Diamonds are foor=1, triangles foro
the plus end as a consequence of jamming. In the opposite ™"
case, on the contrary, it increases as there are on averagfeasingx. Using the independent filaments approximation
more free sites available. (3), the distinction between the mean occupation number of

We will now investigate the relative velocity between two filaments 1 and 2 in Eq2) is no longer needed. The same
aligned filaments of a common length To this end we holds for the currents. As a function of the distantde-
calculate the velocity of filament 2 in a frame of referencetween the filaments’ minus ends, we obtain for the relative
associated with filament 1. The orientation of filament 1 isvelocity of parallel filaments, which overlap iE=—L

E
°
©
<o

chosen so that its plus end points into the direction of in+1,... L—1,
|
L—é-1 L—¢&
v(pa)(f): gr(f)pcl Z:l |+§$ Zl |Si+§ (4)
0 for &=0.
Here, sgnf) is 1 for £>0 and—1 otherwise. Filaments of opposite orientation overlap=0, . . . ,4. —2 and their average
relative velocity is given by
1+¢
E JiSZ+§—i for §:01---,L_2,
i=1
0 @6 =2pyl |, ®
JiSosemi for é=L-1,...,2-3.
i=é—L+2

The induced sliding between parallel filaments is a boundthe case of noninteracting motors. However, the average ve-
ary effect. Even if motors did not interact among themselveslocity may significantly increase due to the motor interac-
i.e., If jj=wys;, finite size effects would lead to a non- tions.
vanishing average velocity. The filaments would then always For antiparallel filaments, the motors are in all cases in-
tend to increase their overlap. Numerical investigation of thecreasing the distance between the filaments’ minus ends.
stochastic dynamics for interacting motors reveals, howevefSince, in contrast to the motion of parallel filaments, motor-
that for c=0 and intermediate values af,/w,, filaments induced sliding of antiparallel filaments is a bulk effect, the
of the same orientation tend to repel each other. See Fig. 2lative velocity depends only weakly on the valuecof A
which presents the average filament velocities as a functiosimple estimate for (@ is given by D wnr?(1—r) times
of their overlap for two different values ab,, i.e., two the overlap of the two filaments.
different motor densities. Note that filaments repel each In order to compare the values for different,, corre-
other, when (P has the same sign &s For w,<w, and for  sponding to different numbers of unbound motors, let us de-
wnh> w, parallel filaments will increase their overlap as in fine the following average relative velocities:
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FIG. 2. Relative velocities between two aligned filaments oft'm/e ai"(j) d'V'dzd _byopd“’r:" fThef.Iparame.tersf Iara’éfhzso'la
common length as a function of their minus end distance. The tof’d’ “h~ 1 an h=10. The free llament is of length=20 an

nels showsP=p (P2 (2p_wy) for parallel filaments, the bottom aso=1, while for the attached filamernt=50 ando=0. The
pa —ap) (a,;v Pei®n ) P i ' inset shows a schematic representation of the growth mechanism.
panelsv*P=v**/(2pgwy) for antiparallel filaments. Left panels notors are represented as dots, the cross-linking motor as an el-
are forw,/w,=0.1, while right panels are fob,/w,=0.4. Fur-

- . lipse. Only bound motors are represented. Bars indicate the attach-
thermore, wy/w,=0.1 andL=50. Diamonds are foo=1, tri-  ant of one filament to the substrate.
angles foro=0.

L1 this approximation the maximal velocity is attained foy
y(pa)— S ke g) ©6) =2wq, corresponding to a bulk mean occupation rof
2L-1 & =2/3. Let us close this section with the remark that dor
=1, both average velocitie§/(P® and V(®), were found to
for parallel filaments and decrease with increasing;, .
2L-3
V(@p)= E v(ap)( &) (7) IV. AMOTOR-DRIVEN MECHANISM
2L-1 &0 FOR FILOPOD GROWTH

for antiparallel filaments. Figure 3 presents the average rela- Based on the observation of separating parallel filaments,
tive velocities V(P and V@) for attachment rates corre- we propose the following mechanism for filopod growth, as
sponding to bulk occupation numbers in the range of aboutlustrated in the inset of Fig. 4. Recall that a filopod contains
0.1 to 0.9 The average relative velocity for parallel filamentsa bundle of actin filaments, all oriented with their plus ends
initially decreases withw,, until it increases around, outwards. Suppose that some of these filaments are attached
~wy. Foro=0 it then changes sign and will asymptotically to a substrate, while other filaments are free to move along
approach 0. In the case=1 the average velocityP® is  their axis. Motion in the perpendicular directions are sup-
negative for all values ob,, but also approaches zero in the Pressed by the cell membrane. As found above, through the
limit w,—. The average velocity of antiparallel filaments action of molecular motors, the free filaments will under ap-

is reasonab|y approximated using the rough estimate pr@ropriate conditions be transportEd into the direction of their

sented in the previous paragraph, as is shown in the figure. lplus ends. Thereby they might push the membrane away
from the plus ends of the attached filaments, such that the

Voo latter are thus able to polymerize. In the following we show
L A8t that there is a stable state of continuous actin polymerization.

0. B 2 2nnmwm - Consider the simple situation of two filaments only, one
o .o of which is attached to a substrate and long, while the other

05t o0, ] is short and free to move along its axis. In a filopod, motors

are nonhomogeneously distributed as they are moving on the
filaments towards the tip. For simplicity we will suppose a
distribution of free motors decreasing exponentially from the
tip towards the cell bod{18]. In our model this distribution
of unbound motors translates into an attachment tate
% which decreases exponentially from the membrang(i)
01 003 01 03 o, 0 : - )
= w,exp(—i/\), wherei is the distance to the membrane. For

FIG. 3. Average relative velocities between two aligned & filament with its plus end next to the membrane, we choose
filaments of common length as a function ef,/w,. The top o=1, i.e,, at the plus end, a motor cannot leave the filament
panel shows VP=V(a)(2p_ w,), the bottom panelV@) by hopping off the filament. For a filament with its plus end
=V@)(2pywy). The remaining parameters ate;/w,=0.1, L away from the membrane we choose-0.
=50, ando=1 (diamond$ or =1 (triangles. The solid line is Let us first calculate the average velodcity,. of the free
obtained from the estimate indicated in the text. filament as a function of the distance from its plus end to the
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plus end of the attached filament. We choose a frame such V. CONCLUSION
that the origin associated with the plus end of the attached

filament and such that the plus ends points into the directionI I(;] gonflusmp, we havet;nvestlgate? th? effects of e>;]-
of positivex. A typical result for positive¢ is shown in Fig. cluded volume interactions between molecular motors on the

4. Here,¢ is the position of the free filament's plus end. Up motor-induced sliding vglocity bgtween aligned filaments.
to a distance of a few monomers, the velocity of the freg-or both pargllel and antlparallel_ fllaments, we have found a
filament is positive, corresponding to separation of the fila-lonmonotonic dependence of this velocity on the motor con-
ments. The velocity then changes its sign. Such a change gentration. Under appropriate conditions, the velocity be-
sign is not observed in the case of spatially conséantThe ~ tween parallel filaments was seen to change sign as a conse-
critical distance, for which the velocity changes its sign,quence of the motor interactions. Instead of increasing their
grows with increasing\.. Note that this stationary point is overlap, as is the case for noninteracting motors, the fila-
stable, as the velocity is positive before this point and negaments then repel each other. A way to experimentally study
tive beyond. the active interaction between aligned filameis vitro

As long as the plus end of the attached filament is suffiwould be through the use of microstructured surfaces.
ciently far apart from the membrane, further actin monomers Filament separation driven by molecular motors could be
may attach to this end. We denote the polymerization rate bysed in order to push an object. As we have argued, a pos-
wpo and the length of a monomer by, where this length is  sible application in biological cells is the growth of fingerlike
less than or equal to the step size of a motor. Then the plugrotrusions containing a bundle of parallel actin filaments. If
end will on average advance with respect to the substratgplective effects between molecular motors are important in
with velocity v o= wp”. In the frame associated with the this process, then changing their concentration in a protru-
attached filament's plus end the velocity of the free filamenkjon should influence the final length of the filopod. Our
is thus reduced by, . As long as the polymerization ve- ca|culations indicate that initially this length should grow
locity is not too big, a stationary state will still exist fé@ \ith the motor concentration and then decrease again. A
>0. It is stable and corresponds to persistent growth of thenore realistic description of this situation would, however,
filopod. Note that the growth velocity of the filopod would require taking situations into account in which filaments are

then bev . . . cross-linked by more than one motor, which is beyond the
For <0, i.e., when the plus end of the attached filamentscope of the present work.

is to the left of the attached filament’s plus end, the velocity

of the free filament is negative in the cagg,=0. Now that

its plus end is some distance apart from the membrane, it ACKNOWLEDGMENTS
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