Biophysical Journal Volume 80 January 2001 149-154 149

Force-Velocity Relation for Growing Microtubules

Anatoly B. Kolomeisky* and Michael E. Fisher*

*Department of Chemistry, Rice University, Houston, Texas 77005-1892; and *Institute for Physical Science and Technology, University
of Maryland, College Park, Maryland 20742 USA

ABSTRACT Forces generated by microtubule polymerization and depolymerization are important for the biological func-
tioning of cells. The mean growth velocity, V, under an opposing force, F, has been measured by Dogterom and Yurke (1997;
Science 278:856-860) for single microtubules growing in vitro, but their analysis of the data suggested that V decreased more
rapidly with F than equilibrium (or “thermodynamic”) theory predicted and entailed negative values for the dissociation rate
and undefined (or unreasonable) values for the stall force, at which V vanishes. By contrast, considering the mean work done
against the external load and allowing for load-distribution factors for the “on” and “off” rates, we find good agreement with
a simple theory that yields a plausible stalling force. Although specific numerical results are sensitive to choice of fitting
criteria, about 80% of the variation with load is carried by the “off” (or dissociation) rate, but, since that is small (in accordance
with independent observations), the dominant force dependence comes from the “on” rate, which is associated with a
displacement length, d,, significantly longer than d, = 1/13(8.2 nm), the mean length increase per added tubulin dimer.
Measuring the dispersion in length of the growing microtubules could provide a check. The theory implies that the stationary
stall state (at V = 0) is not one of simple associative thermal equilibrium, as previously supposed; rather, it appears to be
dissipative and kinetically controlled.

INTRODUCTION

Microtubules (MTs) are rigid, hollow cylindrical structures, their data satisfactorily, in all cases their optimal parameters
each consisting of 10 to 15 parallel protofilaments arrange@ntailed negative kinetic rates for the “off” or dissociation
circumferentially. Each protofilament is a linear polymer of process, in which a tubulin dimer leaves a protofilament. As
a- and B-tubulin heterodimers, each dimer being of lengtha consequence, their fits predicted no value for the stalling
d = 8.2 nm, when assembled in the MT. Typically= 13  force, Fs, at which the mean velocity goes to zero and
protofilaments are associated laterally with an adjacentgrowth stops. (More correctly, if one allows for the uncer-
longitudinal offseta = hd/n = 1.5d/13 = 0.95 nm to make  tainty range in the fitted off-rates, a minimum stall force,
a “B-lattice” sheet that is rolled up and joined helically with F_ = 21.3 pN can be predicted, but this seems excessively
a single seam (and helix factbr= 3/2), to form a complete |arge.) However, naive examination of their data, as repro-
MT (Desai and Mitchison, 1997). The process of assemblyyced in Fig. 1, would suggeis = 4.2-4.8 pN and, in

of MTs from tubulin is accompanied by guanasine triphos-act, DY observed MTs stalled with stationary ends for
phate (GTP) hydrolysis and can generate forces which alBeriods>20-30 s at force§ = 4.1 pN.

important for mitosis and cellular motility. Ingenious eX- * \ye show here that a more systematic analysis of the
periments by Dogterom and Yurke (1997) have recentlyyiging| simple DY approach leads to a fully satisfactory

provided measurements of the velocity of single MTS grow-qegcrintion of the data with rate constants in accord with
ing in vitro as a function of the forcE (evaluated parallel independent evidence (Desai and Mitchison, 1997) and a

to the MT z_ms)z that was generate_d when the MTS_ eNCOUNG bdest stall force in the anticipated range. The theory
tered a rigid microfabricated barrier. From analysis of the

o amounts simply to the limitindN = 1 case of our general
subsequent buckled shapes, and using independent mea; : A
oL o Featment of processive molecular motors such as kinesin
surements of the flexural rigidity, yielding = 34 £ 7

N/wm? the load.E. and the lenath of the MTs could be (Fisher and Kolomeisky, 1999a,b). The essential issue turns
getgrmi'ned as a %uﬁction of timeg out to be a consideration of the load-distribution factors for

Dogterom and Yurke (hereafter DY) analyzed their re_the “on” and “off” rates and of the associated displacement
sults using a simple, thermodynamically based theoretica(l)f the “tip” of the MT. The data.prowde'falrly firm gwd.ance .
model (following Hill, 1987) and concluded that the ob- anq the results are not inconsistent Wlth a general p|pture in
served mean velocity of growtl, decayed withF signif- which an open sheet af parallel protofilaments (Desai and

icantly faster than predicted. Although DY claimed to fit Mitc_hison, 1997)_ pushes against a barrier V_Vith the Id‘ad,_
carried, stochastically, by the longest protofilament (Mogil-

ner and Oster, 1997) (hereafter MO). Our treatment also
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1.5 e R set of data (see also Hille (1992), pp. 31, 52, 66, 387, and
I { Mean Velocity 1 502 et seq.). It seems appropriate, in the first instance, to
V (um/min) ] explore carefully the simplest models that are consistent

with other experimental knowledge and evidence and that
respect basic physico-chemical principles. If a good descrip-
tion is provided by a simple, albeit phenomenological, ap-
proach, more elaborate pictures or models can be convinc-
ingly validated only by more extensive or searching

0-5 experiments.
ANALYSIS
0
In our notation (Fisher and Kolomeisky, 1999a,b; hereafter
FK) the initial DY analysis can be regarded as resting on the
Load Force F (pN) expression
FIGURE 1 Data of Dogterom and Yurke (DY, 1997) relating mean V(F) = dO[qu_M:dl/kBT - Woe(erl/kBT]’ (1)

growth velocity,V, to the load forcefF, for MTs encountering a barrier. . .
The solid linerepresents the fit developed here on the basis of Eq. 1 withfor the mean Ve|OCI'[W as a function of the loaé. Here

the rates and load-distribution factors given in Egs. 6. @ashed curve g = d/nrepresents the mean increase in MT contour length,

represents a fit by DY that entails a negative off rate (and an unboundel{t), resulting from the addition of onef-dimer to the

stall force). periodic helical structure of a fully assembled MT (Desai
and Mitchison, 1997). DY took = 13, which we will adopt

for all numerical work, in their notatiod, = 8. (However,

Doqrn et al. (2000). Thi_s Ieads_ us to concluQe that thefor reasons that are unclear to us, vD appear talset d
stationary stalled state (with = 0) is not necessarily one of when relatingV to the on- and off-rates in their Introduction

simple, MT-tubulin associative equilibrium. Instead, the
tall stat II'be dissipati ibly entaili GTPand Eq. 4.)
Prohsie. o o contalled overall by more de The on-rate for the addition of a GTP-tubulin dimer is

hydrolysis, etc., and controlled overall by more detaﬂeduO: ko[«B]. It is generally accepted thig lies in the range

kinetics. 11 . o
. from 2 to 10uM s~ (see Desai and Mitchison, 1997, p.
It should be noted that the failure of the DY theory to 89). For the DY experiments with 2&M tubulin, this

account for the_ir experim(_antal findi_ngs has previously Iedindicates the range
MO to generalize an earlier Brownian ratchet model. The
resulting, fairly elaborate but mechanically more detailed U, = 1500— 7500 mirr?. (2)
theory (postulatingn associated but statistically independent ) ]
protofilaments), required numerical integration. Using an!he off-rate for the disassembly of a protofilament under
approximation to handle the disassembly process in thef€re load £ = 0) by the loss of one GTP-tubulin dimer is
model, MO were led to the general stall force predictionsma"' but must be positive. It seems appropriate to accept
Fs = Vn and were also able to obtain tolerable agreement
with the DY data. (The stall force predicted by the fit in Fig.
4 of MO is, unfortunately, not clear, and their representationDrechsel et al., 1992), although there has been some con-
of the DY data lacks accuracy in the spacings along theroversy (Desai and Mitchison, 1997, p. 89).
force axis.) Subsequently, however, van Doorn et al. (2000) The parameter8” and6~ = 1 — ™ (FK) represent load
(hereafter vD) showed that the MO treatment of the off-distribution factors determining the degree to which the load
process was inadequate. By simulation of a discrete versioaffects the forward or on-rate vs the backwards or off-rate.
of the MO model with a special symmetry, vD concluded (In DY’s notation, " = g.) The recognition and determi-
that F5 should, instead, be proportional t@ This was nation of the load-distribution factors is a crucial feature of
supported by theoretical arguments which, although adethis level of modeling. (For load distribution factors in the
quate for their special case, do not suffice for more realisticontext of ion channels see chapter 14 of Hille (1992), but
generalizations that we discuss in the Appendix. Van Doormote that the implications of ™ # 6~ are not considered.)
et al. also obtained fits to the DY data that we considern general,6" and6~ need not be positive (FK), but in the
unsatisfactory in that they entail excessive rates for theresent situation it is reasonable to suppose that neither one
disassembly process and large stall forces of magnitudean be negative.
9-19 pN. Finally, Fd, represents the most probable work needed to
An underlying issue here is the general question of howadd a single tubulin dimer against the Idadhe value ofd;
elaborate a model is needed to understand or explain a giveés an important parameter requiring careful consideration.

0<w,<6min?, (3)
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On the basis of near-equilibrium thermodynamic considershould be related to the average— z) (for z = d) and is,

ations (Hill, 1987) DY assumed, with little discussion, that therefore, likely to significantly exceedln; indeed,d; = d

d, = d/n (although they briefly mentioned the possibility of seems not implausible.

largerd,; see also vD). We believe this assumption is not Accordingly, we will treatA = d,/d as a parameter,

unconditionally warranted and will analyze alternatives. bounded above by unity, and ask what information the
Takingd, = d/13 = 0.63 nm and supposing” = 1 (so  experiments provide both as foand the load-distribution

that 6~ = 0), DY fitted their data by minimizingy’(c)  factors @ = 1 — 6. For fixed A, there are still just

(Press et al., 1986) where= { 0;} denotes the experimen- N p,,m= 3 fitting parametersd™ and the two ratesj, and

tally generated standard errors (displayed in their Fig. 4 anel,. To anticipate our analysis, we find that the parameters

reproduced here in Fig. 1). Their fit yielded the reduced .

value x%(o) = 0.43 (normalized by = N gaia— N param = U, Wo = 1887,0.33 min*, 6" =0.22, and A=1, ]

13 — 3 = 10) and generated ©)

o N (i.e.,d, = d = 8.2 nm) provide a very satisfactory optimal

Up, Wo = 1791,— 127 min* for A=dJ/d=5. (4) fit to the DY data; see Fig. 1.

, Furthermore, via the relation (see Eq. 1 and FK)
The value for the on-ratey,, accords with Eqg. 2, but the

negative value ofw, is clearly unphysical. (Although the Fs = (ks T/dy)In(ug/wy) , @)
positive values ofw, allowed by the uncertaintieAw, =
+190 min ! encompass the inequalities in Eq. 3, the fitted
magnitude is also excessive.) Finally, DY found the fitted
V-F decay rate to be

this fit predicts the stall forcd=¢ = 4.3 pN, which, as
mentioned, is in clear accord with the experimentally ob-
served facts. In light of this result, we see few grounds for
placing credence in the large valu€g,= 9 — 19 pN, found

C = kdi/ksT = 18 = 4 pun??, (5) by vD within their model, where the equilibrium force

yields the stall conditio®v = 0. It should also be remarked

or, equivalently (see Fig. 1xgT/d; = 1.9 pN. By contrast, that Eq. 7 predicts no direct dependencendn contrast to
acceptingA = 1/13 (i.e.,d;, = d/13), the unambiguous the DY assumptiom, = d/n. However, taking cognizance
prediction iskgT/d; = 6.8 pN or (using the measured value of lateral interactions between assembling protofilaments,
of k) C = 5 = 1 um? The discrepancy of a factor of 3 or the subsequent hydrolysis of GTP, and the closure of the
more was the basis for DY’s conclusion that theory failed toprotofilament sheet to form a complete MT, could lead to a

predict the rglatively rapid decay &f asF increased. _ dependence ofl, on n. If MTs of varying n could be
DY also tried other values o and6™, but tono avail.  produced in a controlled fashion, this issue could, in prin-
In particular, a fit with6® = 6~ = 0.5 again yielded ciple, be addressed experimentally. We return to the ques-

X°(0) = 0.43 but generated the still larger valGe= 34 + tion in the discussion below.

4 um?. This fit gave the off-raten, = —11 = 16 min™* Now it transpires that recognizinj as a trial parameter

which, though of more acceptable magnitude, is still ofdoes not immediately resolve the issue of fitting the data

unphysical sign. numerically if one follows the procedures of DY. Thus on
Why might the assumption, = d/n be inadequate? minimizing x*(s), weighted as explained, one still finds that

Consider a growing MT that faces a rigid barrier perpen-the fitted value ofw, is always negative. However, whan

dicular to the axis of growth. Because of the lateral offset ofis increased froniris = 0.077 to the limitA = 1, x*(o) drops

a = 0.95 nm between filaments in the B-lattice structure ofto a minimum of 0.424 (from 0.429); the resulting fit yields

the growing protofilament sheet (see Introduction; Desai

and Mitchison, 1997), one should expect that, in general, Yo Wo = 1911, — 0.165min*, 6" =0.24,

only a single filament will bear the lodé. (This is also the for A=1. (8)

general picture underlying the work of MO and vD.) Now

suppose that the tip of a particular filamenis at a distance  Apart from the negative value of,, which, however, is

z from the barrier that is less thash= 8.2 nm, the MT  now of small magnitude compared to the inequalities in Eq.

length needed to accommodate a single tubulin dimer. (I8, the accord with our fit, Egs. 6, is quite good. Conversely,

z = 0, the filament is bearing the load.) Then the most when A is decreasedw, increases rapidly, as doe¥’,

probable work needed to assemble a dimer onto the end efhereasy?(o) increases slowly.

this filament, which will thereafter bear the full load, is  But although minimizingy®(o) with weights experimen-

F(d — z). (Of course, ifz > d, there should be no cost in tally determined via thes; is a popular and convenient

work to add a dimer to the filament.) Conversely, we expectprocedure, it is not enshrined in gold! To consider alterna-

that the rate of depolymerization of the load-bearing prototives (see the informative discussion in sec. 14.6 of Press et

filament (through the loss of one tubulin dimer) should beal., 1986), note first that for the experiments in question,

enhanced by a Boltzmann factor involving an energy ofV(0), the mean velocity under zero load, was determined (as

magnitude =Fd. These considerations suggest tht  V(0) = 1.22um/min) in distinct fashion by extensive direct
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observations that did not require analysis of buckled shape3ABLE 1 Results of the equiweighted least-squares fitting
We conclude that' in any f|tt|ng procedure’ this datum mayfor different Yalues of A = d,/d with Xz normalized to 0.429 for
warrant separate consideration and higher weighting. e favored fit of DY (see Eq. 4)

Second, consider the last data point in Fig. 1 with = A Uo, min”* Wo, min~* 0" X
0 but a large standard deviatiom, ;. Experimentally, this 1 1830 0.34 0.21 0.322
represents, as already stressed, the observation of MTs that 1828 2.40 0.28 0.332
are in or close to a stalling state. The large deviation results, 1838 17.7 0.40 0.346
:cn part frc(;m th(;e naFuraI stochahs}ﬁi(q: quctuatiﬁni;. Theseda_lre, in, 1978 162 0.69 0.353
act, predicted to increase whéhapproache$-g as indi-
. . : % 3282 1468 1.67 0.356

cated by the variation of the dispersidd(F), of the MT
length that is plotted in Fig. 2 using the expression

D(F) = %(dZ/n)[qu*O*FdﬂkBT + wge? FakeT] | (9) the load distribution factoé™ (=0.21) is close to the value

found from y*(o); see Egs. 8.

(see FK) and the parameter values in Egs. 6. Thus, the We could well adopt the. = 1 values from Table 1 as
observedr,; does not merely represent error. Furthermore @cceptable. However, as discussed above, we believe it is
our primary concem is with the mean value. Consequently‘,’j‘ppmp”ate to enhance t.he weight of the observations made
weighting this datum as &, (which amounts to less than Under zero load. Accordingly, we supplemented o)

7% of the mean weight &f) represents de facto neglect of Cfitérion by usings; = 20, for the F = 0 datum. The
a particularly important piece of evidence. corresponding set of fits closely parallels those displayed in
In light of these considerations, we examined the equi-'2Ple 1 with little change g (as renormalized) but, as

weighted sum of squares, sg¥(a,), in which we taker, = anticipated, a better+f|t to the .central value \§f0). The

o, for all i and normalizer, so that the DY fit (Eq. 4) yields Values ofto, Vo, and6™ found this way are those recorded
the same valuey? = 0.429. The results are shown in Table " E@s. 6 and displayed graphically in Fig. 1. The fit is
1 for A = dy/d spanning the full range from = %3 to 1. clgarly very satisfactory and, in particular, by comparison
Note, first, thatx%(oy) is significantly less than the Dy With DY and MO, the marked downward curvature\{f)
value in all cases. Secondly, although the trends are similat€€n in the data for E 3 pN is well represented.

to those seen whegf(o) is used, the off-rate, yy is never

negative and the on-rate, glv_vays falls wit_hin the ac- pISCUSSION

cepted range of Eq. 2. The minimuyi(o,,) again occurs at

the limit A = 1 and is~11% smaller that at = ¥1s. (Over We have successfully fitted the velocity-force data obtained
the same rangg?(c) falls only ~1.2%.) Furthermore, for by DY for MT growth under load, with a simple theory,

X = 0.6, the off-ratew,, satisfies the condition 3. Finally, €mbodied in Eq. 1, that yields a stall forcefof = 4.3 pN
in manifest agreement with the observations: see Fig. 1.

Furthermore, our fitted on- and off-rates, and w,, are
fully consistent with the constraints arising from indepen-

7 e T AR T RAAARARAL dent experiments; see Eqgs. 6 and 2 and the inequalities in
I DI . 1 Eq. 3. Crucial features of the theory are consideration of the
6 T Spersion ] load-distribution factorsp* and 6~ = 1-6, for the on-
I 10°xD ] L
\_ (um?/min) 1 and off-rates, and allowance for a force displacement
5 length, d,, that may be as long as a single tubulin dimer,
Al namely,d = 8.2 nm. In fact, the optimal fits (see, e.g., Table
1) yield A = d,/d = 1.
5k For the load-distribution factors, however, the fits indi-
cate ° = 0.22; this value may be converted to a mean
5| on-displacement of a protofilament tip df = 67d = 1.8
nm. In heuristic terms, this might measure the typical dis-
1 b tance by which one of the = 13 protofilament tips has to
withdraw further from the barrier surface (under a thermal
0 fluctuation) in order to make room for a tubulin dimer, in

accord with the picture of MO and vD. In light of the
longitudinal offset,a = 0.96 nm, between adjacent proto-
FIGURE 2 Dispersio ~ ([I(t) — (I())]2)/2t of the contour lengtHyt), filament tips at the edge of an otherwise complete B-lattice

of MTs growing with timet under a load forc& according to Eq. 9 plotted ~ Sh€€t, one might then guess naively ttiatwould be given
with the parameters used in Fig. 1; see Egs. 6. roughly byd — (z = d — 1/2n — 1)a = 2.4 nm. The

Load Force F (pN)
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agreement is tolerable, but, at best, these consideratiomxtensions of their model, which may have included other
should be regarded as speculative suggestions. values ofa, always finding the same result férs.) Our

On the other hand, it must be pointed out that our fitsanalysis yields, in addition, explicit expressions fbas a
violate the conclusions of the thermodynamic consider{function ofF (which vD do not obtain; see Appendix). Thus
ations of DY, vD, and Hill (1987) for the stall force. If the we have no reason to doubt the claim of vD regarding the
stationary, stalled state observed wher FgandV = 0 n-dependence oFg in their model. Indeed, the result is
can be regarded as being in full thermochemical equilibriunprobably valid also when a general lateral offset and load-
(in a process of GTP-tubulin dimer association and dissodistribution factors,0* + 6~ = 1, are allowed for. Note,
ciation) these arguments yield the previous expression fohowever, a paradoxical defect of the MO-vD models that
Fs, namely Eq. 7, but withd, replaced byd, = d/n, the  appears wherF—0: specifically, as pointed out in the
mean increase in MT contour length on addition of a singleAppendix, Eg. 1 is not matched in this limit, as the defini-
dimer. Since we findd; = d there is, formally, a 13-fold tions of uy andw, would seem to demand.
discrepancy! Indeed, it was on the basis of this thermody- In applying the simulations of their model vD also gen-
namic view that DY tookd, = d, or, equivalently,A = erated apparently plausible fits to the original DY data.
d,/d = 1/13. That, in turn, as we have seen, was the rooHowever, these fits entail what, as explained, we regard as
cause of the difficulty they encountered fitting their data tounphysically large values &fs, namely, in the examples vD
theory, leading to unphysical, negative off-rates and undepresent, 9.2 and 18.5 pN. Moreover, even these values are
fined or excessively large stall force values. Furthermorepbtained at the cost of violating the constraints both for the
the constraints on the on- and off-rateig &ndw, in Eqs. 2 on-rates (by accepting values that are too small by a factor
and 3) yield a lower boundary on the thermodynamic pre-of 7 or more; see Eq. 2) and for the off-rates (by employing
diction for F5 of 35.9 pN. This value exceeds by a factor of values exceeding the limit imposed by the inequality 3).
8 the observations of MTs stalled for 1 min or so at forcesindeed, their values d¥ violate the lower bound, 35.9 pN,
F < 4.4 pN (see Fig. 1). obtained above for a consistent prediction using the ther-

It seems necessary to conclude that, unless there argodynamic expression. We might also remark that the fits
serious deficiencies in some of the experimental observasf vD, like those of DY, are concave (i.ed®V/dF* is
tions, the fluctuating stalling state, albeit stochastically stapositive) forF = 1 pN and so fail to represent the definite
tionary and in apparent equilibrium, does not actually rep-convexity (or downward curvature) suggested by the data
resent full thermochemical equilibrium. Rather, the statefor F = 3 pN (see Fig. 1).
would seem to be dissipative and under kinetic control. In conclusion, although a simple theory, consistent with
Perhaps GTP hydrolysis is playing some active role, eveulistinct information regarding the on- and off-rates, fits the
though this does not seem to be directly in accord with thdorce-velocity data of Dogterom and Yurke for MTs grow-
picture of a catastrophe-avoiding “cap” of GTP-tubulin oning against a load, the concept that the stalled condition is
the end of the MT (Desai and Mitchison, 1997) as it at-one of thermal equilibrium is called into question on various
tempts to grow against the barrier. Possibly the situation isounts.
modified when the MT is buckled and strained as in the DY
experiments.

Finally, we make some comments on the treatment of varjve are inde_bted to Dr. A. J. Jin for assistance with the Iiter_ature and are
Doorn et. al. (2000) who, by simulating a discretized Ver_grateful to him and Professors George Qstgr and Alex Mogilner for their

8 ' A interest and to Professor Jo Howard for insightful comments. The support

sion of the MO model of independently growing parallel of the National Science Foundation (grant CHE 99-81772) is gratefully
protofilaments associated in a sheet, verified the thermodyacknowledged. A. B. K. also acknowledges the financial support of the
namic prediction forFS_ Furthermore, they presented an Camille and Henry Dreyfus New Faculty Awards Program (grant NF-00—
analytical argument yielding this result for genaemabut, as 056).
we indicate in the Appendix, their probabilistic reasoning is
not generally valid. Indeed, one may reasonably object thal\PPENDIX
their discrete model is atypically simple in that it imposes a
special lateral offset, namelg, = d/n (=0.63 nm forn = Velocity versus Force for the Generalized n = 2
13) in place of the more appropriate valae= 1.5d/n=  MT Model of van Doorn et al.

0.96 nm. This results in a speual symmetry. Nevertheles%onsiderthe MT growth model of vD with just= 2 protofilaments in the

we have explicitly verified the thermodynamic result faf  sheet but with a general lateral offgetc d when the tip of protofilament

in the vD model for the casa = 2 extended to allow a i = 1 pushes on the barrier, and a complementary offset,d —a, when
general offsed (<d) and arbitrary load-distribution factors. tip-2 bears the load. In ad_diti(_Jn, we suppose tha_t the Ioa_d is distributed so
(In the notation of vD, one has= o, and all protofilament that.the'on-rig?n:(x){rﬁztg}bulm dimer to fasten to atip atgdlstenfcem the

fi t th ide at sites that int | ltipl arrier isuge! " while the off-rate from a tip which can then move
IpS must theén _reSI € at sites a are an integral multiple Of, , jistance from the barrier iS¢ mA=20} \whered* = exp(—Fx/
afrom the barrier; foa # d/nthat is no longer the case (see k_1) and¢* + 6~ = 1. The first step is to construct the master equations

Appendix). However, vD state that they simulated variousgoverning the probabilities for the full set of distinct protofilament con-
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figurations, namely, those with tip-1 and those with tip-2 on the barrier. Byfor these two sets are, in general, different so the line of reasoning used by
solving the master equations we find that the mean velocity for steady stateD fails.

growth of the longest protofilament of an indefinitely long MT can be

expressed as

V(F) — d(uod)(?*d _ WOQd)ff)*d) + aSuORd)O*a _ Wod)f(-}'*a) REFERENCES
+ —o Desai, A., and T. J. Mitchison. 1997. Microtubule polymerization dynam-
0tb _ 6b
+ bauOd) WoR$ ), (A1) ics. Annu. Rev. Cell Dev. Bioll3:83-117.
whereO = (U.d* 9 + W)U, + w -0 R = (y 0o L w0 ) Dogter_om, M., and_ B. Y_urke. 1997. _Measurement of the force-velocity
(uod>"+aQ+ V\Sc,(;(‘b"fb) ang)S(i @ B¢Q)/(1) N R).(ItO(ibs also feO:;ibI:)to relation for growing microtubulesScience278:856—860.
compute the asymptotic dispersion in length Drechsel, D. N., A. A. Hyman, M. H. Cobb, and M. W. Kirschner. 1992.

One can now check that each of the three terms in Eq. Al vanishes Modulation of the dynamiq instability_ of tubulin assembly by the mi-
identically whend® = (wy/up)®. This serves to confirm the stall-force .crotubule-assomated protein tEM.OI‘ Biol. Cell. 3:1141-1154.
expression, Eq. 7, with the “thermodynamic” validie= d/2. On the other Fisher, M. E., and A. B. Kolomeisky. 1999a. The force exerted by a

hand, wherF—0, so thath = Q = R= 1 andS = 0, one findsV = d(u, — molecular motorProc. Natl. Acad. Sci. USA6: 6597-6602.

W) instead of the expectat= 2 resultV = 1/2d(u, — W): see Eq. 1. This ~ Fisher, M. E., and A. B. Kolomeisky. 1999b. Molecular motors and the

appears to be a general defect of the MO-vD models (fan)adissociated, forces they exertPhysica A.274:241-266.
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