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Rectified Brownian motion and kinesin motion along microtubules
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The mechanism of rectified Brownian movement is used to analyze measured data for kinesin motion along
microtubules. A key component of the mechanism is the diffusive movement of the microtubule binding heads
of kinesin during the adenosine triphosph&dP) cycle. The first-passage time distribution for this step is
analyzed in detail and is shown to be responsible for observed load-velocity profiles. The ATPase activity of
the kinesin heads is that of a nucleotide switch and not that of a direct chemomechanical energy converter.
Experimental data acquisition, rate constants, and alternative explanations are discussed. The mechanism
described in this paper is fundamental to the nanobiology of intracellular processes.

DOI: 10.1103/PhysRevE.63.051901 PACS nuner87.16.Nn, 87.10+e, 05.40-a

[. INTRODUCTION Brownian ratchet mechanisri8], a model invoking an ATP
driven “power stroke”[9], and a model in which the load
In an earlier papdr], the mechanism of rectified Brown- influences reaction rates direcfly0].
ian movement was described and used to explain several The rectified Brownian movement model implies that the
chemomechanical energy conversions in molecular and ceRTPase activity of the kinesin heads is that of a switch, like
lular biology. The cases covered in that paper werdhat of it_s ancestral protein, and not that of a direct chemo-
ubiquinone transport across lipid membranes in electrofechanical energy converter.
transport chains, allosteric conformation changes in proteins,
P-type ATPase ion transporters, several rotary arm enzyme
complexes, and the dynamics of actin-myosin cross bridges
in muscle fibers. The fundamental idea of rectified Brownian
movement is that the metabolic free-energy currency of ad- Kinesins are a large class of “motor” proteins found in
enosine triphosphatéATP) does no mechanical work di- all organisms: protists, yeasts, plants, and animals. They fall
rectly, but instead is responsible for biasing boundary condiwithin an evolutionary continuum starting with a primitive
tions for thermal diffusion. All work is done by thermal nucleotide switch, the putative ancester@fproteins, pro-
energy that is harnessed at the expense of metabolic freeding through kyosin, the motor precursor, and ending
energy through the switching on and off of asymmetricwith parallel families of kinesins and families of myosins
boundary conditions. This idea, in various forms, has a long5]. Kinesins are ATPases with two active “heads” that un-
history in the literaturg?2,3]. dergo an ATP activated attachment-detachment cycle coor-
In the present paper, this mechanism is used to analyzeéinated by binding sites on microtubules. In this regard, they
experimental data gathered on the behavior of kinesin as #re similar to double-headed dyneins, which also travel along
moves along microtubules. Several kinds of data have beemicrotubules, and to double-headed myosins, which move
gathered. Rate constant data have been obtained and refingldng actin fibers. The attachment-detachment cycle requires
[4], new structural information has been elaborated very reene molecule of ATRH11] per head.
cently [5], and load-velocity profiles have been determined Microtubules are polymers of tubulin, a dimer of globular
[6], most recently by means of improved optical tweezersa-tubulin ands-tubulin subunits, each of which has a mass
techniqueq 7]. These data show that kinesin is capable ofof 55 kilodaltons(kD). Microtubules undergo continuous as-
velocities as high as 1000 nanometers per se¢ondy at  sembly and disassembly at the expense of the energy in the
low loads, decreasing to zero velocity with increased loadg-phosphate of guanosine triphosph&®I P). The polymer-
with a stall force of about 5—6 piconewtorigN). In our ized structure is a hollow cylinder of diameter 24 nm with
model, this behavior is captured by the first-passage timéhe tubulin dimers oriented parallel to the axis of the cylin-
distribution for the diffusive motion of a free kinesin head der. Electron microscopy and x-ray measurements suggest
from one microtubule binding site to the next binding site. that microtubules consist of 13 axially parallel but staggered
A number of subtle issues arise with this analysis. Thes@rotofilaments. The protofilaments are made up of alternat-
are addressed in this paper. In Sec. Il, a biophysical descripng head-to-tail linkedr-tubulin andg-tubulin subunits. The
tion of the kinesin microtubule system is presented. In Seca,3-dimers have a physical polarity and kinesin moves in
[, the basic steps of the ATP cycle are described. In Secone direction only, towards the “plus” end. There is one
IV, the rectified Brownian movement model is presented andinesin head binding site on eaghtubulin subunit of each
analyzed. This analysis focuses on the first-passage time dittbulin dimer[5]. These sites are 8 nm apart along the axial
tribution function. Analytic and numerical results are pre-direction. However, during the kinesin motion, each head
sented. In Sec. V, problems with the measured load-velocitynoves from one binding site to the binding site two sites
profiles and with reported rate constants are addressed. &head, skipping the intervening site to which the other head
discussion of alternative perspectives is given. These includis tightly bound(the width of a protofilament is 5.8 nm and

Il. PHYSICAL PROPERTIES OF KINESIN
AND MICROTUBULES
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the width of a binding head is 4.5 nnThis process in then

repeated by the other kinesin head while the original heac A &

remains tightly bound. Thus, in each step, a head moves ;1 D | i |L§ T
P

distance of 16 nm while the center of mass of the entire N
molecule moves only 8 nm. This is similar to the relative
motions of our legs and our bodies as we walk. Indeed, it
would be more natural to refer to the microtubule binding
heads of kinesin as feet, but we will instead adopt the ac-

cepted terminology of heads.
Kinesin is a rather large molecule with a molecular N
weight around 500—-600 kD. It is made up of two heavy o v—s?— 5
| |

chains and two light chains. The heavy chain contains th | | | aop Ko [ | w41
head, i.e., the motor unit, which is comprised of about 340—
350 amino acid residues. This region has a rough size of FIG. 1. This diagram presents the reaction scheme of BgA
7.5nmX4.5nmx4.5nm. The head makes direct contactportion of the microtubule is shown as a series of three rectangles,
with the microtubule. The bulk of the heavy chain, called theeach of which represents as s dimer. The ovals represent the
“neck” [5], is a dimerized alpha-helical coiled coil. The kinesin heads. The empty oval is tightly bound as is the ATP bound
total length of the complete kinesin is around 100 nm. Thehead that is depicted as an oval witfT anside. A head with ADP
light chains are associated with the end of the molecule thdtound to it is weakly binding and is depicted withDainside the
binds the load. All of the catalytic activity is in the heavy oval. The oval withD - P inside it represents the state in which the
chains. The ATP binding and hydrolysis takes place on th&€ad has bound ADP arid after hydrolysis of ATP. This causes
catalytic core of the heads. The neck is attached to the catd€ transition from strong to weak binding.

lytic cores by segments of 15 amino acids called “neck link- o .
ers” [5]. The neck linker may be tightly docked to the core from the other head guarantees alternating “steps” by the

or simply adjacent to the core. These two states are depellq_eads. The neck linker is thought to play an important role in

dent on which stage of the ATP cycle the kinesin head is inthis procesg5]. When ATP binds to the leading head, the
as will be elucidated below. neck linker becomes tightly docked to the catalytic core. Be-

fore docking, the neck linker of the leading head points back-

wards towards the neck that is between the two heads. The
lll. KINESIN ATP CYCLE docking process attaches the neck linker to the core so that as
the process proceeds with the trailing head executing Brown-
ian movement until it finds its new binding site and becomes
he new leading head, the neck linker is tightly docked facing
orward to what is now the trailing head.

A Brownian
Diffusion

The motion of kinesin along a microtubule is “proces-
sive” [11], i.e., many sequential steps occur before kinesin i
completly released from the microtubule. ATP is essentia?
dgrmg .each cycle .Of head attachment-detac‘;‘hnﬁazﬁ:t. ,’,A‘t It has been suggested that ATP binding causes the for-
this point, we refraln_ from saying that ATP “powers th.e ward motion of the neck linker and this in effect causes the
cycle since our rectified Brownian movement meChan'S”hnbound ADP binding, trailing head to be “thrown for-
clearly relies on heat to power the cycle, as we shall see. ward” [5’]_ This is refer,red to as the “power stroke’5].

The picture of how ATP hydrolysis is integrated into the |y, ever, here it is argued that the motion of the unbound
whole process involves an alternating gitead mechanism

that has evolved with more detailed knowledge of the kinesin
structureg[4,5] and which differs from earlier mode[8]. The
cycle can be viewed as starting with a configuration in which
the nucleotide-free leading head is tightly bound to the mi-
crotubule and the trailing head is unbound but has adenosine
diphosphatg/ADP) bound to it as a result of the previous
cycle (see Figs. 1 and)2 The trailing head has just been
released from the trailing head’s microtubule binding site.
ATP binds to the leading head and cannot bind to the trailing
head because of its already bound ADP. The tightly bound
leading head with its bound ATP remains bound to the mi-
crotubule while the unbound trailing head, at low load, rap-
idly diffuses to a new microtubule binding site, which is now
further along the microtubule towards the plus end than is g 2. The structure of kinesin attached to a microtubule. A

the site of the original leading head. Upon binding, it re-piece of the neck and both heads are shown. The neck is a coiled
leases its ADP. Hydrolysis of the bound ATP, on what iscojl and terminates in two neck linkers, one for each head. The neck
now the new trailing head, ensues followedRyelease and |inkers are depicted as light gray segments attached to the globular
detachment of this ADP binding trailing head. This com-heads. The microtubule is shown as a single protofilament made up
pletes the cycle with the role of the two heads reversed. Thisf alternatinga-tubulin andg-tubulin. This figure is adapted from
coordination of ATP binding to one head and ADP releaseref.[5].
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head from one microtubule binding site to another and theATP to the leading head yielding kinesin with ATP bound to
motion of the neck linker from the undocked position to thethe leading head and with ADP bound to the trailing head, a
docked position is the result of Brownian diffusion. ATP state denoted by ADK-ATP. The double arrow depicts
binding and hydrolysis act as an irreversible switch to biaghe Brownian diffusion step, which is irreversible for reasons
this Brownian movement. Thus the ATPase activity is simi-to be elaborated below. It ends with the ATP bound head
lar to that of the evolutionary precursor switch protgi. being the trailing head and with the ADP bound head weakly

The Langevin relaxation time is extremely sh@n the  binding to a new microtubule binding site in the plus direc-
order of picosecondsFor this reason, the process is really ation. This state is denoted by ATR - ADP. The third step is
diffusion process rather than a Langevin procgBs This  the virtually irreversible hydrolysis step that occurs while the
aspect of the process will be considered in detail in Sec. IVnew trailing kinesin head is still bound to the microtubule
An extremely short Langevin relaxation time means that theand while ADP is released from the new leading head, re-
inertial term in the Langevin equation is negligible. A relatedsulting in tight binding by the new leading head to the new
way to express this is to say that the process is dominated hyicrotubule binding site. These two steps occur on different
viscosity. Indeed, it occurs at very low Reynolds number heads and are parallel rather than sequential $tejgscon-
(<10™%. Thus the description of the process as involvingtrasts with Ref[4], in which these steps are sequentiéh
the trailing head being “thrown forward[’5], or as “akinto  the case ofP-type ATPased1], the analogous hydrolysis
a judo expert throwing an opponent with a rearward-to-step results in the phosphorylation of an aspartate residue
forward swing of the arm’'{5] is inapt since it would make that retains most of the free energy of thg@hosphate bond
sense only if the inertial term were important. In a more apin ATP. Here, it is not known what the disposition of tRe
analogy, the judo expert would have to perform this maneuis. P is released from the trailing head causing the release of
ver while immersed in a large vat of molasses. In fact, this ighis ADP bound head from the microtubule and completing
also a poor analogy because the kinesin head motion is velgne ATP cycle. Each of these steps is virtually irreversible.
random, i.e., the head executes rapid Brownian movemerNote that the ATP hydrolysis occurs after the heads change
and does not simply move forward monotonically. position so that it is extremely difficult to imagine how this

If elasticity of the kinesin protein is included, the final energy could be involved in a “power stroke.” The indices
state of the rebound kinesin head may involve some elastichosen for the rate constants correspond to those used by
potential energy just after rebinding. The neck and its loadSilbert et al. [4] although the specific mechanism envisaged
subsequently relax with respect to this elastic strain very rapby them is not entirely identical with the more recent mecha-
idly to a new temporary equilibrium. In the rectified Brown- nism[5] which is adopted herésee abovg If the P release
ian movement model, this elastic energy is created by heatte constant quoted by Gilbest al.[4] of 50 s 1 is taken as
through the Brownian diffusion in accord with the Boltz- strict, then the maximum velocity possible for kinesin is less
mann distribution for potential energy. It is not created fromthan 400 nm/$P release is the rate-limiting step in the cycle
the free energy contained in thephosphate bond of ATP. and the center of mass moves 8 nm per st&pis is much
If, on the other hand, one posits that the elastic energy ifess than the observed velocity at high ATP concentrations.
created by the ATP hydrolysis step, then it is said that a The rate constant for ATP binding can be written as
“power stroke” is involved in the mechanisii®]. In the
rectified Brownian movement perspective, the free energy k3=[ATP]k;. 2

released during hydrolysis of ATP makes that step virtually q he fi  thi b
irreversible and helps to switch on one of the boundary con’\t Steady state, the first two steps of this process may be

ditions for the thermal-diffusion procegs]. It does not gen- described by Michaelis-Menten kineti¢4.3]. This means
erate elastic energy directly. This distinction regarding thehat the reaction velocity is given by

significance of the hydrolysis of ATP is crucial in consider- [ATP]
ing these models. 7= —
g V=Vmax [ATRT T Ky &
IV. RECTIFIED BROWNIAN MOVEMENT whereV, ., andK,, are defined by
The ATP cycle for a single kinesin head will be modeled K .tk
in this paper in accord with the following chemical reaction Via= KoKy and KM:# (4)
scheme(see Fig. 1[4,5]: K3
ks andK is defined by
ADP-K+ATP= ADP-K-ATP=ATP-K-ADP
k-3 Kr=[K]+[K-ATP] (5)

andkp is defined as the reciprocal of the time taken for the
diffusion step,t. If both the numerator and the denominator
in Eq. (3) are multiplied byk; and Eq.(4) is used, then

ks kg ke
——ADP-P-K + ADP— P+ADP-K. (1)

In this scheme, ADFK denotes the leading kinesin head Kok[ATP]
bound to a microtubulin binding site with ADP bound to the =K — D73 )
trailing head. The first step depicts the reversible binding of Ks[ ATP]+k_3+kp

(6)
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This means that the effective rate for these two steps may bieom the overall velocity of kinesin moving along microtu-
expressed as bules given aboye M is the mass of the headg, is its
radius(the ellipsoidal catalytic core head is approximated as

’ ’ -1 ~
Koks[ ATP] _ Ks[ATP]+k-3+kp a spherg f is the load force, ané(t) is a fluctuating force
k[ ATP]+k_3+kp kpk3[ATP] represented by Gaussian white noise with the properties
-1 ~ ~ ~
Y . ' (B(1))=0, and (E(OE(t'))=2kT6myRy8(t—t'),
kp Kk3[ATP]  kpk3[ATP] (11

() in which k is Boltzmann’s constant anflis the temperature.
The total time it takes for the sequence of reactions anél-he first term on the right-hand side of H40) is the Stol_<es
drag appropriate for a sphere of radiy. From the physical

diffusion to occur as depicted in E@l) is the sum of the . ; R
: Is of the rates f h st ith th fi fjlmensmns of the k|ne§|n heaRy=2.94 nm, and the mass
reciprocals of the rates for each step wi e exception of. "~ " is approximatelyl —6x 10-2g (350 amino

the parallel steps of hydrolysis and ADP release. For them

we need the time for the slower of the two parallel processeéc'dS averaglng_llol D edctThe aqueous medium O.f the
only. Sincek,> ks, the total time is given by cell around the kinesin head has a viscosity of approximately

0.01 poise(g/cm 9. Therefore, 6ryR,=5.54x 10" 8 g/s and
1 1 K_3 1 1 the Langevin relaxation time is

me=i— + + + =
Kot ime=j+ ITATP] T KokyIATP] kg | kgt O

=1.08x10 *? s, (12)
67777R0

whereinkp =1/t as was noted above. The overall r&dor

the entire process is the reciprocal of this total time. which is so fast that the inertial term in E¢LO) can be
Two points deserve emphasis at this stage of the arguseglected. Thus, the effective description of the dynamics is

ment.(i) Chemical reactions are stochastic processes too, sgiven by the reduced version of E(.0),

that the time for a reaction step is not simply the inverse of f E0)

the reaction rate. This reaction rate is the mean reciprocal p=— _

time. In the theory for the Arrhenius reaction rate formula 6mnR, 677Ry

[14], the distribution of reaction times is sharply peaked_ = . ) ] ]

around a mean time so that no real error is introduced by NiS is €quivalent to the stochastic equation

ignoring this distribution altogether, as has been done here. dx _

(i) The diffusion step has a distribution of times, called the at —c+a(1), (14)

first-passage time distribution, and as will be seen below, it

?s nc.)t's.harp. On the contrary, it is quite proad SO thattthe wherec= f/6m 7R, andg=F/6m 7R, with the properties

implicit in Eq. (8) should be viewed as a single sample time

and not as the mean time. Moreover, there is a significant ((1))=0 and

difference between averaging E&) with respect to the dis-

tribution for t and then taking the reciprocal, and instead (B(H)J(t"))=2kT

(13

o(t—t")=2Ds(t—t'),

averaging the reciprocal expression Ryrespecially at high 6m7Ro (15
loads. Thus, the correct expression for the overall rate for the
process in Eq(l) is where Einstein’s relation for the diffusion constab, has
. < [ATPIk:ksks > been used, .
[ATP]k3(kg+ ks + Kskgt) + Kskg+ tk3ksKg/ D= =7.2x10 " cnls. (16)
(9) 67T Ry
where() denotes averaging with respect to theistribution This stochastic equation for is equivalent to the diffu-

function. Velocities for kinesin moving along microtubules sion equatiorf15], an example of a Fokker-Planck equation
are given by(R) X8 nm.

The determination of the first-passage time distribution
for t occupies the bulk of this section, although the calcula-
tion itself is relegated to the Appendix. After the kinesin
head detaches from the microtubule binding site, it engagethe boundary conditions are that the kinesin head starts at
in Brownian movement in accord with Langevin’s equation,x=a, which is a reflecting boundary, and ends xatb,
which is an absorbing boundary. These boundary conditions
exhibit the fact that once the ADP binding kinesin head de-
taches from its microtubule binding site, it is incapable of
rebinding as a result of ADP induced conformational
where v is the velocity(this is the velocity for the kinesin changes. It cannot go in the backward direction since the
head during the diffusion step and should be distinguishedeck linker restrains it. When it reaches the new microtubule

d 4 52
EP(x,t)—&[CP(x,t)]+D&—XzP(x,t). (17

d _
Md—ltjz—GTrnRov—erF(t), (10
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binding site in the forward direction, it immediately binds, = TABLE I. The mean first-passage tim@®FPT) is given for
probably because its conformation in this new position isdifferent loads.

consistent with binding. This means that the flux vanishes at
x=a, i.e.[14], Load (pN) MFPT (seg

0 1.772710°®
1.0991x10°°
1.6465<10 4
4.007x 102
0.1231
4.3005
163.1

6541

Jd
cP(a,t)+D5P(a,t)=O for all t (18
and thatP vanishes ak=b, i.e.,
P(b,t)=0 for all t. (19

The initial condition is simply that
P(x,0)=&(x—a), (20

~NOoO O hs WN B

i.e., the kinesin head starts from the initial binding site.

In order to obtain the first-passage time distribution for If all that was needed was the mean ﬁrst-passage time,

this process, it is very convenient to use the backward equag(x), then this quantity could be obtained froB(x,t) by
tion [14]. Let p(Xq,t|x) denote the distribution for the back- [14]

ward equation. It satisfies

J J 9 11xy=f dt G(x,t). (28)
— D= —(C — _— 0
gPT O PTD P @D
] N It satisfies the differential equation
for xe[a,b] with the boundary conditionl4] P 2
d —C—=TX)+*D—=T(x)=-1 29
p(b,)=0 and — p(at)=0 foralt (22 ax 10 FD 72 T(X) 29

, — . subject to the boundary conditions
along with the initial condition

J
P(X0,01X) = 8(Xo=X). (23) T(b)=0 and —-T(a)=0. (30)

Note that the diffusion equation and the corresponding backfhis problem has the closed-form analytic solution

ward equation have different boundary conditi¢fg]. The 1(D c
probability that at time the kinesin head is still in the inter- T(a)= —[—(ex;{a(b— 1)} -1 —(b—a)]. (3D
val[a,b] is cle
b . . _ . . .
, , _ For kinesin,b—a=16 nm. In the limit of no load, i.e., as
L dx'p(x",th)=G(x.). 24 —0, this expression simplifies to
. . . (b—a)? e
G(x,t) is the same as the probability that the time for reat- T(a)|C:O=T= 1.78<10°° s. (32
tachmentt, , is greater thar [14]. From Egs.(21)—(24) it
follows thatG(x,t) satisfies This is very fast relative to the time scale for ATP binding,
J J 52 ATP hydrolysis, ADP release, arRlrelease, each of which
—G=-c—G+D-——G (25)  occurs in a time interval longer than a millisecdi2d. Table
at IX IX | shows how the mean first-passage time grows with load.

While it is tempting to simply insert these numbers fdn
the denominator of Eq9), it is not valid or accurate to do so
because the first-passage time distribution is broad and it gets
broader with increasing load. For example, when the load is
5 pN, given the values for the rate constants in &Y.that
and initial condition will be introduced below, it is found that the value f&
G(x,00=1. (27) X8 nm is 2.06 nm/s if the mean first-passage time of 4.3 s is
inserted fort, whereas the value fqR) <8 nm is 10.9 nm/s
There is an apparent inconsistency between the first condif instead an average over the first-passage time distribution
tion in Eq.(26) and the condition in Eq27) atx=b andt  function is performed. This is a significant difference and
=0. This is illusory, having its origin in the nature of the requires that the first-passage time distribution be deter-
Dirac & function in Eq.(23). The completeness of the eigen- mined. Since this calculation is lengthy, it is relegated to the
functions for this problem will be used to express thieinc-  Appendix.

with boundary conditions

J
G(b,t)=0 and 5G(a,t)=0 forall t (26)

tion and the condition at=b will be clarified below. This Figures 3a)—3(c) show the first-passage time distribution
detail is important in the numerical calculations that are defor several different values of the load. As the load increases,
scribed in Sec. V. the breadths of these distributions also increase, eventually

051901-5



RONALD F. FOX AND MEE HYANG CHOI PHYSICAL REVIEW E63 051901

0.02 : . : . T . T 800 T
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2§ © FIG. 4. (a) Load-velocity profile for[ATP]=2000uM. The
x10 rate constants are those of Table Il. The solid line is for averaging
in accord with Eq(9) whereas the dotted line is the result of simply
replacing thet in the denominator of the right-hand side of E§)
by (t). (b) Load-velocity profile fof ATP]=8 uM. The rate con-
5 stants are those of Table II. The solid line is for averaging in accord
'§ with Eg. (9) whereas the dotted line is the result of simply replacing
E thet in the denominator of the right-hand side of E§) by (t).
2
e magnitude are covered as the load increases from 0 to 6 pN.
- In Figs. 4a) and 4b), it is shown how significant an error is
made if instead of averaging over the first-passage time dis-
0 tribution in accord with Eq(9), one instead simply places

20 40 100 120 140 160 , AN . X
the mean first-passage time in the denominator in plade of
_ ) o Clearly the latter approach results in a sharper cutoff and
FIG. 3. (a) The first-passage timéPT) distribution for aload  goegs not fit as well with the measured data, causing the stall
of .tle 'E‘ ST]OW"' T:l,e f"?‘t;:t .thatf It V"T”'S:e? ;or very hsmalso force to be too small. To get these results, the rate constants
;’r'f' t'e. ( )T etr']:PfT t":':]”tl:ﬂond.otr.z (t)'a 0 .th 'st own. nl g. (9) had to be changed from those quoted in Gillegral.
IS ime scale, the 1act that the distribution vanishes for very sma 4] as is shown in Table II. In Figs.(8 and 5b) [6] and 6
t cannot be seen.(c) The FPT distribution for a load of 5 pN is . .
[7], data taken from the literature are reproduced. The salient
shown. ; . . o
points of comparison are as follows) The rectified Brown-

' ' _ Jian movement model predicts the same stall force as is found
covering several orders of magnitude. A quite good approxiexperimentally and gives the same maximum velocity at zero
mation to the first-passage time distribution for all loads isload, as a function of ATP concentration. While the rate
given by (1T)exdg —t/T], in which T is the load-dependent constants are changed from the publishgldvalues, they do
mean first-passage time. The true first-passage time distribuot differ by even an order of magnitud@.) The shape of
tion vanishes fort=0 and then rises rapidly to the value the load-velocity curve for this model is a reverse sigmoid
given att=0 by this approximation. This is evident in Fig. curve, whereas the experimental curves are quasilinear. This
3(a) but cannot be seen in Fig(8 and 3c) because of the difference is pronounced at load lows because in the present
compressed time axis. Table | shows how many orders ofodel the velocity does not decrease noticeably until the

80
Time (sec)
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TABLE Il. A comparison of chemical rate constants is given. Gilbert's constants are found ifdRef.

Gilbert's Constants Constants
Description constants used used
Rates of rates from Ref.[4] to fit Refs.[6,7] to fit Ref.[16]
ki (uM~tsecl)  ATP binding pe{ATP] 2 1.4 1.0
k_5 (sec’d) ATP release 80 90 80
k, (sech) ADP release 300 400 300
ks (sec’h) hydrolysis 100 200 50
ke (sec’h) phosphate release 50 170 30
load is 2—3 pN. This difference is discussed below. model for positive loads, but with rate constants that are

Other recent datfl 6] have a profile closer to the sigmoid modified relative to Gilbert's constants and relative to the
shape of the present calculations. These data are given modified constants already used above to compare with the
Figs. 1a—7(d). In Figs. Ac) and 7d), data are given for other data. These constants are also given in Table Il. While
loads that are negative as well as positive. We are able tmodifications of the rate constants are necessary to fit the
compare our results with the positive load portion of the datalata, the modifications are milghot even an order of mag-
only. For negative loads, our model shows no increase in thaitude. What makes the data of RdfL6] especially inter-
velocity, as is seen in these figures. To do so would requiresting from the perspective of this paper is that the velocity
explicit load-dependent reaction rate constddy that ex-  barely changes for loads up to 2 pN. This is consistent with
hibit strain-induced changes in the rafd$]. While this is  our model and quite distinct from the results in Ré&7].
plausible, we have not yet found a good way to introduce
this effect and, therefore, leave this aspect of the problem to V. DISCUSSION

future work. In Figs. {a) and 1b) we show the results of our . .
gs. @ Ab) Chemical assays used to determine the rate condiéhts

are not the same as the experiments used to measure load-

700 \‘_‘L @ velocity curves. Thus, it should not be too surprising that
6061 J there are mutual inconsistencies. The most glaring, referred
500 o N to earlier in this paper, is that the quotBdelease rate is 50
200 * '\ s 1[4]. At 8 nm per ATP cycle, the center of mass of kinesin
Velocity #2% IR could only reach a velocity of at most 400 nm/s for tRis
[nm/s] 300 .
© release rate. Values approaching 1000 nm/s are observed. To
206 * make our results fit the load-velocity dd,7], a P release
100 . %o o rate of 170 s! was required. While Gilberf17] does not
N ’ insist on the slower rate, the higher rate used here is a bit
1 2 3 4 5 6 7 outside the range Gilbert considers reasonable. The ADP re-
Load (pN) lease rate had to be 4007sto obtain the results presented
here, and the ATP dissociation constant had to be slightly
70 increased as wellsee Table ). The ATP binding constant
6 . ®) used here is 1.44M *s ™! as compared to the gM 1s™?
I used by Gilberet al. [4]. Nevertheless, these adjustments of
50 the rates are less severe than the corresponding disparity of
Velocity 49 LI AN rates used in earlier worl®].
[nm/s] L ®
Y ¥ T v T v L M 1 v t v 1 1
60 -
20 . o I 2 e 2mMMATP g4y a
ANE g sol x  5UMATP g
10 s L 3 x 4 =
\‘\.. % 40k 4600 E
0 0 x = N
0 1 2 3 4 5 6 = s x ] <
= R x k3 -
Load [pN] » 30 HJa00
€ i L L £
FIG. 5. (@) This load-velocity profile fof ATP]=2000uM is = 20r L3 , 1 <
redrawn from Peskin and Ostgd]. The solid curve is their reverse ‘Tg 10 It = 200 °§
sigmoid fit to the data of Svoboda and Blofdk. Svoboda and S. 2 L = 1 2
Block, Cell 77, 773(1994] by the Peskin-Oster model.(b) This e e e
load-velocity profile forf ATP]=10uM is redrawn from Peskin Load (pN)
and Ostef9]. The solid curve is their reverse sigmoid fit to the data
of Svoboda and BlockK. Svoboda and S. Block, Cell7, 773 FIG. 6. These load-velocity profiles are redrawn from Visscher
(1994)] by the Peskin-Oster model. et al.[7].
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Load(pN) Load (pN)

FIG. 7. (&) The load-velocity profile shown here is for IMPATP. The solid curve is the result for rate constants given by Gilbert and
listed in Table II. The dashed curve is for modified rate constants used to fit the data jA®ef.(b) The load-velocity profile shown here
is for 5 uM ATP. The solid curve is the result for rate constants given by Gilbert and listed in Table Il. The dashed curve is for modified
rate constants used to fit the data in R&6]. (c) This figure is redrawn from Fig.(8) of Ref.[16]. The portion of the load-velocity profile
for positive load only is to be compared with). (d) This figure is redrawn from Fig.(6) of Ref.[16]. The portion of the load-velocity
profile for positive load only is to be compared with).

The key point of the work of Peskin and Osfél is that  their dependence on a sawtooth potential and a lack of em-
about 80% of the work done during one ATP cycle can bephasis on boundary conditions for the diffusion process. To
attributed to a “power stroke” whereas the remaining 20%date, application of these models directly to a specific hano-
is attributable to Brownian movement. While their model hasbiological system such as kinesin has not been made. How-
many attractive features, it was constructed before the pulkever, the mechanism does work and nonbiological devices
lication of the rate constanfd] and the new information on have been designed based on its principle of operation.
structure[5]. Thus, the detailed sequence of steps presented In another recent papét0], a comprehensive account of
is no longer considered correct. Moreover, as mentioned eamotor protein mechanisms has been presented. In this paper,
lier in this paper, it is possible to associate elastic straira minimal family of motor models is given in which the load
energy with Brownian movement instead of with the energyappears directly in the rate constants, either for “binding,”
released by the hydrolysis of ATP. If this is done, then thefor “reaction,” for “release,” or for “triggering.” The last
terminology of “power stroke” is no longer appropriate. For case corresponds with the traditional power stroke point of
these reasons, the present model is not really in conflict withiew with chemical energy of ATP “stored’T10] in a
the Peskin-Oster model but rather represents an incorporatrained state of the protein. While the model of rectified
tion of newer information and a novel implementation of theBrownian movement is clearly antithetical to this view, it
idea of rectified Brownian movement through the first- nevertheless can be incorporated into the general scheme of
passage time distribution that goes beyond their model.  Keller and BustamantgLO] by adding the kinesin head dif-

A seemingly related mechanism is referred to as a thermdlsion step to their reaction-rate sequence schemes. If this is
ratchet or as a Brownian ratchet. Such mechanisms haw#one, then clearly there is load dependence explicitly in this
been comprehensively reviewed by Astumf&h They dif-  diffusion step.
fer from the model of rectified Brownian movement pro- The apparent disparity between the shapes of the load-
posed here in several important ways. Most significant isvelocity curves determined by the rectified Brownian move-
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ment model and by measurements may result from deficien- 800
cies in the model or from artifacts in the data, or both. | @
Indeed, the difference between the reversed sigmoid shape
for the load-velocity profile of the model and the quasilinear 600 |
shape of some measured dggg/] could lead some research-
ers to reject the model outright, although other ddi| do
have the reversed sigmoid shape. That the model is poten- £ 400
tially oversimplified is an easily accepted criticism. Its sim-
plicity, however, is also one of its strengths since it provides
a clear, intelligible foundation for understanding the overall 200}
process. To wit, the first-passage time distribution is the key
to the load-velocity profiles. The measurements are likewise
subject to criticisms. Two will be elaborated here. 0
The first criticism is based on the broad structure of the
first-passage time distribution. This broad structure implies
that sampling statistics will be important and in particular 80—

o
é’ 500 -
§
¢ 300+
>

100 +

that larger sample sizes will be required as the load increases
. X e 701
because the first-passage time distribution broadens greatly
with this increase. In the measuremef7], the sample 60 |
sizes are quite small, typically 10 to 100 samples per data g
. : . 2 50}
point, often nearer the lower end of this range. Numerical £
simulations clearly demonstrate that such sample sizes are < 40f
much too small for reliable statistics. This could partially g 30
explain why the data scatter at high loads is greater than the I
systematic error bar$,7]. The numerical results presented 20}
in the preceding section were generated by numerical inte-
X , . S, . 10|
gration over the first-passage time distribution that was given
analytically by the eigenfunction expansion. An alternative 0 3 5 % 4 5“‘ """"""""" 4
approach is to run stochastic simulations of the underlying Load(pN)

stochastic dynamics given by Ed44) and(15). While fea- . . .

sible for no load or for small loads, this approach is not FIG. 8. (@ The load-velocity profile(dotted ling for [ATP]
feasible for loads on the order of 3—6 pN. The time taken for=2000uM with the enhanced caused by the optical tweezers’
a single sample run becomes enormous and the number geise and with a spring constantlqf= 0.2 pN/nm. The solid line is

runs needed for good statistics also becomes prohibitive 48€ solid line curve in Fig. @). (b) The load-velocity profilddotted
the load increases ine) for [ATP]=8 uM with the enhanced caused by the optical

The second criticism is perhaps more significant. Thqtivr\::zet:]goslzﬁdaﬁgewéhh r\z Sll;rggg (Eg)nsthmco.z pN/nm. The solid

measurement{s$,7] were done using optical tweezers, a very
elegant technique. This technique uses a feedback mechﬁ
nism to position the silica bead, which is attached to the
kinesin neck as the load, at a precise location in the optical 2
tweezers. This location is chosen to correspond with a par- /<~f2>=(2kT6m7R> (34)
ticular choice of load force. The tweezers are moved in re- At '

sponse to the kinesin motion in order to maintain the bead at

this location and thereby to maintain a constant load forcelncidentally, if At=10 ’s is chosen in this formula, a time
The bead position is sampled at 20 kilohefkiz) for this  about one-tenth of the time required for diffusion of a load-
purpose. Needless to say, the actual applied force “fluctufree kinesin head from one microtubule binding site to the
ates” around the desired constant load force as a result afext, then the root-mean-square fluctuating force given by
this procesg7]. In the paper of Visschegt al. [7], data for  Eq. (34) is 2 pN. This shows just how robust the thermal
this effect are presented for an averaged constant load of 6fbrces are at the nanoscale. For a feedback sampling time
pN. The observed fluctuations in load are small and Gaussorresponding to 20 kHz, i.eAt=5Xx10"°s, the result is

ian. Nevertheless, they are fluctuations and they in effec0.089 pN. This is almost the magnitude of the applied force
create an additional fluctuating force operative during thefluctuations for a mean force of 6.5 gN]. This means that
diffusion process when the kinesin head moves from onén both Eq.(10) and Eq.(13) there should be a second,

microtubul.e binding site to the next. To estimate the .magni'stochastically independent, fluctuating force adde® (o).
tude of this effect, return to Eq11) and define the time- Th;s implies that the in Eq. (15) should be larger by about

_sing the correlation formula in Eq11) implies that

averaged fluctuating force a factor of 1.5. The first-passage time distribution is quite
1 at sensitive to the value oD, as is the averaged rat®). In
Fo = dtE(t). (33) Figs. 8a) and 8b) we show the load-velocity profile with

At Jo modified in this fashion. Elasticity of the neck linker has
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in which
APPENDIX
_ Ko The backward equation with the boundary conditions and
ko= Sm Ry (36) initial condition given by Eqgs(21)—(23) is solved efficiently
0

by making the substitution

. . . 2

To get these results it was necessary to numerically integrate _ c <
the equation foG since no analytic solution could be found. px.h=U(x.t)ex 2D (X=Xo) 4Dt ' (AD)
As mentioned earlier, care must be taken with the boundary _
condition atx=b. To check our procedure, direct numerical This implies the equation
integration forG in the absence of elasticity was compared

. ; d 92
with the analytic results used above and very good agree- ZuU=D U (A2)
ment was observed. Since data for other mean applied force at ax?

strengths were not publishéd], a linear interpolation was -

used for loads different from 6.5 pN, starting from zeroWith boundary conditions

change inD at zero load and ending with 1.4® at a load P c

of 6.5 pN, whereD is the original value given in Ec(_‘LG_). U(b,tH)=0 and —U(a,t)+ —U(a,t)=0 for all t
These results suggest that the measured data potentially ex- X 2D

hibit this effect since the agreemetihe reversed sigmoid (A3)
shape is substantially linearizedbetween the theoretical and initial condition

model and the data is improved noticeably by this artifice. It

furthermore suggests that future use of the optical tweezers U(x,0)= 8(X—Xo). (A4)
technique needs to take into account this systematic correc- ’
tion. Try solutions of the forme *'coskx) and e M sinkx).

It has been shown that rectified Brownian movement proTherefore,
vides a mechanism for kinesin motion along microtubules
that is consistent with structural informatioft], rate- A=Dk?® or k=-=+\/D. (A5)
constant measuremen$] and load-velocity profile$6,7].
In the present model, the ATPase activity intrinsic to theA general solution has the form
kinesin heads acts as a switch rather than as a direct chemo-
mechanical energy converter. The energy for motion comes U(x,t)=e M[Acogkx) +Bsin(kx)]. (AB)
from heat that is harnessed in a diffusion process involvin i )
asymmetric boundary conditions. The asymmetries are gghe boundary conditions require
consequence of ATP hydrolysis. The switch function is per-
haps the same as that of the ancestral switch pro&ithat itar( ka)+k
is also posited to be the anceste@proteins that also act as _ _
switches. InG proteins, GTP is exchanged for bound gua- A=-Btankx) and A=B c’ (A7)
nosine diphosphatésDP) [18]. This activates th& protein, ktanka) - 55
which then usually activates adenylate cycldge some
cases the effect is inhibitory rather than excitatangtil the  Therefore,
GTP hydrolyses, thereby virtually irreversibly turning off the
switch. ATPases functioning as switches rather than as direct c
chemomechanical energy converters have been proposed for 5 [tankb) —tanka)]=k[1+tan(ka)tantkb)],
a number of other mechanisris9] in nanobiology, includ- (A8)
ing mismatch repair in DNA. The switch interpretation is
also applicable to th®-type ATPases described earlid].  which implies the eigenvalue equation
Indeed, the switching activity is equivalent to allosteric
nucleotide induction of a conformation change. In the recti-
fied Brownian movement mechanism perspective of this pa-
per, the switch function of the ancestral protgsj is con-
served in the modern descendants such as kinesin andtroduce dimensionless=2Dk/c and the eigenvalue equa-
myosin[1]. tion becomes

C
k= Etar{k(b—a)]. (A9)
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-

(A10)

¢ b
Zﬁ( -a)|.

This equation, which is solved numerically, has countably
infinitely many positive real roots except for the first, or

lowest, root, which is real only i€(b—a)/2D<1. Forc(b

—a)/2D=1, this root becomes purely imaginafthis tran-
sition occurs at a load of 0.5 pNThe solution in this case is

U=eM[A coshkx)+ B sinn(kx)] (A11)

with the same relations as in EGA5). The corresponding

eigenvalue equation is

c
z:tanl‘(zﬁ(b—a) , (A12)

which has a single nontrivial solution only fa(b—a)/2D

=1. The trivial solutionz=0, impliesk= 0, which does not
work since the boundary condition at=b cannot be satis-

fied except by the zero function.
Normalization follows from Eq(A7) by writing

U (X)=N,[ —sin(k,b)cog k,x) + cog k,b)sin(k,x)]
=N, sifk,(x—b)], (A13)

where the subscriptb refers to thenth root of Eq.(A10).
Forcing

f bdx Ui(x)=1 (A14)
yields
1
Nnp= 1 - (ALY
( (b— a)— S|r{2k (b—a)]
Thus, forc(b—a)/2D<1,
k(X —
Un(x)= SIril (D)) 2
( (b— a)— SII’[an(b a)]
for n=0,1,2.... (Al6)
Forc(b—a)/2D>1, then=0 solution is instead
sini ko(x—b)]
o(X) -
(4—%sint[2k0(b—a)]—%(b—a)
(A17)

Orthogonality follows from Eqgs(A2) and (A3) as fol-
lows:

PHYSICAL REVIEW E63 051901

CU
+ﬁn1,

b 4 C ! b !
fadXUn Un,+ﬁun =—fadXUn U
(A18)

b
fdxun, ”+—U) fde’ U)
a

by integration by parts and because the boundary conditions
kill the boundary terms at both=a andx=b. Subtracting

the lower equation from the upper equation and rearranging
terms yields

b
j dx(UnU -U,un) =0, (A19)
a
which by Egs.(A2) and (A6) implies
A
(—— —) dx U,U, =0. (A20)

For A\,#\,, orthogonality follows.
We are now in a position to construct the solution to the
backward equatiofl4]. It is

©

P(Xo,tx,0)= 2, Un(Xo)Un(x)e™ !

C2

Xexp{ © (X—Xg)— 4Dt (A21)

The initial condition, Eq.(23), is satisfied because of the
completeness of the eigenfunctions on the intefadd] and
atx=b must vanish. Returning to E¢R4) producesG(x,t),

which becomes
—1 c2
) Un(x)exp{—)\nt—ﬁt}

G(x,t)= E
c
Un(a)exp{ﬁ(x—a)

n=0
X —_

2D
c

As a check, we can use E(R8) to obtain the mean first-
passage time in the form

2 c
Ug(b)ex;{ﬁ(x—b) J (A22)

2

c 4D |\ 2
T(X)_4D = 1+ ?)\n) Un(X)
c
X —Un(a)exp{ﬁ(x—a)

ZD)2 ) c
—<T Un(b)ex E(X—b) ] (A23)

This may not look much like Eq.31) but it is identical and
is the eigenfunction expansion of the quantity in Eg1).
The expression in EQA23) can be shown to explicitly sat-
isfy Eq. (29) with the boundary conditions of E430).
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