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ABSTRACT. Several lines of experimental evidence suggest that the conventional kinesin 1 walks by an
asymmetric hand-over-hand mechanism, although it is a homodimer. In the previous study, we examined
several important force-dependent features of the hand-over-hand mechanism of kinesin. In this study,
we focus on the asymmetry in the hand-over-hand mechanism. We show that the experimentally observed
kinesin limping can be explained in our model by the variation of the neck linker lengths in the kinesin
stepping (which has also been suggested earlier by others). We also study the experimentally observed
processive motion of a mutant heterodimer of kinesin, in which only one of the two heads has the capability
of ATP hydrolysis, as well as the walking of wild-type kinesin in the presence of both ATP and its
analogue AMPPNP. We show that the possible processive walking of the heterodimeric kinesin can be
explained by introducing a force-generating intermediate, the kirésiif® complex, which is different

from the posthydrolytic species, kinesiADP/P.

Conventional kinesin is a microtubule-based linear protein in catalytic reactions and in physical motions. In principle,
motor. Because of its important biological functions in cargo the hand-over-hand mechanism of kinesin can be either
transportation, cell division, and signal transduction, as well symmetric or asymmetric. Due to the lack of a mirror
as its relatively small size compared to other linear motors, symmetry and the fact that the central stalk is formed from
e.g., myosin and dynein, kinesin is among the most studied a coiled coil, in symmetric walking each of the forward steps
molecular motors{—3). As a result of extensive structural, should accompany a 18Qrotation of the central stalk.
biochemical, and single-molecule studies, our understandingHowever, in the asymmetric walking mechanism, no rotation
of kinesin as a motor has advanced dramatically over the of the stalk region should occur, and as a result, the steps
past two decades, although many fundamental questionsgiffer depending on which head takes the leading position.
remain unanswered. Experiments have shown that theThe experiment of Hua et al7)f showed that kinesin walks
mechanical steps of kinesin are tightly coupled to the jn the absence of the rotation of the central stalk. Combined
chemical transitions 4 5). However, the cooperativity  jith the later results which showed that kinesin walks by a
between the two kinesin heads is not fully characterized. hand-over-hand mechanis®),(this experimental observation
Although it is believed that the neck linkers connected to jngicates that kinesin walks by an asymmetric mechanism,

the kinesin heads may play a role as the lever arm andjthough the experiment of réfitself could not distinguish
mediate the interaction between the heads, how the chemicapenyeen an asymmetric hand-over-hand mechanism and an

state (e.g., different nucleotide occupation state) of the jnchworm mechanism.
kinesin head influences the docking of the lever arm has
not been unambiguously determinez] 8).

Kinesin walks by a hand-over-hand mechanistn-3).
Using high-resolution single-molecule fluorescence measure-
ment, it was found that during walking the displacement of
each of the two heads of the homodimeric kinesin varies
between 16 and 0 nm, and the two heads exchange leadin
and trailing positions with each 8 nm stepping of the kinesin
center for each ATPhydrolysis ). The hand-over-hand
mechanism requires highly cooperative motions of kinesin
in which the two identical motor heads alternate their roles

The asymmetry in the hand-over-hand mechanism, in the
sense that every two consecutive forward steps are different,
was confirmed by other experiments in which several
kinesins limp during walking. In one of the experimer8} (

a single amino acid mutation in the P-loop (nucleotide
binding domain) oDrosophilakinesin caused ADP release
% be ~3.6-fold faster and the gliding velocity to be 3.3-
fold slower. At low forces and/or low ATP concentrations,
successive 8 nm steps were observed. However, at high
forces and high ATP concentrations, one observed 16 nm
steps. A careful analysis showed that the 16 nm steps are
actually rapid double 8 nm steps. The 16 nm steps are thus
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wild-type kinesin walking under a low external load), and single functional ATP hydrolysis domaii@ (or a wild-
the walking is intrinsically asymmetric. type kinesin walking in the presence of both ATP and
In yet another experiment(), the ATP hydrolysis activity =~ AMPPNP). We focus on the asymmetry in kinesin walking.
of the kinesin head was depleted to a large extent throughThe model is then used to make further predictions about
mutation so that the ATP hydrolysis by the mutated kinesin the force dependence of the walking speed, the forward/
head is at least 700 times slower than that by the wild type backward stepping ratio, and the dwell times for these kinesin
(11). The resulting homodimeric kinesin mutant does not constructs. In particular, we examine in the model how the
walk along the microtubule processively. However, the shortening of the neck linkers, and the reduction of the ATP
mutation on only one kinesin head does not demolish the hydrolysis activity of one of the two motor domains,
heterodimeric kinesin walking entirely, although the speed compared to that used in the model for the wild-type kinesin,
of kinesin was reduced by a factor of9 (10). This influence the chemomechanical coupling mechanism of this
observation is surprising and poses serious challenges to thenotor protein and induce limping during its walking.
current understanding of the hand-over-hand mechanism. One It is worth noting here that the current model focuses on
of the possible explanations of the observation describedthe walking patterns of kinesin under different conditions
above is that only one of the two heads plays a dominant and does not focus on the processivity. A detached state of
role in driving the motion and the other plays only an kinesin with both of its heads occupied by ADP is not
assisting role. In this picture, the two heads are intrinsically involved. However, without detaching from the microtubule,
nonequivalent, which is inconsistent with the experimental a kinesin can still be “nonprocessive” by either not moving
observations that the two heads are chemically equivalentor moving without directionality or randomly. In some sense,
(2, 3, 6). The other possibility is that during stepping there it also describes the pattern of the processive motion of
exists some kind of rescue mechanism due to the cooperatiorkinesin, although not the run length.
between the two heads; namely, the mutant head regains
some ATP hydrolysis capability when fused with another THEORETICAL MODEL
wild-type kinesin head. On the other hand, an earlier The model of kinesin presented here is based on the earlier
experiment {2) showed that a single-headed kinesin fused study (16) (see Scheme 1 of the kinesin hand-over-hand
with a different protein, which does not have ATP hydrolysis forward/backward stepping mechanism), and the potential
activity at all but does bind to microtubules, also walks source of the asymmetry of kinesin walking is depicted in
processively along the microtubule, although at a slower Scheme 1. In summary, the stepping of each of the two
speed. This experimental observation may suggest thatkinesin heads is described by the change in its position on
without a rescue mechanism, a kinesin with a single motor the microtubule. The two heads are connected through their
domain maintains at least partial function. In this paper, we interaction in the neck linker region. The binding between
try to model the stepping of such a mutant kinesin as well each head and the microtubule is regulated by its chemical
as the stepping of the wild-type kinesin in the presence of state. The chemical state determines the conformation
both ATP and AMPPNP, with the hope of finding possible between the head domain and its neck linker domain and
explanations for the experiments mentioned above. therefore is coupled to the binding and motion of the other
A number of theoretical models for the mechanism of head. Kinesin at different chemical states binds the micro-
kinesin have been suggested, and the approaches that wengibule with different affinities: the binding affinity is the
used in these calculations include both kinetic modeling and largest for the posthydrolytic ADP/Btate; the ATP state
master equation simulations, such as in E3s-15, just to and the empty state, on the basis of detachment experiments
name a few. In an earlier papet6j, we focused on the (17, 18), are assumed to have similar but smaller binding
chemical and mechanical properties of wild-type kinesins affinities; the ADP state of kinesin head binds the microtu-
and applied a simple model, in which ligand binding or bule most weakly. The main assumption of the model is, as
release induces the conformational changes of the neck linkermentioned earlier, that the ATP (or AMPPNP) binding
region with respect to the motor domain, to study the walking induces a conformational change in the front kinesin head
mechanism of kinesin. The model reproduces the hand-over-and thus provides a driving force in the plus directi@f)(
hand mechanism for kinesin walking in a large range of It is further assumed in this model that the hydrolysis of
external loads. When a large force is applied in the minus ATP to ADP/R generates an additional driving force for the
direction, kinesin walks backward, again in a hand-over- motion of kinesin, even though this force could be signifi-
hand fashion with 8 nm steps. The model was also used tocantly smaller than that due to ATP binding and the ATP-
explain the experimental results on the external force andand ADP/Rbound states take similar stable conformations.
the ATP concentration dependence of the walking velocity, A conformational change due to the hydrolysis of ATP has
the forward/backward step ratio, and the dwell times for both been suggested by fluorescence polarization experirgéht (
forward and backward steps. In the earlier paper, asymmetrywhich showed that the posthydrolysis state (mimicked by
during kinesin walking was included by assuming that the ADP-AIF,~) tends to be more rigid than the prehydrolysis
lengths of the neck linkers are dependent on which kinesin state (AMPPNP-bound), in particular for a monomeric
head takes the leading position. This difference in the lengthskinesin @1). The prehydrolytic state, in accordance with
of neck linkers was not seen to induce asymmetry in the experimentsZ0, 21), is assumed to bind microtubules more
wild-type kinesin model (with relatively long neck linkers) weakly than the posthydrolytic state. This assumption does
even in the presence of a large external load. not affect the results on the wild-type kinesin, the hydrolysis
In this study, we try to understand the experimental results of ATP by which is fast enough for the population of the
for the two reconstructed kinesins, the one with a truncated prehydrolytic state to be neglected; however, it does have
stalk which limps during walking9) and the one with a  an influence when the hydrolysis of ATP is missing, either
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Scheme 1. (A) Schematic Diagram Showing the Effects of the Shortened Neck Piaker¢B) Graphic Depiction of the
Triangle Formed between Two Neck Linkers and the Microtubule
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a (a) Wild-type kinesin. (b) Kinesin with a shortened neck linker due to the truncation of the coiled coil. In this paper, we postulate that the
attachment of the top of the coiled coil to the bead exerts forces on it and perturbs the structure of the coiled coil at the top, e.g., relaxing or
separating the two-helices at this end. This perturbation of the protein structure is further expected to be transmitted along the coiled coil. For
the shortened coiled coil, due to its internal rigidity, the perturbation is more likely to have a strong influence on the structure at the bpttom, e.g.
the interaction between tw-helices here being stronger to compensate for the destabilization at the top of the coiled coil, and thus lead to shorter
neck linkers, whereas for wild-type kinesin, the long coiled coil is easy to relax to its native structure at its bottom. ThéréSshorter than
d. (c) Further shortening of neck linkers due to rewinding of the coiled coil. The effects of the rewinding and unwinding of the coiled coil on the
binding conformations of kinesin heads are larger for the truncated kinesin as a result of its intrinsically shorter necldlinkets <€ d). The
scheme is not shown to scal@he angle formed between the neck linker and microtubule is a function of leg ldragttl relative head position
X1 — Xp. COS6, = (Xz — X1)/2d, and6, = 7 — 61.

due to the lack of the ATPase activity of the catalytic core suggested by Block and co-workei®),(the change in the
or due to the substitution of ATP with AMPPNP, in which neck linker length during the walking of kinesin could also
the driving force due to ATP hydrolysis is absent. To take be a result of the switch between the registered and
into account the two-step force-generating mechanism by misregistered coiled coil near the neck region. In this study,
ATP binding and hydrolysis, four possible chemical states due to the lack of detailed structural information, we do not
are included for each kinesin head (ATP, ADRPADP, and distinguish between the possible origins for the change of
empty). [In the earlier study on wild-type kinesibg}, since the length of the neck linker during kinesin walking. In the
ATP hydrolysis occurs fast, only three states were consid- model for the truncated kinesin, the value @f(for both
ered.] The ATP state is taken into account explicitly in the unwound and rewound states) is smaller than that for wild-
model presented here due to the lack of the hydrolysis of type kinesin (see results for the valuesdpfWe note again
AMPPNP or ATP by a mutant motor domain. The prehy- that although the neck linkers are assumed to take different
drolytic ATP state is assumed to be the same as the AMPPNPlengths depending on which head takes the leading position,
state. the neck linker lengths of the two motor domains are always
The prevailing speculation about the causation of the equal in length, changing simultaneously during kinesin
asymmetry in kinesin walking is that the central coiled-coil stepping. The asymmetry of kinesin walking discussed in
stalk formed by the two kinesin monomers changes confor- this paper refers to the difference between any two consecu-
mation during the stepping of the kinesin so that the lower tive steps.

portion of the coiled coil goes through unwinding and  once the model is constructed, simple potential energy
rewinding cycles, depending on which head is taking the fynctions are used to describe the interaction between each
leading position). As a result, the length of the neck linkers o the kinesin heads and the microtubule binding sites as
varies with the exchange of the head positions, although theyg|| as that between the two kinesin heads (see the details
neck linkers from the two kinesin heads always have equal jn 5 previous portion of this section). The binding strengths
lengths (so that the lengths of the two neck linkers change ysed in our model are 9 kcal/mol for the ADPARate, 7
simultaneously during kinesin walking). This change in neck ycal/mol for the ATP or empty state, and 4 kcal/mol for the
linker length is included in our simplified model by the App state. Given the chemical states of the two kinesin
change of the “leg length” parametei(see Scheme 1, the heads, the positions of the kinesin heads are then calculated
total length from the lower end of the coiled coil to the head/ using a master equation approach, including both diffusions

microtubule binding site), which is 5.2 nm in the unwound  of the motor heads along the microtubule and the chemical
state and 4.7 nm in the rewound state of the coiled coil of a {ransitions of each head§).

wild-type kinesin (6); the changes in the lengths of the two

neck linkers sum te~1 nm, the approximate length of one RESULTS

repeat of the coiled coil9). As we mentioned above, this

length change (between 5.2 and 4.7 nm) has little influence On the Limping of Kinesinln the experiment of Block
on the walking of the wild-type kinesin, and there is no and co-workers9), they observed that the truncation of the
obvious “limping” at all tested external loads. We construct central stalk induces kinesin limping: during the kinesin
a similar model for a truncated kinesin, the upper portion of walking, the dwell times consist of alternating short and long
the coiled-coil stalk of which is shortened. This shortened intervals. The limping factol. was defined as the ratio
central stalk is thought to make the lower end of the stalk between the successive long and short dwell times for
wrap further (see a more detailed explanation in Scheme 1),evaluation of the degree of limpin@)¢ The experimentally
and consequently, the neck linkers become sho®eiThis observed relation between the truncation length and the
length change in neck linkers is also expected to be limping factor (and dwell time) is very similar to the
dependent on how much the stalk is shortened: the morecalculated neck linker length dependence of the limping
the stalk is shortened, the shorter the neck link8js As factor in our model. Figure 1 demonstrates the influence of
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[ATP] = 1 mM. linkers of 4.6 and 4.1 nm under a small force. [ATR]10 uM.
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Ficure 3: (a) Dwell times of the two kinesin heads. The empty longer neck linkers) are very clostsow ~ 56 Ms andias ~
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Distribution of the limping factor for a kinesin with neck linkers 60 ms. The corresponding mean value of the limping factor

of 4.6 and 4.1 nmFeyx = 4 pN, and [ATP]= 2 mM. (Figure 4b) is~1.27, confirming that there is no limping
during the walking of the wild-type kinesin.
the neck linker length on the calculated limping factor as  We also calculated the walking speed of this kinesin with
well as the dwell time: the mean long dwell time increases shorter neck linker lengths as a function of external force
largely with the shortening of leg length whereas the mean ~ with 1 mM and 10uM ATP. As shown in Figure 5, the
short dwell time remains invariant (Figure 1a). As a result, force dependence of the walking speed of this kinesin is very
the limping factor increases with the shortening of leg length similar to that of wild-type kinesin, although the speed of
d (Figure 1b). The calculated limping factor with neck linker the former is slower. We calculated the limping factor under
lengths of 4.6 nm in the unwound state and 4.1 nm in the various external forces. As shown in Figure 6, kinesin
rewound state is similar to that obtained in the experiment limping becomes less severe at both large assisting and
for truncated kinesin DmK401, which has the shortest stalk hindering forces, although the force at which the limping
in the series of tested kinesin constructs (see Figure 3B infactor takes a maximum value depends on the system
ref 9). parameters (in particular the force dependence of the
We calculated the trace of the center of the kinesin with chemical reaction rate constants), and further experiments
the shorter neck linker lengths of 4.6 and 4.1 nm which is are needed to determine these parameters.
shown in Figure 2. One observes the alternating short and In addition, we calculated the average number of ATP
long intervals between forward steps. Figure 3a demonstratesmolecules hydrolyzed per kinesin walking step to determine
the distribution of the long and short dwell times, and the chemomechanical coupling ratio. Figure 7 demonstrates
Figure 3b shows the distribution of the individual limping the calculated coupling ratio under different forces. Over a
factor. As seen from the figures, there is a large difference large range of forces (from15 to 12 pN for 1 mM ATP
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and Gelles. A biotinylatedDrosophila kinesin construct
(K401-BIO-H6) with a switch | domain point mutation walks
with a speed 0f+90.3 nm/s 10) at 1 mM ATP. Limping is
easily observed from the trajectories (the dwell times consist
of alternating long and short ones), although this limping
occurs via a mechanism that is different from that of kinesin
with shortened neck linkers.

We calculated the mean values of the long and short dwell
times as well as the limping factor of the mutant het-
erodimeric kinesin under various external forces. One can
observe from Figure 9a that the increase in the hindering
force prolongs the mean dwell time of both fast and slow
phases, whereas an assisting force makes the dwell times in
both phases shorter. The hindering force has a stronger
influence on the long dwell time, while the assisting force
affects more significantly the short dwell time. As a result,
the difference between the long and short dwell times and
the limping factor (the ratio of the mean value of long and
short dwell time) reaches its minimum at around 0 force (as
shown in Figure 9b).

The predicted force dependence of the walking speed of

mentioned above, the ratio decreases with an increase in thehe mutant kinesin is shown in Figure 10a. The mutant and
magnitude of the external force, corresponding to the sliding wild-type kinesins differ in that the speed of the former

of kinesin induced by large external forces.
Heterogeneously Constructed Kinesim Figure 8, a

typical trajectory is shown for the walking of a mutant

kinesin, for which the hydrolysis activity of one of the two

increases monotonically with the assisting force, while the

2 The experiment of Gelles et al. used a short kinesin mutant, K401-
BIO-H6. To compare with the experimental data, we also studied the

heads is removed, in the absence of external force. It is awalking of a heterodimeric mutant kinesin with the truncated stalk.

hand-over-hand motion: during each step, one head move
16 nm while the other head keeps attached to the microtu-
bule, the same as during the stepping of a wild-type kinesin.

Qe also calculated the velocity of a kinesin mutant with an intact stalk.

We found that the neck linker length has little influence on the speed
of the mutant kinesin if during the kinesin walking, the intact head
takes the front position and the coiled coil is unwound (longer neck

The speed of the mutant kinesin obtained at a saturating ATPlinkers of 4.6 nm). On the other hand, if the intact head is in the front

concentration of 1 mM is-80 nm/s, which is~6-fold slower
than that of the wild-type homodimer-¢50 nm/sy. This

while the coiled coil is rewound, the shortening of the neck linker (with
a length of 4.1 nm) restricts the occurrence of the chemical transitions
on the intact head (e.g., ATP binding). As a result, the speed of the

result is consistent with the experimental data of Thoresen mutant kinesin is largely reduced-Q nm/s).
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latter has a maximum speed at approximately pN (16,

22). Figure 10b shows the force dependence of the forward/

backward step ratio at ATP concentrations of 1 mM and
10 uM. As seen from this figure, the influence of the ATP
concentration on the forward/backward ratio is very small,

and in both cases, the ratio decreases monotonically with

external force. The ratio becomes unity when the force is
~3.5 pN, corresponding to a stall force that is approximately
half of that of wild-type kinesin.

We also calculated the mean value of the number of ATP

Biochemistry, Vol. 46, No. 31, 2000103

(~5 pN), the processive forward movement is halted
frequently by long waiting periods and the forward motion
is reactivated by an obligatory backward step.

The long waiting period, in our model, is induced by a
state of the kinesin in which the front head is occupied by
ATP or ADP/R, and the rear head is occupied by AMPPNP.
As we assume in the model, the ATP binding as well as the
following ATP hydrolysis in the front head supplies a driving
force. The rear head which is bound with AMPPNP is
detached from the microtubule and pulled forward if no
external hindering force is applied on the kinesin, due to
the stronger binding and larger driving force generated by
ATP binding and hydrolysis in the other head. On the other
hand, a large hindering force will balance the forward driving
force on the rear head and therefore prohibit the rear head
from moving forward. This stalled state survives a long time
until the front head is drawn backward under the hindering
force. Therefore, the two heads switch the leading position.
The AMPPNP on the new front head is now released. If
ATP binds to the head, kinesin resumes walking forward:
the hydrolysis product;Rn the new rear head is released,
and the ADP-bound head is easily detached from the
microtubule under the driving force generated by the ATP-
bound front head. However, if AMPPNP binds instead, the
kinesin will be able to take one single forward step and then
go back to the stalled state with an AMPPNP bound to the
rear head.

DISCUSSION

In this study, we investigated the walking mechanism of
kinesin and focused on the asymmetry in its hand-over-hand
mechanism. We studied the processive walking of two
reconstructed kinesins. The first is a kinesin homodimer with
shorter neck linkers (used as a possible model for the kinesin
with a truncated stalk) and the second a kinesin heterodimer,
one head of which is deprived of ATP hydrolysis activity,
although it does bind ATP. This model shows that both
mutant kinesins limp during walking. For the kinesin with

molecules consumed for each mutant kinesin step. As seersporter neck linkers, Asbury et al)(speculated that the

from Figure 11, the number of ATP molecules hydrolyzed
per 8 nm step is~0.5 under near vanishing forces, in

limping is due to the change in the neck linker length during
the stepping of kinesin heads. As described in the asymmetric

accordance with the fact that ATP hydrolysis occurs in only hand-over-hand mechanism, the lower portion of the coiled
one head and the observation that the hydrolysis of one ATP¢qj| unwinds and rewinds in the successive steps. As a result,

couples to a forward step of each of the two heads.

the conformations of the kinesin heads (represented in this

Stepping of Wild-Type Kinesin in the Presence of both ATP model by the angles between the neck linker and the

and AMPPNP We calculated the motion of the kinesin in
the presence of 2 mM ATP and 0.2 mM AMPPNP. A
segment of the trajectory for the motion of the center of
kinesin is shown in Figure 12. The trajectories given in that
figure were obtained in the absence and presehee3qpN
hindering force, respectively. It is seen clearly that in the

microtubule) are different depending on which head takes
the front position. The chemical transitions, including ADP
release, ATP binding, and ATP hydrolysis, are sensitive to
the conformations of the kinesin heads. The neck linkers of
a wild-type kinesin are long enough that the length change
due to the unwinding or rewinding of the coiled coil has

presence of the hindering force (Figure 12a), the kinesin little influence on the conformations of its bound heads. On
frequently takes long pauses. These long pauses are normallyhe other hand, the shortening of the central stalk is assumed

terminated by a quick backward step, which is followed by

to result in the shortening of the neck linkers, e.g., through

either another segment of long pause or forward steps. Themisregistration of the coiled coil, by~1 nm @). The

average waiting time before those backward steps3ss.

shortened neck linker imposes more severe constraints on

On the other hand, the long pause during the processivethe conformations of the kinesin heads when they are bound
motion of the kinesin appears rarely at small external forces to the microtubule (e.g., the angles between the neck linker
(as shown in Figure 12b). These calculated results are agairand the microtubule deviate from their optimal values). The

consistent with experiment23). It was observed that in the
presence of both ATP and AMPPNP, the wild-type kinesin
still walks processively. However, under a hindering force

larger the deviation of the head conformation from its
chemical transition conformation, the slower the chemical
transition (see Scheme 1). As a result, the unwinding and
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rewinding of the coiled coil have a more apparent effect on time more significantly than the long dwell time. The limping
the chemical transitions with this shortened neck linker: Only factor increases with an increase in the assisting force. On
when the central stalk unwinds does the kinesin conformation the other hand, the small hindering force has little influence
allow fast chemical transitions. The dwell time of wild-type on the short dwell time, whereas it aggravates the difficulty
kinesin is~60 ms under a hindering force of 4 pN, while for the forward step to take place in the latter state. The
for the kinesin with shorter neck linkers under the same force, limping factor also increases with the increase in hindering
the dwell time is split into alterative fast and slow phases. force.
The fast dell time (with an unwound coiled coil) is changed It is seen from the description given above that the
only slightly compared to the dwell time of wild-type kinesin, hydrolysis of one ATP molecule generates two successive 8
while the slow interval (with a misregistered coiled coil) nm steps for a mutant kinesin. As a result, the stall force is
becomes-5 times longer. As mentioned earlier, the length smaller for a mutant kinesin<3.5 pN) than for a wild-type
of the neck linker (plus that of the kinesin head) is kinesin (~7—8 pN) and the former walks slower than the
represented by the parametérValues of 5.2 and 4.7 nm  latter. The smaller stall force and the slowness of the mutant
were used for unwound and rewound wild-type kinesin, kinesin could also be understood from the force-generating
respectively. No limping is observed in the model with these mechanism. In a wild-type kinesin, in every step a driving
two values. However, with the synchronous decrease in theforce generated from ATP binding and hydrolysis is used to
two values, the limping becomes more and more evident detach the ADP-occupied kinesin head, while in a mutant
(Figure 2). The limping factor reaches 6.22 with the values kinesin, every other step the force is used to detach an ATP-
of 4.6 and 4.1 nm for a shortened kinesin, which is very occupied kinesin head, which is much more strongly bound
close to the experimental value of kinesin DmK4@®]. ( to the microtubule.

We use a construct similar to wild-type kinesih6) to The simple theoretical model we used for wild-type
calculate the mutant kinesin with one head lacking the ability kinesin, kinesin with shorter neck linker§)( and recon-
to hydrolyze ATP, which was also shown in our model to structed kinesin heterodimers0j provides possible explana-
walk by the asymmetric hand-over-hand mechanism. As- tions for the various experiments. As discussed above,
suming that Head 1 does not hydrolyze ATP, we start with although both the short neck linker homodimer and the
the prestroke state, in which Head 2 is occupied with ADP mutant heterodimer exhibit limping behavior, the origins of
and Head 1 is empty. Head 1 takes the leading position. limping are different. The chemomechanical coupling ratio
Binding of ATP to the front empty head (leads to an empty of the short neck linker homodimer is the same as that of
to ATP state transition) induces a conformational change in the wild type, and in the presence of small external forces,
the neck linker and exerts a driving force that detaches thethe hydrolysis of every ATP molecule leads to one 8 nm
rear head and moves it forward. The difference between thestep whereas the consumption of one ATP molecule induces
mutant and wild-type kinesin is that Head 1 does not two consecutive 8 nm steps for the mutant heterodimer. The
hydrolyze ATP and thus generates a smaller driving force force dependence of motion, including the stall force of the
[it is assumed in the model that in addition to ATP binding, Kkinesin with shorter neck linkers, is also similar to that of
the hydrolysis of ATP to ADP/Pfurther provides driving wild-type kinesin. Although both reconstructed kinesins walk
force for kinesin walking, in accordance with fluorescence at a similar speed in the absence of the external force, the
studies which show that ATP hydrolysis induces further heterodimer shows a much stronger force dependence and
kinesin conformational changegQ; 21)]. Without a large its stall force is only approximately one-half of that of wild-
hindering force, the rear head occupied by an ADP is easily type kinesin and the kinesin with shorter neck linkers.
detached from the microtubule and pulled forward by the
front head. After Head 2 rebinds to its new microtubule MODEL
binding site that is 16 nm from its previous binding site,  potential Energy Functionsn the simple model presented
ADP releases from it. The two heads have switched their here, a dimeric kinesin contains two heads and a connection
leading positions. Although Head 1 does not hydrolyze ATP through the neck linkers. The two heads are represented by
and binds the microtubule relatively strongly, ATP binding two points with their position given along the microtubule,
and hydrolysis in Head 2 generate a stronger binding stateyhich is represented by a single line. The two neck linkers,
and a sufficiently large driving force to detach the ATP- yith always equal lengths, are connected through a connect-
occupied Head 1, and the competition between these twojng point which is determined by the length of the neck
heads leads to a forward motion of the more weakly bound |inkers [the distance between connecting point B and head
ATP-occupied rear head while Head 2 remains bound. This positions A and A(see Scheme 1)]. Each of the two heads

step is slower than the previous step as a result of the bindingcan bind the microtubule, with the binding sites separated
of an ATP (or AMPPNP)-occupied kinesin head thatis much py 8.1 nm on the line representing the microtubule. The

stronger than that of an ADP-occupied kinesin head to the pinding between the kinesin head and the microtubule is
it walks. The resulting short dwell time corresponds to the

_ ] 1)
The long dwell time, on the other hand, corresponds to the a
state in which the front head is occupied with the posthy-
drolytic ADP/R and the rear one is occupied by ATP. In eq l,\/f,’o anda are the depth and width of the binding

first step: the front head is occupied by ATP, which remains x—r;\2

in the prehydrolytic state, and the rear head is ADP-bound. Vo=Vod 1 - Z ex;{—

Because of the weak binding of the ADP-bound head to the potentials, respectively. The width of the binding potential
microtubule, the assisting force will shorten the short dwell is assumed to be independent of the chemical state of kinesin
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Table 1: Parameter Values Used in This Study

neck lengthdi/d, (nm)

kinesin—microtubule binding affinity (kcal/mol)

chemical transition rate constant

width of binding potentiat. (nm) (eq 1)

parameters in eq 2

conventional kinesin
kinesin with shorter neck linkers

ATP-boundVy
emptyVs
ADP/R-boundV, 5"
ADP-boundVy "

ADP releasgé)(s
ATP binding gM~1s™1)
ATP hydrolysis (s%)
ATP release (39

internal force constintks T/nn?)

5.2/4.7 (unwinding state/
rewinding state)

4.6/4.1 (unwinding state/
rewinding state)
7.0
7.0
9.0
4.0
260/2.6 (front head/rear head)
3.0/0.3 (front head/rear head)
8.0/800.0 (front head/rear head)
10.0
0.45/0.20 (forward/backward)
0.047/0.04/0.031 (AEPR/

ATP/empty state)
AXi(AX2) (Nm) —8.1 (ADP/R and ATP state)
8.1 (empty state)
overstretching potentialy (eq 3) 1k T
chemical transition constraint chemically allowed range within binding site (nm) 0.16
optimal neck linker angle £0
chemically allowed angle deviation for ATP binding +5°
diffusion constanD (nn¥/s) 2.0x 10*

aThe exact value of the stalk length is not used in this study. However, the stalk length change is the inverse of the neck linker length change
during the kinesin walking: the longer the neck linker becomes, the shorter the stalk is.

(defined by its occupation, empty or occupied by ADP, ADP/  In addition to the binding potential and the head confor-
P, or AMPPNP). The depth of the potential, thus the binding mation potential mentioned above, to include the excluded
affinity, is dependent on the chemical state of the kinesin volume effect of the two heads and to avoid overstretching
head:; the\/g’O values used in the present study are 4, 7, 7, of the distance between the two heads, a potential of the
and 9 kcal/mol for the ADP, empty, AMPPNP (or prehy- form
drolytic ATP), and ADP/Pstates, respectively.

Besides the binding affinities, to take into account the Viep= Vo{€Xp[(4— [X, — X,)°] + exp[(x, — Xo| — 9)T} (3)
conformation preference of kinesin at each of the chemical
states listed above, the two heads are assumed to interads also includedVo is taken to be 1KsT.
through the neck linkers, which are not necessarily rigid. ~Once the potential (the sum of the potentials in egS)L
The interactions between the two kinesin heads are againis specified, the force on each head is taken as the negative
determined by the chemical states. The stable conformationderivative of the potential over the position of the head (e.g.,
between each head and its linkage is assumed in this model~9V/dx,, for head 1), and the propagation for the motion of
to be determined only by the chemical state of this head itself; the head is performed using the Euler form of the Langevin
thus, each head independently generates a potential as gduation (see the Supporting Information of ). The
function of the relative positions of the two heasls— x,. temperature was taken to be 298 K, and a value af 20!

Therefore, this interacting potential consists of two terms, NN¥/s is used for the diffusion constant.
one from each head. For the sake of simplicity, this Chemical Transition Rate Constants and Their Force
interacting potential is taken to be a quadratic form and the Dependencelhe external force applied on kinesin inevitably
stiffness of the potential is assumed to be proportional to results in the strain in the kinesin, which has an influence
the binding affinity between this kinesin head and the ©on the various chemical transitior) (The force dependence
microtubule. In the ADP-occupied state, it is assumed that of the chemical transitions is written in the present model
there is no orientation preference of the neck linkers, and as
thus, this energy term is absent for the ADP state. In contrast,
the ADP/R or AMPPNP head prefers to be the rear head,
so if this head has a position &f, a quadratic potential in
the form of Y,K(x, — x; — 8.1F is added to the total
potential, with the force constait; given below.

The total potentials due to the conformational preference
of the two heads are then

k=ky eXP(|F — FoldlksT) @

o/ksT is taken to be~2.5 pNt andF, is taken to be~5 pN

to yield a good fit to the experimental data on the force
dependence of the kinesin speed, which shows a maximum
at an external loadH.x) of 5 pN. Since the force dependence
of the binding affinities is not available, for the sake of

Vo =YK, (X — % — Ax)? + 1K AX, — X, — AX ¥ () simplicity, force-independent equilibrium constants are as-
p 21%s, 1V 2 1 2'%s, 2AM 2 2 . . . .

sumed in this study. Therefore, eq 4 is used for all chemical

Ksis taken to be 0.04&T, 0.04gT, and 0.03ksT nm2 for transition processes. A more elaborate model should take

the ADP/R, ATP, and empty states, respectivelyx; and into account the difference in the force dependence of

AX; are determined by the chemical state of the kinesin head.different rate processes. The values of rate condtaof

For example, when Head 1 is emptdyx; = 8.1 nm, and the various chemical transitions are taken from biochemical
when it is occupied by ADP{For ATP (AMPPNP), it is studies 8) and then slightly modified in this research to best
—8.1 nm. fit the experimental data. To take into account the preference
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of kinesin walking toward the plus end of the microtubule, 5.
we further assumed that the rate constants of the chemical
transitions are not uniform on the two heads. The chemical
transitions, e.g., ATP binding and ADP release, are much
faster on the front head, whereas ATP hydrolysis occurs fast
on the rear head instead of the front head. The rate constants
used in this study are listed in Table 1.

In addition to the explicit force dependence, the chemical
transition is also affected by the conformation of kinesin
heads, represented here by the angle between the neck linker
and microtubule and the distance between the kinesin head
and its binding site on the microtubule. Chemical transitions
are only allowed when the corresponding kinesin head is
within a certain distance (taken as the value of 0.16 nmin 11.
this paper) of a binding site and when the neck linker angle
is close {+5°) to the stable value of the reacting site. When
the angle is more tha#t5° or the distance is greater than
0.16 nm from that of its stable conformation, the rate constant
is decreased 100-fold, the exact values of which have a small
influence on the final results. Since in this model the force
and kinesin conformation dependence are the same for all
reactions (forward and backward), the equilibrium constants 14.
are independent of force or the kinesin docking or binding
mode (a more elaborate model should certainly take into
account the variance of the equilibrium constants).

The transitions between chemical states are treated as 16.
random processes, and the probabilities for the transition
occurrence are determined by the rate constants of the 17:
transitions.

In the earlier paper 16), a different model without
assuming the explicit force dependence of the rate constant 18.
of eq 4 was also used. It was shown there that these two
methods yielded similar results when appropriate parameters
were chosen. The fundamental assumption here is that only 19
when the motor domain takes an appropriate conformation
(correctly docked with the neck linker and bound strongly
to the microtubule) do the chemical reactions occur at an
appreciable rate.

7.

9.

12.

13.

15.

20.
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