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Motor proteins such as kinesin, myosin and polymerase convert chemical energy into work through a cycle that
involves nucleotide hydrolysis. Kinetic rates in the cycle that depend upon load identify transitions at which structur-
al changes, such as power strokes or diffusive motions, are likely to occur. Here we show, by modelling data
obtained with a molecular force clamp, that kinesin mechanochemistry can be characterized by a mechanism in
which a load-dependent isomerization follows ATP binding. This model quantitatively accounts for velocity data over
a wide range of loads and ATP levels, and indicates that movement may be accomplished through two sequential 4-
nm substeps. Similar considerations account for kinesin processivity, which is found to obey a load-dependent

Michaelis—-Menten relationship.

travels processively along microtubules in discrete steps of 8

nm (ref. 2). The velocity of single kinesin motors moving
along microtubules, v, has an ATP dependence that obeys
Michaelis—Menten kinetics. This is the case over a broad range of
loads, from near zero* to at least 5.5 pN, which represents a signif-
icant fraction of the kinesin stall force®®. Moreover, the
mechanochemical coupling ratio — defined as the number of ATP
molecules hydrolysed per mechanical step — remains 1:1 over a
similar range of loads®. Most theoretical models of kinesin move-
ment invoke forms of loose coupling!®'%; these predict that the
apparent Michaelis-Menten constant for movement, K,;, should
either remain constant or fall as the load increases and the ATP
coupling ratio declines®'>'*. Experimentally, however, K, has been
found to increase with increasing load, implying that load affects
the kinesin cycle in two distinct ways, lowering not only the
turnover rate, but also the rate at which ATP molecules bind and
commit to the reaction pathway’. This behaviour is inconsistent
with most loosely-coupled theoretical models in their current
forms. Here we explore the consequences of a tightly-coupled
model that explicitly incorporates the two effects of load on
Michaelis—Menten kinetics.

The mechanoenzyme kinesin has two motor domains' and

Results
The energy-landscape model. For a motor with steps of size d, we
use:

Vinax[ATP] d-k_,(F)[ATP]
v(F, [ATP]) = = )
[ATP]+K,, [ATP]+k_(F)/k(F)

cat

where V= d-k_, is the velocity at saturating levels of ATP, k_, is
the catalytic-turnover rate constant, and k; is the apparent second-
order rate constant for ATP binding, equal to the ratio k_/K,,. Both
load-dependent rate constants, k_, and k,, decline with increased
external load on the motor, F. Equation (1) implies tight coupling
with a 1:1 ratio (if the coupling ratio were fixed but not equal to
one, its value would simply multiply the numerator). The increase
in K,; with load implies that the function k,(F) must decline faster
with load than the function k_(F) (ref. 5). To express these func-
tions, we reasoned by analogy with recent work'> on RNA poly-

merase (RNAP).

718

Free energy

Reaction N
coordinate .

K=K o€ —FolkgT
T T

N

—

e

©

Figure 1 Load-dependent isomerization. Top, schematic free-energy diagram,
showing a single barrier between two potential wells separated by a distance 6,
before (dashed line) and after (solid line) application of external load. Here, each
well represents a substate in a conformationally composite state and the reac-
tion coordinate corresponds to the component of displacement along the long
axis of the microtubule. A kinesin molecule undergoes rapid fluctuations
between the two conformational substates, corresponding to back-and-forth
transitions between potential minima. Bottom, diagrammatic representation of
such a conformational composite, corresponding to fluctuations of the unbound
kinesin head (orange); the partner head (green) remains tightly bound to the
microtubule (red, blue). The equilibrium constant for this transition, K, is load-
dependent; kgT is the thermal energy.

The RNAP transcription cycle can be modelled as a sequence of
load-independent biochemical transitions together with a single,
load-dependent mechanical transition occurring over a free energy
barrier. The time required for a mechanical transition over this bar-
rier rises exponentially with load, so the net rate of transcription
follows a Boltzmann-type relationship'>'®:
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k(F) = P+ qué/kBT (2)

where k, is the unloaded rate constant, k;T is the thermal energy, 8
represents the characteristic distance over which the load acts, and
pand g = (1 — p) are the fractions of the unloaded catalytic cycle
required for biochemical and mechanical transitions, respectively'”.
However, this description is incomplete for kinesin, because it
omits the effects of load on k. These are incorporated as follows:
In a generalized kinesin ATPase pathway with N intermediate states,

ki [ATP] k, kn-1 kn
1 «> 2 «> 3+ «> N «> 1 (3)
k. k- ke kn

load has two effects. It lowers ATP affinity, by reducing k, and/or by
increasing k_,. It also reduces the turnover rate, by reducing the rate
constant for (at least) one transition downstream of ATP binding.
Together, these two effects produce the observed rise in K, and the
drop in k, with load®. In the energy-landscape formalism, k_(F)
and k,(F) each have both biochemical and mechanical compo-
nents, and therefore take the form of equation (2):

0 0
kcat kb

keoe(F) = Dot F Goay 0l KaT o ky(F) = Py + gy eOVkT (4)

As explored recently for RNAP', there are several candidate mech-
anisms that generate relations of this form — these include an irre-
versible mechanical transition, a load-dependent inactivation that
branches off the main catalytic cycle, or a load-dependent confor-
mationally-composite state. For the kinesin system, the composite-
state model is the most appropriate, as ATP binding is known to be
highly reversible and there is currently no evidence for an inactive
state off the main cycle. The composite-state model also represents
the simplest possibility, because the two effects of load on catalysis
and binding can be produced by a single composite state occurring
immediately after ATP binding, at state 2 (equation (3)). State 2 is
almost unique in this regard, because it adjoins the binding and
catalysis phases of the cycle: transition rate constants leading out of
this state may therefore strongly affect both k_, and k,. A load-
dependent composite state occurring later in the cycle would have
little influence on k;, unless two or more reverse reactions were
rapid, which does not seem to be the case for the kinesin cycle'*".
Thus, we restrict our attention to a model in which the composite
state occurs at state 2.

In such a composite state, there are two conformational substates
in near-equilibrium, separated by a free-energy barrier (Fig. 1). This
is commonly referred to as a rapid isomerization in the actomyosin
literature??. Load slows the velocity by shifting the equilibrium
towards the rearward substate. This lowers the rate constant, k,, for
proceeding onwards in the cycle from the forward conformation,
thereby lowering k. It also increases the reverse rate constant, k_,
leading to increased unbinding of ATP from the rearward conforma-
tion and thereby reducing ATP affinity. In this model, d_, = 9, refers
to the identical conformational change, hereafter denoted by é. Thus,
if K is the equilibrium constant between the two isomerization sub-
states in the absence of load, then the load dependencies of k,and k |
are given by:

K eFo/kT

)= e 5)

kK,
k)=
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In equation (5), k, is the rate constant for the transition from the
forward substate to state 3, and k" | is the rate constant for the tran-
sition from the rearmost substrate to state 1. Load alters the relative
probabilities of these two substates, thereby affecting k., and k
through their dependence on k, and k, (equation (5)), but it does
not alter the value of & or k' . At zero load (F=0), k,=K, K/(K,+1)
and k, =k /(K,+ 1), because the unloaded-occupation probabilities
of the forward and rearward substates are K/(K, + 1) and 1/(K, +
1), respectively. Although 6 is the same for k_ and k, (equation
(4)), the various other rate constants in the ATPase cycle (equation
(3)), such as k;and k_,, enter the mathematical expressions for k,
and k_, differently. Thus, the four other model parameters in equa-
tion (4) (kY, K%, p.» and p,) are independent and are not expected
to be equal for binding and catalysis. In principle, load might act at
additional points on the kinesin pathway, but the simple compos-
ite-state mechanism is attractive because it reconciles existing bio-
chemical'7-2"%2 structural® and mechanical®>** data. Other possi-
ble effects of load may be weaker, or may affect transitions that are
not rate-limiting.

Predictions and fits of the kinesin model. The composite-state
model makes several key predictions. First, kinesin motility should
remain tightly coupled to ATP hydrolysis even under load, because
conformational changes occur before hydrolysis. This prediction
seems to be borne out, because the coupling ratio remains at 1 ATP
per 8-nm step at near zero load**® and under loads of up to ~5pN
(ref. 5).

Second, the model predicts that the kinesin—microtubule com-
plex undergoes a significant conformational change upon binding
of ATP. Just such a change has recently been reported for single-
headed kinesin constructs®, corresponding to a disorder-to-order
transition in the neck linker region. In brief, the kinesin neck link-
er, a domain important for both motility and directionality”°, was
found to exist in a mobile equilibrium between at least two confor-
mations when bound to ADP#. Neck mobility ceases and the link-
er subdomain becomes tightly associated with the kinesin catalytic
core when the head binds to ATP or to non-hydrolysable ATP ana-
logues®. In contrast, binding to ADP or loss of the nucleotide frees
the linker to enter the mobile, disordered state. Furthermore, bio-
chemical studies of double-headed kinesin in solution have shown
that ATP binding by one of the two kinesin heads triggers ADP
release from the other'®?**. Thus, the ‘trapping’ of the mobile neck
linker concomitant with ATP binding by one head may enable
ongoing conformational fluctuations in the partner head to
become mechanically productive, thereby triggering ADP release
and forward movement. As such, the two conformations of the
kinesin neck linker in the disordered state* represent excellent can-
didates for the isomerization inferred from our mechanical studies.

Third, the model must describe the behaviour of kinesin as a
function of load and ATP concentration. To test this prediction, we
carried out a global analysis of kinesin-velocity data from three
Michaelis—Menten curves at different loads and two curves of force
against velocity at different ATP concentrations® (Fig. 2). The glob-
al fit using equations (1) and (4) successfully describes the single
molecule velocity over three decades of ATP concentration and up
to ~6 pN load. The model generates Michaelis-Menten parameters
(Fig. 2a) that are statistically indistinguishable from those obtained
previously by fitting to the individual curves®. The size of the fitted
conformational change parameter, 6 = 3.7 + 0.3 nm, indicates that
kinesin may make its 8-nm step along the microtubule in two
~4-nm stages.

The following picture emerges from fits to the model. Binding
of ATP initiates a ~4-nm fluctuation between the two substates in
rapid equilibrium. Forward rates from this rapid isomerization are
greatly reduced by load. Immediately after exiting the composite
state, a second, rapid advance of ~4 nm follows. This process is not
rate-limiting at any load and is therefore not identical to the first
substep. The model therefore makes a further prediction: displace-
ment records of sufficiently high bandwidth should exhibit 4-nm

719

%4 © 2000 Macmillan Magazines Ltd



articles

a T
1,000 |- -
£ 3 E
£ L ]
-é‘ - 4
8 10k 4
E e 1.05pN
C o 3.59 pN ]
L ¢ 5.63pN )
1 E
ST BT BT BT BT B
1 10 100 1,000 10,000
ATP concentration (uM)
b —————T——————1— 1000
60 |- I e 2mM ATP N
g A SUMATP 800 £
<
< 50 s
S ]
S
o 40 1600
B 1 b
€ 30 - 400 £
RS RS
220 1 2
-g 200 -g
210 2
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 0

Load (pN)

Figure 2 Global fits of velocity to equations (1) and (4). Solid lines represent fits
to velocity data from ref. 5. There were 38 degrees of freedom and 5 independent
parameters: 6=3.7=0.3nm; k%,=103+2s; k)= 1.3+0.1uM* s7}; g, = 6.2+
2.7x1073 g, =4.0=1.4x102 a, Double logarithmic plot of average bead veloci-
ty, v, against ATP concentration for various loads (filled circles, 1.05+ 0.01pN, n =
11-102 runs; open circles, 3.59 = 0.03pN, n= 8-79 runs; diamonds, 5.63 = 0.06
pN, n = 19-58 runs). V,,, = 814+ 16nm s, K, = 85«4 uM, F = 1.05+0.01 pN;
Viwe =705 £17nm s, Ky = 142+ 7 uM, F = 3.59 + 0.03pN; V,,,, = 38323 nm
s, Ky=310+43uM, F=5.63+0.06 pN. b, Average bead velocity, v, against
applied load at fixed ATP concentrations (triangles, left axis, 5 uM ATP, n=19-57
runs; circles, right axis, 2mM ATP, n= 37-87 runs). Values are means = s.e.m.

substeps. Recordings with responses of up to ~1 kHz have yet to
reveal any significant substructure>®?, although recent studies with
improved bandwidths (~10kHz) indicate that 4-nm steps may exist
on a timescale of ~100 us (ref. 31).

At extreme loads, beyond those exerted by the force clamp (=6
pN), at least one factor not incorporated in equation (4) must
reduce the velocity of kinesin. Experimental determinations of stall
forces show that the maximum load-bearing capacity of the motor
is ~5.5-7.5 pN, depending upon ATP concentration’. However,
equations (1) and (4) lead to force—velocity curves with exponen-
tial tails at high loads (Fig. 2b), implying that forces as great as
~9—11pN should be required to reduce speeds to insignificant lev-
els. What additional factor reduces the velocity at extreme load? We
can rule out a mechanism based on an increase in rearward step-
ping, because the small fraction of 8-nm steps directed backwards
(~5-10%) does not increase substantially with load>**°. We are also
inclined to discount the possibility an additional load-dependent
transition that becomes rate-limiting at extreme loads: this would
lead to a reduction in displacement fluctuations under such loads,
whereas fluctuations are known to increase®. The possibility that we
favour is that hydrolyses of ATP occur off the main kinetic pathway
at extreme loads, and thereby fail to yield forward motion. Such
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Figure 3 Global fits of mean run length to equation (5). Solid lines show fits.
There were 37 degrees of freedom and 3 independent parameters: A =107+ 9;

B =0.029 +0.009uM; 6, =1.3=0.1 nm. a, Semi-logarithmic plot of mean run
length, L, against ATP concentration at fixed loads (filled circles, 1.05pN = 0.01,

n = 38-239 runs; open circles, 3.59+0.03 pN, n = 8-326 runs; diamonds, 5.63 =
0.03pN, n = 12-143 runs. b, Mean run lengths, L, against applied load at fixed
ATP concentrations (triangles, 5uM ATP, n = 12-182 runs; circles, 2mM ATP,

n =108-815 runs). Values are means = s.e.m.

tutile turnovers would lead to a reduction in the ATP-coupling ratio
and to a concomitant increase in displacement fluctuations®.
Because displacement data indicate a negligible increase in the
occurrence of 8-nm backwards steps under high loads®, load does
not reverse successful steps. Rather, the futile pathway must branch
off the main pathway before the completion of the 8-nm step. To
test this scenario, we modified the model by introducing load-
dependent futile turnovers (see Methods). In the physiological
regime (up to ~5 pN), fitted velocity and kinetic parameters were
statistically indistinguishable from those of the previous descrip-
tion. The modified model reproduces strict 1:1 tight coupling at
loads of up to ~5.5pN, and predicts a rise in stall force with increas-
ing ATP levels that matches published measurements® to within
fractions of a pN (data not shown). These findings indicate that the
ATPase cycle may uncouple from mechanical progress at extreme
loads, but reinforce the validity of 1:1 tight coupling and the ener-
gy-landscape formalism in the physiological regime.

Kinesin processivity data and modelling. The energy-landscape
picture may be used to model kinesin processivity. Using a single-
molecule bead assay, we measured molecular run lengths over a
range of loads and ATP concentrations (Fig. 3; see Methods). As
shown previously’®, run lengths are exponentially distributed
under fixed load and buffer conditions. When we varied the con-
centration of ATP at a given load, the mean run length, L, exhibit-
ed Michaelis—Menten behaviour, L= L,[ATP]/([ATP] + L), with a
weakly load-dependent Michaelis constant, L. At low loads and

NATURE CELL BIOLOGY |[VOL 2|OCTOBER 2000 |http://cellbio.nature.com

%4 © 2000 Macmillan Magazines Ltd



Dissociation Dissociation

N R

LT o _Agog
kaF) 4nm
PN\ k||
4\ 4 4 kq kz(F)wD:
4nm
DP ‘k3_ T
kP

Figure 4 Proposed mechanochemical cycle of kinesin. The two kinesin heads
(orange, green) are joined by their neck linker regions to a common coiled-coil stalk
(black). T, ATP; D, ADP; P, inorganic phosphate. Strong binding occurs when a
kinesin head makes contact with the microtubule protofilament (red, blue); other
states correspond to weak or no binding. Initially, the forward head binds to the
microtubule; the trailing head is free and binds to ADP. Upon binding of ATP to the
forward head, kinesin enters a composite state (dashed red box), in which it under-
goes rapid conformational fluctuations of ~4-nm along the microtubule. The for-
ward rate of leaving this composite state, k,(F), and the backward rate, k_,(F), are
both load-dependent. Binding of ATP also promotes the association of the neck link-
er region with the bound head?® (black and white ‘zipper’ motif). Conformational
fluctuations of the weakly bound head eventually allow binding to the next attach-
ment site along the microtubule, triggering a further 4-nm advance and release of
ADP. Both heads are now strongly bound. Subsequent hydrolysis and release of
phosphate by the rearward head returns kinesin to the initial state, but translocated
along the microtubule by 8-nm and with the heads interchanged. At extreme loads,
futile hydrolysis can occur after binding of ATP but before completion of the 8-nm
step, for example in the composite state. Kinesin can dissociate from the micro-
tubule with small probability before ATP binding, but with higher probability after
ATP binding. The latter, load-dependent, disassociation route may occur during
rapid transitions within the composite state, while the motor has only one head
attached to the microtubule (see text).

high ATP levels, L was ~600 nm, which is comparable to previous
values>*. L fell to ~300 nm when the ATP concentration was
reduced to 5uM, and to ~80 nm when load was increased to 5 pN.
L declined approximately exponentially with load at a fixed ATP
concentration (Fig. 3b). The characteristic distance parameter asso-
ciated with this decline, §; = 1.3 = 0.1 nm, is smaller than that for
velocity, implying that the load-dependent events that are respon-
sible for disassociation and for translocation are distinct.

What gives rise to the ATP-dependence of processivity? Our data
enable us to rule out the simplest ATP-dependent mechanism, in
which kinesin motors detach from the microtubule from state 1
(the state immediately before binding of ATP; equation (3)), as this
would generate a mean run length that increases linearly with ATP
concentration. A second mechanism, wherein detachment occurs
from state N, leads to a Michaelis—Menten relationship but has two
unattractive features. First, it requires the existence of another state,
with only one motor head attached to the microtubule, in addition
to those involved in translocation. Second, the transition from state
Nback to state 1 is generally thought to involve product release'”*".
Thus, for disassociation to be measurably ATP-dependent, and also
to occur from state N, there must be significant product rebinding.
The probability of this was very low in our motility assays, as both
ADP and phosphate concentrations were typically <10 nM. That
said, state N in the kinesin cycle may have a shorter lifetime than
intermediates so far identified by transient kinetic methods'*,
and therefore may not involve product release after all. In any case,
this scenario produces quantitative predictions that are almost
indistinguishable from those of the next mechanism that we will
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consider.

A third mechanism, which we favour, allows detachment of the
head to occur from either of two distinct states — state 1 and one
other state that occurs after ATP binding. This can lead to a
Michaelis constant that is small, L,; ~2 uM. A necessary condition
is that the probability of detachment from state 1 is much lower
than the probability of detachment from the second state, at least
when ATP levels are greater than L,,. At high nucleotide levels, ATP
binding occurs quickly, and therefore the probablility of disassoci-
ation from state 1 remains low. At lower ATP concentrations, how-
ever, the duration of state 1 increases, raising the probability of
detachment from this state. To reproduce the exponential decline in
L with load, the ATP-independent route for disassociation should
exhibit load-dependent unbinding that is governed by
Arrhenius—Eyring kinetics. The two routes for dissociation yield
the following three-parameter expression for L:

8 nm-[ATP]-Ae /KT

L= (6)
[ATP] + B(1 + Ae/kT)

where § is the characteristic distance associated with load depend-
ence. This leads to an almost exponential decline of L with load,
with small corrections. Parameters A and B determine the likeli-
hood of detachment through the load-dependent and ATP-
dependent routes, respectively.

Run-length data obtained with the molecular force clamp (Fig.
3) are well described by equation (5), with 6, = 1.3 0.1 nm. Here,
fitted parameter A=107 +9 gives the maximum average number of
catalytic cycles before detachment, and is consistent with experi-
mental values obtained in the absence of load***. The probability
of detachment per cycle from state 1 is given by B/[ATP], where B
=0.029 x0.009 uM. The Michaelis constant, L,; = B(1 + Ae "¥/kT),
declines slightly from 2.3 0.8 uM at 1.05pN to 1.0+0.3 uM at 3.59
pN, and to 0.53+0.2 uM at 5.63 pN. The energy-landscape formal-
ism thus accounts for the effects of load and ATP levels on proces-
sivity as well as on velocity.

Discussion

Micromechanical measurements and modelling may be combined
with recent biochemical'72"*?*and structural® studies to provide a
synthetic view of how kinesin motors may generate force in a tight-
ly-coupled manner. Biochemical studies imply the existence of
some form of mechanical signal that informs one kinesin head that
ATP has bound to the other, thereby triggering ADP release from
the former in the presence of a microtubule. Structural studies have
shown that, in the absence of ATP, the neck linker region exists in
multiple configurations, and that binding of ATP serves to stabilize
this domain, causing it to associate more tightly with the motor
core. Here we have provided evidence that a rapid, load-dependent
isomerization following ATP binding is critical for motility and can
quantitatively account for micromechanical data.

The following picture of the kinesin cycle emerges (Fig. 4): ATP
binding triggers the first of two rapid 4-nm components that make
up the overall 8-nm step, causing the neck linker of the micro-
tubule-bound head of the kinesin dimer to become immobilized
and bind to its motor core. Fluctuating interactions between the
neck linker and motor domain of the free head induce transient 4-
nm movements that are directed productively along the micro-
tubule. As the bound and unbound conformations of the mobile
neck linker are separated by only ~1-2 k, T of energy at negligible
loads (S. Rice and R. Cooke, personal communication), these 4-nm
fluctuations are likely to occur on timescales that are shorter than
1 ms. Eventually, one of these fluctuations permits the free kinesin
head to reach and bind to the next microtubule-attachment site,
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inducing a further 4-nm advance along with rapid ADP release.
Release of ADP, which has been found to be slow for unloaded sin-
gle-headed kinesin molecules®, is expected to be activated by load
and so probably occurs either at the same time as or immediately
after the second 4-nm step.

Thus, the energy of hydrolysis is not used to drive an immedi-
ate, large conformational change, as in the classic swinging-cross-
bridge mechanism for myosin® and in a recently proposed mecha-
nism for kinesin®. Instead, energy from hydrolysis might be stored
in the enzyme, perhaps in the form of an internal strain. The two
conformational changes follow only upon ATP binding to the
opposite head; this ensures tight 1:1 coupling, because the energy
from one ATP hydrolysis is apparently used to prevent the next ATP
molecule from hydrolysing until an 8-nm step has been completed.
However, at extreme loads, a futile hydrolysis may occur after ATP
binding but before completion of the 8-nm step, for example in
state 2 of Fig. 4. A small fraction of disassociation events from the
microtubule occur while awaiting the arrival of the next ATP mol-
ecule, but the majority of disassociations occur after ATP binding,
during transitions in which only one head is attached to the micro-
tubule (Fig. 4). Because processivity and velocity have different
functional dependencies onload (6, = 1.3 + 0.1 nm compared with
6 = 3.7 = 0.3 nm), it seems likely that distinct, load-dependent
events govern their respective behaviors. Load-dependent disasso-
ciation may occur from the composite state 2, possibly during tran-
sitions between the substates in which the motor has only one head
attached to the microtubule.

The composite-state mechanism of kinesin motility gives rise to
several more testable predictions. In the model, load reduces the
affinity of ATP by increasing the unbinding rate rather than by low-
ering the binding rate. Furthermore, the time between binding of
ATP to one head and release of ADP from the other head increases
with load, as the equilibrium shifts to the rearward conformation of
the composite state (state 2). However, once the ADP-bearing head
binds to the microtubule, release of ADP should be activated by
load. This might be explored using single-motor assays that com-
bine fluorescence and optical tweezers, and quantified using single-
headed kinesin in conjunction with a three-bead geometry similar
to that used to study individual myosin motors*. A key prediction
is that the rate of mechanical transitions between the two isomer-
ization substates should be load-dependent, but independent of
ATP concentration. The ratio of the transition rates between the
two substates will be K= K,e T,

The kinetics of kinesin may be optimized, in certain respects, to
support its function as an efficient cellular transporter. In vivo, the
distribution of loads experienced by motors carrying vesicles along
microtubules is expected to be bimodal; under typical circum-
stances, a vesicle is freely tethered to its motor, and the viscous drag
force associated with pulling it through the cytosol remains low.
However, when the vesicle occasionally snags on a cytoskeletal ele-
ment, such as an actin fibre, intermediate filament or microtubule,
the load increases markedly. The mechanochemistry and processiv-
ity of kinesin seem to be tuned in such a way that motors maintain
tight coupling for all reasonable loads that support continuous
movement. However, when faced with an insuperable obstacle, a
motor will become detached to avoid spending much time in a
mode in which it is forced to undergo cycles of futile ATP hydroly-
sis. This strategy enables vesicles powered by single motors (or just
a few motors) to release and diffuse away from barriers briefly, then
to rebind to the microtubule skeleton and resume forward progress
without wasting energy.

The ability of the free-energy-landscape formalism to account
for mechanical observations in both the kinesin and RNAP systems
indicates that it may supply a general framework for understanding
a wide range of mechanoenzymes. Unidirectional motors such as
polymerases, helicases and nucleases may well fall within this cate-
gory. Although the unique structural characteristics of each of these
enzymes suggest different microscopic mechanisms of motility,
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energetic considerations, such as those presented here, may never-
theless provide a unified view of how motors work. [

Methods
Motility assays.

Motility assays were carried out as described*”. Briefly, glass beads (0.5-um diameter) coated with sin-
gle kinesin molecules were optically trapped and placed onto microtubules attached to a glass cover-
slip. Subsequent measurements of velocity and processivity were made using a molecular force
clamp®¥, which maintains a constant load on a kinesin molecule by maintaining a fixed distance
between the optical trap and the bead; the position of the bead was measured using a quadrant
photodiode®. Displacement records obtained within =150 nm of the centre of the detector were used
for analysis.

Analysis.

Global fits of velocities and mean run lengths to theoretical models were achieved by non-linear opti-
mization using custom software written in MatLab 5.0 (MathWorks). Experimentally determined val-
ues and fitted model parameters are expressed as means + s.e.m. Distances were measured directly for
runs of length R< 300 nm that terminated inside the detector region. We confirmed that run lengths of
<300 nm were exponentially distributed at high loads (data not shown). The mean run length (L) of
all runs, including those longer than R that were not measured directly with our instrument, was calcu-
lated in two stages. First, for each ATP level and load, the average length, T, and the fraction of runs that
terminated inside the detector region, f, were determined. Next, L was calculated using L=T + R(1~f)/f;
which was derived by assuming an exponential parent distribution. To investigate the possibility that
load-dependent futile hydrolysis occurred at extreme loads (>5.5 pN), velocity fits were repeated with a
load-dependent efficiency factor e(F) = 1/(1 + k exp(Fd,/k,T)) incorporated into the numerator of
equation (1), where k << I and 9, fix the unloaded probability and load dependence of futile hydrolysis,
respectively.
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