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Hysteresis-Based Mechanism for the Directed Motility of the Ncd Motor
Sirish Kaushik Lakkaraju† and Wonmuk Hwang†‡*
†Department of Biomedical Engineering and ‡Materials Science and Engineering Program, Texas A&M University, College Station, Texas
ABSTRACT Ncd is a Kinesin-14 family protein that walks to the microtubule’s minus end. Although available structures show
its a-helical neck in either pre- or post-stroke orientations, little is known about the transition between these two states. Using
a combination of molecular dynamics simulations and structural analyses, we find that the neck sequentially makes intermediate
contacts with the motor head along its mostly longitudinal path, and it develops a 24� twist in the post-stroke orientation. The
forward (pre-stroke to post-stroke) motion has an ~4.5 kBT (where kB is the Boltzmann constant, and T ¼ 300 K) free-energy
barrier and is a diffusion guided by the intermediate contacts. The post-stroke free-energy minimum is higher and is formed
~10� before reaching the orientation in the post-stroke crystal structure, consistent with previous structural data. The importance
of intermediate contacts correlates with the existing motility data, including those for mutant Ncds. Unlike the forward motion, the
recovery stroke goes nearly downhill in free energy, powered in part by torsional relaxation of the neck. The hysteresis in the
energetics of the neck motion arises from the mechanical compliance of the protein, and together with guided diffusion, it
may be key to the directed motility of Ncd.
INTRODUCTION
All motor proteins in the kinesin family share a similar
ATPase catalytic core (1,2). Different motility behaviors
are achieved by modifying subdomains such as those that
mediate track binding, force generation, and allosteric trans-
duction of ATPase or mechanical events to other parts of the
motor (3). A prime example is the direction reversal in Ncd
compared to that in Kinesin-1 (4,5). Unlike Kinesin-1,
which has the motor head (MH) at the N-terminal end, the
MH of Ncd is at the C-terminal end (hence called a C-termi-
nal kinesin) (2). Although they have nearly identical MH
structures, the two kinesins differ mainly in the neck domain
that connects the MH to the coiled-coil stalk (6). Instead of
a flexible neck linker as in Kinesin-1, Ncd has an a-helical
neck that continues from the stalk and connects directly to
the MH (Fig. 1). Mutational studies show that directionality
is partly determined by the neck domains: a chimeric Kine-
sin-1 with Ncd’s neck showed microtubule (MT) minus-
end-directed motility, whereas an Ncd with Kinesin-1’s
neck linker was plus-end-directed; motility was impaired
in both cases (6–9). However, the underlying structural
mechanism, particularly that for Ncd, is still not well
understood.

In the case of Kinesin-1, the neck linker is disordered
when unbound, and it docks to the MH upon ATP binding
(10). Recent computational (11) and experimental (12)
studies showed that the N-terminal cover strand protruding
from the MH is also crucial for force generation, where
the folding of the cover strand and the neck linker into
a b-sheet named the cover-neck bundle provides the neces-
sary forward bias. In contrast to such an order-disorder
transition, cryo-electron microscopy (cryo-EM) and x-ray
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studies indicate that the a-helical neck of Ncd rotates by
~70�, more like a lever arm (13,14). However, the atomistic
details of the rotation are unknown. In x-ray structures of
Ncd in the pre- and post-stroke states, the neck makes
contacts with the MH in respective orientations (Fig. 1
shows a list of contacts). Point mutations of these contacts
have different effects on MT gliding velocities: some have
near wild-type (WT) velocities, whereas others are signifi-
cantly slower or even switch directionality (15,16). Despite
detailed studies of the kinetics of Ncd (17–19), the nucleo-
tide state in which the motion of the neck occurs is not clear
(14,20,21). Single-molecule studies even suggest occasional
plus-end directed stepping events (22,23), further support-
ing the need for an atomistic picture.

Here, we use molecular dynamics (MD) simulations and
structural analyses to elucidate the motion of the Ncd
neck between the pre- and post-stroke orientations. We
find several intermediate contacts between the neck and
the MH that are not seen in the x-ray structures for the
end states. The neck moves along the a1 subdomain of
the MH, which serves as a guide rail. The free-energy profile
along the path of the neck (i.e., the potential of mean force
(PMF)) shows an energy barrier in the forward motion, but
lacking a strong directional bias, the neck moves mostly via
diffusion guided by the intermediate contacts. In contrast,
the PMF for the reverse motion (the recovery stroke) is
very different and has no major energy barrier. This is due
to the compliance of the protein, which causes the interme-
diate bond patterns to differ between the two directions of
motion. Also, relaxation of the torsional strain of the neck
in the post-stroke position partly drives the recovery stroke.
The PMF profile is consistent with cryo-EM data showing a
lower stability of the neck in the post-stroke position, and
it explains a ~10� mismatch in the orientation of the neck
in x-ray and cryo-EM structures (14). The importance of
doi: 10.1016/j.bpj.2011.07.017
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FIGURE 1 Major MH-neck contacts of Ncd in the pre- and post-stroke

structures. Hydrophobic contacts (not shown) play a less specific role during

the neck travel, and they are less conserved within the Kinesin-14 family

(Table S2). We call the a-helical coiled-coil (a0) (A295-R346) the neck.

The MT plus end is on the right. We measured the orientation of the neck

using three angles, qlong, qtrans, and qtwist. Rtip is the distance of the tip of

the neck (the S297 Ca atom) from its pre-stroke position. When the MH is

bound to the MT, a1 is approximately parallel to the MT axis and guides

the neck motion by forming intermediate contacts with it. The relay helix

a4 mediates the nucleotide-dependent see-saw motion of the MH

(Fig. S1) (52,53). Atomistic structures are rendered using VMD (59).
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residues in making the intermediate contacts correlates
with the differences in MT gliding velocities of the corre-
sponding mutants (15). We also find that the C-terminal
tail of Ncd (20) may not play a direct role during the neck
motion. The present results suggest that guided diffusion
enables Ncd to walk under load, and the hysteresis in ener-
getics provides directionality in the mechanochemical cycle
of Ncd.
SIMULATION METHOD

Structures used

We used three x-ray structures of the Ncd dimer from the Protein Data Bank

(PDB): 1CZ7 (24), 1N6M (13), and 3L1C (20). Both heads in PDB 1CZ7

have the neck in the pre-stroke orientation. In PDB 1N6M and 3L1C, the

two heads of the dimer are in the pre- and post-stroke states, respectively.

We used various combinations of these structures (see Section S1 and Table

S1 in the Supporting Material), and the pathways of the neck between

the two conformations were all very similar. We also tested 10 mutants

of Ncd to elucidate their behavior in MT gliding experiments (15,16)

(Table S1).
Overview of simulations and analyses

To find the pathways of the neck between the pre- and post-stroke orienta-

tions, we performed multiple restricted-perturbation targeted molecular

dynamics (RP-TMD) simulations (25,26) (Table S1) and analyzed the

trajectories statistically (Section S1 in the Supporting Material). To confirm

that the observed features are not caused by the biasing potential of

RP-TMD, for a representative trajectory, we performed explicit-water equi-

librium simulations of the key intermediate structures without any bias

(Section S2 in the Supporting Material). Additional structural analysis

revealed that the pathway of the neck also provides a sterically plausible

picture (explained in Results).

In addition to RP-TMD (25,26), we considered two other methods for

characterizing the pathway of the neck: the normal-mode superposition

model (27) and the minimum energy path (MEP) method (28,29). However,
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as in the case of the conformational changes in Kinesin-1 (30), normal

modes were not directly linked to the transition of the neck. MEP was

not effective either, possibly because the Ncd neck moves diffusively,

whereas MEP is a zero-temperature method (25,31). A comparison of these

methods can be found in Section S3 in the Supporting Material.

We used CHARMM (32) for simulations, except for some equilibrium

simulations in explicit water, where we used GROMACS (33) for its speed

(Section S1 and Section S2 in the Supporting Material). We used the

param19 force field (34) for simulations with the ACE2 (35) and FACTS

(36) implicit solvent models. For simulations in explicit water and the

GBSW implicit solvent (37), we used the param27 force field (38). The

simulation temperature was 300 K in all cases. BLASTP was used for

sequence alignment (Table S2 in the Supporting Material) (39).

We quantified the orientation and elastic deformation of the neck during

the transition by adopting methods we developed for the analysis of

a-helical filaments (40,41) (Section S4 and Section S5 in the Supporting

Material). To calculate the PMF along RP-TMD trajectories, we applied

the tug-of-war sampling (TOWS) method that we previously used for the

study of Kinesin-1 (11), with higher-order terms included for greater accu-

racy in the calculated force (free-energy gradient) (42) (Section S6 in the

Supporting Material). We calculated the first passage time to diffuse over

the PMF, which allowed comparison with experimentally measured step-

ping time of Ncd (22,23) (Section S7 in the Supporting Material).
RESULTS

Two-step RP-TMD for Ncd conformational change

With suitable choices for parameters in RP-TMD (Section
S1 in the Supporting Material), the neck moves between
pre- and post-stroke structures. In Fig. 1, if the MH is treated
as bound to the MT, the other, unbound head of the Ncd
dimer (not shown) passively moves with the neck without
affecting its interaction with the bound head (Movie S1 in
the Supporting Material). This is consistent with the compa-
rable MT gliding velocities of the monomeric and dimeric
Ncd constructs (14). The results discussed below are thus
obtained using a single head, as in Fig. 1.

TMD in general has a tendency to cause transitions to
occur first in regions with large root-mean-square deviation
(RMSD) between the initial and target structures (25). When
RP-TMD is applied directly between pre- and post-stroke
structures (we performed 50 such simulations under dif-
ferent conditions), the neck rotates first, followed by the
MH rearrangement. In reality, however, when the neck is
in the pre-stroke position, a chemical event such as ATP
binding (14) or ADP release (13,20) would cause the MH
to change conformation and trigger the neck motion. It
would thus be more natural for the MH to make the
pre / post conformational change, followed by the transi-
tion of the neck. To test this, we applied the biasing potential
of the RP-TMD only to the MH to drive it to the post-stroke
state, whereas the neck remained in the pre-stroke posi-
tion. This caused the K325-E567 and E326-K568 bonds
(Fig. 1) to break, weakening the MH-neck contact. The
neck consequently became more mobile, with an increase
in the range of thermal motion of the tip of the neck in
the 1-ns MD simulation, from 9.3 Å (before) to 17.6 Å (after
MH rearrangement). We show below, furthermore, that the
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FIGURE 2 A representative forward trajectory of the neck with PDB

1CZ7 as the pre- and 1N6M as the post-stroke structure. The same trajec-

tory was used for the forward case in Figs. 4 and 5. (A) Major bond pattern.

(B, C, and D) Orientation angles defined in Fig. 1. Three vertical dashed

lines numbered 1–3 mark the substep events noted in Fig. 5.
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motion of the neck after the MH rearrangement costs less
free energy than the motion before rearrangement (Fig. S2
in the Supporting Material). Thus, the forward RP-TMD
trajectories discussed below are obtained through two steps,
so that the MH rearranges first and then the neck rotates to
the post-stroke position (Movie S2 in the Supporting Mate-
rial). For the reverse motion from post to pre-stroke state,
we found that it is more likely for the neck to move first,
followed by the MH rearrangement to the pre-stroke confor-
mation (see below).
Substeps during the neck motion

For the forward motion of the neck, we performed 70
RP-TMD runs using two different implicit solvent models
under different conditions and one explicit-water simulation
(Table S1). We sought features that are common to these
RP-TMD trajectories. Most notably, instead of a free swing,
the neck forms and breaks a series of bonds with the MH.
The main players on the neck are R335 and K336, which
interact with E413, Q420, and D424 of a1. Closer to the
G347 hinge, N340 and D344 interact with K640 in L13
and R350 in b1 (Fig. 1).

We recorded a bond-formation event as a function of the
distance of the tip of the neck from its pre-stroke position,
Rtip (Fig. 1). A sample trajectory is shown in Fig. 2 A: after
partial breakage of the MH-neck contacts by the MH rear-
rangement, the Q327-N470 and H339-S421 bonds, as well
as other hydrophobic contacts (between F329 and M333,
and L471 and W473 (not shown)), break soon after the
neck starts to move. At Rtip x 25 Å, R335 breaks from
D424 and forms a transient bond with Q420 until Rtip x
51 Å. K336, which does not interact with the MH in the
pre-stroke state, follows the neighboring R335 and sequen-
tially forms and breaks bonds with D424 and Q420. At Rtip¼
67 Å, K336 breaks away from Q420. Subsequently, at Rtip¼
74 Å, the K336-E413 bond forms, followed by others in the
post-stroke x-ray structure (Fig. 1). K640 switches contacts
with N340 (pre) and D344 (post) in an overlapping manner
(Fig. 2 A).

Since nearly all residues forming intermediate contacts
participate in the pre- or post-stroke contacts (Fig. 1), inter-
mediate contact formation is a natural consequence of the
neck switching its binding partners between the two states.
The order of forming the contacts is determined mainly by
the geometric proximity between the residues of the moving
neck and those of the MH (see Fig. 4 A for comparison),
which should be overall preserved in different simulation
trajectories. The probability of forming a bond as a function
of Rtip indeed shows a common pattern (Fig. 3). The precise
values of Rtip at which a given bond is formed or broken are
likely to vary even among steps that Ncd actually makes.
The only way the neck can avoid the intermediate contacts
would be a large transverse motion away from the MH,
which is unlikely.

Although the above shows that intermediate contacts are
sterically plausible, due to the biasing potential of RP-TMD,
they might also be a result of poor relaxation of the system,
because of the rapid neck motion, which lasts <200 ps
(Table S1). To test whether they stay formed without the
biasing potential, we took four structures from RP-TMD
trajectories and performed regular explicit-water simulations
at 300 K. The identified contacts persisted during the 2-ns
simulation time (Section S2 in the Supporting Material).
An exception was the N340-Y426 bond, which broke within
0.1 ns and hence was excluded from our analysis.

Aside from polar or charged residues that mediate inter-
mediate contacts, hydrophobic residues M414, P417, and
L418 at the N-terminal half of a1 form a groove through
which M343 travels (Fig. 4 A), further highlighting its role
as a guide rail. The same set of contacts was observed during
the reverse travel (post / pre) in 61 RP-TMD runs (Fig. 3,
H–J, and Table S1). The main difference from the forward
travel is in the range of Rtip over which a given bond is
present (see below).
Twist of the neck toward the post-stroke state

We quantified the orientation of the neck using the three
angles shown in Fig. 1 (Section S4 in the Supporting Mate-
rial). The longitudinal angle, qlong, grows monotonically to
73�, as in the x-ray structures (Fig. 2 B). The transverse
angle, qtrans, for the motion of the neck away from the
MH, grows no more than 7.9� (Fig. 2 C). This reflects that
the neck maintains contact with a1 (Fig. 4 A), whose 7�

bend is responsible for the bell-shaped profile of qtrans. Inter-
estingly, qtwist, for the axial rotation of the neck, grows to
32.3� in the post-stroke position,whichmay indicate untwist-
ing of the left-handed coiled-coil in the post-stroke state.

We further analyzed the distribution of angular strains
in individual a-helices of the neck in the post-stroke relative
to the pre-stroke structure (Fig. 4 B, and Section S5 in the
Biophysical Journal 101(5) 1105–1113



FIGURE 3 Probability of forming MH-neck

contacts in RP-TMD under various conditions

(Table S1 and Section S1 in the Supporting Mate-

rial). Forward (A–G) and reverse (H–K) trajectories.

The structures used are PDB 1CZ7 (pre-stroke)

and 1N6M (post-stroke), except in the cases of C

and G, where 1N6M and 3L1C are used for both

pre- and post-stroke structures. InD andK, a double

mutant N340K/K640N. The maximum perturba-

tion allowed in RP-TMD (MAXF) is 0.1, except

(E) MAXF ¼ 0.05. The solvent model used is

ACE2, except in F (FACTS) and B and J (explicit

water). In H, J, and K, the biasing potential of RP-

TMD is applied to the neck first (NF) whereas in I,

it is applied to the MH first (HF) (cf., Fig. 5 B). In

B and J, bond patterns are for single explicit-water

simulations. The R335-D424 bond persists over

a wider range in forward than in reverse trajectories,

which is responsible for the barrier at position 2 in

the forward PMF (cf., Fig. 5 B).
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Supporting Material). Bending angles are at most 2�,
whereas torsional angles varied more: the a-helix of the
neck belonging to the MT-bound head (Fig. 4 B, Bound) is
strained in V301-L303 (11�), K325-E326 (9�), and K336
(7�). The second a-helix, extending into the unbound MH
(Fig. 4 B, Unbound), is also strained, with a maximum strain
at S331 (10�). Among these, only the K325-K336 region
contains residues that interact with the MH (Fig. 1). Other
domains may develop strains via a nonlocal response to
perturbation in a-helical coiled-coils (43). Since the tor-
sional angles in Fig. 4 are positive, the right-handed
a-helices in the post-stroke state are over-twisted, which
is consistent with unwinding of the coiled-coil, as the two
have opposite chirality (44).

Distribution of torsional strains across the neck coiled-
coil in the post-stroke structures had a similar trend with
an overall positive twist (Fig. S3 A). The cumulative torsion
on the tip of the neck is 24� (Fig. S3 B). The remaining ~8�

in qtwist (Fig. 2 D) is achieved by rigid-body axial rotation of
the coiled-coil with G347 as a pivot (Section S4 in the
Supporting Material). G347 becomes a-helical in the post-
stroke state, as the Ramachandran plot shows (Fig. 4 C).
Note that torsional strains (Fig. 4 B and Fig. S3 A) are
present in the x-ray structures, and they are not outcomes
of simulation. RP-TMD shows that the torsional strain
increases more steeply for Rtip > 60 Å (Fig. S3 B), similar
to qtwist (Fig. 2 D).

To find the strain energy, we measured the local elastic
moduli of the coiled-coil by applying a fluctuation analysis
method that we developed for studying the coiled-coil
Biophysical Journal 101(5) 1105–1113
protein tropomyosin (Section S5 in the Supporting Material)
(40). On average, its stiffnesses in two orthogonal bending
directions are 8.28 � 10�28 N$m2 and 7.63 � 10�28

N$m2, and 4.96 � 10�28 N$m2 for torsion, approximately
one-third of those for the leucine zipper (40,41). This is
consistent with experiments showing a lower stability of
the neck (45). Using these results, we found that the neck
is ~2.5 kBT higher in torsional energy in the post-stroke
structure (Fig. 4 D).
Free energy changes during the forward
transition

Existence of intermediate contacts suggests that the forward
motion of the neck is not a free diffusion. To quantify its
energetics, we used the TOWS simulation (Section S6 in
the Supporting Material) (11,42). For a given RP-TMD
trajectory, we selected snapshots in ~2-Å intervals of Rtip.
The number of snapshots varied between 45 and 57, depend-
ing on the trajectory used. For each snapshot, we applied a
harmonic constraint to the tip and performed a 0.8-ns MD
simulation while holding the MH. The positional fluctuation
of the tip can be used to calculate the force generated at the
center of the harmonic constraint (negative of the free-
energy gradient) (42).

In contrast to the strong directional bias found for the
cover-neck bundle of Kinesin-1 (11), the force vectors do
not point in the post-stroke direction (Fig. 5 A). Their large
axial components are due to the high extensional modulus
of the neck coiled-coil (40,46), and they do not contribute
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FIGURE 4 Guidance and conformational changes of the neck. (A) a1 as

a guide rail. R335 and K336 of the neck sequentially form bonds with

D424, Q420, and E413 (Fig. 2 A), whereas M343 of the neck moves in

the hydrophobic groove formed by M414, P417, and L418. (B) Distribution

of torsional strains in the a-helices of the neck in the post- relative to the

pre-stroke structure. (C) Ramachandran plot for the G347 hinge during

the forward motion. Substeps 1–3 (see Figs. 2 and 5) are marked by circles.

G347 becomes a-helical past substep 3. (D) Increase in the torsional energy

of the neck in the post-stroke state, notably after substep 3, where the

cumulative torsion increases (Fig. 2 D and Fig. S3 B). The reference struc-

ture for measuring the elastic energy is an isolated and equilibrated neck

coiled-coil, which causes an ~1.5 kBT basal energy when the neck is

attached to the MH.

FIGURE 5 Energetics during neck travel. (A) Force vectors obtained

using the TOWS simulation at the tip of the neck for the trajectory in

Fig. 2. Forces range between 6 and 43 pN. Viewing direction is the same

as in Fig. 1. (B) PMF curves obtained by integrating the components of

the force vectors along the direction of travel, for forward (circles) and

reverse (triangles) trajectories. Substeps marked 1–3 coincide with those

in Fig. 2. For the reverse motion, two types of trajectories were used,

with the MH rearranging before neck travel (HF; solid triangles), and

with the neck moving first (NF; open triangles). (C) Comparison between

forward and reverse trajectories at Rtip ¼ 5 Å (near position 1) and 21 Å

(before position 2). Arrows indicate the direction of travel. In the reverse

trajectory, the R335-D424 bond is formed only when the neck has almost

finished its travel (> versus +). (See Movie S3).
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to the rotation of the neck. The only relevant components
are those along the direction of travel, which provide the
PMFwhen integrated along the path (Fig. 5B, circles). Using
Rtip as a reaction coordinate allows us to compare PMFs for
different RP-TMD trajectories where paths of the neck differ
slightly. Upon the pre/post MH rearrangement and partial
breakage of bonds with the MH, the PMF rises by ~4 kBT.
This energy is likely provided by an ATPase event in reality.
We denote the MH rearrangement as the first substep (Figs.
2 and 5 B, 1). Next, a major 8.5-kBT energy barrier (4.5 kBT
after the MH rearrangement) is imposed by the R335-D424
bond (Figs. 2 and 5 B, 2), the breakage of which marks
the beginning of a downhill free-energy gradient until the
K336-Q420 bond breaks (Figs. 2 and 5 B, 3). Finally, the
PMF goes uphill as the neck reaches the post-stroke orienta-
tion. For comparison, we calculated the PMF for the case
where the neck moves before the MH rearrangement
(Fig. S2). Its energy barrier is higher by 1.4 kBT, and the
PMF at the end of the transition is 7.5 kBT higher than the
casewhere theMH rearrangement precedes the neckmotion.
Thus, the latter pathway is energetically more preferred.
To ensure that our PMF calculation is robust, we verified
the following (Section S6 in the Supporting Material): the
PMFs calculated using two other RP-TMD trajectories,
including one in explicit water, were all similar (Fig. S4 A),
and the type and strength of constraints used in the TOWS
had no major effect (Fig. S4, B and C). Quality of sampling
was also good, as the PMFs obtained using the first and
second halves of the 0.8-ns sampling time matched well
(Fig. S4 D). Similar profiles of PMFs in these tests also
suggest that the RP-TMD trajectories closely follow the
minimum free-energy path.

The PMF is higher on the post-stroke side, which agrees
with the higher mobility of the neck (14). An energetically
favored post-stroke position is substep 3 in Fig. 5 B, not at
the end of travel. This also agrees with the report where
~10� rotation of the neck in PDB 1N6M gives a better fit
to the cryo-EM density map (14). In 15% of the RP-TMD
trajectories, the neck at sp 3 was further stabilized by
another R335-E413 bond (Fig. 3, C and G). Nevertheless,
the 3/ post transition may occur through thermal fluctua-
tion, whereby the neck is captured and stabilized by the
bonds with the MH.

We estimated the first passage time for the neck to diffuse
across the PMF from the pre-stroke position (Section S7 in
the SupportingMaterial). Assuming the neck to be a cylinder
15.3 Å in diameter and 75.4 Å long, its rotational diffusion
coefficient with one end pivoted is 3.01� 106 rad2/s (47,48).
The first passage time (49) is then 2.32–8.25 ms for the
pre/3 transition and another ~1.92–11.53 ms for the 3/
post transition (Fig. S5). By comparison, a single-molecule
experiment of a full-length Ncd dimer estimates a 200–
400 ms stepping time (22). This is likely an upper bound
due to the 50-ms dynamic response time of their system
Biophysical Journal 101(5) 1105–1113
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and the large drag on the moving MTand the trapping beads
while Ncd remains stationary in the three-bead assay. As in
the experiment, if we regard the tip of the neck to be
stationary and the MH translocates a 4.3-mm-long MT
with two beads 1 mm in diameter attached, the estimated
first passage time is 1.98–7.07 ms (pre / 3) and 1.64–
9.88 ms (3/post), which would be even longer if the
full-length stalk were used in simulations. On the other
hand, the first passage time with a flat PMF is only 271 ns
when the neck is assumed to move with a stationary MH,
and 243 ms when the MT is translocated as in the single-
molecule experiment. Therefore, the neck likely moves to
the post-stroke position through a series of substeps driven
by thermal fluctuations rather than by pure diffusion.
Hysteresis in the neck travel

As mentioned above, the MH rearrangement upon an
ATPase event precedes the forward travel of the neck. In
the reverse motion, if the MH takes the pre-stroke conforma-
tion before the recovery stroke of the neck (compare Fig. 6,
D to E), the MH may rebind to the MT site from which it
detached. It is thus more likely that the neck moves before
the MH rearranges back to its pre-stroke state. To test, we
performed two types of RP-TMD simulations of the reverse
motion. In the first case, the neck moves ahead of the MH
rearrangement to the pre-stroke state (Fig. 5 B, NF (neck
first)). In the other case, the order is reversed and the MH
rearranges first (Fig. 5 B, HF). The trajectories differ mainly
in the values of Rtip at which a given bond is formed and
broken (Fig. 3). However, the net free-energy change for
the NF case matches better with that of the forward PMF
than does that for the HF case, since the NF PMF ends at
0.1 kBT at Rtip ¼ 0 Å (Fig. 5 B, open triangles), whereas
the HF PMF ends at 3.0 kBT (solid triangles). Furthermore,
A B C

DE

FIGURE 6 Possible Ncd mechanochemical cycle. (A) MH of an Ncd

dimer in the ADP state binds to the MT (the unbound head is not shown).

(B) ADP releases during or after binding to the MT (14). Whether the

motion of the neck is initiated by the ADP release (21) or by ATP binding

(14) is unclear (marked by ‘‘?’’). (C) ATP binding leads to travel of the neck

to the post-stroke side (14). (D) The MH detaches upon ATP hydrolysis or

g-phosphate release. (E) The unbound MH advances toward the minus end

via recovery stroke driven by torsional relaxation and diffusion.
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the HF PMF is mostly uphill below Rtip x 30 Å, as the
R335-Q420 and K336-D424 bonds persist near the end of
themotion and impede the return of the neck to the pre-stroke
position (Fig. 3, H versus I). These results indicate that the
recovery stroke of the neck precedes the MH rearrangement.
Hence, we use the NF case for the analysis below.

The forward and recovery strokes differ qualitatively,
since there is no energy barrier in the latter. This difference
originates from the compliance of the protein: during the
forward motion, since the R335-D424 bond persists until
substep 2, these residues become strained (Fig. 5 C, lower
left). After the bond breaks, the distance between R335
and D424 rapidly increases as they relax. During the reverse
motion, the bond can thus form again only near the end
of the transition (Fig. 5 C, > to +, and Movie S3). This
can also be seen in explicit-water RP-TMD simulations
(Fig. 3, B versus J). The strained state of the R335-D424
bond near substep 2 is not an outcome of the biasing force
of RP-TMD, since it was also maintained during the TOWS
simulation without any bias on the bond. Nor did it break
during a 2-ns equilibrium simulation in explicit water
(Section S2 in the Supporting Material). Although the
R335-D424 bond may eventually break in longer simula-
tions, its importance is consistent with a large reduction in
the MT gliding velocity of a mutant without the bond (15)
(see Concluding discussion).

Another notable feature of the reverse PMF is the nearly
monotonic downhill gradient in the post/2 region. To see
whether this is related to the torsional strain of the neck, we
changed its conformation in the post-stroke orientation to
that of the pre-stroke state. When the replacement includes
G347, the extra a-helical turn at this position in the post-
stroke state (Fig. 4 C) disappears. In either case, the calcu-
lated PMF does not decrease in the post / 3, but in 3/2,
the PMF still decreases (Fig. S3 C), suggesting that the
torsional strain of the neck affects the PMF in the 3/post
region. The opposite trends of the forward and reverse
PMFs between substeps 2 and 3 are likely collective results
of multiple bonds involved in this region (Fig. 3).
Role of the C-terminal tail

Since available x-ray structures align reasonably well with
cryo-EM maps (14), and the neck and a1 are spatially sepa-
rated from the MT, the present results are unlikely to be
affected by the presence of the MT (Movie S1). A domain
that might have a potential influence is the C-terminal tail
(C-tail; V666-K700), which is mostly invisible in available
structures. We hypothesized earlier that it may play a
dynamical role similar to the cover-neck bundle formation
in Kinesin-1 (11). This is supported in the recently pub-
lished PDB 3L1C (20): the C-tail is visible up to K674
and it points to the MT plus end, analogous to the neck
linker of Kinesin-1 in the MH-docked state. In RP-TMD
of 3L1C, K674 forms a bond with D344 of the neck after
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the MH rearrangement. However, this bond is unstable and
breaks within 0.2 ns in an explicit water simulation, unlike
the contacts between the MH and a1 that are present in all
solvent models tested (Section S2 in the Supporting Mate-
rial). Instead, the C-tail, being positively charged, may
interact with the MT E-hook domain, which is negatively
charged and mobile (50). We constructed a model of an
MT-bound Ncd with the C-tail and E-hooks of the two tubu-
lins added (Fig. S6). Regardless of the MH conformation,
the C-tail made contact with the E-hook of b-tubulin.
Considering the length of the two domains, their interaction
may assist with the binding of Ncd to the MT. Indeed,
a chimera without the C-tail fails to bind to MT (9,20).

The neck-linker-like conformation of the C-tail in 3L1C is
coupled to the tilting of a4 out of the MH (Fig. S1 and
Fig. S6). This see-saw motion occurs in many kinesin fami-
lies tomake room for the neck-linker docking in theATP state
(51–53). In Ncd, a4 does not interact with the neck, and its
orientation does not affect the RP-TMD trajectory, as can
be seen in our simulations with PDB 1N6M and 3L1C, which
have a4 in orientations before and after the see-saw motion,
respectively (Fig. 3, C and G). This may reflect the weaker
coupling of the Ncd stepping event to the nucleotide state
(23). In contrast, the C-tail is more clearly defined in x-ray
structures of another Kinesin-14 motor, kinesin-like calmod-
ulin binding protein (KCBP) (54–56). Its 52-residue C-tail
consists of the 10-residue neck mimic that is homologous
to the neck linker of Kinesin-1, a calmodulin binding helix,
and the negatively charged C-terminal coil (56). In the
ATP-like state, the neck mimic docks to the MH, similar to
the neck linker of Kinesin-1 (54,55). However, Ncd and
KCBP belong to different subfamilies, Kinesin-14A and
14B, respectively (2), and their C-tails have no sequence
homology. It is thus unclear whether the two C-tails behave
similarly. Other than mediating the MT binding, the C-tail
of Ncd might interact with the neck at most for the initiation
of the forward motion in the ATP state, as hypothesized for
KCBP (54). In contrast to the lack of homology in the
C-tail, key residues mediating the MH-neck contacts are
conserved between Ncd and KCBP, and they have compa-
rable MT gliding velocities (Table S2). Although more study
of the C-tail is necessary, the MH-neck contacts likely play
a more significant role in the motion of the neck.
CONCLUDING DISCUSSION

Validation of the RP-TMD result

Since RP-TMD uses a bias to drive conformational change,
the resulting trajectories (see movies in the Supporting
Material) do not represent the actual motion of the neck
(25,26). They instead reveal the likely minimum free-energy
path along which the neck performs diffusion. Since the full
energy landscape is unknown, whether the trajectories
indeed follow the minimum free-energy path should be vali-
dated by considering the possible effect of the bias in RP-
TMD and also by considering whether they are physically
and sterically plausible. As explained in Results, the com-
mon pattern of intermediate contacts over a large number
of RP-TMD simulations (Fig. 3 and Table S1) suggests
that they are unlikely to be artifacts of RP-TMD. This is
further supported by their persistence in TOWS and other
equilibrium simulations (Section S2 in the Supporting
Material). The a1 guide rail assists with a longitudinal
motion of the neck, and the intermediate contacts mainly
follow the placement of residues in a1 (Fig. 4 A). In simu-
lations of mutants without these contacts, the neck indeed
swivels away from the MH (see below and Section S8 in
the Supporting Material). Furthermore, RP-TMD has
a tendency to select a path that is more accessible in the
vicinity of the initial structure. The fact that the forward
PMF starts with an energy barrier (Fig. 5 B) instead of
following the downhill path of the reverse PMF near Rtip ¼
0 Å suggests that the hysteresis behavior represents a prop-
erty inherent in the Ncd structure and not a consequence of
using RP-TMD. Besides, the present results are consistent
with a wide range of structural and motility data.
Ncd mechanochemical cycle

Combining the results presented here with those of previous
experiments, a possible mechanochemical cycle of Ncd is
proposed (Fig. 6). At the beginning, binding of the MH to
the MT leads to the release of ADP (Fig. 6 A) (18,19). In
the nucleotide-free state, the neck points to the MT plus
end (14), and binding of an ATP leads to a conformational
change that breaks the head-neck contacts, at least partially.
It also has been suggested that ADP release leads to the rota-
tion of the neck (Fig. 6 B, ‘‘?’’) (20,21). Regardless of
whether the neck rotation is initiated by ADP release or
by ATP binding, in the ATP state, the mobile neck reaches
the post-stroke position via guided diffusion (Fig. 6 C).
The MH detaches from the MT upon ATP hydrolysis
(14,17) or release of g-phosphate (18) (Fig. 6 D). Finally,
the recovery stroke advances the detached MH to the MT
minus-end direction (Fig. 6 E). Since the moving neck inter-
acts mainly with the a1 guide rail, whose conformation does
not depend on the nucleotide state, the proposed mecha-
nisms for the forward and recovery strokes of the neck
(Fig. 6, B/C and D/E) are likely to hold regardless of
which ATPase event initiates the transition. Furthermore,
a recent single-molecule analysis indicates that the motion
of the neck is not as strongly coupled to the nucleotide state
as in Kinesin-1, since 30% of the stepping events were MT
plus-end-directed (23).
Guided diffusion and hysteresis

Diffusion guided by intermediate contacts is an efficient
strategy forgeneratingunidirectionalmotion.Conformational
Biophysical Journal 101(5) 1105–1113
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relaxation after the breakage of the R335-D424 bond will
make it difficult to re-form (Fig. 5 C). The neck instead forms
other bonds after position 2, to reach substep 3 (Figs. 2 A
and 3). A similar diffusion and binding mechanism may
move the neck beyond substep 3 at the expense of an in-
creased torsion. Compared to free diffusion, the intermediate
contacts can reduce the burden imposed by external load
during the forward travel. This scenario is also energetically
plausible, since ADP release and ATP binding would provide
a few to several kBT, respectively (44), which are comparable
to the changes in the PMF of the neck (Fig. 5 B). Although the
recovery stroke may be initially powered by the accumulated
torsion of the neck, below Rtip ~ 30 Å it may reach the pre-
stroke position via diffusion without a bias (Fig. 5 B, NF).
Since the recovery stroke occurs in the unbound Ncd (Fig. 6
E), it may not require as much tolerance to load. Single-mole-
cule experiments suggest that the plus-end-directed stepping
event of Ncd is slower and has a smaller step size (23), which
is consistent with the profile of the reverse PMF and supports
the idea that the neck moves differently in the two directions.
Comparison with mutants and other Kinesin-14
members

The role of the intermediate contacts can also be seen in the
effects of mutations on motility. In a study where MT
gliding velocities of several Ncd mutants were compared
(15), a >50% reduction in velocity was observed in alanine
mutations of key residues that are involved with interme-
diate contacts, including R335, K336, Q420, and K640.
Blocking intermediate contacts would reduce velocity,
because the neck has to diffuse over a wider range. By com-
parison, mutants of E567 and K568 that break bonds with
the neck upon MH rearrangement in RP-TMD (Fig. 1)
had 99% of the wild-type velocity. The Y426A mutant
had 57% of the wild-type velocity, even though the N340-
Y426 bond was not maintained in the explicit-water MD
simulation (Section S2 in the Supporting Material). Y426
is at the border between a1 and b3 of the central b-sheet
of the MH core, so it may be structurally important.

We performed RP-TMD simulations of 10 mutants taken
from Sablin et al. (15) and Endow and Huguchi (16) (Fig. 3,
D and K, and Section S8 and Table S1 in the Supporting
Material) Under the assumption that these mutations do
not affect the Ncd structure significantly, our results gener-
ally agree with the correlation between the loss of key inter-
mediate contacts and the reduction in the MT gliding
velocity. Comparing the sequences of the Kinesin-14 family
and available MT gliding velocities (Table S2) also suggests
that residues forming the intermediate contacts, such as
R335, K336, N340, and D344 of the neck, and those in
a1, L13, and b1 of the MH, are highly conserved. In con-
trast, residues that break contacts after the MH rearrange-
ment in RP-TMD, as well as those that make hydrophobic
contacts, show less conservation.
Biophysical Journal 101(5) 1105–1113
Implication for motor mechanism

In nonmotile enzymes, transition paths between different
conformations may have less functional significance com-
pared to the end-state conformations. However, since translo-
cating motor proteins work out of equilibrium, hysteresis in
conformational transitions may be required for directed
motility. In the case of Kinesin-1, the cover-neck bundle
formation drives the forward motion (11,12), whereas the
neck linker unbinds likely through the see-saw motion of a4
in reverse (52,53). In myosin, power and recovery strokes
occur in different nucleotide and actin-binding states (57).
Likewise, Ncd’s neck moves in two different phases of the
mechanochemical cycle where the MH is in different confor-
mational states (Fig. 6). The hysteresis is achieved by the
compliance of the protein, which is similar in origin to the
adhesion-energy hysteresis betweenmacromolecular surfaces
(58). Elucidating hysteresis in the motility cycle will be im-
portant for understanding other translocating motors as well.
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