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ABSTRACT: We have employed molecular dynamics (MD)
simulation to investigate, with atomic details, the structural dynamics
and energetics of three major ATPase states (ADP, APO, and ATP

state) of a human kinesin-1 monomer in complex with a tubulin dimer. kinesin
Starting from a recently solved crystal structure of ATP-like kinesin— ADP
tubulin complex by the Knossow lab, we have used flexible fitting of

cryo-electron-microscopy maps to construct new structural models of APO

the kinesin—tubulin complex in APO and ATP state, and then ATP
conducted extensive MD simulations (total 400 ns for each state), N
followed by flexibility analysis, principal component analysis, hydrogen ). A
bond analysis, and binding free energy analysis. Our modeling and : )

simulation have revealed key nucleotide-dependent changes in the B-tubulin a-tubulin

structure and flexibility of the nucleotide-binding pocket (featuring a

highly flexible and open switch I in APO state) and the tubulin-binding

site, and allosterically coupled motions driving the APO to ATP transition. In addition, our binding free energy analysis has
identified a set of key residues involved in kinesin—tubulin binding. On the basis of our simulation, we have attempted to address
several outstanding issues in kinesin study, including the possible roles of f-sheet twist and neck linker docking in regulating
nucleotide release and binding, the structural mechanism of ADP release, and possible extension and shortening of a4 helix
during the ATPase cycle. This study has provided a comprehensive structural and dynamic picture of kinesin’s major ATPase
states, and offered promising targets for future mutational and functional studies to investigate the molecular mechanism of

kinesin motors.

I{inesins, a prominent superfamily of molecular motors,
utilize chemical energy from ATP hydrolysis to drive their
unidirectional motion along microtubule (MT) filaments,"
which are composed of repeating dimers of a- and f-tubulin.”
Among 14 kinesin families, kinesin 1 was the first kinesin
discovered,” and has been widely investigated as a model
system for kinesin study. A full-length kinesin molecule consists
of a catalytic core domain that harbors a nucleotide-binding
pocket (involving three conserved nucleotide-binding motifs:
switch I, switch II, and P loop)* and an MT-binding site,” a
neck region as a mechanical amplifier,® a stalk domain for
dimerization, and a tail domain for cargo binding. The main
ATPase pathway of a kinesin monomer (in the presence of
MT) has been extensively probed by kinetic studies,” "' which
consists of the following key ATPase states: an ADP state
where kinesin binds strongly with ADP and weakly with MT,
an APO state where kinesin binds strongly with MT and weakly
with nucleotide,'” an ATP state where kinesin binds strongly
with MT and generates force by docking its neck linker along
the catalytic core domain,®'* an ADP-Pi state where kinesin
binds with the products of ATP hydrolysis: ADP and inorganic
phosphate (Pi). To fully understand the molecular mechanism
of kinesin ATPase and motility, it is critical to investigate the
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above ATPase states and the transitions between them with
high spatial and temporal resolutions.

The structural basis of kinesin’s motor function remains
elusive for the lack of detailed structural information for all
ATPase states. Most high-resolution structures of kinesin were
solved in the absence of tubulin."*"'® So they cannot elucidate
how MT binding activates the ATPase activities of kinesin (e.g.,
ADP release) and enables allosteric couplings between distant
sites of kinesin.'” Recently, the Knossow lab succeeded in
solving a crystal structure of ATP-like kinesin—tubulin
complex,'® which shed new light on how strong binding
between a kinesin and a tubulin dimer facilitates ATP
hydrolysis and force generation. As an alternative to X-ray
crystallography, cryo-electron microscopy (cryo-EM) has been
utilized to image kinesin-decorated MT filaments.'”~>* It has
enabled well-constrained fitting of kinesin and tubulin
structures into cryo-EM maps (with subnanometer resolution),
and identification of global and local structural changes
between ADP, APO, and ATP state.* To fully utilize cryo-
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EM data to constrain structural modeling, a number of flexible
fitting techniques have been developed to optimize the fitting
of a given initial protein structure with a cryo-EM map by
exploiting protein structural ﬂexibility.?'s_33 For example, the
molecular dynamics flexible fitting (MDFF) program steers
individual protein atoms toward high-electron-density regions
during a molecular dynamics (MD) simulation while preservin,
the correct stereochemistry and secondary structures.**?
There are still some open questions about the quality of
cryo-EM-based flexible fitting: Do different techniques
converge in modeling the kinesin—tubulin complex? Are
those flexibly fitted models accurate enough to offer detailed
insights to the structural mechanism of kinesin, especially the
structural dynamics of kinesin—tubulin and kinesin-nucleotide
interactions? It is important to address these issues before one
can meaningfully interpret structural models constructed from
subnanometer cryo-EM maps.

Structure-based computer simulation techniques, including
coarse-grained modeling36_43 and all-atom molecular simu-
lation, have complemented experimental efforts to study the
dynamic basis of kinesin’s motor function. MD simulation**
based on all-atom force fields* offers a powerful means to
investigate protein dynamics and energetics in the presence of
solvents and ions. Previously, all-atom MD simulations were
performed to investigate the structural dynamics of various
kinesins in the absence®™** or presence®>* ¢ of tubulin for
up to tens of nanoseconds per trajectory (with the exception of
ref 53, which performed 200 ns accelerated MD simulation of
kinesin S in the absence of tubulin). However, these
simulations were relatively short compared with the time
scale of kinesin kinetics (~ms). Thanks to fast improving
computer hardware and software (e.g., graphics processing unit
(GPU)-accelerated computer nodes and software®’), it is now
feasible to run longer (sub-us) MD simulation for a large
protein complex like the kinesin—tubulin complex.

In a previous study,”® we conducted structural modeling for
ADP, ATP, and APO state of a human kinesin-1 monomer
bound with a tubulin dimer by flexible cryo-EM fitting, which is
followed by short constrained MD simulation, hydrogen-bond
analysis, and free energy calculation. The modeling and
simulation revealed key nucleotide-dependent conformational
changes between the above states, and dynamic hydrogen
bonds at the nucleotide-binding pocket and the kinesin—
tubulin interface.’® However, two outstanding issues remain to
be resolved: First, given the perturbation of cryo-EM-fitting
forces and the shortness of constrained MD simulation (2 ns,
see ref 56), it is uncertain if the cryo-EM-fitted models were
adequately equilibrated and if they would still be stable in the
absence of any constraint. Second, in ref 56 we modeled the
strongly bound kinesin—tubulin complex starting from un-
bound kinesin and tubulin structures, which may require
complex restructuring of the binding interface that is difficult to
model reliably. In this study, we have addressed the above
issues as follows: First, we have performed longer uncon-
strained MD simulations (total 400 ns per state), allowing for
adequate equilibration of the system and meaningful analysis of
the energetics and dynamics of kinesin in different ATPase
states. Second, we have used a newly solved ATP-like structure
of kinesin—tubulin complex'® to model the strong-binding
APO and ATP state, which allows more accurate modeling of
the strong-binding kinesin—tubulin interface than the previous
use of unbound structures.*® Thanks to the above improve-
ments, we have obtained a detailed structural and dynamic

picture of kinesin’s three major ATPase states, which has
revealed nucleotide-dependent changes in the structure and
flexibility of the nucleotide-binding pocket and the tubulin-
binding site, and allosterically coupled motions drivin% the
APO to ATP transition. Compared to our previous study,”® we
have also improved the analysis of key hydrogen bonds
involved in kinesin-nucleotide and kinesin—tubulin interactions,
and the calculation of the polar contribution to the kinesin—
tubulin binding free energy. On the basis of the MD simulation,
we will address the following outstanding questions in kinesin
study: Is a twist of the central f-sheet involved in facilitating
strong MT binding and ADP release? Is neck linker docking
involved in the allosteric regulation of nucleotide binding?
What is the structural and dynamic mechanism of MT-activated
ADP release? Does the @4 helix undergo a nucleotide-
dependent extension and shortening during the ATPase cycle?

B METHODS

Initial Structural Modeling of Kinesin and Tubulin
Dimer. We structurally modeled the following three ATPase
states of a human kinesin-1 motor domain (referred as kinesin).

ADP State. A kinesin model was built on the basis of an
ADP-bound kinesin 1 structure (PDB id: 1BG2, with neck
linker truncated at residue 325).%® To fit well with the cryo-EM
map of ADP state,”> the N-terminal segment of a4 helix
(residues 247 to 256) was extended by the Modeller program®
using a longer a4 helix of an ADP-bound kinesin S structure
(PDB id: 11I6) as template (following ref 56). Residues 243 to
246 of loop L11 were remodeled accordingly by Modeller to
link the extended a4 helix with the rest of loop L11 (residues
237 to 242). A tubulin dimer model was taken from an ATP-
like structure of kinesin—tubulin complex (PDB id: 4HNA)."®

ATP State. An ATP-like structure of kinesin—tubulin
complex (PDB id: 4HNA)"® was used as the initial model for
ATP state and subject to flexible fitting of the ATP-state cryo-
EM map (see below). The ATP analogue (i.e, ADP-AIF,),
together with Mg ion and two crystal waters at the active site of
4HNA, was kept for cryo-EM-based modeling and MD
simulation (see below) to stabilize the closed nucleotide-
binding pocket characteristic of ATP state.”” We modeled two
kinesin constructs: first with the neck linker (up to residue 337)
in a docked conformation, second with the neck linker
truncated at residue 328.

APO State. The ATP-like kinesin—tubulin structure (PDB
id: 4HNA) was used as the initial model for APO state and
subject to flexible fitting of the APO-state cryo-EM map (see
below). The neck linker was truncated at residue 325 because it
is disordered in the APO state. The ATP analogue, Mg ion and
crystal waters at the active site of 4HNA were deleted.

In all three states, missing residues (residues 438—451 of «
tubulin, 442—455 of § tubulin, 1—4 of kinesin) were added by
the Modloop Web server,®" except for residues 39 to 45 of a
tubulin which were modeled by Modeller using the
corresponding region of 8 tubulin as template. The protonation
states of histidines were determined by the pK, calculation
using the PDB2PQR Web server (http://nbcr-222.ucsd.edu/
pdb2pqr_1.9.0/).

Flexible Fitting of Cryo-EM Maps. For APO and ATP
state, we rigidly fitted the initial model of kinesin—tubulin
complex (see above) into the corresponding cryo-EM map of
MT filaments decorated by nucleotide-free and ADP-AIF,-
bound kinesin using the Chimera program.*” For ADP state, a
sequential fitting function of Chimera was used to fit kinesin
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and tubulin dimer separately as two rigid bodies while avoiding
atomic clashes between them. The ligands (Mg and ADP or
ADP-AIF,) were included when fitting the cryo-EM maps of
ADP or ATP state. Following rigid fitting, to further improve
the fitting of electron densities and refine the kinesin—tubulin
models, we performed flexible fitting with the MDFF
program.>

Prior to running MDFF, we added hydrogen atoms with the
VMD program.*® Each kinesin—tubulin model was immersed
into a rectangular box of water molecules extending to 12 A
from the protein periphery in x, y and z direction by VMD. To
ensure an ionic concentration of 150 mM and zero net charge,
Na* and CI” ions were added by VMD. Energy minimization of
2000 steps was performed using the steepest descent method to
optimize the initial models under the constraint of cryo-EM
maps.

We performed a 10 ns MDFF simulation using the NAMD
program®* and the CHARMM27 force field.*® Water molecules
were described by the TIP3P model®® The particle-mesh
Ewald summation method®” was used to evaluate long-range
electrostatic forces with a grid size of <1 A. An integration time
step of 1 fs was used in the framework of a multiple time-
stepping algorithm.®® A 12-A cutoff distance was used for
nonbonded interactions, and a temperature of 300 K was
maintained using the Langevin thermostat® which was coupled
to all heavy atoms with a damping coefficient of 5.0 ps™.

MDFF adds two external potentials (Ugy, Uss) to the usual
MD potential,** where Ugy is derived from the gradient of
electron density, and U enforces harmonic restraints to
preserve secondary structure elements such as a-helices and f-
strands. The parameters for Ugy; and Ugg were set to be £ = 0.3
kcal mol™ and k, = 300 kcal mol™! A™2, as recommended in ref
34. To gradually release the cryo-EM restraints and allow a
smooth transition to subsequent unconstrained MD simulation
(see below), £ was lowered by 0.05 every 2 ns.

To assess the convergence of cryo-EM-fitted models by
different flexible fitting methods (including MDFF), we fitted
the APO-state cryo-EM map using two alternative methods:
EMFEF3? (available via a Web server at http://enm.lobos.nih.
gov/emff/start_emffhtml) and Rosetta density fitting,*
resulting in two alternative APO-state models of kinesin—
tubulin complex to be compared with the MDFF-generated
models.

Equilibrium MD Simulation. Following 8 ns MDFF
simulation, we continued with regular MD simulation of 100 ns
without the cryo-EM restraint at constant temperature and
pressure. During the MD simulation, to stabilize the tubulin
dimer structure while allowing for full flexibility of kinesin and
kinesin—tubulin interface, we restrained the Ca atoms of
tubulin residues which are greater than 12 A away from kinesin
by harmonic springs with force constant of 1 kcal mol™ A™%
Four independent MD simulations were conducted following
four MDFF runs, resulting in total 400 ns MD trajectories for
each state. The Nose—Hoover method’® was used with
temperature T = 300 K and pressure P = 1 atm. Periodic
boundary conditions were applied to the system. A 10-A
switching distance and a 12-A cutoff distance were used for
nonbonded interactions. The SHAKE algorithm was used to
constrain bond lengths of hydrogen-containing bonds, which
allowed a time step of 2 fs for MD simulation. The snapshots of
the system were saved every 20 ps during MD simulation for
later analysis (see below), resulting in S000 snapshots per

trajectory. The MD simulation was conducted with the NAMD
program® using the CHARMM?27 force field.*®

RMSF Analysis. To assess the local flexibility of kinesin
residues in ADP, APO, and ATP state based on MD simulation,
we calculated the root mean squared fluctuation (RMSF) as
follows: first, we saved 4 X 2500 snapshots of the kinesin—
tubulin complex during the last S0 ns of four MD trajectories in
each state; second, we superimposed the C, coordinates of
kinesin alone or kinesin—tubulin complex (excluding the floppy
C-terminal loops of af-tubulin) with minimal root mean
squared deviation (RMSD); finally, we calculated the following
RMSF at residue position n:

1 M
RMSE, = |— Y 17, — (i)
M m=1 (1)

where 7,,, is the C, atomic position of residue n in snapshot m,
7 = (UM)Y,M 7,, is the average C, atomic position of
residue n, and M = 10000 is the total number of snapshots.
Principal Component Analysis (PCA). To identify
dominant modes of structural fluctuations in the kinesin—
tubulin complex during MD simulation, we performed the
principal component analysis (PCA) as follows: first, we saved
4 X 2500 snapshots of the last 50 ns of four MD trajectories in
each state; second, we superimposed the C, coordinates of
kinesin—tubulin complex (excluding the floppy C-terminal
loops of af-tubulin) with minimal RMSD; third, we calculated
a covariance matrix comprised of the following 3 X 3 blocks

1 M
Crm' = (an - <?;1>) ® (?mn’ - <;;1’>)
M El 2)

fourth, we diagonalized the covariance matrix and kept two
modes with the highest eigenvalue. Here the eigenvalue of each
mode gives the contribution of that mode to the total structural
fluctuations, and the eigenvector of each mode describes a
specific conformational change sampled during MD simulation.

Calculation and Partition of Kinesin—Tubulin Binding
Free Energy. Following our previous paper,”>*° we calculated
the kinesin—tubulin binding free energy AG in ADP, ATP, and
APO state. We extracted 10000 snapshots of the last 50 ns of
four MD trajectories in each state. For each snapshot, we
calculated AG using a continuum solvent model (see ref 71),
which expresses AG as AG,, + AG,. Here the nonpolar
contribution AG,,, = aE,qy was empirically written as a fraction
(a < 1) of the van der Waals (vdW) interaction energy E 4
between kinesin and tubulin dimer, and the electrostatic
contribution AGg,. = BAE,;.. was written as a fraction (f < 1)
of the change in electrostatic energy AE,. from unbound
kinesin and tubulin to kinesin—tubulin complex. E.. was
calculated using the Poisson—Boltzmann (PB) method””* (for
details, see ref S5). @ = 0.158 and = 0.153 were calibrated
using mutational data in our previous paper.”> Because of the
high uncertainty in entropy calculation, we did not include the
entropic contribution to AG, which resulted in a negative shift
of AG by 7—15 kcal/mol relative to true AG.*

Next, we used the CHARMM program74 to partition AG,
Egw, and AE,.. to contributions from individual kinesin
residues (denoted AG,, E gy, and AE,,, for residue n, for
details see analys.doc and pbeq.doc at http://www.charmm.
org/documentation/c37b1/ indexhtml). Then we ranked all
kinesin residues by AG, and kept the top 5%, which were
predicted to be important to kinesin—tubulin binding. The
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Figure 1. Conformational changes between flexibly fitted models of kinesin—tubulin complex in ADP, APO, and ATP state: (a) top view of a
rotation of kinesin relative to tubulin (from ADP and APO state to ATP state, indicated by a red arrow); (b) side view of a seesaw rotation of kinesin
relative to tubulin (from ADP and APO state to ATP state, indicated by red arrows); (c) bottom view (with tubulin dimer removed) of movements
of tubulin-binding motifs in kinesin (including loop L7, L8, L11, L12, and a4, @S, a6 helix as labeled); (d) movements of switch I and II in the
nucleotide-binding pocket (with P loop as reference and key residues shown as spheres and labeled). Models of ADP, APO, and ATP state are
colored blue, green, and red, respectively. The viewing directions of panels (a)—(c) are shown in a cartoon inset.

choice of 5% corresponds to a p value of 0.05 (ie., the
probability that a random ranking of all kinesin residues places
a given residue in the top 5%), which is widely used as the
standard significance level.

B RESULTS AND DISCUSSION

Initial Structural Modeling of ADP, ATP, and APO
State of Kinesin. We have revisited structural modeling of
ADP, ATP, and APO state of human kinesin 1 after the recent
publication of a new ATP-like structure of kinesin—tubulin
complex (PDB id: 4HNA)."* Compared with our previous
work,*® the following changes and improvements were made in
the new modeling:

For ADP state, we followed a similar modeling procedure for
kinesin that started from an ADP-bound crystal structure of
kinesin 1 (PDB id: 1BG2), and then extended the a4 helix by 2
turns with homology modeling to fit the cryo-EM densities of
a4 helix’* (see Methods). Unlike ref 56 we used a different
model of tubulin dimer from ref 18 to be consistent with the
modeling of ATP and APO state (see below).

For ATP state, we directly used the new ATP-like structure
of kinesin—tubulin complex from ref 18 which captured ATP-
like structural features (such as closed nucleotide-binding
pocket, docked neck linker and strong-binding kinesin—tubulin
interface). Here the ATP state is defined as the state visited
after ATP-binding isomerization and before ATP hydrolysis,
which corresponds to experimental structures of kinesin bound
with ADP-AIF, (AIF, is an analo§ue of y-phosphate of ATP)
and tubulin/MT in the literature. >

For APO state, we also used the new ATP-like structure of
kinesin—tubulin complex from ref 18 because it captured the

strong-binding kinesin—tubulin interface better than those
unbound kinesin structures used previously.*® This approx-
imation is necessary because no nucleotide-free crystal structure
of kinesin is available to date (kinesin is structurally unstable in
the absence of nucleotide and MT”*). Extensive conformational
changes are expected to transform this initial model to a final
model for APO state through flexible fitting of an APO-state
cryo-EM map (see below).

Rigid and Flexible Fitting of Cryo-EM Maps in ADP,
ATP, and APO State. In a previous study, Sindelar and
Downing solved three cryo-EM maps of kinesin-1-decorated
MT filaments in the presence of ADP, ADP-AIF,, and in the
absence of nucleotide, which correspond to ADP, ATP, and
APO state, respectively.”” The subnanometer resolution (~8.9
A) allowed them to place atomic structures of unbound kinesin
and tubulin dimer readily into the maps, and detect subtle
discrepancies (e.g, in the nucleotide-binding pocket and
kinesin-MT interface) between unbound structures and cryo-
EM densities indicative of conformational changes induced by
kinesin-MT binding.*> Cryo-EM maps with similar resolution
were obtained for kinesin $ as well.*»** These cryo-EM maps
offer useful constraints for accurate modeling of a kinesin—
tubulin complex in different ATPase states. To this end, we
have performed rigid and flexible fitting of cryo-EM maps using
the kinesin and tubulin dimer models described in the previous
section. First, we used rigid cryo-EM fitting to construct an
initial model of kinesin—tubulin complex in ADP, APO, and
ATP state (see Methods). Second, we employed the MDFF
program>*** to flexibly fit the initial kinesin—tubulin model
into the corresponding cryo-EM map in ADP, APO, and ATP
state.”> We performed four independent MDFF simulations for
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each state. Unlike our previous study,’® we ran longer (10 ns)
MDFF simulations with gradually decreasing cryo-EM-fitting
forces, which would reduce structural perturbation by cryo-EM
fitting and allow a smooth transition to subsequent uncon-
strained MD simulation (see below).

To evaluate fitting quality, we calculated the local cross-
correlation coefficient (CCC) for electron densities within 8.9
A of the molecular surface of kinesin—tubulin complex. We
found MDFF indeed improved the fitting of the cryo-EM maps
over rigid fitting (see Figure S1). The CCC values were
improved from 0.65 to 0.72 in ADP state, from 0.67 to 0.79 in
APO state, and from 0.80 to 0.86 in ATP state. The CCC
values for new MDFF-fitted models were comparable to the old
models from ref 56 (CCC ~0.78 in ADP state, ~0.81 in APO
state, and ~0.79 in ATP state). Notably, the new ATP-state
models fit better than the old models from ref 56, supporting
the advantage of using the new ATP-like structure of kinesin—
tubulin complex.'®

During MDFF simulation, the largest conformational
changes were observed in APO state (RMSD ~ 3.5 A)
among the three states. Indeed, extensive conformational
changes are required to transform the initial ATP-like structure
to the final APO-state structure, which involve a clockwise
rotation of kinesin on top of tubulin dimer (see Figure S1(b)),
and restructuring of the tubulin-binding interface (see Figure
S2(a)) and the nucleotide-binding pocket (see Figure S2(b)).
Can flexible cryo-EM fitting reliably model such complex
conformational changes? To answer this question, we assessed
how well the flexibly fitted models of APO state converge
between different MDFF runs and between MDFF and two
alternative flexible fitting methods (i.e, EMFF>* and Rosetta
density fitting>). The four independent MDFF runs generated
very similar models of APO state (RMSD < 1 A between each
MDFF model and the average structure of four MDEFF
models). The alternative models generated by EMFF and
Rosetta were also fairly similar to the MDFF models (RMSD <
1.9 A relative to the average structure of four MDFF models).
The three flexible fitting methods predicted similar conforma-
tional changes at the tubulin-binding interface (e.g., in a4 helix,
a6 helix, loop L11, and loop L12, see Figure S2(a)) and the
nucleotide-binding pocket (e.g, in switch I and II, see Figure
S2(b)). Therefore, the subnanometer cryo-EM maps indeed
offer sufficient constraints to enable robust structural modeling
of the kinesin—tubulin complex by flexible fitting.

Analysis of Conformational Changes between ADP,
APO, and ATP State. Following the flexible cryo-EM fitting,
we compared the kinesin—tubulin models in three ATPase
states (ADP, APO, and ATP state) to reveal conformational
changes accompanying key ATPase events of kinesin (ADP
release and ATP binding). We observed large global conforma-
tional changes between ADP/APO and ATP state, featuring a
counterclockwise rotation of kinesin on top of tubulin (see
Figure 1(a)), and a seesaw-like rotation of kinesin as viewed
along the MT axis (see Figure 1(b)). These rotations were also
observed in previous cryo-EM studies of kinesin 1°* and kinesin
5. We did not observe a tilting of kinesin toward MT from
ADP to APO state as found in a recent cryo-EM study of
kinesin 5.°*

Next we focused on the structural changes at the kinesin—
tubulin interface and the nucleotide-binding pocket.

Structural Changes at the Kinesin—Tubulin Interface (see
Figure 1(c)). We superimposed the MDFF-generated kinesin—
tubulin models in three ATPase states along the tubulin dimer.

We found loop L7 moves closer to tubulin in APO and ATP
state than ADP state, supporting its role in sensing and
facilitating strong MT binding.”® We found loop L8 barely
moves between these states, supporting its role as an anchor
point of kinesin on tubulin in all three states.'> Similar to LS,
we found a4 helix’s position and orientation roughly fixed in all
three states,®>* except for slight bending of its C-terminal
region and adjacent loop L12 closer to tubulin in APO state
than ADP and ATP state. We found the N-terminal region of
loop L11 moves closer to tubulin in APO and ATP state than
ADP state, supporting its role in enabling strong MT binding."*
a6 helix was found to adopt different orientations between
ATP state and the other two states to accommodate distinct
neck linker conformations (ie., docked in ATP state and
undocked in the other states).

Local Structural Changes at the Nucleotide-Binding
Pocket (see Figure 1(d)). To explore nucleotide-dependent
structural changes of switch I and II relative to P loop, we
superimposed the MDFF-generated kinesin models of three
ATPase states along P loop. The switch-I structure features a
short helical form distant from P loop in ADP state, and an
extended form close to P loop in APO and ATP state (as
observed in a recent cryo-EM study®*). We found switch I
undergoes a large open-to-close movement from ADP state to
APO state and then ATP state. In APO state, switch I adopts an
intermediate position between the open position of ADP state
and the closed position of ATP state, whereas switch II adopts a
more open position than ADP and ATP state. This is consistent
with the proposal that a fully open switch II enables complete
release of Mg and ADP.”” We should caution that the static
conformations of switch I and II determined by cryo-EM fitting
cannot represent ensemble of dynamic conformations sampled
by switch I and II under physiological conditions. Indeed, in ref
56, we found switch I to be structurally flexible and
undetermined by cryo-EM densities in APO state. There was
also strong evidence for considerable variations in switch I
among kinesin crystal structures.”® To address this issue, we
have analyzed the dynamic fluctuations of the nucleotide-
binding pocket (involving key residues of P loop, switch I, and
switch II) based on MD simulations of these states (see below
and Supporting Information).

MD Simulations of ADP, APO, and ATP State. Although
providing structural snapshots of key ATPase states, the
MDFF-generated models of kinesin—tubulin complex are
subject to perturbation of cryo-EM-fitting forces, and influence
of the initial models used for fitting (e.g., the cryo-EM-fitted
models of APO state might retain some residual ATP-like
features from the initial model). To further relax the cryo-EM-
fitted models and explore the dynamic behaviors of kinesin
interacting with tubulin dimer under physiological conditions,
we performed four independent 100 ns-long MD simulations of
kinesin—tubulin complex in the presence of solvents and ions
starting from the MDFF-generated models of ADP, APO, and
ATP state (see Methods).

To assess the conformational stability of our MD simulation,
we calculated the RMSD for C, atoms relative to the starting
models (see Figure S3). For all MD trajectories, the system
stabilized within <50 ns as indicted by saturating RMSD ~2 A.
So we kept 5000 snapshots of the last 50 ns of four MD
trajectories in each state, and combined them to construct a
structural ensemble for each state for later analysis (see below).
We also checked the robustness of our MD-based calculations
by repeating the analysis for the last 25 ns of MD trajectories to
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ensure the results are not sensitive to the truncation of MD
trajectories.

To further assess the stability of the binding interface
between kinesin and tubulin dimer during MD simulation, we
calculated the kinesin—tubulin contact surface area (CSA) for
four MD trajectories in ADP, APO, and ATP state (see Figure
S4). The CSA was calculated as half the difference between the
solvent accessible surface areas of unbound proteins and the
bound complex using the SASA program.”® Although the CSA
values are highly fluctuating (especially in ADP state, see Table
S1), we found no sign of CSA decreasing during the course of
MD simulation, suggesting no destabilization of the kinesin—
tubulin interface during MD simulation. As expected, the CSA
values are significantly higher in APO and ATP state than ADP
state (see Table S1), which is consistent with stronger MT
binding in APO and ATP state than ADP state.

Flexibility Analysis of Kinesin Residues in ADP, APO,
and ATP State. On the basis of the MD simulation in three
ATPase states, we calculated root mean squared fluctuation
(RMSF) which measures the amplitude of fluctuation of
individual kinesin residues with respect to an average kinesin—
tubulin structure (see Methods and Figure 2(a)). To focus on

RMSF (A)
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Figure 2. Results of RMSF analysis for structural fluctuations of
kinesin residues: (a) with respect to an average kinesin—tubulin
structure; (b) with respect to an average kinesin structure. RMSF
curves of ADP, APO, and ATP state are colored blue, green, and red,
respectively. Key kinesin motifs are marked and colored as follows: P
loop (blue), switch I (red), switch II (green), loop L7 (purple), loop
L8 (tan), loop L11 and a4 helix (yellow), and a6 helix (orange).

fluctuations within kinesin, we also calculated RMSF with
respect to an average structure of kinesin alone (see Figure
2(b)). Overall, kinesin is more flexible in ADP state than APO
and ATP state (see Figure 2(a)), which is mainly due to larger
mobility of a weakly bound kinesin relative to tubulin dimer in
ADP state.*® Indeed, the three states are comparable in overall
flexibility within kinesin (see Figure 2(b)). This is in contrast to
the finding in ref 53 that kinesin is more flexible in APO state
than ADP and ATP state in the absence of tubulin. This finding
supports the importance of tubulin binding in dictating the
dynamics of kinesin (especially in APO state).

On the basis of the RMSF calculation, we further analyzed
nucleotide-dependent changes in local flexibility of the
following key kinesin sites:

At the nucleotide-binding pocket, switch I is more flexible in
APO state than ATP and ADP state (see Figure 2), which may
dynamically open the pocket to allow rapid release of
nucleotide in APO state. In contrast, switch II (together with
adjacent loop L11) is more flexible in ADP state than ATP and
APO state (see Figure 2), which may be due to less stabilization
by weaker tubulin binding in ADP state than ATP and APO
state. A disordered switch II in ADP state was observed in a
recent cryo-EM study of kinesin 5.>* The above flexibility
analysis provided a dynamic picture of the opening/closing of
nucleotide-binding pocket which complements the static view
of structural differences in nucleotide-binding pocket between
three ATPase states (see Figure 1(d)).

At the tubulin-binding interface (e.g., loop L7, L8, L11, and
a4 helix), ADP state exhibits higher flexibility than APO and
ATP state (see Figure 2a), which is consistent with weak MT
binding in ADP state. Loop L11 is flexible even in APO and
ATP state (see Figure 2). The functional importance of L11
flexibility was highlighted by a S to G substitution in residue
position 239 of a fast fungal kinesin.*" @6 helix is more flexible
in APO and ADP state than ATP state (see Figure 2), which is
consistent with distinct neck-linker conformations in these
states (i.e., disordered in APO and ADP state, and docked in
ATP state).

To test the proposal that the N-terminal region of a4 helix
undergoes nucleotide-dependent extension and shorten-
ing,"* %82 we compared RMSF in this region between three
ATPase states, and found similar RMSF distribution with
comparable flexibility in APO and ATP state (see Figure 2(b)).
We also visualized the MD simulation of tubulin-binding
interface in ADP, APO, and ATP state (see Movie S1), and
found a4 helix to be structurally stable except for transient
unwinding of one turn at the N-terminus. Therefore, our
simulation does not support a significant change in the length
of a4 helix as observed by structural studies of kinesin in the
absence of tubulin,"*'%%? while it is in agreement with two
cryo-EM studies of kinesin-decorated MT filaments.”>**

Analysis of the Twist of Central g-Sheet in Kinesin in
Comparison with Myosin. To test the proposal that a twist
of central f-sheet facilitates strong MT binding and ADP
release in kinesin,””** we have analyzed the twist of S-sheet in
the MDFF and MD simulation of ADP, APO, and ATP state
(see Table S2), in comparison with crystal structures of kinesin
and myosin (see Table S3). We calculated a twist angle
between strand 1 (represented as a vector pointing from
residue K10 to R14) and f4 (represented as a vector pointing
from residue V132 to E136) which are structurally conserved
between kinesin and myosin (see Figure SS).

For crystal structures of myosin classified into three states
(ADP-Pi state, ATP state, and APO state), the twist angle
increases by up to 25° in the order of ADP-Pi < ATP < APO
(see Table S3). In comparison, for crystal structures of kinesin
classified into two states (ATP-like and ADP-like state), the
twist angle increases by <10° from ATP-like to ADP-like state
(see Table S3). Similar order was found in our MD simulation:
the twist angle increases from 63.8 & 2.5° in ATP state to 68.3
+ 3.5° in ADP state (see Table S2). Interestingly, the APO
state showed a greater twist (70.6 + 3.2°) than both ADP and
ATP state (see Table S2), which is even greater than the
maximum twist angle (~69°, see Table S3) observed in a
KIF14 crystal structure.®® This finding supports the proposed
role of B-sheet twist in strong MT binding of kinesin akin to
myosin.””** Compared with the MD simulation, the MDFE-
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Figure 3. Conformational changes in kinesin predicted by the following PCA modes in APO state: (a) mode 1 (b) mode 2. Kinesin structure before
and after the predicted conformational changes are shown as transparent and opaque, respectively. Key kinesin motifs are colored as follows: P loop
(blue), switch I (red), loop L11 and a4 helix (yellow), and a6 helix (orange). In panel (a), a global rotation of kinesin is indicated by a red arrow.

generated models showed less twist in f-sheet (see Table S2),
suggesting the importance of dynamic fluctuations in driving
the f-sheet twist in kinesin.

Notably, the fourth MD trajectory in ADP state showed an
unusually high twist angle (72.3 + 2.7°). A detailed analysis of
this trajectory revealed a larger kinesin—tubulin contact surface
area (see Table S1) and a more open switch I at the nucleotide-
binding pocket (see Table S4). This preliminary finding is
consistent with the proposed role of central fB-sheet twist in
MT-binding-activated ADP release.””®

Analysis of Allosterically Coupled Motions in MD
Simulation of APO State. It is generally believed that
allosteric couplings between the nucleotide-binding pocket, the
MT-binding site, and neck linker facilitate the ATPase-driven
motility of kinesin, and such couplings require the presence of
MT binding. Toward elucidating the structural and dynamic
basis of such allosteric couplings, principal component analysis
(PCA) was previously employed to derive major conforma-
tional changes among various kinesin crystal structures.’>®®
However, the usefulness of such analysis was limited by the lack
of tubulin binding in these structures. Thanks to our extensive
MD simulation of the kinesin—tubulin complex in three
ATPase states, we are now able to address this outstanding
issue. To this end, we performed PCA on the MD-generated
structural ensemble of APO state (see Methods) to identify
dominant modes of structural fluctuations which may allosteri-
cally couple distant sites of kinesin and initiate conformational
transitions between different ATPase states.

We focused on two dominant PCA modes which accounted
for 32% and 18% of overall structural fluctuations, respectively.

Mode 1 predicts extensive global and local conformational
changes, including a clockwise rotation of kinesin with a4 helix
roughly anchored on tubulin dimer, a reorientation of a6 helix
to allow docking of neck linker, closing of switch I relative to P

loop, and a movement of loop L11 toward the nucleotide-
binding site (see Figure 3(a)). Interestingly, all these
conformational changes are involved in the conformational
transition from APO to ATP state, suggesting that our
extensive MD simulation in APO state was able to sample
conformational space in the direction of ATP state even in the
absence of ATP binding.

Mode 2 predicts primarily local conformational changes,
including opening of switch I relative to P loop and a
movement of loop L11 toward tubulin (see Figure 3(b)).
Similar local conformational changes were also observed in the
PCA of ADP state (data not shown), which may allow MT
binding to trigger opening of the nucleotide-binding pocket to
allow ADP release. This finding supports the proposed role of
switch I displacement in stimulating MgADP release.®'

In sum, our PCA based on the APO-state MD simulation
revealed large global and local structural fluctuations that
initiate the conformational transition toward ATP state, and
shed light on how MT binding facilitates opening of the
nucleotide-binding pocket to allow ADP release. The dominant
PCA modes revealed high flexibility of switch I in APO state in
agreement with the analysis of RMSF (see Figure 2) and
dynamics of the nucleotide-binding pocket (see Results and
Table S4 in Supporting Information).

Calculation and Partition of Binding Free Energy in
ADP, APO, and ATP State. As evident from biochemical
measurements,”'” kinesin binds MT weakly in ADP state, and
strongly in APO and ATP state. Such difference in MT-binding
affinity is essential to drive structural changes that release ADP,
facilitate ATP binding and hydrolysis, and generate force. In
our previous studies,””* we established and applied an MD-
based binding free energy calculation protocol (see Methods)
to the kinesin—tubulin complex which yielded lower (more
negative) binding free energy (denoted AG) for APO and ATP
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state than ADP state. Here we recalculated AG based on the
new kinesin—tubulin models and more extensive MD
simulations. The new AG value of APO or ATP state is
similar to the old value from ref 56, while AG is higher (less
negative) for ADP state (see Table S6). This is because the
unrestrained kinesin is more mobile during the new longer MD
simulation of ADP state, so it can move further away from
tubulin dimer, resulting in weaker binding. Nevertheless, the
higher mobility of kinesin also entails more favorable entropy
(not considered in our calculation) which partially compensates
the unfavorable binding energy. Next, we did a breakdown of
AG into electrostatic (polar) and van der Waals (nonpolar)
contribution. The nonpolar contribution follows the order of
ADP < ATP < APO, which correlates well with AG (see Table
S6) and the kinesin—tubulin contact surface area (see Table
S1), supporting the importance of van der Waals contact forces
to kinesin—tubulin binding. Interestingly, the polar contribu-
tion follows a similar order of ADP < APO < ATP, which
explains why the hydrogen bond (HB) analysis was found
useful in distinguishing between weak and strong MT-binding
states, and identifying key residues involved in kinesin—tubulin
binding (see Supporting Information).

Next, to identify those residues important to kinesin—tubulin
binding, we partitioned AG to individual kinesin residues (see
Methods and ref 86). We kept top 5% kinesin residues for each
state (see Table S7). As expected, they are distributed over
known MT-binding motifs including loop L2 (K44), L7
(K141), L8 (K159, R161, and K166), L11 (K237, V238, 5239,
K240, and 1248), L12 (Y274 and R278), a4 (K252, N255,
K256, and N263), a5 (K281 and R284), and a6 helix (K313
and R321). Most of them are positively charged residues with a
few polar (5239, N255, and N263) and nonpolar residues
(V238, 1248, and Y274), which highlights the importance of
extensive electrostatic interactions and local nonpolar inter-
actions to kinesin—tubulin binding. Many of them were also
identified by the HB analysis (see Supporting Information).
Some of them contribute more to the strong MT-binding APO
and ATP state than the weak MT-binding ADP state (such as
K159, K237, V238, S239, K240, L248, K252, N25S, K256,
Y274, R278, K281, and R284). This finding offers a list of
promising target residues for future mutational and functional
study of kinesin-MT binding during the ATPase cycle of
kinesin.

Relating Our Simulation to Open Issues in Kinesin
Study. Our simulation allows us to address a number of
outstanding issues and controversies important to the
elucidation of kinesin function, which are discussed as follows.

Twist of the Central -Sheet. Recent structural studies of
myosin (a superfamily of molecular motors evolutionarily
related to kinesin) revealed a twist of its central S-sheet in the
rigor-like conformation (corresponding to APO state) that
closes the actin-binding cleft and opens the nucleotide-binding
pocket to allow Pi and ADP release.*”*® This finding inspired a
speculation that kinesin may undergo a similar twist of its
central f-sheet to enable strong MT binding83 and MT-
activated ADP release.”” In support of this proposal, a large
change in the central -sheet was observed by a cryo-EM study
of a kinesin 14 motor,”® and a large twist of the central f3-sheet
was found in a new crystal structure of ADP-bound KIF14.%*
However, no such twist was observed in other cryo-EM studies
of nucleotide-free kinesin 1°* and kinesin 5.*> The first
computational evidence for a nucleotide-dependent twist of
the J-sheet was found in a recent MD simulation study of

KIF1A (a member of the kinesin 3 family).>* To address the
above controversy, we have analyzed the angle of twist in the
central f-sheet of kinesin 1 during the MD simulation in ADP,
APO, and ATP state in comparison with various crystal
structures of kinesin and myosin (see Table S2 and S3). Our
simulation demonstrated a more twisted f-sheet in APO state
than ADP and ADP state, although it is significantly smaller
than myosin. Interestingly, one of our ADP-state simulations
indicated a correlation of the f-sheet twist (see Table S2) with
opening of switch I (see Table S4) and stronger kinesin—
tubulin binding (see Table S1 and S6), thus supporting the
proposed role of S-sheet twist in enabling strong MT binding®®
and ADP release.”” The nucleotide-dependent twist of the f-
sheet as found in our MD simulation differs from that observed
in the MD simulation of KIF1A®* (see Results and Table S8 in
Supporting Information).

Stability of a4 Helix. On the basis of a recent structural
study of a KIF4 motor®” in comparison with previous structures
of KIF4,"*~'% it was proposed that the length of a4 helix (and
adjacent loop L11) undergoes a nucleotide-dependent change
during the ATPase cycle of kinesin which couples to changes in
the kinesin-MT binding affinity and the nucleotide-binding
pocket. However, two cryo-EM studies”>* found no extension
or shortening of a4 helix during the ATPase cycle of kinesin 1
and 5, while one cryo-EM study found melting of @4 helix in a
nucleotide-free kinesin 14 motor.’® To address the above
controversy, we analyzed the structural flexibility of a4 helix
during the MD simulation of ADP, APO, and ATP state (see
Figure 2), and we found a4 helix to be structurally stable in all
three states (except for partial unwinding of one turn at the N-
terminus, see Movie S1), which could be attributed to the
stabilization effect of tubulin binding.

Regulation of Nucleotide Binding by Neck Linker Docking.
Previous structural and kinetic studies supported a role of neck
linker docking in allosteric regulation of nucleotide binding.*”*°
To probe the structural and dynamic basis of this regulation, we
have run and compared MD simulation for two kinesin
constructs in ATP state (one with a docked neck linker and the
other with the neck linker truncated). Interestingly, we found a
more flexible and open switch I in the latter construct (see
Results and Table S4 in Supporting Information), which
suggests that a docked neck linker may regulate nucleotide
binding by allosterically stabilizing a closed nucleotide-binding
pocket.

MT-Activated ADP Release. Our MD simulation of ADP
and APO state has offered new insights to the structural and
dynamic mechanism of MT-activated ADP release. Our finding
of an open and highly flexible switch I in APO and ADP state
(see Table S4 and Figure 2) substantiates the proposal that
MT-induced switch-I displacement stimulates the release of
MgADP.”" In addition, our simulation predicts a more open
switch IT in APO state than ADP state (see Table S4 and Figure
1(d)), which may further destabilize MgADP coordination by
switch IL7%%% Together, the movements of both switch I and II
may contribute to MT-activated ADP release.

Comparison of This Study with Our Previous Study.’®
Despite predicting similar nucleotide-dependent conforma-
tional changes (see Figure 1 of this study vs Figure 2 and
Figure 3(a) of ref 56), the new models and simulations of
kinesin—tubulin complex have shown the following improve-
ments over ref 56:

(1) The new ATP-state models generated by MDFF fit
better with the cryo-EM map than the old models from ref 56,
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which may be attributed to the use of the new ATP-like
structure of kinesin—tubulin complex.'®

(2) In the old ATP-state models from ref 56, loop L8 was
shifted away from tubulin compared with the other states. In
the new models, we found loop L8 barely moves between these
states, which is consistent with the finding of L8 as an anchor
point of kinesin on tubulin in all three states by a previous cryo-
EM study'® and mutational study.'*

(3) As revealed by the HB analysis (see Results and Table S5
of Supporting Information), our new modeling and simulation
of ATP state led to an improved description of the closed
nucleotide-binding pocket with more high-occupancy HBs
formed between the nucleotide-binding motifs and AlF,.

(4) As revealed by the HB analysis, we found significant
differences in the total counts of kinesin—tubulin HBs
compared with ref 56. We found fewer HBs in ADP state,
and more HBs in APO and ATP state than ref 56. As a result,
the new HB counts are consistent with weak (strong) MT
binding in ADP state (APO and ATP state), while the old HB
counts in ref 56 are not. The above differences may be due to
the use of unconstrained MD simulations that allow more HBs
to break in ADP state, and the discrepancy in the conformation
of loop L8 in ATP state (see above).

(5) In the analysis of kinesin—tubulin binding free energy,
the new ADP state exhibited weaker binding than in ref 56.
This difference is probably due to the use of long unconstrained
MD simulation here vs short constrained MD simulation in ref
56. Here we found the polar contribution to AG follows an
order of ADP < APO < ATP similar to the nonpolar
contribution, while ref 56 found a different order: ATP < APO
< ADP. The above difference in the polar interactions between
kinesin and tubulin is related to the finding of different counts
of kinesin—tubulin HBs as discussed above.
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