Geometric Sampling Framework for Exploring Molecular
Walker Energetics and Dynamics

Bruna Jacobson
Department of Computer Science
University of New Mexico
Albuquerque, New Mexico 87131-0001
bjacobson@unm.edu

Kasra Manavi
Department of Computer Science
University of New Mexico
Albuquerque, New Mexico 87131-0001
kazaz@cs.unm.edu

Jon Christian L. David
Department of Computer Science
University of New Mexico
Albuquerque, New Mexico 87131-0001
jdavid@cs.unm.edu

Susan R. Atlas
Department of Physics and
Astronomy
Department of Computer Science
University of New Mexico

Mitchell C. Malone
Department of Computer Science
University of New Mexico
Albuquerque, New Mexico 87131-0001
mmalonel@unm.edu

Lydia Tapia
Department of Computer Science
University of New Mexico
Albuquerque, New Mexico 87131-0001
tapia@cs.unm.edu

Albuquerque, New Mexico 87131-0001
susie@sapphire.phys.unm.edu

ABSTRACT

The motor protein kinesin is a remarkable natural nanobot that
moves cellular cargo by taking 8 nm steps along a microtubule
molecular highway. Understanding kinesin’s mechanism of opera-
tion continues to present considerable modeling challenges, primar-
ily due to the millisecond timescale of its motion, which prohibits
fully atomistic simulations. Here we describe the first phase of a
physics-based approach that combines energetic information from
all-atom modeling with a robotic framework to enable kinetic access
to longer simulation timescales. Starting from experimental PDB
structures, we have designed a computational model of the com-
bined kinesin-microtubule system represented by the isosurface of
an all-atom model. We use motion planning techniques originally
developed for robotics to generate candidate conformations of the
kinesin head with respect to the microtubule, considering all six
degrees of freedom of the molecular walker’s catalytic domain. This
efficient sampling technique, combined with all-atom energy calcu-
lations of the kinesin-microtubule system, allows us to explore the
configuration space in the vicinity of the kinesin binding site on
the microtubule. We report initial results characterizing the energy
landscape of the kinesin-microtubule system, setting the stage for
an efficient, graph-based exploration of kinesin preferential bind-
ing and dynamics on the microtubule, including interactions with
obstacles.
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1 INTRODUCTION

The motor protein kinesin-1 (henceforth referred to as kinesin) is
a molecular walker responsible for intracellular cargo transport.
The full protein structure contains two catalytic domains (heads)
responsible for procession; a neck linker that connects the heads
to its stalk; and a long coiled-coil structure that binds to the cargo.
The protein walks on microtubule tracks [25, 28]. Microtubules are
composed of 13 protofilament chains of « and § tubulin heterodimer
subunits (see Figure 1a). Normally kinesins walk along a single
protofilament on microtubules, however sidestepping is known to
occur under certain conditions [12].
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Figure 1: (a) Illustration of kinesin walking along a micro-
tubule comprised of 13 protofilaments. Green and yellow
disks represent o and f tubulin heterodimers. Kinesin is
shown in red and purple. The blue bead attached to the stalk
represents the cargo. (b) Hand-over-hand kinesin walk. The
catalytic domains or heads (red and purple) bind to the mi-
crotubule and alternate leading position during the walk, in
a hand-over-hand fashion.

A kinesin catalytic head consumes one ATP molecule to take
each 8-nm hand-over-hand step in one-dimensional transport along
the microtubule [30], Figure 1b. There is currently a large body of
experimental and theoretical work on the biophysical, biochemical,
and dynamical properties of kinesin. However, the molecular details
of how kinesin transforms the chemical energy from ATP hydrolysis
into a mechanical step are not yet fully understood.

The interaction of the kinesin catalytic heads with the micro-
tubule as it walks can be characterized as protein binding and



unbinding events. During each step the kinesin catalytic head binds
to a microtubule subunit, the a-f tubulin heterodimer. Binding sites
on the microtubule correspond to low energy configurations of the
microtubule-kinesin complex.

The goal of the present work is to develop a model of the kinesin-
tubulin interaction energy landscape to enable full dynamical sim-
ulations. We utilize the Probabilistic Roadmap Method (PRM) [15],
a method originally developed for identifying robotic motions.
Specifically, we apply the PRM variant, Obstacle-based Probabilis-
tic Roadmap Method (OBPRM) (3], that samples configurations on
surfaces prior to connecting nearby configurations with weighted
edges. The resulting roadmap enables the study of kinesin inter-
actions with the microtubule surface through the sampling of po-
tential binding sites and possible trajectories. The roadmap is gen-
erated by creating a three-dimensional model of the kinesin head
and microtubule system based on their protein crystal structures,
and efficiently sampling the conformational space of the interact-
ing molecules. For each sampled conformation, we compute the
all-atom energy of the interacting system to determine the energy
landscape explored by the kinesin head as it executes diffusive
motion before binding to the microtubule.

2 RELATED WORK

The energy landscape around the microtubule has been investigated
in the context of the kinesin walk via several physics-based meth-
ods. In [11], the authors used Brownian dynamics coupled with
a Poisson-Boltzmann approach to study the eletrostatics-induced
bias of the kinesin head search to the binding site on the micro-
tubule. Their method did not include van der Waals energy terms,
which are important when the two molecules are in close proximity.
A multiscale Poisson-Boltzmann method was applied in [16] to
compute the electrostatic interaction between kinesin and the mi-
crotubule. In this work, the authors included a van der Waals energy
term, but the Poisson-Boltzmann electrostatics component used
precomputed regular grids with fine sampling only in the vicinity
of assumed binding sites, causing potential loss of ruggedness detail
elsewhere on the microtubule surface.

Simulation and modeling of macromolecular interactions have
been extensively discussed in [17]. A comprehensive review of
robotics-inspired methods for protein folding is given in [21]. Mo-
tion planning algorithms have been extensively applied to molec-
ular simulations [2, 19], including protein folding pathways [22,
23, 27]. In particular, simulation of receptor-ligand binding has
been carried out using OBPRMs [3, 4]. These techniques have been
shown to be successful at capturing kinetic information for RNA
[26] and proteins [27].

3 METHODS
3.1 Models

The starting models for kinesin and tubulin were obtained from the
Protein Data Bank. We used the kinesin/microtubule structure from
PDB ID 4LNU. This structure represents one kinesin head bound
to a tubulin heterodimer [8]. Additional chains, nucleotides, other
ligands, and water in the original 4LNU structure were removed
using Pymol [10]. The resulting structure has 3 chains: A, B, and

K, representing a-tubulin, f-tubulin, and the kinesin head, respec-
tively. The head is composed of 309 amino acids and 4,824 atoms,
and the a-f tubulin heterodimer has 870 amino acids and 13,464
atoms. The final structure is shown in Figure 2.

Figure 2: Protein structure from the Protein Data Bank used
in this work, PDB ID 4LNU. Additional chains, nucleotides,
ligands and water have been removed. The kinesin head is
shown in blue and the microtubule heterodimer in tan.

To construct the microtubule patch, we used a 3D electron mi-
croscopy (EM) map from [24], and the crystal structure of the tubu-
lin heterodimer for the microtubule subunits. Several copies of
4LNU were fit to the EM map using the rigid fit feature in Chimera
[20]. We then created a 3-by-3 patch of heterodimers (9 total) to
model the microtubule surface. The patch is comprised of 7,830
amino acids and 121,176 atoms. In the cleaned model of 4LNU, the
a-f tubulin heterodimer is aligned to the central heterodimer in the
3-by-3 patch, placing the kinesin head into a bound state relative
to the microtubule model, shown in Figure 3.

Figure 3: Fitting PDB structure of microtubule heterodimer
and kinesin head to EM map of microtubule.

Once the microtubule patch has been created, as a single struc-
ture with a kinesin bound to the middle of the patch, hydrogens
were added via Chimera (Figure 4, left). Then the kinesin and mi-
crotubule patch structures were separated into two PDB files. To
apply OBPRM to the molecules, it is necessary to generate three-
dimensional geometric structure models that capture protein sur-
face ruggedness. Geometric models were created for the kinesin
and patch structures via the Multiscale Models option in Chimera
to make models (with parameter resolution set to 8), with results
as shown in Figure 4 (right).



Figure 4: Left: Microtubule patch with a bound kinesin head
resulting from EM fit. Right: Geometric model obtained by
generating a 3D model of the protein structure.

The geometric centers of mass of the models of the kinesin head
and the microtubule patch were found using the IVCON package
[7]. These values were recorded and the 3D modeling tool Blender
[5] was used to center them. Centering is done by translating the
two models (of kinesin head and microtubule patch) such that both
geometric centers of mass are set to the origin of the coordinate
system. If x4, yiv, and z;,, are the geometric centers of mass as
reported by IVCON, then the translation vector used in Blender
is: X = —Xjp, Y = Zijv, and z = —yijy, since IVCON and Blender
use different coordinate systems. It is important to note that the
geometric center of mass of the geometric model is not the same
as the center of mass of the PDB structure. All calculations were
performed with respect to the geometric center of mass.

3.2 Generating Configurations with OBPRM

We use OBPRM to create configuration samples of the kinesin head.
Before sampling begins, we restrict configuration generation to
a sampling region on the microtubule surface with dimensions
x € [=70,75], y € [-20,150], and z € [-125,125] A. The three
dimensions correspond to longitudinal length (around the micro-
tubule curvature, x), vertical distance from the microtubule (height,
y), and length parallel to the microtubule long axis (z). Two initial
configurations are chosen randomly within this sampling region,
such that one configuration is in collision with the microtubule and
the other configuration is not. By connecting the two configura-
tions’ geometric centers we create a vector that points outwards in
a random direction.

Binary search is performed along this vector to find the con-
figuration of the kinesin head where the microtubule and kinesin
head surfaces are within a given positional resolution but not in
collision. This configuration and the vector are used in order to
guide the creation of new samples at 5 A intervals along the vector.
We take one kinesin head sample towards the minus end of the
vector (into the microtubule), and four samples toward the plus end
of the vector (outside the microtubule). For each of these samples
we perform a random rotation of the kinesin head with respect to
its native bound position, for which the pitch (@), yaw (f), and roll
(y) angular values are all restricted to [-5°,5°]. The procedure is
repeated until 100,000 configurations have been generated. The po-
sitions of the center of mass of the resulting samples are illustrated
in Figure 5. It should be noted that retention of the configuration
along the vector toward the microtubule surface is not standard

in OBPRM, and may produce configurations in collision, which
have high energy. We chose to generate and retain these samples
because it is important to identify binding configurations, possibly
in tight proximity to the microtubule surface. Since each sample is
subsequently evaluated energetically, possible high-energy samples
can be easily identified and disregarded when low energy paths are
followed.

Figure 5: Illustration of OBPRM sampling of kinesin head.
Example configurations are samples along vectors as shown,
at 5 A intervals. Green dots: Position of the center of mass
of the kinesin head, which is treated as a rigid body. Blue
dots: Samples on the surface of the microtubule. Red dots:
Samples within the microtubule. The direction of the line
is chosen randomly. Rotations are randomly chosen within
[-5°,5°] for all three rotational degrees of freedom.

3.3 Energy calculations

Once all configurations of the kinesin head and the microtubule
have been generated, we compute the interaction energies between
the two molecules at each configuration. We use our in-house
software Molecular Docking Game (MDG) to move the kinesin head
to each configuration [1]. Both the kinesin head and microtubule
patch are kept rigid.

The interaction energy is given by the sum of the electrostatic
energy and the van der Waals energy, as represented by the non-
bonded energy terms in molecular dynamics force fields [6, 29].
The terms are computed for intermolecular interactions only.

The electrostatic energy between atom i in the kinesin head and
atom j in the microtubule, Ujj, is:
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where g;(;) is the charge of atom i(j), and r;; is the distance between
the atoms. The van der Waals interaction between atom i in the
kinesin head and atom j in the microtubule, Vj;, is:
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where the parameter ¢;; is the depth of the potential well, and o;;
is the distance at which the potential between the atoms vanishes.
The total energy for the system is:
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where the sum over i runs over all K atoms in the kinesin head,
and the sum over j is over all M atoms in the microtubule.

MDG uses the Amber94 [29] force field parameters to compute
energies. These energies are calculated for atoms out to a maximum
distance of 12 A. The electrostatic and van der Waals energies have
discontinuities at the 12 A cutoff, going to zero for intermolecular
atomic pairs whose distance is greater than 12 A.

3.4 Roadmap Connectivity

We construct a graph such that each node i is connected to all nodes
j whose distance between i and j is less than or equal to k = 5 A.
All edges are bidirectional. The edge weight W;; is defined as the
energy difference between the nodes:

Wij = Ej — E;. 4

The connected component of this roadmap includes the kinesin

bound state. To simulate how kinesin navigates the energy land-

scape on the microtubule by finding low energy paths to the bound

state, we use Dijkstra’s algorithm to find the lowest weighted path

to the known native state, where the initial and final states are
defined for each run.

4 RESULTS

We used OBPRM from the Parasol Motion Planning Library from
Texas A&M University to generate the 100,000 configurations in
parallel on a Dell PowerEdge R620 with an Intel Xeon E5-2670, 2.6
GHz processor. This machine has 24 nodes, 16 cores per node, 4GB
of RAM per core, and runs Scientific Linux OS.

Both the kinesin head and the microtubule are treated as rigid
bodies. The microtubule is held fixed, and the six degrees of freedom
of the center of mass of the kinesin head, three spatial and three
rotations, are stored for each configuration. For the points that are
not in collision, the node density is nearly 0.32 nodes/A3, which
results in an average shortest distance between nodes of about 0.9
A. In the connected roadmap there are 99,999 nodes and 6,375,848
total edges, with on average 127.5 edges per node.

MDG is used for the energy calculations. The 6-dimensional
degrees of freedom of the configurations, and the atomic positions
(PDB files) of all molecules are used as input. A supercomputer
cluster with 24 nodes, 16 cores per node, and 4GB of RAM per core
was used to compute the energies, to sample kinesin positions and
to connect nodes in the roadmap.

Timing results for sampling, energy, and connectivity calcula-
tions are shown in Table 1.

Table 1: Timing Results for Sampling, Energy, and Connec-
tivity Calculations.

Sampling  Energy  Connectivity

CPU-time (s) 3.191x10% 1.304x107  2.083x10°

By construction, some configurations are generated in collision
with the microtubule (Figure 6). The distribution of energies found
with the MDG that are lower than 2000 kcal/mol is shown in Fig-
ure 7. A few energy values, as high as 10?8 kcal/mol, were found;
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Figure 6: First 1000 configurations generated using the
methodology described in the text. Top: Two-dimensional
xz (top) view of the microtubule surface. The kinesin head
is sampled by moving its center of mass 5 A along lines
started at random positions on the microtubule. The tran-
sition from collision to non-collision states is identified by
the configuration energy value, as the points on a line move
from high energies (red) to low energies (blue). Bottom:
Same data shown in xy plane.

however these correspond to unphysical configurations in collision.
In Figure 8, we show the distribution of positive and negative en-
ergy values along the length of the microtubule patch. The periodic
peaks on the histograms are out of phase by about 7/2, showing
an increase in positive energies (possibly related to collision) when
there is a decrease in negative energies. Peaks in negative energies
occur at ~ 40 A intervals in the z axis, coinciding with the region
where the & and § tubulins are joined along a single protofilament.

This periodic effect for low energy regions is also seen in the
energy plot on the xz plane, Figure 9. Here we see a concentration
of low energy values (< —500 kcal/mol) at the intersection of & and
S tubulins along a protofilament.

We also observe that some low energy clusters are broader than
others. The clusters where binding positions exist (near -80, 0, and
80 A in the z axis) are narrower than clusters where binding of
kinesin to the microtubule does not occur (near z = -40 A and z =
40 A).

To understand how the low energy regions influence kinesin
stepping, we examined whether lowest weighted Dijkstra pathways
connecting random nodes choose to visit these regions. We analyzed
two lowest-weighted Dijkstra paths in this energy landscape. The
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Figure 7: Energy distribution histogram for kinesin and
microtubule system. Only energy values less than 2000
kcal/mol are shown, but a few high energy values (as high
as 108 kcal/mol) also appear for collisions. The bound state
energy is shown as the red diamond at Ej,,,; = —803.35
kcal/mol. The location of the peak at zero energy is due to
the large number of configurations for which all kinesin and
microtubule atoms are separated by a distance greater than
12 A.
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Figure 8: Histogram of positive (red) and negative (blue) en-
ergies along the microtubule axis. There are more negative
energy values overall, but peaks in negative energies corre-
spond to troughs in positive energy and vice-versa, with ~ 40
A spacing. High positive energy values are due to collisions
between the kinesin head and the microtubule.

first connects a random initial state with zero energy (the black
o in Figure 10) to the first microtubule bound state (positioned at
the black X in Figure 10). The second Dijkstra pathway starts from
this bound state and ends at a second bound state about 80 A away,
toward the minus z axis (the black < in Figure 10).

As shown in Figure 10, the Dijkstra pathway tends to stay along
a single protofilament and visits every low energy region on the
protofilament between the start and end states. The path takes the
kinesin head away from the microtubule surface in between these
regions when passing through a high energy barrier.

5 DISCUSSION AND CONCLUSIONS

We have shown that motion planning methods allied to a physics-
based model are successful in locating the low energy configura-
tions in the interaction energy landscape of two macromolecules.

-55 T T T T T T T T T -500

Figure 9: Low energy configurations on the microtubule sur-
face. Each point corresponds to the position of the center of
mass of the kinesin head. The black x atx = —13.33 A, z = 8.28
A corresponds to the position of the center of mass of the na-
tive bound state of the kinesin head. Note the periodic pat-
tern of the location of low energy valleys, at approximately
every 40 A along the protofilament.
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Figure 10: Two-dimensional yz (top) and xz (bottom) views
of two Dijkstra runs showing lowest-weighted paths from
x=-3831A,y=64.33 A, z = 88.44 A (shown as a black o), to
a kinesin-microtubule bound state at x = —13.33 A, y = 46.76
A, z = 8.28 A (shown as a black x), and from this bound state
(x) to a second bound state at x = —-13.33 A, y = 46.76 A,
z = —73.52 A (shown as a black <). At the initial point, the
kinesin head is far from the microtubule and the interac-
tion energy is zero. Note that both paths visit all low energy
regions along the same protofilament between the start and
goal (see Figure 9 for location of low energy basins).

These locations are associated with targets for protein-protein bind-
ing. Our simulations corroborate experimental evidence that a ki-
nesin head without nucleotides (ATP or ADP) has strong inter-
actions with binding sites on the microtubule [9]. These strong
interaction regions, the low energy basins, appear at the native
binding sites, but also exist in between binding sites, showing a



periodic pattern at approximately every 40 A along each protofil-
ament. Since the kinesin step is 8 nm in length, the appearance
of these low energy states in between step locations supports the
possibility of a substep. Such 4-nm substeps have been proposed
in models [13] but so far they have eluded experimental detection,
due to the need to observe fast time scales at high spatial resolu-
tion. However, more recent experiments have been approaching
this limit, and previously undetected states of the protein during
its walk have now been observed [14, 18]. Our lowest weighted
Dijkstra pathways demonstrated a low energy pathway along a
single protofilament. This reflects experimentally observed behav-
ior that finds progression along a single protofilament instead of
sidestepping [25]. In addition, all low energy regions along the
protofilament are visited, further indicating that these low energy
regions may indeed correspond to substeps. To investigate this
possibility, we plan to perform a kinetic analysis to compute life-
times of the kinesin head at the intermediate low energy regions,
with longer lifetimes suggestive of metastable substep positions.
The application of motion planning methods for the kinesin walk
may prove particularly important when considering that the micro-
tubule is in reality decorated with stabilizing proteins (such as tau
protein), and crowded with other molecular walkers. For these situ-
ations, motion planning will enable studies of how kinesin avoids
colliding with these obstacles and continues its walk by switching
to an adjacent protofilament.
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