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Kinesins are microtubule-based motor proteins that play important roles ranging from intracellular
transport to cell division. Human Kinesin-5 (Eg5) is essential for mitotic spindle assembly during cell
division. By combining molecular dynamics (MD) simulations with other multi-scale computational
approaches, we systematically studied the interaction between Eg5 and the microtubule. We find the
electrostatic feature on the motor domains of Eg5 provides attractive interactions to the microtubule.
Additionally, the folding and binding energy analysis reveals that the Eg5 motor domain performs its
functions best when in a weak acidic environment. Molecular dynamics analyses of hydrogen bonds
and salt bridges demonstrate that, on the binding interfaces of Eg5 and the tubulin heterodimer, salt
bridges play the most significant role in holding the complex. The salt bridge residues on the binding
interface of Eg5 are mostly positive, while salt bridge residues on the binding interface of tubulin hetero-
dimer are mostly negative. Such salt bridge residue distribution is consistent with electrostatic potential
calculations. In contrast, the interface between a and b-tubulins is dominated by hydrogen bonds rather
than salt bridges. Compared to the Eg5/a-tubulin interface, the Eg5/b-tubulin interface has a greater
number of salt bridges and higher occupancy for salt bridges. This asymmetric salt bridge distribution
may play a significant role in Eg50s directionality. The residues involved in hydrogen bonds and salt
bridges are identified in this work and may be helpful for anticancer drug design.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Kinesins are a superfamily of motor proteins that can be divided
into 14 different subfamilies (Kinesin-1 through Kinesin-14) and
an orphan group [1,2]. Kinesins utilize chemical energy from ATP
hydrolysis to interact with microtubules and generate movement
inside cells [1,3–5]. Kinesins play vital roles in various cellular pro-
cesses ranging from intracellular transport to cell division [1,3,6,7].

Kinesin-5 motors are responsible for the assembly and mainte-
nance of spindle bipolarity during cell division [8–12]. Kinesin-5
motors are homo-tetramers with four identical heavy chains
[13–15]. While human Kinesin-5 commonly exhibits plus-end-
directed motility, Kinesin-5 from fungi can exhibit minus-end-
directed motility [9,16–20]. The tetramer structure with two pairs
of motor domains at either end enables Kinesin-5 to interact with
microtubules and generate forces which push and hold spindle
poles apart [21,22]. In addition, it has been confirmed that
Kinesin-5 promotes microtubule polymerization [11,23].

Cryo-electron microscopy (cryo-EM) is an important tool which
can reveal the structural basis for kinesin motility on the micro-
tubule. Many biochemical studies have been carried out to deter-
mine different kinesin-tubulin complex structures and explore
the mechanisms of kinesin motility [22,24–27]. There are many
known kinesin or kinesin-microtubule (MT) complex structures
on the Protein Data Bank (PDB). Several experiments using compu-
tational approaches such as molecular dynamics (MD) simulations
and Monte Carlo analysis have been used to study the binding
mechanisms between kinesins and microtubules [28–31]. Studies
such as the one done by Scarabelli and Grant utilized MD simula-
tions combined with bioinformatics-guided mutations to show
the dynamic effects of nucleotide turnover and allosteric inhibition
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of the Kinesin-5 motor [32]. Grant et al. used atomistic Brownian
dynamics simulations combined with experimental mutagenesis
to elucidate a binding mechanism for kinesin-1 [28].

Even though many efforts have been undertaken to study
molecular motors [33,34], the mechanisms of kinesin motility on
microtubules are still not completely characterized. In addition
to in vivo and in vitro approaches, computational methods have
been widely used to study the functions of biomolecules [35–41].
In this work, we used a multi-scale computational approach that
combines DelPhi [42,43], DelPhiForce [44,45], DelPhiPKa [46,47]
and NAMD [48] to study the binding mechanism of Eg5 to the
microtubule. Electrostatic features indicate that the charge distri-
bution on the motor domain of Eg5 provides attractive interactions
to the microtubule. Firstly, the electrostatic potential on the bind-
ing surface of the Eg5 motor domain shows a predominantly pos-
itive potential while the interface on the tubulin heterodimer
shows a negative potential, suggesting the two proteins attract
each other. Secondly, the electrostatic forces between the Eg5
motor domain and tubulin heterodimer are attractive at various
distances. Moreover, the electric field lines between the two clearly
show that Eg5 has a strong attractive binding force toward the
tubulin heterodimer. Additionally, the pH effects on the binding
energy for the Eg5 motor domain interacting with tubulin hetero-
dimer and folding energy of Eg5 were analyzed using DelPhiPKa,
which has been widely used to study pH dependence of folding
and binding energies for biomolecules [35,49,50]. The dependence
on pH reveals that the Eg5 motor domain performs its functions
best when in a weak acidic environment (the optimal pH for the
folding energy is 6 while the optimal pH for the binding energy
is 4.5). Finally, the residues forming salt bridges and hydrogen
bonds were identified with MD simulations. These residues are
critical for the Eg5 motor domain to bind the microtubule. Know-
ing these specific residues may be helpful for anticancer drug
design in future work.
Fig. 1. Structure and electrostatic potential on the surface of the Eg5 motor domain.
Here, a tubulins, b tubulins, and the Eg5 motor domain are shown in blue, pink and
orange, respectively. Positively and negatively charged regions are colored in blue
and red, respectively. (A) Top view of the structure of Eg5. (B) Top view of the
electrostatic potential on the surface of Eg5. (C) Front view of the structure of Eg5.
(D) Front view of the electrostatic potential on the surface of Eg5. (E) Bottom view
of the structure of Eg5. (F) Bottom view of the electrostatic potential on the surface
of Eg5. (G) Front view of the structure of the tubulin heterodimer. (H) Front view of
the electrostatic potential on the surface of the tubulin heterodimer. (I) Top view of
the structure of the tubulin heterodimer. (J) Top view of the electrostatic potential
on the surface of the tubulin heterodimer. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
2. Methods

2.1. Structure preparation

The motor domain of Eg5 in complex with the microtubule
structure was obtained from the RCSB Protein Data Bank (PDB
ID: 6TA4 [22]), and is based on the 6.10 Å resolution cryo-EM
structure. In this structure, the motor domain of Eg5 was in the
adenylyl imidodiphosphate (AMP-PNP) state and bound to tubulin
proteins.

2.2. Electrostatic calculations

Two computational tools, DelPhi [42,43] and DelPhiForce
[44,45], were used to calculate the electrostatic potential and force
of the Eg5/microtubule complex. These two tools use the finite
difference method to solve the Poisson-Boltzmann equation
(PBE):

r
Z

rð Þr/ rð Þ
� �

¼ �4pq rð Þ þ
Z

rð Þj2 rð Þ sinh u rð Þ=kBTð Þ ð1Þ

where q(r) is the permanent charge density, e(r) is the dielectric
permittivity, T is temperature, j is the Debye-Huckel parameter
and kB is the Boltzmann constant.

The electrostatic potential of the Eg5 motor domain and tubulin
heterodimer was visualized by UCSF Chimera [51]. Positively and
negatively charged regions are colored in blue and red, respec-
tively. The color scale ranges from �1.0 to 1.0 kT/e (see Fig. 1).
To see the directions and strength of electric fields, DelPhiForce
was utilized to determine the electrostatic forces between the
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Eg5 motor domain and a,b-tubulin heterodimer. The Eg5 motor
domain and the tubulin heterodimer were separated from 14 Å
to 40 Å with the step size of 2 Å using StructureMan [52]. The elec-
trostatic forces and electric field lines between the motor domain
of Eg5 and the tubulin heterodimer were displayed using Visual
Molecular Dynamics (VMD) [53].

To simulate the Eg5 motor domain binding with a microtubule,
we modeled a piece of microtubule structure based on PDB entry
6B0I [54]. Such a microtubule contains 75 tubulin dimers with a
length of 400 Å. The Eg5 motor domain binding to the microtubule
was modeled using 6TA4 [22]. The electrostatic binding forces
between the Eg5 motor domain and the microtubule were calcu-
lated at a distance of 15 Å using DelPhiForce [44,45].4 Folding free
energy calculation
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DelPhiPKa [46,47] was used to calculate pKa values of the Eg5
motor domain and tubulin heterodimer. The pKa range was set
from 0 to 14 with an interval of 0.5. First, we calculated the net
charge of the unfolded state with the following equation:

Qu pHð Þ ¼
XN
i¼1

10�2:3yðiÞðpH�pKaðiÞÞ

1þ 10�2:3yðiÞðpH�pKaðiÞÞ ð2Þ

where Qu represents all titratable groups, y(i) is �1 for acidic
groups, and y(i) is + 1 for basic groups.

Then, the pH dependence of the folding free energy was calcu-
lated using the following equation:

DN pHf
� � ¼ 2:3RT

Z pHf

pHi

ðQf pHð Þ � QuðpHÞdðpHÞÞ ð3Þ

where Qu pHð Þ represents the total net charge of the unfolded state
(which is calculated in equation (2)), Qf pHð Þ represents the total net
charge of the folded state, R is the universal gas constant and T is the
temperature.

2.3. Binding free energy calculation

Based on the pKa values calculated by DelPhiPKa [46,47], the pH
dependence of the binding free energy of the Eg5 motor domain
and tubulin heterodimer was obtained by the following equation:

DN pHbð Þ ¼ 2:3RT
Z pHf

pHi

ðQt pHð Þ � Qn pHð Þ � Qr pHð ÞÞdðpHÞ ð4Þ

where DN pHbð Þ represents binding free energy, Qt pHð Þ, QnðpHÞ, and
QrðpHÞ are the net charges of the complex, the Eg5 motor domain,
and tubulin heterodimer, respectively, R is the universal gas con-
stant, and T is the temperature.

2.4. MD simulations

MD simulations were performed on Stampede2 at the Texas
Advanced Computing Center (https://www.tacc.utexas.edu). Three
60-ns simulations of the Eg5/microtubule complex were carried
out. The minimization was set to 20,000 steps, temperature to
300 K and pressure to follow Langevin dynamics. The coordinates
(x, y, z) of the full-system periodic electrostatics were fit to the grid
size (115, 86, 116). In each simulation, residues with any atom
within 15 Å from the binding interfaces were treated as interfacial
residues. All the interfacial residues were set free while non-
interfacial residues were constrained. Based on the Root Mean
Square Deviation (RMSD) plots (see Supplementary Fig. 1), the last
20 ns (from 8000 frame to 12,000 frames) of the simulations were
selected for analysis because the simulations in the last 20 ns were
more stable than that in the first 40 ns. The simulations were visu-
alized by VMD [53] (see Supplementary Movies 1–3).

To further explore the interactions between the Eg5 motor
domain and the tubulin heterodimer, the hydrogen bonds and salt
bridges between the two were analyzed. The threshold for hydro-
gen bonds was 3.2 Å while the threshold for salt bridges was 4 Å.
The last 20 ns in each of the three simulations were selected and
analyzed to identify the salt bridges and hydrogen bonds. In the
analysis, these salt bridges and hydrogen bonds which were rarely
formed (<10 % occupancy) in the whole simulations were ignored.

To expand the scope of our work, we introduced mutations on
the loop 5 (L5) of Kinesin-5. Previous work has shown this element
is critical to the functioning of the human Kinesin-5 motor domain
[55]. Work done by Dr. Rosenfeld and his group investigated muta-
tion sites on loop L5 of Eg5 [56]. To confirm the importance of the
mutations on L5, four 10 ns simulations were performed. These
involved wild-type, P131A, P121A, and P131A + P121A versions
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of Eg5. To focus on the flexibility of L5, a 10 ns simulation was per-
formed on each structure. In each simulation, all the residues of
Eg5 were constrained except for those in L5 (amino acids 117–
134). The RMSFs were calculated based on the simulations.
3. Results and discussions

We investigated the electrostatic features of the Eg5 motor
domain and tubulin heterodimer. Furthermore, the pH-
dependent binding and folding energies of the Eg5-tubulin hetero-
dimer complexes and their components were analyzed. Finally, the
hydrogen bonds and salt bridges in each complex were investi-
gated using MD simulations. We identified the residues involved
in the hydrogen bonds and salt bridges between Eg5 and the ab-
tubulin complexes.

3.1. Electrostatic potential on surfaces

DelPhi [42,43] was utilized to study the electrostatic features of
the Eg5 motor domain and ab -tubulin heterodimer. Fig. 1 shows
the electrostatic potential of the Eg5 motor domain and the tubulin
heterodimer. The positively and negatively charged regions are col-
ored in blue and red, respectively. The color scale is from �1 kT/e
to 1 kT/e. A bottom view of the motor domain (see Fig. 1E and 1F)
shows the interfacial residues that contact the tubulin heterodi-
mer, which is primarily positively charged. Fig. 1J shows the nega-
tive electrostatic potential of the tubulin heterodimer binding
interface. Together, these figures imply the motor domain of Eg5
is attracted to the tubulin heterodimer because the two interfaces
have opposite net charges. Electrostatic potential of the Eg5 motor
domain and the ab -tubulin heterodimer indicate that the electro-
static binding forces between them may enhance the stabilities of
the complexes.

3.2. Electric field lines

The original structure of Eg5 binding to the tubulin heterodimer
was determined by electron microscopy [22]. To better visualize
interactions between the components, we separated Eg5 from
the tubulin heterodimer by 20 Å (Fig. 2A). The electric field lines
between the Eg5 motor domain and tubulin heterodimer were cal-
culated to investigate their electrostatic interactions (Fig. 2B). As
shown in Fig. 2B, the interface of the Eg5 motor domain was sepa-
rated from the tubulin heterodimer by 20 Å to visualize the electric
field lines. Densities of field lines indicate the strengths of electro-
static interactions. The electric field line distributions clearly show
that the Eg5 motor domain has strong, attractive binding forces to
the tubulin heterodimer with dense field lines representing the
strongest interactions. Such attractive binding forces are confirmed
by a later section discussing electrostatic forces.

3.3. Electrostatic forces

The electrostatic forces between the Eg5 motor domain and the
tubulin heterodimer were quantified by DelPhiForce [44,45] at dis-
tances ranging from 14 Å to 40 Å with a step size of 2 Å. Then the
electrostatic forces between the Eg5 motor domain and the tubulin
heterodimer were calculated at each position by implementing
DelPhiForce [44,45]. The blue arrows in Fig. 3 demonstrate the
directions of net forces between the Eg5 motor domain and the
tubulin heterodimer. Note that the blue arrows in Fig. 3A only rep-
resent the directions of the forces. The blue arrows are normalized
to the same size for better visualization. Fig. 3A reveals that the net
forces are attractive between the Eg5 motor domain and tubulin
heterodimer. To analyze the system in more detail, the electro-

https://www.tacc.utexas.edu


Fig. 2. Structures of Eg5 and the tubulin heterodimer with the electric field lines. (A) Structures of Eg5 and tubulin at a 20 Å distance. The Eg5 motor domain is shown in
orange, and a and b-tubulin are shown in blue and pink, respectively. (B) Electric field lines between the Eg5 motor domain and tubulin heterodimer. They are positioned the
same as in figure (A). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Electrostatic forces on the Eg5 motor domain and tubulin heterodimer at distances from 14 Å to 40 Å. a-tubulin and b-tubulin are shown in blue and pink, respectively
(A) Net direction of the electrostatic force on the Eg5 motor domain (orange) with tubulin heterodimer at distances from 14 Å to 40 Å with a step size of 2 Å. (B) Electrostatic
forces between the Eg5 motor domain (orange) and tubulin heterodimer at 20 Å. (C) A close-up view of (B). The blue arrows show the net force, while the red arrows
represent forces on individual residues of the Eg5 motor domain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. The net electrostatic forces between the Eg5 motor domain and tubulin
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static forces on individual residues in the Eg5 motor domain at
20 Å are shown in Fig. 3B, where the blue arrow displays the net
force between the Eg5 motor domain and tubulin heterodimer,
and the red arrows represent forces on individual residues. The
directions of the red arrows indicate the directions of the binding
forces on residues. The sizes of the red arrows indicate the magni-
tudes of the forces on the residues.

Besides the directions shown in Fig. 3A, the magnitudes of the
net forces at different distances are presented in Fig. 4. As shown
in the figure, the attractive force decreases when the distance
between the motor domain and tubulin heterodimer is increased,
which is expected due to Coulomb’s law.

In addition to the three-protein system, we calculated the elec-
trostatic forces between the Eg5 motor domain and the large-scale
microtubule at 15 Å to study their interaction in a more physiolog-
ically relevant setup. The microtubule structure consisted of 75 a/b
tubulin dimers. The total net force was shown in Fig. 5B with a blue
arrow, which demonstrates the direction of net force. The arrow
reveals the net force is mainly a sliding force between the Eg5
motor domain and the microtubule when the distance is 15 Å. This
heterodimer at distances from 14 Å to 40 Å with a step size of 2 Å.

4308



Fig. 5. The electrostatic forces between the Eg5 motor domain and microtubule at a 15 Å distance. (A) Electrostatic force of the Eg5 motor domain (orange) with microtubule
at a 15 Å distance. (B) A close-up view of (A). The blue arrows show the net force, while the red arrows display forces on individual residues of the Eg5 motor domain. The side
chains of the top five individual forces are highlighted in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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is reasonable because when the kinesin motor is detached from the
microtubule, the trailing motor needs to be moved to be the head-
ing motor. Such a sliding force helps the linker domain of kinesin to
move the kinesin away from the binding pocket. The electrostatic
forces on individual residues on the Eg5 motor domain are shown
in Fig. 5B with red arrows. The sizes of the red arrows indicate the
magnitudes of the forces on individual residues, while the direc-
tion represents the way of the forces on the residues on the Eg5
motor domain. The side chains of the five strongest individual
forces are highlighted in green in Fig. 5B. Interestingly, three out
of the five largest individual forces are GLU with negative charges.
The positive HIS308 and ARG283 residues provide significant
attractive forces for Eg5 to bind with tubulins. This is consistent
with our electrostatic potential analysis. Because the interface of
tubulin dimer is mainly negatively charged, as shown in Fig. 1.
3.4. Folding energies

In the protein complex, the folding energies generally depend
on pH. We calculated the net charges of the Eg5 motor domain
with the DelPhiPKa web server [46,47]. The pH range was set from
0.0 to 14.0 with an interval of 0.5. The method used in this work
involves calculating relative folding energies to investigate the
folding energy pH dependence. The absolute folding energies are
not calculated in this work. Such relative folding energy at pH 0
Fig. 6. The pH-dependence of the folding energy of the Eg5 motor domain. The pH
range was set from 0.0 to 14.0 with an interval of 0.5.
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is set as the reference, which is 0 kcal/mol. Fig. 6 shows the calcu-
lated folding energies of the Eg5 motor domain at different pH val-
ues. The curve of folding energy indicates that the optimum pH
value for the motor domain is pH 6. Thus, the pH dependence of
the folding free energy demonstrates that the Eg5 motor domain
maintains its structure best when in a weakly acidic environment.

3.5. Binding energies

For different complexes, pKa shifts can be used to indicate the
electrostatic contribution to the binding energies [57]. We calcu-
lated pKa using the DelPhiPKa web server [46,47]. For the Eg5/-
tubulin complex, we ran one pKa calculation. For the motor
domain and tubulin heterodimer, we performed two calculations.
The pH ranges were set from 0.0 to 14.0 with an interval of 0.5. Like
for the folding energy, we calculated the relative binding energies
rather than absolute energies. The binding energy at pH 0 is set as
the reference, which is 0 kcal/mol. The pH-optimum is defined as
the pH at which the complex structure yields the most robust
binding interactions. As shown in Fig. 7, the binding energy curve
shows the strongest binding free energy at pH 4.5, which is the
optimum pH for the binding of Eg5 and tubulin heterodimer. Com-
bining the pH dependences of Eg5 folding energies and the Eg5:
tubulin heterodimer binding energies reveals that the complex
structure is most stable in the acidic environment.

3.6. Hydrogen bonds

Hydrogen bonds among three complexes (a-tubulin/b-tubulin,
Eg5/a-tubulin, Eg5/b tubulin) were analyzed based on the last
20 ns of MD simulations (see Fig. 8). The average number of hydro-
gen bonds are shown graphically with red lines in Fig. 8 and
numerically in Table 1. By comparing average numbers of hydro-
gen bonds in the simulations of the three complexes (a: b tubulins,
Eg5: a tubulin, Eg5: b tubulin), We found among the three com-
plexes that the difference in the number of average hydrogen
bonds between Eg5 and a tubulin was greatest. The average num-
ber ranges from 4.89 to 8.30. In the three simulations for the tubu-
lin heterodimer, the difference of average hydrogen bonds number
is only 1.5. This is likely because the a/b tubulin heterodimer is
stable; but the binding interactions between Eg5 and a/b tubulin
heterodimer are not permanent. The Eg5 need to be bound to
and detached from the a/b tubulins periodically during the step-
ping process. Therefore, the hydrogen bonds between a and b



Fig. 7. The pH-dependence of the binding energy between the Eg5 motor domain
and tubulin heterodimer. The pH range was set from 0.0 to 14.0 with an interval
size of 0.5.

Fig. 8. Hydrogen bonds at the interfaces of the Eg5 motor domain and tubulin heterod
Number of hydrogen bonds between a tubulin and b tubulin. (B) (E) (H) Number of hy
hydrogen bonds between the Eg5 motor domain and b tubulin. (For interpretation of the
this article.)
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tubulins are more stable. In the three complexes, the difference
between the average number of hydrogen bonds between Eg5
and a tubulin is the largest, indicating that Eg5 and a tubulin
may have the most flexible interfaces.

To analyze the average occupancies of hydrogen bonds formed
in the three simulations for the Eg5/tubulin heterodimer complex,
the three simulations were combined to calculate the occupancies
for the hydrogen bonds. Occupancies of hydrogen bonds above
30 % are shown in Fig. 9. The hydrogen bonds with occupancies
above 10 % are listed in the Supplementary Information
(Table S1). We found that the total number of hydrogen bonds
formed at the binding interface of Eg5/a-tubulin is similar to the
number at the binding interface of Eg5/b-tubulin (see Supplemen-
tary Information Table S1). The total number of hydrogen bonds at
the binding interface of a-tubulin/b-tubulin is the smallest—about
half that of Eg5/a-tubulin or Eg5/b-tubulin. However, when the
cutoff value was set at 30 %, as shown in Fig. 9, a-tubulin/b-
tubulin was found to have more hydrogen bonds at the binding
interface than the other two complexes. This observation shows
the interaction between a and b-tubulins is more stable than the
interaction between Eg5 and the tubulin heterodimer because high
occupancy hydrogen bonds indicate strong binding interactions.
High occupancy hydrogen bonds between Eg5 and a or b tubulin
are crucial for exploring the binding mechanism of Eg5 with micro-
tubules. Hydrogen bonds with high occupancy between the Eg5
motor domain and a tubulin include GLU344 (Eg5) – SER419 (a-
tubulin) and ARG274 (Eg5) - GLU414 (a-tubulin). For Eg5/b-
imer. The average number of hydrogen bonds is shown with red lines. (A) (D) (G)
drogen bonds between the Eg5 motor domain and a tubulin. (C) (F) (I) Number of
references to color in this figure legend, the reader is referred to the web version of



Table 1
Average numbers of hydrogen bonds.

Simulation a and b tubulin Eg5 and a tubulin Eg5 and b tubulin

1 5.10 4.89 6.41
2 6.60 8.30 7.63
3 5.28 5.88 8.16

Fig. 9. Occupancies of hydrogen bonds above 30% at interfaces among three
complexes (a-tubulin/b-tubulin, Eg5/a-tubulin, Eg5/b tubulin). (A) The occupancies
of hydrogen bonds between a-tubulin and b-tubulin (left residue from a tubulin).
(B) The occupancies of hydrogen bonds between the interface of the Eg5 motor
domain and a-tubulin (left residue from the Eg5 motor domain). (C) The
occupancies of hydrogen bonds between the interface of the Eg5 motor domain
and b tubulin (left residue from the Eg5 motor domain).

Fig. 10. The distribution of hydrogen bond residues colored by occupancy. (A) (B)
The distribution of hydrogen bond residues between a-tubulin and b-tubulin.
Figure (A) is a-tubulin while figure (B) is b-tubulin. (C) (D) The distribution of
hydrogen bond residues between Eg5 and a-tubulin. Figure (C) is a-tubulin while
figure (D) is Eg5. (E) (F) The distribution of hydrogen bond residues between Eg5
and b-tubulin. Figure (E) is b-tubulin while figure (F) is Eg5.
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tubulin two such bonds are GLU166 (Eg5) - ARG156 (b-tubulin)
and ARG312 (Eg5) - ASP417 (b-tubulin).

We calculated the occupancies of residues forming hydrogen
bonds during the three simulations as well. Fig. 10 shows the dis-
tribution and occupancies of residues that form hydrogen bonds on
the interfaces of the Eg5 motor domain, a-tubulin, and b-tubulin.
Residues with high occupancies that likely contribute significantly
to the binding interactions are marked in deep colors. As shown in
the Fig. 10, all the high occupancy residues are on the binding
interfaces.

At the binding interface of a-tubulin/b-tubulin, the hydrogen
bonds with occupancies over 66 % on a tubulin are GLU220,
ARG221, and GLN15. Residues with occupancy greater than 66 %
for b tubulin are SER322, LYS324, MET321 and GLN245. Between
Eg5 and a-tubulin, the residues for a-tubulin are GLU414,
SER419, and GLU423 while for Eg5 these are GLU344 and
ARG274. Lastly, between Eg5 and b-tubulin the residues are
GLU194, GLU410, GLU421 and ASP417 for b-tubulin while they
are ARG181 and ARG312 for Eg5.

The residues which have crucial roles in forming hydrogen
bonds and may significantly contribute to binding interactions
are mostly distributed on the binding interfaces. Except for neutral
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residues, most of the hydrogen bond residues on the Eg5 interface
are positively charged, while most hydrogen bond residues on the
a-tubulin and b-tubulin interfaces are negatively charged. This is
consistent with our previous analysis of the electrostatic potential
on the interface of the Eg5 motor domain and tubulin heterodimer.
The Eg5 interfacial residues are mainly positively charged, while
the tubulin heterodimer binding interface shows many negatively
charged residues. Thus, the Eg5 motor domain attracts the tubulin
heterodimer due to opposite net charges.
3.7. Salt bridges

In order to analyze the average occupancies of salt bridges
formed in the three simulations for the Eg5/heterodimer complex,
the three simulations were combined to calculate the occupancies
of the salt bridges. Occupancies of salt bridges above 30 % are
shown in Fig. 11. The salt bridges with occupancies above 10 %
are listed in the Supplementary Information (Table S2). Only two
salt bridges were identified at the interface between a-tubulin
and b-tubulin, while five salt bridges were identified at the inter-
face between the Eg5 motor domain and a-tubulin. The binding
interface of Eg5/b-tubulin was found to have the highest number
of salt bridges with 11 pairs. Salt bridges with the maximum occu-
pancy (86.68 %) were also found to be at the binding interface of
Eg5/b-tubulin. In addition, the Eg5/b tubulin interface has four high
occupancy salt bridges (occupancies greater than 50 %). In the
other two complexes, the occupancies of all salt bridges are less
than 50 %. These results indicate that the interaction of Eg5/b-
tubulin is likely the strongest.

Very few salt bridges were found at the interface of a-tubulin/b-
tubulin. Combined with the hydrogen bonds analysis, these facts
demonstrate that the key interactions between a and b tubulins
are the hydrogen bonds on the interface. On the Eg5/heterodimer



Fig. 11. Occupancies of salt bridges above 30% at interfaces among three complexes
(a-tubulin/b-tubulin, Eg5/a-tubulin, Eg5/b tubulin). (A) The occupancies of salt
bridges between a-tubulin and b-tubulin (left residue from a-tubulin). (B) The
occupancies of salt bridges between the Eg5 motor domain and a-tubulin (left
residue from Eg5). (C) The occupancies of salt bridges between the interface of the
Eg5 motor domain and b-tubulin (left residue from Eg5).

Fig. 12. The top three salt bridges at interfaces among the Eg5 motor domain, a-
tubulin, and b-tubulin (shown in orange, blue, and pink, respectively). (A) The salt
bridges between a-tubulin and b-tubulin. (B) A close-up view of (A). (C) The top
three salt bridges between Eg5 and a-tubulin. (D) A close-up view of (C). (E) The top
three salt bridges between Eg5 and b-tubulin. (F) A close-up view of (E). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

W. Guo, S. Sun, J.E. Sanchez et al. Computational and Structural Biotechnology Journal 20 (2022) 4305–4314
interface, more salt bridges are observed. This indicates that the
electrostatic interactions are the key factor for Eg5/microtubule
interactions. The interactions of Eg5/a-tubulin and Eg5/b-tubulin
are not symmetric. The salt bridge number for Eg5/b-tubulin is
much higher than that of Eg5/a-tubulin. Furthermore, the occu-
pancies of the salt bridges from Eg5/b tubulin are also higher than
that of Eg5/a tubulin. Such asymmetric salt bridge distributions
may contribute to the unidirectional motility of Eg5 moving along
the microtubule. b-tubulin forms more salt bridges; therefore, it
may provide stronger attractive forces to guide Eg5 towards the
microtubule plus end.

The top three salt bridges between each two of the monomers
in the two-protein complexes are shown in Fig. 12. There are only
two salt bridges between a-tubulin and b-tubulin, as shown in
Fig. 12A and 12B. From the data, these high occupancy salt bridges
are essential to study the binding mechanisms between Eg5 and
the microtubule.

The distributions and occupancies of residues involved in salt
bridges on the interfaces of the Eg5 motor domain, a-tubulin,
and b-tubulin, are shown in Fig. 13. Darker colors show higher
occupancies.

GLU411 (a-tubulin), GLU71 (a-tubulin), ARG251 (b-tubulin),
and LYS252 (b-tubulin) are pivotal for forming salt bridges
between a and b-tubulins. Residues that are involved in forming
salt bridges at the interface of Eg5/a-tubulin include GLU414,
GLU423, GLU417, GLU411 and LYS112 from a-tubulin, and
ARG274, ASP279, LYS64 and ARG283 from Eg5. Except for
LYS112, residues on the interface of a-tubulin, are all glutamates
and negatively charged. On the Eg5 interface, most salt bridge resi-
dues positively charged—except ASP279. The residues GLU194,
GLU410, GLU421, GLU407, ARG156 and ASP404 on b-tubulin, and
ARG181, LYS315, LYS197, GLU166, ARG312, ARG297 and ARG318
on Eg5, play a vital role in forming salt bridges between the two
proteins. Most of the residues on b-tubulin are negatively charged
(except ARG156), while most of the residues on Eg5 are positively
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charged (except GLU166). This fact is in line with the results of the
electrostatic potential analysis. Altogether, these salt bridges fur-
ther explain how the Eg5 motor domain might be attracted to
the tubulin heterodimer.

3.8. Explain previous experimental results

There are many experimental studies investigating the muta-
tion sites on human Kinesin-5. We have conducted several compu-
tational analyses and compared the results with the experimental
findings, which corroborate the mechanisms of previous studies.
As discussed in the introduction, work done by Dr. Rosenfeld’s
group investigated the mutation sites on loop L5 of Eg5 [56]. The
loop 5 (L5) element is critical to the functioning of the human
Kinesin-5 motor domain. To study the importance of mutations
on L5, four 10 ns simulations were performed on Kinesin-5 variants
(wild type, P131A, P121A, P131A + P121A). In each simulation, all
the residues of Eg5 were constrained except for the L5 (residues
117 to 134). The RMSFs were calculated based on the simulations.
The results show that the mutation P131A reduces the flexibility of
L5 significantly (see Supplementary Fig. S2), which may weaken
the function of L5. This is consistent with the experimental results
[56].

Another paper from Dr. Kapoor’s group investigated two muta-
tion sites located on b-tubulin which alter dynamic instability at
the microtubule plus and minus-ends [58]. The two residues:
ASP 417 and ARG 262, which were studied in this article, are all
located on the interfacial surface in contact with the Eg5 motor
domain. Our study found that residue ASP 417 forms hydrogen
bonds with three residues: ARG312, TYR311, GLU313. The



Fig. 13. The distribution of residues involved in salt bridges are colored by
occupancy (A) (B) The distribution of salt bridge residues between a-tubulin and b-
tubulin. Figure (A) is a-tubulin while figure (B) is b-tubulin. (C) (D) The distribution
of salt bridge residues between Eg5 and a-tubulin. Figure (C) is a-tubulin while
figure (D) is Eg5. (E) (F) The distribution of salt bridge residues between Eg5 and b-
tubulin. Figure (E) is b-tubulin while figure (F) is Eg5.
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corresponding occupancies of the three hydrogen bonds are
53.34 %, 11.78 %, and 11.71 %, respectively. These data reveal that
ASP417 plays a significant role of stabilizing the complex structure
by forming hydrogen bonds (shown in Supplementary Fig. S3). ARG
262 forms a weak salt bridge with GLU313 with an occupancy of
2.23 %. In addition, several studies have probed mutated residues
which confer resistance to Eg5-targeting drugs [59]. Dr. Dimitrios
A. Skoufias and his group found that the expression of Eg5 single
point mutants R119A, D130A, L132A, I136A, L214A, and E215A
provided significant resistance to monastrol. The mutants involved
in their study are drug-related amino acids, which are located at
the ATP binding site. The mutation sites will be studied in our
future work.
4. Conclusions

Electrostatic interactions between Eg5 and the microtubule
were investigated using a comprehensive approach. The motor
domain of Eg5 shows predominantly positive potential at the bind-
ing interface to attract the tubulin heterodimer which has negative
potential on the binding interface. Electric field lines and electro-
static binding forces are provided, which demonstrate attractive
forces between Eg5 and the tubulin heterodimer. For the folding
energy of Eg5, the optimal pH value is found to be 6. The binding
energy dependence on pH shows that the optimal pH value is
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4.5. Together, these values mean that Eg5 is most stable and per-
forms its function best when in an acidic environment.

Furthermore, residues forming salt bridges and hydrogen bonds
are identified by MD simulations. In the three complexes (Eg5/a-
tubulin, Eg5/b-tubulin, a-tubulin/b-tubulin), we find that Eg5/b-
tubulin has the largest average number and highest occupancies
of salt bridges, which indicates an asymmetric binding mechanism
whereby Eg5 moves along the microtubule. Compared with hydro-
gen bonds, salt bridges play a more critical role in the Eg5/micro-
tubule interaction. In contrast, the key forces between a and b-
tubulins are the hydrogen bonds on the interface of the two
proteins.

Between Eg5 and a-tubulin, most salt bridges involved GLU
residues on a-tubulin. This contrasts with the salt-bridge-
involved residues on Eg5 which were mostly positively charged.
For Eg5 and b-tubulin, most of the residues on b-tubulin are nega-
tively charged while most of the residues on Eg5 are positively
charged. These findings are consistent with the electrostatic poten-
tial results, which show the residues on the interface of Eg5 are
mainly positively charged while those on the heterodimer binding
interface are predominantly negatively charged. These residues are
critical for Eg50s motility and binding to the microtubule. Further-
more, knowing how these residues function may help guide Eg5-
focused anticancer drug design. We also conducted several calcula-
tions and compared the results with previous experimental stud-
ies, which revealed some mechanisms of Eg5 binding with
microtubule. It also demonstrates that the combination of compu-
tational and experimental works is a promising direction to dis-
cover the fundamental mechanisms for biology problems.
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