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Abstract

Kinetochores are multi‐protein assemblies present at the centromere of the

human chromosome and play a crucial role in cellular mitosis. The CENP‐T
and CENP‐W chains form a heterodimer, which is an integral part of the inner

kinetochore, interacting with the linker DNA on one side and the outer

kinetochore on the other. Additionally, the CENP‐T‐W dimer interacts with

other regulatory proteins involved in forming inner kinetochores. The specific

roles of different amino acids in the CENP‐W at the protein‐protein interaction

(PPI) interface during the CENP‐T‐W dimer formation remain incom-

pletely understood. Since cell division goes awry in diseases like cancer, this

CENP‐T‐W partnership is a potential target for new drugs that could restore

healthy cell division. We employed molecular docking, binding free energy

calculations, and molecular dynamics (MD) simulations to investigate the

disruptive effects of amino acids substitutions in the CENP‐W chain on

CENP‐T‐W dimer formation. By conducting a molecular docking study and

analysing hydrogen bonding interactions, we identified key residues in

CENP‐W (ASN‐46, ARG‐53, LEU‐83, SER‐86, ARG‐87, and GLY‐88) for

further investigation. Through site‐directed mutagenesis and subsequent binding

free energy calculations, we refined the selection of mutant. We chose four

mutants (N46K, R53K, L83K, and R87E) of CENP‐W to assess their comparative

potential in forming CENP‐T‐W dimer. Our analysis from 250 ns long revealed

that the substitution of LEU83 and ARG53 residues in CENP‐W with the LYS

significantly disrupts the formation of CENP‐T‐W dimer. In conclusion, LEU83

and ARG53 play a critical role in CENP‐T and CENP‐W dimerization which is

ultimately required for cellular mitosis. Our findings not only deepen our

understanding of cell division but also hint at exciting drug‐target possibilities.
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1 | INTRODUCTION

Kinetochores, massive proteinaceous scaffolds, assemble
on centromeric chromatin and accurately attached to
spindle microtubules, facilitating the separation of sister
chromatids during mitosis. Comprising around 30 core
subunits, kinetochores possess the capability to recruit
additional regulatory proteins. The inner kinetochore
primarily encompasses the constitutive centromere‐
associated network (CCAN), a complex formed by 16
subunits, which orchestrates the recruitment of outer
kinetochore components to centromeric DNA. This
creates robust interface capable of withstanding spindle
forces.1 All members of the CCAN are collectively known
as centromere proteins (CENPs). The inner kinetochore
CCAN complex is comprises proteins like CENP‐T/W/X/
S, CENP‐H/K/I/M, CENP‐C, CENP‐N/L, CENP‐O/P/
Q/U, and CENP‐R. The CENP‐T/W/S/X complex, a
heterotetramer, directly engages with both the centro-
meric chromatin nucleosome and the outer kinetochore
protein complex. CENP‐T consists of 561aa and contains
five α helical structures with a molecular weight of
60,423 Dalton. CENP‐W consists of 88aa and contains
three α helical structures with a molecular weight of
10,061 Dalton.2,3 The C‐terminal of the CENP‐T interacts
with the histone fold domain of the DNA, while the
elongated N‐terminal interacts with the external kineto-
chore components.4,5 CENP‐T forms a direct binding
with CENP‐W, another member of the CENP‐T/W/X/S
complex.6 The CENP‐T‐W heterodimer is pivotal for
kinetochore localization in human cells.3 CENP‐S and
CENP‐X, being smaller proteins, combine with CENP‐T/
W to form a complex. CENP‐S/X is not vital for CENP‐T
recruitment to kinetochores; however, it appears that the
CENP‐T/W/S/X complex forms a nucleosome‐like struc-
ture at centromeres.3 Specifically, only CENP–T or
CENP–W possesses DNA‐binding regions, which are
absent in CENP–S or CENP–X.7 Recently, Yatskevich
et al.8 reported the cryo‐EM structure of the human
CCAN complex bound to CENP‐A reconstituted onto
α‐satellite DNA. The CENP‐T/W/S/X histone‐fold en-
hances DNA binding and partially wraps the linker DNA
segment of the α‐satellite (Figure 1). The study was
focused on the interaction of the CENP‐T/W/S/X
complex with the DNA. The CENP‐W/T complex
assembles at centromeres during the late S of the cell
cycle and is indispensable for cellular mitosis.9 The
CENP‐S/X hetero‐dimer is not mandatory for mitosis but
contributes to kinetochore stabilization.10 Depletion of
CENP‐W results in substantial mitotic delay, disorga-
nized pro‐metaphases, and the generation of multipolar
spindles in‐vitro.11 Notably, CENP‐T/‐W is not inherited
at centromeres; instead, new deposition (during the

S phase) is needed in each cell cycle for kinetochore
function.9 In earlier research, it was demonstrated that
the C‐terminal histone fold domains (HFDs) of the
CENP‐T and CENP‐W mediate the formation of CENP‐
T‐W heterodimer. HFDs are capable of establishing
stable protein–protein interactions.6 In previous studies,
the impact of amino acid substitutions in the DNA‐
binding domain of CENP‐T and CENP‐W on the
localization of the CENP‐T/W complex to the kineto-
chore has been demonstrated.3 Information about the
essential amino acid residues responsible for the forma-
tion of CENP‐T and CENP‐W interaction‐mediated
heterodimer formation is still lacking.

Protein–protein interactions (PPIs) are crucial for
executing essential biological process. Employing
structure‐based site‐directed mutagenesis offers a sus-
tainable approach for comprehending and modifying
specific aspects of protein function.12–14 The knowledge‐
based substitution of amino acid residue(s) in a target
protein of the PPI complex may alter the binding affinity
and stability. Investigating correlation between amino
acid substitution and its impact on protein‐protein
interaction and stability provides furnishes vital insight
into the crucial amino acid residues implicated in
complex formation. Nonetheless, experimental tech-
niques to study these critical amino acid residues within
PPI are often resource‐intensive and time‐consuming.
Advances in computer‐based tools and software present
an effective solution to this challenge.15 In this study, our
objective is to identify the fundamental amino acid
residues involved in the interactions between CENP‐T
and CENP‐W by introducing mutations in the CENP‐W
chain (Figure 2). The knowledge garnered about key
amino acid residues within CENP‐T/W heterodimer has
potential to illuminate the intricate functional role of the
dimer in the human cell cycle. Moreover, insights into
protein‐protein interaction could guide the design and
identification of small molecule or peptide inhibitors
targeting the formation of the CENP‐T/W heterodimer,
opening up avenues for therapeutic intervention.

2 | METHODOLOGY

2.1 | Protein retrieval and preparation

The 3D structure of receptor molecule was selected from
Protein Data Bank (PDB) to retrieve structure of the
chosen receptor proteins, CENP‐T and CENP‐W, bound
with the human CCAN complex (PDB ID: 7R5S).8

Subsequently, the structure was manually curated in
Pymol by adding hydrogen and removing the water
molecules and other chains.16
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2.2 | Protein‐protein docking

Cluspro, was employed to analyze protein complexes
3D structures. Utilizing a combination of rigid body
docking and conformational sampling algorithms, it
explores potential binding orientations between two
protein structures.17 For protein‐protein interactions
analysis, The CENP‐T chain served as receptor, while
CENP‐W acted as the ligand, enabling the identifica-
tion of pivotal amino acids involved in the interaction.

2.3 | Selection of protein‐protein
interaction site

Initially, PyMol was utilized to visualize the interac-
tion sites in CENP‐T‐W complex. The selection of the

probable protein‐protein interaction site for further
investigation was guided by following criteria:

1. The site comprising higher number of amino acid
residues involved in CENP‐T‐W complex formation.

2. The region involved in the CENP‐T‐W‐DNA interac-
tions was excluded from the study.

2.4 | Site directed mutagenesis in
CENP‐W

The approach to mutagenesis was based on the
protocol for site‐directed mutagenesis.18 The name of
the amino acids considered for the mutagenesis and
the respective substituent amino acid with their
properties are summarized in Table 1. Mutagenesis in

FIGURE 1 Representation of the human Chromosome, Centromere, Kinetochore Assembly, and CENP complex. (A) CCAN complex
architecture (PDB ID:7R5S) (B) Separate visualization of the CENP‐TW region of the CCAN complex (C) Cartoon structure representation of
chromosome, centromere, and kinetochore assembly. (D) The 3D structure of human CENP‐T‐W‐S‐X complex with linker DNA segment
(PDB ID: 7R5S) and (E) The 3D structure of CENP‐T‐W dimer (PDB ID:7R5S).8
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CENP‐W protein was incorporated by utilizing PyMOL
Mutagenesis Wizard.16 Using PyMol, residues within
4 Å radius were identified, and specific amino acids
within site 3 of CENP‐W were chosen, as depicted in
Figure 3A. The hydrogen bond interaction distance
between chain‐T and chain‐W was measured employ-
ing Ligplot+ v.2.2.5.

2.5 | Molecular dynamics (MD)
simulations

MD simulations were performed on both the wild‐
type (WT) and mutated CENP‐T‐W protein‐protein

complexes with the OPLS4 force field.19 Each complex
underwent a 250‐ns MD simulation using Desmond
(Schrödinger Release 2023‐2: Desmond Molecular
Dynamics System, D. E. Shaw Research, New York,
NY, USA, 2021).20 These simulations played a crucial
role in refining the CENP‐T‐W protein‐protein com-
plex. The simulation systems were prepared using the
System Builder tool, with explicit solvation modeled
using single point charge (SPC) water.21 To maintain
the system's electroneutrality and simulate physiolog-
ical conditions, Na+ or Cl− ions were added, resulting
in a 0.15 M salt concentration. Orthorhombic simula-
tion boxes with Periodic Boundary Conditions (PBC)
and a 10‐Å buffer space between the solute and the

FIGURE 2 Flowchart illustrating the study design employed for the current investigation. WT‐Wild type; M‐Mutant; MD‐Molecular
dynamics.

TABLE 1 CENP‐W amino acid residues involved in H‐Bond interaction with CENP‐T in WT complex and the properties of residues
used for substitution to create mutant CENP‐W

CENP‐W residues interacting
with CENP‐T at Site 3

Properties of CENP‐W residues
interacting with CENP‐T

CENP‐W residue used for
substitution

Properties of mutant CENP‐
W amino acid residues

ASN‐46 Polar uncharged LYS Polar, positively charged,
H‐donor/acceptor

ARG‐53 Positively charged, H‐donor group LYS Polar, positively charged,
H‐donor/acceptor

LEU‐83 Nonpolar, Hydrophobic LYS Polar, positively charged,
H‐donor/acceptor

SER‐86 Polar uncharged GLU Negatively charged

ARG‐87 Positively charged GLU Negatively charged

GLY‐88 Nonpolar aliphatic TRP Non‐polar aromatic

4 | MOHANTY ET AL.
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box edge were defined. The simulation systems
underwent minimization and brief equilibration
before running the production simulations in a
stepwise manner. The production simulations were
carried out in the NPT ensemble for 250 ns, utilizing a
2‐fs time step. The temperature was maintained at
300 K using the Nosé‐Hoover chain thermostat, while
the pressure was maintained at 1.01325 bar with the
Martyna‐Tobias‐Klein barostat.22–24 Isotropic cou-
pling was applied, and the pressure and temperature
relaxation times were set to 1 ps and 2 ps, respectively.
To handle short‐range Coulombic interactions, a
cutoff radius of 9.0 Å was employed. The long‐range
electrostatic interactions were calculated using the
u‐series decomposition of the Coulomb potential.25

The resulting simulation trajectories were analyzed
using the Simulation Interactions Diagram tool in
Maestro. The data generated from the interaction
analysis were further processed using Microsoft
Excel365 to create graphical representations, facilitat-
ing detailed analysis and interpretation.

2.6 | Binding energy calculation

The binding energy of the WT and mutated complexes
were calculated by Cluspro online tool and MMGBSA
analysis. The binding free energy of the WT and
mutant protein‐protein complex was determined from
the trajectory file obtained after 250 ns long MD
simulation using prime MM‐GBSA approach employ-
ing the VSGB2.1 implicit solvation model and the
OPLS4 force field to calculate the binding free
energy.26–28 The binding free energy (∆Gbind) was
computed using the previously established equation
described in our protocol29:

∆G G G G= − ( + )bind CENP−T−W CENP−T CENP−W

where GCENP−T−W is the free energy of the CENP‐T‐W
complex, GCENP−T is the free energy of the CENP‐T and
GCENP−W is the free energy of the CENP‐W protein.
ΔGbind is calculated for each mutated CENP‐W in
this way.

FIGURE 3 Visualization of CENP‐T‐W complex and amino acid interaction involved in the interaction at site‐3. (A) Two views of
surface stick representation of protein‐protein interaction sites between CENP‐T‐W complexes (PDB‐ 7R5S) representing different
sites. Representation of amino acids involved in interactions with in 4 Å distance (B) Hydrogen bond interaction (C) Hydrophobic
interaction and (D) Salt bridge interaction. Amino acids represented in purple and black color boxes represent the residues of CENP‐W
and CENP‐T proteins respectively.
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3 | RESULTS AND DISCUSSION

3.1 | CENP‐T‐W interaction analysis

We initiated protein‐protein docking of the CENP‐T and
CENP‐W chains (PDB ID: 7R5S)7 to generate 10 docked
poses. The selection of the best docked poses was based
on the least docking energy. Figure 3 illustrates the
interactions between CENP‐T and CENP‐W chains
within a 4 Å distance. Table S1 provides details about
the key amino acids involved in hydrogen bonding,
hydrophobic interactions, and salt bridges formed
between the proteins. In the subsequent step of our
analysis, we aimed to identify potential binding sites in
the dimer for further investigation. After shortlisting
four possible binding sites (Figure 3A), we excluded site
1 due to its main role in protein‐DNA interactions. Poor
interactions at sites 2 and 4 also led to their elimination
from further analysis, leaving only site 3 for further
investigation.

Figure 3B–D illustrate the amino acid interactions at
site 3, which was selected for further study due to the
involvement of a higher number of residues in the
protein‐protein interaction (PPI). The results revealed
that hydrogen bonding, hydrophobic, and salt‐bridge
interactions were primarily formed at site 3. Specifically,
ASN‐46, ARG‐53, LEU‐83, SER‐86, ARG‐87, and GLY‐88
residues of the CENP‐W chain formed hydrogen bonds
with TYR‐490, GLN‐552, GLN‐522, HIS‐493, GLN‐552,
ASP‐497, and ARG‐521 residues of CENP‐T, respectively.
Among these, ARG‐87 and GLY‐88 formed two hydrogen
bonds each, while ARG‐53, LEU‐83, SER‐86, and ARG‐87
formed one hydrogen bond each with the CENP‐T chain.
At site 3, a total of five CENP‐T residues (TYR‐490, GLN‐
552, HIS‐493, ASP‐497, and ARG‐521) were involved in
hydrogen bond formation during the protein‐protein
interaction.

Additionally, the ASN‐46, ARG‐53, LEU‐83, SER‐86,
ARG‐87, and GLY‐88 residues of the CENP‐W chain
engaged in hydrophobic interactions with TYR‐498,
LEU‐494, LEU‐524, MET‐519, GLN‐522, LEU‐524,
GLN‐552, CYS‐486, HIS‐493, GLN‐552, ASP‐497, PHE‐
501, and ARG‐521 residues of CENP‐T, respectively. In
this context, ASN‐46, ARG‐53, LEU‐83, SER‐86, ARG‐87,
and GLY‐88 contributed to five, two, two, one, three, and
three hydrophobic interactions, respectively, with the
CENP‐T chain. At site 3, a total of 10 CENP‐T residues
(TYR‐498, LEU‐494, LEU‐524, MET‐519, GLN‐522, CYS‐
486, HIS‐493, ASP‐497, PHE‐501, and ARG‐521) were
involved in hydrophobic interactions during the protein‐
protein interaction. Furthermore, the ARG‐87 residue of
the CENP‐W chain formed a salt bridge interaction with
the ASP‐497 residue of the CENP‐T chain.

These results provide valuable insights into the
critical interactions at site 3, which play a pivotal role
in the protein‐protein interaction between CENP‐T
and CENP‐W chains, thereby contributing to potential
scientific research publication.

3.2 | Site directed mutagenesis and
H‐bond formation analysis

To select suitable amino acid pairs within the
designated site of the CENP‐T‐W complex, we focused
on six amino acid residues from the CENP‐W chain,
namely ASN‐46, ARG‐53, LEU‐83, SER‐86, ARG‐87,
and GLY‐88. These residues exhibited potential inter-
actions with CENP‐T within a 4 Å region of the
protein‐protein interface at site 3. These amino acid
residues were subsequently chosen for site‐directed
mutagenesis with the objective of reducing the binding
interactions.

The mutation of CENP‐W amino acid residues was
based on the broad categories’ classification of amino
acids, aiming to diminish the binding interactions.
Table 1 summarizes the properties of the residues
used for the substitution to create the mutant CENP‐
W. Within site 3, ASN‐46 of CENP‐W formed hydro-
gen bond interactions with CENP‐T chain TYR‐490
and GLN‐522 residues at distances of 2.74 Å and
2.97–2.80 Å, respectively. Additionally, ARG‐53, LEU‐
83, and SER‐86 of CENP‐W exhibited independent
hydrogen bond interactions with GLN‐522, HIS‐493,
and GLN‐522 of CENP‐T at distances of 2.72 Å, 3.29 Å,
and 2.79 Å, respectively. Furthermore, CENP‐W resi-
dues ARG‐87 and GLY‐88 interacted with CENP‐T
ASP‐496 and ASP‐497 at distances of 2.97–2.83 Å and
2.88 Å, respectively. Additionally, ARG‐87 interacted
with CENP‐T ARG‐521 and ASP‐497 at distances of
2.85–2.65 Å and 2.78 Å, respectively, through hydro-
gen bond interactions.

The structural analysis of the CENP‐W‐T complex
with CENP‐W mutations revealed significant devia-
tions in the complex's conformation. The mutations
primarily affected loop and α‐helix regions, indicating
their sensitivity to structural changes (Figure 4A).
The observed alterations included both relaxation
and compactness‐related shifts, suggesting potential
changes in protein dynamics and packing. These
findings are depicted in Figure 4B, which shows the
superimposed structures of the wild‐type complex
and the complex containing CENP‐W mutants. The
structural deviations are clearly visible, emphasizing
the impact of the mutations on the protein complex.
The results underscore the functional relevance
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of the considered mutations in CENP‐W, potentially
impacting its interactions and cellular processes.
However, further experimental assays are needed to
fully understand their functional implications.

In summary, the superimposed structural analysis,
depicted in Figure 4, highlights the potential impact
of CENP‐W mutations on the complex's conformation
and offers insights into their functional significance,
setting the stage for further investigations.

3.3 | Binding energy calculation for WT
and mutant complexes

After performing mutagenesis, we assessed the
binding energy using Cluspro for both the wild‐type
CENP‐T‐W complex and the complex containing
the mutated amino acids in the CENP‐W protein
chains. Table 2 displays the binding energy values for
the wild‐type complex and the complex with mutated
amino acids, along with the energy difference
between the two. The results revealed that substitut-
ing LEU‐83, ARG‐87, ASN‐46, and ARG‐53 residues
in the CENP‐W chain with LYS, GLU, LYS, and LYS,
respectively, led to a significant increase in the
binding energies of the respective complexes. Based
on these findings, we selected this particular mutant
complex for further investigation of its binding free
energy using the MM‐GBSA approach.

3.4 | Effect of amino acid mutation on
protein backbone and amino acid
fluctuations

MD simulation is a valuable tool for assessing the
stability and flexibility of biomolecular systems.30,31 In
this study, we analyzed the simulation trajectories
obtained from the MD simulations of the WT and
mutant CENP‐W‐T complexes (N46K, R53K, L83K,
and R87E). To assess the convergence of each system,
we calculated the backbone Root Mean Square

FIGURE 4 Superimposed structures of the CENP‐T and CENP‐W complex and point mutations. (A) Superimposed structures of the
CENP‐T and CENP‐W containing WT CENP‐T complexed with CENP‐W mutants. (B) Amino acid residues used to form CENP‐W mutants.

TABLE 2 Binding energy calculation for WT and mutated
CENP‐T‐W complexes

CENP‐W
residue

Substitution
(Mutant) with
the residue

Binding
energy
(kcal/mol)

Energy
difference

WT ‐ −2542.3 ‐

LEU‐83 LEU‐LYS −2456.8 85.5

SER‐86 SER‐GLU −2538.5 3.8

ARG‐87 ARG‐GLU −2466.3 76

GLY‐88 GLY‐TRP −2551.0 8.7

ASN‐46 ASN‐LYS −2495.2 47.1

ARG‐53 ARG‐LYS −2509.0 33.3

Note: Based on the data we selected the mutant represented in bold letter for
MD simulation and subsequent binding free energy calculations.

MOHANTY ET AL. | 7
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Deviation (RMSD) of the protein chains. RMSD
measures the variance between a protein's backbone
atom locations from its initial energy‐minimized
structure. We separately analyzed the RMSD results
for both the CENP‐W and CENP‐T chains (Figure
5A, B). The RMSD analysis showed that the CENP‐T
chain remained relatively stable in all cases, with no
significant difference between WT and mutant CENP‐
W complexes. When analysing the stability of CENP‐
W, we observed significant differences in RMSD,
except for the N46K mutation, which converged well
below the WT CENP‐W. The RMSD of R53K and L83K
mutants was significantly higher, indicating that
lysine mutations negatively impact the stability of
CENP‐W. The RMSF values for backbone atoms at
each time point of the trajectories of the WT and
mutant CENP‐T‐W complex were determined to
investigate how the amino acid substitutions affect
the dynamics of the backbone atoms. A higher RMSF
value denotes an increased flexibility in the complex
during the MD simulation period. It has been reported
that alteration in RMSF is largely associated with
the protein function.32 We analyzed RMSF of the
WT/mutant CENP‐W of the respective complex and
CENP‐T‐W complex residues separately to get the

comparative effect of the amino acid substitutions on
CENP‐W chain and CENP‐T‐W complex (Figure 5C,
D). However, while observing the Root Mean Square
Fluctuations (RMSF), we noticed increased fluctua-
tions in CENP‐T upon N46K, R53K, and L83K
mutations. This suggests that these mutations may
have a deleterious effect on protein‐protein interac-
tions. In case of N46K mutant fluctuations increa-
sed around amino acid 520–530 and towards the
C‐terminal end, implying the destabilizing effect of
N46K mutant. The R53K mutation other hand mostly
increased the fluctuation around 505–525 amino acids.
The L83K mutation on the other hand mostly
increased fluctuation in amino acid 520–530 and
C‐terminal end amino acids from 540 to 550 which
could be due to drifting of CENP‐W helix due to Lys83
mutant. Conversely, R87E mutation showed no signif-
icant difference in RMSF fluctuations.

Overall, the MD simulation and RMSD/RMSF analy-
sis provided valuable insights into the structural dynam-
ics and stability changes induced by these mutations in
the CENP‐W‐T complex. These findings contribute to our
understanding of the molecular consequences of the
mutations and their potential impact on protein function
and interactions.

FIGURE 5 RMSD and RMSF analysis of CENP‐T‐W complexs during the 250 ns MD simulation period (A) RMSD of WT CENP‐T in
complex with WT and mutant CENP‐W (B) RMSD of WT and mutant CENP‐W in complex with WT CENP‐T. (C) RMSF of WT CENP‐T in
complex with WT and mutant CENP‐W (D) RMSF of WT and mutant CENP‐W in complex with WTCENP‐T.
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3.5 | Effect of amino acid substitution
on structural integrity of the CENP‐W‐T
dimer

The radius of gyration (Rg) analysis is a powerful tool
used to assess the compactness and conformational
stability of biomolecular structures during molecular
dynamics (MD) simulations.33 In our study, we applied
Rg analysis to investigate the impact of specific amino
acid substitutions in the CENP‐W chain on the
structural dynamics of the CENP‐T‐W complex. The
Rg values obtained during the 250 ns MD simulations
provided valuable insights into the conformational
changes occurring in the wild‐type and mutant
complexes over time. For the wild‐type CENP‐T‐W
complex, the observed decrease in Rg during the initial
50 ns of simulation indicates a shift towards a more
compact conformation (Figure 6A). This stabilization
at 17.7 Å up to 220 ns suggests that the complex
maintains a relatively stable and well‐packed structure
during this period. The slight decrease in Rg during the
last 30 ns suggests some additional structural adjust-
ments or fluctuations taking place towards the end of
the simulation.

The Rg analysis of the CENP‐W mutants, specifically
the R87E substitution, revealed rhythmic fluctuations

in the Rg values throughout the entire simulation
(Figure 6A). Interestingly, during the initial 50–100 ns
period, the Rg value of the R87E mutant complex showed
a distinct increase compared to the WT, indicating a
potential alteration in its compactness. These fluctua-
tions may indicate dynamic structural changes induced
by the R87E substitution, possibly affecting the overall
stability of the complex. The L83K substitution in the
CENP‐W chain resulted in an increase in Rg values
compared to the wild‐type complex, peaking at 100 ns.
However, beyond 100 ns, the Rg values of the L83K
mutant followed a pattern similar to that of the wild‐
type, suggesting a possible restoration of stability or
accommodation of the mutation‐induced changes in the
complex. The Rg values of the R53K mutant were
comparable to the WT during the initial 50 ns period.
However, from 50 ns onwards, the Rg values of the R53K
mutant were significantly higher than those of the WT,
indicating a considerable expansion or structural pertur-
bation in this mutant. The N46K substitution also
initially showed higher Rg values, indicating a potential
destabilization or conformational change induced by this
mutation. During the 80–230 ns period, the N46K mutant
exhibited substantial fluctuations in Rg values, suggest-
ing a dynamic interplay of structural changes and
flexibility at this site.

FIGURE 6 Trajectory analysis of the CENP‐T‐W complex during 250 ns MD simulation period. (A) Rg (B) SASA (C) PSA and (D) MSA
pattern of the CENP‐T‐W WT dimer compared to WT CENP‐T and point mutation carrying CENPT‐W chain dimers. N46K, R53K, L83K,
and R87E represent the mutations at reside number 46, 53, 83, and 87 respectively in CENPT‐W chain of the CENP‐T‐W dimer.
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Overall, the Rg analysis indicated that the amino acid
substitutions in the CENP‐W chain had distinct effects
on the compactness and conformational stability of the
CENP‐T‐W complex. The decrease in compactness
observed in the mutants suggests that these specific
substitutions may influence the complex's structural
organization, potentially affecting its function and
interactions. These findings add to our understanding
of the structural consequences of the CENP‐W mutations
and provide important insights into their potential
functional implications in the context of the CENP‐T‐W
complex. However, it is important to note that further
experimental validation and functional assays are
required to fully elucidate the biological significance of
these observed structural changes and their impact on
the cellular processes involving the CENP‐T‐W complex.
Our study serves as a valuable starting point for future
investigations to unravel the molecular mechanisms
underlying CENP‐T‐W function and regulation.

Solvation accessible surface area (SASA) analysis
was performed to investigate the impact of amino acid
substitutions on the unfolding and exposure of the
hydrophobic core residues in the CENP‐T‐W complex
(Figure 6B). The SASA values showed notable differ-
ences between the wild‐type and mutant dimers. The
SASA value for the wild‐type dimer remained relatively
constant at about 11 600 Å2 throughout the MD
simulation. The R87E substitution exhibited fluctua-
tions in SASA values similar to the WT, particularly
during the last 50 ns of the simulation. In contrast, both
the R53K and L83K substitutions led to increased SASA
values (11 300–13 200 Å2) compared to the wild‐type
complex. Interestingly, during the initial 125 ns, the
L83K mutant showed elevated SASA values, while
during the last 125 ns, the R53K mutant exhibited
increased SASA values compared to the WT. On the
other hand, the N46K substitution resulted in decreased
SASA values compared to the wild‐type complex during
the 100–250 ns simulation period. These findings
suggest that the amino acid substitutions in the
CENP‐W chain induced alterations in the protein
folding, leading to changes in the exposure of hydro-
phobic core residues of the complex. Furthermore, the
increase in SASA values in the R53K and L83K mutants
indicates a greater exposure of hydrophobic core
residues to the surrounding water, potentially reducing
the stability of the protein folding.

We further analyzed the polar surface area (PSA) in
the wild‐type and mutant CENP‐W chain‐containing
CENP‐T‐W complex (Figure 6C). The PSA values for
the wild‐type complex fluctuated between 5300 and
6100 Å2, with a predominant concentration around
5600 Å2 during the simulation period. The amino

acid substitutions increased the fluctuation in the PSA
values in the mutant CENP‐T‐W complex compared to
the wild‐type. The increase in PSA values followed the
order of WT < N46K < R87E < L83K < R53K, indicat-
ing that the mutations in the CENP‐W chain affected
the surface contribution of polar areas in the complex
chains.

We also assessed the molecular surface area (MSA)
as another parameter of MD simulation to evaluate the
stability of the protein complex.34 Lower MSA values
are indicative of comparatively stable protein complex
(Figure 6D). The MSA value of the wild‐type complex
was largely around 9500 Å2 during the MD simulation
period. However, the R53K and L83K mutant complex
exhibited increased MSA values compared to the WT.
The R53K mutant initially showed decreased MSA
values during the first 40 ns, followed by a subsequent
increase compared to the WT. The L83K mutant
consistently showed higher MSA values throughout
the simulation compared to the wild‐type and other
mutant complex. In contrast, the N46K mutant showed
increased MSA during the initial 100 ns but subse-
quently maintained values within the range of the wild‐
type complex. Remarkably, the R87E mutant complex
displayed minimal deviation in MSA values and
maintained a pattern similar to the wild‐type complex
throughout the 250 ns MD simulation period. Overall,
the amino acid substitutions in the CENP‐W chain
increased the MSA values compared to the WT CENP‐T‐
W complex, with minimal alteration observed in the
R87E mutant. These results highlight the potential
effects of specific substitutions on the stability and
dynamics of the CENP‐T‐W complex, which may have
implications for its biological function. However,
further experimental investigations and functional
assays are warranted to fully comprehend the functional
consequences of these structural changes in the context
of the CENP‐T‐W complex.

3.6 | Effect of amino acid substitution
on key amino acid residue interaction in
CENP‐W‐T complex

The binding free energy calculations and molecular
dynamics (MD) simulations provided valuable insights
into the impact of amino acid mutations on the stability
and conformational dynamics of the CENP‐T‐W com-
plex. In an effort to gain a more comprehensive
understanding of the effects of these mutations on the
interactions within the complex during the MD simula-
tions, we analyzed the trajectories of the N46K, R53K,
L83K, and R87E mutants.
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 10974644, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcb.30495 by U

niversity of T
urku, W

iley O
nline L

ibrary on [13/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In the N46K mutant, the substitution of ASP with
LYS led to an extended side chain that initially
interacted with GLY‐522 and PHE490. However, after
100 ns, clashes with neighboring amino acids caused
the LYS‐46‐containing helix to drift away from the
CENP‐T chain, resulting in increased gaps and loss
of hydrophobic contacts during the simulations
(Figure 7). These findings suggest that the N46K
mutation induces conformational changes that affect
the stability of the CENP‐T‐W complex.

Similarly, in the R53K mutant, the ARG‐53 residue in
the wild‐type complex formed strong hydrogen‐bonded
interactions with GLY‐522. While the mutation to LYS‐53
maintained these interactions at the beginning of the
simulation, the Arg side chain eventually flipped back,
forming intramolecular interactions with GLU‐56 and
GLU‐57. This disruption of critical bridges between
CENP‐W and CENP‐T further compromised the stability
of the complex (Figure 8).

On the other hand, the Leu83 residue is deeply
buried in the hydrophobic pocket, surrounded by
PHE‐50 from the CENP‐W chain, TYR‐490, and HIS‐
493 from CENP‐T. Its mutation to LYS‐83 resulted in
significant alterations to the hydrophobic pocket,
making it more solvent‐exposed than the WT complex.

As a consequence, LYS‐83 caused the entire helix to
drift away from the CENP‐T chains during the MD
simulations, leading to a loss of critical interactions
(Figure 9). These observations suggest that the L83K
mutation destabilizes the CENP‐T‐W complex by
disrupting key hydrophobic interactions.

In contrast, the wild‐type complex demonstrated
stable hydrogen‐bond and salt bridge interactions
between the ARG‐87 residue of CENP‐W and the
CENP‐T ASP‐497 residue during the initial MD
simulation. As the simulation progressed, R87 also
formed an intramolecular hydrogen bond with the
LYS‐84 residue and a pi‐cation interaction with
the CENP‐T HIS‐493 residue (Figure 10). The R87E
mutation disrupted these interactions, leading to
partial compensation through interactions with
GLU‐87 and HIS‐493. This indicates that the R87E
substitution induces subtle changes in the interac-
tions of the CENP‐T‐W complex.

3.7 | Binding free energy assessment

After completing the MD simulations, we sought to
investigate the impact of the mutations on the binding

FIGURE 7 Effect of N46K substitution on interaction between CENP‐T and WT/mutant CENP‐W chains at the site‐3 during the
simulation period. The poses were extracted at 0, 100, and 250 ns MD simulation period.
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free energy (BFE) of the CENP‐T‐W complex. To
accomplish this, we employed the widely used and
computationally efficient MM‐GBSA (Molecular
Mechanics‐Generalized Born Surface Area) method.35

MM‐GBSA is well‐suited for calculating the binding
free energy of protein‐protein complexes and evaluat-
ing their structural stability.36 Specifically, it has been
successfully utilized to identify critical amino acids
involved in protein‐protein interactions (PPI) and
estimate how mutations at the interface alter the
binding free energy.36

Previous studies have demonstrated that only a small
number of key residues at the PPI interface can
significantly influence the binding free energy of the
protein‐protein complex.37 Therefore, MM‐GBSA has the
potential to reveal the important amino acid residues in
PPI and elucidate the effects of substitutions on the
protein‐protein energetics.36 For our analysis, we calcu-
lated the binding free energy of the test complexes,

including the wild‐type CENP‐T‐W complex (WT‐CENP‐
T‐W) and the CENP‐T‐W complex with mutations
(N46K/R53K/L83K/R87E in the CENP‐W chain), over
the 250 ns simulation period.

The changes in binding free energy for the amino acid
substituted complexes were compared to the wild‐type
complex, and the results are presented in Figure 11A.
Our findings revealed that the amino acid substitutions
at positions 46, 53, 83, and 87 in the CENP‐W chain led
to a decrease in the binding free energy of the mutant
complexes compared to the WT CENP‐T‐W complex
(Figure 11B). The order of change in binding free energy
was found to be L83K >N46K>R53K > R87E during the
250 ns simulation period (Figure 11C).

These results indicate that LEU‐83, ASN‐46, and
ARG‐53 residues of CENP‐W play crucial roles in the
formation of the CENP‐T‐W complex. The decrease in
binding free energy in these mutated complexes suggests
potential alterations in the stability and interaction

FIGURE 8 Effect of R53K substitution on interaction between CENP‐T and WT/mutant CENP‐W chains at the site‐3 during the
simulation period. The poses were extracted at 0, 100, and 250 ns MD simulation period.
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FIGURE 9 Effect of L83K substitution on interaction between CENP‐T and WT/mutant CENP‐W chains at the site‐3 during the
simulation period. The poses were extracted at 0, 100, and 250 ns MD simulation period.

FIGURE 10 Effect of R87E substitution on interaction between CENP‐T and WT/mutant CENP‐W chains at the site‐3 during the
simulation period. The poses were extracted at 0, 100, and 250 ns MD simulation period.

MOHANTY ET AL. | 13
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patterns within the protein‐protein interface. These
findings shed light on the significance of specific amino
acid residues in governing the stability and energetics of
the CENP‐T‐W complex and provide valuable insights
into the functional implications of these mutations in the
context of the protein complex formation. However,
further experimental investigations and functional assays
are warranted to validate and extend these observations
and fully comprehend the biological consequences of
these structural changes.

4 | CONCLUSION

The CENP‐T‐W heterodimer of the CENP‐T/W/X/S
hetero‐tetramer holds substantial significance within
the inner kinetochore assembly, playing a pivotal role
in cellular mitosis. The CENP‐W chain forms critical
interactions with the CENP‐T chain, creating a dimer
that subsequently engages with the linker DNA.6,8 The
amino acids implicated in the protein‐protein interaction

(CENP‐T‐W) are not only crucial for the DNA‐dimer
interaction but also integral to the overall cellular mitosis
process.6,8,9 In this current study, we have employed in
silico site‐directed mutagenesis (amino acid substitution),
molecular docking, MD simulation, binding free energy
calculation to meticulously investigate the roles played
by key amino acids in the formation of a stable CENP‐T‐
W dimer. Notably, amino acid substitutions (N46K,
R53K, L83K, and R87E) within the CENP‐W chain led
to pronounced increases in binding energy along with
discernible structural alterations in their respective
mutant complexes, when juxtaposed with the wild‐type
CENP‐T‐W dimer. A meticulous trajectory analysis,
encompassing factors such as RMSD, RMSF, SASA, Rg,
and more, undertaken during the 250 ns MD simulation
period, unveiled that the introduced amino acid substi-
tutions (N46K, R53K, L83K, and R87E in the CENP‐W
chain) had a substantial impact on both stability and
conformational dynamics within the dimers.

Furthermore, calculations involving MM‐GBSA cor-
roborated the notion that amino acid substitutions had a

FIGURE 11 Binding free energy calculation for WT and mutant CENP‐T‐W complex. (A) Binding free energy change of the CENP‐T‐W
complexes during 250‐ns long MD simulation. (B) Binding free energy change (ΔG) in Kcal/mol for the mutant complex compared with the
WT complex. (C) The predicted binding affinity for selected mutant. The ΔΔG was calculated by subtracting the binding free energy of WT
protein from that of the mutant protein.
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discernible impact, leading to an elevated binding free
energy within the mutant dimers compared to the wild‐
type CENP‐T‐W dimer. A closer examination of the
interface interaction pose between the wild‐type and
mutant CENP‐T‐W dimers spotlighted R53 and L83 as
potential key residues located at site‐3, indicating a
plausible role in upholding interfacial stability. The
structural elucidations gleaned from our investigation
are poised to substantially enrich prospective experi-
mental inquiries aimed at unraveling the intricate role of
CENP‐T‐W in cellular mitosis.
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