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Abstract: Myeloid leukemia 1 (Mcl-1) is a key anti-apoptotic member of the Bcl-2 protein family, and its
overexpression or upregulation has been found in numerous cancer cells, which not only leads to
tumorigenesis mediated by apoptotic escape modality, but also causes resistance to multiple subsequent
anti-cancer therapies. The development of small molecule inhibitors that specifically target Mcl-1 and
restore the blocked apoptotic pathway in cancer cells has emerged as a realistic solution for oncology
drug design. Therefore, an in-depth study of the mechanism of action of inhibitors with Mcl-1 is important
for the design of efficient drugs targeting Mcl-1. In this study, using molecular dynamics (MD)
simulations, correlation analysis and principal component analysis, we revealed that the binding of
inhibitors significantly altered the kinetic behavior of Mcl-1 and led to a conformational rearrangement
of Mcl-1. Subsequently, the molecular mechanics-generalized Born surface area (MM-GBSA) method
was used to further explore the binding ability of different inhibitors to Mcl-1, and the results showed
that the calculated binding free energies agreed well with the experimental values, and van der Waals
interactions and electrostatic interactions provided the main favorable contribution in the binding of
inhibitors to Mcl-1. Furthermore, the interaction analysis showed a large number of hydrophobic
interactions and hydrogen bonding between the inhibitor and Mcl-1. Finally, the residues F228, M231,
M250, V253, T266, L267 and F270 and R263 were identified by residue-based free energy decomposition
calculations to provide important energetic contributions to the binding of the inhibitor to Mcl-1 and
could be key targets for the design of Mcl-1 inhibitors.

Keywords: Molecular dynamics simulation; Principal component analysis; Mcl-1; MM-GBSA; Cross
correlation analysis

1. Introduction

The process of normal development of the organism and removal of unwanted or damaged cells is
known as apoptosis. Through cell proliferation and apoptosis, the cells of various tissues in the organism
maintain their normal number and function.™ It has been found that downregulation of apoptosis levels
is closely related to tumor development and resistance to subsequent treatment.[23 As a major regulator
of apoptosis, Bcl-2 family proteins play an important role in the apoptosis mechanism.€ Generally,
according to their structures and functions, Bcl-2 family proteins can be divided into two major groups:
(1) anti-apoptotic protein members, such as Mcl1, Bcl-XL, Bcl-2 and Bcl-W; (2) pro-apoptotic protein
members, which are further divided into multi-structural domain effector proteins containing multiple
BH homologous structural domains, such as Bax, Bak, and Bcl-xs, and BH3-only proteins with only one
BH3 homologous structural domain, such as Bim, Bid, and Bad.["8 The common structural feature of
Bcl-2 protein family members is the conserved BH3 structural domain, and they interact through this
common BH3 structural domain to control the permeability of the outer mitochondrial membrane,
regulate the release of apoptotic factors, and thus regulate apoptosis.[°-1¢]

Mcl-1 is a key anti-apoptotic protein in the Bcl-2 family whose role in tumorigenesis and maintenance
has been demonstrated in various genetic mouse models and has been found to be overexpressed in a
variety of human cancers, including breast, lung, prostate, pancreatic, cervical, and leukemia.[*7-"]
Although it does not directly promote tumor cell proliferation, high expression of Mcl-1 promotes
tumorigenesis and progression in another form-anti-apoptosis. Mcll overexpression also leads to
resistance to oncology drug therapy with Bcl-2 selective inhibitors and other small molecule drugs.[?8-%2
Therefore, down-regulation of Mcl1 expression not only inhibits tumor development but is also essential
to overcome drug resistance in tumor therapy.

As the mechanisms by which the Bcl-2 protein family regulates apoptosis have been explored, it has
been revealed that apoptosis is mediated by the permeabilization of the outer mitochondrial membrane
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which induced by the activation of Bax and Bak to form homo- or heterodimers.['63334 Mcl-1 protein
prevents the initiation of the apoptotic program and maintains cell survival by binding to and preventing
the dimerization of the pro-apoptotic effector proteins Bax and Bak, or by isolating the "activator" BH3-
only protein, which leaves the effector proteins Bax and Bak in an inactive state.[*%61 By using small
molecule inhibitors that compete with pro-apoptotic proteins for binding in the hydrophobic BH3 binding
pocket of Mcl-1 protein, Mcl-1 can be effectively prevented from binding to BAX or BAK or cleave
their dimerization complexes, thereby relieving the apoptosis-inhibiting function of Mcl-1, restoring the
blocked apoptotic pathway in cancer cells, and inducing apoptosis to remove cancerous cells. Therefore,
it is essential to develop efficient inhibitors that can specifically target Mcl-1 and down-regulate its
activity.

In this work, molecular dynamics simulations were used to investigate the interaction mechanism of
Mcl-1 with existing binding partners at the atomic level, to explore the protein conformational changes
and to identify the key inhibitor binding sites. We selected five inhibitors 19H, 4M6, 6AK, CN7 and
ECM, and the structures of Mcl-1 protein and five small molecule inhibitors are shown in Figure 1A-F,
respectively. The five inhibitors 19H, 4M6, 6AK, CN7 and ECM showed different levels of binding
ability to Mcl-1, and the elucidation of the molecular mechanisms underlying the differences in the
binding ability of the different inhibitors is essential for the development of efficient inhibitors of Mcl-1.
In this study, we used MD simulations, 728 molecular mechanics generalized Born surface area (MM-
GBSA) method,®4% principal component analysis (PCA)X42 and dynamic correlation maps
(DCCMs)#344 to analyze the details of the conformational changes of Mcl-1 and the binding mechanism
of inhibitors to Mcl-1. We also hope that this study provides theoretical guidance for the design of more
efficient and specific Mcl-1 inhibitors.

A H

N, OH
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Figure 1: Molecular structures of Mcl-1 protein and five inhibitors: (A) 19H, (B) Mcl-1, (C) 4M6, (D)
6AK, (E) CN7, (F) ECM. Mcl-1 and inhibitors are shown in cartoon and line modes, respectively.

2. Materials and methods
2.1. Construction of initial systems

The initial coordinates of Mcl-1 complexes with the five inhibitors 19H, 4M6, 6AK, CN7 and ECM
were obtained from the Protein Data Bank (PDB ID: 4HW?2, 4ZBl, 51F4, 6B4U and 6BWS8). All
crystalline water molecules identified in the crystal structure of the inhibitor-Mcl-1 complex were
retained in the initial model. The structures of 19H, 4M6, 6AK, CN7, and ECM were optimized at the
semi-empirical AM1 level and subsequently assigned BCC charges to each atom of the inhibitor by the
Antechamber module in Amber.*>#¢l The six simulated systems were parameterized using the Leap
module in Amber 18 to (1) construct the missing chemical bonds between the hydrogen and heavy atoms
in the crystal structure, (2) derive the force field parameters for the protein and inhibitor using ff14SB
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and the generalized Amber force field (GAFF),[*™-4 respectively, and (3) use the TIP3P model for water
molecule were assigned and then six systems were dissolved in the octahedral water tank of the TIP3P
model and the system was placed in a cubic periodic box extending 12 A outward from each dimension
of the solute surface, (4) appropriate amounts of counter ions (Na+ and Cl-) were added to neutralize
each system to obtain the neutral system.

2.2. Molecular Dynamics Simulations

The initialization of the simulated system forms bad inter-atoms contacts that can lead to MD
simulation instability. To eliminate these adverse effects, a two-stage energy minimization was performed
to optimize these six systems, namely a steepest descent minimization in 2500 steps and a conjugate
gradient minimization in 2500 steps. Subsequently, the temperature of these six systems was gradually
heated from 0 K to 300 K, and the system temperature was maintained at a constant temperature of 300
K. Kinetic equilibrium simulations were performed for 2 ns. Finally, the optimized structure was used as
the starting structure for MD simulations, and 300 ns unconstrained MD simulations were run for these
six systems at a constant temperature of 300 K and at a constant pressure of 1 atm. Meanwhile, the atomic
coordinates of the systems were recorded every 2 ps for subsequent processing analysis. During the
simulations, the temperature was kept at 300 K using a Langevin thermostat, the SHAKE algorithm (with
a time step of 2 fs) was used to constrain all chemical bonds involving hydrogen atoms,5%51 and the
particle grid Ewald (PME) method was used to calculate long-range electrostatic interactions. To
calculate the near-range electrostatic interactions and van der Waals interactions, the cutoff distance was
set to 10 A52531 The MD simulations for all six systems were run using the pmemd.cuda module of
Amber18.5456]

2.3. Calculations of binding free energies

The binding free energy is an important indicator of the binding strength of inhibitors to proteins,
which is important for the rational design of efficient inhibitors targeting proteins.5”-611 Molecular
mechanics-generalized Born surface area (MM-GBSA) is a fast and reliable method to measure the
binding ability of inhibitors to proteins. In the calculation, all water molecules and ions were removed.
The binding free energy (AG) can be described as:

AG = Gcomplex - (Gprotein + Ginhibitor) (1)

where Geompiexs Gprotein aNd Ginninicor represent the free energy of the complex, the free energy
of the receptor protein and the free energy of the small molecule inhibitor, respectively. And the binding
free energy AG can be calculated from the sum of the gas-phase binding energy of the molecular
mechanism (AE,,,), the solventization free energy (AG,,;,,) and the change in entropy (—TAS) as follows:

AG = AEpy + AGgpyy — TAS ()

where AE,,, consists of electrostatic interaction energy (AE,,.) and van der Waals interaction
energy (AE,qy ). The solvation free energy (AG,,,) consists of polar solvation free energy (AG,,,) and
non-solvation free energy (AGyonpor)- Thus, the binding free energy AG can be further expressed as the
following equation:

AG = AEg + AE gy, + AGpol + AGnonpol —TAS 3

Usually, the first two terms AE,;,, and AE,;, can be calculated by molecular mechanics, and the
polar solvation free energy AG,,, term can be solved by the generalized Bonn model. The nonpolar
solvation free energy AG,,np0i, ON the other hand, can be calculated using the following equation:

AGronpor = ¥ X ASASA + 4)

where y is the surface tension and its value is set to 0.0072 kcal/mol-A-2 and the value of £ is 0.00

kcal/mol . ASASA denotes the surface area accessible to the solvent,[®? the atomic radius is set with

reference to the radius in the prmtop file, and the default dielectric constants are 1.0 and 80.0 for the

internal solute and the external solvent, respectively. The last term (—TAS) denotes the contribution of

the entropic change to the binding free energy, and this component is calculated using classical statistical
thermodynamics and Normal Mode analysis.[53
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3. Results and discussion
3.1. Internal dynamics of Mcl-1 induced by inhibitor binding

To investigate the internal kinetic changes induced by inhibitor binding, 300 ns molecular dynamics
simulations were performed for the free state Mcl-1 system and the 19H, 4M6, 6AK, CK7 and ECM
complexes with protein binding. Subsequently, the root-mean-square deviation (RMSD) of the backbone
atoms relative to the crystal structure in these six systems was calculated over time to assess the stability
of the simulated systems (Figure 2). After 150 ns of MD simulations, the six systems basically reached
equilibrium. According to Figure 2, the mean RMSD values of Mcl-1, 19H/Mcl-1, 4M6/Mcl-1,
6AK/Mcl-1, CN7/Mcl-1, and ECM/Mcl-1 in the free state were 1.80, 1.08, 1.01, 0.91, 0.93, and 1.14 A,
respectively. Meanwhile, the RMSD fluctuations of all systems after equilibrium were in the range of
less than 1 A. This result indicates that the RMSD fluctuations of all systems after equilibrium were less
than 1 A. This result indicates that the equilibrium and stability of the MD simulations are reliable, and
thus can be used for subsequent processing analysis.

apo Mcl-l

—— 19H/MclH

30 f 4M6/Mcl-1
6AK/Mcl-1

CN7/Mck

—— ECM/McH

T T T T T
0 50 100 150 200 250
Time(ns)

Figure 2: Evolution of root mean square deviations (RMSD) of Mcl-1backbone atoms as the

simulation time.
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Figure 3: Root-mean-square fluctuations (RMSF) of Ca atoms, used to evaluate the structural
flexibility of Mcl-1.

The root mean square fluctuation (RMSF) is a reasonable indicator of the structural flexibility of the
protein. Therefore, the RMSF of the Ca atom in Mcl-1 was calculated to understand the effect of inhibitor
binding on the structural flexibility of Mcl-1 (Figure 3). The results showed that the RMSF values near
residues 200, 231, 250, 254, 258 and 263 were largely reduced, indicating that the flexibility of Mcl-1 in
these regions was restricted upon inhibitor binding. Differently, 19H binding significantly enhanced the
flexibility in the regions near residues 190, 195, and 240, and ECM binding also increased the RMSF
values in the regions near residues 190, 195, 218, and 223. In contrast, binding of 4M6, 6AK and CN7
to Mcl-1 completely inhibited the flexibility of these regions. The binding of the five inhibitors resulted
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in high and low fluctuations of Mcl-1, and the ranking from high to low was consistent with the
subsequent ranking of the binding energy values. This clearly explains that inhibitors with lower binding
affinity interact moderately or weakly with binding site residues and thus cause more fluctuations. In
contrast, inhibitors with higher binding affinity have tight and stable interactions with binding site
residues, resulting in less fluctuations of Mcl-1. Taken together, it is shown that the binding of inhibitors
generally inhibits the movement of Mcl-1, which favors the stability of the complex structure, and that
the presence of 19H, 4M6, 6AK, CN7 and ECM has different effects on the structural structure flexibility
of Mcl-1.

3.2. Conformational changes of Mcl-1 induced by inhibitor binding
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Figure 4: Cross-correlation maps reflecting relative motions between residues of MCL-1: (A) the apo
Mcl-1, (B) the 19H/Mcl-1, (C) the 4m6/Mcl-1, (D) the 6AK/Mcl-1, (E) the CN7/Mcl-1, (F) the
ECM/Mcl-1.

To further understand the changes in internal dynamics caused by inhibitor binding to Mcl-1, inter-
correlation diagrams depicting atomic fluctuations were calculated using the CPPTRAJ program in
Amber (Figure 4). The regions marked in red and yellow indicate strong positive correlation motions
between residues, while the regions highlighted in blue and black indicate strong anti-correlation motions
between residues. The diagonal regions reflect the motion of residues relative to themselves, while the
non-diagonal regions reflect the mutual motion of different residues. Overall, the presence of inhibitors
has different effects on the movement pattern of Mcl-1.

For the correlation matrix of free state Mcl-1, the R1 region depicts a positive correlation motion
between residues 180-210, while the R2, R3, R4 and R5 regions present an anti-correlation motion
between residues. The binding of the inhibitor has a significant effect on the correlated motion of Mcl-1
compared to the free state Mcl-1 (Figure 4B-F). As can be seen from Figure 4, the binding of inhibitors
results in an overall weakening of the correlated motion between residues, which means that the structure
of the system with inhibitor binding is more stable. However, the binding of different inhibitors also
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brings different patterns of motion to the Mcl-1 protein. For the 19H/Mcl-1 complex, inhibitor binding
enhanced the anti-associative motion of the R1 region while inhibiting the anti-associative motion of the
R2, R3, R4 and R5 regions (Figure 4B). For the 4M6/Mcl-1 complex, the binding of 4M6 to Mcl-1 barely
changed the kinetic behavior of the R1 region in Mcl-1, but significantly inhibited the anticorrelated
motions of the R2, R3, R4 and R5 regions in Mcl-1 (Figure 4C). Similar to the 4M6/Mcl-1 complex, the
presence of 6AK and CN7 in the 6AK/Mcl-1 and CN7/Mcl-1 complexes inhibited the anti-correlated
motions of the R2, R3, R4 and R5 regions in Mcl-1, but did not significantly alter the kinetic behavior
of the R1 region (Figure 4D and E). For the ECM/Mcl-1 complex, the binding of ECM slightly enhanced
the anti-correlation motion of the R1 region while inhibiting the anti-correlation motion of the R2-R5
region (Figure 4F). The above analysis suggests that inhibitor binding has a significant effect on the mode
of movement of Mcl-1 and that the difference in internal kinetics reflects the change in the relative
position of key residues induced by inhibitor binding.

3.3. Evaluation of the binding ability of inhibitors to Mcl-1

PC1 PC1

Figure 5: Free energy landscapes of Mcl-1 projected on the first two eigenvectors: (A) the apo Mcl-1,
(B) the 19H/Mcl-1, (C) the 4m6/Mcl-1, (D) 6AK/Mcl-1, (E) CN7/Mcl-1, (F) ECM/Mcl-1.
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We also explored the conformational changes of Mcl-1 using the free energy landscape, which plays
an important role in understanding the energetic basis of the conformational space changes of Mcl-1. To
achieve this goal, the free energy landscape was constructed using the projections of the first two
eigenvectors PC1 and PC2 on the MD trajectory (Figure 5). As shown in Figure 5A, for the free state
Mcl-1 system, four energy basins were detected by MD simulations, indicating that the conformational
distribution of Mcl-1 is mainly in these four subspaces (Figure 5A). The binding of inhibitors 19H, 4M6,
6AK, CN7 and ECM to Mcl-1 resulted in the conformational redistribution of Mcl-1 in three, two, three,
two and three energy basins, indicating that the Mcl-1 conformation was concentrated in three, two, three,
two and three subspaces bound by 19H, 4M6, 6AK, CN7 and ECM, respectively (Figure 5(B-E)). The
above analysis showed that the binding to different structural inhibitors significantly affected the
conformation of Mcl-1 and that the binding of inhibitors made the conformation of Mcl-1 more stable.

To evaluate the difference in the binding ability of 19H, 4M6, 6AK, CN7 and ECM to Mcl-1, we
calculated the free energy of binding of five inhibitors to Mcl-1 using the MM-GBSA method. Due to
the long time to calculate the entropy change, we extracted 50 conformations from 200 conformations to
calculate the role of entropy in inhibitor binding. The results of MM-GBSA calculation are shown in
Table 1.

According to Table 1, it can be seen that our calculated binding free energies are in good agreement
with the experimental values and are in agreement with the experimental value ordering, indicating that
our present analysis of the free energies is reliable and reasonable. The binding free energies of 19H,
4M6, 6AK, CN7 and ECM with Mcl-1 were -17.29, -11.76, -20.38, -18.78 and -19.00 kcal/mol, with
6AK binding to Mcl-1 being the strongest. As shown in Table 1, the binding free energy consisted of
electrostatic interaction (AE,,.), van der Waals interaction (AE., 4y ), polar solvation free energy (AGgp),
nonpolar solvation free energy (AGyonpo:) @nd entropy change (—TAS). Among the five systems, van der
Waals interactions and electrostatic interactions contribute high favorable energies for complex formation,
in addition, the nonpolar solvation free energy also contributes favorable energies for inhibitor binding,
but to a lesser extent. In contrast, the polar solvation free energy and entropy changes provide unfavorable
effects on the binding of inhibitors. The above analysis suggests that van der Waals interactions and
electrostatic interactions provide the main favorable contributions in the binding of inhibitors to Mcl-1
and are key factors in the development of efficient inhibitors designed for Mcl-1.

Table 1: Binding free energies of inhibitors to Mcl-1calculated by MM-GBSA method.

Components 19H/Mcl-1 4M6/Mcl-1 6AK/Mcl-1 CN7/Mcl-1 ECM/Mcl-1
Mean | o® Mean | o® Mean | c° Mean | c° Mean | o®
AE,;, -29.54 | 10.62 | -19.74 | 7.96 | -40.90 | 4.81 | -40.92 | 6.51 | -11.05 | 7.77
AE, 40 -48.20 | 4.06 -41.38 | 3.44 | -49.88 | 3.12 | -4452 | 3.03 | -43.58 | 3.37
AGy,, 4764 | 9.25 38.32 | 7.85 | 55.27 | 4.43 | 54.40 | 549 | 22.79 | 6.99
AGponpor -591 | 0.24 -549 1027 | -598 |0.14 | -581 |0.16 | -5.44 | 8.18
AGeieipol 18.10 | 3.43 1858 |3.41 | 1437 |3.02 | 1348 |3.36 | 11.74 | 3.14
—TAS 18.72 | 6.21 1654 | 3.64 | 21.11 | 558 | 18.07 | 6.43 | 18.28 | 5.08
AGping® -17.29 -11.76 -20.38 -18.78 -19.00
AGeyy,* -9.96 -8.932 -12.76 -11.04 -12.6078
2 All components of free energies are in kcal/mol.
b Standard errors of means.
¢ AGele+pol = AEg, + AGpol
¢ AGping = AEge + AEygy, + AGpol + AGnonpol —TAS
¢ The experimental values were derived from the experimental IC50 values using the
equation:AGe,, = —RTInlCs,

3.4. Hot spot residues of inhibitor-Mcl-1 binding

To gain more insight into the molecular mechanism of binding of 19H, 4M6, 6AK, CN7 and ECM to
Mcl-1, the energy contribution of individual residues at the binding interface of the inhibitor to Mcl-1
was investigated using a residue-based free energy decomposition approach. Figure 6 show the key
residues bound to the inhibitor, which provide the major energy contributions to the binding of 19H, 4M6,
6AK, CN7, and ECM to Mcl-1. The lowest energy structure generated by the MD trajectory was used to
depict the geometric information of inhibitor-residue interactions (Figure 7). Also, the corresponding
information on the hydrogen bonding interaction of the inhibitor with Mcl-1 was displayed in Table 2
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using the CPPTRAJ module in Amber18. The decomposition analysis provided strong information for
the discovery of the major energy contributing residues. A closer study at the Mcl-1 binding site showed
that the collection of hydrophobic and polar residues exhibited significant variations in energy

distribution (Figure 7).
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Figure 6: Interaction energies of three inhibitors 19H, 4M6, 6AK, CN7 and ECM with key residues in
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Table 2: Main hydrogen bonding interactions of three inhibitors with MCL-1.

Components Hydrogen bonds? Distance(A) | Angle (deg) | Occupancy (%)°

19H/Mcl-1 °R263-NH2-HH21 --19H-OAD 2.94 145.4 17.95

R263-NE-HE --19H-OAD 3.21 145.4 8.73

R263-NE-HE --4M6-OAB 3.07 150.0 9.38

AMEB/Mel-1 0 63 NE-HE --4M6-OAA 3.08 1438 8.15

R263-NE-HE --6AK-002 2.90 158.9 96.91

R263-NH2-HH21 --6AK-002 3.20 135.0 18.65

6AK/Mcl-1 V258-N-H --6AK-003 3.13 145.2 12.59

V258-N-H --6AK-004 3.20 146.4 8.42

CN7/Moal-1 R263-NH1-HH11 --CN7-038 3.03 139.7 14.93

R263-NE-HE --CN7-038 3.22 142.1 8.45

R263-NE-HE --ECM-033 2.93 155.6 94.76

ECM/Mcl-1 | N260-ND2-HD21 --ECM-029 2.98 147.2 55.63

R263-NH2-HH21 --ECM-033 3.33 129.5 9.57

2 Hydrogen bonds are determined by the acceptor . . . donor distance of <3.5 Aand acceptor. H-donor

angle of >120<

b Occupancy (%) is defined as the percentage of simulation time that a specific hydrogen bond exists.

°The full line indicates an atom belonging to a certain residue or linking to the other atoms, and the

dotted line represents the formation of a hydrogen bonding interaction.
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263

263

Figure 7: Geometric information of inhibitors relative to key residues in the Mcl-1

As shown in Figure 6, ten key residues, A227, F228, M231, M250, V253, F254, R263, T266, L267,
and F270, contribute >1 kcal/mol of free energy to the binding of the inhibitor to Mcl-1. To further
understand the relative energy contribution between the contacting residues, the binding free energies
obtained for the five inhibitor complexes were compared (Figure 6). For 19H/Mcl-1, residues A227,
M231, M250, V253, F254, T266 and L267 formed CH-r interactions, residues F228 and F270 formed
n- interactions and residue R263 formed CH-CH interactions. Two hydrogen bonds with 17.95% and
8.73% occupancy were formed between residue R263 and the inhibitor (Figure 7A and Table 2). For
4M6/Mcl-1, residues M231, M250, V253, F254, T266 and L267 formed CH-r interactions, residues
F228 and F270 formed n-7 interactions, and residue R263 formed CH-CH interactions. Two hydrogen
bonds with occupancies of 9.38% and 8.15%, respectively, were formed between residues R263 and the
inhibitor (Figure 7B and Table 2). For 6AK/Mcl-1, residues A277, M231, M250, V253, F254, R263,
T266, and L267 formed CH-r interactions, and residues F228 and F270 formed m-w interactions. Two
hydrogen bonds with occupancies of 96.91% and 18.65%, respectively, were formed between residues
R263 and the inhibitor, and two hydrogen bonds with occupancies of 12.59% and 8.42%, respectively,
were formed by residue V258 (Figure 7C and Table 2). For CN7/Mcl-1, residues A277, M231, M250,
V253, F254, T266 and L267 formed CH-rn interactions, and residues F228 and F270 formed =n-n
interactions. Two hydrogen bonds with 14.93% and 8.45% occupancy, respectively, were formed
between residues R263 and the inhibitor (Figure 7D and Table 2). For ECM/Mcl-1, residues A277, M231,
M250, V253, F254, R263, T266 and L267 formed CH-x interactions, and residues F228 and F270 formed
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n-1 interactions. Two hydrogen bonds with 94.76% and 9.57% occupancy, respectively, were formed
between residues R263 and the inhibitor, and one hydrogen bond with 55.63% occupancy, respectively,
was formed by residue N260 (Figure 7E and Table 2).

4. Conclusions

In this work, the conformational changes and binding modes induced by the binding of Mcl-1 to five
inhibitors, 19H, 4M6, 6AK, CN7 and ECM, were investigated in depth. In particular, we performed 300
ns MD simulations of the complexes of Mcl-1 and five inhibitors (19H, 4M6, 6AK, CN7 and ECM) and
explored the effect of inhibitor binding on the conformational changes of Mcl-1. Correlation matrices
describing atomic fluctuations and PC analysis were calculated to explore the internal dynamics of Mcl-
1 due to inhibitor binding. The results showed that the binding of Mcl-1 protein to inhibitors significantly
changed the motion direction and intensity of certain residues. Further binding free energies calculated
using the MM-GBSA method suggest that van der Waals interactions and electrostatic interactions play
an important role in inhibitor binding. The residue-based free energy decomposition method elucidated
the contribution of individual residues in the inhibitor binding process. The hydrophobic rings of the five
inhibitors formed strong CH-x interactions and n-w interactions with residues F228, M231, M250, V253,
T266, L267 and F270. The findings of this study can provide valuable guidance for the design of novel
Mcl-1 inhibitors and provide a strong reference for iMcl-1ving the specificity and efficacy of new
generation chemotherapeutic drugs, as well as providing new ideas for addressing future tumor therapy
resistance and finding new therapeutic targets.
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