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Abstract: Bortezomib can form covalent bonds with the proteasome to kill myeloma tumor cell, but the detailed covalent
inhibition reaction mechanism remains unclear. In this study, we first established the parameters for boron atom in bortezomib
and explored the possible reaction pathways of inhibition of the proteasome by bortezomib through molecular dynamics (MD)
simulation and Quantum Mechanics/Molecular Mechanics (QM/MM) calculation. The computational results indicate that the
most energetically favorable pathway includes two reaction steps. The first step involves a proton abstraction from the -OH
group to -NH» group of Thrl residue, which is coupled with the nucleophilic attack on the boron atom of bortezomib by the
newly formed O ion. The second step is the proton transfer from the protonated -NH3* group to one of the hydroxyl group
connected to the boron atom, forming a bortezomib-proteasome complex associated with a water molecule coordinated with the
boron atom. The rate-determining step of the inhibition reaction is the first step with an energy barrier of 19.1 kcal/mol, which
is close to the activation energy of ~20.8 kcal/mol derived from kinetic experiments. This work provides detailed mechanistic

insights for proteasome inhibition by the boron compounds.
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1. Introduction

The proteasome is a large protein complex (2500 kDa) that
regulates intracellular proteolysis. With a sedimentation coefficient
of 26S as determined by density gradient centrifugation, it is also
known as the 26S proteasome [1-3]. The 26S proteasome consists
of the 19S regulatory particle and the 20S core particle, and many
researches have shown that degradation can occur without the
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regulation of the 19S particle and can be mediated solely by the
20S proteasome, which is thus identified as the catalytic core of the
proteasome [1,2,4-6]. As we all know, proteins in living cells are
constantly being degraded and synthesized, and the proteasome
generally plays an indispensable role in the cells for degrading
misfolded and useless proteins into amino acids [7-9]. If the
proteasome is inhibited, the cells will die quickly. Although
scientists have not fully demonstrated the reasons why proteasome



Yuwei Chen et al./ Commun. Comput. Chem., (2025), pp. 372-381

inhibitors can selectively kill cancer cells while they are harmless
to normal cells, this does not affect the potential applications of
proteasome inhibitors as anti-tumor drugs [10-12]. Noteworthy, it
has been discovered that proteasome inhibitors possess excellent
anticancer activity, and have already begun to be applied in the
medical field [13-15].

Up to now, a great number of inhibitors have been reported in
the literature to inhibit the proteasome [16-23]. Based on their
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structural characteristics and different modes of action with the
proteasome, they can be roughly divided into two main categories:
covalent inhibitors and non-covalent inhibitors depicted in Figure
1. Covalent inhibitors include several types, such as aldehyde
peptides [24-25], boronic acid peptides [26-29], B-lactones [20,30-
32], vinyl sulfone peptides [33-35], and epoxyketones [36-38] and
others [19]. Non-covalent inhibitors include cyclic peptide
inhibitors (such as TMC-95A and its derivatives) [38-42].
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Figure 1. Examples of covalent and non-covalent inhibitors of proteasome.

Each of proteasome active site contains an N-terminal threonine
(Thrl) residue, whose terminal amine serves as the general basis
for Thr1-OH activation [3,43-45]. Then the activated Thr1-O" ion
can act as a nucleophile in proteasome-catalyzed hydrolysis of the
peptide bond of the protein, and it can also attack the corresponding
inhibitor molecules to form a covalent bond. Different types of
inhibitors may have different covalent-binding modes and reaction
mechanisms at the proteasome active site. For example, vinyl
sulfone inhibitors (such as Z-L3VS) [46
through nucleophilic attack by Thr1-O- on the olefinic carbon, B-
lactone inhibitors such as NPI-0047 [47] can react with Thr1-O- to
form covalent bonds. Peptide aldehyde inhibitors such as Ac-Leu-

] form covalent bonds

Leu-nLeu-al [48], form a hemiacetal bond between the aldehyde
group and the Thr1-O" at the active site depicted in Figure 2. For
many years, scientists have studied several types of inhibition
mechanism of proteasome through theoretical calculations
[17,18,49-53]. However, the inhibition mechanism of some special

types of covalent inhibitors such as bortezomib, remains to be
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unexplored in theory.

The proteasome inhibitor bortezomib has been approved by
the U.S. Food and Drug Administration (FDA) in 2003 for the
treatment of multiple myeloma [54,55]. It can inhibit the tumor
activity by interacting with the proteasome. Although the catalytic
6], the
fundamental reaction pathway remains unclear due to limitations in

rate constant of this reaction has been characterized [5

the parameters of boron atom during the computational process.
This issue and our interest in mechanistic studies of proteasome
prompt us to contribute this computational work on the bortezomib
inhibition reaction. Based on the previous theoretical studies on the
proteasome inhibition by other kinds of inhibitors [18,49], we have
proposed a possible pathway for the bortezomib inhibition depicted
in Scheme 1. The pathway involves intramolecular proton transfer
of Thrl in the proteasome coupled with B-O bond formation, and a
second intramolecular proton transfer. In this work, we aim to
clarify the detailed mechanism of the inhibition reaction of
bortezomib and the rate-determining step of the reaction. In the
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present study, we have explored the possible reaction steps of
bortezomib inhibiting the proteasome through Molecular Dynamics
(MD) simulation and Quantum Mechanics/Molecular Mechanics
(QM/MM) calculation. Notably, QM/MM calculation are widely
used to study enzyme reaction mechanism, and the computational

Ac-Leu-Leu-nLeu-al

results could clearly reveal the most favorable reaction pathway
[57-60]. We believe this work should be useful for understanding
the general mechanism of proteasome inhibition by using boron
compounds.
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Figure 2. The inhibition reactions of proteasome by using three representative types of inhibitors including Z-L3VS, NPI-0047, and Ac-Leu-
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Scheme 1. Possible reaction pathway for bortezomib with proteasome.

2. Computational methods

2.1 Preparation of the initial Enzyme—Substrate structure

The initial model of the proteasome enzyme-substrate (ES)
complex has been constructed based on the crystal structure (PDB
ID: 2F16) [61], which is a polymeric structure comprising 28
chains in four stacked ring (Figure 3). The 20S proteasome is
composed of 28 subunits arranged into four stacked rings (i.e. two
B-rings in the middle and two a-rings on the sides), and each ring
consists of seven subunits [45,62]. The B1, B2, and B5 subunits
possess caspase-like (C-L), trypsin-like (T-L), and chymotrypsin-
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EP

like (CT-L) activities, respectively [1,2,4,45,63-65]. Therefore, the
proteasome has a total of six active sites. Referring to our previous
work [18] on the inhibition reaction between epoxomicin and the
proteasome, the 5 active site is located at the interface between the
5 and B6 subunits. By retaining only the two subunits (B5 and 6)
as the initial structure of the ES complex, we prepared the model
for subsequent molecular dynamics (MD) simulation. The atomic
charges of the substrate used in the MD simulations and subsequent
QM/MM calculation were restrained electrostatic potential (RESP)
charges. The RESP charges for bortezomib were calculated at the
HF/6-31G(d) level using the Gaussian 09 program [66]. In this
study, we used the Visual Molecular Dynamics (VMD) program
[67] as the visualization software for the MD simulation
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configurations. The protein and bortezomib molecules were
modeled using the Amber FF14SB [68] and Amber GAFF [69]
force fields, respectively. Since the Amber force field can only
recognize carbon, hydrogen, oxygen, nitrogen, phosphorus, sulfur,
and halogens, we needed to develop parameters for boron. Based
on the classical AMBER force field method developed by the
Kollman [70,71] group and by referencing the three-point method
established by our research group [72], we successfully fitted the
parameters for boron, and the specific boron parameters are
provided in Supporting Information. The tleap program was used
to add all missing hydrogen atoms in the protein. The TIP3P model
[73] was used for 22,696 water molecules, including solvation
waters with 15 A around the ES. By adding eight potassium ions as
counterions to neutralize the reaction system, an initial system was
obtained for subsequent molecular dynamics simulation. The entire
MD simulation system comprises a total of 74,676 atoms. We have
performed a 100 ns MD simulation, and more details about the MD
simulation can be found in the previous work [18,74]. Overall, the
MD simulation were performed using the GPU-accelerated version
of the PMEMD module [75] in Amber20 software [76].

Figure 3. The 20S proteasome has a structure composed of 28
subunits arranged into four stacked rings.

2.2 QM/MM calculation

We selected the 193rd snapshot from the 100 ns MD simulation
(with 10,000 frames in 100 ns) as the initial structure for the
QM/MM calculation model. Based on the previous work [18,74],
we thought the selected average structure in the equation MD
should be proper for QM/MM calculations of proteasome reactions.
As shown in Figure S1, we retained all 7,065 water molecules
including a solvation shell of 12 A around the ES complex in the
QM/MM calculation. The QM region contained 75 atoms, which
included a part of substrate bortezomib, and some atoms of the side
chains Thrl, Aspl7, Lys33 and Gly47. The selected QM region had
a total charge of 0 and a spin multiplicity of 1. The QM/MM
calculation were performed using ChemShell [77,78] as the
interface program, which invoked the ORCA software [79-81] for
quantum mechanical calculation in the QM region and DL POLY
[82,83] for molecular mechanical calculation in the MM region. To
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account for the polarization effects of the MM region on the QM
employed.
Hydrogen atoms were designated as the boundary atoms between
the QM and MM regions. After scanning the bond length changes,
the system's potential energy surface (PES) along the reaction

region, an electronic embedding approach was

coordinate was obtained. The dimer method implemented in the
DL-FIND optimizer [84] was then used to optimize the transition
state (TS) structure. Subsequently, frequency vibrational analysis
was carried out on the obtained TS to verify its authenticity. The
discussed Gibbs free energies have been obtained by Gibbs free
energy corrections of the stationary points (SPs) calculated at the
[B3LYP-D4/def2-SVP: Amber] level plus the single-point energy
computed at the [B3LYP-D4/def2-TZVPP: Amber] level [85-88].

3. Results and discussion

3.1 MD simulation analyses

To determine whether the enzyme-substrate complex system under
study had reached equilibrium, the root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) of the enzyme-
substrate complex were calculated using the CPPTRAJ program
[89], referencing the initial structure of the system. Plots of the
RMSD and RMSF of the residue atoms in the enzyme-substrate
complex system over time and as a function of residue number
were generated. In Figure 4A, it was observed that during the 100
ns MD simulation, the RMSD values of the enzyme-substrate
complex fluctuated within the range of 1.25-1.45 A, indicating that
the system had reached an equilibrium state over the course of the
100 ns MD simulation. In Figure 4B, the RMSF values of the
complex ranged from 0.1 to 1.5 A, suggesting that the overall
conformational changes were minimal during the MD simulation.
Many researchers have highlighted the importance of residues
Aspl7 and Lys33 when using proteasome inhibitors [45,52,53,65].
Aspl7, Lys33, and Thrl form a catalytic triad, and the ionization
states of Aspl7 and Lys33 influence each other due to strong
electrostatic interactions [65]. In this study, a hydrogen bond
interaction exists between deprotonated Aspl7 and protonated
Lys33, and Lys33 can form an N-H(Lys33)---O(Thrl) hydrogen
bond with Thrl. During the MD simulation, it was observed that
Gly47 can also form an N-H(Gly47)---O(bortezomib) hydrogen
bond with bortezomib. To verify that the substrate can stably reside
near the active site of the proteasome, we have tracked the
distances of these three hydrogen bonds. As shown in Figure 4C,
the hydrogen bond distance between Aspl7 and Lys33 ranges from
1.65 to 2.25 A, and the hydrogen bond distance between Lys33 and
the reactive Thrl ranges from 1.65 to 2.10 A. The hydrogen bond
distance between Gly47 and bortezomib ranges from 1.75 to 2.50 A.
These findings indicate that the hydrogen bond network near the
active site can stably anchor bortezomib over the course of the 100
ns MD simulation. Additionally, it can be found that the average
distance between B(bortezomib) and O(Thrl) during the 100 ns
MD simulation is around 3.25 A. (Figure 4D).

3.2 Possible mechanism

In Scheme 1, we considered a possible pathway for bortezomib
inhibition as described. Figure 5 shows the energy profile of the
reaction pathway. For the fundamental reaction pathway, the first
step involves an intramolecular proton transfer from the hydroxyl
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hydrogen to the amino nitrogen of Thr1, while the negatively Thrl-
O acts as a nucleophile to attack the boron atom of bortezomib.
During the nucleophilic attack process, a new B-O covalent bond is
formed in INT1 through transition state TS1 with an energy barrier
of 19.1 kcal/mol. Moreover, it is worth noting that we have
attempted but failed to find the stepwise transition state for the first
step. However, the energy kept increasing to >41.9 kcal/mol during
the energy scan along B-O bond process without the proton transfer,
thus we can rule out this unreasonable sequence of reactions. More
details can be found in the energy scan curve of Figure S2 in
Supporting Information. The second step involves another proton
transfer from the protonated Thr1-NH;* to B-OH group, forming a
molecule of water coordinated with the B atom through transition
state TS2. A coordination bond is formed between the oxygen atom
of the water molecule and the boron atom, with a bond length of
1.63 A. The B atom is confirmed to be in the tetrahedral
coordination mode within the crystal structure (PDB ID: 2F16) [61].
It should be noted that the transition state TS2 is 0.4 kcal/mol
higher than the intermediate INT1 without zero-point energy and
thermal corrections, while the Gibbs free energy difference
and the intermediate INT1
becomes -0.8 kcal/mol with zero-point energy and thermal

between the transition state TS2

corrections. This indicates that this proton transfer step is a barrier-
less process. Moreover, the inhibition of proteasome by bortezomib
has confirmed that the entire inhibition process from ES to EP is

endothermic with a value of 1.7 kcal/mol and should be reversible
[90-92]. Figure 6 illustrates that the distances of B (bortezomib)-O
(Thrl), N-H (Lys33)---O (Thrl), N-H (Lys33)---O (Asp17), and N-
H (Gly47)---O (bortezomib) in the transition state TS1 are 2.18,
1.73, 1.65, and 1.92 A, respectively. Whereas the distances of N-H
(Lys33)--*O  (Thrl),  N-H(Lys33)--‘O(Aspl17), and  N-
H(Gly47)---O(bortezomib) in the transition state TS2 are 1.74, 1.60,
and 1.94 A, respectively. During the process of proton transfer
coupled with nucleophilic attack, the hydrogen bond distance
between Lys33 and Thrl changes from the initial 1.79 A to 1.73 A
in transition state TS1. The distance is slightly shortened, and the
interaction is enhanced, enabling Lys33 to stabilize the transition
state TS1, with the hydrogen bond distance in the final intermediate
INT1 being 1.72 A. At the same time, the hydrogen bond between
Aspl17 and Lys33 increases from 1.57 A to 1.65 A in the transition
state. While Lys33 stabilizes Thrl, it weakens the interaction with
Aspl7, and the hydrogen bond distance in INT1 is 1.62 A. In the
subsequent proton transfer process, the hydrogen bond distance
between Lys33 and Thrl changes from 1.72 A to 1.74 A in TS2,
and the hydrogen bond distance in EP is 1.84A. Meanwhile, the
hydrogen bond between Asp17 and Lys33 changes from 1.62 A to
1.60 A in TS2, and the hydrogen bond distance in EP shortens to
1.55 A. This could be due to the fact that the product has reached a
stable state, leading to the enhanced interaction between Lys33 and
Aspl7.
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Figure 4. (A) RMSD values of all atoms of the whole system with respect to the corresponding starting structures for the entire MD
simulations of the protein and substrates. (B) RMSF values of all residues (numbers 1-426 are residues, and number 427 is substrate)
referenced to the average structure of all atoms in the enzyme—substrate complex during equilibrium simulations. (C) Changes of distances
associated with H(Gly47)-O(bortezomib), O (Thrl)-H(Lys33), H(Lys33)-O(Asp17) during the MD simulation. (D) Changes of distances

associated with B (bortezomib)-O(Thr1) during the MD simulation.
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According to the reported experimental data, the observed rate
constant (Kebs) is 0.2 min™' [56], which corresponds to an energy

barrier of 20.8 kcal/mol at 298.15 K based on transition state theory.

Our computational results indicate that the energy barrier through
TS1 (19.1 kcal/mol) is close to the experimentally determined
energy barrier. As concerned as above, the first step is the rate-
determining step of the reaction, and the computational results are
kinetically reasonable. We also selected the 2146th snapshot as
initial structure for the QM/MM calculation, and the computed
results summarized in Table S2 are also close to the activation
energy of approximately 20.8 kcal/mol derived from Kkinetic
experiments.

4. Conclusion

By fitting the parameters of bortezomib using the three-point
method, we have investigated the detailed inhibition mechanism of
proteasome by bortezomib through MD simulations and QM/MM
calculation for the first time. The calculated results of the MD
simulation indicate that the parameters for bortezomib have been
successfully established. Specifically, the hydrogen bond network
among the three key residues including Lys33, Aspl7, and Thrl

can be formed and plays an important role in the inhibition reaction.

Further QM/MM calculated results indicates that intramolecular
proton transfer is coupled with nucleophilic attack to bortezomib to
form a tetrahedral complex, which is followed by a proton transfer
to form a more stable intermediate in the fundamental reaction
pathway. Noteworthy, the inhibition reaction has been confirmed to
be slightly endothermic, demonstrating the bortezomib is a kind of
reversible inhibitor. This theoretical work helps in understanding
the complete inhibition mechanism of 20S proteasome by the
boron-containing small-molecule inhibitors, and thus provides a
theoretical basis for the rational design of boron-containing drug
molecules.

Supporting information

Please see the Supporting Information in the attachment.
https://global-sci.com/storage/self-storage/cicc-2025-203-1-R1-
si.pdf.
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