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Abstract

The 20S proteasome is an attractive drug target for the development of anticancer agents because
it plays an important role in cellular protein degradation. It has a threonine residue that can

act as a nucleophile to attack inhibitors with an electrophilic warhead, forming a covalent
adduct. Fundamental understanding of the reaction mechanism between covalent inhibitors and
the proteasome may assist the design and refinement of compounds with the desired activity. In
this study, we investigated the covalent inhibition mechanism of an a-keto phenylamide inhibitor
of the proteasome. We calculated the noncovalent binding free energy using the PDLD/S-LRA/S
method and the reaction free energy through the empirical valence bond method (EVB). Several
possible reaction pathways were explored. Subsequently, we validated the calculated activation
and reaction free energies of the most plausible pathways by performing kinetic experiments.
Furthermore, the effects of different ionization states of Asp17 on the activation energy at each
step were also discussed. The results revealed that the ionization states of Aspl17 remarkably affect
the activation energies and there is an electrostatic reorganization of Asp17 during the course of
the reaction. Our results demonstrate the critical electrostatic effect of Asp17 in the active site of
the 20S proteasome.
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INTRODUCTION

The ubiquitin-proteasome system (UPS) is an intricate molecular machine of protein
homeostasis in cells.12 Proteasome is the core catalytic particle of the UPS taking charge of
protein degradation.3 The proteasome is widely expressed in the cytosol and nucleus and has
a myriad of functions in cells, including degradation of misfolded proteins, regulation of the
cell cycle, cancer progression, and inflammatory and immune responses. The proteasome
has been shown to be a valuable drug target for treating multiple myeloma (MM), a
hematological malignancy.*® To date, three proteasome inhibitors have been approved for
clinical use in patients with MM.8 Bortezomib is the first-generation proteasome inhibitor
approved in 2003 that paved the way for the investigation of the druggable proteasome.

a-Ketoamide is a novel kind of reversible covalent proteasome inhibitor with several
advantages.’ The crystal structures show that its phenylamide moiety projects into the
primed site (S1”) that was rarely investigated in past drug development efforts (Figure

1).8 Previous studies imply that optimization of the a-keto phenylamide with different
substitutions at its phenyl group increases the 5 binding potency and reduces the adverse
events, such as peripheral neuropathy.19 Exploiting the primed site has been shown as

an effective strategy for improving the specificity and potency of protease inhibitors.11-13
Furthermore, a-ketoamide’s electrophile shows a reversible inhibition against the enzyme
with the potential for the treatment of solid tumors.14 The reversible inhibition may make
it a safer option compared to irreversible covalent inhibitors.1® Thus, it is worth optimizing
further a-ketoamides to develop efficient proteasome inhibitors with better pharmacological
properties.

The mechanism of a-ketoamide forming a covalent adduct with the 20S proteasome is
not yet delineated. Detailed understanding of the reaction mechanism of such covalent
inhibitors would be helpful in designing agents with high potency. To date, the opinions
about the catalytic center of the 20S proteasome are controversial for computational
scientists. Initially, Wei et al. investigated the proteolysis mechanism of the substrate (e.g.,
Suc-LLVY-AMC) as well as the mechanism of covalent inhibition for different inhibitors
(e.g., epoxomicin and syringgolin A) and suggested Thr1 as the catalytic residue.16-18 As
demonstrated in their studies, the termini amino group of Thrl acts as the general base for
Thr1O7 activation. Later, Huber et al. combined mutagenesis and X-ray crystallographic
studies to put forward a catalytic triad for the catalysis consisting of Thrl, Lys33, and
Asp17 residues.19 In their study, a significantly reduced substrate and inhibitor activity
for the £5-Lys33Ala variant confirmed that Lys33 initiates the reaction by deprotonating
the Thrl hydroxyl group. Moreover, there is a water molecule occupying the position
normally taken by Lys33-NH,, which forms hydrogen bonds with the side chains of ThrlO?
and Asp1709 in the crystal structure of the £5-K33A mutant. This well-defined solvent
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molecule implied the general base function of Lys33. Although the £5-D17N mutant also
provokes a severe defect in the enzyme activity, the role of Aspl17 has not received its

due importance.20-23 Since then, most researchers recognized the importance of Lys33 and
provided a unified view of the Thrl-Lys33 catalytic dyad for enzyme activity. Very recently,
Serrano-Aparicio et al. clarified the critical role of the Asp17-Lys33 dyad through the
analysis of the electrostatic features of the active site of the 20S proteasome?4

EXPERIMENTAL METHODS

Preparation of the Modeling System.

The catalytically active center of the 20S proteasome £5 subunit is only related to the 55
and 86 subunits, and the other subunits have little effect on the chymotrypsin-like activity.23
The K (85) and L (86) chains in PDB entry 4NO8 were retained as the main simulation
system. The structure used (PDB 4NO8) is the only reported complex structure, including
the a-ketoamide inhibitor we investigated. The inhibitor in the PDB named Bsc2189 was
used as the a-keto phenylamide inhibitor in this study. The covalent bond between the
inhibitor and residue Thrl was removed. The inhibitor was then added hydrogens and was
energy minimized using SYBYL-X. The partial charges of the inhibitor were evaluated

at the B3LYP/6-311d(d,p) level using Gaussian 09.28 The calculated charges were then
fitted to obtain the restrained electrostatic potential (RESP) charges using Antechamber.2
The amino group of the side chain of Lys33 was recognized as neutral states according

to pKj; calculation (Tables S1). The partial charges of Thrl and Lys33 were calculated
using methods similar to those of the above inhibitor. The simulation system was solved
using MOLARIS-XG and was then energy minimized to remove bad contacts under the
ENZYMIX force field.30

EVB Simulations.

Before the EVB simulations, the simulation system was equilibrated thoroughly. Initially,
the system was relaxed via a multistep heating procedure with a large constraint force on
the reacting atoms and then gradually released the constraint under 300 K. The heating
procedure increased the temperature in nine steps from 1 to 300 K with increments of

40 K, and the increment was 20 K from 280 to 300 K. Each temperature relaxed 20 ps,

and the heating process lasted 180 ps. During heating, the reacting atoms in region | were
constrained using force with 50 kcal/mol/AZ2. This constraint was then released in six steps
from 50 to 0.3 in 10 kcal/mol/A2 decrements for a total of 120 ps. Later, the system was
equilibrated in an additional 300 ps. Three starting conformations of EVB calculations were
generated from the final equilibration. The system was immersed in a 22 A sphere of water
molecules, and a 2 A spherical shell of Langevin dipoles was further surrounded. In the
EVB calculations, each reaction simulated 11 frames from the reactant to product. Each
frame was run for 10 ps. To obtain the calibration parameters of the gas phase shift and
coupling constant, the reference reaction in water was conducted using the same parameters
in the protein system. The partial charges of EVB atoms and all other EVB parameters are
provided in the Supporting Information. The reported energies in the free energy profile
were averaged from three independent EVB simulations.
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PDLD/S-LRA/B Simulations.

The PDLD/S-LRA/g simulations were used to obtain the noncovalent binding energy of the
inhibitor. The starting conformation of the system was generated by using the same way

in the EVB simulations. The ionization states of all the titratable residues were determined
through the POLARIS module in MOLARIS-XG.31-33 This approach to determining the
pKy’s of ionizable residues in proteins is described in detail in refs 31 and 32. In the
PDLD/ S-LRA/gBsimulation, the linear response approximation (LRA) calculation was
performed on 20 different protein configurations. The presented results were averaged from
five independent simulations.

Kinetic Assays.

The human 20S proteasome (E-360, R&D Systems) diluted in reaction buffer (50 mM
HEPES, 1 mM DTT, 1 mM EDTA, pH 7.6) at a final concentration of 0.0365 mg/mL was
added to blank 96-well plates, and then a testing inhibitor with various concentrations and
the final concentration of 20 1M fluorogenic substrate Suc-LLVY-AMC (S-280, Boston
Biochem) were added immediately. The relative fluorescence units (RFU) were measured by
a PerkinElmer EnVision multimode plate reader with an excitation wave-length of 345 nm
and an emission wavelength of 445 nm every 3 min for 2 h.

RESULTS AND DISCUSSION

pKa Calculation.

The initial ionization states of the amino acid residues in the catalytic center play a vital role
in driving the inhibition mechanism. Thus, pKj calculations were first performed to evaluate
the ionization states of the groups. According to the calculated pKj values (Tables S1), the
NH, group of Thrl along with the side chains (e.g., Lys33 and Asp17) are all deprotonated.
These results imply that Lys33 could be a proton acceptor and participates in the proton
transfer process. It supports the widely accepted scenario that Lys33 initiates the reaction by
deprotonating the Thr1 hydroxyl group20-23

Calculating the Noncovalent Binding Free Energy (AGnoncov)-

According to the ordering of the PT1 and the inhibitor noncovalent binding, we calculated
the AGoncov Values of two noncovalent complexes. In one case, the noncovalent binding

of the inhibitor occurs in the neutral form (i.e., before the PT1 from Thrl to Lys33) as
designated by the “NoncovPNP pathway” (noncov — PT1 — NA2 — PT3) in Figure 2.

In another case, the noncovalent binding of the inhibitor happens in the ionized form (i.e.,
after the PT1 from Thrl to Lys33) as designated by “PnoncovNP” (PT1 — noncov — NA2
— PT3) and “PnoncovPNP” (PT1 — noncov — PT2 — NA3 —PT4) pathways in Figure
2. In both cases, we obtained similar binding free energies (-4.8 kcal/mol for the first case
and -4.1 kcal/mol for the second case). In a recent report, we estimated the AGpgngoy Of

the inhibitor—protein bound complex (-4.3 kcal/mol) that is similar to the current result.34
These results indicate that the ionization of Thrl and Lys33 has little effect on the formation
of the inhibitor—protein noncovalent complex. To clarify the structure—activity relationship,
we analyzed the energy contributions of each residue toward the total binding free energy.
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These plots (Figure S1) identify a significant contribution from three residues: Thr21,
Gly47, and Ala49. All three residues form hydrogen bonds with the peptide backbone of the
inhibitors (Figure 1), which constitutes the “hot spots” for the chymotrypsin-like site of the
proteasome, and the hydrogen bonds play a vital role in the noncovalent binding.

Calculating the Reaction Free Energy of the First Proton Transfer Step (AGpT1).

In the PT1, the hydroxyl group of Thrl is deprotonated and Lys33 accepts the proton,
forming an ammonium structure (NHz*) (Figure 3). The PT1 reaction between Thrl and
Lys33 was calculated in two situations, i.e., in apo and holo enzymes. The reference
reactions in water were also performed in the presence or absence of the inhibitor. In the
presence of the inhibitor, the AGpt1 ops Of 8.0 kcal/mol was taken from Figure 8 in ref

35. In the absence of the inhibitor, the AGpT1 ops Was calculated from the pK; difference
between Lys and Thr residues based on eq 1.35:36 Here, the calculated values for the pK;’s
of hydroxyl in Thrl and the NH, group in Lys33 are 13.84 and 4.98, respectively (Tables
S1). AGpr obs is then determined as AGpr1,0bs = 1.36 X (PAKq-0H,Thr1 ~ PAa—NH2,Lys33) =
1.36 x (13.84-4.98) = 12.0 kcal/mol. We used this as the reference reaction value in water
to calibrate the reaction in a protein environment without the inhibitor. The two situations
(e.g., apo and holo enzymes) generated a remarkable difference in the PT1 profiles having
a reaction free energy of 9.1 kcal/mol for the Pnoncov pathway and 12.9 kcal/mol for the
NoncovP pathway. From these results, we predict that the reaction happens in the absence
of an inhibitor since it has a much lower energy penalty. We infer that the presence of the
inhibitor probably has unfavorable steric and polar effects on the PT1 step. This result is in
agreement with the conclusion of ref 26, which investigated the inhibition mechanism of a
cysteine protease by an a-ketoamide inhibitor using the EVB approach.28

AGpr = 2.3RT(pKan — PKan)

@

where Ris the universal gas constant, 7 is the absolute temperature, and AH and BH denote
a proton donor (AH) and acceptor (BH), respectively.

We further compared the average distances of the reacting heavy atoms (OG1 and NZ)
between Thrl and Ly33 during the equilibration phase (see Table 1). The system without
the inhibitor (labeled with “nolig” in Table 1) had a shorter distance (2.84 A) and lower
activation energies than the system with the inhibitor (3.37 A). Figure 4 presents the
structures of the reactants and products of both pathways. The distances between the
carboxyl group of Aspl17 and the amino group of Lys33 were also investigated. In the
absence of the inhibitor, Asp17 forms a more stabilized electrostatic interaction with Lys33
considering the shorter distances between NZ and OD1/0OD2. Reducing the ionization
strength of Aspl7 (say hil7 and nil7 in Table 1) results in longer distances between the
atoms and higher activation energies. These results suggest that Asp17 has an important
role in the reaction, and Asp17’s polar effect probably makes Lys33 more easily accept
the proton from Thrl. Therefore, we investigated the effect of different ionization states of
Aspl7 in the following reaction steps.
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Calculating the Reaction Free Energy of the Second Proton Transfer Step (AGpt2).

In PT2, the amino group of Thrl accepts a proton from the ammonium group of Lys33.
PT2 is involved in the PnoncovPNP pathway, which is similar to what was proposed to be
the lowest energy pathway for substrate hydrolysis.23 We estimated the AG}r,,.,, in a water
environment (1.6 kcal/mol) that was then used to calibrate the reaction in protein yielding a
value of 1.3 kcal/mol (see Table S2).

Calculating the Activation and Reaction Free Energies of the Nucleophilic Attack (AG;’;A

and AGNA).

In the NA step, the activated anionic O% atom of Thr1l attacks the a-keto group of the
inhibitor and yields an anionic tetrahedral complex. The NA reaction was also calculated
under two circumstances according to whether there was a PT2 step between Lys33 and
Thrl (see PnoncovNP and PnoncovPNP pathways in Figure 2). In the PnoncovNP pathway,
the NA2 step occurs right after the inhibitor binding, while in the PnoncovPNP pathway, the
NAZ3 step occurs after the PT2 step. The reference numbers (e.g., activation energy (4G, .v.)
of 16 kcal/mol and reaction free energy (G, obs) Of 10 kcal/mol) for the NA step were
taken from Figure 8 in ref 35. The calculated activation energies in the protein environment
(4G%,) are 14.29 and 19.66 kcal/mol for the NA2 and NAS3 steps, respectively. These results
reveal that NA2 has lower activation energy, implying PnoncovNP as a plausible reaction
pathway. Figure 5 presents the structures of the reactants and products of the NA step for
both pathways. From structural analysis, we observed that the distances between N (Thr1)
and 04 (a-keto oxygen of the inhibitor) in the PnoncovPNP pathway (3.33 A) are much
smaller than the distances in the PnoncovNP pathway (4.26 A) (see Table 2). It suggests
that there is a stronger hydrogen bond interaction between the NH3* group of Thrl and the
carbonyl group of the inhibitor (distance is 2.9 A in Figure 5), which probably decreases the
electrophilicity of the carbon atom in the a-keto group. The anionic O” atom of Thrl attacks
the carbon (in the case of NA3) with less electrophilicity that needs to overcome a higher
barrier. Thus, the NA3 step that happens after the PT2 step has a higher reaction barrier,
which makes the PnoncovPNP pathway less favorable.

We also investigated the effect of different ionization states of Asp17 on the kinetics and
thermodynamics of the NA step. The average distance between the two reacting heavy
atoms (i.e., OG1 (Thrl) and C24 (a-keto) in Table 2) is the shortest in the system with
half-ionized ASP17 (hi17) for both the PnoncovNP (3.16 A) and PnoncovPNP pathways
(3.13 A). However, the activation barrier is significantly lower in the case of NA2-hi17 (i.e.,
14.29 kcal/mol) as compared to NA3-hil7 (i.e., 19.66 kcal/mol). Thus, we predict NA2-hil7
as the most favorable nucleophilic attack mechanism.

Calculation of the Reaction Free Energy of the Last Proton Transfer step (AGpt3).

In the PT3 step, the anionic tetrahedral O4 atom of the inhibitor accepts a proton from

the ammonium structure (NH3*) of Lys33. Here, we only considered the PT3 for the
PnoncovNP pathway since it has a lower activation barrier as compared to the PnoncovPNP
pathway in the NA step.
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We used eq 1 to obtain aGpT3, ops for the reference reaction. The obtained aGprg, gps in water
was —10 kcal/mol considering the pKj; of amine (i.e., 4.80) and the pKj of the tetrahedral
intermediate (i.e., 12.13) (Tables S1). Using this as the reference value, we calculated the
reaction free energy of the PT3 step in Table 3. The results indicate that the PT3 step
contributes the maximum exergonicity as compared to any other steps. This implies that
tuning the proton affinity of the tetrahedral complex (e.g., which can be achieved by placing
suitable electron withdrawing or donating groups3”) provides an effective way to design a
reversible vs irreversible inhibitor.

The effect of different ionization states of Asp17 on PT3 is listed in Table 3. With un-ionized
Aspl7 (nil7), the average distance between the two reacting heavy atoms, NZ (Lys33)

and 04 (a-keto), is shortest (2.92 A) and the reaction free energy is the lowest. With
reduced ionization strength of Aspl7, the distance between Aspl7 and Lys33 (NZ-OD1 and
NZ-OD2) gets longer while the AG becomes lower. Thus, a strong electrostatic interaction
between positively charged Lys33 and negatively charged Aspl7 may prohibit Lys33 to lend
a proton to the tetrahedral complex. This implies that PT3 will occur at the un-ionized sate
of Aspl7.

To summarize, our calculations indicate that PnoncovNP is the most favorable covalent
inhibition pathway (Figure 6) for the inhibitor Bsc2189, which has a calculated activation
energy (4G,..) and binding free energy (AGcov, car) of 19.3 and —11.6 kcal/mol,
respectively.

ky ks
E+ —mEXI—=E-1
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@

v, - VO)(I — e~ kops')
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We also notice that PT1, NA2, and PT3 reaction steps will occur at the ionized, half-ionized,
and un-ionized states of Asp 17. Thus, we conclude that the ionization state of Aspl7
significantly changes along the reaction process to help guide it in the most energetically
viable pathway.

Validation of the Calculated Activation and Reaction Binding Free Energy Through Kinetic
Experiments.

To verify the calculated results, we performed kinetic experiments to obtain the experimental
activation (4G..,) and binding free energy (AGgoyexp) Of the inhibitor. The tested k-and k;
(kj= k_1/ky) values in the kinetic experiments (eq 3 and eq 4) could be used to determine
the experimental activation energy (£, or AG.,..,) based on the Transition State Theory (eq
5) and the binding free energy (AGov,exp) according to eq 6, respectively.>38-40 Analysis
of the progress curves of Figure 7 yielded a value of 0.01268 s1 and a &; value of 6.039

nM. Therefore, the experimental 4Gz, .., and AGcoyexp are 20.04 and —11.26 kcal/mol,
respectively. The calculated AGY,.., (19.3 kcal/mol) and AGgoy cat (—11.6 kcal/mol) values
are very close to the experimental values.

CONCLUSIONS

In this work, we investigated the inhibition mechanism of an a-ketoamide covalent inhibitor
(Bsc2189) of the proteasome. We estimated the noncovalent contribution using the PDLD/S-
LRA/B method and the covalent contribution using the EVB method. Our calculations
examined multiple reaction pathways for the covalent adduct formation. The PnoncovNP
pathway was recognized as the most plausible path. The calculated activation and reaction
free energies were verified by kinetic experiments. The results indicate that the nucleophilic
attack step is the rate-determining step, which occurs after the PT1 and noncovalent binding.
We also notice that the PT3 step contributes to the maximum exergonicity. This suggests that
the electrophilicity of the warhead of the inhibitor and the proton affinity of the tetrahedral
complex in the PT3 step play important roles and thus should be exploited during SAR to
optimize the inhibitor for better activity.

Analysis of the ionization effect of Asp17 on the calculated activation energies and the
distances of reacting atoms in each reaction step revealed that different ionization states

of Aspl7 could cause remarkable differences in results. Interestingly, it appears that the
ionization state of Asp17 probably changes along the reaction. In the PT1 step, Aspl7 isin
the ionized state, which helps to stabilize the positively charged product (e.g., NH3* group
in Lys33). In contrast, in the PT3 step, Aspl7 is in un-ionized state since Lys33 is reverting
to its neutral form. This result suggests that the ionization states of Aspl7 and Lys33 are
affected by each other due to the strong electrostatic interactions. Thus, we conclude that
Aspl7 plays a vital catalytic role in the active site of the proteasome and Thrl-Aspl7-Lys33
constitutes a catalytic triad. The importance of Asp17 revealed here is in agreement with

a recently reported work in which the authors performed an electrostatic potential analysis
and showed that the Asp17-Lys33 dyad plays a critical role in the irreversible inhibition
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of proteasome by salinosporamide A (SalA).24 Our results demonstrate an electrostatic
reorganization in the catalytic center of the 20S proteasome along the reaction, which could
be considered when studying the inhibition mechanism of covalent proteasomal inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Binding mode of the a-ketoamide BSc2189 in the substrate-binding cleft located between

5 and 66 subunits of the proteasome (PDB code: 4N08).
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Three proposed reaction mechanisms for Bsc2189 covalent inhibition. PT1 stands for first
proton transfer, PT2 stands for second proton transfer, PT3 stands for third proton transfer,
NA2 stands for the nucleophilic attack step after PT1, and NA3 stands for the nucleophilic

attack step after PT2.
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Figure 3.
Structure of the active site of the 5 subunit of the human 20S proteasome
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Figure 4.
Structures before (left, reactant) and after (right, product) the PT1 reaction for the

PnoncovNP pathway, and the NoncovPNP pathway.
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NA2 (PnoncovNP pathway)
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Figure 5.
Structures before (left) and after (right) the NA reaction for the PnoncovNP pathway and the

PnoncovPNP pathway.
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Calculated free energy surface (FES) of formation of the covalent proteasome-Bsc2189

complex.
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Figure 7.
Results of kinetic experiments. The upper column shows the reaction progress curve of

hydrolysis of Suc-LLVY-AMC by the 20S proteasome in the presence of Bsc2189 at 0-200
nM. The curves were fit to eq 3 to determine the apparent Ayps. The below column shows the
plot of ks values to [Bsc2189]. Fitting to eq 4 yields & and A». The activation energy &
can be obtained according to the Transition State Theory in eq 5.
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Average Distances among Key Atoms and Calculated Binding Free Energies of the PT1 Reaction with

Different lonization States for Asp 174

Table 1.

distance (A)

AG.y (kcal/mol)

system NZ-OG1 NZ-OD1 Nz-OD2 AG* AG
PT1-i17-lig 3.37 4.85 3.36 12.86 12.66
PT1-hil7-lig 3.19 4.54 5.72 19.22 18.81
PT1-nil7-lig 3.15 4.28 5.57 25.00 25.00
PT1-i17-nolig 2.84 3.06 3.08 9.09 9.09
PT1-hil7-nolig 294 4.39 3.69 12.52 12.52
PT1-nil7-nolig 2.95 3.89 5.08 1111 11.11

Page 20

a . - . . - .
i17 represents ionres 17, and the net charge of the residue is —1; hil7 represents ionres_half 17, and the net charge of the residue is —0.5; ni17
represents without ionres 17, and the net charge of the residue is 0. -lig means there is a ligand in the system; -nolig means there is not a ligand in

the system.
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Table 3.

Average Distances among Key Atoms and Calculated Binding Free Energies of the PT3 Reaction with
Different lonization States for Aspl7

distance (A) AGy (keal/mol)

system NZ-O4 NZ-N NzZ-OD1 Nz-OD2 AG* AG

PT3-i17 4.35 4.18 2.93 3.06 0.50 -9.93
PT3-hil7 3.03 4.74 3.17 3.19 1.36 -12.39
PT3-nil7 2.92 4.29 3.88 4.73 -13.48
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