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ABSTRACT: To develop potent covalent inhibitors, the non-
covalent interactions around the transition state to form
covalent bonding should be optimized because the potency of
the inhibitor can be depending on the energy of the transition
state. Here, we report an efficient analysis of the noncovalent
binding mode of a potent covalent proteasome inhibitor 3a
around the transition state by a combined use of the chemical
approach, i.e., the cyclopropylic strain-based conformational
restriction, and the computational docking approach. Fur-
thermore, we calculated the binding energy of a series of salinosporamide derivatives in the predicted noncovalent complex
around the transition state with the simulation model of proteasome constructed in this study, which was well correlated to their
pIC50. Thus, the proposed docking methods to predict the noncovalent binding mode around the transition state of covalent
inhibitors will be helpful toward the development of covalent inhibitors.

■ INTRODUCTION
Much attention has been focused on covalent inhibitors of
proteins due to their strong and prolonged inhibitory effects
based on the stable covalent bonding.1 Many covalent inhibitors
are useful as clinical drugs1 and also as tools for investigating
biological pathways.2 Even if an inhibitor binds covalently to
its target protein, it should first be recognized by its target via
noncovalent interactions to form a reversible noncovalent
complex (P·I). After that, it reacts with the reacting group of
the target protein via transition state (P···I) to form the covalent
complex (P−I)1a as shown in Figure 1.
Accordingly, the potency of covalent inhibitors can be signif-

icantly affected by their binding affinity for the target protein in
the noncovalent binding mode, especially around its transition
state to form covalent bonding. Therefore, to design optimized
covalent inhibitors, it is desirable to know the noncovalent
binding mode of the lead inhibitor around the transition state,
which can be the “bioactive conformation” of covalent inhibitors.
X-ray crystallographic structures of inhibitors in complex with

their targets are often effectively used for designing further active
inhibitors.3 For the design of covalent inhibitors, however, the

X-ray structure of the complex might not be so helpful compared
with the design of noncovalent inhibitors because conformation
of the covalent inhibitors in the binding site can be significantly
changed along with the covalent bond formation. In such cases,
the noncovalent bindingmode around the transition state cannot
be effectively predicted by the X-ray crystallographic analysis.
Thus, it is difficult to analyze the noncovalent binding mode
of covalent inhibitors around the transition state for the
optimization process of covalent inhibitors.
In recent years, proteasome inhibitors have been extensively

studied from the viewpoint of antitumor drug discovery.4

Because the systematic degradation of intracellular proteins by
proteasome is essential for cellular functions such as cell cycle
progression,5 signal transduction,6 and endoplasmic reticulum-
associated protein degradation (ERAD),7 proteasome inhibition
causes cell cycle arrest and induces apoptosis.4a,b In fact, the
proteasome inhibitors bortezomib and carfilzomib were
approved by FDA for the treatment of multiple myeloma,8 and
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several proteasome inhibitors are currently in clinical trials.4b

Notably, all of these inhibitors bind covalently to proteasome,
showing the effectiveness of covalent inhibitors as anticancer
agents.
Belactosin A (1) is a naturally occurring tripeptide identified

as a proteasome inhibitor by Asai and co-workers.9 It inhibits
proteasome covalently by acylating the active site Thr residue via
ring-opening of its β-lactone moiety.10 We previously developed
highly potent proteasome inhibitors 3a−5a by the three-
dimensional structure−activity relationship (SAR) of belactosin

A11 and subsequent optimization studies (Figure 2).12 These
studies revealed that the two hydrophobic moieties (yellow in
Figure 2) on the left side of the molecules are important for the
high potency of 3a−5a, compared with the lead 2.
We also analyzed the X-ray crystal structure of 3a in complex

with proteasome,12b but, the B-factors, which represent smearing
of atomic electron densities around their equilibrium positions
due to thermal motion and positional disorder,13 of 3a were
unexpectedly high; the average ligand B-factor was greater than
80 Å2, especially in the region containing the two hydrophobic
moieties (Figure 3). This suggests that, in the covalent complex,
the region containing the two hydrophobic moieties of 3a is
highly flexible and would not interact effectively with
proteasome, while the two moieties are clearly necessary for
high inhibitory activity. This contradictory result indicates that
the region containing two hydrophobic moieties effectively
interacts with proteasome to facilitate noncovalent complex
formation and/or covalent bond formation. Once the covalent
bond is formed, the conformation of 3a would be significantly

Figure 1. Inhibitory mechanism of covalent inhibitors.

Figure 2. Development of potent proteasome inhibitors using belactosin A as a lead by the stereochemical diversity-oriented strategy.

Figure 3. X-ray crystallographic analysis of 3a in complex with
proteasome. The structure of 3a was colored according to its B-factor
value, in which the areas with low B-factors are colored blue and the
areas with high B-factors are colored red.

Figure 4. The structure and proteasome inhibitory activity of β-lactam
congener 3a′.
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altered due to its strained β-lactone-opening, which would
weaken the interaction of the two hydrophobic moieties with
proteasome.
To further analyze the contribution of noncovalent interac-

tions in these inhibitors, the β-lactam congener 3a′ was synthe-
sized and evaluated its proteasome inhibitory potency (Figure 4).
Because the reactivity of β-lactam is much lower than the
corresponding β-lactone, covalent bond formation should be
significantly retarded in 3a′. In stark contrast to 3a, the β-lactam
congener 3a′ showed no proteasome inhibitory activity (IC50 >
10000 nM). This clearly suggests that, in these compounds, the
noncovalent complex prior to covalent bond formation is not
stable enough to exhibit proteasome inhibitory activity by itself
and proteasome inhibitory activity of belactosin derivatives is
predominantly owing to their covalent bond formation ability.
Thus, the region containing the two hydrophobic moieties of 3a

should effectively interact with proteasome in its transition state
to facilitate covalent bond formation.
Therefore, to effectively optimize the noncovalent interactions

of 3a with proteasome by further structural modifications, the
analyses of the noncovalent binding mode of 3awith proteasome
around the transition state are necessary (Figure 5).
The organic chemistry-based approach by synthesizing con-

formationally restricted analogues of a lead is often effective for
investigating the bioactive conformation of the lead.14 On the
other hand, a computational approach by docking simulations is
also useful for investigating the noncovalent binding mode of
compounds.15 We thought that effective investigation of the
noncovalent binding mode of covalent inhibitors around the
transition state would be possible by combined use of the organic
chemistry-based conformational restriction approach and the
computational modeling.
Thus, in this report, we describe the design, synthesis, confor-

mational analysis, and pharmacological effect of cyclopropylic
strain-based conformationally restricted analogues 3b−5b and
3c−5c (Figure 6) and docking simulations of them and their
parent compounds 3a−5a to identify the noncovalent binding
mode of these covalent proteasome inhibitors around the transi-
tion state. We present a useful docking concept for simulation of
the noncovalent binding mode of covalent inhibitors around the
transition state. On the basis of this concept, we investigated
the correlation between the calculated binding energies of the
simulated noncovalent complexes and the actual inhibitory
effects of a series of covalent proteasome inhibitors to show that
the obtained noncovalent binding mode of covalent inhibitors
around the transition state can be well related to their inhibitory
potency.

■ RESULTS AND DISCUSSION

Cyclopropylic Strain-Based Design of the Conforma-
tionally Restricted Analogues. Because of its small and rigid
ring structure, cyclopropane is effective for restricting the
conformation of a molecule without changing the chemical and

Figure 5. Plausible binding mode change of 3a with proteasome before
and after covalent bond formation.

Figure 6. Previously reported proteasome inhibitors 3a−5a and their conformationally restricted analogues 3b−5b and 3c−5c.

Figure 7. The cyclopropylic strain-based conformational restriction.
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physical properties of the lead compound.16 A characteristic
structural feature of cyclopropane is that cis-oriented adjacent
substituents on the ring exert significant mutual steric repulsion
because they are fixed in the eclipsed orientation, which we
previously termed “cyclopropylic strain”.17 Consequently,
conformation of the substituents on a cyclopropane can be
restricted so that the steric repulsion due to the strain is minimal,
as indicated in Figure 7.
In compounds 3a−5a, bond rotation between the cyclo-

propane (C1) and its adjacent carbon (C1′) would be restricted
by the cyclopropylic strain. Thus, the two conformers A (anti, the
cyclopropane ring “down”/the side chain (X) “up”) and B (syn,
the cyclopropane ring “down”/the side chain (X) “down”) would
be preferable to conformer C due to the significant steric repul-
sion with the adjacent cis-oriented amide moiety in conformer C

(Figure 8a). Importantly, in the preferable conformers A (anti)
and B (syn), the positioning of the side chain containing two
hydrophobic moieties (X) that are essential for the strong
binding to proteasome is significantly different each other, so that
one of the two conformers is thought to be the bioactive form in
the noncovalent complex around the transition state.
To analyze the bioactive conformation of 3a−5a in the non-

covalent complex around the transition state, we designed the
C1′-methyl-substituted derivatives 3b−5b and 3c−5c as con-
formationally restricted analogues of 3a−5a (Figure 6).
Depending on the configuration at the C1′ position,
conformation of the compounds can be restricted due to the
cyclopropylic strain between the introduced methyl group and
the cis-oriented amidemoiety; the syn-conformer would be stable
in 3b−5b (1′R, Figure 8b); conversely, the anti-conformer would
be stable in 3c−5c (1′S, Figure 8c). Pharmacological evaluations
of these conformationally restricted analogues would allow us
to clarify the bioactive conformation because the analogues
restricted in the bioactive conformation would be active as their

Figure 8. Plausible stable conformations of 3a−5a (a), 3b−5b (b), and 3c−5c (c).

Figure 9. Stable conformations of 3a and its conformationally restricted
analogues 3b and 3c obtained by calculations: orange, the region con-
taining two hydrophobic moieties; green, the β-lactone moiety.

Figure 10.NOE of conformationally restricted analogues 3b and 3c and
their parent compound 3a in CHCl3.
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parent compounds, while the analogues restricted in the different
conformation would be not.
The conformations of 3a−c were analyzed by molecular

mechanics calculations with MacroModel 9.9 (Schrödinger,
LLC). In the conformational analysis of 3a, two types of
particularly stable conformers were obtained, which correspond
to the anti- and the syn-conformers in Figure 8a, respectively
(Figure 9a), while the anti-conformer is slightly more stable than
the syn-conformer (ΔE = 1.2 kcal/mol). In these two calculated
conformers, positioning of the side chain containing two
hydrophobic moieties (orange) relative to its β-lactone moiety
(green) differs significantly. On the other hand, in the confor-
mational analysis of 3b and 3c, the most stable structure was
calculated as a syn-conformer for 3b and an anti-conformer for
3c, as expected (Figure 9b). The energy difference between the
two conformers was rather large, which were 2.4 kcal/mol for 3b
and 7.1 kcal/mol for 3c. The calculations of 4a−c and 5a−cwere
also carried out, and the results were similar to those for 3a−c
(see Supporting Information).
Thus, conformational analysis by molecular mechanics

calculations supported our molecular design of the conforma-
tionally restricted analogues based on the cyclopropylic strain.
We therefore synthesized these conformationally restricted anal-
ogues to analyze the bioactive conformation of their parent com-
pounds in the noncovalent complex around the transition state.
Conformational Analysis of the Conformationally

Restricted Analogues. We investigated the stable conforma-
tions of the synthesized conformationally restricted 1′R and 1′S-
methyl derivatives 3b and 3c and their parent compound 3a in
CDCl3 by NOE experiments (Figure 10). Irradiation of Hd of the
1′R isomer 3b gave NOE at Ha, suggesting that it is stable in its
syn-conformation. On the other hand, irradiation of Hb and Hc of
the 1′S isomer 3c gave NOEs at Ha, suggesting that it is stable in
its anti-conformation. Furthermore, irradiation of Ha of the
parent compound 3a, without methyl group, gave NOEs at both
Hb and Hc, suggesting that it might be rather stable in its anti-
conformation.
We successfully analyzed the X-ray crystal structure of 3c,

which unambiguously showed its anti-conformation in the solid
state, as expected (Figure 11).
These experimental results suggested that the conformation-

ally restricted analogues 3b−5b and 3c−5c are actually stable in

the conformations predicted by molecular mechanics calcu-
lations and that the cyclopropylic strain-based conformational
restriction strategy seems to work effectively in these com-
pounds, as we expected. Therefore, pharmacological evaluations
of these compounds would allow us to identify the bioactive
conformation of 3a−5a in the noncovalent complex around the
transition state.

Pharmacological Effects of the Conformationally
Restricted Analogues. The inhibitory effects of synthesized
conformationally restricted analogues 3b−5b and 3c−5c on the
chymotrypsin-like (ChT-L) activity of purified human 20S
proteasome were investigated using succinyl-Leu-Leu-Val-Tyr-4-
methylcoumaryl-7-amide as a substrate (Table 1). These con-
formationally restricted analogues showed proteasome inhib-
itory activity weaker than that of their parent compounds without
a methyl group at C1′. In all the C1′-stereoisomeric pairs (3b/3c,
4b/4c, and 5b/5c), however, the 1′R-isomer is significantly more
potent than the corresponding 1′S-isomer. Therefore, the bio-
active conformation of 3a−5a in the noncovalent complex
around the transition state should be the syn-form. The decreased
activity of the 1′R-isomers compared with their parent
compounds might be explained by steric repulsion between the
introduced methyl group and proteasome.
The cell growth inhibitory effects of 3a and its conformation-

ally restricted analogues 3b and 3c against several tumor cells
were also investigated. Cell growth inhibitory activity of 3c,
whose conformation is restricted in the anti-form, was lower
than that of the parent compound 3a, consistent with its un-
ambiguously lower proteasome inhibitory effect than 3a. How-
ever, the cell growth inhibitory activity of 3b, whose confor-
mation is restricted in the syn-form, is similar or even higher than
that of its parent compound 3a in all cell lines examined despite
its lower proteasome inhibitory activity compared with 3a.
To investigate these contradictory results, we focused on the

stability of 3a−3c in aqueous medium. Because these com-
pounds were almost insoluble in water, we removed their Cbz
group to obtain the water-soluble analogues 6a−6c, respectively,
for the stability evaluations. The compounds 6a−6c were in-
cubated in 0.1 M TEAA buffer (pH 7.4) or human AB serum at

Figure 11. X-ray crystal structure of 3c.

Figure 12. The concept of the docking simulation of covalent inhibitors
performed by us.
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37 °C, and the time courses were analyzed by HPLC to obtain
the half-life (t1/2) as summarized in Table 2. Interestingly, both
chemical and biological stabilities of the conformationally restricted
analogues 6b and 6c are superior to those of their parent com-
pound 6a. Thus, although the proteasome inhibitory activity of
conformationally restricted analogue 3b was lower than its parent
compound 3a, the increased stability of 3b might make it a more
effective cell growth inhibitor than 3a. The decreased structural
flexibility of the compounds by the conformational restriction
might be related to the increased stability.
Docking Study of 3a−3c. As described above, the

noncovalent binding mode of the covalent inhibitors, especially
around the transition state to form a covalent bond, can be used

effectively toward designing compounds for further optimization.
In the case of belactosin derivatives, the strained β-lactone
moiety reacts with the hydroxyl group of the N-terminal Thr
of the proteasome, which would lead to a significant conforma-
tional change of the compound via its β-lactone ring-opening.10

Consequently, although the X-ray crystal structure of 3a
covalently complexed with proteasome is available, its non-
covalent binding mode around the transition state could not be
effectively predicted from the X-ray analysis. To investigate the
noncovalent binding mode of 3a around the transition state, we
planned to perform docking simulations of 3a and its con-
formationally restricted analogues 3b and 3c, according to the
scheme shown in Figure 12.

Table 1. Proteasome and Cell Growth Inhibitory Effects of Conformationally Restricted Analogues 3b−5b and 3c−5c and their
parent compounds 3a−5a

aBased on three experiments.
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In the noncovalently interacting state of a covalent inhibitor
and its target protein around the transition state to form a
covalent bond, the two atoms to react each other in the inhibitor
and the protein should locate closer than the sum of their van der
Waals radii. Because docking programs simulate the “non-
covalent interaction” (P·I in Figure 1) between the ligand and
protein, they cannot simulate the binding mode including such
quite close interactions around the reaction transition state (P···I
in Figure 1). Therefore, if we perform docking simulations of
covalent inhibitors as in the case of noncovalent inhibitors using
the protein structure (B in Figure 12), in which the covalently
bound inhibitor is simply removed from the X-ray crystal

structure of the covalent complex (A in Figure 12), it should only
produce noncovalent binding mode far from its transition state
(C in Figure 12). Thus, to predict the noncovalent binding mode
of 3a around the transition state, we devised a docking method
through steps B−F, depicted in Figure 12. First, the reacting
group of the protein is removed to avoid steric repulsion to
simulate the noncovalent complex around the transition state
(B−D). Then, the plausible position of the ligand’s reacting
group (orange closed circle in Figure 12) in the noncovalent
complex around the transition state is hypothesized based on the
X-ray crystal structure of the covalent complex (A), which can be
effectively used to restrict the positioning of ligand reacting
group in docking simulations (D−E). The constructed model
(E) consists of the trimmed protein with constraint on the ligand
reacting group position would be useful to simulate the non-
covalent binding mode around the transition state (E−F).
To perform the docking simulations of belactosin derivatives

according to the scheme, reasonable positioning of the react-
ing group β-lactone is needed. However, as mentioned above,
belactosin derivatives react with the proteasome Thr residue via
its strained β-lactone ring-opening, which would induce
significant conformational change of the belactosin derivatives10

(Figure 13a). Accordingly, positioning of the β-lactone moiety in
the noncovalent complex around the transition state is difficult to
predict exactly based on the covalent complex structure. Thus, in
the docking simulation of belactosin derivatives, construction of
the model structure used for docking simulation (Figure 12E)
based on the X-ray crystal structure (Figure 12A) is problematic.
To resolve the problem, we focused on the X-ray crystal

structure of fluorosalinosporamide A covalently complexed with
the proteasome.18 Salinosporamide A and its derivatives are

Table 2. Half-life (t1/2) of 6a−6c in 0.1 M TEAA Buffer
(pH 7.4) or Human AB Serum at 37 °C Investigated by HPLC
Analysis

t1/2

compd
no. R2 conformation

0.1 M TEAA buffer
(h)

human AB serum
(min)

6a H syn/anti 10 2.3
6b R-CH3 syn 14 4.2
6c S-CH3 anti 21 4.7

Figure 13. Inhibitory mechanism of 3a (a), salinosporamide A (b), and fluorosalinosporamide A (c).
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covalent inhibitors of proteasome that have a β-lactone ring as a
reacting group like belactosin derivatives,19 so that the β-lactone
ring of salinosporamide seems to occupy a space similar to that
occupied by belactosin derivatives in their noncovalent binding
state around the transition state. Importantly, in comparison
with belactosin derivatives, the conformational change of the
salinosporamide derivatives induced by the β-lactone ring-
opening should not be so significant because the β-lactone of
salinosporamide A derivatives is fused with a γ-lactam to restrict
the conformational change of the β-lactone region by the ring-
opening19c (Figure 13b,c). In the case of salinosporamide A, after
the β-lactone ring-opening reaction with the proteasome Thr
residue, the resulting hydroxyl group substitutes the chloride on
its chloroethyl side chain to form the five-membered ether
ring,19c which would further differentiate its structure from that
in the transition state (Figure 13b). Fortunately, in the case of
fluorosalinosporamide A, having a less reactive fluoroethyl group
instead of a chloroethyl group, its X-ray crystal structure in
complex with the proteasome without formation of the ether ring
was analyzed.18 In the structure, conformations of both the ligand
and the proteasome would be rather analogous to those in the
noncovalent binding state (Figure 13c*). Therefore, we thought
that the structure of fluorosalinosporamide A in complex with
proteasome (Figure 13c*) would be effectively used to construct
the model structure (corresponding to Figure 12E) for the
docking simulations to investigate the noncovalent complex
around the transition state.
Thus, as shown in Figure 14, we modified the X-ray crystallo-

graphic structure of fluorosalinosporamide A in complex with
proteasome (Figure 14a)18 to construct the model structure used
for docking simulation of 3a−3c. First, the ester bond between
the fluorosalinosporamide A and the Thr was cleaved, and then,
the side-chain of Thr was trimmed to remove the steric repul-
sion between the Thr side-chain and the β-lactone of 3a−3c
(Figure 14b).20 Next, we reconstructed the β-lactone structure
by ligating the hydroxyl oxygen and the carbonyl carbon, which
was minimized by molecular mechanics calculation to give the
putative noncovalent bindingmode of the fluorosalinosporamide
A around the transition state (Figure 14c). From the recon-
structed structure of fluorosalinosporamide A, moieties other
than the β-lactone ring were removed to obtain the model
structure used for docking simulation, which consists of the
trimmed proteasome structure and the β-lactone ring used as a
core structure to restrict the β-lactone positioning of the ligand in
docking simulations (Figure 14d). Thus, in this model, it is
hypothesized that the reacting β-lactone is located at the position
near to that in the transition state.
Using the model, we carried out the docking simulation of

3a−3c to predict their noncovalent binding state around their
transition states, and the results are shown in Figure 15. The
predicted noncovalent binding mode of 3a was the syn-form
(Figure 15a) in accord with the experimental results of 3a−3c
described above, suggesting that the docking simulation is
reliable. As expected, the predicted noncovalent binding mode of
3a around the transition state was significantly different from the
X-ray analyzed covalent binding mode (Figure 3), especially in
the region containing the two hydrophobic moieties essential
for its strong proteasome inhibition. Furthermore, the two
aromatic groups and proteasome surface were very close to be
accommodated precisely in the binding site, compared with
those in the X-ray analyzed covalent complex, which further
supports our hypothesis that the two hydrophobic moieties
effectively interact with proteasome in the noncovalent complex

around the transition state rather than in the covalent complex, as
shown in Figure 5.
The predicted noncovalent binding mode of 3b (Figure 15b)

around the transition state was also the syn-form, and the region
containing the two hydrophobic moieties interacts with
proteasome almost the same as in 3a (Figure 15d). On the
other hand, in the docking simulation of 3c (Figure 15c), none of
plausible binding modes similar to that of 3awas obtained. These
docking results of 3b and 3c are consistent with their proteasome
inhibitory activity, which again indicates that the docking simula-
tion was performed properly.

Correlation between Calculated Energy of the Non-
covalent Complex and Inhibitory Activity. As mentioned
above, it is important to know the noncovalent binding mode
around the transition state for the effective optimization of covalent
inhibitors, because the inhibitory activity of covalent inhibitors can
be related to the binding energy of the noncovalent complex around
the transition state. On the basis of this hypothesis, we performed
docking simulations of a series of salinosporamide A derivatives

Figure 14. Modification of the X-ray crystallographic structure of the
fluorosalinosporamide A in complex with proteasome.
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using the proteasomemodel constructed in this study and calculated
the binding energy of the predicted noncovalent complexes around
the transition state by Prime MM-GBSA.21 In this trial, 11
salinosporamide A derivatives, for which the IC50 values for yeast
20S proteasome were reported previously,22 were used, and the
correlation between their pIC50 and the calculated Prime MM-
GBSA ΔG bind was investigated.

As shown in Figure 16a, calculated binding energies of the
predicted noncovalent complexes around the transition state are
well correlated to their pIC50 values (r = 0.82). Because each of
these derivatives has different hydrophobic residues (see
Supporting Information Figure S6), we further investigated the
correlation between clogP and pIC50 of them (Figure 16b). How-
ever, no correlation was observed between them (r = 0.096),

Figure 15. (a−c) The noncovalent binding mode of 3a−3c around the transition state predicted by docking simulations: gray tube, predicted binding
mode of each compound; green wire, structure of 3a in covalent complex analyzed by X-ray crystallography. (d) Superimposed predicted structures of
3a (orange tube) and 3b (green tube).
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which clearly suggests that the calculated binding energies in the
predicted noncovalent complexes around the transition state
does not reflect the hydrophobicity of the inhibitors but effec-
tively reflects specific hydrophobic interactions between the
protein and inhibitors around the transition state. To our
knowledge, this is the first demonstration of the good correlation
between the inhibitory activities of covalent inhibitors and the
calculated binding energies of predicted noncovalent complexes
around the transition state by docking simulations.
Chemistry. The synthetic plan for 3b−5b is summarized in

Scheme 1. In the synthesis, construction of the sequential tertiary
chiral carbons (C1′ and C2′) is a key. The C2′ chiral center is
thought to be constructed by Grignard reaction with the
sulfinylimine 10b, as we reported previously for the synthesis of
3a−5a.12b The sulfinylimine 10b is prepared from the conforma-
tionally restricted chiral cyclopropane unit 9b. The C1′ chiral
center of 9b seemed to be constructed by the stereoselective
methylation by chiral oxazolidinone method23 using substrate
8b. Starting from chiral cyclopropane unit 7, developed by us as a
chiral cyclopropane unit for the synthesis of stereochemically
diverse cyclopropane compounds,24 substrate 8b is prepared.
Similarly, their diastereomers 3c−5c are prepared (see Supporting
Information about the synthesis of 3c−5c).
Synthesis of the unit 10b and the key intermediate 12b are

shown in Scheme 2. Cyclopropane unit 7 was subjected to a
Wittig reaction with MeOCH2PPh3Cl, and subsequent hydrol-
ysis of the product gave its homologous aldehyde, of which

Pinnick oxidation afforded the corresponding carboxylic acid 13.
Condensation of 13 and (4R)-4-benzyl-2-oxazolidinone23 with
the mixed acid anhydride method was carried out to form 8b to
regulate the stereochemistry of the following methylation of the
α-position (C1′) to the carbonyl group. Thus, 8b was treated
with CH3I/NaHMDS in THF at −78 °C to stereoselectively
afford the desired methylated product 9b (dr 97:3). The
undesired diastereomer was removed at the purification step of
15b to afford it as a single diastereomer. The chiral auxiliary was
removed reductively with DIBAL to yield the corresponding
aldehyde 14b, condensation of which with (S)-t-BuSONH2

25

gave the conformationally restricted chiral cyclopropane unit
10b. The absolute configuration of the introduced methyl
group was determined by the PGME method26 (see Supporting
Information).
Grignard reaction of 10b with phenethylmagnesium chloride

afforded the alkylated product diastereoselectively.25 The
absolute configuration of the introduced phenethyl group was
determined by the modified Mosher’s method27 (see Supporting
Information). The t-butylsulfinyl group and TBDPS group were
then removed under acidic conditions in methanol, and the
resulting amino group was protected with an Fmoc group to
afford 15b. Successive oxidations of 15b under Dess−Martin and
Pinnick oxidation conditions gave the corresponding carboxylic
acid, and subsequent treatment of it with DPPA gave the cor-
responding acyl azide, which was heated in t-BuOH to form the
Curtius rearrangement product 12b as a key intermediate.

Figure 16. Calculated prime MM-GBSA ΔG bind vs pIC50 (a) and clogP vs pIC50 (b) of salinosporamide A derivatives.

Scheme 1. Synthetic Plan of 3b−5b
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The synthesis of 3b−5b is shown in Scheme 3. After removal
of the Fmoc group of 12bwith K2CO3 in methanol, Cbz-Ala-OH
was condensed with the mixed anhydride method to yield 16b.
After removal of the Boc group of 16b with TFA in DCM, the
β-lactone unit 1728 was condensed by the mixed anhydride
method to yield 3b. The Cbz group of 3b was removed by
hydrogenolysis, and the product was treated with 2-naphthoyl
chloride to afford 5b. Compound 4b was prepared from 12b as
the preparation of 3b.
During these synthetic studies, we observed that the

diastereoselectivity of the Grignard reactions of 10b and 10c
was significantly affected by the configuration of the C1′ methyl

group adjacent to the imino moiety. In these reactions, the 1′R
substrate 10b gave 11b as a single isomer, while the 1′S substrate
10c gave 11c as a diastereomeric mixture in a ratio of 5:1.
The different stereochemical outcome between these substrates
might be explained by the reaction mechanism shown in
Figure 17. The Grignard reaction of the t-butylsulfinylimines
is thought to proceed through a six-membered transition
state due to coordination of the sulfinyl oxygen to the Mg2+,
in which the bulky t-butyl group is in the equatorial posi-
tion to determine the stereochemistry of the reaction (Ellman
model).25 When the substrate is the 1′S isomer 10c, the
methyl group adjacent to the imino moiety should be

Scheme 3. Synthesis of 3b−5ba

aReagents and conditions: (a) K2CO3, MeOH; (b) Cbz-Ala-OPiv, Et3N, CH2Cl2, 0 °C to rt, 100% (2 steps from 12b); (c) TFA/CH2Cl2; (d) PivCl,
Et3N, CH2Cl2, 0 °C to rt, (3b, two steps 82% from 16b; 4b, two steps 91% from 18b); (e) Pd/C, H2, TFA/THF, 0 °C; (f) 2-naphthoyl chloride,
Et3N, CH2Cl2, 0 °C, 70% (2 steps from 3b); (g) 2-naphthoyl chloride, Et3N, CH2Cl2, 0 °C, 100% (2 steps from 12b).

Scheme 2. Synthesis of the Conformationally Restricted Chiral Cyclopropane Unit 10b and the Key Intermediate 12ba

aReagents and conditions: (a) MeOCH2PPh3Cl, NaHMDS, THF, 0 °C; (b) HCl, THF/H2O; (c) Pinnick ox, 90% (3 steps from 7); (d) PivCl,
Et3N, CH2Cl2, 0 °C; (e) (4R)-4-benzyl-2-oxazolidinone, n-BuLi, THF, −78 °C, 83% (2 steps from 13); (f) CH3I, NaHMDS, THF, −78 °C, 83% (dr
97:3); (g) DIBAL, THF, −78 °C, 69%; (h) (S)-t-BuSONH2, CuSO4, CH2Cl2, 96%; (i) PhCH2CH2MgCl, CH2Cl2; (j) HCl, AcOEt/MeOH; (k)
FmocOSu, Na2CO3, THF/H2O, 66% (3 steps from 10b); (l) Dess−Martin ox; (m) Pinnick ox; (n) DPPA, Et3N, CH2Cl2, 0 °C to rt; (o) t-BuOH,
reflux, 72% (4 steps from 15b).
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positioned on the reagent-accessible side of the imine plane in
the Ellman model, and therefore, its steric effect might lower
the stereoselectivity.

■ CONCLUSIONS

We successfully analyzed the noncovalent binding mode of 3a
with proteasome around the transition state using both a
conformational restriction approach based on the cyclopropylic
strain and docking simulations. Although precise prediction of
the noncovalent binding mode of covalent inhibitors around the
transition state based on X-ray crystallographic analysis is often
unsuccessful, our findings suggest that the combined use of a
conformational restriction approach and docking simulations can
be effective to investigate the noncovalent binding mode of
covalent inhibitors around the transition state in various cases.
Furthermore, we calculated the binding energy of a series of
salinosporamide derivatives in the predicted noncovalent
complex around the transition state with the simulation model
of proteasome constructed in this study, and the results are well
correlated to the pIC50. These findings indicate that the
noncovalent binding mode around the transition state can be a
key in the binding between covalent inhibitors and their target
molecules. Thus, reliable docking methods to predict the
noncovalent binding mode of covalent inhibitors around the
transition state can be helpful toward the development of potent
covalent inhibitors, and an organic chemistry approach by the
conformational restriction is very effective to verify the
simulation results.
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