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A series of novel dipeptidyl boronic acid proteasome inhibitors composed of β-amino acids were
synthesized, in vitro and in vivo biologically evaluated, and theoretically modeled for the first time.
From the screened racemic compounds in enzyme, 4i was the most active. The IC50 value of its pure
enantiomer 4q was 9.6 nM, 36-fold more active than its isomer 4p and as active as the marketed
bortezomib in inhibiting human 20S proteasome. This candidate also showed good activities with IC50

values nearly less than 5 μM against several human solid and hematologic tumor cell lines. Safety
evaluation in vivo with zebrafish and Sprague-Dawley (SD) rats showed that the candidate 4qwas less
toxic than bortezomib. Pharmacokinetic profiles suggested candidate 4q showed a more plasma
exposure and longer half-life than bortezomib. Docking results indicated that 4q nearly interacted with
20S proteasome in a similar way as bortezomib.

Introduction

The ubiquitin-proteasome pathway (UPPa) is responsible
for the degradation of more than 80% normal and abnormal
intracellular proteins.1 It has been shown that this pathway is
central to normal cellular homeostasis including cell cycle
regulation, DNA repair, sodium channel function, regulation
of immune and inflammatory responses, and cellular response
to stress.2-4 A growing body of evidence suggested that
derangements of UPP could lead to many disorders, such as
malignancies, neurodegenerative diseases, and possible sys-
tematic autoimmunity.5 At the heart of this system is the 26S
proteasome, which is a dynamic multisubunit proteolytic
complex with a molecular weight of 700 kDa and functions
in eukaryote as a key enzyme for nonlysosomal degradation.6

The cylindered 26S proteasome is composed of two subcom-
plexes: one multicatalytic proteinase complex (MPC) 20S
proteasome and two regulatory particles 19S proteasome
(RP). The 20S proteasome is the proteolytic site and shows
three different types of catalytic activities, chymotrypsin-like
(CT-L, β5 subunit), trypsin-like (T-L, β2 subunit), and cas-

pase-like (PGPH, β1 subunit). The 19S RP caps at both ends
of the CP and controls the recognition of the ubiquinated
proteins before they enter the 20S proteasome and therein are
degraded into pieces of small amino acids.

The realization that the proteasome is so critically related to
the development of a number of major human diseases
promoted research into the design and synthesis of various
proeasome inhibitors and the evaluation of their therapeutic
potentials. In recent years, there has been a great deal of
interest in proteasome inhibitors as a novel class of anticancer
candidates and some of them entered clinical trial, such
as bortezomib and salinosporamide A (also named NPI-
0052).7-9 The dipeptidyl boronic acid bortezomib was ap-
proved to be used for the treatment of relapsed and refractory
multiple myeloma (MM) in 2003 and mantle cell lymphoma
(MCL) in 2006. Though bortezomib therapy has proven to be
successful for the treatment of hematologic tumor and poten-
tially good for other types of cancer,10,11 prolonged treatment
is associated with toxicity and development of drug resis-
tance.12

On the basis of our accumulated knowledge of the structure
of proteasome and its inhibitors,13-15 we recently disclosed a
comprehensive understanding of dipeptidyl boronate protea-
some inhibitors composed of R-amino acids.16 In an effort to
design the second generation proteasome inhibitors as antic-
ancer agents with less toxicity, nowadays by use of scaffold
migrationmethod, we directed our work to the exploration of
dipeptidyl boronic acids containing β-amino acids. In several
cases, the substitution of anR-amino acid for their β-isomer in
biologically active peptides resulted in an increased activity
and enzymatic stability.17,18 β-Peptides, formed by β-amino
acids having an extra backbone carbon, have been intensely
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studied for years to discover stable well-ordered secondary
structures.19-22 Furthermore, the use of β-amino acids as the
building block of proteasome inhibitors has never been
reported.

Nowadays, because of the low cost of zebrafish and its high
degree of similarity with humans in the drug responses,23,24

drug-screening assays using zebrafish are increasingly becom-
ing popular.25,26 Such inexpensive and convenient animal
models have been applied in a variety of assays for assessing
cardiotoxicity,27 hepatotoxicity,28 neurotoxicity,29 and muta-
genesis.30

In this manuscript, we described the synthesis, biological
evaluation, SAR investigation, and toxicity assessment with
zebrafish and SD rats, pharmacokinetic profiles, and docking
studies for a series of dipeptidyl boronic acids composed of β-
amino acids as the novel proteasome inhibitors. Enzymatic
and cellular activity profiles of themost active racemate (()-4i
were compared to those of its pure enantiomers 4pand 4q. The
in vivo safety profiles of the two isomers and bortezomibwere
evaluated and compared. Bindingmodes of isomers 4p and 4q
with 20S proteasome were studied in detail with the docking
method.

Results and Discussion

Chemistry. The preparation of racemized β-amino acids 1
was illustrated in Scheme 1. β-Amino acids 5were purchased
from commercial sources. Methyl ester hydrochlorides 6

were synthesized by the traditional MeOH/SOCl2 method.
After coupling of acid R1COOHwith 6 using the traditional
liquid peptide synthesis procedures,31 N-terminal protected
methyl esters 7were obtained, which were saponificated and
acidified to give acids 1 in high yield.

Chiral β-amino acids 1p and 1q were prepared according
to Scheme 2 by applying a reported procedure.32,33 The
commercially available 4-methoxybenzaldehyde was treated

with n-BuLi and tert-butyl diethylphosphonoacetate 8 at
-78 �C, giving tert-butylR,β-unsaturated esters 9, whichwas
purified by chromatography on silica gel and obtained in
high yield.

The conjugate additions were carried out between esters 9
and the homochiral (R)- and (S)-N-benzyl-N-(R-methylben-
zyl)amides 10a and 10b, respectively, in the presence of
n-BuLi at -78 �C to produce the (R)- and (S)-enantiomers
of the β-amino acid esters 11a and 11b in high yields. The
N-debenzylation products 12a and 12b were obtained from
their corresponding N-protected esters 11a and 11b in a
methanol-acetic acid-water mixture system catalyzed by
Pd(OH)2 on C in hydrogen atmosphere. After filtration to
remove the heterogeneous catalyst and concentration of the
resulting reaction mixture, the crude products 12a and 12b

were purified by chromatography in the presence of triethy-
lamine and obtained in moderate to high yield.

Coupling reactions were performed between benzoic
acid and β-amino esters 12a and 12b in the presence of
DCC/HOBt coupling reagent to prepare N-terminal pro-
tected tert-butyl ester β-amino acids, which were hydrolyzed
by HCl/Et2O to remove the ester, giving N-terminal pro-
tected β-amino acids 1p and 1q in moderate yields after
crystallization. Chiral HPLC indicated that no isomers were
detected for both compounds.

The generalized preparation of dipeptidyl boronic acids 4
is illustrated in Scheme 3. The key boronate intermediates,
hydrochloride salt of aminoboronates 2, were prepared in
moderate to high yields following our reported method.16

Finally, coupling of aminoboronates 2with various acids 1 in
the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (EDC 3HCl) and HOBt afforded the
dipeptidyl boronates 3 which were not purified and directly
transesterificated with isobutylboronic acid under acid con-
ditions to give boronic acids 4.

Scheme 1. General Synthesis of Racemized N-Terminal Protected β-Amino Acids 1a-o
a

aReagents and conditions: (i) CH3OH, SOCl2, 0 �C to room temp; (ii) R1COOH,DCC,HOBt, NMM, THF, 0 �C; (iii) (1) 2 NNaOH, acetone/H2O,

0 �C; (2) 2 N HCl, 0 �C.



1992 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 5 Zhu et al.

Biology. Enzyme.Because of the fact that no SAR of such
novel compounds has been reported, different substituents
of three positions R1, R2, and R3 were initially designed
according to the following rules: for R1 substituents, aro-
matic rings with or without N atoms were employed; for R2

substituents, electron-withdrawing or electron-donating
groups were used; for R3 substituents, aliphalic or aromatic
groups were considered. And the potency of final com-
pounds was evaluated in the human 20S chymotrypsin-like
activity. Table 1 summarized the structures and inhibition
activities of the designed dipeptidyl boronic acids. Because of
the more complex and difficult synthesis of chiral β-amino
acid compared with its racemate, for SAR discussion in this
work, (() β-amino acids at R2 position were employed for
fast biological screening. Table 1 showed that all the com-
pounds inhibited the chymotrypsin-like activity of 20S pro-

teasomewith IC50 values widely ranging from 9.6 to 664 nM,
indicating that internal SAR existed. Especially the pure
enantiomer 4q was found to be highly potent with an IC50 of
9.6 nM, which was being regarded as an anticancer drug
candidate to be developed.

Pyrazin-2-yl group was a component of the marketed
bortezomib, so this fragment was also used in the initial
design in R1 position. Exploration of substituents at R1

position revealed the following activity order: phenyl
(4i, 12.5 nM) > nicotin-3-yl (4m, 35 nM) > pyrazin-2-yl
(4c, 134 nM) > 5,6,7,8-tetrahydronaphalen-1-yl (4o, 161
nM), groups at R2 and R3 positions of which were substi-
tuted by 4-methoxy and isopropyl groups, respectively.
Different aromaticity of these four substituents may account
for the different activities. β-Amino acid scanning of the R2

position, including hydrogen, methyl, methoxy, and chloro
substituted β-phenylalanines, demonstrated that electron-
donating groups (such asmethyl andmethoxy substituted 4h
and 4i) were more beneficial to activities than electron-
withdrawing ones (such as chloro substituted 4j), and the
same conclusion was also drawn by the comparison between
4l, 4m, and 4n. Compound 4g containing no substituent on
the phenyl ring at R2 position showed the worst potency
compared with those substituted by different groups (4h, 4i,
and 4j). Variation ofmoieties at theR3 position led to distinct
activities. Replacement of aliphatic isopropyl group at the
R3 position of compound 4a (136 nM) with aromatic phenyl
(4e, 664 nM) or 4-methylphenyl ring (4f, 497 nM) respec-
tively resulted in nearly 5-fold or 4-fold potency loss, which
suggested that substituents at this position should be focused
on aliphatic groups in the future drug design. And this is
consistent with what had been discussed previously in di-
peptidyl proteasome inhibitors composed of R-amino acids.

However, extensive understanding of SAR always re-
quires a large sample size of inhibitors, as discussed in our

Scheme 2. General Synthesis of Chiral N-Terminal Protected β-Amino Acids 1p and 1q
a

aReagents and conditions: (i) (EtO)2POCH2CO2
tBu, n-BuLi, THF,-78 �C to room temp, 86%; (ii) 10a or 10b, n-BuLi, THF,-78 �C, 4 h, 85% for

11a, 88.4% for 11b; (iii) H2, Pd(OH)2/C,MeOH, H2O, AcOH, room temp, 24 h, 73.4% for 12a, 89.2% for 12b; (iv) (1) PhCOOH, DCC, HOBt, NMM,

THF, 0 �C; (2) HCl/Et2O, 0 �C, 18 h, 58.6% for 1p, 61.6% for 1q.

Scheme 3. General Synthesis of Dipeptidyl Boronic Acids 4a

aReagents and conditions: (i) EDC 3HCl, HOBt, DIPEA, CH2Cl2,

-15 �C to room temp; (ii) isobutylboronic acid, 2 N HCl, MeOH,

hexane.
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dipeptidyl boronic acid proteasome inhibitors composed of
R-amino acids.16 Nowadays more structurally diverse com-
pounds are being designed and synthesized to clearly and
extensively elucidate the SAR so thatmuch better candidates
are obtained and developed.

Screening results showed that (()-4i was the most active
among all the racemates of dipeptidyl boronic acids. So we
further investigated the activities of its two isomers 4p and
4q. Our studies showed that 4q was 36-fold more active than

its isomer 4p, which suggested a strictly stereoselective mode
of inhibition between such compounds and 20S protea-
some, which is discussed later with a theoretical modeling
method.

Cellular. The two isomers 4p and 4q and racemate (()-4i
showed quite different activities in inhibiting human 20S
proteasome. How about the cellular activities of these iso-
mers? Subsequently the cytotoxic potentials of compounds
(()-4i, 4p, and 4q were screened against 10 cell lines, includ-
ing 2 human hematologic tumors, HL-60 (promyelocytic
leukemia cell line) and U266 (multi myeloma cell line), and 8
solid tumors, BGC-823 (human gastric carcinoma cell line),
H460 (human large cell lung cancer cell line), BXPC-3
(human pancreatic cancer cell line), SW-480 (human colon
carcinoma cell line), A549 (human non-small-cell lung can-
cer cell line), PC-3 (human prostate cancer line), HepG2
(human hepatocellular liver carcinoma cell line), and SKOV-
3 (human ovarian cancer cell line). The results are displayed
in Table 2. All the three isomers showed good activities with
IC50 values nearly less than 5 μM against BXPC-3, SW-480,
A549, PC-3, HepG2, HL-60, and U266 human cancer cell
lines. Especially, such compounds were very sensitive to the
two hematologic tumor cell lines, which was consistent with
our previous results.16 However, they were not so active
against the other two BGC-823 and H460 human cancer cell
lines. For most human cancer cell lines, the rank order of
potency was 4q> (()-4i> 4p. But the difference in cellular
activities was not as large as in enzymatic assays.

Toxicity Assessment in Vivo. The zebrafish is rapidly
gaining acceptance as a promising animal model for whole-
organism screening for toxicology in the drug discovery
process. Therefore, the compounds can be prioritized for
further development.34 In our candidates selection, the
synthesized 4p, 4q, and bortezomib were screened using
zebrafish embryos to evaluate their safety profiles in vivo.
Interestingly, the two isomers, 4p and 4q, induced no mor-
phological changes of the zebrafish embryos at 1 and 10μmol
concentrations in 24 h, which indicated both of the isomers
were not toxic in vivo at this level. However, embryos treated
with 1 and 10 μmol of bortezomib displayed different degrees
of cell death in the body (Figure 1c and Figure 1d) and even
embryos death (Figure 1b) compared with the control
(Figure 1a). 28.5% of the embryos displayed cell death only
in the tail (blue arrow indication, Figure 1c), while 52.4% of
those showed a larger range of cell death in thewhole embryo
(blue arrow indication, Figure 1d). These facts indicated
that the marketed bortezomib was potentially more toxic
than the candidate 4q, and the results of safety evaluation in
Sprague-Dawley (SD) rats as discussed later also supported
our supposition.

Pharmacokinetic Profiles and Toxicity of 4q. Up to now,
no pharmacokinetic profiles were reported for dipeptidyl
boronic acid proteasome inhibitors composed of β-amino
acids. To evaluate the druggability of such compounds, the
candidate 4q was further investigated by profiling iv and ig
pharmacokinetics in male SD rats. The results compared
with bortezomib are illustrated in Table 3.

After iv bolus injection in male SD rats, 4qwas eliminated
slowly with 2-fold longer time than bortezomib (elimination
half-life T1/2z of 5.3 vs 2.0 h). Such a long elimination phase
half-life is due in part to the larger volume of distribution
(Vz = 8449 mL/kg) and much lower systemic clearance
(CLz = 1126 (mL/h)/kg). Furthermore, area-under-the-
curve (AUC) of 4q reached 933 ng 3 h/mL, much larger than

Table 1. Structures of Compounds 4a-q, Bortezomib, and Their
Inhibition of Human 20S Proteasome

aEach IC50 determination was performed with five concentrations,
and each assay point was determined in duplicate. bPyz, pyrazin-2-yl.
c iPr, iso-propyl. dTHNA, 5,6,7,8-tetrahydronaphthalen-1-yl. e IC50 va-
lue obtained for bortezomib under our experimental conditions.
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that of bortezomib (654 ng 3 h/mL), which suggested more
plasma exposure in SD rats than in the standard.

However, when intragastrically administered in male SD
rats, the concentration of 4q declined below 5 ng/mL after
half an hour in plasma, the lower limit of detection (LLOD).
This lower oral bioavailability is possibly due to the declined
absorption in the mouse gastrointestinal tract and first pass
metabolism in the liver. However, the marketed bortezomib
showed an approximate 46% oral bioavailability in our test.
Though previous studies have shown that bortezomib was
orally bioactive,35,36 the current bortezomib therapy in
multimyeloma andmantle cell lymphoma is still intravenous
after beingmarketed for 6 years and no oral formulation was
reported. Perhaps the instability of boronic acid pharmaco-
phore in such proteasome inhibitors limits their development
as oral formulation in clinical application.

After the pharmacokinetic experiment, the safety profiles
of 4q and bortezomib were compared. At 1.0 mg/kg iv and ig
doses of bortezomib, all the SD rats died after 10 h, while the
SD rats in 4q group had not shown any toxic reactions.
Nowadays, even at 2.0 mg/kg iv dose of 4q, no any side

effects were observed. This result was consistent with what
had been observed with the zebrafish. The detailed toxicity
investigation and in vivo antitumor activities in humanU266
and RPMI 8226 nude xenograft models will be reported
elsewhere.

Docking Studies of 4p and 4q. Why were the enzymatic
activities of isomers 4p and 4q quite different? Subsequently,
docking studieswere performed to try to theoretically explain
it. To date, several ligand-proteasome crystal complexes
have been reported.37-40 On the basis of these experimental
data, some theoretical modeling was carried out in different
laboratories to describe the interaction mode between struc-
turally diverse inhibitors and20Sproteasome.41-45However,
the binding mode of dipeptidyl boronic acid composed of β-
amino acid with catalytic β5 subunit had never been reported
up to now. Because of the covalent binding of dipeptide
boronic acid with proteasome, all the covalent docking
processes were carried out by using GOLD, version 3.0,46,47

which has a unique function to handle covalent docking.
First, to test the credibility of the developed docking

procedure, the crystal structure of bortezomib was docked

Table 2. Cytotoxicity of Compounds against Tumor Cell Lines (IC50, sd)
a

compd BGC-823 H460 BXPC-3 SW-480 A549 PC-3 SKOV-3 HepG2 HL-60 U266

4i (μM) 30.93(5.9) 36.0(6.4) 1.50(0.5) 1.08(0.29) 3.45(2.7) 0.83(0.2) 8.43(0.2) 5.59(0.3) 1.02(0.4) 2.65(0.2)

4p (μM) 76.86(7.6) 25.25(2.3) 2.82(2.4) 1.72(0.58) 3.68(2.2) 1.11(0.07) 14.5(0.4) 5.13(0.9) 0.70(0.3) 1.28(0.3)

4q (μM) 74.42(2.3) 14.60(0. 7) 0.38(0.2) 0.41(0.12) 0.83(0.5) 0.23(0.04) 3.49(0.20) 1.88(0.1) 0.14(0.01) 0.35(0.04)

bortezomib (nM)b 3290(23.4) 780(13.3) 16.2(2.6) 6.1(0.4) 6.7(1.9) 7(7.6) 151(6.4) 7.5(0.7) 7.1(0.3) 8.8(0.43)
aEach cellular IC50 determination was performedwith 10 concentrations, and each assay point was determined in triplicate. b IC50 value obtained for

bortezomib under our experimental conditions.

Figure 1. Morphological changes of zebrafish embryos: (a) untreated embryo (24 h); (b) embryos treated with bortezomib (10 μmol, 24 h);
(c, d) embryos treated with bortezomib (1 μmol, 24 h). Blue arrows indicate the region of cell death.

Table 3. Single Dose iv and ig Pharmacokinetic Profiles of 4q and Bortezomib in SD Rats

compd

dose

(mg/kg) Tmax (h)

Cmax

(ng/mL)

AUC(0-t)

(ng 3 h/mL) MRT(0-t) (h) T1/2z (h) Vz (mL/kg) Clz ((mL/h)/kg)

4q 1.0 iv 0.03 2929 933 2.8 5.3 8449 1126

1.0 ig NDa NDa NDa NDa NDa NDa NDa

bortezomibb 1.0 iv 0.03 1082 654 1.4 2.0 3744 1433

1.0 ig 0.23 161 303 7.69 7.47 29791 2683
aND: not detected. bAll the data were obtained in our experimental conditions.



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 5 1995

into the binding pocket of the β5 subunit. As shown by the
docking results, the conformation with the highest fitness
score produced by GOLDwas closest to the crystal one, and
the root-mean-square deviation (rmsd) of both conforma-
tions was only 2.0 Å, and the distances of covalent bondwere
1.5 and 1.4 Å for docking conformation and crystal one.
Orientations of the docked R1, R2, and R3 substituents of
bortezomib were quite similar to those of experimental one
(Figure S1 of Supporting Information (SI)). Thus, the dock-
ing procedure was reliable enough to be used in the predic-
tion of the binding modes of 4p, 4q, and 20S proteasome.

Analysis of docking results accounted for the different
potency of the two isomers 4p and 4q. As demonstrated in
Figure 2, the respective alignments of the two isomers 4p (in
gray, Figure 2a) and 4q (in gray, Figure 2b) with bortezomib
(in green, Figure 2a and Figure 2b) were quite different. R3

substituents (isopropyl) of 4p and bortezomib aligned quite
well and oriented in the same direction. However, the R2

group (p-methoxyphenyl) of 4pwrongly overlapped with the
R1 substituent (pyrazin-2-yl) of bortezomib, while the R1

group (benzoyl) of 4p and R2 one (phenyl) of bortezomib
stretch to the same direction butwith great deviation. For the
case of 4q and bortezomib, two substituents (R1 and R3)
nearly overlapped; only the R2 groups of both compounds
deviated to a little extent. The more perfect alignment of 4q
than 4p with bortezomib well explained the different activ-
ities in inhibiting 20S proteasome on the one hand.

On the other hand, detailed analysis of bindingmode of 4p
and 4q with active amino acid residues of β5 subunit also
elucidated the inhibition variation. Figure 2c and Figure 2d
respectively presented the interactions between 4p and the β5

subunit and between 4q and the β5 subunit. It showed that
four strong and one weak H-bonds were formed between 4q

and amino acid residues of β5 subunit, while only three
strong and one weak H-bonds were observed with 4p. From
docking results, C- and N-terminals of residue THR21
formed two H-bonds with 4q, 3.2 and 2.8 Å length, respec-
tively; however, 4p formed only one 3.2 Å length H-bond
with the N-terminal of this residue. Furthermore, one strong
2.7 Å length H-bond exists between the NH group of the
catalytic THR1 residue and oxygen atom of boronic acid
pharmacophore in 4q in addition to a 1.5 Å length covalent
bond.

In summary, the docking results offered us useful infor-
mation for understanding the interactionmode and different
potency between 4p and 4q. It is believed that theoretical
docking can guide us to rationally design novel peptide
boronic acid proteasome inhibitors in the future.

Conclusion

A series of dipeptidyl boronic acid proteasome inhibitors
composed of β-amino acids were synthesized, biologically
investigated in vitro and in vivo, and theoretically modeled.
From these compounds, some structure-activity relation-
ships were concluded and the enantiomer 4q was identified
as a stereoselective proteasome inhibitor at the nanomolar
level, having nearly the same potency as the marketed borte-
zomib. But it was more potent than its isomer 4p and racemic
form (()-4i in inhibiting 20S proteasome activity. Cellular
assays substantially confirmed the activity of the compounds
andwere in linewith the stereoselectivity interactionof the 20S

Figure 2. Alignment of 4p and 4q with bortezomib and their covalent docking results with β5 subunit: (a) alignment of 4p (in gray) and
bortezomib (in green); (b) alignment of 4q (in gray) and bortezomib (in green); (c) binding mode of 4pwith β5 subunit; (d) binding mode of 4q
with β5 subunit. All the hydrogen atoms are not shown. The amino acid residues of β5 subunit are shown in stick models. 4p, 4q, and
bortezomib are represented as ball and stick models. The picture were rendered in PyMOL, version 0.99.48



1996 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 5 Zhu et al.

proteasome. In vivo toxicity assessment with zebrafish as a
whole-organism screening showed that the two pure isomers
were nontoxic while bortezomib induced some phenotypic
changes to a certain extent, which was supported by observa-
tion of toxic reactions of SD rats after pharmacokinetic
experiments. Pharmacokinetic profiles suggested that candi-
date 4q showed a more plasma exposure and longer half-life
than bortezomib. Docking studies indicated that 4q adopted a
similarmode to inhibit the 20Sproteasomeas bortezomib.The
docking results offered us much useful information to under-
stand the interaction mode between such inhibitors and 20S
proteasome and will facilitate the next cycle of drug design.

Experimental Procedures

Commercially available reagents were used directly without
any purification unless otherwise stated. Reaction progress was
monitored by silica gel aluminum sheets (60F-254) and RP-18
F254s using UV light as a visualizing agent and 15% ethanolic
phosphomolybdic acid and heat or ninhydrin and heat as devel-
oping agent. The 200-300 mesh silica gel and ODS C-18 were
used for column chromatography. For compounds with fluorine
atoms, analytical reverse phase HPLC was run using Sinochrom
ODS-BP 4.6 mm � 150 mm column, eluting with a mixture of
20% acetonitrile and 80% water containing 1% β-cyclodextrin.
For other compounds, a reverse phase Extend C18 4.6 mm �
150 mm column was employed and eluted with a mixture of 15%
acetonitrile and 85% water containing 0.1% triethylamine.
HPLC showed that the purity of all the final products was greater
than 95%. Melting points were obtained on an YRT-3 melting
point apparatus and were uncorrected. 1H NMR and 13C NMR
spectra were recorded on Bruker Avance 300 or Avance 500
spectrometer with TMS as internal standard. Splitting patterns
are described as singlet (s), doublet (d), triplet (t), quartet (q),
broad (br), or doublet of doublet (dd). The value of chemical
shifts (δ) is given inppmand coupling constants (J) inHertz (Hz).
Mass spectra were obtained using Agilent LC-MS (1956B)
instrument in electrospray positive and negative ionization
modes.Mass spectra of product ions studied in pharmacokinetics
were obtained using Agilent LC/MS/MS (6410). High-resolution
mass spectra were recorded on a ZAB-HS instrument using an
electrospray source (ESI).

The synthesis of chiral N-terminal protected β-amino acids 1p,
1q, intermediates 3i, 3p, 3q, and target molecule 4i and its two
isomers 4p and 4q is indicated below. Detailed synthesis and
structural characterization data of 1a-o, 2a-q, 3a-h, 3j-o,
4a-h, and 4j-o are described in Supporting Information.

(S)-3-Benzamido-3-(4-methoxyphenyl)propanoic Acid (1p).
This compound was synthesized according to the reported
methods. To a stirred solution of tert-butyl diethylphosphonoa-
cetate (8) (0.44 g, 1.74 mmol) in absolute THF (3 mL) was
dropwise added n-BuLi (0.7 mL, 2.5M in hexane, 1.75mmol) at
-78 �C. After the mixture was stirred for 2 h at -78 �C, a
solution of the aldehyde (0.17 g, 1.74 mmol) in THF (2 mL) was
added all at once. The resulting solution was stirred at -78 �C
for 3 h before rising to room temperature. The solution was
subsequently cooled to -78 �C and quenched with saturated
aqueous NH4Cl (2 mL). THF was removed in vacuo. The
product was extracted with DCM (3 � 15 mL), the combined
organic extracts were dried with anhydrous Na2SO4, and the
solvent was removed in vacuo to yield the crude product, which
was chromatographed using CH2Cl2/petroleum (1:20) as eluent
to give a pure sticky solid (9) (0.30 g, 86%). 1H NMR (CDCl3,
300 MHz) δ 1.53 (-CH3, m, 9H), 3.83 (-OCH3, s, 3H), 6.24
(-CdCH, d, J = 15.9 Hz, 1H), 6.87-6.90 (-Ph, m, 2H),
7.44-7.47 (-Ph, m, 2H), 7.54 (-CdCH, d, J = 15.9 Hz, 1H).
MS (ESI) m/z 257.0 [M þ Na]þ.

To a stirred solution of (R)-N-benzyl-N-R-methylbenzy-
lamine (0.19 g, 0.9 mmol) in THF (3 mL) was slowly added

n-BuLi (0.4mL, 2.5M in hexane, 1mmol) at-78 �C.After 1 h, a
solution of R,β-unsaturated ester (9) (0.1 g, 0.5 mmol) in THF
(2 mL) was added all at once. The resulting solution was stirred
at -78 �C for 4 h before quenching with saturated aqueous
NH4Cl (1 mL). When the mixture was warmed to room tem-
perature, THFwas removed and the product was extracted with
DCM. The organic fractions were washed with 10% aqueous
nitric acid, saturated aqueous sodium bicarbonate, and brine
and dried over anhydrous Na2SO4 and the solvent was removed
in vacuo to yield the crude product, which was chroma-
tographed using ethyl acetate/petroleum (1:50) as eluent to
give pure pale-yellow 11a (0.20 g, 88.4%). 1H NMR (CDCl3,
500 MHz) δ 1.19-1.25 (-CH3, m, 12H), 2.46 (-CH2, dd, J1 =
10.2 Hz, J2 = 14.5 Hz, 1H), 2.52 (-CH2, dd, J1 = 4.9 Hz, J2 =
14.5 Hz, 1H), 3.66 (-CH2, s, 2H), 3.78 (-OCH3, s, 3H), 3.98
(-CH, q, J = 6.8 Hz, 1H), 4.34 (-CH, q, J = 4.9 Hz, 1H),
6.84-6.86 (-Ph, m, 2H), 7.14-7.15 (-Ph, m, 1H), 7.20-7.25
(-Ph, m, 4H), 7.28-7.31 (-Ph, m, 4H), 7.39-7.41 (-Ph, m,
2H). 13C NMR (CDCl3, 125 MHz) δ 27.76, 38.57, 55.16, 57.10,
59.09, 60.31, 80.04, 126.45, 126.70, 127.79, 127.99, 128.09,
128.15, 129.33, 133.90, 141.86, 144.36, 158.68, 171.19. MS
(ESI) m/z 446.2 [M þ H]þ, 468.2 [M þ Na]þ.

To a stirred solution of 11a (0.88 g, 1.98 mmol) in methanol
(6 mL), distilled water (0.7 mL), and acetic acid (0.2 mL) was
added palladium hydroxide on carbon (1 g, 64.3% water). A
hydrogen balloon was attached and the resulting suspension
stirred for 24 h under 1 atm of hydrogen. The reaction mixture
was filtered through Celite, and the solvent was removed in
vacuo. The residue was partitioned between DCM (10 mL) and
saturated aqueous NaHCO3 (5 mL). The organic phase was
separated, and the aqueous phase was extracted with DCM (2�
10 mL). The combined organic layers were dried over Na2SO4,
and the solvent was removed in vacuo. The residue was crudely
purified by passing through a short plug of silica gel (DCM/
Et3N 100:1) to yield the product 12a (0.64 g, 73.4%), which was
directly used in the next reaction.

At 0 �C, to a stirred solution of 12a (0.60 g, 2.40 mmol) and
NMM (0.30 g, 2.97 mmol) in THF (10 mL) was added benzoyl
chloride (0.4 g, 2.85 mmol). The mixture was allowed to stir
overnight. The solvent was evaporated and dissolved in DCM
(20 mL), washed with 10% nitric acid, saturated aqueous
NaHCO3 (10 mL), and brine, and dried over anhydrous
Na2SO4. The solvent was removed in vacuo, and the residue
was dissolved in HCl/Et2O (10 mL, 6M, 60 mmol) and stirred
overnight at 0 �C. The organic phase was removed in vacuo and
the resulting solid was washed with ether (3� 10 mL) and dried
to give the title compound 1p (0.21 g, 58.6%) as a white solid.
Chiral HPLC indicated purity of 100 area%, and no isomer was
detected. Mp 175.7-176.9 �C. 1H NMR (DMSO-d6, 500 MHz)
δ 2.75 (-CH2, dd, J1= 6.2 Hz, J2= 15.4 Hz, 1H), 2.88 (-CH2,
dd, J1 = 6.9 Hz, J2 = 15.5 Hz, 1H), 3.72 (-CH3, s, 3H), 5.39
(-CH, dd, J1 = 6.8 Hz, J2 = 8.1 Hz, 1H), 6.87-6.89 (-Ph, m,
2H), 7.33-7.34 (-Ph, m, 2H), 7.44-7.47 (-Ph, m, 2H),
7.50-7.53 (-Ph, m, 1H), 7.83-7.84 (-Ph, m, 2H), 8.79
(-CONH, d, J = 8.2 Hz, 1H), 12.20 (-COOH, s, 1H). 13C
NMR (DMSO-d6, 125 MHz) δ 49.38, 54.97, 113.55, 127.17,
127.66, 128.09, 131.04, 134.44, 134.68, 158.14, 165.30, 171.76.
MS (ESI) m/z 299.3 [M - H]-.

(R)-3-Benzamido-3-(4-methoxyphenyl)propanoic Acid (1q).
Compound 1q was prepared in 61.6% yield following a similar
procedure described for the synthesis of 1p. Chiral HPLC
indicated purity of 100 area %, and no isomer was detected.

Synthesis of 11b. The synthesis involved (S)-N-Benzyl-N-R-
methylbenzylamine (0.38 g, 1.8mmol), n-BuLi (0.8mL, 2.5M in
hexane, 2.0 mmol), and R,β-unsaturated ester (9) (0.23 g, 1.0
mmol), giving 85% yield. 1H NMR (CDCl3, 500MHz) δ 1.19-
1.25 (-CH3, m, 12H), 2.46 (-CH2, dd, J1 = 10.2 Hz, J2 =
14.4 Hz, 1H), 2.52 (-CH2, dd, J1 = 5.0 Hz, J2 = 14.4 Hz, 1H),
3.66 (-CH2, s, 2H), 3.78 (-OCH3, s, 3H), 3.98 (-CH, q, J =
6.8Hz, 1H), 4.34 (-CH, q, J=5.0Hz, 1H), 6.84-6.86 (-Ph,m,
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2H), 7.14-7.17 (-Ph, m, 1H), 7.19-7.27 (-Ph, m, 5H), 7.28-
7.31 (-Ph, m, 4H), 7.39-7.41 (-Ph,m, 2H). 13CNMR (CDCl3,
125 MHz) δ 27.76, 38.57, 55.16, 57.10, 59.09, 60.31, 80.04,
126.45, 126.76, 127.79, 127.81, 128.09, 128.15, 129.33, 133.90,
141.86, 144.36, 158.68, 171.19. MS (ESI) m/z 446.2 [M þ H]þ.

Synthesis of 12b. To compound (11b) (0.35 g, 0.78 mmol),
methanol (5 mL), distilled water (0.5 mL), and acetic acid
(0.1 mL) was added palladium hydroxide on carbon (0.4 g,
64.3% water). Purification with chromatography (CH2Cl2 as
eluent) gave a yellow oil 12b (0.17 g, 89.2%).

Synthesis of 1q. The synthesis involved compound 12b (0.1 g,
0.4 mmol), NMM (0.05 mL, 0.48 mmol), benzoyl chloride
(0.06 mL, 0.48 mmol), and HCl/Et2O (5 mL, 6 M, 30 mmol),
giving 61.6% yield. Mp 183.5-186.7 �C. 1H NMR (DMSO-d6,
500 MHz) δ 2.75 (-CH2, dd, J1 = 6.5 Hz, J2 = 15.6 Hz, 1H),
2.88 (-CH2, dd, J1= 8.7Hz, J2= 15.6Hz, 1H), 3.72 (-CH3, s,
3H), 5.39 (-CH, dd, J1 = 6.6 Hz, J2 = 8.4 Hz, 1H), 6.87-6.89
(-Ph, m, 2H), 7.32-7.35 (-Ph, m, 2H), 7.44-7.47 (-Ph, m,
2H), 7.50-7.53 (-Ph, m, 1H), 7.82-7.84 (-Ph, m, 2H), 8.79
(-CONH, d, J = 8.3 Hz, 1H), 12.12 (-COOH, s, 1H). 13C
NMR (DMSO-d6, 125 MHz) δ 49.42, 54.98, 113.58, 127.21,
127.70, 128.12, 131.07, 134.48, 134.73, 158.18, 165.34, 171.80.
MS (ESI) m/z 299.3.

Pinanediol Ester (R)-1-[3-Benzamido-3-(4-methoxyphenyl)-
propanamido]-3- methylbutylboronic Acid (3i). To a cooled solu-
tion (-5 �C) of 3-benzamido-3-(4-methoxy)phenylpropanoic
acid (1i) (0.21 g, 0.70 mmol) dissolved in anhydrous CH2Cl2
(15 mL) was added HOBt (0.23 g, 1.70 mmol). After 20 min, the
reaction system was cooled to -15 �C and EDC 3HCl (0.33 g,
1.70 mmol) was added. Finally the precooled (0 �C) mixture
of the known pinanediol boronate aminohydrochloride (2i)
(0.21 g, 0.70 mmol) and DIPEA (0.15 mL, 0.84 mmol) in
anhydrousCH2Cl2 (10mL)was poured. Themixturewas stirred
at -15 �C for 1 h and at room temperature for 2 h, and the
reaction was finally quenched with water. The aqueous phase
was extractedwithCH2Cl2 (3� 100mL). The combined organic
phase was washed with 10% citric acid, 5% NaHCO3, and
brine, dried over anhydrousNa2SO4, filtered, and evaporated to
provide crude product 3i, which was directly used in the next
reaction.

Pinanediol Ester (R)-1-[(S)-3-Benzamido-3-(4-methoxyphenyl)-
propanamido]-3-methylbutylboronic Acid (3p). The synthesis in-
volveda similarprocedureas abovebutwith1p (0.27g, 1.00mmol),
CH2Cl2 (30 mL), HOBt (0.16 g, 1.20 mmol), EDC 3HCl (0.19 g,
1.00mmol), 2p (0.30 g, 1.00mmol), DIPEA (0.26mL, 1.48mmol).
After being washed with 10% citric acid, 5%NaHCO3, and brine
and dried over anhydrous Na2SO4, the crude product was directly
used in the next reaction.

Pinanediol Ester (R)-1-[(R)-3-Benzamido-3-(4-methoxyphenyl)-
propanamido]-3-methylbutylboronic Acid (3q). The synthesis in-
volveda similarprocedureas abovebutwith1q (0.27g, 1.00mmol),
CH2Cl2 (50 mL), HOBt (0.16 g, 1.20 mmol), EDC 3HCl (0.19 g,
1.00mmol), 2q (0.30 g, 1.00mmol), DIPEA (0.26mL, 1.48mmol).
After being washed with 10% citric acid, 5%NaHCO3, and brine
and dried over anhydrous Na2SO4, the crude product was directly
used in the next reaction.

(R)-1-[3-Benzamido-3-(4-methoxyphenyl)propanamido]-3-meth-

ylbutylboronic Acid (4i). To a solution of 3i (0.35 g, 0.64 mmol)
and 2-methylpropylboronic acid (0.33 g, 3.20 mmol) dissolved
in methanol (13 mL) and hexane (13 mL) was added 1 N HCl
(1.6 mL). The mixture was stirred at room temperature for 18 h.
Themethanolic phase was washedwith hexane (3� 10mL), and
the hexane layer was extracted with methanol (3� 15 mL). The
combined methanolic layers were evaporated in vacuo, and the
residue was dissolved in CH2Cl2 (30 mL). The solution was
washed with 5% NaHCO3 (15 mL), and the organic layer was
dried over anhydrous Na2SO4, evaporated, and purified with
chromatography (CH3OH/CH2Cl2 = 1:20 and then 1:5) to
obtain 190 mg (71.3% yield) of a pale-yellow foam solid 4i. 1H
NMR (CD3OD, 300 MHz) δ 0.83-0.89 (-CH3, m, 6H),

1.23-1.31 (-CH2, m, 2H), 1.46-1.59 (-CH, m, 1H), 2.58
(-CH, t, J = 7.9 Hz, 1H), 2.98-3.07 (-CH2, m, 2H), 3.77
(-CH3, s, 3H), 5.58 (-CH, t, J=7.8Hz, 1H), 6.90 (-Ph, d, J=
8.6 Hz, 2H), 7.36-7.39 (-Ph, m, 2H), 7.42-7.47 (-Ph, m, 2H),
7.51-7.56 (-Ph, m, 1H), 7.80-7.82 (-Ph, m, 2H). 13C NMR
(CD3OD, 75 MHz) δ 22.11, 23.86, 26.88, 37.72, 41.02, 51.67,
55.76, 115.16, 128.42, 128.97, 129.52, 132.78, 135.60, 160.83,
169.55, 177.07. MS (ESI) m/z 440.2 [M þ 2CH2]

-, 450.2 [M þ
37]þ. HRMS [M þ Na þ 2CH2]

þ calcd, 463.2380; found,
463.2409.

(R)-1-[(S)-3-Benzamido-3-(4-methoxyphenyl)propanamido]-3-
methylbutylboronic Acid (4p). The synthesis involved a similar
procedure as described for 4i, using 3p (0.55 g, 1.00 mmol),
2-methylpropylboronic acid (0.51 g, 5.0 mmol), methanol
(15 mL), hexane (15 mL), 1 N HCl (2.5 mL) to give 0.22 g of a
white foam solid (53.3% yield). 1HNMR (CD3OD, 500MHz) δ
0.84-0.88 (-CH3, m, 6H), 1.14-1.17 (-CH2, m, 1H), 1.23-
1.25 (-CH2, m, 1H), 1.50-1.58 (-CH, m, 1H), 2.58 (-CH, dd,
J1 = 8.6 Hz, J2 = 6.5 Hz, 1H), 3.02-3.13 (-CH2, m, 2H), 3.77
(-CH3, s, 3H), 5.57 (-CH, t, J=7.8Hz, 1H), 6.91 (-Ph, d, J=
8.7 Hz, 2H), 7.37 (-Ph, d, J=8.7 Hz, 2H), 7.43-7.46 (-Ph, m,
2H), 7.51-7.54 (-Ph, m, 1H), 7.80-7.82 (-Ph, m, 2H). 13C
NMR (CD3OD, 125 MHz) δ 21.98, 23.88, 26.87, 37.82, 41.01,
45.60, 51.67, 55.75, 115.18, 128.50, 129.12, 129.58, 132.85,
133.77, 135.64, 160.93, 169.69, 177.22. MS (ESI) m/z 448.2
[MþCl]-, 435.1 [MþNa]þ. HRMS [MþNaþ 2CH2]

þ calcd,
463.2379; found, 463.2371.

[(1R)-1-[[(3R)-3-(4-Methoxyphenyl)-3-[(phenylcarbonyl)amino]-
1-oxopropyl]amino]-3-methylbutyl]boronic Acid (4q). The synth-
esis involved a similar procedure as described for 4i, using 3q

(0.55 g, 1.00 mmol), 2-methylpropylboronic acid (0.51 g,
5.0 mmol), methanol (20 mL), hexane (20 mL), 1 N HCl (2.5
mL) to give 0.232 g of a white foam solid (56.4% yield). 1H
NMR (CD3OD, 500 MHz) δ 0.83-0.88 (-CH3, m, 6H), 1.15-
1.17 (-CH2, m, 1H), 1.22-1.26 (-CH2, m, 1H), 1.51-1.58
(-CH,m, 1H), 2.58 (-CH, q, J=6.5Hz, 1H), 3.04 (-CH2, dd,
J1 = 5.6 Hz, J2 = 14.6 Hz, 1H), 3.10 (-CH2, dd, J1 = 8.4 Hz,
J2 = 14.6 Hz, 1H), 3.77 (-OCH3, s, 3H), 5.57 (-CH, t, J =
7.9 Hz, 1H), 6.89-6.92 (-Ph, m, 2H), 7.36-7.38 (-Ph, m, 2H),
7.43-7.46 (-Ph, m, 2H), 7.51-7.54 (-Ph, m, 1H), 7.80-7.82
(-Ph, m, 2H). 13C NMR (CD3OD, 125 MHz) δ 22.09, 23.83,
26.98, 37.67, 45.61, 48.49, 51.58, 55.75, 128.46, 129.08, 129.56,
132.82, 133.74, 135.60, 160.86, 169.59, 177.21. MS (ESI) m/z
435.1 [M þ Na]þ. HRMS [M þ Na þ 2CH2]

þ calcd, 463.2379;
found, 463.2371.

Enzyme and Inhibition Asssays. The 20S proteasome activity
assay kit was purchased from Chemicon. Other reagents and
solvents were purchased from commercial sources. In brief,
substrates and compounds were previously dissolved inDMSO,
with the final solvent concentration kept constant at 3% (v/v).
The reaction buffers were (pH 7.5) 20 mM Tris, 1 mM DTT,
10% glycerol, and 0.02% (w/v) DS for CT-L activities. Protea-
some activity was determined by monitoring the hydrolysis of
the fluorogenic substrate, Suc-Leu-Leu-Val-Tyr-AMC (λexc =
360 and λexc = 465 nm for AMC substrates), reacting for 1 h at
37 �C in the presence of untreated (control) or proteasome that
had been incubated with five different concentrations of test
compounds. Fluorescence wasmeasured using an InfiniteM200
microplate reader (Tecan, Austria).

Cell Culture and Cytotoxicity Assays. HL-60 (promyelocytic
leukemia cell line), BXPC-3 (human pancreatic cancer cell line),
PC-3 (human prostate cancer line), and U266 (multimyeloma
cell line) human cell lines were obtained from the American
Type Culture Collection (Manassas, VA). H460 (human large
cell lung cancer cell line), A549 (human nonsmall cell lung
cancer cell line), SW-480 (human colon carcinoma cell line),
SKOV-3 (human ovarian carcinoma), HepG2 (human hepato-
cellular liver carcinoma cell line), and BGC-823 (human gastric
carcinoma cell line) cell lines were obtained from China Phar-
maceutical University. HL-60 cell was cultured in IMDM
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supplemented with 20% fetal bovine serum at 37 �C in 5%CO2.
BGC-823, BXPC-3, H460, HepG2, and SW-480 cells were
grown in RPMI 1640 supplemented with 10% fetal bovine
serum at 37 �C in 5% CO2. U266 cell was cultured in RPMI
1640 supplemented with 15% fetal bovine serum at 37 �C in 5%
CO2. PC-3 and A549 cells were cultured in F12-k supplemented
with 10% fetal bovine serum at 37 �C in 5% CO2. SKOV-3 cell
was cultured in McCoy’s 5A supplemented with 10% fetal
bovine serum at 37 �C in 5% CO2.

A standard MTT assay was used to measure cell growth. In
brief, a suspension of 3000 cells/150 μL ofmediumwas added to
each well of 96-well plates and allowed to grow. Twenty-four
hours later, drugs prepared in medium at 10 different concen-
trations were added to the corresponding plates at a volume of
50 μLperwell, and the plateswere incubated for 72 hwith drugs.
Then an amount of 20 μL of a solution of 5 mg/mL MTT was
added to eachwell and incubated for another 4 h at 37 �C. Plates
were then centrifuged at 1000 rpm at 4 �C for 5 min, and the
medium was carefully discarded. The formazan crystals were
dissolved in 100 μL of DMSO, and absorbance was read on an
Infinite M200 (Tecan, Austria) microplate reader at 540 nm.
The result was expressed as the mean IC50 value, which is the
average from at least three independent determinations.

Zebrafish Screening. AB strain was used in the experiment.
Embryos were fed in Holtfreter’s water at 28.5 �C and staged
according toKimmel et al.49 The stock wasmade by dissolving test
compounds first in absolute ethanol and thendiluted inHoltfreter’s
water to a concentration of 0.01 M, while the concentration of
absolute ethanol was kept at 1%. The stock was stored at -20 �C
and diluted to a working concentration in Holtfreter’s water.
Embryos were treated from bud stage in the solution of test
compounds and observed afterward and photographed at 24 h
postfertilization (hpf) using a Leica MZ 16 stereomicroscope.

Pharmacokinetic Analyses in Rodents. Solutions of 4q and
bortezomib were prepared in 1% ethanol, 1% Tween-80, and
98% buffered saline with the final concentration of both com-
pounds being 0.5 mg/mL for iv and ig administration. Hepar-
inized blood samples collected for PK analyses (n = 4) were
centrifuged at 4000 rpm for 5 min at 4 �C. Plasma samples were
analyzed after protein precipitation with acetonitrile acidified
with 1% formic acid. LC/MS/MS analysis of 4q and bortezomib
was performed under optimized conditions to obtain the best
sensitivity and selectivity of the analyte in selected reaction
monitoring mode (SRM). Selected product ions of 4q were
monitored for the quantification of the compound using borte-
zomib as an internal standard. Plasma concentration-time data
were analyzed by a noncompartmental approach using the
software WinNonlin Enterprise, version 5.2 (Pharsight Co.,
Mountain View, CA).

Docking Studies. The protein and ligands for docking were
prepared using the software Insight II.50 The initial structure of
bortezomib was derived from the crystal complex coordinates
(PDB code 2F16), and the original structures of 4p and 4q were
constructed on the basis of the bortezomib crystal structure
conformation followed by energy minimization. 4p and 4q were
then covalently docked to the binding pocket ofβ5 subunit using
GOLD, version 3.0. A radius of 20 Å from the β5 catalytic N-
terminal threonine was used to direct site location. For each of
the genetic algorithm runs, a maximum of 100 000 operations
were performed on a population of 100 individuals with a
selection pressure of 1.1. Operator weights for crossover, muta-
tion, and migration were set to 95, 95, and 10, respectively, as
recommended by the authors of the software. Fifty GA runs
were performed in each docking experiment as done in the
software validation procedure. The default GOLD fitness func-
tionwas used to identify the better bindingmode.51 The distance
for hydrogen bonding was set to 2.5 Å, and the cutoff value for
van der Waals calculation was set to 4 Å. Covalent docking was
applied, and the terminal boron atoms of all the ligands were
bonded to the hydroxyl oxygen of Thr1.
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