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Synthesis of boronic acid derivatives of tyropeptin: Proteasome inhibitors
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Boronic acid derivatives of tyropeptin were synthesized with TP-110 as the lead compound. Due to the
lability of the aminoboronic acid moiety, careful design of the deprotection and coupling sequence
was required. Liquid–liquid partition chromatography was found to be a powerful tool for purification
of compounds of this class. The obtained derivatives showed potent inhibitory activities against the
human 20S proteasome in vitro.

� 2009 Elsevier Ltd. All rights reserved.
The proteasome, a multicatalytic threonine protease, is respon-
sible for ubiquitin-dependent nonlysosomal proteolysis.1 This en-
zyme has three distinct active sites that are individually
responsible for the chymotryptic, peptidyl-glutamyl peptide-
hydrolyzing (PGPH), and tryptic proteolytic activities.2 Among
these, the chymotrypsin-like activity is of greatest interest, and
much research in medicinal chemistry has focused on it.3,4

Elevated levels of the proteasome have been implicated in many
diseases including cancer. In fact, it has been reported that the
anticancer activity of proteasome inhibitors is due to inhibition
of the transcriptional factor NF-jB;5,6 stabilization of p21, p27,
and p53;7,8 and suppression of the unfolded protein response
(UPR).9 Thus, proteasome inhibitors are recognized as promising
anticancer agents.10,11

Previously, we reported the isolation and structural determina-
tion of the novel proteasome inhibitors tyropeptins A and B (1a
and 1b) produced by Kitasatospora sp. MK993-dF2.12,13 Tyropeptins
have a tripeptide structure with a formyl functionality at the P1
position, which can form a hemiacetal with the nucleophilic hydro-
xyl group in the catalytic site of the proteasome. An SAR study of
tyropeptins was carried out later in which more potent compounds
that were selective inhibitors of chymotryptic activity were de-
signed and synthesized.14 It is noteworthy that TP-110, one of
these derivatives, exhibited outstanding growth inhibitory activity
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against human prostate cancer PC-3 cells. Encouraged by these re-
sults, another SAR study was performed in which TP-110 was used
as the lead compound (Fig. 1).

In 2003, FDA approved the first clinical use of the proteasome
inhibitor bortezomib 4 (also referred to as PS-341, Velcade�) for
the treatment of multiple myeloma. The most characteristic struc-
tural feature of this compound is the presence of the boronic acid
moiety, a functional group found in various bioactive agents.15,16 A
report by Adams et al.17 showed that in comparison with the
antagonistic activity of the aldehyde congener, bortezomib is a
>2500-fold more potent antagonist of the chymotrypsin-like activ-
Figure 1. Structure of tyropeptins (1a, 1b) and TP-110 (2).
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Figure 2. Boronic acid derivatives of tyropeptin (3a–c) and bortezomib (4).
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ity of the proteasome. The boronate moiety can also form covalent
bonds with the nucleophilic hydroxyl group in the catalytic site of
the proteasome. The remarkable enhancement of inhibition is due
to the slow dissociation of oxygen from boron. Inspired by the re-
sults of this study, we synthesized tyropeptin boronic acid deriva-
tives, as shown in Figure 2 (3a–c). Apart from 3a, which was
designed on the basis of TP-110, other structurally related analogs
were prepared that had Leu- or Phe-boronic acid as the P1 residue
(3b and 3c, respectively). By comparing the proteasome-inhibitory
activities of all these compounds, we expected to clarify the mode
of interaction between the S1 cavity of the proteasome and P1 side
chains of the inhibitors.

Scheme 1 illustrates the synthesis of Tyr(Me)-boronic acid 11a
from 4-methoxybenzyl chloride 5.18,19 The Grignard reagent gener-
ated from 5 was treated with triethylborate, and subsequent
hydrolysis with H2SO4 resulted in 4-methoxybenzylboronic acid
6. Subsequent esterification with (+)-pinanediol afforded 7. A ster-
eoselective one-carbon homologation with LiCHCl2 employing the
pinane part as the chiral auxiliary resulted in chloride 8 with >98:2
Scheme 2. Reagents and conditions: (a) WSC�HCl, HOBt, i-Pr2EtN, CH2Cl2; (b) condition
0.1 M HCl–hexane; (c) i-BuB(OH)2, 0.1 M HCl–hexane; (d) 12, diethyl cyanophosphate,
HOBt, i-Pr2EtN, THF; condition C: 12, DPPA, TEA, DMF; condition D: 12, BOP reagent, TE

Scheme 1. Reagents and conditions: (a) (i) Mg, THF, then B(OEt)3; (ii) H2SO4, H2O, 41%; (b
THF, 84%; (e) TFA, hexane, 95%.
diastereoselectivity. The absolute configuration of the newly intro-
duced stereocenter of the major isomer was determined to be S by
converting 8 into the reported compound 9 (1-(4-methoxyphenyl)-
2-butanol) and comparing their signs of optical rotation.20,21 The
chlorine atom of 8 was then substituted with a nitrogen function-
ality in an SN2 manner by treatment with LiHMDS. Acidic desilyla-
tion of 10 resulted in the desired Tyr(Me)-boronic acid 11a in the
form of a TFA salt. The Phe- and Leu-boronic acids (11b and 11c,
respectively) were prepared according to previously described
procedures.18,19

The subsequent coupling reaction of 11a–c and 1-naphtylace-
tyl-Tyr(Me)-Val-OH 12 proceeded without any difficulty (Scheme
2). The stage was then set for final deprotection of the resultant
tripeptides 13a–c, which led to the target compounds 3a–c. Previ-
ous procedures for the syntheses of peptide boronates generally
employed one of two methods: transesterifications with an addi-
tive boronic acid such as i-BuB(OH)2 (condition A) or hydrolysis
of the esters in aqueous media and concomitant oxidative cleavage
of the liberated pinanediol to direct equilibrium to the accumula-
tion of free boronic acids (condition B). However, these methods
failed to give the final products 3a–c, presumably because of the
limited solubility of the substrates in the media. Modification of
the reaction conditions by using various combinations of organic
solvents and reagents were also unsuccessful. These discouraging
results forced us to examine deprotection at an earlier step. In fact,
removal of the pinanediols of 11a–c under the transesterification
conditions resulted in successful synthesis of aminoboronic acid
hydrochlorides 14a–c (Scheme 2). The efficacy of the subsequent
peptide bond formation depended on the coupling reagent: the
use of WSC�HCl, TBTU, DPPA, or BOP led to boron-proton exchange
to give 15a–c. Only diethyl cyanophosphate resulted in an accept-
able amount of the desired product; however, it could not be sep-
arated from the byproducts derived from the coupling reagent.

After careful optimization of the reaction sequence and purifica-
tion method, a synthetic route was finally established; this is
A: NaIO4, H2O, organic co-solvent (acetone, THF, or DMF); condition B: i-BuB(OH)2,
DMF; (e) condition A: 12, WSC�HCl, HOBt, i-Pr2EtN, CH2Cl2; condition B: 12, TBTU,
A, CH2Cl2.

) (+)-pinanediol, Et2O, 63%; (c) LiCHCl2, ZnCl2, THF–Et2O, 98% (>96% de); (d) LiHMDS,



Scheme 3. Reagents and conditions: (a) 11a–c, WSC�HCl, HOBt, i-Pr2EtN, CH2Cl2, 69% for 17a, 42% for 17b, 48% for 17c; (b) (i) TFA, CHCl3; (ii) i-BuB(OH)2, 0.1 M HCl–hexane,
88% for 18a, 62% for 18b, 80% for 18c; (c) 1-naphthylacetic anhydride, DMAP, CH2Cl2, 72% for 3a, 72% for 3b, quant. for 3c.

Table 1
Proteasome-inhibitory activities9 of tyropeptin boronic acid derivatives (3a–c and
18a–c), TP-110 (2), and bortezomib (4)

Compounds Chymotrypsin-like
activity

PGPH
activity

Trypsin-like
activity

3a 0.0063 >40 5.6
3b 0.0044 7.4 4.6
3c 0.0026 0.94 2.8
18a 0.13 16 3.7
18b 0.10 7.7 4.0
18c 0.021 1.4 1.9
TP-110 (2) 0.083 >40 >40
Bortezomib (4) 0.024 0.73 >40

The IC50 values are in lM.
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shown in Scheme 3. Boc-Tyr(Me)-Val-OH (16), which was already
synthesized in the previous study,14 was attached to 11a–c using
WSC�HCl to provide the tripeptide intermediates 17a–c. The Boc
group and chiral auxiliary were removed in the usual manner to
obtain the tripeptide boronates as HCl salts (18a–c). Centrifugal li-
quid–liquid partition chromatography (CPC) using a solvent sys-
tem of CHCl3/MeOH/H2O (5:6:4) in the ascending mode was
found to be effective for the purification of the relatively unstable
intermediates. Finally, acylation of the amino groups of 18a–c with
1-naphthylacetyl anhydride provided the desired tyropeptin-boro-
nate analogs 3a–c, which were also purified by CPC (CHCl3/MeOH/
H2O (5:6:4), in the descending mode).

The synthesized tyropeptin boronic acid derivatives22 were sub-
jected to in vitro assays for measuring the proteasome-inhibitory
activities (Table 1, the human 20S proteasome was purchased from
Biomol, Plymouth Meeting, PA).12 To evaluate the influence of the
acyl group at the N-terminus on the inhibitory effect, the tripeptide
HCl salts 18a–c were also tested. Substitution of the formyl group
of TP-110 (2) with boronic acid (3a) resulted in moderate improve-
ment in the inhibition of the chymotryptic proteasome activity. It
is noteworthy that compound 3c, which has an aliphatic side chain
at P1, is an approximately ninefold more potent inhibitor of the
chymotryptic activity of proteasome than bortezomib. The lower
in vitro activity of 3a and 3b in comparison to that of 3c implies
that the S1 pocket of proteasome favors aliphatic side chains over
benzylic ones. Comparison of the results of 3a and 3b suggests that
the existence of the methoxy group on the phenyl group in the P1
side chain has only a small impact on the affinity to the catalytic
site of the proteasome. Removal of the 1-naphthylacetyl group
(18a–c) resulted in substantial loss of activity. Moreover, all syn-
thesized tyropeptin derivatives showed selectivity toward the chy-
motrypsin-like activity.
In summary, boronic acid derivatives of tyropeptin were syn-
thesized in this study, and careful design of the reaction sequence
and CPC purification resulted in the desired compounds without
loss of the boronate moiety. The tyropeptin derivatives 3a–c are
good potential inhibitors of the chymotryptic activity of protea-
some. In particular, the Leu-boronate derivative 3c displayed an
IC50 value that was even lower than that of bortezomib. Further
investigations on the biological activities of these compounds,
including their cytotoxicity and anti-tumor activity, are currently
underway and will be reported in due course.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.02.117.
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