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Abstract—Tyropeptin A, a new potent proteasome inhibitor, was produced by Kitasatospora sp. MK993-dF2. To enhance the inhibi-
tory potency of tyropeptin A, we constructed the structural model of tyropeptin A bound to the site responsible for the chymotryp-
sin-like activity of mammalian 20S proteasome. Based on these modeling experiments, we designed and synthesized several
derivatives of tyropeptin A. Among them, the most potent compound, TP-104, exhibited a 20-fold enhancement in its inhibitory
potency compared to tyropeptin A. Additionally, TP-110 specifically inhibited the chymotrypsin-like activity, but did not inhibit

the PGPH and the trypsin-like activities.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The 26S proteasome consists of a central catalytic 20S
proteasome and two terminal regulatory complexes,
termed PA700 (also known as the 19S regulatory com-
plex), which are attached to both ends of the central por-
tion."> The 20S proteasome is a large cylindrically-
shaped complex composed of two copies each of seven
distinct o- and seven distinct B-type subunits. All the
subunits of yeast 20S proteasome have been cloned
and sequenced, and can be grouped by sequence homol-
ogy.> The 20S proteasome possesses at least three dis-
tinctive protease activities of the post-glutamyl-peptide
hydrolyzing (PGPH), trypsin-like and chymotrypsin-like
activities, and were assigned to the active subunits of Bl1,
B2, and PS5, respectively.

Proteasome degrades numerous regulatory proteins,
such as cyclins, cyclin-dependent kinase inhibitors
(e.g., p21 and p27), tumor suppressors (e.g., p53), and
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the inhibitory proteins of the NF-xB activation (e.g.,
IxB-a), which are critical in tumor growth.*7 Protea-
some inhibitors can stabilize these regulatory proteins,
and cause cell cycle arrest and apoptosis, and, as a re-
sult, can limit the tumor development. In 2003, PS-
341, a dipeptide boronic acid proteasome inhibitor,® 10
was approved for cancer treatment for multiple myelo-
ma patients. Therefore, the proteasome inhibitor is use-
ful for the treatment of cancer.

Previously, we described the isolation and characteriza-
tion of a new proteasome inhibitor, tyropeptin A, which
was produced by Kitasatospora sp. MK993-dF2.!1-13
The structure of tyropeptin A is isovaleryl-L-tyrosyl-L-
valyl-pL-tyrosinal. Tyropeptin A significantly inhibits
chymotrypsin-like activity in the three distinct protease
activities of the 26S proteasome.

In the present study, to enhance the inhibitory potency
of tyropeptin A, we constructed a structural model of
tyropeptin A bound to the site responsible for the chy-
motrypsin-like activity of the mammalian 20S protea-
some. We now report the utilization of the constructed
model for the design of reasonable and effective modifi-
cations of tyropeptin A.
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2. Model of tyropeptin A bound to the p5/f6 site of
mammalian 20S proteasome

The crystal structure of the yeast 20S proteasome with a
bound peptide aldehyde inhibitor, acetyl-L-leucyl-L-leuc-
yl-L-norleucinal, revealed that the binding site responsi-
ble for the chymotrypsin-like activity of the 20S
proteasome is formed by the association of the BS and
B6 subunits.'* Therefore, it is reasonable to conclude
that the binding site responsible for the chymotrypsin-
like activity of the mammalian 20S proteasome will also
be formed by the association of the B5 and 6 subunits.
Though the crystal structure of the human 20S protea-
some has not yet been determined, the crystal structure
of the mammalian 20S proteasome isolated from bovine
was recently determined.!>'® The crystal structures and
the amino acid sequences of the o2, B1, B5, p6, and B7
subunits of the bovine 20S proteasome are different
from the S. cerevisiae 20S proteasome. Since the amino
acid sequences of the 5 and B6 subunits of the bovine
20S proteasome show a 100% identity to those of the hu-
man 20S proteasome, the structural model of the B5/p6
site in the bovine proteasome adequately represents the
B5/p6 site of the human proteasome. One possible bind-
ing model of tyropeptin A to the B5/p6 site of the mam-
malian 20S proteasome is shown in Figure 1.!”7 Figure
1A shows the expected binding mode of tyropeptin A
to the PB5/B6 site. It is conceivable that the aldehyde
group of tyropeptin A forms a hemiacetal adduct with
the catalytic Thr 1 residue of the B5 subunit. Therefore,
it is assumed that the tyrosinal, valine, and tyrosine resi-
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dues of tyropeptin A mimic the role of the P1, P2, and
P3 amino acids of the binding sites'? in the natural sub-
strate of the proteasome, respectively. In addition, it is
thought that residues Thr 21, Gly 47, and Ala 49 in
the B5 subunit and Asp 125 in the B6 subunit are in-
volved in the recognition of the peptide bonds of the
substrate. Hence, assuming that tyropeptin A forms five
B-sheet-like hydrogen bonds with the four residues, Thr
21, Gly 47, Ala 49, and Asp 125, and a hemiacetal ad-
duct with the catalytic Thr 1 residue, we investigated
the most favorable orientation of tyropeptin A in the
B5/B6 binding site model using these hydrogen bonds
and the adduct as modeling constraints. As a result,
tyropeptin A nicely fits into the B5/86 site (Fig. 1B). Fig-
ure 1B is an overview of the binding model of tyropeptin
A bound to the B5/B6 site. Tyropeptin A was encircled
by the association of the B5 and B6 subunits. In this
binding model, four CH/n interactions were observed
(Fig. 1A). The CH/r interaction is a hydrogen-bond-like
weak attractive force observed between a CH hydrogen
and m electron system, which was recently revealed to
have a critical role in protein-ligand complexation and
protein folding.!” The CH hydrogens of the side chains
of Val 31, Lys 33, and Ala 49 in the B5 subunit were able
to form the CH/n interactions with the n electron sys-
tems of the tyrosinal residue in tyropeptin A at the Pl
position. The CH hydrogen of Ala 20 in the 5 subunit
was able to form the CH/zn interaction with the w elec-
tron systems of the tyrosine residue in tyropeptin A at
the P3 position. In contrast, hydrogen bonds and/or
CH/n interactions between the N-terminal isovaleryl

Figure 1. Binding model of tyropeptin A bound to the site responsible for the chymotrypsin-like activity of the 20S proteasome. (A) Expected
binding mode of tyropeptin A to B5/B6 site. Tyropeptin A, atom colors; hydrogen bond, sky blue; CH/r interaction, red; B5/B6 site, gray. (B)
Overview of binding model of tyropeptin A bound to the B5/B6 site of the 20S proteasome. Subunit B5, gray; subunit 36, green; tyropeptin A, yellow.
(C) Binding model of tyropeptin A in the B5/B6 site. Subunit B5, gray; subunit 6, green; tyropeptin A, yellow.
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moiety of tyropeptin A and the 20S proteasome were
not observed. This binding model suggested the presence
of an open space in the vicinity of the N-terminal of
tyropeptin A (Fig. 1C, sky blue circle). Since the isovale-
ryl moiety in tyropeptin A only partially filled this area,
we speculated that a compound capable of filling the
open space may exhibit the enhanced inhibitory activity
against the chymotrypsin-like activity of the 20S protea-
some. Therefore, we designed tyropeptin A derivatives
having a bulky N-terminal moiety.

3. Derivatives of tyropeptin A

According to the modeling studies mentioned above,
we synthesized tyropeptin A derivatives modified at
the N-terminal moiety and evaluated their inhibitory
activities of 20S proteasome as shown in Table 1.2°
TP-104 exhibited a 20-fold inhibitory potency enhance-
ment for the chymotrypsin-like activity compared to
tyropeptin A. This increase in the inhibitory potency
of TP-104 may come from the formation of hydropho-
bic or CH/r interactions between the 1-naphthyl moi-
ety and the B5/B6 site. To prove this hypothesis, we
constructed a structural model of TP-104 bound to
the B5/P6 site of the 20S proteasome (Fig. 2). Figure
2A shows the comparison with the three-dimensional
structures of tyropeptin A and TP-104 at the B5/B6 site.
As shown in Figure 2A, the 1-naphthyl moiety of TP-
104 (right) well complements the shape of the open
space in the vicinity of the N-terminal of tyropeptin
A (left). Figure 2B shows the expected binding mode
of TP-104 to the B5/B6 site. As expected, new interac-
tions between the 1-naphthyl moiety and the B5/B6 site
were observed. The CH hydrogens of the side chain of
Ala 50 in the B5 subunit and Val 127 in the 6 subunit

were able to form CH/n interactions with the 1-naph-
thyl moiety of TP-104. Since new CH/r interactions be-
tween the 1-naphthyl moiety of TP-104 and the B5/B6
site were formed, TP-104 had a very high affinity for
the B5/B6 site. Therefore, TP-104 might be expected
to show an increased inhibitory activity for the chymo-
trypsin-like activity of the 20S proteasome relative to
tyropeptin A, which agrees with our experimental
results.

The di-O-methyl derivative of TP-104, TP-110, inhibits
the chymotrypsin-like activity with an ICsy value of
0.027 uM, but shows a marked decrease in its inhibitory
activity for the trypsin-like activity (Table 1). TP-110 did
not inhibit the trypsin-like and the PGPH activities even
at the concentration of 100 pM, leading to an enhanced
specificity for the chymotrypsin-like activity. The bind-
ing site of the trypsin-like activity is formed by the asso-
ciation of the B2 and the B3 subunits.!® The S1 and S3
pockets of the B2/B3 site were narrower than those of
the B5/B6 site. Hence, the di-O-methyl derivative of
TP-104, TP-110, may not optimally fit into the B2/B3
site. Therefore, TP-110 is a potent and selective inhibitor
for the chymotrypsin-like activity of the mammalian 20S
proteasome.

Our modeling studies of tyropeptin A bound to the 20S
proteasome successfully designed the two compounds,
TP-104 having a highly potent inhibitory activity against
the 20S proteasome activities, and also TP-110, which
specifically inhibits the chymotrypsin-like activity of
the 20S proteasome. In this manner, our binding model
of the bovine proteasome allowed us to rationally design
potent inhibitors for the 20S proteasome. The evalua-
tion of the anticancer activity of these compounds will
be reported elsewhere.

Table 1. Inhibitory activities of the 20S proteasome by tyropeptin A derivatives

ZT
o
T
o

OR, OR3
Compound R, R, R; I1Csp (M)
Chymotrypsin-like activity PGPH activity Trypsin-like activity

Tyropeptin A CH(CHs), H H 0.14 68 5
TP-101 CeHi, H H 0.033 17 3
TP-102 CgHs H H 0.027 16 2
TP-103 2-Naphthyl H H 0.014 4.7 0.7
TP-104 1-Naphthyl H H 0.007 4.9 1.2
TP-105 CH,(CH,);CH; H H 0.037 20 2
TP-106 CH(CH3), H CH; 0.19 21 21
TP-107 CH(CHs), CH; CH; 0.12 56 37
TP-108 1-Naphthyl H CH; 0.018 38 6
TP-109 1-Naphthyl CH; H 0.020 31 6
TP-110 1-Naphthyl CH; CH; 0.027 >100 >100
TP-111 N(CHs), H H 1.2 >100 7.8
MG132 0.068 1.4 4.5
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Figure 2. Binding model of TP-104 bound to the B5/B6 site of the 20S proteasome. (A) Comparison with structures of tyropeptin A and TP-104 in the
B5/B6 site. Binding model of TP-104 in the B5/B6 site (right) compared to the tyropeptin A (left). Tyropeptin A is yellow and TP-104 is violet. (B)
Expected binding mode of TP-104 to the B5/B6 site. Tyropeptin A atom colors; hydrogen bond, sky blue; CH/rt interaction, red; B5/f36, gray.
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