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Non-Covalent Inhibitors of the
20S Proteasome

Carlos Garcia-Echeverria®, Patricia Imbach?@, Johannes Roesel, Peter Fuerst, Marc Lang,
Vito Guagnano, Maria Noorani, Johann Zimmermann, and Pascal Furet?

Abstract: Peptidomimetics have been commonly used as lead compounds to design inhibitors with high
affinity and specificity for a particular enzyme. The discovery that a 2-aminobenzylstatine derivative originally
designed to target an aspartyl protease was able to inhibit specifically and non-covalently the chymotrypsin-
like activity of the 20S proteasome represented a unique starting point for our medicinal chemistry endeavor
for this target. Utilizing a structure-based design approach, we have been able to improve the potency of this
new class of proteasome inhibitors without affecting its in vitro selectivity profile.
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1. Introduction

The proteasome is a multifunctional ATP-
dependent proteolytic complex that is in-
volved in the degradation of proteins impli-
cated in critical intracellular regulatory cas-
cades (e.g. mitotic cycle, cell growth and
viability, antigen presentation or inflamma-
tory response) [1]. The proteolytic activity
of this enzyme occurs in a 700-kDa barrel-
shaped core structure known as the 20S
proteasome, which consists of four stacked
rings arrayed in an o,3,3,0., manner. Sub-
strate specificity studies have revealed at
least three distinct peptidase activities for
the 20S proteasome: chymotrypsin-like,
trypsin-like, and peptidylglutamyl-peptide
hydrolytic (PGPH) activities [2]. The hy-
drolytic sites function by a special mecha-
nism. The initial attack on the peptide bonds
is by the hydroxyl group of the N-terminal
threonine of the catalytic B-subunit. After
formation of the acyl-enzyme intermediate,
the complex is hydrolyzed by the attack of
a water molecule liberating the upstream
product and the enzyme. The 20S protea-
some is therefore an N-terminal threonine
hydrolase.
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Our specific target in the search for
novel cytotoxic and antiproliferative agents
for cancer therapy is the chymotrypsin-like
activity of the 20S proteasome. Modulation
of this enzymatic activity by PB-subunit-
specific proteasome inhibitors may convey
an anti-tumor effect by induction of cell
cycle arrest and apoptosis in tumor cells
[31[4]. In this paper we describe the identi-
fication and initial optimization of non-
covalent inhibitors of this therapeutic target.

2. Results and Discussion

Early natural and synthetic inhibitors of
the 20S proteasome were relatively non-
specific compounds and exerted their in-
hibitory activity by forming a covalent
bond with the enzyme [5]. Classical war-
heads of serine proteases were utilized to
block the catalytic threonine residue. The
inherent drawbacks of these covalent in-
hibitors (e.g. non-target specific, high reac-
tivity or instability) prompted us to search
for alternative [-subunit-specific protea-
some inhibitors.

To identify non-covalent inhibitors of
the chymotrypsin-like activity of the 20S
proteasome we screened our in-house com-
pound archive. Among the compounds iden-
tified, compound 1 (Table) was selected for
further profiling. This 2-aminobenzylsta-
tine derivative, which was originally syn-
thesized to target the HIV-1 protease, inhibits
the chymotrypsin-like activity of the 20S
proteasome with an ICy, value of 0.9 uM

and shows good selectivity over the
trypsin-like and PGPH activities (ICq,>
20 uM) [6][7]. Using the crystal structure
of the yeast proteasome [8], a structural
model of compound 1 bound to the chy-
motrypsin-like activity site of the human
20S proteasome was developed to under-
stand the structural basis of its inhibitory
activity and to guide our medicinal chem-
istry optimization process [9].

The chymotrypsin-like site of the human
20S proteasome has only two well-defined
pockets (Fig. 1), and interactive molecular
modeling was used to dock compound 1
in this catalytic site. A large number of
complementary hydrophobic and hydrogen
bond interactions between the inhibitor and
the enzyme are observed in this model
(Fig. 2). These interactions could account
for the ability of compound 1 to inhibit
the chymotrypsin-like activity site of the
human 20S proteasome without forming a
covalent bond with the catalytic threonine
residue.

A structure-based optimization approach
was used to improve the 20S proteasome
chymotrypsin-like inhibitory activity of com-
pound 1. According to our modular strate-
gy, initial medicinal chemistry efforts were
focused on the optimization of the N-termi-
nal part of the 2-aminobenzylstatine scaf-
fold [6][10].

The N-terminal benzyloxycarbonyl
group was assumed to bind to an accessory
pocket formed by the side chains of Tyr-33,
Tyr-133 and Pro-131. In this particular re-
gion, the phenyl ring and the side chain of
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Fig. 1. Structural model of the chymotrypsin-like site of the human

Table. Representative examples of 2-aminobenzylstatine derivatives
and inhibition of the chymotrypsin-like activity of the 20S proteasome?
OH
O/
Compound R! R2 IC;, (UM)?
1 CO,CH,Ph 4-OCH, 0.9
2 CO,CH,(1-naphthalene) 4-OCH,4 2.0
3 CO,CH,Ph[3,5-(CH,),]  4-OCH, 1.1
4 CO,CH,Ph(3-NH,) 4-OCH, 0.6
5 C(O)CH,CH,Ph@3-NH,)  4-OCH, 0.6 208S proteasome.
6 CO,CH,Ph(3-CH,) 4-OCHj, 0.5
7 C(O)CH,(1-naphthalene) 4-OCH, 0.1
8 CO,CH,Ph H >20
9 CO,CH,Ph 2-OCHj, >20
10 CO,CH,Ph 3-OCH, 1.50
11 CO,CH,Ph 2,4-OCH;  1.60
12 CO,CH,Ph 3,4-OCH;  0.15
13 CO,CH,Ph 35-0CH, 0.19 Rreesson pocket
14 CO,CH,Ph 2,4,5-OCH, 0.20 ©v°
15 CO,CH,Ph 2,3,4-OCH; 0.10 T
16 CO,CH,Ph 3,4,5-OCH; 0.05
17 C(O)CH,(1-naphthalene) 3,4,5-OCH; 0.007

aThe IC;, value is the concentration of inhibitor at which the rate of the
chymotrypsin-like activity of the 20S proteasome catalyzed hydrolysis
of the substrate Suc-Leu-Leu-Val-Tyr-AMC (AMC, 7-amido-4-methyl-

coumarin) is reduced at 50%.

Tyr-133 are involved in a stacking interac-
tion. Extensive SAR studies were directed
towards increasing the strength of this
interaction or the number of van der Waals
contacts. Compounds 2—7 (Table) are rep-
resentative examples of the derivatives
analyzed. Modification of the N-terminal
phenyl ring did not affect substantially the
inhibitory activities of the compounds and
a major effect on potency was only ob-
served for the inhibitors containing bulkier
groups and, in particular, naphthyl deriva-
tives. Thus, the replacement of the benzyl-
oxycarbonyl group by naphthalen-1-yl-
acetic acid improved 9-fold the potency of
the starting compound (compound 7 versus
1 in the Table) [6].

A more substantial increase in potency
was obtained by optimizing the interaction
of the inhibitor with the S3 pocket of the

proteasome.

enzyme. According to our model [9], the
2-aminobenzyl group of the statine moiety
is involved in two hydrogen bond interac-
tions: one between the nitrogen atom and
Asp-153, and the second one between the
4-methoxy substituent of the benzyl group
and Ser-151 (Fig. 2). This last interaction
was confirmed by the drop in activity
observed when a derivative lacking the 4-
methoxy substituent was tested (compound
8, Table). Examination of the model sug-
gested that two other residues that form the
S3 pocket, Ser-157 and Tyr-135, could be
targeted for additional hydrogen bond in-
teractions. A methoxy substituent in posi-
tion 2 or 3 of the benzylamino moiety could
accept a hydrogen bond from Ser-157 while
Tyr-135 could donate a hydrogen bond
to a methoxy in position 5. Further SAR
studies involved the synthesis of mono-, di-

Fig. 2. Schematic representation of the predicted interactions of
compound 1 with the chymotrypsin-like active site of the human 20S

and tri-substituted benzylamino derivatives
(compounds 9 to 16, Table). Compound 16,
which maximizes the number of hydrogen
bond interactions in the S3 pocket, showed
a remarkable increase in potency (ICy;=
50 nM; Table) [10].

Combining the N-terminal naphthalen-
I-yl-acetic acid with the central 3,4,5-
trimethoxybenzyl moiety resulted in com-
pound 17, which is one of the most potent
non-covalent inhibitors of the human 20S
proteasome described to date (IC5y= 7 nM;
Table). These two modifications did not
affect the specificity profile of this class
of inhibitors. Compound 17 has a modest
activity against the trypsin-like and PGPH
activities of the 20S proteasome (ICs, >
20 uM) [10].
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3. Conclusions

Early inhibitors of the 20S proteasome
have been invaluable tools for improving
our understanding of the proteasome degra-
dation pathway in vitro. However, they are
relatively non-specific compounds and exert
their inhibitory activity by forming a cova-
lent bond with the enzyme. We have identi-
fied a new class of non-covalent inhibitors
able to modulate the chymotrypsin-like ac-
tivity of the 20S proteasome in ways not
previously possible. The increased potency
and selectivity of the compounds described
in this paper should allow us to investigate
and eventually confirm the potential thera-
peutic application of this approach.
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Covalent Labeling of Fusion Proteins
with Chemical Probes in Living Cells
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Abstract: A general method for the specific and covalent labeling of fusion proteins in vivo is described. The
approach is based on the unusual mechanism of the human DNA repair protein O8-alkylguanine-DNA alky!-
transferase, which irreversibly transfers an alkyl group from Of-alkylguanine-DNA to one of its cysteine
residues. Labeling is possible in bacterial as well as eukaryotic cells and is independent of the nature of the
label, thereby opening up new ways to study proteins in vivo.
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Understanding the function of proteins on a
molecular level often requires characteriz-
ing their location and interaction partners
within the living cell. Despite the impor-
tance of this task, there are few methods
that allow proteins to be studied in vivo.
Most existing approaches rely on genetical-
ly fusing the protein of interest to a reporter
protein that gives the observer a direct or

indirect measure of the location and mi-
croenvironment of the tagged protein. The
most prominent examples for such reporter
proteins are fluorescent proteins [1]. How-
ever, all currently existing approaches pos-
sess various disadvantages and we have
recently introduced a general method for
the covalent labeling of fusion proteins in
vivo that complements the existing strate-



