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The persisting challenge of selective
and specific proteasome inhibition*

Michael Groll,® Robert Huber®<9 and Luis Moroder®*

Since the discovery of the proteasome and its structure elucidation intensive research programs in academic institutions and
pharmaceutical industries led to identification of a wide spectrum of synthetic and natural small proteasomal inhibitors. Activity
studies with these small molecules helped to deeply understand the complex biochemical organization and functioning of
the proteasome. The new structural and biochemical insights placed the proteasome as an important anti-cancer drug target,
as revealed by the dipeptide boronate proteasome inhibitor, bortezomib, which is currently used for treatment of multiple
myeloma. Serious side effects and partial cell resistance against bortezomib demand creation and discovery of new improved
generations of more specific and potent proteasomal inhibitors. Copyright (© 2008 European Peptide Society and John Wiley

& Sons, Ltd.
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Background

In eukaryotic cells, most cytosolic and nuclear proteins are
degraded by the ubiquitin—proteasome pathway, which is
responsible for protein quality control, antigen processing, signal
transduction, cell-cycle control, cell differentiation, and apoptosis
[1-3]. As protein homeostasis is critically involved in cancer
cell survival, targeting the balance between production and
destruction of proteins that mediate proliferation and other
key factors of malignancy has advanced to a major focus of
cancer research [4-7]. Accordingly, the proteasome has emerged
as a promising target for cancer therapy, and this therapeutic
approach has recently been validated with the peptide boronate,
bortezomib (VELCADE®) [8,9]. Indeed, for patients with multiple
myeloma (MM), the peptide boronate exhibits unmatched anti-
tumor activity, though not free of side effects [10]. Thus, the
development of new generations of proteasome inhibitors as
anti-cancer drugs still remains a challenge.

The executioner of the ubiquitin—proteasome pathway is the
26S proteasome, which is built up from the 700 000 Da proteolytic
core particle (20S proteasome) and two 900 000 Da regulatory
particles (19S regulatory complex). The 20S proteasome has a
cylindrical shape showing two-fold symmetry and containing
multiple catalytic centres located within the inner cavity of a
molecular cage. It comprises 28 subunits, which are arranged in
four seven-membered rings that stack upon each other, yielding
an aq-7B1-7B1-7a1-7 complex [11]. Compared to archaebacterial
proteasomes, which have 14 identical, and thus, 14 proteolytically
active sites [12], eukaryotic proteasomes contain only three
proteolytically active B subunits per 8 ring (subunits g1, 2, and
B3), whereas the other 8 subunits are inactive [13]. For a review
see Ref. 14.

The first class of proteasome inhibitors were the tripeptide
aldehydes calpain inhibitor | (Ac-Leu-Leu-Nle-H) and leupeptin
from actinomycete (Ac-Leu-Leu-Arg-H). Structural analysis of
these inhibitors revealed the mechanism of protein degradation
catalysed by the nucleophilic N-terminal threonine hydroxy
group (Thr10”) and led to structural characterization of the

substrate-binding pockets of the caspase-like (81 subunit), trypsin-
like (82 subunit), and chymotrypsin-like (85 subunit) catalytic sites,
as illustrated in Figure 1[12,13]. Peptide aldehydes were shown to
form reversible covalent hemiacetals with the Thr10”. Analysis
of diverse other functional electrophiles such as boronates,
vinyl sulfones, and natural product-based o', 8’-epoxyketones
provided additional insights into their various binding modes to
the proteasomal active sites as well asinto their ability to inhibit the
different proteolytic activities of the proteasome; for a review, see
Ref. 14.The peptide boronates were found to be much more potent
inhibitors than aldehydes and vinyl sulfones. Low concentrations
of boronate compounds are sufficient for significant inhibition
of proteasome activity, and due to their high selectivity and
low dissociation rates, this class of compounds has been used
in various medical research programs and clinical experiments.
The successful dipeptide boronate candidate bortezomib, which
inhibits prevalently the 85 subunit, has now been approved as
a prescriptive drug for treatment of relapsed and/or refracted
multiple myeloma [8,15].
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Proteasome Inhibition by Pseudocovalent
and Covalent Adduct Formation

As previously discussed, synthetic peptide aldehydes deactivate
with a low degree of specificity all three proteasomal activities
via hemiacetal bond formation. Interestingly, the fast reverse
reaction of hemiacetal bonds is slowed down in the protease
complex by formation of a hydrogen-bonding network between
the generated hydroxy group of the ligand and the oxyanion-
hole of the protein [12,13,16-18]. However, besides the functional
reactive group, it is the dipeptide group which forms an anti-
parallel B-sheet at the active-site cleft and the characteristic ligand
side-chain residues which finally determine the affinity of the
compound to the distinct proteasomal active sites [19,20]. Amino
acid aldehydes do not act as proteasome inhibitors, since the
mean residence time of these compounds at the proteasomal
active site is not sufficient to complete the chemical reaction
cycle [21]. It is known that a functional aldehyde group is highly
reactive; thus, peptide aldehydes are rather unspecific to the
proteasome and block a broad range of different serine and
cysteine proteases [22]. Surprisingly, it has been recently shown
thatthe natural peptide aldehyde, fellutamide B (Figure 2), isolated
from Penicillium fellutanum, potently induces the release of nerve
growth factor (NGF) from fibroblasts and glial-derived cells by
selectively inhibiting the 20S proteasome catalytic activity [23].
Furthermore, the most popular proteasome inhibitor which is used
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Figure 1. Surface representation of the inner chamber of eukaryotic proteasome and of the three active-site clefts of the 1, 82, and B3 subunits as
derived from the crystal structure of yeast proteasome/calpain | inhibitor complex [13].

for invivo and invitro studies is the peptide aldehyde inhibitor,
MG132 (Ac-Leu-Leu-Leu-H) [24]. Although peptide aldehydes
are the best characterized proteasomal inhibitors, compounds
possessing a vinyl sulfone moiety are also widely distributed
and represent another class of proteasome inhibitors [25]. These
compounds bind to proteasomes irreversibly but are less reactive
than aldehydes. Vinyl sulfones act as Michael acceptors for
soft nucleophiles such as thiols, leading to the formation of a
covalent bond [26]. Although these inhibitors do not inhibit serine
proteases, they show high specificity for intracellular cysteine
proteases [27]. Compared to aldehydes and vinyl sulfones, peptide
boronates such as bortezomib (Figure 2) turned out to be more
specific for the proteasome [28], which was a surprise, since
boronicacid derivatives were firstly described to inhibit most serine
proteases. The high affinity of bortezomib for the proteasome can
be explained by the threonine-boronate tetrahedral transition
state complex, which is further stabilized by the amine-group of
the N-terminal threonine [29]. The smallest class of compounds
acting as selective and specific monovalent proteasome inhibitors
are B-lactones (Figure 2) [30]. Proteasomal inhibition of these
compounds is caused by hydrolysis of the g-lactone ring via
the active-site Thr107, resulting in an acyl-enzyme complex [29].
Since formation of an acyl-enzyme complex also occurs during
peptide bond hydrolysis of substrates, the S-lactone-binding of
the inhibitor has to prevent its hydrolysis by the nucleophilic
water molecule. Indeed, defined side-chains of S-lactones occupy

the position of the nucleophilic water molecule at the catalytic
center, thus interrupting the preferred trajectory of nucleophilic
addition along the path approximately perpendicular to the plane
of the ester group [31,32]. Compared to proteasomal peptide
inhibitors, B-lactones do neither require a defined structural
arrangement at the proteasomal active binding site nor a
conserved structural motive for displacing the nucleophilic water
molecule, indicating that B-lactones did not share a common
ancestor and evolved separately during evolution. A new class of
irreversible bivalent proteasome inhibitors are the natural product-
based o’B’-epoxyketones (Figure 2) [33]. Although epoxomicin
binds similarly to the proteasomal active site as peptide aldehydes
completing the anti-parallel 8-sheet, there is a major difference:
whereas peptide aldehydes form a reversible hemiacetal bond
with the N-terminal nucleophilic threonine, a’B’-epoxyketones
form an irreversible morpholino bond formation by a two-step
process [34]; for a review, see Ref. 14. First, nucleophilic attack
of Thr1O” on the carbonyl carbon atom of the epoxyketone
pharmacophore produces a hemiacetal, as observed in the
structure of proteasome-aldehyde inhibitor complexes. This
hemiacetal bond facilitates opening of the epoxide ring via the
Thri1-N-terminus, thereby forming the irreversible morpholino
adduct. Therefore, compared to previously described proteasome
inhibitors, epoximicin turned out to be highly specific for the small
class of N-terminal nucleophilic hydrolases. Most recently, a new
natural inhibitor of the proteasome, syringolin A (Figure 2), could
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be identified, which acts as a plant pathogen virulence factor by
proteasomal inhibition [35]. The crystal structure analysis revealed
that syringolin A covalently binds to the hydroxy group of the
active-site N-terminal threonine following a novel mechanism:
Thr10” of the proteasome performs a Michael-type 1,4-addition
to the double bond located in a 12-membered ring system of the
inhibitor. The resulting covalent ether bond causes the irreversible
inhibition. Interestingly, a unique model completely explaining
the synthesis of the peptide part of syringolin A, including the
functionally important reactive group, has been proposed on the
basis of the architecture of non-ribosomal genes in syringolin A
synthesis [35]. The model allowed identification of glidobactin A
(Figure 2) which blocks proteasomal activity in the low nanomolar
range. An NCBI database search of all sequenced bacterial
genomes revealed homologues of these genes in the insect
pathogen Photorhabdus luminescens and the human pathogen
Burkholderia pseudomallei, the causing agent of melioidosis. Thus,
it is most likely that these organisms are capable of synthesizing
proteasome inhibitors of this new class of proteasome inhibitors
termed syrbactins [35]. If this prediction is confirmed, it will be
interesting to determine whether the respective compounds are
involved in virulence.

Structures of the proteasome in complex with various synthetic
and natural inhibitors reported in Figure2 provided valuable
insights into the architecture and organisation of substrate-
binding pockets located near the proteasomal active centres

[14,36]. The structuralinformation on the binding mode of different
chemical compounds stimulated the development of more potent
inhibitors that block the individual proteolytic activities of this
complex enzyme by changing structural and chemical aspects
such as binding mode, specificity, and selectivity [37]. Among the
members of this new generation of small proteasomal inhibitors,
the analogue of epoxomocin PR-171 [38] with its high specificity
for the chymotrypsin-like activity, and salinosporamide A (NPI-
0052) [39], have emerged as promising candidates for anti-cancer
therapy, and are presently in phase | human clinical trials for
alternative treatments of patients intolerant or refractory to
bortezomib [40,41].

Reversible Proteasome Inhibitors

All the previously described synthetic and natural proteasome
inhibitors form pseudocovalent or irreversible covalent bonds
with the active-site Thr10” of the B subunits. Application of these
inhibitors in vivo was often found to induce apoptosis and, thus,
celldeath [42-44]. [t may be reasonable to tune cytotoxic effects of
proteasome inhibitors by increasing their specificity for the various
active sites and, more importantly, by making their binding to the
enzyme reversible and time-limited.

Among the diverse secondary metabolites of microorganisms,
the TMC-95 family of cyclic tripeptides from Apiospora montagnei
represents the only one that selectively and competitively blocks
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the proteolytic activities of the proteasome in the low nanomolar
range [45,46]. Furthermore, the TMC-95 compounds were inactive
against other proteases such as calpain, cathepsins, caspases,
elastase, thrombin, and trypsin [45]. The TMC-95 tripeptide
derivatives, which are not related to any previously mentioned
proteasomeinhibitor, consist of a heterocyclic ring system deriving
from carbon-carbon cross-bridging of a tyrosine side-chain with a
highly hydroxylated tryptophan side-chain (Figure 3). The inhibitor
binds to all three proteasomal proteolytically active centres, as
determined by crystallographic analysis of the yeast proteasome
in complex with TMC-95A, without covalent interaction with the
active g subunits [47]. Instead, a tight network of hydrogen bonds
is established between the ligand and the strictly conserved main-
chain residues of the proteasome, supporting a common mode
of proteasome inhibition among different species. Superposition
of the crystal structure of TMC-95A with the NMR-structure of
unbound TMC-95A in solution [46] showed no conformational
rearrangements of the inhibitor upon binding to the proteasome
[47].Thus, optimalinteraction of this inhibitor with the proteasome
results from the constrained conformation of TMC-95A, which is
imparted by the phenyl-oxindole side-chain clamp, and which
pre-organizes the peptide backbone in an extended conformation
to optimally fit the active-site clefts by formation of an anti-parallel
B-sheet structure.

Using the structural information gained from crystallographic
analysis of the TMC-95A/proteasome complex [47], in first in-
stance, a minimal cyclic core with an oxindole-phenyl clamp was
designed (Figure 3) [49]. As proof of principle, superposition of
crystal structures of these structurally simplified TMC-95A analogs
in complex with the proteasome to that of the original TMC-95A
demonstrated an almost identical peptide backbone configura-
tion. Secondly, the still-synthetically demanding oxindole-phenyl
clamp was replaced by the more flexible endocyclic biphenyl-
ether clamp of the isodityrosine type (Figure 3), which is known
to pre-organize the peptide backbone in a rigid extended con-

end
oxindole-phenyl clamp

BlA1a ()

Q
9 zhn‘.P1

’_?EH H
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1
ocyclic

formation [50-52]. The biphenyl-ether compound BIA-1a was
decorated with an N-propyl group at P1 and an Asn residue at
P3 in order to allow for structural and functional comparison
of the endocyclic oxindole-phenyl and biphenyl-ether-bridged
tripeptides with identical P1 and P3 residues [53]. Surprisingly, the
crystal structure analysis of BIA-1a in complex with the proteasome
showed that the ligand was exclusively bound to the trypsin-like
active site, in proximity of the Thr1 hydroxy group of subunit 82
(Figure 3) [48], a fact that was attributed to the unique architecture
of the specificity pockets of this active-site cleft. As BIA-1a and
TMC-95A were exhibiting a high degree of consensus in their con-
strained conformation and binding mode, the strong interaction
of BIA-1a with residues exclusively found in the trypsin-like active
site, formed by subunits 82 and 3, is crucial for the high selective
binding. These results provided the basis for the design of an
advanced S2-selective compound for inhibition of the trypsin-like
proteasome activity. Taking into account the selective inhibition
of subunit 2 by the synthetic peptide vinyl sulfone, Ac-PRLN-vs
[27,28], a modified endocyclic biphenyl-ether compound, BIA-2a
with arginine side-chainsin both P1and P3 positions, was designed
(Figure 3). Furthermore, the C-terminus of BIA-2a was extended
by an amide group to achieve close contact with Thr10” [53].
Crystallographic analysis of BIA-2a in complex with the protea-
some revealed formation of a covalent ester bond between the
BIA-2a C-terminus and the Thr107, i.e. of the acyl-enzyme inter-
mediate as the first step in amide hydrolysis (Figure 3) [48]. Amide
hydrolysis by the nucleophilic water molecule was confirmed by
mass-spectrometric analysis of yeast proteasome incubated with
BIA-2a. This fact confirms that the proteolytically active sites of
the proteasome maintain their functional efficiency while bind-
ing of the inhibitor BIA-2a in a reversible substrate-like manner,
which causes no allosteric changes of the active-site residues [48].
The transient covalent derivatization of the active-site Thr10” by
the clearly detectable ester-bond formation as an intermediate
step of amide hydrolysis of BIA-2a supports the hypothesis that
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Figure 3. TMC-95A was identified as a new lead compound and allowed design and synthesis of structurally simplified endocyclic oxindole-phenyl
compounds (BIA-1a and BIA-2a), which exhibit a novel structural biphenyl-ether clamp motive. Crystal structure analysis of BIA-1a (side-chains were
similar as in the natural product TMC-95A) and BIA-2a (side-chains were designed to specifically bind to the trypsin-like active centre of the proteasome)
in complex with the yeast 20S proteasome [48].
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the half-life of intermediate complexes of the proteasome with
peptide substrates tightly bound to the primed sites of the active
centres could well suffice for rates of aminolysis that compete with
hydrolysis. This would conform to the reported peptide splicing
activity of proteasome [54]. For additional information see Ref. 37.

The discussed structure-based evolution of the biphenyl-ether
clamped BIA-2b allowed to convert the natural peptide TMC-
95A with its two orders of magnitude stronger inhibition of
the chymotrypsin-like, compared to the trypsin-like proteasome
activity, into an inhibitor showing about two orders of magnitude
stronger binding to the trypsin-like than to the chymotrypsin-like
active centre.

Most recently, an additional natural cyclic octapeptide., i.e.
argyrin A, derived from the myxobacterium Archangium gephyra
[55], was identified as a potent proteasome inhibitor with
promising anti-tumor activity [56]. Its tumor inhibition shown
for a variety of human malignancies is attributed to inhibition
of the p27XP! cyclin-dependent kinase inhibitor degradation by
the proteasome. As shown in Figure 4, argyrin is a backbone-
cyclized octapeptide. It inhibits the human proteasome caspase-,
chymotrypsin-, and trypsin-like activities at potencies comparable
to those of bortezomib, but the mode of action still has
to be elucidated. Previous studies on degradation of linear,
disulfide-bridged, and backbone-cyclized model peptides such
as secretin, VIP, and gastrin, somatostatin-14 and c[D-Phe-His-Trp-
Ala-Val-Gly-His-Leu-Leu], clearly confirmed fast proteolysis of the
linear polypeptides by the proteasome from T. acidophilum [57].
However, no degradation of the cyclic nonapeptide as well as of
the disulfide-bridged somatostatin was detected [58], supporting
the notion that ubiquitinylated proteins are presented by the
regulatory 19S complex for degradation by the 20S proteasome
core particle. The very similar sizes of the cyclic 9-mer model
peptide and of argyrin raises the question whether this natural
product can enter the digestion chamber of the proteasome
to block its active sites, or alternatively, interfere with the
interaction with the 20S particle and the 19S complex required
for presentation of the unfolded p274P! cyclin kinase inhibitor
for degradation. However, in the latter case, the differentiated
inhibition potencies towards the three proteasomal activities
can hardly be explained. Moreover, previous attempts to block
the entrance of 20S proteasome with a phenylalanine amide
derivatized S-cyclodextrin (Figure 4) have so far failed, although
symmetry and size are well suited for such a capping (unpublished
results).

(A)

Heterobifunctional Proteasome Inhibitors

From the X-ray structure of yeast proteasome, it was known that
the conserved Cys118residue of the 83 subunit protrudes into the
S3 subsite of the 82 active site [13]. This reactive function allows
for covalent grafting of a maleinimide-functionalized peptide
aldehyde in juxtaposition of the active centre for hemiacetal
formation with the Thr10”. Based on modelling experiments,
an ethylene spacer was selected to join the dipeptide aldehyde
with the thiol-reactive maleinimide group, and the side-chains
of Val and Arg were used to occupy the R1 and R2 residues,
respectively, to address more specifically the 82 substrate-binding
cleft (see Figure 5). Indeed, selective inhibition of the trypsin-like
proteasomal activity with sub-micromolar affinity was achieved.
X-ray structure of yeast proteasome-inhibitor adduct confirmed
the covalent attachment to the Cys118 thiol group and exclusive
hemiacetal formation with the 82 subunit active-site Thr10” [16].
Although this synthetic small molecule represents a successful
example of the superb opportunities offered by crystal structures
for the design of selective inhibitors, it remains an academic
exercise as it cannot be applied to in vivo studies because of the
high reactivity of the maleinimide function towards glutathione
present at high concentration in cells.

Homo- and Heterobivalent Proteasome
Inhibitors

By mimicking nature that ubiquitously exploits the principle of
polyvalency to increase binding affinity and selectivity, multivalent
binding has become an emerging strategy in drug design [59].
The advantages of such strategy result mainly from the entropic
benefit, since the penalty for the loss of overall rotational and
translational entropy is paid only once for multivalent ligands,
rather than for each of the monovalent binding events.

Based on the assumption that the principle of polyvalency
could well represent an alternative approach suited for increasing
active-site selectivity of proteasome inhibitors, simple tripeptide
aldehydes were used as model inhibitors [57]. For a review, see
Ref. 60.From crystallographicanalysis of the yeast 20S proteasome,
a clear picture of the spatial display of the active centres on the two
Brings was obtained with the tripeptide aldehyde Ac-Leu-Leu-Nle-
H covalently linked as hemiacetals to the Thr10” of all six active
sites (Figure 1). The X-ray coordinates allow to extract distances
between the N-terminal Thr1 residues of the various active sites

HO

(B)

Figure 4. Structure of (A) the cyclic octapeptide argyrin A from the myxobacterium Archangium gephyra [55], and (B) the synthetic heptakis-[6-

(succinylphenylalanine-amide)amido-6-deoxy] 8-cyclodextrin.
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ES3

Figure 5. Schematic representation of the S subsites of the 82 active site of
the yeast 20S proteasome as structural model for the design of maleoyl-3-
alanyl-dipeptide aldehydes as a new type of selective heterobifunctional
inhibitors.

located on one ring or on the two staggered g rings (Figure 6) for
the design of potential bivalent inhibitors that address adjacent
active sites on a g ring (transannular) or on the two associated
rings (interannular).

First attempts to bridge the transannular 28 A distance between
the B1-82 and B1-82" active sites and to present, as required,
the interacting head groups from both the primed and non-
primed substrate-binding site have failed [57]. Thus, the main
efforts were focused on interannular bivalent inhibitors which
foresee a bridging of about 50 A distances to allow for an
access of two anchor groups to two identical or different active
sites from the non-primed enzyme subsites. As proteasomes
accept for digestion only fully unfolded linear polypeptides
coming through the restricted bottle-neck of the « ring from
the outside, linear polyoxyethylene (PEG) chains were selected as
mimic of random-coiled polypeptide chains [57,61]. The pegylated
tripeptide aldehydes (PEG)19-25-Leu-Leu-Nle-H (2) and (PEG)19-25-
Arg-Val-Arg-H (5) were found to inhibit the proteasome with
almost identical potency as the acetylated tripeptide aldehydes
1 and 4, respectively (Table 1). Based on this observation, two
interannular homobivalent inhibitors containing the tripeptide
aldehydes -Leu-Leu-Nle-H (3) and -Arg-Val-Arg-H (6) as head

B'-ring

[3-ring

G)'H#

{PKCOOH

CO-Arg-Val-Arg-al /,-—-
{Plél; (PEG),,2

groups for the B5/85" and B2/82" active-site pairs, respectively,
were synthesized using a PEG spacer with a statistical distribution
of 19-25 monomers, and thus, averaging a length of about
50 A (Figure 6). The two homobivalent inhibitors inhibit in highly
selective manner the chymotrypsin- (85) and trypsin-like (52)
activities, respectively (Table 1). To examine the possibility of
inhibiting simultaneously both the chymotrypsin- and trypsin-like
activities, a heterobivalent inhibitor was synthesized containing
the tripeptide aldehydes -Leu-Leu-Nle-H and -Arg-Val-Arg-H (7)
as head groups. As expected, both proteasomal activities were
inhibited with very similar potencies as those of the homobivalent
inhibitors if the stoichiometry of this type of inhibitor is taken into
account.

For bivalent ligands that in terms of entropy are optimally
designed, exponentially enhanced binding affinities are expected.
In the present case, however, an increase in potency by two
orders of magnitude compared to the monovalent inhibitors was
achieved. The relatively small but still significant gain in free
energy of binding by the bivalent inhibitors has to be attributed
to the high degree of flexibility of the spacer, and thus, to the
loss of conformational entropy associated with the bidentated
interaction [62,63].

As expected from the crystallographic analysis of protea-
some/calpain | inhibitor complex [13], in the crystal structure
of the bivalent inhibitor 3/proteasome complex, the tripeptide
moieties were found to occupy all six proteasomal active centres
despite the very low inhibition of the trypsin- and caspase-like
activities (ICsp < 100 uM) [57]. In contrast, the bivalent inhibitor 6
containing the tripeptide aldehyde -Arg-Val-Arg-H was detected
only in the two trypsin-like 2 and B2’ centres, confirming the high
degree of selectivity achieved with this ligand. As PEG components
of various sizes are commonly used in transfection reagents [64,65]
the bioavailability of such PEG-linked bivalent inhibitors should be
sufficiently retained for in vivo applications.

COOH
(PEG)y.
COOH

CO-Leu-Leu-Nle-al CO-Leu-Leu-Nle-al
(PEG) sz

\-CO-Leu-Leu-Nle-al

CO0-Arg-Val-Arg-al

COOH

(—CO-Leu-Leu-NIE-aI
(PEG),54

CO-Arg-Val-Arg-al

CO-Arg-Val-Arg-al

Figure 6. Schematic representation of the two central B rings of yeast 20S proteasome with the trans- and interannular distances between the Thr1

residues of the active sites.
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Table 1. Inhibition of 20S proteasome by mono- and bivalent
inhibitors (/Cso, LM)
Caspase-  Trypsin-  Chymotrypsin-
Inhibitor like like like
Ac-Leu-Leu-Nle-H (1) <100 <100 2.1
CO-Leu-Leu-Nle-H (2) <100 <100 1.8
|
PEG-COOH
CO-Leu-Leu-Nle-H (3) <100 <100 0.017
|
PEG-CO-Leu-Leu-Nle-H
Ac-Arg-Val-Arg-H (4) <100 6.4 <100
CO-Arg-Val-Arg-H (5) <100 8.2 <100
|
PEG-COOH
CO-Arg-Val-Arg-H (6) <100 0.071 <100
|
PEG-CO-Arg-Val-Arg-H
CO-Leu-Leu-Nle-H (7) <100 0.097 0.031

|
PEG-CO-Arg-Val-Arg-H

Perspectives

A wide spectrum of different natural and synthetic proteasome
inhibitors have been identified in the past years. Their exact
modes of action as well as their binding characteristics to the
proteasomal active sites are still to be clarified. For this purpose,
the development of more appropriate fluorogenic substrates than
those presently available and that bind to both the primed and
non-primed sites to better mimic the endoproteolytic activities of
proteasome are urgently required for a better assessment of active-
site specificities of newly developed inhibitors. Crystal structure
analysis of proteasome-ligand complexes significantly contributed
totherecentprogressin understanding the docking of proteasome
ligands to their target molecule and mechanism of inhibition. It
has been discovered that particularly natural compounds follow
unique mechanisms of covalent or non-covalent binding to the
proteasomal active centres, which can now be exploited for the
design of more specific and selective proteasome inhibitors.
The development of BIA-1a and BIA-2a inhibitors on the basis
of the natural compound, TMC-95A, represents a first example
of such inhibitor design. Combining the elegance of natural
optimized inhibitors with the principle of polyvalency could well
open new perspectives and opportunities in this challenging and
therapeutically promising field of biomedical research.

Acknowledgements

This work was supported by the Grant, TP-A11, of the Son-
derforschungsbereich 594 (Deutsche Forschungsgemeinschaft)
to M.G.

References

1. Hershko A, Ciechanover A. The ubiquitin system. Annu. Rev. Biochem.
1998; 67:425-479.

2. Groll M, ClausenT. Molecular shredders: how proteasomes fulfill
their role. Curr. Opin. Struct. Biol. 2003; 13: 665-673.

10.

11.

16.

17.

18.

20.

21.

22.

23.

24,

25.

26.

. Goldberg AL.

. Borissenko L, Groll M.

. Groll M, Bochtler M, Brandstetter H, Clausen T, Huber R. Molecular

machines for protein degradation. ChemBiochem 2005; 6: 222 -256.

. Adams J. The development of proteasome inhibitors as anticancer

drugs. Cancer Cell 2004; 5: 417-421.

. Adams J. The proteasome: a suitable antineoplastic target. Nature

Rev. Cancer 2004; 4: 349-360.

. Mitsiades CS, Mitsiades N, Hideshima T, Richardson PG, Ander-

son KC. Proteasome inhibitors as therapeutics. In Essays in Biochem-
istry: The Ubiquitin-Proteasome System, Vol. 41, Mayer RJ, Layfield R
(eds.). Portland Press: London, 2005; 205-218.

Functions of the proteasome: from protein
degradation and immune surveillance to cancer therapy. Biochem.
Soc. Trans. 2007; 35:12-17.

. Richardson PG, Sonneveld P, Schuster MW, Irwin D, Stadtmauer EA,

Facon T, Harousseau JL, Ben-YehudaD, Lonial S, GoldschmidtH,
Reece D, San-Miguel JF, BladeJ, BoccadoroM, CavenaghJ,
Dalton WS, Boral AL, Esseltine DL, PorterJB, Schenkein D,
Anderson KC. Bortezomib or high-dose dexamethasone for relapsed
multiple myeloma. N. Engl. J. Med. 2005; 352: 2487 -2498.

. Orlowski RZ, Kuhn DJ. Proteasome inhibitors in cancer therapy:

lessons from the first decade. Clin. Cancer Res. 2008; 14: 1649-1657.
Argyriou AA, Iconomou G, Kalofonos HP. Bortezomib-induced
peripheral neuropathy in multiple myeloma: a comprehensive
review of the literature. Blood 2008; 112: 1593 -1599.

Hegerl R, Pfeifer G, PuhlerG, DahlmannB, Baumeister W. The
3-dimensional structure of proteasomes from Thermoplasma-
Acidophilum as determined by electron-microscopy using random
conical tilting. FEBS Lett. 1991; 283: 117-121.

. LoweJ, Stock D, Jap R, Zwickl P, Baumeister W, Huber R. Crystal-

structure of the 20S proteasome from the archaeon T-Acidophilum
at 3.4 A resolution. Science 1995; 268: 533-539.

. Groll M, Ditzel L, Léwe J, Stock D, Bochtler M, Bartunik HD, Huber R.

Structure of 20S proteasome from yeast at 2.4 A resolution. Nature
1997; 386:463-471.

20S proteasome and its inhibitors:
crystallographic knowledge for drug development. Chem. Rev. 2007;
107:687-717.

. Reece DE, Leitch HA, Atkins H, Voralia M, Canning LA, LeBlancR,

Belch AR, White D, Kovacs KJ. Treatment of relapsed and refractory
myeloma. Leuk. Lymphoma 2008; 49: 1470-14855.

Loidl G, Groll M, Musiol H-J, Ditzel L, Huber R, Moroder L. Bifunctional
inhibitors of the trypsin-like activity of eukaryotic proteasomes.
Chem. Biol. 1999; 6: 197 -204.

Groll M, BrandstetterH, BartunikH, Bourenkow G, HuberR.
Investigations on the maturation and regulation of archaebacterial
proteasomes. J. Mol. Biol. 2003; 327: 75-83.

Braun HA, UmbreenS, GrollM, KuckelkornU, Mlynarczukl,
Wigand ME, Drung |, Kloetzel PM, Schmidt B. Tripeptide mimetics
inhibit the 20S proteasome by covalent bonding to the active
threonines. J. Biol. Chem. 2005; 280: 28394-28401.

. JagerS, GrollM, HuberR, Wolf DH, Heinemeyer W. Proteasome

B-type subunits: unequal roles of propeptides in core particle
maturation and a hierarchy of active site function. J. Mol. Biol.
1999; 291:997-1013.

Groll M, Heinemeyer W, JagerS, Ullrich T, Bochtler M, Wolf DH,
Huber R. The catalytic sites of 20S proteasomes and their role in
subunit maturation: a mutational and crystallographic study. Proc.
Natl. Acad. Sci. U.S.A. 1999; 96: 10976 -10983.

Vinitsky A, Michaud C, Powers JC, Orlowski M. Inhibition of the
chymotrypsin-like activity of the pituitary multicatalytic proteinase
complex. Biochemistry 1992; 31: 9421-9428.

Shaw E. Cysteinyl proteinases and their selective inactivation. Adv.
Enzymol. Relat. Areas Mol. Biol. 1990; 63: 271 -347.

Hines J, Groll M, Fahnestock M, Crews CM. Proteasome inhibition by
fellutamide B induces nerve growth factor synthesis. Chem. Biol.
2008; 15:501-512.

Palombella VJ, Rando OJ, Goldberg AL, Maniatis T. The ubiquitin-
proteasome pathway is required for processing the NF-kappa B1
precursor protein and the activation of NF-« B. Cell 1994;78:773-785.
Bogyo M, Shin S, McMaster JS, Ploegh HL. Substrate binding and
sequence preference of the proteasome revealed by active-site-
directed affinity probes. Chem. Biol. 1998; 5: 307 -320.

Groll M, Nazif T, Huber R, Bogyo M. Probing structural determinants
distal to the site of hydrolysis that control substrate specificity of the
20S proteasome. Chem. Biol. 2002; 9: 655-662.

J. Pept. Sci. 2009; 15: 58-66

Copyright (© 2008 European Peptide Society and John Wiley & Sons, Ltd.

www.interscience.com/journal/psc




Peptide

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Nazif T, Bogyo M. Global analysis of proteasomal substrate specificity
using positional-scanning libraries of covalent inhibitors. Proc. Natl.
Acad. Sci. U.S.A. 2001; 98: 2967 -2972.

Adams J, Behnke M, Chen SW, Cruickshank AA, Dick LR, GrenierlL,
Klunder JM, Ma YT, Plamondon L, Stein RL. Potent and selective
inhibitors of the proteasome: dipeptidyl boronic acids. Bioorg. Med.
Chem. Lett. 1998; 8: 333-338.

Groll M, Berkers CR, Ploegh HL, OvaaH. Crystal structure of the
boronic acid-based proteasome inhibitor bortezomib in complex
with the yeast 20S proteasome. Structure 2006; 14: 451-456.
Fenteany G, Standaert RF, Lane WS, Choi S, Corey EJ, Schreiber SL.
Inhibition of proteasome activities and subunit-specific amino-
terminal threonine modification by lactacystin. Science 1995; 268:
726-731.

Groll M, Huber R, Potts BC. Crystal structures of salinosporamide A
(NPI1-0052) and B (NPI-0047) in complex with the 20S proteasome
reveal important consequences of B-lactone ring opening and a
mechanism for irreversible binding. J. Am. Chem. Soc. 2006; 128:
5136-5141.

Groll M, Larionov OV, Huber R, de Meijere A. Inhibitor-binding mode
of homobelactosin C to proteasomes: new insights into class | MHC
ligand generation. Proc. Natl. Acad. Sci. U.S.A. 2006; 103: 4576 -4579.
Meng LH, MohanR, KwokBHB, Elofsson M, SinN, CrewsCM.
Epoxomicin, a potent and selective proteasome inhibitor, exhibits
in vivo antiinflammatory activity. Proc. Natl. Acad. Sci. U.S.A. 1999; 96:
10403 -10408.

Groll M, Kim KB, Kairies N, Huber R, Crews CM. Crystal structure of
epoxomicin:20S proteasome reveals a molecular basis for selectivity
of &', B’-epoxyketone proteasome inhibitors. J. Am. Chem. Soc. 2000;
122:1237-1238.

Groll M, SchellenbergB, BachmannAS, ArcherCR, HuberR,
Powell TK, Lindow S, Kaiser M, Dudler R. A plant pathogen virulence
factor inhibits the eukaryotic proteasome by a novel mechanism.
Nature 2008; 452: 755-758.

Groll M, Huber R. Inhibitors of the eukaryotic 20S proteasome core
particle: a structural approach. Biochim. Biophys. Acta 2004; 1695:
33-44.

Borissenko L, Groll M. Diversity of proteasomal missions: fine tuning
of the immune response. Biol. Chem. 2007; 388: 947 -955.

Demo SD, Kirk CJ, Aujay MA, Buchholz TJ, Dajee M, Ho MN, Jiang J,
Laidig GJ, LewisER, ParlatiF, ShenkKD, Smyth MS, SunCM,
Vallone MK, Woo TM, Molineaux CJ, Bennett MK. Antitumor activity
of PR-171, a novel irreversible inhibitor of the proteasome. Cancer
Res. 2007; 67: 6383-6391.

Feling RH, Buchanan GO, MincerTJ, Kauffman CA, Jensen PR,
Fenical W. Salinosporamide A: a highly cytotoxic proteasome
inhibitor from a novel microbial source, a marine bacterium of
the new genus Salinospora. Angew. Chem., Int. Ed. Engl. 2003; 42:
355-357.

AhnKS, SethiG, ChaoTH, Neuteboom STC, Chaturvedi MM,
Palladino MA, Younes A, Aggarwal BB. Salinosporamide A (NPI-
0052) potentiates apoptosis, suppresses osteoclastogenesis, and
inhibits invasion through down-modulation of NF-«B-regulated
gene products. Blood 2007; 110: 2286-2295.

Miller CP, Ban K, Dujka ME, McConkey DJ, Munsell M, Palladino M,
Chandra J. NPI-0052, a novel proteasome inhibitor, induces caspase-
8 and ROS-dependent apoptosis alone and in combination with
HDAC inhibitors in leukemia cells. Blood 2007; 110: 267 -277.
Imajoh-Ohmi S, KawaguchiT, SugiyamasS, TanakaK, Omuras,
Kikuchi H. Lactacystin, a specificinhibitor of the proteasome, induces
apoptosis in human monoblast U937 cells. Biochem. Biophys. Res.
Commun. 1995; 217:1070-1077.

Shinohara K, Tomioka M, NakanoH, ToneS, ItoH, Kawashimas.
Apoptosis induction resulting from proteasome inhibition. Biochem.
J. 1996; 317:385-388.

Hideshima T, Richardson P, Chauhan D, PalombellaVJ, Elliott PJ,
Adams J, Anderson KC. The proteasome inhibitor PS-341 inhibits
growth, induces apoptosis, and overcomes drug resistance in human
multiple myeloma cells. Cancer Res. 2001; 61: 3071-3076.
KoguchiY, KohnoJ, Nishio M, TakahashiK, OkudaT, OhnukiT,
Komatsubara S. TMC-95A, B, C, and D, novel proteasome inhibitors
produced by Apiospora montagnei Sacc. TC 1093 - Taxonomy,
production, isolation, and biological activities. J. Antibiot. 2000;
53:105-1009.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Groll, Huber and Moroder

Kohno J, KoguchiY, Niskio M, NakaoK, Kuroda M, ShimizuR,
OhnukiT, KomatsubaraS. Structures of TMC-95A-D: novel
proteasome inhibitors from Apiospora montagnei Sacc. TC 1093.
J. Org. Chem. 2000; 65: 990-995.

Groll M, KoguchiY, HuberR, KohnolJ. Crystal structure of the
20S proteasome/TMC-95A complex: a non-covalent proteasome
inhibitor. J. Mol. Biol. 2001; 311: 543-548.

Groll M, GotzM, Kaiser M, WeyherE, MoroderL. TMC-95-based
inhibitor design provides evidence for the catalytic versatility of
the proteasome. Chem. Biol. 2006; 13: 607-614.

Kaiser M, Groll M, Renner C, Huber R, Moroder L. The core structure
of TMC-95A is a promising lead for reversible proteasome inhibition.
Angew. Chem.,, Int. Ed. Engl. 2002; 41: 780-783.

Janetka JW, Satyshur KA, Rich DH. A cyclicside-chain-linked biphenyl
ether tripeptide: Hs N*—cyclo—[Phe(“*O)—Phe—PheG*O)]—OMe.CI*.Acta
Crystallogr., Sect. C-Crystal Struct. Commun. 1996; 52:3112-3114.
Janetka JW, Raman P, Satyshur K, Flentke GR, Rich DH. Novel cyclic
biphenyl ether peptide B-strand mimetics and HIV-protease
inhibitors. J. Am. Chem. Soc. 1997; 119: 441-442.

Muller G, Giera H. Protein secondary structure templates derived
from bioactive natural products - Combinatorial chemistry meets
structure-based design. J. Comput.-Aided Mol. Des. 1998; 12: 1-6.
Kaiser M, Milbradt AG, Siciliano C, Assfalg-Machleidt |, Machleidt W,
Groll M, Renner C, Moroder L. TMC-95A analogues with endocyclic
biphenyl ether group as proteasome inhibitors. Chem. Biodiver. 2004;
1:161-173.

. Vigneron N, Stroobant V, Chapiro J, Ooms A, Degiovanni G, Morel S,

van der Bruggen P, Boon T, van den Eynde BJ. An antigenic peptide
produced by peptide splicing in the proteasome. Science 2004; 304:
587-590.

Sasse F, Steinmetz H, Schupp T, Petersen F, Memmert K, Hofmann H,
Heusser C, BrinkmannV, Von MattP, Hofle G, Reichenbach H.
Argyrins,immunosuppressive cyclic peptides from myxobacteria - I.
Production, isolation, physico-chemical and biological properties.
J. Antibiot. 2002; 55: 543-551.

Nickeleit!, ZenderS, SasseF, GeffersR, BrandesG, Sorensenl,
Steinmetz H, Kubicka S, Carlomagno T, Menche D, Gutgemann|,
Buer J, Gossler A, Manns MP, Kalesse M, Frank R, Malek NP. Argyrin A
reveals a critical role for the tumor suppressor protein p27(kip1) in
mediating antitumor activities in response to proteasome inhibition.
Cancer Cell 2008; 14: 23-35.

Loidl G, Groll M, Musiol H-J, Huber R, Moroder L. Bivalency as a
principle for proteasome inhibition. Proc. Natl. Acad. Sci. U.S.A. 1999;
96: 5418-5422.

Wenzel T, Baumeister W. Conformational constraints in protein-
degradation by the 20S proteasome. Nat. Struct. Biol. 1995; 2:
199-204.

Mammen M, Choi SK, Whitesides GM. Polyvalent interactions in
biological systems: implications for design and use of multivalent
ligands and inhibitors. Angew. Chem., Int. Ed. Engl. 1998; 37:
2755-2794.

Moroder L. Application of the principle of polyvalency to protease
inhibition. In Modern Biopharmaceuticals — Design, Development and
Optimization, Vol. 2, Knédblein J (ed.). Wiley-VCH: Weinheim, 2005;
395-417.

Loidl G, Musiol HJ, Groll M, Huber R, Moroder L. Synthesis of bivalent
inhibitors of eukaryotic proteasomes. J. Pept. Sci. 2000; 6: 36 -46.
Mammen M, Shakhnovich El, Deutch JM, Whitesides GM. Estimating
the entropic cost of self-assembly of multiparticle hydrogen-bonded
aggregates based on the cyanuric acid-melamine lattice. J. Org.
Chem. 1998; 63: 3821-3830.

Mammen M, Shakhnovich El, Whitesides GM. Using a convenient,
quantitative model for torsional entropy to establish qualitative
trends for molecular processes that restrict conformational freedom.
J. Org. Chem. 1998; 63: 3168-3175.

Veronese FM, Pasut G. PEGylation, successful approach for drug
delivery. Drug Discov. Today 2005; 10: 1451-1458.

Pilkington-Miksa MA, Sarkar S, Writer MJ, Barker SE, Shamlou PA,
Hart SL, Hailes HC, Tabor AB. Synthesis and bifunctional integrin-
binding peptides containing PEG spacers of defined length for
non-viral gene delivery. Eur. J. Org. Chem. 2008; 2900-2914.

www.interscience.com/journal/psc

Copyright (© 2008 European Peptide Society and John Wiley & Sons, Ltd.

J. Pept. Sci. 2009; 15: 58-66



