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Abstract: The ubiquitin-proteasome pathway has emerged as a central player in the regulation of
several diverse cellular processes. Here, we describe the important components of this complex
biochemical machinery as well as several important cellular substrates targeted by this pathway
and examples of human diseases resulting from defects in various components of the ubiquitin-
proteasome pathway. In addition, this review covers the chemistry of synthetic and natural
proteasome inhibitors, emphasizing their mode of actions toward the 20S proteasome. Given the
importance of proteasome-mediated protein degradation in various intracellular processes,
inhibitors of this pathway will continue to serve as both molecular probes of major cellular
networks as well as potential therapeutic agents for various human diseases. © 2001 John Wiley &
Sons, Inc. Med Res Rev, 21, No. 4, 245-273, 2001
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1. INTRODUCTION

The integrity of cellular processes depends upon the proper balance of different proteins. Among the
possible ways to control the activities of such molecules, controlling protein half-life itself by
destruction has emerged as a major cellular regulatory mechanism. In cells, there are two major
destruction pathways involving either a collection of proteolytic enzymes within the lysosome or the
multicatalytic proteolytic core of the ubiquitin-proteasome pathway. This review focuses this latter
system.

The majority of proteins that are destined for degradation are marked by the covalent
attachment of multiple ubiquitin molecules, which provide a recognition signal for the 26S
proteasome. Since the ubiquitin-proteasome pathway degrades a wide range of protein substrates
with exquisite specificity, nature has developed an ingenious way to divide this complex
biochemical machinery into two discrete and successive steps: first, a specific recognition process,
employing the ubiquitin conjugation cascade, and secondly, an indiscriminate destruction process,
mediated by the proteolytic proteasome core. The ubiquitin conjugation cascade uses a highly
modular approach that can be used in different combinations for different purposes. Specifically,
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three different sets of enzymes i.e., E1, E2, and E3, shuttle ubiquitin and eventually link ubiquitin to
the protein substrate. Different combinations of E2 or E3 or both recognize each substrate’s unique
degradation signal, thereby conferring exquisite specificity for ubiquitination of diverse protein
substrates. Ultimately, most ubiquitinated proteins are recognized by the 26S proteasome, unfolded,
and threaded into the 20S proteolytic chamber in an ATP-dependent manner. The second,
indiscriminate proteolytic step provides directionality for a signaling pathway, i.e., once a protein is
committed for degradation, there is no return, ensuring that partially degraded proteins do not
interfere with biological processes.

This ATP- and ubiquitin-dependent process is responsible for intracellular activities as diverse
as the removal of misfolded or aged housekeeping proteins, cell cycle regulation via cyclin
degradation, and cellular immune response by antigenic peptide processing. Given the wide range of
cellular substrates and processes that are controlled by the ubiquitin-proteasome pathway, the
components of this pathway have become an attractive novel target for therapeutic intervention.
Indeed, aberrations in this pathway have been implicated in the pathogenesis of several human
diseases. Although the ubiquitin-proteasome pathway can be blocked at various steps, most
inhibitors of this pathway directly target the proteolytic activities of the 20S proteasome. The
number of such proteasome inhibitors is growing and their target and subunit specificities have
improved in recent years, leading to their inclusion in several clinical trials. To widen the potential
for the treatment of a wider range of disorders and to gain greater specificity, future efforts will
undoubtedly focus on the development of inhibitors/activators that affect earlier steps of the
ubiquitin-proteasome pathway, allowing selective inhibition of the destruction of specific proteins.

2. UBIQUITIN-PROTEASOME PATHWAY

A. Ubiquitin Cascade System

The ubiquitin-proteasome pathway degrades diverse cellular proteins with exquisite specificity. To
accomplish this, a highly modular and elaborate ubiquitination machinery is employed to recognize
selectively specific substrates. Ubiquitin is composed of 76 amino acid residues and its primary
sequence is highly conserved from yeast to mammals, thus resulting in essentially identical tertiary
structure.! X-ray diffraction and proton NMR analyses have allowed the determination of the
tertiary structure of ubiquitin,”~* revealing its highly compact and rigid nature: only the four carboxy
terminal amino acid residues, including Gly-76 that is activated in an ATP-dependent manner for
subsequent ubiquitin ligation with the e-amino group of an internal Lys residue of the protein
substrate, are extended and unstructured. Another important residue, Lys-48, of ubiquitin is located
on the surface of a Type III reverse turn, providing its e-amino group for an easy access to form an
additional amide isopeptide bond to generate multi ubiquitin chains.

In the first step of the ubiquitin conjugation cascade, the carboxyl group of Gly-76 of ubiquitin
is activated by ubiquitin-activating enzyme (E1). This step involves the hydrolysis of ATP to PP; to
generate an ubiquitinyl adenylate intermediate bound to an E1 enzyme. Subsequently, an active site
Cys residue of El covalently links to ubiquitin via a high-energy thioester linkage, with the
concomitant release of AMP. Following activation, activated ubiquitin is then transferred by
transacylation reaction to a thiol group of an active site Cys residue of E2 (ubiquitin carrier protein
or ubiquitin-conjugating enzyme). Finally, E2 shuttles ubiquitin either directly to a protein substrate
by itself or in cooperation with ubiquitin-protein ligase (E3), to form an amide isopeptide bond
between the carboxyl group of Gly-76 of ubiquitin and an g-amino group of the protein substrate’s
internal Lys residue. The last step occurs by first transferring ubiquitin from E2 to E3, which accepts
ubiquitin in a similar thiol linkage and then to the protein substrate. In some cases, however,
covalent linkage between E3 and ubiquitin is not observed and it appears that ubiquitin is directly
transferred from E2 to the protein substrate in a ternary E2-E3-substrate complex.
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Once the protein substrate is mono-ubiquitinated, a polyubiquitin chain is formed through the
same ubiquitination conjugation cascade, as described above, in which the carboxyl group of the
carboxy terminal Gly-76 of ubiquitin is covalently linked to an internal Lys residue of ubiquitin that
is already conjugated to the protein substrate.

It should be emphasized that the specificity of ubiquitination is largely determined by a series of
E3 enzymes and E3 multiprotein complexes, each of which is specific to one or a few corresponding
protein substrate(s) and of E2 enzymes, each of which is dedicated to their cognate E3 enzyme(s).
As aresult, different combinations of E2 and E3 enzymes allow selective tagging and degradation of
specific intracellular proteins. In contrast, there is a single family of E1 that is highly conserved.

1. Enzymes of the Ubigquitination Cascade System

El (UBIQUITIN-ACTIVATING ENZYME OR UBA)
A single E1 appears to be responsible for the activation of ubiquitin required for all modifications. In
yeast, for example, only one functional UBA, UBALI is known for its ubiquitin-activating activity.’
Its deletion is lethal in yeast, as expected, and mutation of a putative active-site Cys residue
abolishes E1 activity.®

E2 (UBIQUITIN-CARRIER PROTEIN OR UBIQUITIN-CONJUGATING ENZYME OR UBC)

Many E2s have been identified, at least 13 in yeast (UBC1-13) and more than 20 in rnarnmals,7’8
reflecting their role in conferring the specificity for ubiquitination of diverse protein substrates. All
E2s contain a conserved ~130 amino acid-long catalytic core sequence i.e., UBC domain. An active-
site Cys residue within the UBC domain is essential since it is required to form an ubiquitin-
thioester intermediate. As a result, mutation of an active-site Cys residue abolishes UBC activity.”'”
E2s are subdivided on the basis of their distinct primary sequences, presumably reflecting their
different specificities for their cognate E3s. For example, class I E2s, such as UBC4, UBCS5, UBC7,
and UBC9-13 consist exclusively of UBC domain and may require their cognate E3s for
recognition of substrates, since they cannot alone transfer ubiquitin to substrates. Class II (UBCI,
UBC2/RAD6, UBC3/CDC34, UBC6, and UBCS), class III (UBC6), and class IV E2s contain
unique carboxy or amino terminal extensions or both that may mediate substrate specificity as well
as intracellular localization.

Among the 13 known yeast E2s, only UBC3 and UBC9 are encoded by essential genes and
both are involved in regulating cell cycle progression. UBC3/CDC34, for example, is involved in the
degradation of SIC1 CDK inhibitor, which is necessary for the G; to S phase transition, in
conjunction with CDC53, SKP1, and CDC4.">'* In addition, UBC2/RADE is involved in DNA
repair in cooperation with its cognate E30.'” to degrade so-called N-end rule protein substrates. It is
generally believed that E2s together with their cognate E3s recognize specific protein substrates.
Such examples and specific E3s will be described below in more detail.

11,12

E3S (UBIQUITIN-PROTEIN LIGASES)

E3 ligases or ligase complexes recognize specific motifs in their substrate(s) and catalyze the
transfer of ubiquitin directly or indirectly from a thioester intermediate from their cognate E2 to
form an amide isopeptide bond between protein substrate and ubiquitin.'®!'” In general, there are a
few possible mechanisms for recognition of protein substrates by the different E3s. For example,
some substrates carry degradation signals that are constitutively active, whereas other substrates
require a covalent modification of the sequence motif, such as phosphorylation. Conversely, E3s
themselves can be altered or bound with an ancillary protein to recognize a specific subset of
substrates. Various examples of such regulation and different families of E3 ligases are described
below.
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I N-end rule family

E3o was the first identified E3 ligase, which was originally defined as a third enzyme component, in
addition to E1 and E2, of the ubiquitin cascade system.18 Yeast homolog to E3a,, UBRI1, was also
found."” A specific E2, UBC2/RAD6 is shown to interact with its cognate UBRl,lS’ZO*22 and
activated ubiquitin is believed to be transferred directly to the substrate in a ternary E2-E3—substrate
complex.'®

E3o0/UBRI1 is a large ~200 kDa protein with several distinct functional domains. It has two
distinct and independent sites that recognize N-end rule substrates through their amino terminal
residues — a type-1 site that recognizes basic residues, such as Arg, Lys, and His, and a type-2 site
that recognizes bulky hydrophobic residues, such as Leu, Ile, Phe, Trp, and Tyr.>>** It also contains
a third substrate-binding site that recognizes a non-N-end rule substrate, such as GPAl and
CUP9.%>*° Interestingly, binding of type-1 or type-2 dipeptides to their respective sites allosterically
stimulates association of CUP9 with UBR1,?” suggesting yet another mechanism to control the
activity of E3 ligase.

Careful analysis of interaction with E3 UBRI1 and its cognate E2 ligase UBC2 revealed that
binding is mediated largely between the basic residue-rich (BRR) domain of UBR1 and the
polyacidic carboxy terminal tail of UBC2.® Interestingly, a RING-H2 finger motif, which was
found near BRR domain, is also essential for ubiquitination and the ultimate degradation of N-end
rule substrates, though this domain does not appear to involve in binding to both UBC2 and
substrates. The exact nature of the role of a RING finger motif in UBR1 awaits further examination,
yet it should be noted that a RING finger motif has become one of most exciting new motifs found in
other E3s, as described below.

11, Hect (homologous to E6-AP carboxy terminus) domain family

The Hect class of E3s possess an approximately 350 amino acid-long carboxy terminal sequence,
which is highly homologous to that of E6-AP.?’ E6-AP was initially identified as an associating
protein to E6 oncoprotein produced by human papillomavirus.*® The E6-AP and E6 complex was
later found to mediate ubiquitination of p53, which ultimately is degraded by the ubiquitin-
proteasome pathway. Interestingly, E6-AP was found to promote ubiquitination of other cellular
substrates in the absence of E6,>'? suggesting its role as an E3 ubiquitin protein ligase. To date, at
least 20 members of Hect proteins in human have been identified.*® Unlike other classes of E3s,
Hect E3s form an ubiquitin-thioester intermediate via a conserved active-site Cys residue within the
Hect domain and directly catalyze substrate ubiquitination.'®-**

In contrast to the carboxy terminus, the amino terminal sequence of Hect E3s is highly variable
and contains the primary determinants for recognition of specific substrates.>**> For example, WW
domains in the variable amino terminal extension of both yeast RSP5 and its mammalian homolog
Nedd4 bind to the PPxY sequences of their cellular substrates, the yeast RNA polymerase II (Rpb1)
and the human epithelial sodium channel, respectively.’*>®

Analogous to a specific interaction of E30/UBRI1 with its cognate E2 ligase UBC2, Hect E3s
bind to a distinct set of E2s, such as yeast UBC4 and UBC5 or human UbcHS5, UbcH7, and UbcH8
via a specific interaction with the Hect domain.**~**! X-ray diffraction analysis of the crystal
structure of the E6-AP Hect domain bound its cognate UbcH7 reveals the overall organization of
this complex as well as the detailed structural determinants responsible for the E2-E3 specificity.**
Specifically, Phe-63 of the UbcH7 L1 loop was found to play a central role in determining its
specificity for E6-AP. This is consistent with the fact that Phe-63 is conserved in E2s that recognize
a Hect class of E3s and replacement of Phe-63 with Asn of UbcHS, another Hect class-recognizing
E2, results in loss of binding to the Hect E3 RSP5.** This suggests that the L1 loop of Hect
E3-recognizing E2s is the specificity loop.
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111, Ring finger family

Although more than 200 functionally distinct proteins in eukaryotes are found to contain the RING
finger protein sequence motif and its variants, until recently no specific function(s) had been
identified. The RING finger motif was initially identified in the protein product of the human gene
RINGI and has been defined as a consensus sequence Cys-X,-Cys-X(9.39)-Cys-X(.3)-Y(Cys/His)-
X5-Cys-X(4.48)-Cys-X,-Cys where X can be any amino acid residues and Y can be either Cys as in
RING-HC or His as in RING-H2.**

One of the best characterized members of the RING finger E3 ligases, c-Cbl proto-oncoprotein
attenuates signaling by activated receptor protein tyrosine kinases (RPTKs) via their ubiquitination
and subsequent proteasome-mediated degradation.* " ¢c-Cbl contains a variant SH2 domain that
recognizes tyrosine phosphorylated substrates. Furthermore, it also contains a RING finger motif
that recruits and activates allosterically its cognate E2s.*°™*® An intact RING finger motif is
therefore required for ubiquitination of activated RPTKs * and its deletion or disruption aborts the
function of c-CbL.>%!

A few cognate E2s, such as UBC4, UbcH5B/C, and UbcH7, are known, and recent X-ray
diffraction analysis of the c-Cbl RING and SH2 domains together with a tyrosine-phosphorylated
peptide and UbcH7 provided an insight into the mechanism by which the RING finger domain
recognizes its cognate E2s>%: structural data support the model in which the RING finger domain
serves as both a binding site that recruits the substrates and the E2s and as a scaffold that positions
and orients them optimally for ubiquitin transfer. A growing number of RING finger E3 ligases have
been identified and other examples of E2-RING finger E3 pairs include RAD6-RAD18 and RAD5
complex,”® UBC9-PML,** and UbcH5-MDM?2.7>~°

. Multisubunit complex family

Multisubunit E3 ubiquitin ligase complexes, e.g., APC and SCF complexes, consist of several
subunits, among which a conserved accessory protein(s) is used to select a specific substrate for
ubiquitination and another component binds to its cognate E2. It is not yet established, however,
whether there is a direct transfer of activated ubiquitin from bound E2 to any component of this
complex prior to final covalent modification of a substrate.

The best characterized E3 ligase complex, the anaphase-promoting complex (APC) also known
as the cyclosome, comprises 12 subunits in yeast™ > and at least 10 in mammals.®® The number of
known substrates are relatively small, but several of these proteins including mitotic cyclins, certain
anaphase inhibitors, and spindle-associated proteins are important for mitotic progression.”®

Although the function of every APC component has yet to be identified, the role of several
critical subunits is understood. Basic components of APC comprise, for example, a distant cullin
homolog APC2, a substrate-recognizing Cdc20, and a recently identified RING finger-containing
APCI11. The similarity of basic architecture of the APC and SCF complexes has recently been
appreciated, suggesting a common mechanism for recognition and ubiquitination of substrates by
the ubiquitin ligase complexes.® 2

In order to ubiquitinate selective cell cycle inhibitors, the APC complex associates chrono-
logically with two different coactivator proteins, i.e., Cdc20/fizzy/Slpl and Cdhl/Hctl/fizzy-
related.®>™°® Cdc20 and Cdh1 both contain WD40 repeats that presumably recognize a “destruction
box”, i.e., a conserved 9-amino acid residue motif found in most APC substrates. As expected, for
example, deletion or disruption of a destruction box in cyclin A leads to a metaphase delay.®’ It
should be noted that the mode of regulation of APC by the above-mentioned selective association
differs in the case of Cdc20, whose expression level itself is regulated. In contrast, Cdh1/Hctl is
activated by the phosphatase Cdc14 only at specific points of cell cycle but normally phosphorylated
by Cdk during most of cell cycle.”
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A RING finger-containing APC11 is a recently identified APC component, which is required
for ubiquitination of CIb2.%® It also mediates its own ubiquitination as well as APC substrates, such
as cyclin B and securin.®>’® More importantly, APC11 is found to interact with APC2, which is a
cullin homolog and an essential APC component, in a similar manner as RBX1, an essential RING
finger-containing SCF component, that is also homologous to APC11.”"7* It is likely that APC2 and
APCI11 together are involved in recruiting the cognate E2, though the nature of their interactions has
yet to be determined.

The SCF complex is another well-characterized E3 ligase complex that targets a number of
important cell cycle regulators, such as G1 cyclins, CDK inhibitors, and other short-lived proteins.”
In general, the SCF complex is composed of two evolutionary conserved factors, i.e., Skpl and a
member of the Cullin/Cdc53 family of proteins, together with an F-box protein.'*”*7¢ Substrate-
recognizing F-box proteins contain WD40 repeats or leucine-rich domains that are mainly
responsible for selecting the diverse SCF substrates in a phosphorylation-dependent manner. For
example, phosphorylated Sicl is recognized by the WD40 repeats of the F-box protein Cdc4 and
ubiquitinated by its cognate E2 Cdc34. Similarly, the phosphorylated form of Cln is specifically
bound via the leucine-rich domain of the F-box protein Grrl. In addition to regulation by
phosphorylation of substrates, F-box proteins themselves are regulated transcriptionally’””® and
post-translationally.”® In contrast to the WD40 repeats or leucine-rich domains, the F-box motifs of
these proteins appear to be responsible for interacting with other SCF components, particularly with
Skpl.

In addition to the three traditionally defined subunits of the SCF complex (Skp1, cullin/Cdc53,
and F-box proteins), as described above, a small RING finger-containing protein Rbx1/ROC1/HRT1
is also identified as an additional essential component of the SCF complex >7!#9-82: Rbx1 interacts
with different cullins and together enhances activity of the SCF complex apparently by recruiting
cognate E2 Cdc34 into the SCF complex. Interestingly, Rbx1 also stimulates auto-ubiquitination of
Cdc34, suggesting that Rbx1 acts as an allosteric activator of Cdc34. Interestingly, RING finger-
containing Rbx1 is also an essential component of another multisubunit E3 ligase complex, VCB-
CUL2 that consists of the von Hippel Lindau (VHL) tumor suppressor protein, a Skpl homolog
Elongin C, and a Cdc53 homolog Cul2. In this complex, VHL protein contains a SOCS box, a
distant homolog of the F-box ®* and can be replaced with other proteins that also contain a SOCS
box.

Taken all together, a core complex of cullins and RING finger proteins appears to form the basis
for a multisubunit complex E3 ligase complex ¥*%°: While this core structure binds and activates
cognate E2, Skpl in SCF and an as of yet unidentified component in APC mediates recruitment of
the substrate-recognizing component, which confers substrate specificity to this complex.

B. 208 and 26S Proteasome: Converging Points of Ubiquitinated Substrates
1. Overall Organization of the Proteolytic System

The structure of the 20S proteasome is well conserved in virtually all organisms ranging from
archaebacteria *® to yeast ®’ to humans ®%: a hollow and barrel shape consists of four stacked
heptameric rings, forming a central chamber that runs through the stack from top to bottom. Each
ring is composed of seven subunits, which may be classified into two groups, i.e., a-subunits that
comprise the outer two rings and -subunits the inner two rings. Structural and mutagenesis studies
revealed that the amino terminal threonines of the B-subunits serve as the catalytic nucleophiles.
This is in contrast to other cellular proteases, such as serine and cysteine proteases, that utilize an
internal amino acid as a nucleophile.

In contrast to the ancestral proteasome found in archabacteria, the eukaryotic proteasome
contains an additional 19S regulatory complex, consisting of a lid and a base  that binds to the 20S
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particle to form the 26S proteasome holoenzyme. While the lid recognizes ubiquitinated protein
substrates with high fidelity, the base, which contains six ATPase and caps the end of the 20S
proteasome core, unfolds protein substrates and threads them into the catalytic chamber of the 20S
particle, in an ATP-dependent manner.”® It should be noted that the eukaryotic 20S proteasome
alone shows only modest proteolytic activities that can be stimulated by treatment of SDS °'?
and by association with 19S and 118 regulatory complexes.”*® As has been long expected, the
19S regulatory complex was recently shown to open a gated channel into the 20S proteasome
core,”’ in which an access to the central chamber is blocked in the free 20S proteasome.®’ Similarly,
the 118 regulatory complex (PA26) *® was also shown to activate the 20S proteasome by opening
the gate separating the sequestered proteasome internal chamber from the intracellular
environment.””

Unlike typical proteases, the 20S proteasome ensures that virtually all peptide bonds within a
protein substrate are susceptible to cleavage, by possessing multiple proteolytic activities in one
proteolytic internal chamber. Traditionally, the proteolytic activity of the 20S proteasome is
expressed by its preference to cleave a peptide bond immediately after a particular amino acid, i.e., a
P1 amino acid residue of model peptides and natural polypeptide substrates.'” For example, the
20S proteasome hydrolyzes a peptide bond after bulky hydrophobic amino acid residues,
reminiscent of chymotrypsin. Similarly, it also cleaves a peptide bond after basic residues,
analogous to trypsin, and after acidic residues.'” Hence, these activities are referred to as the
chymotrypsin-like (CT-L), trypsin-like (T-L), and post-glutamyl peptide hydrolyzing (PGPH)
activities, respectively.'? In addition to these well-characterized proteolytic activities, the 20S
proteasome is also known to possess two other proteolytic activities, i.e., branched-chain amino
acid-preferring (BrAAP) and small neutral amino acid-preferring (SNAAP) activities.'® It awaits,
however, to determine whether these activities simply reflect a broad specificity of the catalytic
subunits that are responsible for the above-mentioned three classical activities '**~'°® or a novel as
of yet unidentified catalytic mechanism is responsible for BrAAP and SNAAP activities.

Attempts to map the active sites of the 20S proteasome catalytic subunits responsible for these
proteolytic activities revealed that different subunits can be assigned to corresponding activities. For
example, extensive mutations in the yeast proteasome provide evidence that Bl (PRE3) is
responsible for the PGPH activity,'®”'% 85 (PRE2) provides for the CT-L activity, and B2 (PUB1) is
necessary for the T-L activity.'**'%"1° Based on the high sequence homology of the catalytic
subunits between the yeast and mammalian proteasomes, X (mammalian counterpart to yeast B5) is
assigned for the CT-L activity, Y (mammalian counterpart to yeast $1) for the PGPH activity, and Z
(mammalian counterpart to B2) for the T-L activity. In general, these assignments agree with
extensive inhibitor studies.'!!

2. Catalytic Mechanism for the 208 Proteasome-Mediated Proteolysis

After many years of uncertainty as to whether the 20S proteasome belongs to the classical serine or
cysteine proteases, a combination of genetic, structural, and inhibitor studies have revealed the
importance of the amino terminal Thr as a nucleophile catalyst in the 20S proteasome-mediated
proteolysis. The first line of evidence comes from genetic studies. Mutation of the amino terminal
Thr in the catalytic subunits of the 20S proteasome from Thermoplasma acidophilum was found to
abolish the proteasome activity,''? suggesting a role of this residue in the proteolysis. In contrast,
other amino acid residues, such as Ser, Cys, and Asp, which potentially act as a nucleophile catalyst,
did not greatly affect the proteolysis. Next, X-ray diffraction analysis showed that the proteasome
inhibitor, N-acetyl-Leu-Leu-norleucinal (2) is located in proximity to the hydroxyl group of the
amino terminal Thr of the catalytic subunits from Thermoplasma proteasome,*® forming a
hemiacetal intermediate between the aldehyde group of the inhibitor and the hydroxyl group of the
amino terminal Thr, reminiscent of the tetrahedral intermediate of a protease reaction. Later, it was
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reported that all of the six catalytic B-subunits in the yeast proteasome covalently bind to the same
inhibitor N-acetyl-Leu-Leu-norleucinal in an analogous manner.®” Finally, mechanistic insight into
the role of the amino terminal Thr in the proteasome proteolysis has come from several inhibitor
studies. Mode-of-action studies revealed that natural product proteasome inhibitor lactacystin (15)
targets the 20S proteasome and inhibits irreversibly the CT-L and T-L activities of the 20S
proteasome, by covalent modification of the amino terminal Thr of the catalytic p-subunit.''?
Recently, another natural product proteasome inhibitor epoxomicin (17) was also found to target the
20S proteasome,“‘"1 15 with concomitant modification of the amino terminal catalytic Thr of the 20S
proteasome by its o/,3’-epoxyketone pharmacophore.''®

From these lines of evidence, the 20S proteasome is classified as an amino terminal nucleophile
(Ntn) hydrolase that contains the amino terminal Thr acting as the nucleophile catalyst. Other
examples of such Ntn hydrolases include penicillin acylase with an amino terminal Ser, glutamine
PRPP amidotransferase with an amino terminal Cys,"'”""'® and aspartylglucosaminidase with the
amino terminal Thr.'"® All Ntn hydrolases share a common Ntn hydrolase fold.

Considering the general mechanisms for the proteolysis by other Ntn hydrolases and genetic,
structural, and inhibitor studies of the 20S proteasome, the following mechanism was proposed for
the proteolysis catalyzed by the 20S proteasome (Fig. 1). In step 1, as the hydroxyl group of the
amino terminal Thr-1 attacks the peptide carbonyl group of the scissile bond, a proton is transferred
from the hydroxyl group of the nucleophile to the uncharged o-amine group of the same Thr-1, most
likely through an intermediate water molecule. Evidence of the involvement of a water molecule
comes from its proximity to the amino terminal Thr-1 in the active site of the catalytic subunit, as
observed in the crystal structure of both penicillin acylase and the 20S proteasome.®”"''® It should be
noted that potential involvement of Glu-17 or Lys-33 as a general acid-base catalyst is also
suggested.'?® The tetrahedral addition intermediate then breaks down to result in the formation of
the covalent acyl enzyme intermediate, with a proton transfer to the leaving group (step 2).
Hydrolysis of the acyl enzyme intermediate is proposed to occur by a similar mechanism as
described above for its formation. The free o-amine group of the amino terminal Thr-1 removes a
proton from the attacking water molecule again through an intermediate water molecule (step3). A
proton is finally transferred to the oxygen atom of Thr-1 as the product is expelled from the
tetrahedral addition intermediate (step 4).

Just as chymotrypsin, trypsin, and elastase are synthesized as inactive proenzymes, e.g.,
chymotrypsinogen and trypsinogen, the catalytic B-subunits of the 20S proteasome are synthesized
in an inactive form containing an amino terminal prosequence that is removed upon assembly into
the 20S proteasome core. This prevents inadvertent proteolysis of cellular proteins by the newly
synthesized B-subunits of the 20S proteasome.'?"'** The B-subunits of the 20S proteasome from
Thermoplasma contain 8 amino acid-long prosequences and all 14 subunits are processed and
become catalytically active. In eukaryotes, however, prosequences are longer and more hetero-
geneous 123,124 and only three subunits (PRE2, PRE3, and PUB1) of the seven distinct B-subunits of
the yeast proteasome are processed and become catalytically active.'”’-'%%12% Similarly, X, Y, and Z
B-subunits of mammalian proteasome are catalytically active. The processing event appears to be
autocatalytic as in other Ntn hydrolases ''” and coupled to proteasome assembly.

3. REPRESENTATIVE CELLULAR SUBSTRATES AND
PROCESSES TARGETED BY THE UBIQUITIN-PROTEASOME
PATHWAY

Orderly progression through the cell cycle requires programmed and periodic expression of cell
cycle proteins. Cyclins were first identified as proteins whose levels oscillate during the cell
cycle."?'?” This oscillation of cyclins was later found to be due to the regulated degradation
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mediated by the ubiquitin-proteasome pathway '?® and the proteasome-mediated proteolysis has
now emerged as a major regulatory mechanism of the cell division cycle. Among many, mammalian
cyclins A, B, D, and E, CDK inhibitor p27, p21, transcription factor E2F, Rb, the tumor suppressor
pS3 proteins 73129 and yeast Clns, Clbs, Sicl, and Farl 130 are best characterized. Given the fact that
the inhibition of the ubiquitin-proteasome pathway results in blockage of cell cycle progression at
many different phases, this antiproliferative activity of the proteasome inhibitors has been suggested
to be used against various forms of tumors.

The transcription factor p53 plays a role of the key integrator in an intricate network of proteins
of diverse functions that sense a variety of stress signals.'*' The activation of p53 in response to such
signals results in apoptosis or cell-cycle arrest, thereby maintaining the integrity of healthy cells and
thus preventing the transformation to tumor cells. Not surprisingly, the tumor repressor p53 has been
found as one of the most frequently mutated genes in many types of cancers. Its levels are normally
quite low mainly due to its very rapid turnover and the ubiquitin-proteasome pathway is responsible
for regulating its level.'**'** Proteasome inhibitors indeed can inhibit its degradation, resulting in
accumulation of p53-ubiquitin aggregates. One of the major regulators of p53 is MDM2,'?*!%
which is inducible by its cellular substrate p5S3. MDM2 binds to the amino terminal trans-activation
domain of p53, thereby resulting in inhibition of p53 transcriptional activity. Moreover, MDM?2
binding to p53 also allows ubiquitination of both p53 and itself, eventually leading to destruction by
the proteasome-mediated proteolysis.'**!3°

MDM2 transfers activated ubiquitin to both p53 and itself with the help of its cognate E2,
UbcHS5.7%%° Recognition of p53 is mainly mediated by binding of MDM2 via its carboxy terminal
RING finger domain to the trans-activation domain of p53."**'3” It should be noted that phos-
phorylation of Ser in the amino terminus of p53 stabilizes p53 as a result of decreased binding to
MDM2."38 14! Conversely, phosphorylation of MDM2 also plays a role in regulating p53
stability, '4%143

The transcriptional factor NF-xB (nuclear factor xB) is another regulatory protein, whose
mode of activation is controlled by the ubiquitin-proteasome pathway. Originally thought to be a
B cell-specific transcription factor,"** NF-kB is an ubiquitous and central player in a variety of
cellular processes, including immune and inflammatory responses, apoptosis, and cellular prolifera-
tion."*315° Different forms of NF-kB exist, each composed of various members of the Rel family,
reflecting the complexity of its response to diverse stimuli. In resting cells without extracellular
stimuli, NF-xB is held latent in the cytoplasm as a complex bound with unphosphorylated IxB,
thereby blocking the nuclear translocation of NF-«kB. In response to the proinflammatory cytokines,
such as tumor necrosis factor-o. (TNF-a)) and interleukin-1 (IL-1), for example, a series of signal
transduction cascades are initiated, eventually leading to activation of a multisubunit IkB kinase
(IKK). Activated IKK in turn phosphorylates the critical Ser residues in the regulatory domain of a
member of the inhibitor kB (IxB) family. Phosphorylation of IxB by IKK, however, leads to
degradation of IkB. As a result, free NF-«B is allowed to translocate into the nucleus and activates
transcription of kB sequence-specific genes.

Extensive study of such signal-induced destruction of IkBa (the best characterized member of
the IxB family) has revealed that the ubiquitin-proteasome pathway plays a crucial role in NF-xB
activation. Specifically, it is found that a variety of inducing signals converges on IKK o and B,
which eventually phosphorylate highly conserved Ser-32 and -36 of IxBa..'”""'>? These two highly
conserved Ser residues reside in the amino terminal regulatory domain that precedes a well-
conserved ankyrin core and a PEST domain.'*”"'*® Upon phosphorylation, IkBu. is recognized by
the SCF complex containing the F-box protein f-TrCP '**'5 and the RING finger protein ROC1.*!
The resulting E2-E3 complex in turn covalently attaches polyubiquitination chain to IxBa that is
eventually targeted for degradation by the 26S proteasome.'”®~'>® It should be noted that other
members of IkBs, such as Cactus in Drosophila and IkBf and £ in mammals, also share a similar
amino terminal regulatory domain that contains two invariant Ser residues within a defined
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consensus sequence and are believed to undergo a similar signal-induced degradation mediated by
the ubiquitin-proteasome pathway.

Interestingly, the ubiquitin-proteasome pathway is also implicated in controlling the activity of
NF-xB pathway through a limited proteolysis of p105."2%!5%712 Fyll length p105 forms a stable
complex with p65,'°*'% in a similar manner as a ternary complex formation of p50/p65 dimer
bound with IxkB. Analogous to recognition of IkBa, the SCF complex containing the F-box protein
B-TrCP recognizes p105, albeit two different recognition motifs are used for IkBo and p105.'%°
While an exact mechanism for p105 processing in response to NF-kB inducing stimuli is yet to be
determined, results are beginning to shed light on the importance of IKK-mediated phosphorylation
of p105 that leads to accelerated processing of p105.'°'®” In contrast, pathways involving co-
translational degradation by the 26S proteasome of newly synthesized p105 appear to provide an
alternative mechanism to control the activity of NF-kB via a balanced production of p50 and p105 in
the cells.'¢%!%°

The importance of the ubiquitin-proteasome machinery in regulating critical biological
processes culminates as this system is shown to be used to generate antigenic peptides from
cytosolic proteins for presentation on MHC class I molecules.'’*!'”! As to the definitive role of
ubiquitination reaction for the generation of the antigenic peptides, conflicting results are
reported.'’*"'7* In contrast, as to the role of the proteolysis mediated by the 26S proteasome,
ingenious use of proteasome aldehyde inhibitors clearly demonstrated that effective presentation of
the antigenic peptides is inhibited in proteasome inhibitor-treated cells,'’>!’® because of the
accumulation of MHC class I molecules continuously bound with TAP in the ER due to the lack of
proper antigenic peptides.'”” Later, the more specific proteasome inhibitor lactacystin (15) was also
found to reduce antigen presentation in a similar manner.'”®'7® Interestingly, after stimulation of
antigen-presenting cells with interferon-y (INF-v), three constitutive B-subunits, X, Y, and Z, are
exchanged by LMP7, LMP2, and MECLI1, respectively. These new subunits possess different
profiles for proteolytic activities, most likely allowing a more efficient generation of antigenic
peptides recognized by the MHC class 1 molecules. Moreover, INF-y also induces proteasome
activator PA28, which is thought to play an important role in MHC class 1 antigen presentation.
Exact nature of roles of such INF-y-inducible subunits and activators is currently under intense
scrutiny.

It is well known that viruses exploit host cells’ machinery for their own replication. The
ubiquitin-proteasome pathway is one of these intracellular processes co-opted by viruses. For
example, the ubiquitin-proteasome pathway has been implicated in retrovirus assembly through the
finding that an unusually high concentration of free ubiquitin is present in avian leukosis virus
(ALV).'® Recently human immunodeficiency virus type 1 (HIV-1), simian immunodeficiency virus
(SIV), and Moloney murine leukemia virus (Mo-MuLV) 181 have also been shown to contain high
level of free ubiquitin inside of mature virus. Moreover, it was found that about 30% of the mature
HIV-1 and Mo-MuLV Gag proteins are ubiquitinated '®' and up to 50% of Gag proteins are
conjugated with ubiquitins in the released virus-like particles (VLPs).'®* Although it is yet to
decipher a detailed mechanism, the ubiquitin-proteasome pathway was recently found to be an
important player in retrovirus assembly. '3>8

The involvement of the ubiquitin-proteasome pathway in retrovirus assembly, therefore,
provides an excellent opportunity to develop a new line of anti-HIV therapeutic strategies. Of
particular note, it was found that retrovirus budding or proteolytic maturation is inhibited upon
treatment of infected cells with proteasome-specific inhibitors, e.g., lactacystin (15) or epoxomicin
(17) at concentrations well below their cytotoxicity levels.'®*'3* This should provide a starting point
in the development of potential anti-HIV drugs.

Human cytomegalovirus (CMV) represents yet another example how viruses exploit the
ubiquitin-proteasome machinery to persist infection. Among a number of genes that CMV carries to
inhibit the surface expression of MHC class I molecules, US2 and US11 encode ER-resident
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proteins, which bind to newly synthesized MHC class I molecules in the ER and target them to
degradation by the ubiquitin-proteasome pathway.'®>'8¢ As a result, the presentation of antigenic
viral proteins is inhibited, allowing viruses to elude the immune surveillance.

4. HUMAN DISEASES DUE TO THE DEFECTS OF THE
UBIQUITIN-PROTEASOME PATHWAY

Reflecting the fact that the regulation of diverse short-lived proteins and regulatory proteins is
mediated by the ubiquitin-proteasome pathway, it is not surprising that defects of various
components of this complex biochemical machinery result in a range of human diseases. As a result,
these components would provide an attractive novel target for therapeutic intervention. A few
examples of inherited and acquired human diseases due to the defects of the ubiquitin-proteasome
pathway are described below, emphasizing the molecular mechanism of pathogenesis.

A. Inherited Disorders
1. Angelman’s Syndrome

Angelman’s syndrome is a complex neurological disorder '®’ due to various genetic mechanisms
that map to human chromosome 15q11-q13."®® Clinical characteristics of this disorder include
developmental delay, speech impairment, movement or balance disorder, and behavioral
uniqueness.'® Further genetic analysis revealed that truncated mutants of the UBE3A gene on
chromosome 15q were identified in some patients with Angelman’s syndrome.'*>'"! UBE3A gene
encodes a protein called E6-AP protein ligase (also known as ubiquitin-protein ligase or E3).
Although the true substrate(s) of this E6-AP in AS patients has not yet been identified, the ubiquitin-
proteasome pathway plays an important role during brain development and perturbation of this
pathway causes a neurolopathological disorder.

2. Liddle Syndrome

Liddle et al. '°? recognized this rare hereditary disorder in a family who were unable to maintain the
proper balance of salt and water in the body, resulting in abnormally high blood pressure. The
molecular mechanism of Liddle syndrome was later understood by Yale researchers '* who
observed mutations in the carboxy terminus of 8 and y subunit of the epithelial sodium channel in
the kidney. Among many different mutations, deletion or mutation of the proline-rich (PPxY) region
leads to constitutive activation of the kidney sodium channel, resulting in retention of excessive
amounts of salt and water. Using a yeast two-hybrid screen and in vitro binding studies,”” WW
domain of an ubiquitin ligase, Nedd4, is found to bind specifically to the PPxY sequences of the
above-mentioned kidney sodium channel. Taken together, these findings suggests a novel
mechanism regulating sodium reabsorption, in which failure of proper ubiquitination of the sodium
channel results in increased retention of the sodium channel at the cell surface and thus excessive
reabsorption of sodium and water leading to hypertension. It should be noted, however, that this
short-lived sodium channel, after ubiquitination, is targeted and degraded in the lysosome, but not
by the 26S proteasome machinery.

B. Acquired Disorders
/. Cervical Cancer

The most important risk factor for cervical cancer is human papillomavirus (HPV) infection. In
cases of cervical cancer caused by the high-risk strains of HPV, levels of the tumor suppressor
protein p53 were found to be unusually low due to the presence of the E6 proteins encoded by the
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oncogenic HPV. '** This E6-promoted degradation of p53 involves the ubiquitin-proteasome
pathway and represents a major mechanism, by which virus transforms the host cells. The E6
oncoprotein was later found to modify the functions of E6-AP *"'%° whose absence prevents
ubiquitination of p53 by E6-AP.'*® Specifically, E6 appears to function as an adapter protein to
maintain a ternary complex of E6-AP ubiquitin-protein ligase (E3), its cognate UbcHS8 ubiquitin-
conjugating enzyme (E2), and a target substrate to ensure specific ubiquitination of substrate
molecules.*"!7 Interestingly, E6 also promotes the ubiquitination and degradation of E6-AP.'%®

2. Colorectal Cancer

Colorectal cancer, which arises in the epithelium of the lumen of the colon and rectum, is the second
most common cause of cancer death in the United States. Generally speaking, the transformation of
the normal epithelial cells into cancer cells occurs through a multistage process as a result of many
different defects. One of most well-characterized genetic defects is found in the APC (adenomatous
polyposis coli) gene located on chromosome 5q21. Mutations of the APC gene have been
documented in familial adenomatous polyposis and in more than 80% of the sporadic colorectal
cancer patients.'””

Among its many functions, APC is known to control the cellular level of B-catenin by forming a
complex with Axin, which recruits and facilitates ubiquitination of B-catenin for subsequent
degradation by the 26S proteasome.”’*?*" This process appears to be dependent on the
phosphorylation of both APC and B-catenin by glycogen synthase kinase-3 (GSK-3).°* In cancer
cells expressing mutant APC, B-catenin accumulates,zo‘%’204 and interacts with T-cell factor as well
as activates transcription of the proto-oncogenes, such as cyclin D1 and c-myc.?°32°” Mutations of
Ser to amino acid residues that cannot be phosphorylated stabilize B-catenin.’®® It appears that
ubiquitination of B-catenin is catalyzed by the SCF complex and its cognate E2. A receptor
component of the SCF E3 ligase complex, i.e., F box- and WD domain-containing $-TrCP binds to
the phosphorylated form of B-catenin, and over-production of a defective B-TrCP blocks B-catenin
degradation,'>%20%-210

3. Alzheimer's Disease

Alzheimer’s disease is a chronic brain disorder due to a progressive degeneration of brain tissue,
leading to loss of mental functions, such as memory and learning. Alzheimer’s disease is marked by
abnormal aggregates (senile plaques) and irregular knots (neurofibrillary tangles) of brain matter.
By immunohistochemical analysis of protein contents in intracellular inclusion bodies, ubiquitin is
found in both neurofibrillary tangles and senile plaques.?'""*'> Although it is not yet clear whether
accumulation of ubiquitin conjugates is primary or secondary, a growing number of evidence
indicate the involvement of the ubiquitin-proteasome pathway in Alzheimer’s disease. For example,
findings of a simultaneous frameshift mutation of both B amyloid precursor protein (BAPP) and
ubiquitin have implicated the ubiquitin-dependent pathway in the pathogenesis of Alzheimer’s
disease.”'? In addition, treatment of cells expressing presenilins 1 and 2 (PSI and PS2) with
proteasome inhibitors was shown to increase the PS1/PS2-mediated production of both APPx and
AB40, which are BAPP maturation products.”'* Senile plaques are thought to derive from the
abnormal level of AP40 production.’’> PS1 and PS2 are also found to be the proteasome
substrates.>'!® Taken altogether, the ubiquitin-proteasome pathway appears to control the level of
PS1 and PS2, thereby regulating the BAPP maturation pathway.

5. PROTEASOME INHIBITORS

Most currently available inhibitors of the ubiquitin-proteasome pathway directly target and inhibit
the 20S proteasome, the core of the proteolysis machinery, rather than the upstream ubiquitination
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and recognition of ubiquitinated protein substrates. These proteasome inhibitors are broadly
categorized into two groups: synthetic analogs and natural products. Synthetic inhibitors are
peptide-based compounds with diverse pharmacophores. These include peptide benzamides,
peptide a-ketoamides, peptide aldehydes, peptide o-ketoaldehydes, peptide vinyl sulfones, and
peptide boronic acids. In contrast, natural product proteasome inhibitors display a variety of
scaffolds of core structures and pharmacophores. Known natural product proteasome inhibitors
include linear peptide epoxyketones, peptide macrocycles, y-lactam thiol ester, and epipolythio-
dioxopiperazine toxin. The inhibitory mechanisms and the limits and potentials of proteasome
inhibitors are discussed in the following.

A. Synthetic Proteasome Inhibitors

Peptide aldehydes have long been used as inhibitors for both serine and cysteine proteases. Given
that the aldehyde functional group is readily subject to a nucleophilic attack by hydroxyl or thiol
groups and that the proteasome uses the hydroxyl group of the amino terminal threonine as a
nucleophile, it is not surprising that the commercially available peptide aldehydes were the first
proteasome inhibitor family identified (Fig. 2). In the early 1980s, leupeptin (1), a standard serine
(trypsin, plasmin) and cysteine (papain, cathepsin B) protease inhibitor, was already recognized as a
T-L activity blocking agent of the 20S proteasome.lo1 Later, calpain inhibitors I (2) and II (3) were
also shown to inhibit the CT-L activity of the 20S proteasome.?'***° Upon binding to the active site
of the 20S proteasome, a peptide aldehyde forms a covalent hemiacetal adduct that is reversible
under physiological conditions (Fig. 3). Since peptide aldehydes can be easily prepared and
optimized, researchers have developed myriad of aldehyde inhibitors with higher potency as well as
increased selectivity toward the CT-L activity of the 20S proteasome (Fig. 2). Such examples
include MG115 (4), MG132 (5) '7® and PSI (6),%*' which are all potent and CT-L selective inhibitors
that are widely used in studying the role of the proteasome in various cellular processes. Similarly,
other peptide aldehyde inhibitors have been synthesized to study other proteasomal activities, such
as BrAAP activity.”?> Meanwhile, researchers have also attempted to improve peptide aldehydes’
potency by adding an additional ketone moiety at o position, yielding a glyoxal (7).>*
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Figure 4. Afamily of reversible synthetic proteasome inhibitors.
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Although these peptide aldehydes, in general, are cell-permeable, potent inhibitors of the 20S
proteasome, and are still widely used in biological studies, the lack of specificity due in part to the
presence of highly reactive aldehyde functional group is a major limitation for their use as potential
therapeutic agents or as molecular probes in dissecting complex signaling pathways. To overcome
such limitations, researchers have attempted to develop non-reactive peptide inhibitors (Fig. 4),
such as o-ketocarbonyl and boronic ester derivatives,”** indanone dipeptide benzamides,**> and P’-
extended o-ketoamides.””® Non-aldehyde irreversible proteasome inhibitors have also been
developed (Fig. 5), such as tripeptides o/, B’-epoxyketones®*’ and vinyl sulfones.**®

Vinyl sulfones were first introduced as cysteine protease inhibitors.”*>**° Although vinyl
sulfones are sufficiently inert in the absence of a target, it is well characterized that they are capable
of forming a hydrogen bond in the active site of enzymes, thereby becoming more electrophilic
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(Fig. 5). Despite being more widely known as inhibitors of cysteine proteases, peptide vinyl sulfones
have also been developed as potent inhibitors toward the 20S proteasome and successfully
employed for many biological studies.??***! Peptide vinyl sulfones have also been shown to be
irreversible and active site-directed proteasome inhibitors by modification of the hydroxyl group of
the amino terminal threonine (Fig. 5).'8>?2%23%233 Nevertheless, the lack of specificity is a major
concern for this class of inhibitors, since the peptide vinyl sulfones inhibit both the 20S proteasome
and other cysteine proteases.?**>*?

Another class of peptide-based inhibitors exploits the boronic acid functional group.
should be noted that this class of inhibitors is thought to exhibit proteasome inhibition via a non-
covalent complex formation. Considering no difference in the potency of the boronic ester
derivatives as compared to that of the corresponding aldehyde derivatives,?** the inhibitory potency
and the target selectivity towards the 20S proteasome of boronic acid-based inhibitors are quite
remarkable. This is presumably due to the fact that an empty p-orbital on a boron atom is positioned
to accept the oxygen lone pair of the amino terminal threonine residue of the 20S proteasome to
form a stable tetrahedral intermediate (Fig. 6). The stable tetrahedral borane complex allows the
peptide chain length of the boronic acid-based inhibitor to be truncated to a dipeptide with good
retention of inhibitory activity. This provides practical advantages, such as solubility and membrane
permeability, as a potential therapeutic agent. It should be noted that, for other class of proteasome
inhibitors, at least three amino acid chains are required to moderately inhibit the proteasomal
activity,223:228.235

The most well characterized compound of this class is a dipeptide boronic acid PS-341
(14).**23%¢ Analogous to many other proteasome inhibitors that block cell cycle progression,
PS-341 treatment also results in accumulation of cells in the G,-M phase,’ eventually leading to
apoptosis after prolonged treatments of cells.****** Moreover, PS-341 inhibits the proteasome

234 It
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mediated-IkBa degradation and NFkB-dependent gene expression in vivo 2*° and reduces tumor

growth in both murine and human xenograft models.”*’**! To exploit such effects, PS-341 is
currently under clinical evaluation for advanced breast and prostate cancer. **?

B. Natural Product Proteasome Inhibitors

While the synthetic inhibitors mentioned above have been rationally designed, synthesized, and
optimized, nature has also provided selective and potent proteasome inhibitors. For example,
lactacystin (15) is a Streptomyces lactacystinaeus metabolite that was discovered on the basis of its
ability to induce neurite outgrowth in the murine neuroblastoma cell line Neuro-2a.2**2%
Subsequently, others showed that lactacystin also inhibited cell cycle progression.’***¢ Later,
Schreiber et al.''? showed that lactacystin targets the 20S proteasome by an irreversible
modification of the amino terminal threonine of B-subunits. It should be noted that the active
component of lactacystin is the clasto-lactacystin p-lactone (16) >*” that is a rearrangement product
of lactacystin in aqueous condition and reacts with the hydroxyl group of the amino terminal
threonine to make an ester adduct (Fig. 7). Despite initial reports of high proteasome specificity and
its wide use in biological studies, there have been reports that lactacystin also inhibits other cellular
proteases.”**> Moreover, while many elegant synthetic strategies have been achieved over the
years,”! its complex synthesis has hampered the development of lactacystin-based therapeutic
agents.

Meanwhile, in an effort to search for antitumor agents displaying specific activity against B16
murine melanoma, Hanada et al.”>? found epoxomicin (17) from an unidentified actinomycete strain
No. Q996-17. Epoxomicin (17) is a member of growing family of linear peptide o’,B’-epoxyketone
natural products (Fig. 8). Recently, it has been shown that epoxomicin specifically targets the 20S
proteasome.''*!'> Unlike other classes of proteasome inhibitors that show non-target specificity,
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epoxomicin (17) is highly specific for the 20S proteasome. As revealed by the crystal structure of the
yeast 20S proteasome complexed with epoxomicin, this unique specificity of epoxomicin is a result
of a six-membered morpholino ring formation between the amino terminal catalytic Thr-1 of the
20S proteasome and the o’,B’-epoxyketone pharmacophore of epoxomicin (Fig. 9)." 16 In addition,
eponemycin (18), an anti-angiogenic linear peptide o’,’-epoxyketone isolated from Strepromyces
Hygroscopicus No. P247-271 on the basis of its specific activity against B16 melanoma,>> has
been shown to target the 20S proteasome as well.”>* More recently, other linear peptide
o’,B’-epoxyketone natural products have been isolated directly on the basis of proteasome inhibition
screening from microbial metabolites (Fig. 8). Examples include TMC-86A (19) and B (20)
from Streptomyces sp. TC 1084,2> TMC-89A and B (21) from Streptomyces sp. TC 1087 *°°
and TMC-96 (22) from Saccharothrix sp. TC 1094.%> The facile syntheses of linear peptide
o’,p’-epoxyketones has prompted the development of more potent peptide a’,p’-epoxyketones,
such as YU101 (23) that was developed by the optimization of the amino acids of the P2-P4
positions to maximize its potency toward the CT-L activity.>*

While lactacystin and epoxomicin are the best known natural product inhibitors of the 20S
proteasome, there have been other potent natural product proteasome inhibitors with novel
structures. For example, in the course of proteasome inhibitor screening procedure, Kohno et al.>’
found a series of TMC-95 (24) from the fermentation broth of Apiospora montagnei Sacc. TC 1093
(Fig. 10). Despite their unusual macrocyclic peptide architecture, they possess potent inhibitory
activity toward the CT-L activity of the 20S proteasome.>>® Given that most well known potent
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proteasome inhibitors are the linear peptide backbone-based compounds, it will be interesting to see
how the active site of the 20S proteasome can accommodate the macrocyclic ring of TMC-95s.
Another unexpected class of natural product proteasome inhibitors includes gliotoxin (25), a
member of the fungal epipolythiodioxopiperazine toxins that are characterized by a heterobicyclic
core containing a disulfide bridge(s) (Fig. 10). Gliotoxin was originally identified as a potent
inhibitor of NF-kB activation in T and B cells.” Recently, Kroll et al.>*® showed that gliotoxin
noncompetitively targets the CT-L activity of the 20S proteasome and that the disulfide bridge is
responsible for its inhibitory action.

Although biochemical basis of catalytic activity generated by each subunit has been extensively
analyzed by classical genetic mutation and X-ray crystal structure of the 20S proteasome, it is not
yet clear how each catalytic activity contributes to the overall biological processes. To further
separate the role(s) of the proteasome catalytic subunits, inhibition of each proteolytic activity is

, CH,OH
' —CONH; Gliotoxin (25) (active)

R N
A o]
H

o)
A H OHCHg H nsSH
HO N
H OH H CHs o)

B
C OH H CHs Ry CH,OH
D OH H H CHs

Reduced gliotoxin (26)
(inactive)
(24)

Figure 10. Natural product proteasome inhibitors with unusual scaffolds.
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required. Most most of the synthetic and natural proteasome inhibitors described above are,
however, CT-L activity-directed compounds. Moreover, only a limited number of compounds have
been shown to inhibit the PGPH or T-L activities of the 20S proteasome.Therefore, a new generation
of compounds that specifically inhibit the PGPH or T-L activities may be required to perform a
careful analysis of proteasome subunit function and to gain insights into the possibility for potential
therapeutic intervention. For example, Loidl et al.>®' developed a T-L activity specific aldehyde
inhibitor (27) by structure-based rational design and a bivalent T-L specific proteasome inhibitor
(28), in which two tripeptide aldehydes were linked through a polymeric spacer that is appropriate
for simultaneous binding at two active sites.”®> Another interesting but not fully understood
proteasome inhibitor 4-hydroxy-2-nonenal (HNE) (29) is a major end product of lipid peroxidation
(Fig. 11) and is associated with the decrease of both the T-L and the PGPH but not the CT-L
activities during in vivo oxidative stress.”®® Further investigation of HNE’s mode(s) of action may
prove to be useful for the design of non-peptidic PGPH or T-L specific inhibitors.
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Figure 11. Subunit-specific proteasome inhibitors.
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To probe the role of different catalytic subunits in in vivo and in vitro proteasomal degradation,
we have recently developed a series of PGPH-specific peptide o’,’-epoxyketones by optimizing the
amino acids at the P1-P4 positions.?** Successful application of these compounds including YU102
(30) in cell-based protein degradation assays in living cells revealed that selective PGPH inhibition
was not sufficient to inhibit protein degradation, indicating that the CT-L and PGPH sites function
independently.

6. CONCLUSION

Given that the ubiquitin-proteasome pathway is involved in so many critical cellular processes,
proteasome inhibitors are of great interest as potential therapeutics. Indeed, a boronate inhibitor and
a lactacystin inhibitor are currently in clinical trials for cancer and for stroke-associated ischemia
reperfusion injury, respectively. In order to improve the safety of proteasome-inhibitor drugs and
enable more specific inhibition of biological processes, however, attempts to target earlier steps of
ubiquitin-proteasome pathway are desirable. Although such inhibitors are not yet available, the
growing amount of information about cellular substrates and components of ubiquitin conjugation
cascade may aid the design of potential E2 or E3 inhibitors.
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