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ABSTRACT The proteasome regulates cellular processes
as diverse as cell cycle progression and NF-kB activation. In
this study, we show that the potent antitumor natural product
epoxomicin specifically targets the proteasome. Utilizing bio-
tinylated-epoxomicin as a molecular probe, we demonstrate
that epoxomicin covalently binds to the LMP7, X, MECL1, and
Z catalytic subunits of the proteasome. Enzymatic analyses
with purified bovine erythrocyte proteasome reveal that ep-
oxomicin potently inhibits primarily the chymotrypsin-like
activity. The trypsin-like and peptidyl-glutamyl peptide hy-
drolyzing catalytic activities also are inhibited at 100- and
1,000-fold slower rates, respectively. In contrast to peptide
aldehyde proteasome inhibitors, epoxomicin does not inhibit
nonproteasomal proteases such trypsin, chymotrypsin, pa-
pain, calpain, and cathepsin B at concentrations of up to 50
pM. In addition, epoxomicin is a more potent inhibitor of the
chymotrypsin-like activity than lactacystin and the peptide
vinyl sulfone NLVS. Epoxomicin also effectively inhibits
NF-kB activation in vitro and potently blocks in vivo inflam-
mation in the murine ear edema assay. These results thus
define epoxomicin as a novel proteasome inhibitor that likely
will prove useful in exploring the role of the proteasome in
various in vivo and in vitro systems.

In eukaryotes, protein degradation is mediated predominantly
through the ubiquitin pathway in which proteins targeted for
destruction are ligated to the 76-aa polypeptide ubiquitin (1).
Once targeted, ubiquitinated proteins then serve as substrates
for the 26S proteasome, a multicatalytic protease that cleaves
proteins into short peptides through the action of its three
major proteolytic activities (2). Although it has a general
function in intracellular protein turnover, proteasome-
mediated degradation also plays a key role in many processes
such as MHC class I antigen presentation, apoptosis, cell
division, and NF-«B activation (for review, see ref. 3).

The proteasome is a 700-kDa, cylindrical-shaped multicata-
lytic protease complex composed of 28 subunits organized into
four rings. In yeast and other eukaryotes, seven different o
subunits form the outer rings, and seven different 8 subunits
comprise the inner rings (4). In addition to the ubiquitously
expressed 3 subunits, higher vertebrates also possess three
IFN-vy-inducible B subunits (LMP7, LMP2, and MECL1),
which replace their normal counterparts, X, Y, and Z, respec-
tively, thus altering the catalytic activities of the proteasome
(5).
Through the use of different peptide substrates, three major
proteolytic activities have been defined for the eukaryote 20S
proteasome: chymotrypsin-like activity, which cleaves after
large hydrophobic residues; trypsin-like activity, which cleaves
after basic residues; and peptidyl-glutamyl peptide hydrolyzing
activity (PGPH), which cleaves after acidic residues. Two
additional, less-characterized activities also have been ascribed
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to the proteasome: BrAAP activity, which cleaves after
branched-chain amino acids, and SNAAP activity, which
cleaves after small neutral amino acids (6). The proteasome
proteolytic activities appear to be contributed by different
catalytic sites, because inhibitors, point mutations in 3 sub-
units, and the exchange of IFN-y-inducing 8 subunits alter
these activities to various degrees (7-9).

Several classes of proteasome inhibitors have been identified
and currently are employed to study the physiological roles of
the proteasome (10). Specific peptide aldehydes of substrate
analogs have been found to form reversible covalent adducts
with the proteasome and inhibit certain proteolytic activities
(11). Peptide aldehydes also have been used to study IkB-a
processing (12), antigen presentation (13), and induction of
stress response (14). Although they have been used widely in
recent years to study proteasome function, peptide aldehydes
also inhibit lysosomal and Ca*2-activated proteases (15), thus
complicating a precise dissection of their effects on cells. Other
proteasome inhibitors include peptides possessing a carboxyl
vinyl sulfone moiety, such as Z-Leu-Leu-Leu-vinyl sulfone,
which acts as a “suicide substrate” (16). However, these vinyl
sulfone-based inhibitors have similar limitations as the peptide
aldehydes insofar as they have been reported to bind and
inhibit intracellular cysteine proteases (i.e., cathepsin S) (16,
17) in addition to their action against the proteasome.

The structurally distinct proteasome inhibitor lactacystin
initially was isolated from an Actinomycetes strain based on its
ability to promote neurite outgrowth (18). Schreiber and
coworkers (19) demonstrated that lactacystin and its related
clasto-B-lactone covalently bind to the N-terminal threonine of
the 20S proteasome subunit X. Subsequent studies demon-
strated that lactacystin irreversibly modifies all catalytic 8
subunits (20). Like the peptide aldehydes and vinyl sulfones,
lactacystin also inhibits proteases other than the proteasome,
namely, cathepsin A (21) and tripeptidyl peptidase II (22).

The «',B’'-epoxyketone containing natural product ep-
oxomicin (Fig. 1) was isolated from an Actinomycetes strain
based on its in vivo antitumor activity against murine B16
melanoma tumors (23). Despite this potent activity, the mech-
anism of epoxomicin’s biological action has remained un-
known. We have identified the proteasome as the intracellular
protein target of this potent antitumor agent. Using a synthetic
biotinylated affinity derivative, we show here that epoxomicin
covalently binds the LMP7, X, Z, and MECLI1 catalytic B
subunits of the proteasome and selectively inhibits the three
major proteasome proteolytic activities at different rates.
Moreover, we present in vitro and in vivo evidence that
epoxomicin effectively inhibits NF-kB-mediated proinflam-
matory signaling. Given its unique specificity and potency, this
antitumor, antiinflammatory natural product represents a
class of cell-permeable, irreversible inhibitors distinct from
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Epoxomicin
FiG. 1. Structure of epoxomicin.

those currently in use and, thus, might prove useful in in vivo
and in vitro analyses of proteasome function.

MATERIALS AND METHODS

Materials. Streptavidin-horseradish peroxidase, calpain, ca-
thepsin B, and streptavidin agarose were purchased from
Sigma. Suc-LLVY-AMC and Boc-LRR-AMC were purchased
from Bachem and Peptides International, respectively. Z-LLE-
AMC, clasto-lactacystin B-lactone, NLVS, cathepsin B sub-
strate III (Z-RR-AMC), and anti-p53 antisera were obtained
from Calbiochem. NeutrAvidin beads were purchased from
Pierce. Anti-IkB-a and antiubiquitin antisera were obtained
from Santa Cruz Biotechnology and Zymed, respectively.
Epoxomicin and epoxomicin-biotin were synthesized as de-
scribed (24). The human B cell lymphoma cell lines LCL 721.45
and LCL 721.174 were kindly provided by P. Cresswell (Yale
University).

Cell Culture and Treatments. Human umbilical vein endo-
thelial cells (HUVECsS) (provided by J. Pober, Yale Univer-
sity), were cultured in DMEM (GIBCO/BRL) containing
10% FBS and 50 ug/ml endothelial cell growth factor (Sigma).
The transformed human kidney epithelial cell line (HEK-293)
and HeLa cell line were grown in DMEM containing 10%
FBS. The mouse thymoma cell line EL4 was cultured in RPMI
1640 medium (GIBCO/BRL) plus 10% FBS. All cell culture
media were supplemented with 50 ug/liter penicillin and 50
wg/liter streptomycin.

For IkB and ubiquitin Western blot analysis, 60% confluent
HeLa monolayers were treated with 10 uM epoxomicin or
Z-LLL-H for 2 hr. Tumor necrosis factor a (TNF-«) (10
ng/ml) was added to one set of the drug-treated plates and
alone to a separate dish of cells. Cells were harvested after 15
min. p53 stabilization was analyzed by immunoprecipitating
with mouse anti-p53 antisera from HUVECs treated with
DMSO, 100 nM epoxomicin, or 5 uM Z-LLL-H for 6 hr
followed by immunoblot analysis with rabbit anti-p53 antisera.
For electrophoretic mobility-shift assays (EMSAs), epoxomi-
cinwas added to HeLa cells in duplicate and TNF-« (10 ng/ml)
was added to one set of the drug-treated plates and also alone
to a separate dish of cells. Cells were harvested after 1 hr, and
nuclear lysates were prepared as described (25).

Purification of Epoxomicin-Binding Proteins. Ten liters of
EL4 cells (10°cells/ml) was harvested and resuspended in 50
ml of RPMI 1640 medium containing 10% FBS. Epoxomicin-
biotin was added to a final concentration of 8§ uM, and cells
were incubated at 37°C for 4 hr. Cells were harvested and
homogenized by using a Powergen homogenizer in lysis buffer
(25 mM Hepes, pH 7.4/5 mM EGTA/50 mM NaF) plus
protease inhibitors (10 pg/ml leupeptin, pepstatin, and soy-
bean trypsin inhibitors and 1 mM PMSF). The high-speed
(100,000 X g) supernatant was loaded onto a 1-ml streptavidin-
agarose column to remove endogenous biotinylated proteins.
The flow-through fraction then was incubated for 10 min with
50 ml of DES52 beads preequilibrated with lysis buffer, washed
twice with 50 ml of lysis buffer containing 0.1 M NaCl, and
eluted with 50 ml of lysis buffer containing 0.3 M NaCl. SDS
was added to the eluant at a final concentration of 0.5%, boiled
for 10 min, and diluted 2.5-fold by using lysis buffer. The
diluted solution was loaded onto a 0.4-ml NeutrAvidin agarose
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column. The flow-through fraction was collected and reloaded
onto the same column three times. After extensive washes,
epoxomicin-biotin-binding proteins were eluted by boiling the
NeutrAvidin agarose in 0.4 ml of 1X SDS sample buffer. The
purified protein complexes were separated by SDS/PAGE,
excised, and identified by the W. M. Keck Foundation Bio-
technology Resource Laboratory (Yale University) by using
LCQ (MS/MS) and automated Edman degradation of internal
tryptic peptides.

Enzyme Kinetic Assays. For proteasome inhibition assays,
peptide-AMC substrates (5 uM Suc-LLVY-AMC, 5 uM Z-
LLE-AMC, and 5 uM Boc-LRR-AMC) and inhibitors in
DMSO were added to assay solutions at a final DMSO
concentration of 1%. The following assay buffer was used: 20
mM Tris-HCI, pH 8.0/0.5 mM EDTA (plus 0.035% SDS for
Suc-LLVY-AMC and Z-LLE-AMC assays). Bovine red blood
cell proteasome was added to the assay buffer containing
substrates and inhibitors at a final volume of 100 ul at room
temperature (23°) in a Dynex (Chantilly, CA) Microfluor II
96-well plate and the fluorescence emission immediately was
measured at 460 nm (A, 360 nM) by using a Cytofluor
(Perspective Biosystems, Framingham, MA) fluorescence
plate reader for 50 min. kqps/[I] values were obtained using
KALEIDAGRAPH by nonlinear least-squares fit of the data to the
following equation: fluorescence = vy + [(Vo — Vs)/kobs|[1 —
exp(—kobst)], Where v, and vg are the initial and final velocities,
respectively, and kops is the reaction rate constant. Dilutions of
bovine erythrocyte 20S proteasome (2.5 mg/ml) were as
follows: 1:1,200 final dilution for Suc-LLVY-AMC activity,
1:3,000 for Z-LLE-AMC, and 1:800 for Boc-LRR-AMC.
Inhibition reactions were performed as described previously
(26). For calpain inhibition assays, the enzyme was used at 1
unit/ml, and Suc-LLVY-AMC was used at a final concentra-
tion of 10 uM in assay buffer containing 20 mM Tris, pH 8.0/1
mM CaCl,/2 mM DTT. Cathepsin B was used at a concen-
tration of 0.005 unit/ml in 100 mM sodium acetate/5 mM
EDTA, pH 5.5, and cathepsin substrate III was used as
substrate at 40 uM. Kinetic assays were performed as de-
scribed for the proteasome.

EMSAs. EMSAs were performed as described (25). In brief,
consensus DNA-binding oligonucleotide sequences for tran-
scription factor NF-«B from Santa Cruz Biotechnology were
labeled with [y->?P]ATP and incubated with equal amounts of
nuclear lysates. Protein-DNA complexes were separated on
4% polyacrylamide gels under nondenaturing and nonreduc-
ing conditions. The gels were dried and exposed to a Phos-
phorImaging screen (Molecular Dynamics) for quantitation of
radioactivity in retarded bands. Results are representative of
experiments performed at least twice.

Assay for Contact Sensitivity (CS). CS and irritant-response
assays to picrylchloride (a generous gift of P. Asekanse, Yale
University) challenge were performed essentially as described
(27), with slight modifications. In brief, for the CS assay, mice
were injected i.p. daily for 6 days with vehicle or epoxomicin
(0.58 mg/kg body weight) solubilized in 10% DMSO/PBS. Six
days after abdomen immunization with picrylchloride, ear
thickness measurements (0 hr) of both ears were made in
triplicate with an engineer’s micrometer (Peacock dial thick-
ness gauge; Ozaki Manufacturing, Tokyo). Mice subsequently
were challenged on both ear lobes by application of 15 ul of a
0.8% solution of picrylchloride (solubilized in high-grade extra
virgin olive oil). Ear swelling measurements again were made
24 hr post-ear challenge. In a second assay, elicitation of
inflammatory response to the nonspecific vascular activation
and permeability effects of picrylchloride (irritant response)
were determined by using two groups of four nonimmunized
mice. The 0-hr ear thickness measurements were made, a
single high-dose injection of epoxomicin (2.9 mg/kg) was
delivered i.p. to one group, and the control group was treated
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with vehicle. Ear thickness was measured 24 hr post-ear
challenge.

RESULTS

Identification of Epoxomicin-Binding Proteins as 8 Sub-
units of the Proteasome. Given epoxomicin’s potent cytotoxic
activity and the biological importance of the epoxide moiety in
o',B’-epoxyketone-containing natural products (28), we hy-
pothesized that epoxomicin mediates its biological activity
through the covalent interaction with an intracellular pro-
tein(s). To identify this epoxomicin receptor(s), we synthesized
a biotinylated epoxomicin analog to serve as an affinity
chromatography reagent (24). Epoxomicin-biotin was incu-
bated with the murine lymphoma EL4 cell line for 4 hr, cell
lysates were analyzed by SDS/PAGE, and subsequently, the
membrane-immobilized cellular lysates were probed with
streptavidin-HRP. Two major (23- and 30-kDa) and one minor
(28-kDa) newly biotinylated bands were detected (Fig. 2).
These proteins were shown to interact specifically with ep-
oxomicin-biotin because pretreatment of cells with a 5-fold
molar excess of epoxomicin prevents biotin binding to these
proteins upon subsequent challenge with epoxomicin-biotin
(Fig. 2, lane 2).

After large-scale purification using avidin affinity chroma-
tography, the three purified epoxomicin-binding proteins were
digested with trypsin and the resulting tryptic peptides were
subjected to matrix-assisted laser desorption ionization-MS
(MALDI-MS) analysis. Comparison of these results with
peptide masses generated from theoretical tryptic digests of
putative ORFs in GenBank revealed significant matches be-
tween two of the three epoxomicin-binding proteins (23 and 28
kDa) and two murine proteosomal subunits. The 23-kDa band
was identified as LMP7, a IFN-y-inducible catalytic 8 subunit
of the 20S proteasome. The percentage of the LMP7 protein
sequence covered was 31.9% for the tryptic peptides from the
23-kDa band. MALDI-MS analysis of tryptic peptides from
the 28-kDa band identified this epoxomicin-binding protein as
the IFN-vy-inducible proteasome catalytic subunit, MECLI,
with 29% coverage between the tryptic peptides and the
MECLI1 protein sequence. Although the tryptic peptide
masses of the 30-kDa band matched 19.9% of the predicted
protein sequence of the Z catalytic subunit of the proteasome,
this was less than the 20% match criteria used to confirm
protein identity. Therefore, automated Edman degradation
was performed on an internal tryptic peptide from this 30-kDa
protein. The resulting 11-aa sequence was identical to residues
185-195 of the murine Z B catalytic proteasome subunit (data
not shown). Thus, epoxomicin was shown to bind covalently the
LMP7, MECL1, and Z proteasome catalytic subunits. Given
that epoxomicin binds both Z and its IFN-y-inducible coun-
terpart MECL1, we tested whether epoxomicin also binds in an
analogous manner to the subunit X, which is the housekeeping
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FiG. 2. Epoxomicin biotin binds four proteasome catalytic sub-
units. EL4 murine thymoma cells (3 X 10°) were incubated with 5 uM
epoxomicin-biotin without (lane 1) and with (lane 2) 50 uM epoxomi-
cin pretreatment. Human B cell lymphoma cells LCL 721.45 (lane 3)
and LCL 721.174 (lane 4) were labeled with 5 uM epoxomicin-biotin.
Biotinylated proteins were visualized by using avidin-horseradish
peroxidase and chemiluminescence.

Proc. Natl. Acad. Sci. USA 96 (1999) 10405

counterpart of LMP7. Epoxomicin-biotin binding to the hu-
man B cell line LCL 721.45 gave a similar pattern as observed
with the murine lymphoma line EL4 (Fig. 2, lane 3). However,
epoxomicin-biotin binding to a LCL 721.45 derivative line (5),
which does not express LMP7 or LMP2, resulted in two
epoxomicin-biotin-binding proteins of 23 and 30 kDa (Fig. 2,
lane 4). Immunoblot analysis confirmed that these bands are
the X and Z proteasome subunits, respectively (not shown).

Proteasome/Protease Inhibition Studies. The identification
of the major epoxomicin-binding proteins as proteasome f3
subunits suggested that epoxomicin mediates its cell biological
effects via inhibition of proteasome catalytic function. To test
this hypothesis, purified bovine erythrocyte proteasome was
assayed enzymatically by using a variety of different substrates
and inhibitors. To evaluate the rates of proteolytic inactivation
by inhibitors, kussociation (Kobs/[1]) values were determined by
using fluorogenic peptide substrates over a range of inhibitor
concentrations. Epoxomicin most potently inhibits the chymo-
trypsin-like activity of the 20S proteasome with a Kassociation
value of 35,400 M~!-s~! (Table 1). This rate of inactivation is
greater than 4- and 5-fold faster than clasto-lactacystin p-lac-
tone and the potent vinyl sulfone NLVS, respectively. Inter-
estingly, epoxomicin and clasto-lactacystin B-lactone displayed
near-identical inhibitory activities against the trypsin-like and
the PGPH activities. The greater inhibition of chymotrypsin-
like activity relative to the trypsin-like activity is consistent
with the more rapid covalent modification of the LMP7/X
subunits than the MECL1/Z subunits by epoxomicin-biotin
(data not shown).

We also investigated whether epoxomicin shared protease
inhibitory specificities with two other classes of peptide-based
proteasome inhibitors (i.e., peptide aldehydes and peptide
vinyl sulfones). Although several peptide aldehydes potently
inhibit the proteasome, they also inhibit other intracellular,
nonproteasomal proteolytic activities such as calpain and
lysosomal proteases (cathepsins) (13). Epoxomicin did not
display any inhibitory activity against the calcium-dependent
protease calpain, papain, chymotrypsin, trypsin, and cathepsin
B at concentrations of up to 50 uM, whereas the vinyl sulfone
NLVS inhibited cathepsin B enzymatic activity at 10 uM with
a Kassociation value of 191 M~ Ls~ 1,

Epoxomicin Induces the Accumulation of p53 and Ubiqui-
tinated Proteins. We next investigated the ability of epoxomi-
cin to inhibit in vivo proteasome function in cultured cells.
Incubation of HUVECs with epoxomicin for 6 hr resulted in
a 30-fold increase in the levels of p53 protein, a known target
of the proteasome (Fig. 34). In contrast, incubation with a
50-fold-higher concentration of lactacystin resulted in only a
10-fold increase of p53 levels over that of untreated cells.
Incubation of cells with epoxomicin for longer than 48 hr
results in greater than 95% cellular apoptosis (not shown).
Because inhibition of proteasome function should result in
increased levels of ubiquitinated proteins, we also analyzed the

Table 1. Inhibition of proteasome catalytic activities
Kassociation = Kobs/[I] (Milsfl)
Chymotrypsin-like  Trypsin-like PGPH

Compound activity activity activity
Epoxomicin 35,400 = 1400 287 =171 34 *£48
(40-80 nM) (6-10 uM)  (25-75 uM)
clasto-lactacystin 8,530 = 280 253 41 37 *£47
B-Lactone (200-400 nM) (6-10 uM)  (25-75 uM)
NLVS 6,790 = 919 53+ 28 64+23

(200-400 nM)  (50-100 uM) (50-100 M)

The rate of covalent inhibition (kassociation) Of the three major
proteasome catalytic activities were determined for epoxomicin,
clasto-lactacystin B-lactone, and peptide vinyl sulfone, NLVS. A range
of concentrations was used to determine the Kassociation fOr inhibition
of individual enzymatic activities.
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F1G.3. Accumulation of p53 (4) and ubiquitinated proteins (B) in
epoxomicin-treated cells. (4) a-p53 immunoblot analyses of HUVECs
treated with 100 nM epoxomicin (Epx), 5 uM lactacystin (Lac), or
vehicle (ctrl) for 6 hr. (B) a-Ubiquitin immunoblot analyses of HeLa
cells treated with 10 uM epoxomicin or peptide inhibitor Z-LLL-H for
2 hr.

effect of epoxomicin on total ubiquitinated protein accumu-
lation. Incubation of HeLa cells with 10 uM epoxomicin for 2
hr resulted in the accumulation of multiple, higher-molecular-
mass bands recognized by antiubiquitin antisera. These upper-
molecular-mass bands also were observed in cellular lysates of
cells treated with the peptide aldehyde inhibitor, Z-LLL-H
(Fig. 3B, lane 3).

Epoxomicin Prevents IkB Degradation and Activation of
NF-«B DNA-Binding Activity. The targeting of IxBa, the
cytoplasmic inhibitory subunit complexed to NF-«B, for deg-
radation by the proteasome is known to occur in response to
a variety of stress activators (29). In this study, we investigated
whether epoxomicin blocks TNF-a-induced activation of
NF-«B by stabilizing IkBa. Western blot analysis revealed that
10 ng/ml TNF-« potently induced the degradation of IxkBa in
HeLa cells within 15 min of treatment. However, pretreatment
with 10 uM epoxomicin for 2 hr inhibited IkBa degradation by
10-fold (Fig. 44), to a level similar to that produced by treating
TNF-a-stimulated cells with 10 uM of the peptide aldehyde
inhibitor Z-LLL-H. Next, using EMSAs, we tested whether
epoxomicin inhibits NF-kB DNA-binding activity. EMSAs of
nuclear lysates derived from HeLa cell cultures treated with
TNF-« alone showed greater than 2-fold induction of NF-«xB
DNA-binding activity. Epoxomicin pretreatment for 1 hr
produced a significant dose-dependent reduction in TNF-a-
stimulated NF-«kB DNA-binding activity (Fig. 4B). These
effects were selective because we determined that the DNA-
binding activity of activator protein 2 (AP-2) was unaltered.
Additionally, incubation of HEK 293 cells with 100 nM
epoxomicin for up to 5 hr did not inhibit the PMA-stimulated
DNA binding of transcription factor AP-2 (data not shown).
These results suggest that epoxomicin targets NF-«B activity
via inhibition of proteasome-mediated degradation of IxBea.

Epoxomicin Potently Reduces CS in Vivo. CS is an inflam-
matory response to certain classes of chemical compounds and
haptens (30). Based on inhibition of NF-«B activation in cell
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F1G. 4. Epoxomicin inhibits activation of NF-«B. (4) IkBa deg-
radation induced by TNF-«a is prevented by epoxomicin. HeLa cells
were treated with epoxomicin (10 uM) or Z-LLL-H (10 uM) for 2 hr
and subsequently treated with TNF-« (10 ng/ml) for 15 min. Western
blot analysis of cell lysates was performed to measure IkBa levels as
in Fig. 3. (B) EMSA analysis of NF-kB DNA-binding activity. HeLa
cells were treated with increasing concentrations of epoxomicin for 2
hr, and, subsequently, 10 ng/ml TNF-«a was added to drug-treated cells
or to untreated cultures and incubated for 1 hr. Equal amounts of
protein from nuclear extracts prepared from untreated and treated
cultures were incubated with a radiolabeled NF-«B oligonucleotide or
a control AP-2 oligonucleotide and fractionated on 4% polyacryl-
amide gels. Dried gels were exposed to a PhosphorImaging screen. The
amount of radioactivity in the transcription factor-retarded bands was
quantitated and represented as fold-change of treated over that of
untreated samples. Shown are TNF-« alone (lanes 1 and 5) and TNF-«
plus epoxomicin (100 nM, lanes 2 and 6; 1 uM, lanes 3 and 7; and 10
1M, lanes 4 and 8).

culture, we hypothesized that epoxomicin would have antiin-
flammatory activities in vivo. To test this hypothesis, epoxomi-
cin was evaluated in the picrylchloride mouse model of CS.
Mice immunized with picrylchloride were challenged after 6
days by application of picrylchloride on their ears. Ear thick-
ness measurements were made at 0 and 24 hr after picrylchlo-
ride ear challenge. As shown in Fig. 5, daily treatment with
epoxomicin at a nontoxic dose of 0.58 mg/kg per day reduced
the CS response by 44% relative to the control group of mice
treated with vehicle alone. Because the hapten can elicit a
nonspecific, irritation-related inflammatory response (31), we
explored the effects of epoxomicin on skin irritation-mediated
inflammation by using nonimmunized mice. In a second
experiment, mice were pretreated with epoxomicin at a dose
five times higher than that used previously to test the idea that
a single injection of the drug could reduce inflammation in
response to picrylchloride ear challenge. Epoxomicin admin-
istered at 2.9 mg/kg potently inhibited the irritant-associated
inflammatory response by 95% when ear edema measure-
ments were made 24 hr postchallenge (Fig. 5).

DISCUSSION

Once thought merely to dispose of denatured and misfolded
proteins, the proteasome is now recognized as a master
proteolytic machinery that regulates the levels of diverse
intracellular proteins through their degradation in a signal-
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Fic. 5. Epoxomicin inhibits inflammation in vivo. (4) CS to
picrylchloride. BALB/c mice were immunized with picrylchloride by
topical application to shaved chest and abdomen. One group of
immunized mice (n = 4) was treated with epoxomicin daily from the
time of immunization until the time of ear challenge, whereas the
control immunized group (n = 4) was treated with vehicle. On day 6
postimmunization, all mice were skin-challenged by painting both ears
with 0.8% picrylchloride. Ear swelling responses were measured
before (0 hr) and 24 hr after ear challenge. (B) Irritant sensitivity (IS)
response to picrylchloride. Nonimmunized BALB/c mice were in-
jected with epoxomicin (n = 4) or vehicle (n = 4) before ear challenge
with 0.8% picrylchloride, and ear swelling measurements were made
0 and 24 hr post-ear challenge. Results in CS and IS assays are
expressed as 24-hr measurement minus 0-hr measurement.

dependent manner. Hence, there is great interest in identifying
cell-permeable reagents that can specifically perturb the ac-
tivities of the proteasome and thereby be used as probes to
study the role of the proteasome in biological processes.
Toward these goals, we have employed a chemical-genetic
approach to identify natural products that target the protea-
some. We report here the identification of a cell-permeable,
natural product, epoxomicin, that potently, selectively, and
irreversibly inhibits proteasome activity. Epoxomicin modifies
four catalytic subunits of the 20S proteasome, resulting in
inhibition primarily of the chymotrypsin-like activity; the
trypsin-like and PGPH activities also were inhibited at ap-
proximately 100- and 1,000-fold-slower rates, respectively.
Furthermore, in comparison with other potent, irreversible
proteasome inhibitors, epoxomicin inhibits the chymotrypsin-
like activity 80-fold faster than lactacystin (data not shown)
and 4-fold faster than clasto-lactacystin B-lactone. However,
unlike several other peptide-based inhibitors, epoxomicin does
not inhibit nonproteasomal proteases such as trypsin, chymo-
trypsin, cathepsin B, papain, and calpain at concentrations of
up to 50 uM. Epoxomicin also is shown to inhibit NF-«B
activation and to stabilize p53 levels in cell culture. Moreover,
we have demonstrated the potent antiinflammatory activity of
epoxomicin in a mouse model of cutaneous inflammation.
Thus, this cell-permeable natural product lends itself as a
unique molecular probe, which has the versatility to explore
proteasome function in normal biological and pathological
processes.

A number of active site-directed, carboxyl-terminally mod-
ified peptides have been shown to inhibit the 20S proteasome.
These include peptide aldehydes (13, 32), peptide vinyl sul-
fones (16), peptide boronic acids (33), glyoxals (34), and
a',B’-epoxyketone-containing peptides (35). Given that pep-
tide aldehydes, vinyl sulfones, and boronic acid proteasome
inhibitors share with epoxomicin many structural similarities,
it was somewhat unexpected to find that epoxomicin lacks
inhibitory activity against papain, chymotrypsin, cathepsin B,
or calpain, a characteristic that compromises the utility of
several proteasome inhibitors in cellular studies of proteasome
function (17, 36). The specificity of epoxomicin for the pro-
teasome may be attributed to the selective activation of the
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epoxyketone pharmacophore within the active sites of the
proteasome, relative to the active sites of other proteases. We
speculate that activation of the epoxide occurs in situ via
hydrogen bonding between oxygen of the epoxide of this
covalent-binding suicide substrate and an appropriately con-
figured, proton-donating amino acid side-chain moiety around
the active site. This mechanism is consistent with our findings
that the aldehyde derivative of epoxomicin, which also inhibits
the proteasome, harbors cross-reactivity toward other cellular
proteases (unpublished results). The crystallization of the
proteasome complexed with epoxomicin undoubtedly will shed
light on this conundrum.

Because NF-«kB is a key regulator of inflammation, it is an
attractive target for antiinflammatory therapeutic interven-
tion. Although several peptide aldehyde proteosomal inhibi-
tors have been shown to target NF-«B activation (37), their
potential cross-reactivity with other cellular proteases limits
their use in studying the biological processes of proteasome
function and also raises concerns for their use in studying
pathological disease processes. In comparison with these other
proteasome inhibitors, epoxomicin is unique, demonstrating
potent and specific inhibition of the proteasome and its
functions. We showed that epoxomicin targets NF-«B-
mediated signaling by demonstrating that the natural product
stabilized levels of IkBa, resulting in inhibition of the DNA-
binding activity of NF-«B in the nucleus. This transcriptional
inhibition is specific because we demonstrated that DNA-
binding activity of AP-2, which also was stimulated by TNF-«
and PMA, was not affected by epoxomicin up to 10 uM. In
addition, we also observed a similar specificity in other cell
types; treatment of HEK 293 cells with epoxomicin results in
inhibition of PMA-induced DNA-binding activities of NF-«B
and AP-1, but not that of AP-2 (data not shown). In this
respect, both Jun and Fos, components of the AP-1 complex,
are also known to be degraded by the proteasome (38).

To address the role of the proteasome in pathological
inflammatory processes, we explored epoxomicin’s potential
as an in vivo antiinflammatory agent. CS is a cutaneous
immune inflammatory response that is mediated by CD4" T
cells in the classical delayed-type hypersensitivity (DTH)
reaction (39). The DTH response in mice immunized with such
haptens as picrylchloride (2,4,6-trinitro chlorobenzene) or
2,4,6-trinitrobenzene sulfone has been well characterized (40),
being mediated by the proinflammatory cytokines IFN-y and
TNF-a. The DTH response, which is initiated by antigen-
specific and nonspecific factors, leads to local increase in
vascular permeability, in part, by serotonin release that enables
circulating CD4" effector T cells to migrate into local sites of
antigen challenge. Using the picrylchloride model of CS, we
demonstrated that epoxomicin administration at nontoxic
doses (as judged by absence of weight loss) was found to reduce
CS significantly. Because picrylchloride also exerts a degree of
nonspecific irritation and nonspecific inflammation, we tested
the efficacy of epoxomicin in the skin irritation assay by using
nonimmunized mice. A single bolus of epoxomicin abrogated
95% of the inflammatory response. Presumably, approxi-
mately 25% of ear swelling in the picrylchloride-preimmunized
BALB/c mice is derived from priming mechanisms involving
immune function (compare ear-swelling values of vehicle-
treated animals in CS and irritant assays).

The biological consequences of proteasome inhibition are
numerous. At the cellular level, the accumulation of polyu-
biquitinated proteins, cell morphological changes, and apo-
ptosis has been reported upon treatment of cells with various
proteasome inhibitors. In our analyses, we have observed that
p53 levels are stabilized more than 30-fold by epoxomicin
treatment. In addition, our results showing an accumulation of
polyubiquitinated proteins in epoxomicin-treated cells provide
evidence that the proteasome is the target of epoxomicin.
Proteasome inhibition also has been suggested as a possible
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antitumor therapeutic strategy (26, 41, 42). That epoxomicin
initially was identified in a screen for antitumor compounds
(23) validates the proteasome as an antitumor chemothera-
peutic target. Moreover, in parallel with this study, we have
found that another antitumor natural product, eponemycin,
targets the proteasome, although less potently (26).

In conclusion, we have demonstrated that the cell-
permeable natural product epoxomicin specifically targets the
20S proteasome, thereby potently and irreversibly inhibiting its
proteolytic activities. Moreover, unlike other peptide-based
proteasome inhibitors currently in use, epoxomicin inhibits the
proteasome selectively relative to other intracellular proteases.
In addition, we show that epoxomicin demonstrates antiin-
flammatory activity in vivo. While this manuscript was in
preparation, the dipeptide boronic acid proteasome inhibitor,
PS-341, was shown to inhibit NF-«kB activation in vitro and
attenuate inflammation in the rat model of Streptococcal cell
wall-induced polyarthritis (43). Together with our findings,
these results suggest that proteasome inhibition may prove a
viable strategy for antiinflammation therapy.
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