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The ubiquitin proteasome pathway is involved in many
diverse cellular functions including cell cycle progression,
antigen presentation, and activation of transcription factors
(8–10). Inhibitors of the proteasome are thus of interest as
tools for studying proteasomal involvement. Peptide aldehydes
are potent, reversible inhibitors that inactivate the proteasome’s multiple active sites by forming a transient, covalent
hemiacetal with the catalytic NH2-terminal threonine hydroxyl
(9, 11). Peptide aldehydes are active against proteasomal
proteolysis both in vitro and in intact cells but can also inhibit
cellular thiol proteases that can complicate the interpretation
of certain studies (1, 11).
Lactacystin is an irreversible, covalent inhibitor of the
chymotrypsin-like and trypsin-like activities and a weak, reversible inhibitor of the peptidylglutamyl peptidase activity of
the proteasome (12). Its exquisite specificity has made lactacystin a useful reagent for studying proteasome function in
mammalian cells, but its modest activity against proteasomes
from archaebacteria and against certain eubacterial homologs
has limited its use in studies of these related enzymes.
We report here a new class of inhibitors of the proteasome:
peptide vinyl sulfones. The vinyl sulfone acts as a Michael
acceptor for soft nucleophiles such as thiols, leading to the
formation of a covalent bond (13) (Fig. 1B), while resistant to
attack by free thiols that can cause inactivation of other classes
of protease inhibitors (13). We show that the tripeptide vinyl
sulfone Z-L3VS and related derivatives quite unexpectedly
inhibit the trypsin-like, the chymotrypsin-like, and, unlike
lactacystin, the peptidylglutamyl peptidase activity of the
proteasome in vitro by covalent modification of the NH2terminal threonine of the catalytically active b subunits. They
are more easily synthesized than lactacystin and can be conveniently tagged with either biotin for purposes of affinity
chromatography (M.B. and H.P., unpublished observation), or
a nitrophenol moiety for subsequent radiolabeling. We show
that a 125I-labeled vinyl sulfone of the tripeptide sequence
Leu-Leu-Leu selectively modifies b subunits in purified proteasome preparations as well as in whole cell homogenates and
in living cells of widely different origin.
Recently an ATP-dependent protease complex comprised
of two heat shock proteins has been discovered (14). The HslV
gene product is a peptidase that shows homology to b type
subunits of the proteasome, including the presence of a
NH2-terminal threonine (15, 14). HslV is cotranscribed with
the adjacent HslU gene that encodes an ATPase with homology to other known Escherichia coli ATPases such as ClpX

ABSTRACT
The proteasome is a multicatalytic protease
complex that plays a key role in diverse cellular functions. The
peptide vinyl sulfone, carboxybenzyl-leucyl-leucyl-leucine vinyl sulfone (Z-L3VS) covalently inhibits the trypsin-like,
chymotrypsin-like and, unlike lactacystin, also the peptidylglutamyl peptidase activity in isolated proteasomes, and
blocks their function in living cells. Although described as a
class of mechanism-based inhibitors for cysteine proteases,
the peptide vinyl sulfone Z-L3VS and a 125I-labeled nitrophenol derivative (125I-NIP-L3VS) covalently modify the active
site threonine of the catalytic b subunits of the proteasome.
Modification of Thermoplasma proteasomes demonstrates
the requirement for a hydroxyl amino acid (threonine, serine)
as nucleophile at the b subunit’s NH2 terminus. 125I-NIP-L3VS
covalently modifies the HslV subunit of the Escherichia coli
protease complex HslVyHslU, a reaction that requires ATP,
and supports a catalytic mechanism shared with that of the
eukaryotic proteasome.
Proteasomes are multicatalytic proteolytic complexes found in
almost all living cells and are responsible for the degradation
of the majority of cytosolic proteins in mammalian cells (1).
The 20S proteasome is a 700-kDa barrel-shaped structure of
four stacked rings (2) that contains two types of subunits; a
subunits make up the outer two rings of the complex and the
catalytic b subunits the inner two rings. Proteasomes of the
archaebacterium, Thermoplasma acidophilum are comprised
of 14 identical a and 14 identical b subunits. Eukaryotic
proteasomes contain seven different but homologous a subunits, and the b rings contain seven distinct but related b
subunits (20S proteasome) (3). The 20S proteasome is the
catalytic core of the larger, ATP-dependent, 26S complex that
is responsible for the degradation of ubiquitin-conjugated
proteins (4). Further complexity arises from the possible
replacement of the catalytic b subunits X, Y, and Z with the
interferon-g-inducible, major histocompatibility complex
(MHC)-encoded subunits LMP-2, LMP-7, and with MECL-1
(5).
Initial attempts to classify the proteasome’s catalytic mechanism into a category with known proteases were unsuccessful
mainly due to a lack of homology with known peptidases (6).
Mutational and structural studies uncovered a novel catalytic
mechanism, involving an NH2-terminal threonine residue as
the catalytic nucleophile (2, 7): the free amino terminus or the
« amino group from a conserved, nearby lysine residue activates the threonine hydroxyl group for nucleophilic attack on
the peptide bond (7).
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(50% identity) (16). Together the HslV and HslU gene
products make up a complex with an ATP-dependent proteolytic activity similar to that of the eukaryotic proteasome (14).
We show that peptide vinyl sulfones covalently modify HslV
only in the presence of HslU and ATP, consistent with the
reported nucleotide dependence of the activity of this complex
(14). These observations provide experimental support for the
HslUyHslV complex’s proposed functional homology to the
proteasome and indicate that ATP influences the formation of
the active site of this enzyme complex.

EXPERIMENTAL PROCEDURES
Cells and Cell Culture. The human cell lines HOM-2, T2,
and US11 transfectants prepared from the astrocytoma cell
line, U373-MG have been described (20). The US11 transfectants were cultured in DMEM supplemented with 10% fetal
calf serum and puromycin (Sigma) at a final concentration of
0.375 mgyml. All other cells were grown in RPMI media 1640
supplemented with 10% fetal calf serum.
Antibodies. Proteasomes were immunoprecipitated using a
mAb that recognizes an a subunit as part of the mature
720-kDa proteasome complex (Organon Teknika, Turnhout,
Belgium) (24). MHC class I molecules were immunoprecipitated using a rabbit anti-class I heavy chain serum (25).
Biochemical Methods and Materials. Peptide inhibitors
(Z-L3H, Z-L3VS, and NIP-L3VS) were dissolved in dimethyl
sulfoxide and diluted in cell culture media to the desired
concentration, keeping the final concentration of dimethyl
sulfoxide at ,1%. Cells (1.5 3 106), purified proteasomes (0.1
mg for rabbit, Saccharomyces cerevisiae, and T. acidophilum; 0.1
mg HslV and 0.4 mg HslU) or lysates (100 mg of total protein)
were labeled with 125I-NIP-L3VS, diluted to a final concentration of 1.8 3 104 Bqyml in tissue culture medium (cells) or
reaction buffer (50 mM Tris, pH 7.4y2 mM dithiothreitoly5
mM MgCl2y2 mM ATPypurified proteasomes), at 37°C for 2
hr. For labeling in the absence of ATP, apyrase (5 unityml) was
used instead of ATP. Labeling of cells was quenched by
washing three times with PBS followed by addition of 13
SDS-Laemmli sample buffer. Labeling of purified proteasomes and total lysates was quenched by addition of 43
Laemmli sample buffer (to 13). All samples were resolved by
SDSyPAGE, nonequilibrium pH gradient gel electrophoresisy
PAGE, or isoelectric focusingyPAGE. Preparation of lysates
and immunoprecipitations was performed as described (25).
Kinetics of Inhibition of Proteasomal Peptidase Activity.
Purified mixtures of 20S and 26S proteasomes were isolated
from U373-MG cells by differential centrifugation and anionexchange chromatography as described (5, 26). 20S proteasomes were separated from these mixtures by native PAGE
(4% polyacrylamide gel). Mixtures of 20S and 26S proteasomes or pure complexes were used to determine kinetics of
inhibition of the proteasomal peptidases. Fluorogenic peptide
substrates (100 mM final concentration) were used as substrates for the hydrophobic (Suc-LLVY-MCA), basic (Boc
LRR-MCA), and acidic (Cbz-LLE-bNA) peptidase activities
as described (5, 26). The rates of association (Kassoc) of Z-L3VS
were determined as described (12).
Synthesis of the Peptide Vinyl Sulfones. Peptide vinyl sulfones were synthesized on a 5–10 mmol scale following the
strategy outlined in Fig. 1A, which, in essence, corresponds to
the scheme described by Palmer (13). Details of the synthetic
procedures are available from the authors upon request.
Pulse–Chase Analysis. Cells were detached by trypsin treatment and incubated in methionine-free DMEM with or without added inhibitors for 1 hr. Two million cells (10 min pulse;
250 mCi of label; 1 Ci 5 37 GBq) were used per sample.
Incorporation was terminated by the addition of nonradioactive methionine to a final concentration of 1 mM. Immediately
after the chase, samples were placed on ice and lysed in 1 ml
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of ice-cold Nonidet P-40 lysis mix. Preparations of lysates and
immunoprecipitations were performed as described (25).
Gel Electrophoresis. SDSyPAGE, two-dimensional isoelectric focusingyPAGE, fluorography, and autoradiography were
performed as described (27, 20). Two-dimensional nonequilibrium pH gradient gel electrophoresisyPAGE was performed as described (28).

RESULTS
Synthesis of Peptide Vinyl Sulfones. Tripeptide vinyl sulfones were synthesized containing the sequence Leu-Leu-Leu
(Z-L3VS, Fig. 1A). Analogs of Z-L3VS in which the carboxybenzyl group was replaced with biotin (Biotin-L3VS), the
hapten 4-hydroxyl-5-iodo-3-nitrophenyl acetate (NIP-L3VS),
and the corresponding radiolabeled hapten (125I-NIP-L3VS)
were also synthesized.

FIG. 1. Synthesis (A) and mechanism of inhibition (B) of the
peptide vinyl sulfones. (A) PyBOP, DIEA, CH3NHOCH3, CH2Cl2;
(B) LAH, Et2O (C) (EtO)2P(O)CH2S(O)2CH3, NaH; TsOH, Et2O;
(E) DCC, HOBT, DMF; (F) 20% K2CO3yMeOH; (G) PyBOP, DIEA,
CH2Cl2; (H) TsOH, Et2O (I) Biotin-NP ester, DMF, DIEA; (J).
4-Hydroxy-3-iodo-5-nitrophenylacetic acid, PyBOP, DIEA, CH2Cl2;
(K) 4-hydroxy-3-nitrophenylacetic acid, PyBOP, DIEA, CH2Cl2; (L)
Na125I, Iodogen.
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FIG. 2. The peptide vinyl sulfones inhibit the proteasome in vitro.
Purified preparations of 20S and 26S proteasomes were incubated with
increasing concentrations of the three inhibitors [Z-L3H, Z-L3VS, and
lactacystin either simultaneously with substrates (A)], or samples were
preincubated for 1 hr (37°C) and diluted 10-fold prior to addition of
substrates (B). Hydrolysis of substrates corresponding to the acidic
(Cbz-LLE-bNA), basic (Boc-LRR-MCA), and hydrophobic (SucLLVY-MCA) activities of the proteasome were measured by fluorescence spectroscopy. Kassoc for the compound, Z-L3VS, were determined for the three peptidase activities of purified 20S proteasomes
(C). V represents velocity of the reaction at the time (t), and Vo is the
velocity at time 0. Kassoc 5 ln(VyVo)y[I] where [I] is the concentration
of inhibitor.

Peptide Vinyl Sulfones Irreversibly Inhibit Proteasome
Activity in Vitro. The ability of the peptide vinyl sulfones to
inhibit proteasomal proteolysis was determined in vitro using
a partially purified mixture of 20S and 26S proteasomes with
fluorogenic peptides as substrates. Strongest inhibition was
observed for the chymotrypsin-like peptidase activity of the
proteasome with somewhat lesser inhibition of the trypsin-like
and peptidylglutamyl peptidase activities, as shown for Z-L3VS
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(see Fig. 2). The peptide vinyl sulfones, including the biotin
and NIP derivatives (data not shown), were only slightly less
potent inhibitors than the peptide aldehyde Z-L3H (Fig. 2A)
and were more active toward all three peptidase activities than
was lactacystin upon simultaneous addition with substrates.
When each of the three classes of inhibitors was preincubated
for 1 hr with proteasomes and then diluted 10-fold, the extent
of inhibition by the aldehyde was reduced, as expected for a
reversible inhibitor, while the extent of inhibition by both
lactacystin and Z-L3VS increased, consistent with timedependent, irreversible inhibition (Fig. 2B). Furthermore,
Z-L3VS caused inhibition of the trypsin-like peptidase activity
to a greater extent than lactacystin (Fig. 2B), indicating that
Z-L3VS binds to a subunit or binding site more effectively than
lactacystin.
125I-NIP-L VS Covalently Modifies Multiple b Subunits in
3
Purified Proteasomes Preparations and in Total Cell Extracts. A radiolabeled version of the peptide vinyl sulfone
NIP-L3VS was used to examine the ability of this class of
compounds to react with proteasomes of diverse origin. 125Ilabeled NIP-L3VS was incubated with purified 20S proteasomes and with total cell homogenates from rabbit muscle and
yeast (Fig. 3 A and B). A single band of 23 kDa was labeled both
in crude cell extracts and in purified proteasomes. However, in
both cases this band could be resolved into at least two
polypeptides of similar molecular weight but different isoelectric points.
The Peptide Vinyl Sulfones Are Reactive Against the Archaebacterial Proteasome from Thermoplasma. Recombinant
mutant and wild-type proteasome b subunits from the archaebacterium, Thermoplasma, were used to directly examine
whether the NH2-terminal threonine is required for covalent
modification by a peptide vinyl sulfone. Labeling of total cell
lysates from Thermoplasma was compared with three preparations of recombinant proteasomes in which the catalytic
NH2-terminal threonine was replaced with either serine or
alanine. Recent studies have shown that b subunits in which
the NH2-terminal threonine is replaced by serine retain full
activity against peptide substrates, while replacement with
alanine leads to complete loss of peptidase activity (7). 125INIP-L3VS labeled not only the b subunits in total extracts but
also in the mutant complex in which the NH2-terminal threonine is replaced by serine (Fig. 3C). The NH2-terminal alanine
mutant was refractory to labeling, indicating that covalent
modification of b subunits requires the catalytic NH2-terminal
threonine of the proteasome. The slight difference in apparent
molecular weight between the b subunits from total cell
extracts and the recombinant forms of b subunits is due to the
presence of a histidine tag.

FIG. 3. The peptide vinyl sulfone, 125I-NIP-L3VS, labels multiple b subunits of the proteasome in total cell extracts and in purified proteasome
preparations. Total cell extracts (T) and purified preparations of proteasomes (P) were incubated with 125I-NIP-L3-VS (1.8 3 104 Bqyml) at 37°C
for 2 hr, resolved on a 12.5% polyacrylamide gel and visualized by silver staining, by autoradiography or by two-dimensional isoelectric focusing
SDSyPAGE for rabbit muscle (A), S. cerevisiae (B), or T. acidophilum (C). For T. acidophilum, recombinant b subunits containing an NH2-terminal
threonine, serine, or alanine were compared, as indicated.
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FIG. 4. The peptide vinyl sulfones covalently modify the HslV gene
product from the E. coli protease complex HslVyHslU. Purified
preparations of HslV and HslU were incubated with 125I-NIP-L3VS
(1.8 3 104 Bqyml) independently or as a 1:4 mixture (HslV:HslU) in
the presence of 2 mM ATP (1ATP) or 5 unityml apyrase (2ATP).

The Bacterial Protease Complex HslVyHslU from E. coli Is
a Target for the Peptide Vinyl Sulfones. The proteasome-like
protease complex from E. coli is composed of two types of heat
shock protein subunits, HslV and HslU (14). The b-like
subunit HslV contains an NH2-terminal threonine, but direct
evidence for a catalytic role for this residue is lacking (15). To
address the catalytic mechanism of this complex, purified
preparations of HslVyHslU were treated with the 125I-labeled
peptide vinyl sulfone. 125I-NIP-L3VS covalently modified
HslV, but only in the presence of HslU and ATP (Fig. 4),
consistent with the reported requirement for ATP of the
HslVyHslU complex (14). Combined, our results show that the
peptide vinyl sulfones are capable of inhibiting proteases of the
proteasome family found in a wide variety of species, including
the eubacterial species E. coli, by targeting the catalytic, active
site threonine residue.
125I-NIP-L VS Covalently Modifies b Subunits of the Pro3
teasome in Living Cells in a Time- and Dose-Dependent
Manner. The ability of the tripeptide vinyl sulfones to penetrate cells and specifically modify proteasomal b subunits was
established using several different cell lines (Fig. 5A). Incubation of 125I-NIP-L3VS with the human astrocytoma cell line
U373-MG, the human B-cell line HOM-2, and the human T2
cell line (17) lacking the two interferon-inducible b subunits
LMP-2 and LMP-7 showed labeling of a 23-kDa species similar
to that described for rabbit muscle preparations. The labeling
increased linearly with time and with concentration of 125INIP-L3VS (data not shown). The labeled polypeptides could
be immunoprecipitated using a mAb raised against an a
subunit common to the 20S and 26S proteasome, but not with
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an irrelevant antibody, thus establishing that the labeled
polypeptides are part of the proteasome complex.
The identity of the proteasome b subunits modified by the
radiolabeled vinyl sulfone was determined using the mutant
human cell line, T2, in which the MHC region coding for the
two interferon-inducible proteasome b subunits, LMP-2 and
LMP-7, has been deleted (17). We could thus determine that
two of the major species labeled with 125-I-NIP-L3VS were
LMP-2 and LMP-7 by comparison with the wild-type cell line
T1 (Fig. 5C). The most intensely labeled, basic polypeptide
corresponding to the subunit X was present in similar quantities in both cell lines, as were the two minor species of higher
molecular weight. The more acidic polypeptide was absent in
the labeling of T2 cells. Based on the known pI values of the
b subunits (1), the latter spot was identified as LMP-2.
Similarly, a polypeptide of a molecular weight identical to X
but with a slightly more acidic pI was present in the T1 cells and
absent from T2 cells, identifying it as the LMP-7 subunit of the
proteasome. These assignments were confirmed by comparison of mouse LMP-2 and LMP-7 obtained from different H2
haplotypes, where these subunits can be resolved based on
differences in their molecular weight and isoelectric point (18)
(data not shown).
Upon longer exposure of autoradiograms from the labeled
cell extracts, three less intensely labeled polypeptides of 26, 28,
and 29 kDa were visible (Fig. 5B). Two of these species were
coimmunoprecipitated with the predominant 23-kDa band
when using a proteasome-specific antibody (Fig. 5B). The
third, minor species is a nonproteasomal protease modified to
some extent by the peptide vinyl sulfones (see below). Analysis
by two-dimensional gel electrophoresis (Fig. 5B) shows that
the predominantly labeled, 23 kDa band is composed of three
polypeptides of different isoelectric points, while the higher
molecular weight species each represent individual subunits.
All Three Classes of Proteasome Inhibitors Compete for
Binding with 125I-NIP-L3VS. To address the specificity of the
radiolabeled inhibitor for the proteasome, competition experiments were performed on intact mammalian cells (Fig. 6A).
The peptide aldehyde Z-L3H blocks covalent binding of the
labeled inhibitor to all b subunits at a concentration of 10 mM.
The compounds NIP-L3VS, as well as the structurally related
compound, Z-L3VS, also competitively reduced subunit modification by 125I-NIP-L3VS but were slightly less effective than

FIG. 5. The peptide vinyl sulfones covalently modify multiple b subunits of the proteasome in living cells including the g-interferon-inducible
subunits LMP-2 and LMP-7. (A) US111, HOM-2, and T2 cells (1.5 3 106 cells) were incubated with 125I-NIP-L3VS (1.8 3 104 Bqyml) for 2 hr
at 37°C, washed several times, and lysed. Total cell extracts were resolved on a 12.5% polyacrylamide gel and visualized by autoradiography.
Immunoprecipitations were performed on lysates from 125I-NIP-L3VS-labeled HOM-2 cells using mAbs recognizing MHC class I molecules
(W6-32) or a proteasomal a subunit (a prot.) (B) HOM-2 cells were incubated with 125I-NIP-L3VS, lysed, and analyzed by autoradiography (Direct
Load) or proteasomes were immunoprecipitated (I.P. Proteasome) as in A. Note the absence of a single labeled polypeptide (26 kDa) in the
proteasome immunoprecipitation. A total cell lysate from 125I-NIP-L3VS labeled HOM-2 cells was also separated by two-dimensional
nonequilibrium pH gradient gel electrophoresisyPAGE (11% polyacrylamide gel) and visualized by autoradiography. (C) T1 and T2 cells (1.5 3
106 cells) were incubated with 125I-NIP-L3VS (1.8 3 104 Bqyml) for 2 hr at 37°C, lysed, resolved by two-dimensional nonequilibrium pH gradient
gel electrophoresisyPAGE, and analyzed by autoradiography. Note the presence of labeled LMP-2 and LMP-7 in lysates from T1 cells only.

Biochemistry: Bogyo et al.

Proc. Natl. Acad. Sci. USA 94 (1997)

6633

FIG. 6.

The peptide vinyl sulfones, the peptide aldehyde, and lactacystin compete for binding to all proteasome subunits modified by
(A) HOM-2 cells were incubated simultaneously with 125I-NIP-L3VS (1.8 3 104 Bqyml) and with increasing concentrations of
NIP-L3VS, Z-L3VS, lactacystin, or with 500 mM of the control peptides Z-L3OH, Z-L3NH2, or (D)Z-L3VS for 2 hr at 37°C. Note the 26-kDa
polypeptide shown in Fig. 5B remains resistant to competition by lactacystin (see 4). (B) HOM-2 cells were labeled with 125I-NIP-L3VS as described
or with the cysteine protease inhibitor Cbz-125I-Tyr-Ala-CN2 for 2 hr at 37°C. Lysates were separated on a 12.5% polyacrylamide gel and analyzed
by autoradiography. (C) HOM-2 cells were incubated simultaneously with Cbz-125I-Try-Ala-CN2 and increasing concentrations of Z-L3H,
NIP-L3VS, and lactacystin as indicated for 2 hr at 37°C. Lysates were resolved on a 12.5% polyacrylamide gel and analyzed by autoradiography.
125I-NIP-L

3VS.

the aldehyde Z-L3H and lactacystin. The tripeptide vinyl
sulfone in which the COOH-terminal leucine is replaced with
the D-isomer [(D)Z-L3VS] did not compete for binding even
at 500 mM.
Of the species modified by the radiolabeled vinyl sulfone,
only one rather minor polypeptide (seen only in mammalian
cells) was resistant to competition by lactacystin (Fig. 6A, 4).
Because peptide aldehydes such as Z-L3H are known to inhibit
other classes of proteases (1, 11), while lactacystin does not, we
presumed this minor polypeptide to be a nonproteasomal
protease.
To identify the lactacystin-resistant, 26-kDa species, cells
were labeled with the cysteine protease-selective probe, Cbz125I-Tyr-Ala-N (Fig. 6B). This modified dipeptide covalently
2

FIG. 7. The peptide vinyl sulfones block proteasome function in
vivo. US111 cells were preincubated in methionine-free medium
without (2) or with the indicated concentrations of Z-L3H, Z-L3VS,
NIP-L3VS, or lactacystin for 1 hr. Cells were pulse labeled for 10 min
and chased for 20 min. Class I molecules were immunoprecipitated
with rabbit anti-heavy chain serum, resolved on a 12.5% polyacrylamide gel, and analyzed by fluorography. Note the presence of a class
I heavy chain band devoid of carbohydrates, which migrates faster than
the glycosylated species, and accumulates in the presence of an active
proteasome inhibitor. ZL3OH, peptide alcohol.

modifies cysteine proteases of the cathepsin family, predominantly cathepsins B and S (19). Comigration of the weakly
labeled 26-kDa species with the polypeptide identified as the
lysosomal protease cathepsin S confirmed its identity. We
further examined the ability of all three classes of proteasome
inhibitors to compete with the Cbz-125I-Tyr-Ala-CN2 probe for
binding to cathepsins B and S (Fig. 6C). The peptide aldehyde,
Z-L3H, was able to prevent labeling of both cathepsin S and B
at concentrations as low as 1 mM, while lactacystin showed no
inhibition of labeling of either, at concentrations as high as 100
mM. NIP-L3VS showed only partial inhibition of labeling of
cathepsin S and no inhibition of labeling of cathepsin B even
at the two highest concentrations tested. This result strongly
suggests that Z-L3H could, in principle, block lysosomal proteases involved in antigen presentation.
Peptide Vinyl Sulfones Inactivate the Proteasome In vivo.
The in vivo effects of the peptide vinyl sulfones were compared
with the other two classes of proteasome inhibitors Z-L3H and
lactacystin (Fig. 7). The peptide vinyl sulfones were less toxic
to cells than the peptide aldehyde Z-L3H as assessed by their
inhibitory affects on protein synthesis (data not shown). Proteasomal inhibition was examined using an assay in which a
viral protein promotes destruction of MHC class I heavy chains
in a proteasome-dependent manner (20) (21). The human
cytomegalovirus gene US11 causes the dislocation of free class
I heavy chains from the ER to the cytosol, at which point the
single N-linked glycan is removed and the class I heavy chain
is degraded by the proteasome. Thus, in the presence of US11
and an active proteasome inhibitor, the transient appearance
of a cytosolic, deglycosylated breakdown intermediate results
(20) (21). Z-L3VS caused the characteristic build-up of this
heavy chain intermediate. The peptide vinyl sulfone analog
containing the hapten NIP at the NH2 terminus showed
activity at 2 mM, better than that of lactacystin, Z-L3H and the
related compound, Z-L3VS. The peptide vinyl sulfone in which
the COOH-terminal leucine was replaced with the D-isomer
(DBocL3VS) was inactive in this assay.

DISCUSSION
Inhibitors of the proteasome have been instrumental in deciphering its role in a diverse assortment of cellular processes (9,
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22, 10). We report here a class of inhibitors, the peptide vinyl
sulfones, which inactivate the proteasome by covalent modification of the active site threonine of the catalytic b subunits
of widely different origin. The ability of the peptide vinyl
sulfones to permeate cells and covalently modify proteasome
b subunits also makes them useful active site probes for
studying the function of the proteasome in living cells.
Although originally characterized as mechanism-based inhibitors of cysteine proteases, the peptide vinyl sulfones inhibit
the chymotrypsin-like, trypsin-like, and peptidylglutamyl peptidase activities of the proteasome both in vitro and in vivo. The
activity of the vinyl sulfones against a side chain threonine
hydroxyl nucleophile is surprising considering that these types
of Michael acceptor structures were designed as mechanismbased inhibitors for soft nucleophiles such as cysteine (13). The
peptide vinyl sulfones therefore provide new information
about the reactivity of a threonine residue as an active site
nucleophile. The ability of the vinyl sulfone to covalently
modify a side chain hydroxyl of serine when placed at the NH2
terminus of a proteasomal b subunit, but not when part of the
active site of a serine protease, suggests basic differences in the
way the proteasome and serine proteases utilize a hydroxyl
group as a catalytic nucleophile.
The reactivity of the peptide vinyl sulfones against the
ATP-dependent eubacterial proteasome homolog, HslUy
HslV, provides solid evidence that this multicomponent protease complex uses a catalytic mechanism similar to that of the
proteasome. Moreover, modification required the presence of
the peptidase subunit (HslV), the regulatory ATPase (HslU),
and ATP, all of which are necessary for the cleavage of a
peptide substrate. These findings suggest that the vinyl sulfones inactivate their target via a mechanism resembling that
involved in peptide hydrolysis.
Competition experiments using the radiolabeled peptide
vinyl sulfone was used to assess the activity and specificity of
three different classes of proteasome inhibitors. The inability
of the tripeptide vinyl sulfone containing a D-leucine in the P1
position to inhibit labeling of any of the b subunits labeled by
125I-NIP-L VS indicated the proteasome’s stereochemical se3
lectivity at the site of hydrolysis. The labeling of a rather minor
26-kDa polypeptide, identified as cathepsin S, was completely
blocked by Z-L3H but was unaffected by lactacystin at all
concentrations tested. This finding, combined with the competition data obtained for Z-L3H, NIP-L3VS, and lactacystin
using the 125I-Tyr-Ala probe, fits not only the known specificity
of lactacystin for the proteasome but also suggests that the
peptide aldehyde, Z-L3H, should be a potent competitive
inhibitor of lysosomal proteases. Related peptide aldehydes
are known to inhibit lysosomal and Ca21-dependent cysteine
proteases, and such possible effects must be considered in
studies using these agents on intact cells (1, 11).
The finding that lactacystin competes for labeling of all five
b subunits by 125I-NIP-L3VS, is inconsistent with the initial
identification of a single b subunit, X, as the target of the drug
(12). While the predominant species modified by lactacystin is
X, modification of other subunits that require higher concentrations of drug may have escaped detection due to the
relatively low concentration of labeled compound used, as
confirmed in subsequent work (23). We conclude that 125INIP-L3VS labels at least five distinct b subunits, all of which
are also targets for lactacystin. Thus, the peptide vinyl sulfones
can be used to provide detailed information on proteasomal
inhibition by other classes of compounds. Their ease of syn-
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thesis and ability to covalently inactivate proteasomal b subunits in intact cells makes peptide vinyl sulfones useful tools for
the study of proteasome function.
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