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Proteasomes play an important role in protein turnover
in living cells. The inhibition of proteasomes affects cell
cycle processes and induces apoptosis. Thus, 20 S protea-
somal inhibitors are potential tools for the modulation of
neoplastic growth. Based on MG132, a potent but nonspe-
cific 20 S proteasome inhibitor, we designed and synthe-
sized 22 compounds and evaluated them for the inhibition
of proteasomes. The majority of the synthesized com-
pounds reduced the hydrolysis of LLVY-7-aminomethyl-
coumarin peptide substrate in cell lysates, some of them
drastically. Several compounds displayed inhibitory ef-
fects when tested in vitro on isolated 20 S proteasomes,
with lowest IC;, values of 58 nm (chymotrypsin-like activ-
ity), 53 nm (trypsin-like activity), and 100 nm (caspase-like
activity). Compounds 16, 21, 22, and 28 affected the chy-
motrypsin-like activity of the B5 subunit exclusively,
whereas compounds 7 and 8 inhibited the B2 trypsin-like
active site selectively. Compounds 13 and 15 inhibited all
three proteolytic activities. Compound 15 was shown to
interact with the active site by x-ray crystallography. The
potential of these novel inhibitors was assessed by cellu-
lar tolerance and biological response. HeLa cells tolerated
up to 1 um concentrations of all substances. Intracellular
reduction of proteasomal activity and accumulation of
polyubiquitinated proteins were observed for compounds
7,13, 15, 22, 25, 26, 27, and 28 on HeLa cells. Four of these
compounds (7, 15, 26, and 28) induced apoptosis in HeLa
cells and thus are considered as promising leads for anti-
tumor drug development.

The balance of protein synthesis and degradation processes
is essential to maintain cellular homeostasis. Cells possess two
major pathways to fulfill protein degradation: proteins are
digested either by proteolytic enzymes within the lysosomes or
via the ubiquitin-proteasome system. The imbalance of the
protein synthesis and degradation processes causes many
pathological processes (1).
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26 S proteasomes, multi-subunit protease complexes, per-
form ATP-dependent degradation of polyubiquitinated proteins
and are responsible for most of the non-lysosomal proteolysis in
eukaryotic cells. They consist of the proteolytic 20 S protea-
some core particle and are capped at one or both ends by 19 S
regulatory particles (2, 3). The 20 S core particle is a cylindrical
assembly of 28 subunits arranged in four stacked heptameric
rings; two rings are formed by 7 a-type subunits, and two rings
are build of 7 B-type subunits (4, 5). The two inner B-rings form
the central cavity of the cylinder and harbor the proteolytic
sites. In contrast to prokaryotic 20 S proteasomes, which con-
tain 14 identical proteolytically active B-type subunits, eukary-
otic 20 S proteasomes belong to the family of N-terminal nu-
cleophilic hydrolases (6, 7). They possess only three subunits
with N-terminal active site threonines in the B-ring. In addi-
tion, the stimulation of mammalian cells by y-interferon causes
the replacement of the three active B-subunits g1, B2, and B85
by their immunohomologues B1i, 82i, and B5i, resulting in the
formation of immunoproteasomes, which display modified
cleavage patterns of substrate peptides. The functional integ-
rity of proteasomes is indispensable for a variety of cellular
functions, such as metabolic adaptation, cell differentiation,
cell cycle control, stress response, degradation of abnormal
proteins, and generation of epitopes presented by major histo-
compatibility complex class I receptors (for reviews, see Refs. 8
and 9). However, proteasomes are an important supplier (but
not the exclusive supplier) of antigenic peptides (10, 11).

The deregulation of the ubiquitin-proteasome protein degra-
dation pathway in humans causes several diseases, such as
cancer and neurodegenerative, autoimmune, and metabolic
disorders. Inhibition of proteasomes influences the stability of
many proteins, especially those that are involved in the cell
cycle regulation. In fact, most of the cells treated with protea-
somal inhibitors become sensitive to apoptosis (12, 13). Thus,
selective inhibitors of catalytic proteasome subunits are attrac-
tive targets for drug development (14). Interestingly, tumor
cells are usually more sensitive to proteasomal inhibition than
normal cells. Healthy cells display cell cycle arrest when
treated with proteasomal inhibitors but, in contrast to tumor
cells, are not as susceptible to apoptosis (15, 16). So far, several
proteasomal inhibitors have been characterized, both selective
(4, lactacystin; 5, TMC-95A; and 6, epoxomicin) and nonspecific
(1, dichlorovinyl ester; 3, MG132) (Fig. 14) (17).

The most prominent proteasomal inhibitor 2 (Bortezomib®,
VELCADE™) is approved by the United States Food and Drug
Administration as a prescription drug for the treatment of
multiple myeloma (18-20). Similar applications of proteasomal

This paper is available on line at http://www.jbc.org

102 ‘2T Bquwsssq uo NODIHO 40 A LISHIAINN ® /B10°0q[ mmm//:dny wouy papeojumoq


http://www.jbc.org/

Tripeptide Mimetics Inhibit the 20 S Proteasome

A
O
HoN
2 o]
“
Cl
1
""OH
(0]
>\vm
HO NH
O
4 Lactacystin 5 TMC95A
B

O
JKH,PZ
p1 o]
) e
ot
E NH,
O N 4

P1

0 HQN
o -
h Eg

@]

28395

6 Epoxomicin

1

o\o
e fow

i} [\

Fic. 1. A, serine and threonine protease inhibitors. B, hydrolysis by threonine proteases.

inhibitors in oncology and neurodegenerative diseases are at
the focus of our interest (21). We intend to develop selective
inhibitors for the three different proteolytic activities of the
20 S proteasome. Our goals may be achieved by creating com-
pounds or reactive moieties, which bind covalently to the
N-terminal threonine.

The proteasomal amide hydrolysis differs from all other
classes of proteases and is performed by N-terminal threonines,
as depicted in Fig. 1B. The crystal structure analysis of the 20 S
proteasome revealed that the Thr-10vy functions as the nucleo-
phile and that the N-terminal amino group serves as an acyl
carrier (6). Covalent inhibitors can bind to the active site
through the Thr-10vy hydroxyl group or both the free N termi-
nus and Thr-10vy (for review, see Ref. 17).

Effective in vivo inhibitors of the 20 S proteasome require
high selectivity and good penetration of the cellular mem-
branes. We decided to address the selectivity problems of 3
(MG132) first. A focused set of peptide analogue aldehydes
13-18 aimed at the proteolytic activity of 85 subunit was syn-
thesized and tested for inhibition of the 20 S proteasome and
B-secretase (22, 23). These results encouraged us to address the
design of irreversible and selective proteasome inhibitors. We
concentrated on the nonspecific serine protease inhibitor 1 and
introduced modifications to improve its selective inhibition of
the chymotrypsin-like activity of the 20 S proteasome.

MATERIALS AND METHODS

Isolation of 20 S Proteasomes—20 S proteasomes were isolated from
red blood cells. Cells were lysed with dithiothreitol (1 mm), and the
stroma-free supernatant was applied to DEAE-Sepharose (Toyopearls).
20 S proteasome was eluted with a NaCl gradient in TEAD (20 mm
Tris-HCI, pH 7.4, 1 mm EDTA, 1 mM azide, and 1 mM dithiothreitol)
from 100 to 350 mM NaCl. 20 S proteasome was concentrated by am-
monium sulfate precipitation (between 40 and 70% of saturation) and
separated in a 10—-40% sucrose gradient by centrifugation at 40,000
rpm for 16 h (SW40; L7; Beckman & Coulter). Finally, 20 S proteasome
was purified on MonoQ column and eluted with a NaCl gradient at 280

mM NaCl. The fractions containing purified 20 S proteasome were
dialyzed against 50 mM NaCl in TEAD and stored on ice. The purity was
determined by SDS-PAGE.

Protease Assays—Suc-LLVY-AMC,' Z-VGR-AMC, and LLE-AMC
(Bachem, Calbiochem) were used to estimate chymotrypsin-like, tryp-
sin-like, and caspase-like (post-acidic) activities of the 20 S proteasome,
respectively. Substrates were incubated with 20 S proteasome at 37 °C
in assay buffer (20 mm Tris-HCI, pH 7.2, 1 mm EDTA, and 1 mMm
dithiothreitol) for 1 h. 100 ng of 20 S proteasome was preincubated with
0.01-10 pm of the inhibitors for 15 min. The reaction was started by
addition of substrate (50 uM). The released AMC was detected by
fluorescence emission at 460 nm (excitation at 390 nm) using a TECAN
fluorometer. Activity was estimated in fluorescence units, and the in-
hibition is represented by IC;, values.

Cell Culture—HeLa cells and MeWo cells (human melanoma) were
cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal
calf serum and penicillin/streptomycin at 5% CO,. Inhibitors were
applied from 100X stocks (in Me,SO) at the indicated final concentra-
tions and incubated for variable times.

Sensitivity of Cells against Added Compounds—The viability of
HeLa cells was tested by crystal violet staining after incubation with
inhibitors. The cells were washed once with PBS, fixed with 1% of
glutardialdehyde for 30 min, and washed again. Finally, the fixed cells
were stained with 0.1% crystal violet in PBS for 30 min and subse-
quently washed carefully with water to remove unbound dye. The
remaining dye was eluted by 0.1% Triton X-100 in PBS and determined
at 550 nm.

Inhibition of 20 S Proteasomes within Cells—Cells were harvested
and lysed with 0.1% Nonidet P-40 in TEAD in the presence of the
commercial protease inhibitor mixture Complete (Roche Applied Sci-
ence). The proteasomal activity was measured in 10 ul of lysates by
using Suc-LLVY-AMC as a substrate. The protein content was quanti-
fied by Bradford (Protein assay; Bio-Rad).

Detection of Accumulated Polyubiquitinated Proteins—50 ug of total
cell lysate was separated by SDS-PAGE and blotted onto polyvinylidene
difluoride membrane (Millipore). Blots were blocked by 5% of milk
suspension. The polyubiquitinated proteins were detected by anti-ubig-

! The abbreviations used are: AMC, 7-aminomethylcoumarin; Z, ben-
zyloxycarbonyl; PBS, phosphate-buffered saline.

102 ‘2T Bquwsssq uo NODIHO 40 A LISHIAINN ® /B10°0q[ mmm//:dny wouy papeojumoq


http://www.jbc.org/

28396

OH
R1—Leu—Asp(OR2)—H

7 BSc2114: R' = Boc, R> = Bu

8 BSc2117:R'=2, R?=Bu

9 BSc2207: R' = Ac, RZ=fBu
10 BSc2195: R' = Ac, RZ=Bn
11 BSc2196: R' = Z, R2 = Bn
12 BSc2194: R' = Boc, R? = Bn

Tripeptide Mimetics Inhibit the 20 S Proteasome

o
R1—Leu—Asp(0R2)—” =

13 BSc2115: R' = Boc, R2 = tBu
14 BSc2128: R'=H,R>=H
15BSc2118:R'=Z, R2=tBu
16 BSc2129:R'=2Z, R2=H

17 BSc2208: R! = Ac, R = Bn
18 BSc2197:R' = Z, R2 = Bn

Cl Cl P
o] 0.~ =
Z—Leu—Leu—N ﬁ% Z—Leu—Leu—” ﬁ) Z—Leu—Leu—N
H ci ci H on
19 BSc2158 20 BSc2166 21 BSc2167
e} [e]
.R R
Z—Leu—Leu—N Cl Z—Leu—Leu—N N Z—Leu—Leu—” m
H (o] H OH H o]
22 BSc2160 23 BSc2159: R =Bn 26 BSc2187: R=Bn

24 BSc2185: R = 3-Picolyl
25BSc2186: R = Ph

27 BSc2188: R = 3-Picoly!
28 BSc2189: R = Ph

Fic. 2. Peptidomimetics designed for 20 S proteasome inhibition.

uitin antibody (DAKO) and anti-rabbit peroxidase-labeled as secondary
antibody (DIANOVA) and then visualized by ECL.

Analysis of Cell Cycle—MeWo cells were treated with inhibitor 15
and MG132 for 24 h. Cells were trypsinized, washed with cold PBS,
suspended in 70% ethanol, and fixed at —20 °C for 2 h. Fixed cells were
washed twice with PBS, incubated with RNase A (Sigma) at room
temperature for 20 min, and placed on ice. Propidium iodide was added
to a final concentration of 5 ug/ml, and cells were stained at least for 2 h
at 4 °C. The cells were analyzed after staining by flow cytometry (FAC-
SCalibur flow cytometer; BD Biosciences) using CellQuest software.
Statistical significance was determined by the x* test.

Apoptosis Assay—HeLa cells (10,000 cells/well) were disseminated in
a 96-well plate and treated with 1 uM of inhibitors for 20 h. The ongoing
apoptosis was estimated by the Apo-One® assay (Promega).

Co-crystallization—Crystals of 20 S proteasome from Saccharomyces
cerevisiae were grown in hanging drops at 24 °C as described previously
(6) and incubated for 60 min with compound 15. The protein concentration
used for crystallization was 40 mg/ml in Tris-HCI1 (10 mm, pH 7.5) and
EDTA (1 mm). The drops contained 3 ul of protein and 2 ul of the reservoir
solution, which contained 30 mM magnesium acetate, 100 mM morpholi-
noethanesulfonic acid, pH 7.2, and 10% 2-methylpentane-2,4-diol.

The space group belongs to P2; with cell dimensions of ¢ = 135.8 A,
b=2300.1A,c=1444 A, and B = 113.1°. Data to 2.8 A were collected
using synchrotron radiation with A = 1.05 A on the BW6-beamline at
DESY (Hamburg, Germany). Crystals were soaked in a cryoprotecting
buffer (30% 2-methylpentane-2,4-diol, 20 mM magnesium acetate, 100
mM morpholinoethanesulfonic acid, pH 6.9) and frozen in a stream of
liquid nitrogen gas at 90 K (Oxford Cryo Systems). X-ray intensities
were evaluated by using the MOSFILM program package (version 6.1),
and data reduction was performed with CCP4 (24). The anisotropy of
diffraction was corrected by an overall anisotropic temperature factor
by comparing observed and calculated structure amplitudes using the
program X-PLOR (25). A total of 2,383,416 reflections yielding
248,616 unique reflections (96.9% completeness) was collected. The
corresponding R, was 8.7% at 2.8 A resolution (41.9% for the last
resolution shell). Electron density was improved by averaging and
back-transforming the reflections 10 times over the 2-fold noncrys-
tallographic symmetry axis using the program package MAIN (26).
Conventional crystallographic rigid body, positional, and tempera-
ture factor refinements were carried out with X-PLOR using the yeast
20 S proteasome structure as starting model (6). For model building,
the program MAIN was used. The structure was refined to a R-factor
of 21.7% (free R-factor, 24.9%) with root mean square deviations from
target values of 0.007 A for bonds and 1.30° for angles (27). Modeling
experiments were performed using the coordinates of yeast 20 S
proteasome with the program MAIN (26).

preincubation
with Complete

total hydrolytic activity

100 50 0 50 100

activity remaining (in %)

Fic. 3. Estimation of proteolysis in cell lysates by addition of
MG132 and 7-28. Compounds (10 um) were added to clarified lysates
and preincubated for 30 min on ice prior to the proteolysis assay (black
bars). In parallel, lysate was preincubated with the commercial prote-
ase inhibitor mixture Complete for 30 min, which inhibited most of the
cytosolic serine/aspartate proteases, but not proteasomes (white bars).
This partial inactivation was followed by incubation with the indicated
compounds. The proteolytic activity was determined in 10 ul of the
lysates by addition of LLVY-AMC (100 ul, 50 um) in TEAD. The AMC
released by non-inhibited lysate was set to 100%. MG132 was used as
inhibition control.

Synthesis—Compounds 7-18 were synthesized as analogues of 3
(MG132) based on the established substrate preferences of B-secretase
(23) by standard methodology or as published previously (28). The
condensation of commercial protected dipeptides and amino acids with
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TABLE 1
Calculated ICy, values for compounds 7-28.
1C,, values were calculated from inhibition of proteasomes at increasing amounts of inhibitors. Samples were preincubated for 15 min in ice. The
assay was started by addition of 50 uM fluorogenic peptide substrate. LLVY-AMC and GLL-AMC for chymotryptic-like, VGR-AMC for tryptic-like,
and LLE-AMC for caspase-like activity. The release of AMC was determined at 460 nm emission (excitation, 390 nm). Calculated IC;, values for

MG132 served as controls.

Inhibitor Access no. 15
B5 Chymotrypsin-like (Y) B5 Ch-I (L) B2 Trypsin-like (R) B1 Caspase-like (E)
[ M M [

7 BSc2114 >10 - 0.053 >10

8 BSc2117 >10 - 5.481 >10

9 BSc2207 >10 - - -
10 BSc2195 >10 - - -
11 BSc2196 >10 - - -
12 BSc2194 >10 - - -
13 BSc2115 0.382 0.102 0.495 0.098
14 BSc2128 >10 >10 >10 >10
15 BSc2118 0.058 0.031 0.155 1.791
16 BSc2129 7.26 - >10 >10
17 BSc2208 - - - -
18 BSc2197 1.731 - - 3.122
19 BSc2158 - - - -
20 BSc2166 >10 >10 >10
21 BSc2167 1.303 >10 - -
22 BSc2160 2.196 - - -
23 BSc2159 - - - -
24 BSc2185 - - - -
25 BSc2186 0.981 - 4.04
26 BSc2187 0.441 - 1.72
27 BSc2188 0.350 - 7.966
28 BSc2189 0.072 — >10

3 MG132 0.0242 2.240 9.215 2.288

“ —, no inhibition.

commercial amino alcohols was followed by oxidation to the aldehydes
by 2-iodooxybenzoic acid in Me,SO.

RESULTS

The intermediate alcohol derivatives 7-12 and the tripep-
tidic aldehydes 13-18 were investigated for enzyme inhibition.
Inhibition of B-secretase was rather poor (IC;, >> 200 um),? but
several compounds turned out to be potent inhibitors of the 20
S proteasome. Peptide aldehydes generally lack selectivity in
enzyme inhibition. Therefore, other moieties were tested for
their ability to inhibit threonine proteases. The nonselective
dichlorovinyl ester 1, which reacts readily with all sorts of
nucleophiles such as cysteine, serine, and, eventually, threo-
nine, served as our lead, but we intended to reduce the inherent
overactivation. The removal of the acyl group may reduce the
nonspecific hydrolysis by ubiquitous nucleophiles and results
in reasonably stable dichlorovinyl ethers (28). Such ethers (19
and 20) tolerate acidic environment but hydrolyze readily at
pH 11 to be converted into a-chloroacetates, which in turn may
react with nucleophiles. This dual reactivity, which is delivered
in a cascade reaction, meets the specific requirements of an
N-terminal threonine protease inhibitor. An analogue dual re-
activity may be observed for propargylic ketones. A similar
compound was synthesized, but unfortunately, the alcohol 21
resisted oxidation to the desired ketone. Therefore, we focused
on transition state mimetics as inhibitors. Lead structures,
such as statines (34), a-ketoamides, and chloromethyl ketones,
are well established in protease inhibition. Combination of
these structures with a B5 selective tripeptide furnished the
compounds 22-28 (Fig. 2). Compound 22 was prepared from
commercial Z-LL and chloromethyl leucine. Compounds 23-25
were obtained by a Passerini reaction of MG132 with three
isonitriles. The subsequent oxidation by 2-iodooxybenzoic acid
in Me,SO furnished the a-ketoamides 26-28.

All peptide mimetics (7-28) were tested for their ability to

2 M. Willem, S. Umbreen, and B. Schmidt, unpublished results.

inhibit the 20 S proteasome. Initially, we investigated the
inhibition of cellular soluble proteases. 10 um solutions of com-
pounds 7-28 were added to the cytosolic fraction of HeLa cells
and incubated for 30 min on ice. Subsequently, the proteolytic
process was monitored by addition of the peptidic substrate
Suc-LLVY-AMC. In parallel, the cytosolic fraction was treated
with the broad specific protease inhibitor mixture Complete
(Roche Applied Science) prior to the addition of substrate. This
inhibitor mixture did not affect 20 S proteasomes. 11 of 22
investigated compounds diminished proteolysis in the cytosolic
fraction as well as in the Complete-pretreated lysate (Fig. 3).
The inhibition rates differed drastically. Some of the com-
pounds displayed no inhibition, whereas five of the analyzed
compounds decreased the hydrolysis of Suc-LLVY-AMC
by >75%.

To ensure that the inhibitory effect observed in the cytosolic
fraction was indeed caused by inhibition of 20 S proteasomes,
the inhibitors were added at different concentrations to iso-
lated 20 S proteasomes. The effect of the inhibitors was com-
pared with that of the frequently employed 20 S proteasome
inhibitor 8 (MG132). The chymotryptic-like (Suc-LLVY-AMC),
tryptic-like (Bz-VGR-AMC), and caspase-like (Z-LLE-AMC) ac-
tivities of 20 S proteasomes were determined after incubation
at 37 °C for 1 h. The strongest inhibitory effects were observed
for chymotryptic-like activity. Six of the tested inhibitors (13,
15, 25, 26, 27, and 28) displayed IC;, values of <1 um. The
inhibition of tryptic-like activity was <1 uM for the inhibitors 7,
13, and 15. Only compounds 7 and 8 showed exclusive inhibi-
tion of tryptic-like activity. The inhibition of caspase-like ac-
tivity was even weaker (Table I). 20 S proteasomes isolated
from HeLa cells contain more constitutive proteasomes than
immunoproteasomes. Therefore, we repeated the inhibition ex-
periments with immunoproteasomes isolated from stably
transfected T2.27 cells. These experiments revealed that im-
munoproteasomes and constitutive proteasomes display simi-
lar sensitivities to the inhibitors (data not shown). 26 S protea-
somes are responsible for ATP-dependent degradation of
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viability of HeLa cells incubated with in- 0
hibitors (1 uM) was determined by crystal
violet staining after 20 h. B, the viability
of HeLa cells is dependent on inhibitor
concentrations. HeLa cells were cultured

coM 7 8 9 10 11 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

compounds

in the presence of increasing concentra-
tions (100 nMm, gray bars; 1 puM, white dot-
ted bars; 10 uM, white bars) of inhibitors
for 20 h. Control cells are indicated by
black bars. Cell survival was determined
by crystal violet staining.

viability (in %)

polyubiquitin-tagged proteins within living cells. They exhib-
ited a similar susceptibility to the most potent inhibitor (15)
in vitro (data not shown).

Protease inhibitors are often very toxic for organisms or
single cells (1). Therefore, selected inhibitors were tested on
cell cultures for cell lysis or cell death. The viability of HeLa
cells in the presence of different compounds was tested in 24-h
cultures. HeLa cells tolerated 1 uM concentrations of inhibitory
and non-inhibitory substances (Fig. 4A). The relative survival
rate of the cells was clearly diminished at concentrations of 10
uM. This effect was pronounced for the most potent inhibitors
from the in vitro experiments (15, 28, and 27) (Fig. 4B).

The impact of inhibitors on living cells and organisms cru-
cially depends on adequate cell permeability. Therefore, we
analyzed the proteasome function within cells at different in-
hibitor concentrations. The application to cell cultures or ani-
mals required the concentrations of the inhibitors to be as low
as possible. The specific proteasome activity was reduced below
50% (Fig. 5A) in cells treated with 1 um solutions of 15, 22, 25,
26, and 28. Compounds 7, 13, and 27 exhibited weaker effects
on the specific activity, whereas compounds 18 and 21 hardly
inhibited the cellular proteasome at all. Remarkably, inhibitors
15, 22, and 28 reduced the proteolytic activity already at a
concentration of 100 nm (Fig. 5A). Specific inhibition of protea-
somes results in the accumulation of polyubiquitinated pro-
teins. Indeed, the amounts of polyubiquitinated proteins in-
creased during incubation with the inhibitors. First effects
were observed after 2 h for the potent compound 15 (Fig. 5B)
and for compounds 20, 22, 25, and 28 (data not shown). The
accumulation of polyubiquitinated proteins via proteasome in-
hibition depended strongly on the applied concentrations (Fig.
5C). Thus, several of these new inhibitors are able to permeate
cells and affect the activity of proteasomes. The consequences
of proteasome inhibition for distinct cellular functions are sub-
ject to ongoing investigations.

The particular sensitivity of tumor cells to proteasome inhib-
itors (1) was evaluated in the melanoma cell line MeWo at
different concentrations of compound 15 for 72 h. The viability
was compared with MeWo cells treated with MG132 under the
same conditions (Fig. 64). 50% of the MeWo cells treated with
35 nMm MG132 were still alive after 72 h. Very few cells survived
the treatment with inhibitor 15, which demonstrated its po-
tency. Proteasome inhibitors can induce a cell cycle arrest in
the G,/S or G, phase, therefore the cell cycle progress was
analyzed after 24-h inhibitor treatment of MeWo cells (Fig. 6, B
and C). Compound 15 led to a cell cycle arrest in the G, phase,
like MG132, albeit at considerably lower concentrations.

Proteasomes determine the delicate balance of life and death
of the cells by controlling transcription factors and proteins
involved in apoptosis. The reduction of proteasomal capacity
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Fic. 5. Inhibition of proteasomes within cells. The proteasome
activity and intracellular accumulation of polyubiquitinated proteins in
cells co-cultured with inhibitors were tested in lysed cells. A, HeLa cells
were cultured in the presence of inhibitors for 24 h. After lysis of cells,
the protein concentration was measured according to Bradford to nor-
malize the different cell amounts. Thereafter, Complete (Roche Applied
Science) was added to all lysates, and the proteasomal activity was
determined by hydrolysis of Suc-LLVY-AMC. Lysates of HeLa cells
cultured without inhibitors served as control (black bars) and were
compared with cell lysates cultivated at 100 nm (gray bars) and 1 um
(white bars). B, HeLa cells were cultured with 1 um compound 15 for 2,
4, 6, and 24 h. Cells were lysed, and proteins were separated by
SDS-PAGE in a 10% gel, blotted onto a polyvinylidene difluoride mem-
brane, and detected in Western blot by an anti-ubiquitin antibody
(DAKO). C, HeLa cells were treated with increasing concentrations of
the inhibitors 15, 25, 26, 27, and 28 for 24 h (c, inhibitor concentration).
Cells were lysed, proteins were separated in 15% gels, and the accumu-
lation of polyubiquitinated proteins was controlled by Western blots.
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Fic. 6. Higher susceptibility of hu- >
man melanoma cells to inhibitor 15. ES 100
A, human melanoma cells (MeWo) were g E 80
treated with increasing concentrations of oo 60
inhibitor 15 or 3 (MG132) for 72 h. The B ; 40

viability of the cells after treatment with 8=

15 (gray diamonds) or MG132 (white
squares) was estimated by crystal violet
staining. Statistical significance (aster-
isks) was calculated by Student’s ¢ test.
B and C, investigation of cell cycle arrest.
MeWo Cells were cultured with inhibitors
15 and 3 (MG132) for 24 h. The harvested
cells were washed and fixed in 70% etha-
nol. Subsequently, the cells were incu-
bated with RNase A. DNA was stained by
addition of propidium iodide to a final
concentration of 5 pg/ml. DNA was ana- 100

w

ing (FACSCalibur flow cytometer; BD
Biosciences). Statistical significance was
calculated by the y? test. The relative dis-
tribution of cells that resided in G, (black
bar), S (white bar), or G, phase (checkered
bar) is shown for inhibitor 15 in B and for
MG132in C.
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may result in the initiation of apoptosis, as reported for the
proteasome inhibitor MG132 (29). Therefore, HeLa cells co-
cultured with 1 uMm solutions of the inhibitors 7, 8, 11, 13-16,
18, 20-23, and 25-28 for 24 h were monitored for the induction
of apoptosis by measuring caspase 3/7 activity. Most of the
tested inhibitors did not affect cell viability. In contrast, appli-
cation of the inhibitors 7, 15, 26, and 28 caused an activation of
caspase 3/7, signaling apoptotic events (Fig. 7).

We determined the crystal structure of the yeast 20 S pro-
teasome in complex with inhibitor 15 to reveal the inhibition
mechanism of the most potent inhibitor, 15. This compound
binds in a similar orientation to the active site threonine as
observed for calpain inhibitor I (6). Defined electron density
was found in all active sites, indicating that compound 15 lacks
subunit specificity at the high concentrations employed (10
muM). The functional aldehyde of the inhibitor forms a covalent
hemiacetal bond to the Thr-10y. The peptide backbone of 15
adopts a B-conformation and fills the gap between B-strands
and generates an anti-parallel B-sheet structure (Fig. 8). The
leucine side chain projects into the S1 pocket, whereas the P2
side chain at P2 is not in contact with the protein. The leucine
side chain at P3 closely interacts with the amino acids of the
adjacent B-subunit. In general, both S1 and S3 specificity pock-
ets play a prominent role in inhibitor binding as observed in the
crystal structures of the 20 S proteasome in complex with
lactacystin (6) and vinylsulfone (30). The neutral character of
Met-45 in subunit 5 has a dominant role for the specificity of
this subunit. The crystallographic data (Fig. 8) reveal that the
P1-Leu side chain of 15 causes a structural rearrangement of
Met-45. In contrast to the crystal structure of the 20 S pro-
teasome in complex with lactacystin, Met-45 is rearranged by
3 A, avoiding a clash with the leucine side chain in P1 of 15,
thereby making the S1 pocket more spacious. Remarkably,
the hydrophobic interactions between the Leu residue of the
inhibitor and Met-45 are only weak, thus reducing the mean
residence time of the compound at the active center. The
specificity defining pockets of subunits 1 and B2 have posi-
tive and negative charges, respectively, which destabilize the
protein-ligand interactions. However, the inherent reactivity
of the aldehyde in compound 15 causes binding to all proteo-
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Iytically active sites. These observations indicate that the
functional group of this inhibitor plays the dominant role in
binding.

DISCUSSION

Proteasomes are involved in a number of different cellular
processes. They are important for control of the cell cycle and
protect cells from apoptosis by maintaining the balance of
anti-apoptotic and pro-apoptotic proteins (9, 31, 32). The inter-
est in potent and specific inhibitors that may be used as poten-
tial drugs against cancer or neoplastic growth is very high.
Here we report the synthesis of inhibitors based on the protea-
somal peptide inhibitor MG132, which is a potent yet nonspe-
cific inhibitor. We assumed that side chain modifications of the
tripeptide might offer higher potency, selectivity, and site-
specific inhibition of the 20 S proteasome. This assumption is
based on a couple of known and potent peptidic inhibitors (16,
17, 33, 35).

All novel compounds were tested for their inhibitory capacity
in cell lysates. Therefore, serine proteases, cysteine proteases,
and metalloproteases were blocked by the protease inhibitor
mixture Complete (Roche Applied Science) during the assay
with the synthesized mimetics. The proteolysis of the hydro-
phobic Suc-LLVY-AMC substrate was diminished by 11 of the
investigated compounds in two assays. The specific inhibition
of a single catalytic site is of special interest for drug develop-
ment; therefore, we analyzed the inhibition of the different
proteasomal activities. The different cleavage preferences of
proteasomes were determined by specific substrates for the
hydrophobic (chymotrypsin-like), trypsin-like, and post-acidic
(caspase-like) activities on isolated proteasomes. 12 of 22 de-
rivatives inhibited proteasomal activities with IC;, values be-
low 10 pum. The peptidic aldehydes 13 and 15 inhibited all
proteasomal hydrolytic activities, whereas four compounds (18,
24, 25, and 26) inhibited the chymotryptic and caspase-like
sites. However, the purpose of this investigation was the iden-
tification of fully selective inhibitors of proteasomal activity.
The tripeptidic alcohol 7 (and with lower potency, 8) specifi-
cally reduced the trypsin-like activity, and compounds 16, 21,
22, and 28 resulted in an exclusive reduction of chymotryptic
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Fic. 7. Proteasomal inhibition by 7,
15, 26, and 28 resulted in induction of
apoptosis. HeLa cells treated with 1 um
of the indicated inhibitors for 20 h were
incubated with caspase substrates (Apo-
One®; Promega) for 2 h. The activation of
caspase 3/7 was measured at 538 nm (ex-
citation, 485 nm). Treatment of cells with
tumor necrosis factor a (TNF) or MG132
(M) served as positive controls; controls
without treatment are indicated as co.

relative activity
(il“l fluorescence units)
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*) two different experiments
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inhibitors

FiG. 8. Stereoview of a 30 A sector of
the crystal structures of the (top
panrel) B1, (middle panel) 2, and (bot-
tom panel) B5 active sites of the yeast
20 S proteasome in complex with the
aldehyde 15. 15 is depicted in yellow and
shown for each subunit with its unbiased
electron density. The active site Thr-1 is
highlighted in black, and the covalent
bond between 15 and Thr-10y is high-
lighted in pink. Residues that are partic-
ularly responsible for the character of the
S1 subsite are drawn in green.
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activity. Notably, the most potent of the new inhibitors feature
IC;4, values below 100 nm (7, 15, and 28). This is in the range of
novel proteasomal inhibitors, which are in clinical trials (33).

Remarkably, the tetrapeptide inhibitor PSI (Z-IE(O*Bu)AL-
CHO) is structurally related to our component 15 (Z-LD(O"
Bu)L-CHO) (36), which is among the strongest inhibitors (IC;,
<60 nMm). Moreover, it exhibited low toxicity and was able to
permeate cellular membranes. The comparison of our inhibi-
tors indicates the major contributions of the ligand side chains
to the specific tight interactions with the various proteolyti-
cally active sites (Fig. 8). Similar observations were made for
the alcohol derivates, with compound 7 being more effective
than the other six compounds. Furthermore, very potent inhib-
itors were identified in the chloromethyl ketone (22) and in
compounds 25-28.

Tumor cells with their accelerated and neoplastic growth are
often more sensitive to proteasomal inhibitors than normal
cells. The clinically approved proteasomal inhibitor Bort-
ezomib® causes growth arrest and apoptosis in the sensitive
tumor cells, whereas “normal” cells tolerate higher inhibitor
concentrations (37). The restriction to myeloma tumors may be
overcome by more specific inhibitors, such as PSI, which blocks
angiogenesis and modulates the growth of solid tumors (36).
The differences in cellular features and the predictable resist-
ance mechanisms require continuous development of new pro-
teasomal inhibitors. Efficient cell permeation, stability in
aquatic systems, and potent induction of cellular events are all
mandatory for clinical applications. Therefore, we tested the
permeation ability of our compounds and their in vivo impact
on proteasomes, and we monitored the accumulation of polyu-
biquitinated proteins in cultured cells. A >50% reduction of
cellular proteasome activity was observed for five of the new
inhibitors (15, 22, 25, 26, and 28). The most potent inhibitions
were achieved by compounds 15, 26, and 28, which reduced the
proteasome activity to 10% at a concentration of 1 um. Even 50
nM solutions of compound 15 arrested 70% of the melanoma
cells. Our results indicate potency, membrane permeation, and
sufficient stability throughout the incubation period for the
inhibitors 15, 22, 25, 26, and 28. The cellular proteasomal
activity was clearly reduced and accompanied by strong induc-
tion of apoptosis after 20 h treatment with 1 um of inhibitors
(15, 26, and 28). The prevalent enhanced sensitivity of tumor
cells toward proteasomal inhibition was confirmed for inhibitor
15. Compound 15 exerts its effects at considerably lower con-
centrations than MG132 and exhibits an almost identical in-
hibitory profile as Bortezomib®, which is characterized by a
lower K; value. The low toxicity of our new compounds and the
effective proteasome inhibition encourage us to continue our
evaluation of the lead compounds, 15, 26, and 28.

Acknowledgment—We thank Dr. B. Dahlmann (Charité) for the gift
of 26 S proteasome.
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