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Proteasome inhibition is a promising strategy for treating cancers. Herein, we report the discovery
of novel drug-like inhibitors of mammalian proteasome 20S using a multistep structure-based virtual
ligand screening strategy. Sulfone- or piperazine-containing hits essentially belong to the under-
represented class of noncovalent and nonpeptidic proteasome inhibitors. Several of our compounds
act in the micromolar range and are cytotoxic on human tumoral cell lines. Optimization of these

molecules could lead to better anticancer therapy.

Introduction

The 20S proteasome is a multicatalytic protease playing a
crucial role in cellular protein turnover in eukaryotes. It is
involved in the maintenance of the biological homeostasis and
degradation of key components of the cell machinery. Critical
cellular functions such as transcription, cell-cycle progression,
cell differenciation, antigen processing, and tumor suppres-
sion rely on this molecular system.'? Regulation of the
proteasome activity by specific molecules is of therapeutic
interest, particularly in cancer.>* The peptide boronate bor-
tezomib is a prescription drug against multiple myeloma and
mantle lymphoma diseases that are generally fatal within a
year if not treated.’ However, resistance and adverse effects of
the chemotherapy making use of bortezomib are of continual
concern.® As bortezomib (Figure 1 top left), most available
inhibitors of the proteasome form a covalent bond with the
active site Thr1O” of the S-subunits.” Noncovalent inhibitors
of the proteasome have been less extensively investi-
gated. They include ritonavir,® aminobenzylstatine,” and 3.4,
5-trimethoxy-L-phenylalanine derivatives,'® lipopeptides,'!
macrocyclic'? (Figure 1 bottom left) and linear'® 1 (TMC-
95A)'* derivatives, and fluorinated pseudopeptides.'® These
molecules have the advantage to be devoid of a functional
group usually prone to nucleophilic attack because reactive
warhead groups are often associated to drawbacks such as
lack of specificity, excessive reactivity, and instability. Yet, all
these previously reported inhibitors are peptide derivatives
and it would be very valuable to also develop more “drug-
like” molecules against this enzyme. We present here the
identification and biological evaluation of organic inhibitors
of mammalian 20S proteasome using a virtual ligand screen-
ing approach. The molecules belong to new chemical classes of
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inhibitors acting preferentially with the proteasome through
noncovalent interactions.

Results and Discussion

Designing drug-like inhibitors for the proteasome target is
very challenging'? because the different active sites can
accommodate a large variety of peptide substrates and in-
hibitors (Figure 1). In the present study, we first screened the
CT-L active site using different computational tools. The CT-
L binding pocket is relatively polar with a polarity ratio of 0.30
(e.g., an hydrophobic pocket would have a polarity ratio of
around 0.15) and has an overall volume of about 1500 A
(while the mvestlgated drug-like molecules have a volume of
about 400 A* ). We decided to run several test cases to ensure
that the docking-scoring engines used in this study could
reproduce known experimental structures of the proteasome
cocrystallized with covalent compounds. For instance, we
docked bortezomib with Surflex,'® assuming that prior to
forming a covalent bond with Thrl, the molecule has to bind
to the CT-L site like a noncovalent inhibitor. The best Surflex
pose (best energy among 30 generated binding modes) posi-
tioned the compound in a manner highly similar to the one
observed in crystallographic studies but for the boronic acid
moiety that should form a covalent bond with Thrl (see
Figure 1 in Supporting Information). Yet, this chemical group
is only slightly shifted as compared to the X-ray structures.!”
The Surflex scores were between 8 and 9, which is also
interesting as for many compounds that do not bind to the
CT-L site, the scores were around 3. Clearly, none of the
presently developed scoring functions are fully reliable nor do
they fully correlate with experimental affinity, however, these
initial results were encouraging. We ultimately decided to
carry out a multistep protocol chaining several docking-
scoring engines (FRED, LigandFit, Surflex) and we used
a compound collection (Chembridge) that contained about
300000 molecules after in silico ADME/Tox filtering.
We selected, after docking/scoring and visual inspection,
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Figure 1. Structure of bortezomib (top left) and 1 (bottom left) were positioned into the CT-L pocket by superimposing the appropriate yeast
proteasome X-ray structures onto the bovine proteasome experimental structure. The binding pocket is shown as solid surface with carbon
atoms colored green, N, blue, and O, red. The small molecule color-code is as follow, C, yellow, N, blue, O, red, and B, pink. Bortezomib makes
acovalent bond with Thrl. Pictures to the right represent two likely binding modes for molecule 2b. In pose 1, hydrogen bonds are formed with
Ser157, Argl9, Thrl. A slight structural change would lead to favorable aromatic and hydrophobic interactions between molecule 2b and
Tyr169. Weak hydrophobic interactions are also noticed with Tyr135. In the case of pose 2, hydrogen bonds were found between the compound

and Thr21 and Thrl. Some other residues are labeled for orientation.
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200 molecules for experimental testing against the CT-L
activity of the rabbit 20S proteasome. PA and T-L activities
were also investigated using the appropriate fluorogenic
substrates. The aldehyde proteasome inhibitor MG132'®
(Z-LLL-H) was used as standard.'? Structures and inhibition
efficacies of the most active compounds are summarized in
Chart 1 and Table 1. Thirteen of the 200 tested compounds
were inhibiting the CT-L activity, yielding a reasonable hit
rate of 6.5% [(13/200) x 100]. Finally, a total of 20 com-
pounds inhibited at least one proteasomal activity (i.e., fre-
quently, proteasome inhibitors acting against one type of
catalytic site cross react with another type). Some compounds
inhibited three activities (2¢, 3¢, 4a—c), two activities (2a—b,
2d—e, 3a—b, 7, 8a—b), or only one (4d, 5a—b). Five com-
pounds exhibited 1Cs, values below 20 uM. Examination of
active compounds revealed a diversity of chemical structures
(Table 1). The structural feature that is common to 14
compounds (2—4) is a sulfonamide group. Compounds 2—3
are sulfanilic acid derivatives, N-acylated by a 4-substituted
benzoyl group (2) or a quinoline-4-carbonyl group (3). The
sulfonyl R! substituent is a monosubstituted (2e, 3a—e) or a

disubstituted (2a—d) amino radical. Three other chemical
classes are constituted by 4-arylsulfonylphthalazines (4),
monoacylated or monothioacylated piperazines (5—7) and
adamantanecarboxamide derivatives (8). In the sulfonamide
series 2—3, compounds 2b (Figure 1, Supporting Information
Figure 2) and 2¢ with the branched aliphatic chains R’
N(CH,CH,CH3), and N(CH,CH=CH,),, respectively, gave
better inhibition of CT-L and PA activities than did shorter
aliphatic chains (R' = N(CH,CH3),, 2a; NHCOCHj, 3a—b)
and saturated (cycloheptane, 2d) or aromatic (2e, 3d) cycles.
The thiazole group (R' = NH-thiazole, 3¢; ICs, of 23.3 uM
on PA activity) favored the inhibition of PA activity rather
than that of CT-L activity. The nature of the R' substituent of
the sulfonyl group was also important in the arylsulfo-
nylphthalazine series 4 because the tetrahydrofurane substi-
tuent (4d) was less favorable than aliphatic chains (4a—c). In
the piperazine series, the thioureido compound (7) was
the best inhibitor (ICsy of 10.8 + 0.9 and 9.0 £ 1.2 uM for
CT-L and PA activities, respectively) (see Figure 3 in
Supporting Information). The adamantanecarboxamide
derivative 8b was more efficient on CT-L and PA activities
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Table 1. Inhibition of Rabbit 20S Proteasome at pH 8 and 37 °C“

ICSO (ﬂM) or %
inhibition ([I] = 50 uM)

compd CT-L PA T-L
2a 87%° >25 nd®
2b 18.9+£2.9 8.0+ 1.4 nd®
2¢ 19412 10.0 + 4.4 454023
2d > 50 63%¢ nd”
2e ni” 54% 13%°¢
3a ni” 42%° 45%,
3b ni” 45%°¢ 25.6+ 1.1
3¢ 23% 233 +6.8 50%°
3d 70.1% ni” nd®
4a 283+ 1.5 29% 44%
4b 35% 39.0 + 13.7 63%°
4c 354 +2.0 148 £1.3 67.8 + 1.4
4d ni” 52% nd®
5a 40% ni nd”
5b ni” 49% ni®
6 ni” 52% ni”
7 10.8 £0.9 9.0+ 1.2 nd®
8a 262428 ~50 nd”
8b 11.7+ 1.4 124 +0.6 nd®

“The inhibition was evaluated after 15 min incubation of the enzyme
with the inhibitor before adding the appropriate fluorogenic substrate to
evaluate the remaining CT-L, PA or T-L activity. ® ni: no inhibition; nd:
not determined. “[I] = 100 uM.

than derivative 8a. The reversible character of the inhibition
was demonstrated for compounds 3 and 4. The inhibited
enzyme (>80% at time 15 min) reactivated instantaneously
and completely upon dilution with buffer of the reaction
mixture containing the enzyme plus the inhibitor after
15 min incubation (dilution factor of 10). For these com-
pounds, a time-independent inhibition was observed when the
remaining activity was determined at intervals of time (20 s to
45 min) after the enzyme—inhibitor incubation. Conversely, a
slow time-dependent inhibition was observed for compounds
2 (for example, kops/[I] =~ 30 M~ ' -5~ for compound 2b; ks is
the pseudo-first-order inhibition constant characterizing the
inhibition process). No subsequent reactivation was observed
during 200 min after dilution of the reaction medium, suggest-
ing an irreversible process for the corresponding compounds.
Moreover, the selectivity of action on the proteasome enzyme
was analyzed by checking the inhibitory potency against the
competing cytosolic calpain I. This enzyme was not inhibited
by compounds 2b and 2¢ (50 and 100 uM).

We investigated the binding mode of a promising inhibitor,
compound 2b (Figure 1), in an attempt to gain preliminary
structure—function insights. The molecule was fully redocked
with the new version of Surflex'® and energy minimized in the
binding pocket with MolDock." Energetic and structural
analyses suggested two possible binding modes, one with the
tert-butylbenzene located next to Thrl (Figure 1, pose 1, and
Supporting Information Figure 2, pose 1, MolDock interac-
tion energy = —101, arbitrary unit), the other (pose 2) with
this very same group in contact with the -6 subunit (Figure 1,
MolDock interaction energy = —115). In the case of pose 1,
three favorable hydrogen bonds are predicted (H-bond
energy = —12.1 kcal/mol). The ligand internal energy strain
is around 8.5 kcal/mol, value ranges that we observed on
numerous X-ray structures with MolDock (unpublished
data). For pose 2, four hydrogen bonds are expected and
the hydrogen bond interaction energy between the molecule
and the binding pocket was computed to be —10.3 kcal/mol

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 1 511

while the ligand internal energy strain was around 10.5. In an
attempt to investigate further the most likely binding mode of
compound 2b, we docked this molecule into the PA site.
There, two main orientations were observed, approximately
similar to the ones reported for the chymotrypsin-like pocket
with similar Surflex scores (data not shown). Although the
activity of compound 2b was not assessed on the trypsin-like
site, we also docked it at this site and the Surflex scores were
similar to the ones computed for the other catalytic sites, but
in this case, the ligand was somewhat locked away from the
catalytic threonine (data not shown). Thus, either this mole-
cule is not a good binder for this site or receptor flexibility
would be required to fully fit into the binding pocket. Overall,
in spite of such structural analysis, two main binding poses are
expected for compound 2b, and we cannot discriminate at this
stage among the two. Yet, this computer simulation is in
agreement with the experimental work with regard to inhibi-
tion of the PA site. X-ray crystallography experiments are
undergoing to clarify this point.

The cytotoxic effects on HeLa and HEK-293 tumor cell
lines were also demonstrated. Survival curves yielded
for the sulfonamide compounds: compound 2b, ECsq = 9.0 £
0.5 uM (HeLa cells) and <5 uM (HEK-293 cells), and
compound 2¢, EC5y = 12.3 + 0.4 uM (HeLa cells) and
9.7+ 0.2 uM (HEK-293 cells); for the arylsulfonylphthalazine
series: compound 4a, ECsq = 10.4 + 0.7 uM (HEK-293 cells);
3e, ECso ~ 100 uM (HeLa cells); EC5y ~ 75 uM (HEK-293
cells); 4b, ECsg = 13.9 £ 1.0 uM (HEK-293 cells); for the
piperazine compound 7 ECsy ~ 50 uM (HEK-293 cells).

Conclusion

We have identified several drug-like inhibitors of the pro-
teasome using a multistep in silico screening protocol and in
vitro experiments. By acting on one, two or three active site(s),
these inhibitors may differentially reduce protein degradation
and help to control normal cell cytotoxicity.>® These mole-
cules can now be optimized in order to improve their potency
as potential novel anticancer drugs.

Experimental Section

In Silico Screening. The crystal structure of bovine protea-
some was retrieved from the Protein Data Bank®' (PDB“ code
1IRU)?? (the human protein is identical to the bovine one in the
area of the binding pocket). As the CT-L active site involves two
subunits (85 and f36), we selected the chains L and M from this
structure for the structural analysis and the docking experi-
ments. All heteroatoms were removed from the file, and hydro-
gen atoms were added using the program InsightIl (Accelrys
Inc., San Diego, CA) assuming standard protonation state at
physiological pH for the titratable residues (i.e., D, E, K, R).
The search space for the docking study was initially defined
around the catalytic threonine 1 of the CT-L active site and
further refined after transposition of 1 (noncovalent inhibitor)
and of the bortezomib molecule (covalent bond to Thr 1) from
the yeast proteasome structure (reviewed by Borissenko and
Groll)”. The rmsd between the yeast and bovine structures for
the Ca trace for these two subunits is around 0.6 A, thus making
the process straightforward. The VLS experiments em}z)loyed a
multistep hierarchical protocol developed in our group®>** and
involved the combination of three in silico screening packages:

“Abbreviations: AMC, 7-amino-4-methylcoumarin; DMEM, Dul-
becco’s Modified Eagle Medium; B-NA, p-naphthylamide; PDB,
Protein Data Bank; PMS, phenazine methosulfate; XTT, 2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxyanilide.
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FRED (OpenEzle Scientific Software, Santa Fe, NM), Surflex,>
and LigandFit*® (Accelrys Inc., San Diego, CA). The 2005
release of the ChemBridge database (over 400000 compounds)
was first filtered using our tool FAF-Drugs®’ and the program
FILTER 1.0.2 (Openeye Scientific Software, Santa Fe, NM) in
order to remove undesirable compounds (i.e., a very soft filter-
ing protocol was applied). A library containing over 300000
compounds was generated and converted to 3D (up to 50
conformers per compound) using OMEGA (Openeye Scientific
Software, Santa Fe, NM). The first docking step was carried out
using the rigid-body docking program FRED to generate a
library containing molecules having appropriate shape comple-
mentarity with the search zone defined around the Thrl of the
proteasome CT-L active site. The top 100000 FRED com-
pounds were then redocked and scored using the program
Surflex. Then the 10000 Surflex-top ligands were fully redocked
with LigandFit and the molecules were then scored with Lig-
Scorel. Two distinct compound lists were created, the Surflex
top ranked compounds and the LigandFit (LigScorel) top
ranked compounds. After visual inspection of the poses, we
selected 200 compounds present in both lists from the top 3000
scored molecules (so-called consensus compounds). Several
molecules found to be active in vitro were redocked with the
new version of Surflex'® and further investigated with Mol-
Dock." The target structure and docked posed were analyzed
interactively using Insight IT (Accelrys Inc., San Diego, CA),
PyMol (DeLano Scientific, Palo Alto, CA), and Chimera.?®
Molecular volumes were computed with MSM.? Some com-
pounds that cross-reacted with T-L and PA sites were also
redocked in these binding pockets in a attempt to gain addi-
tional insights over possible binding modes of these molecules.

Materials. The compounds selected by virtual ligand screen-
ing were purchased from ChemBridge corporation (www.chem-
bridge.com). Purity of compounds 2—8 was verified by means of
HPLC, using a Waters 600 instrument with a photodiode array
detector (chromatograms extracted at 254 and 300 nm), a
reversed phase column (X-Terra RP C18, 5 mM, 250 mm X
4.6 mm), and two different eluting systems (MeOH or acetoni-
trile/water mixture). Results (method, retention time, purity) are
summarized in Table 1 of the Supporting Information. All
compounds were of purity equal to or greater than 95%, with
the exception of compound 3a (93% purity) and compound 5b
(94% purity). Two hundred stock solutions (10 mM) were
prepared by dissolving the corresponding pure solid compounds
in DMSO and stored at —20 °C. Rabbit reticulocyte 20S
proteasome was obtained from Boston Biochem, Cambridge,
MA, and human eythrocyte calpain I from Calbiochem (VWR
International SAS, France). The fluorogenic substrates Suc-
LLVY-AMC, Boc-LRR-AMC, and Z-LLE-SNA used to mea-
sure the proteasome CT-L, T-L, and PA activities, respectively,
were purchased from Bachem (France). Other reagents and
solvents were purchased from commercial sources. Fluores-
cence was measured using a BMG Fluostar microplate reader
(black 96-well microplates).

Enzyme and Inhibition Assays. Proteasome activities were
determined by monitoring the hydrolysis of the appropriate
fluorogenic substrate (Aeye = 360, Aeyy = 460 nm for AMC
substrates, and Aexe = 340, Aery, = 405 nm for the SNA substrate)
for 45 min at 37 °C in the presence of untreated proteasome
(control) or proteasome that had been incubated with a test
compound. Substrates and compounds were previously dis-
solved in DMSO, with the final solvent concentration kept
constant at 2% (v/v). The buffers were (pH 8): 50 mM Tris,
150 mM NaCl, 10% (v/v) glycerol, 0.01% (w/v) SDS, and 2%
(v/v) DMSO (CT-L and PA activities); 50 mM Tris, 150 mM
NacCl, 10% (v/v) glycerol, and 2% (v/v) DMSO (T-L activity).
The final concentrations were 0.3 nM (20S proteasome),
50 uM (Suc-LLVY-AMC), and 100 uM (Boc-LRR-AMC and
Z-LLE-fNA). Using the appropriate substrate, the 200 com-
pounds (0.1—100 uM) were tested in duplicate for each inhibitor
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concentration to detect their potential to inhibit the CT-L, T-L,
and PA activities. The enzyme and the inhibitors were incubated
for 15 min before the determination of the enzyme activity. Initial
rates determined in control experiments (V) were considered to
be 100% of the peptidase activity; initial rates (7;) that were
above 100% in the presence of a tested compound were consid-
ered to be activations (expressed as activation factor), while initial
rates below 100% were considered to be inhibitions. The inhibi-
tory activity of compounds was expressed as ICs, (inhibitor
concentrations giving 50% inhibition). The values of 1Cs, were
calculated by fitting the experimental data to the equation %
inhibition = 100(1 — V;/Vy) = 100 [I]o/(ICso + [1]o) or equation
% inhibition = 100 [I]o"/(ICs¢™" + [I]g""); ng is the Hill number.
The activity of calpain I activity in the absence or in the presence
of inhibitor was determined using Suc-LLVY-AMC in 50 mM
Tris, 2 mM CaCl,, and 10 mM DTT (pH 7.2 and 25 °C).

Characterization of Interaction between Proteasome and In-
hibitors. Proteasome (0.3 nM) was incubated with compounds
2—4 (30—200 uM) at 37 °C during various time periods (20 s to
45 min, compounds 2 and 3; 20 s to 200 min, compounds 4) to
block the CT-L activity as shown by the lack of activity against
Suc-LLVY-AMC. In a typical experiment, proteasome (0.3 nM)
was incubated with compound 2b (30 uM). Aliquots (90 uL) were
withdrawn at intervals from time 0.5 s to time 45 min, and the
remaining enzyme activity determined against Suc-LLVY-AMC.
When a loss of activity with time occurred, a first-order process
characterized by the pseudo-first-order constant ks was observed.
The same experimental conditions were used for control experi-
ments (without inhibitor) but in the presence of the same DMSO
percentage as that used for experiments with inhibitor (2% v/v).

Cytotoxicity Assays. HeLa cells (human cervical carcinoma)
and HEK-293 cells (human epithelial kidney) were a kind gift
from S. Lefebvre (Institut Jacques Monod, Paris) and B. Friguet
(UR4-UPMC), respectively. The cells were grown in DMEM
supplemented with 10% fetal bovine serum in a 5% CO, humi-
dified atmosphere (95% humidity). Confluent cells were collected
and then preincubated without inhibitor for 20 h (5 x 10° cells in
100 4L culture medium in 96-well plates). They were then exposed
for 48 h to increasing concentrations of compounds: 5—100 uM
(final concentration of DMSO: 0.5% v/v). After removal of the
DMEM medium, a XTT solution was added to each well (100 uL
at 0.3 mg/mL containing 8.3 mM PMS) for 2 h. Absorbance was
measured using a BMG Fluostar microplate reader at 485 nm.
The cytotoxicity activity of drugs was expressed as the concentra-
tion inhibiting cell growth by 50% (ECs) calculated from the
survival curves. The experimental data was fitted to the following
equation where E is the survival percentage, C the drug concen-
tration, Ep,., is the maximum drug effect, and » is the Hill
constant, which describes the shape of the curve: £ = (Eqp.x X
C")/(C" + ECsy"). ECs is the concentration that produces one-
half of the maximum effect.
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