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Thirty-two new derivatives of cerpegin (1,1,5-trimethylfuro[3,4-c|pyridine-3,4-dione) were designed and
synthesized in high yield by a new method, combining several C! and N substituents. All compounds
were tested for their inhibitory effect on the CT-L, T-L and PA proteolytic activities of a purified mamma-
lian 20S proteasome. Only one molecule inhibited both CT-L and PA activities. Sixteen molecules specif-
ically inhibited PA at the micromolar range, out of which fourteen had ICs, values around 5 M and two
had ICsq values closer to 2 uM. Except in one case, neither calpain I nor cathepsin B was inhibited. In silico
docking suggests a unique mode of binding of the most efficient compounds to the B1 catalytic site (PA
activity) in relation to the chemical nature of C! substituents.

© 2013 Elsevier Ltd. All rights reserved.

A number of naturally occurring molecules and their derivatives
have been shown to inhibit the proteolytic activity of proteasome
(reviewed in'~3). The natural alkaloid cerpegin enters this case. In-
deed, the cerpegin scaffold (1,1,5-trimethylfuro[3,4-c]pyridine-3,4-
dione) has recently been used to develop series of N> derivatives
with good performances as selective inhibitors of the post-acid
activity (PA) of the 20S proteasome.* The 20S proteasome is the
multiproteolytic core of the more complex 26S proteasome, work-
ing downstream the ubiquitinylation/deubiquitinylation steps nec-
essary for the recognition of cell substrates.!~>>~° The 20S complex
comprises four stacked heptameric rings (a1-7, p1-7, B1-7 and o1-
7) forming a cylindrical structure. The different proteolytic activi-
ties are confined to the two inner B rings: two PA active sites

Abbreviations: DMF/DMA, dimethylformamide/dimethylacetal; DMSO, dimethyl
sulfoxide; 20S, 20S proteasome catalytic core; CT-L, chymotrypsin-like; T-L,
trypsin-like; PA, post-acid or caspase-like; AMC, 7-amino-4-methyl-coumarin;
®_NA, ®-naphthylamide; PDB, Protein Data Bank.
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(post-acid or caspase-like) are found in the so-called B1 subunits
(each B1 subunit belonging to a separate heptameric B ring), two
chymotrypsin-like sites (CT-L, located on B5 subunits) and two
trypsin-like sites (T-L, located on B2 subunits) The six catalytic sub-
units represent the main drug targets of the proteasome. Each type
of catalytic site possesses a threonine residue at position one capa-
ble of nucleophilic attack on the substrates. However, the activities
can be distinguished in vitro by their specificity towards amino
acids adjacent to the scissile peptide bonds of specific synthetic
substrates. In brief, cleavage occurs on the C-side of mainly acidic
(PA site), basic (T-L site) or hydrophobic (CT-L site) residues.!®
Three similar types of catalytic subunits (B1i, B2i and B5i) with
similar activities arise in eukaryotic cells after induction by biolog-
ical stimuli. They are assembled in a 20S core particle in the so-
called immunoproteasome in place of the constitutively expressed
B1, B2 and B5 subunits. In this work, only the constitutive fraction
was used.

Covalent inhibitors including peptide mimetics and non-pep-
tidic molecules have been first described and represent the largest
class of molecules known to target the 20S catalytic core.>!!"13
Non-covalent inhibitors have been more recently developed.'>~1°

Dipeptide boronate bortezomib (Velcade or PS341) belongs to
the class of covalent inhibitors. It was the first to be used as a
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prescription drug to treat multiple myeloma and mantle lym-
phoma diseases.?®?! Acquired resistance to, and adverse effects
of the chemotherapy making use of bortezomib represent practical
difficulties.?? Thus, second-generation inhibitors have been devel-
oped: CEP-18770 and MLN9708, two other peptide-boronates, car-
filzomib, a tetrapeptide epoxyketone, and salinosporamide A, a B-
lactone.?® All gained intensive clinical studies and carfilzomib
(Kyprolis or PR-171) has been recently approved by FDA for the
treatment of multiple myeloma (MM).

The natural product salinosporamide A (SalA) is a potent inhib-
itor of all three proteasome activities whose lactone is attacked by
the nucleophilic Thr1 side chain, leading to formation of a highly
stable acyl-enzyme.?* The y-lactone ring of cerpegin (Fig. 1A, left)
is also susceptible to nucleophilic attack by Thr1 and a first series

R = (CH2)2CeH:SONH, 1

R = CH,CH(OH)CH.N(C:Hs). 2

R = CH,CH(OH)CHs 3

R = cH,CH(OH)CH,0 H 4
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Figure 1. General presentation of the C' and N° derivatives of cerpegin synthesized
in this study: (A) structure of cerpegin and formulae of the main N° substituents (R)
already described in* for 1,1-dimethyl cerpegin derivatives. Primed numbers on the
right are used in the text to refer to these 1,1-dimethyl derivatives. (B) New
derivatives of cerpegin (compounds III) combining some of the most performant R
substituents as defined in* at position N°> and different R' or spiro-fused R!/R?
substituents at position C'. By convention, in the case of separate R'/R? R is the
variable substituent and R? is always a methyl group. In the case of spiro-fused R!/
R? R! and R? are forming a cyclohexyl ring or a tetrahydropyran ring. (*) Another N°
substituent was included in this series: 5-amino-3-methyl-1-phenylpyrazole. (**)
Other N° substituents were included in this series: 2-(4-chloro)-phenethyl (23 and
24), 3-morpholinopropyl (25-29), 2-hydroxy-3-morpholinopropyl (30), thiourea
(31), as well as 1-phenyl-substituted cerpegin (32).

of N® derivatives with a dimethyl at C' has been developed in the
laboratory.*?> A number of them specifically inhibit PA activity at
the micromolar range (7 molecules have an ICsq of about 5-6 pM).4
Within this range, seven N> substituents were identified as good
candidates to promote PA inhibition by the compounds to which
they belong (Fig. 1A).

For practical reasons, out of the seven N> substituents associ-
ated with acceptable ICsq values, only four (Fig. 1A, 1'-4') were re-
tained in the present study to serve as a basis for the synthesis of
new cerpegin derivatives (Fig. 1B) with the aim to further optimize
inhibition. A selection of R, R? substituents at C' (including spiro-
compounds) was done (Fig. 1B). We report here two new series of
cerpegin derivatives (here generically called compounds III) classi-
fied according to the nature of their N° moiety: purely aromatic or
aliphatic displaying or not an aromatic moiety (substituted
aliphatic).

The first series (1-15) mainly combined the aromatic benzene-
sulfonamides at N° with either aliphatic or aliphatic/aromatic R,
or spiro-fused R'/R? substituents (Fig. 1B). Our interest towards
benzenesulfonamides comes from their interesting inhibitory ef-
fect on 20S proteasome as previously reported® (Fig. 1A) and from
the published properties of sulfonamide-substituted heterocyclic
systems.?® Moreover, sulfone-containing heterocycles have suc-
cessfully been tested for proteasome inhibition.?” The second ser-
ies of derivatives (16-32) combined one of the three other most
efficient substituents at position N° (Fig. 1B) with the R! or R!/R?
substituents described for the first series (Fig. 1B).

The new furo|3,4-c]pyridine-3,4-dione derivatives substituted
at N° and C! positions with aromatic and/or aliphatic substituents
on both the pyridinone and furanone rings were prepared as out-
lined in Scheme 1.

The starting lactones I are mostly commercially available and
could be synthesized by condensation of the corresponding ketoal-
cohols with diethyl malonate in the presence of catalytic amount
of sodium ethylate.?®

Special interest has also been paid to compounds with R!/R? alicy-
clic (cyclohexane) and heterocyclic (tetrahydropyran) spiro-struc-
tures (Fig. 1B, bottom right). Such spiro-structures were obtained
by the same method,?® starting with 1-(1-hydroxy-cyclohexyl)-eth-
anone and 1-(4-hydroxy-2,2-dimethyl-tetrahydropyran-4-yl)-eth-
anone, respectively. In the case of 1-(4-hydroxy-2,2-dimethyl-
tetrahydropyran-4-yl)-ethanone new spiro-lactone Ih was obtained
(Supplementary data).

— R
o > N
0 { ©
R1 - ? R1 R1

R2Z N O R2 R2 g~ O

la-h 1 1-32
R! R2= Me, Me (a)
Et, Me (b)
i-Bu, Me (c)
Ph, Me (d)
Bz, Me (e)
PhEt, Me )

RV/R2= (CHy)s (9)
(CH2)20(CHy),  (h)

Scheme 1. Synthesis of new furo[3,4-c|pyridine-3,4-dione compounds III, 1-32.
Reagents and conditions: (i) for compound I, dimethylformamide dimethylacetal
(DMF/DMA), xylene, reflux 3 h, 75-89% yield; (ii) for compounds III, 1-15: II,
aromatic amines (1:1 molar ratio), AcOH, reflux 15 h. (iii) for compounds III, 16-32:
II, NH3R, xylene, reflux 15 h, typical yields: 75-90%.
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Condensation of lactones I with DMF/DMA by refluxing in anhy-
drous xylene (Scheme 1, i) led to the corresponding dimethylami-
novinyl derivatives II. Starting from II, two distinct pathways
yielded two series of N°-substituted furopyridine structures (com-
pounds IIlI) in one step by interaction with either aromatic
(Scheme 1, ii) or aliphatic (Scheme 1, iii) amines. Experimental de-
tails for the synthesis of II are given in Supplementary data. The
first series of compounds III, mainly comprised of N>-benzenesul-
fonamide derivatives (1-14, see Table 1), was synthesized with
high yield from II (Scheme 1, ii) and 4-aminobenzenesulfonamides
in glacial acetic acid (Table 1 and Supplementary data).

Compounds 1-14 correspond to the first R entry in Figure 1B
(left). Compounds 1-6 are derivatives of sulfanilamide with the
same N’-substituent. Compounds 1-5 have different R! substitu-
ents so as to make a decision about the influence of R! on the inves-
tigated activities. Compound 6 possesses unique spiro-fused R!/R2.
Compounds 7-14 have two methyl groups as R', R? and can be
viewed as N-substituted sulfonamide derivatives of compound 1.

For comparison, compound 15 with N°> aromatic heterocyclic
substituent was obtained by condensation with 5-amino-3-
methyl-1-phenylpyrazole in glacial acetic acid (Table 1). For the
second series of compounds III (16-32, see Table 2), the cyclocon-
densation and insertion of an aliphatic-substituted group at N° of
the pyridinone ring was performed in the xylene ambience follow-
ing step iii (Scheme 1).

The most frequently used substituents were chosen on the
basis of our previous results* and correspond to R entries in Fig-
ure 1B (right). In spite of their low efficiency when associated
with a dimethyl at C'* other N°> groups were also included in
this second series to check for possible improvements with lar-
ger R! substitutions. These were: 2-(4-chloro)-phenethyl (23
and 24), 3-morpholinopropyl (25-29), 2-hydroxy-3-morpholino-
propyl (30), thiourea (31), as well as 1-phenyl-substituted cerpe-
gin (32).

The combined effects of R!', R> and R substitutions of com-
pounds III on the inhibition of the activities of the proteasomal
20S catalytic core (CT-L, T-L and PA) were investigated. For practi-
cal reasons, the three proteolytic activities were assayed using 20S
proteasome fractions purified from rabbit erythrocytes. We have
recently reported that the results remain quantitatively the same
when using 20S proteasome fractions from human cells.* The de-
tailed protocol used to measure the three peptidase activities has
previously been described®® and is summed up thereafter.>® A sys-
tematic search for the selectivity of the inhibitions was performed
using two other proteases: cathepsin B, purified from human hepa-
tocytes and calpain I, purified from human erythrocytes, the activ-
ities of which were measured as described.3® Results were
expressed as ICsq values, which correspond to the inhibitor concen-
tration causing 50% inhibition, relative to controls (without
inhibitor).

Results obtained with the first series of compounds III (1-15)
for the three proteolytic activities of the 20S proteasome are
summed up in Table 1.

In this series designed after the 1,1-dimethylated compound 1’
(Fig. 1A), the N°-substituents are mainly benzenesulfonamides (1-
6) and N-derivatives thereof (7-14). As for compound 1’ from
which they derive, these compounds III did not inhibit CT-L nor
T-L activities. Only PA activity was inhibited at the micromolar
range for a limited number of compounds (1-9). The best PA inhi-
bition was obtained with compound 5 (ICsq = 2.8 uM), with a phen-
ethyl as R!. Compound 4 with a benzyl group as R! was a little less
efficient (ICso = 3.6 pM). The gradual impact of the chemical nature
of R! on inhibition in the series from 1 to 6 can be summed up as
follows: 5 (phenethyl)>4 (benzyl)>3 (isobutyl)~2 (ethyl)>1
(methyl) ~ 6 (cyclohexyl) and is discussed below in the context
of docking results.

Compounds 7-9 with the respective N-4-acetyl, benzoyl, carb-
amidoyl benzenesulfonamide group in N° position were at least
as efficient as 3, 2 and 1 (ICs5o around 5-6 pM). A dramatic loss of
effect was observed for compounds 10-14 with the respective
N-4-pyridinyl-, pyrimidinyl-, (1-phenyl-pyrazolyl-), (3,4-dimethy-
lisoxazolyl-), thiazolyl-benzenesulfonamide, that is, heterocyclic-
substituted benzenesulfonamides at N° with practically no
inhibition with 100 uM compounds 12 and 14. Compound 15 is
not a sulfonamide but bears the aromatic 3-methyl-1-phenyl-1H-
pyrazol-4-yl substituent and was not inhibitor on the three activi-
ties of the 20S proteasome. Neither calpain I nor cathepsin B was
inhibited by these compounds (1-15).

Results obtained with the second series of compounds III (16—
32) are summed up in Table 2.

Once again, none of these new molecules were inhibitors of CT-
L or T-L activities, except for molecule 24 which caused mild CT-L
inhibition (ICsp = 22.5 pM). A number of these molecules (16-22),
designed after compounds 2/, 3' and 4 (Fig. 1A), inhibited only
PA within an acceptable micromolar range. Compared with 1,1-di-
methyl derivatives of cerpegin, a significant optimization of inhibi-
tion (2- to 4-fold) was obtained only when R! was a benzyl or a
phenethyl group. For example, molecule 19, which combines the
3-diethylamino-2-hydroxypropyl substituent at N> with one phen-
ethyl at C! (ICso = 2.5 pM) was 2.5 times more efficient on PA than
the 1,1-dimethyl homolog. The same was true of the comparison
between compound 27 of this study (3-morpholinopropyl
N°-group) and its dimethyl homolog (optimization ~4-fold as
compared to compound 10 in*). In the same way, associating the
2-(4-chloro-phenethyl) N°-group with a benzyl at C' yielded a
molecule (24), which not only inhibited PA with higher efficiency
(optimization ~3-fold relative to the dimethyl counterpart) but
also inhibited CT-L. No significant improvement of inhibition was
associated with the other types of substituents at C', including
cases where these substituents were replaced by a cyclohexyl ring
(16 and 21), a tetrahydropyran ring (17) or when R! was simply a
phenyl group (18 and 26).

As observed for compounds 1-15, none of the compounds stud-
ied in this series (16-32) worked on purified fractions of cathepsin
B and only one (24) worked on calpain I (IC5o = 29.6 uM).

In summary, for these two series of compounds IIl (1-15) and
(16-32), the inhibitory effects of N° derivatives of cerpegin upon
PA activity can be optimized by providing them with a large,
hydrophobic and flexible R! such as the phenethyl group. The spiro
groups initially introduced to assess the effect of ligand stiffening
did not improve PA inhibition relative to a methyl group.

In silico docking experiments were performed to illustrate the
binding mechanisms of compounds 24, 5 and 19 to the proteasome
active sites (Fig. 2). The catalytic chains from the bovine 20S pro-
teasome and their cognate partners were used as targets.>!>2 The
choice of this model was made on the basis of the very strong ami-
no acid sequence identity between human and bovine p-type sub-
units.>®> For example, the bovine B1 precursor protein is 95%
identical to the human one and the identity reaches 98.5% when
considering only the mature subunit, after precursor autolysis.
Moreover, the few non-identical residues are located at the inter-
faces of 1 with its neighbors and are thus absent from the sub-
strate binding sites. The AudoDock Vina program>* was used for
docking calculations,®® with default parameters. In cases where
asymmetric carbons were present, all corresponding configura-
tions were docked.

Visual Molecular Dynamics (VMD)?*® was used to prepare
molecular pictures.

We observed very similar poses of the inhibitors in the first
ranks (1-3) of results for all the combinations of N> and C' substi-
tutions subjected to docking analysis. As already noted with other
derivatives of cerpegin,* the bicyclic furopyridinone ring fitted into
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Table 1
Inhibition of 20S proteasome by C' and N° derivatives of cerpegin (compounds III, 1-15): effects of diverse N> aromatic substituents (mainly benzenesulfonamides) and C'
substituents
R R
/ Ns Vi le
Compounds Ri ) = Yield Mp ICso (UM) or (%)
11 R *o o (%) (°C) inhibition at
2 100 uM
R R! R Spiro-Fused R'/ R? CT-L T-L PA
o
1 §@—§—NH2 = $— 84.0 >270 ni ni 6.120.3
o
Q
2 v§@—§—mz ¥ = 87.2 272 ni ni 4.90.2
o
o
3 §@—§—NH2 f\)\ $— 65.8 216-8 ni ni 4.620.7
o
o
4 '%O%-NHZ ‘:“\/@ = 67.8 >260 ni ni 3.620.2
o
o
5 ;@-§-qu x/\/@ $— 74.4 193 ni ni 2.8+0.2
o
o
6 »§©—§—NH2 Q 95.5 >300 ni ni 6.6:0.6
o
[e]
P 1 @_?S?_N A - - 68,7 205 ni ni 57+0.3
nH
[¢]
o 1§
W - - 60.5 278 ni ni 4.540.3
s OO
o H
o
NH
9 -§—®—§—N L — — 52.1 310 ni ni 5.9:0.4
noH 2
o
Sw =
10 §—®—§—N W — $— 73.0 >260 ni ni (64%)
o N
Oy N=
11 §©7§-N—<\ :/> = = 88.2 >260 ni ni (51%)
o) N
12 ; O h Ny — — 89.3 170 ni ni (28%)
. §-R—)
< >—O -
13 g @_‘.S?_H_z/\\( — — 447 147 ni ni (51%)
& ot
0, N
14 -§—®—§—H—( 1 = = 66.1 >250 ni ni (22%)
s s
=N . . .
15 i 99.0 245 ni ni ni
e O
. i i 10.420.5
Cerpegin' " "
1 ni ni 5.540.1
23
SalA 0.0026 0.021 0.46

Yield (%) and melting points are indicated for each compound. Inhibitions of 20S proteasome from rabbit erythrocytes are expressed as ICsq values or as % inhibition at 100 pM
(italics in parenthesis). ni = no inhibition. When R and R? are different the synthesis led to racemates. Cerpegin and compound 1’ (from*) and salinosporamide A (SalA)?* are
given as reference inhibitors.

a slit in the active site between Thr residues 1 and 21 (Fig. 2A-F),
which appeared as the main hydrogen bond donors in the interac-
tion (dotted lines in Fig. 2B). This placed the inhibitors alongside

the peptide chain of a sequence from residue 46 to residue 49
(Ser-Gly-Ser-Ala in PA). In all cases, the free end of the N° substitu-
ent was close to the aromatic ring of Tyr114 of the B2 subunit.
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Table 2
Inhibition of 20S proteasome by C' and N° derivatives of cerpegin (compounds III, 16-32): effects of diverse N° aliphatic substituents and C! substituents
R
Ns
o
Compounds o Yield Mp ICsy (UM) or % inhibition
111 (%) (°C) at
100 pM
R R' R? Spiro-fused R'/ R? CT-L T-L PA
—
e O
16 r — 89.5 183 1 ni 6.740.3
% N/_
17 oH — Q 72.1 175.6 i i 41203
—
kY N 3
18* r — @ — 76.2 137 ni ni 44202
—
K N _
19% K\ — "‘W® ¢ 711 95-7 ni ni 2.540.06
20% "’@ O . 54.5 184 ni ni 4.80.5
OH
21 ‘Y@ <:> 57.2 25 ni ni 11.940.4
OH
. O
22 OH 77.9 224 ni ni 8.120.2
cl -
23 Y\@_ s : 89.4 151 ni ni 127405
24 71.6 191 22.541.2 ni 720.5
anY
KN o _
25 — r A : 83.9 143 ni ni (31.8%)
VamN
N o % —
26 — @ ¢ 85.1 167 ni ni 56.4+1.8
VamN
AN o -
27 — "‘/\/® ¢ 82.6 137 ni ni 19.641.6
-"z/\/\N/_\o o . .
28 S Q 92.4 175 ni ni 54.742.3
O O
29 — 80.9 168 ni ni 46.9+3.4
/Y
* N O
30 oH “— <:> 83.7 175 ni ni (30.7%)
i O
31 ?HJJ\NHZ 65.5 270 (23.8%) ni ni
_ % _
32 ¥ @ ¢ 91.4 214 ni ni 36+4.2
Cerpeg1n4 ni ni 10.4+0.5
2 ni ni 6..140.7
23
SalA 0.0026 0.021 0.46

Yield (%) and melting points are indicated for each compound. Inhibitions of 20S proteasome from rabbit erythrocytes are expressed as ICsq values or as % inhibition at 100 pM
(italics in parenthesis). ni = no inhibition. Cerpegin and compound 2’ (from?) and salinosporamide A (SalA)?* are given as reference inhibitors.
2 Compounds 18-20 were produced as mixtures of diastereoisomers (see Supplementary data).

When the N° substituent comprised one (Fig. 2C and D) or several hydrogen bond formation with the carbonyl oxygen of Thr21 in g1
(Fig 2E and F) polar group(s), the poses predicted the possibility of and/or the side chain alcohol of Ser118 in 2.
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Figure 2. In silico docking of compounds 24 (A and B), 5 (C and D) and 19 (E and F) in the PA active site of bovine 20S proteasome. For all three compounds illustrated, the
absolute configuration of the asymmetric carbon C' is S and that of the alcohol carbon in 19 is R. (A, C, E) Protein chains are shown as solvent accessible surfaces and the
residues and atoms relevant to an enzyme activity are labelled. Inhibitors are displayed as stick models colored by atom type. Each docking mode is shown as six
representative poses from the most populated and lowest-energy cluster. (B) Compound 24 is shown with transparent molecular surface and relevant amino-acids in the p1,
B2 and B7 subunits are displayed as sticks. The dotted lines between the ligand and T1 and T21 represent putative hydrogen bonds. (D, F) Distances reported for the p1
subunit to atoms in 5 and 19, respectively, were measured from the lowest energy pose. Putative hydrogen bonds are shown as blue dashed lines and the predicted

nucleophilic attack on the lactone carbon, by a dashed arrow. Note: the crystal structure of the eukaryotic bovine proteasome (PDB ID: 1IRU)*! was obtained from the Protein
Data Bank (PDB).>?
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Table 3

Comparison of calculated Kp values for compounds 5, 19 and 24, with opposite configurations S and R at C' and for their respective 1,1-dimethylated analogs 1, 2’ and 21*

Calculated Kp for compounds 5, 19 and 24*

Calculated Kp for the 1,1-dimethylated analogs 1, 2/, 21*

Compound Kp (LM) Compound Kp (LM) Compound Kp (UM)
55 6-7 5R 20-24 1 20-25
19 s° 20-25 19 R° 200 2 170
24S 10 24 R 10 214 30

Kp values were computed from the binding energies given by AutoDock Vina.

3 The substituents at C' are a methyl and a phenethyl for compounds 5 and 19, a methyl and a benzyl for 24.

b The asymmetric carbon of the hydroxyl group of the N° substituent is R.

The R! substituents lied in a rather hydrophobic groove running
into Tyr30 in subunit 7 and lined by the peptide groups of Gly129
and Ser130 on one side and by the side chains of Met residues 95
and 116 of B1 on the other side (Fig. 2). This groove corresponds to
the primed substrate binding or specificity channel of the PA
activity.>’

Substitutions at C' made this carbon asymmetric and two con-
figurations had to be considered.

The absolute configuration at C' is S for all the molecules shown
in Figure 2. This configuration corresponded to the best docking re-
sults in terms of rank and calculated Kp (Table 3) for compounds 5
(Fig. 2C and D) and 19 (Fig. 2E and F). The opposite configuration
(R) gave rise to much higher Kp values due to the fact that the R!
substituent was excluded from the binding site (illustrated in
Fig. S1A and B). In contrast, the two stereoisomers of 24 adopted
very similar poses (illustrated in Fig. S1C and D) and the computed
Kp values were the same (Table 3). Table 3 also compares the bind-
ing affinities of 1-monosubstituted cerpegin derivatives 5, 19 and
24 with those of their respective 1,1-dimethyl analogs, which
adopted similar position in the B1 binding site (illustrated in
Fig. S2A for 24). Kp values were always higher for the dimethyl
compounds than for the monomethyl ones and in some cases
(see for examples 5 and 19) this effect depended on the stereo-
chemistry of the substitution. The consequences of this stereo-
chemistry varied among compounds (Table 3), ranging from no
effect for 24 to a 10-fold increase in Kp for 19 and an intermediate
threefold increase in Kp for 5. Thus, docking calculations repro-
duced the optimization associated with C' substitutions already
revealed by in vitro assays (ICsp). In addition, the K; values calcu-
lated from experimental ICsq using the Cheng-Prusoff equation®®
were of the same order of magnitude as the Kp reported in Table 3.

In the present study none of the tested compounds were pre-
dicted to interact with the S1 pocket. Therefore, the molecular ba-
sis for the PA specificity of these compounds should be searched
elsewhere. We have already pointed out? the possible involvement
of a tyrosine residue (Tyr114) in the contiguous 2 subunit, which
most often makes favorable contacts with N° substituents and is
absent from the catalytic site of the two other proteolytic activities.
The present study also suggests that the R! substituent could play
some part in PA specificity by binding to the primed specificity
channel of the B1 active site, which is the most hydrophobic of
the three B primed binding channels. The binding of 24 to the B5
active site (CT-L) is shown in Figure S3 for comparison.

In conclusion, the two series of cerpegin derivatives synthesized
in this study have been characterized for their selectivity towards
20S proteasome. All molecules but one were inefficient in inhibit-
ing the activity of both calpain I and cathepsin B. Sixteen molecules
specifically inhibited PA activity within the micromolar range, out
of which 14 had ICsg values around 5 pM and two ICsq values closer
to 2 uM. Interestingly, the latter two molecules have a phenethyl-
substituted C' and this substitution gives rise to inhibitors of high-
er potency relative to the 1,1-dimethylated analogs, depending on
the steoreochemistry. These results open new ways for enhancing

the inhibitory power of such molecules while preserving their
specificity towards PA. Moreover, it will be necessary to develop
protocols for the purification of the most efficient stereoisomers
where asymmetric carbons are involved. Subunit-selective inhibi-
tors of proteasome are still poorly documented. One example to
date is a urea-containing peptide epoxyketone derived from
syringolins. 3° The C' and N° derivatives of cerpegin could consti-
tute a convenient set of tools to further analyze the respective roles
of proteasome subunits in cell physiology and pathologies involv-
ing the proteasome.
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