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Here we report the study of a new series of vinyl ester cyclopeptide analogues synthesized on the basis of
our previous development of a class of cyclopeptides derived from our linear prototype inhibitors. In
these compounds, the exocyclic pharmacophoric unit Leu-VE was linked to the y-carboxyl group of
the glutamic acid residue at the C-terminal. The best analogues of the series have been shown to inhibit
the caspase-like activity of the proteasome at nanomolar concentrations and have also demonstrated
good resistance to proteolysis and a capacity to permeate the cell membrane.

© 2009 Elsevier Ltd. All rights reserved.

The proteasome is a multicatalytic protease' which is involved
in a number of proteolytically mediated intracellular processes,
including: the constitutive turnover of many intracellular proteins,
elimination of proteins with abnormal structures, control of the
cell cycle and transcription, proteolytic activation of the transcrip-
tion factor NF-xB, and processing of antigens for presentation by
class I major histocompatibility complex proteins. The balance of
protein synthesis and degradation processes is essential to pre-
serve cellular homeostasis.

The controlled degradation of damaged or misfolded proteins
and the regulation of short-lived proteins is achieved by the ubiq-
uitin/proteasome pathway, in which the target protein is marked
by a polyubiquitin chain and, after recognition, is degraded in an
ATP-dependent manner by the 26 S proteasome.? This multicata-
lytic complex consists of a 20 S proteolytic core particle, which
has a cylindrical shape, with the o and B subunits forming four
stacked rings, and two 19 S regulatory caps which recognize ubiq-
uitinated protein substrates and promote their entry into the cen-
tral catalytic chamber. Three major proteolytic activities of
proteasome can be distinguished as trypsin-like (T-L), chymotryp-
sin-like (CT-L), and peptidyl-glutamyl peptide hydrolase (PGPH)
activities, which cleave peptide bonds on the carboxyl side of basic,
hydrophobic, and acidic amino acid residues, respectively. The cat-
alytic core of the 20 S proteasome is a Thr residue, responsible for
the catalytic cleavage of substrates through nucleophilic attack.
Inhibition of this enzymatic activity with B-subunit-specific pro-
teasome inhibitors may provide an anti-tumoral effect by inhibit-
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ing cell proliferation and angiogenesis, and by selectively
inducing apoptosis of tumor cells.*>

Several classes of synthetic and biological compounds which in-
hibit the proteolytic activities of the multicatalytic complex have
been developed, and have contributed significantly to identifica-
tion of the essential functions of the 26 S proteasome in various
processes and pathways in eukaryotic cells.®

Most proteasome inhibitors are short peptides bearing a phar-
macophoric group, such as aldehyde (e.g., MG132), boronic acid
(Bortezomib), or vinyl sulphone, which forms a covalent bond with
the catalytic OY-Thr 1 in three catalytic sites.”® Several natural
molecules (epoxomicin, lactacystin, salinosporamide) also form
covalent adducts.® Non-covalent inhibitors, such as TMC-95A!°
(a naturally-constrained cyclic tripeptide) have been investigated
in less detail, although they are thought to have weaker side effects
in therapeutic applications.

We have recently been involved in the development of tri- or tet-
ra-peptide-based derivatives with good pharmacokinetics proper-
ties and with selective activity towards the three catalytic sites. In
particular, we have identified and characterized a new class of inhib-
itors, selective for the B2 subunit, which bear a C-terminal vinyl ester
function able to interact with catalytic threonine in the same way
that has been suggested for the well-known vinyl sulphone peptides.
The best of these derivatives inhibit the trypsin-like activity in a nM
range, are non-toxic, do not affect cell proliferation and are able to
modulate the generation of antigenic peptides linked by MHC class
I molecules.!!

Elucidation of the 3D structure of proteasomal inhibitors can pro-
vide interesting information required for improving existing inhibi-
tors and for the design of new compounds. Therefore, the most


mailto:mru@dns.unife.it
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

A. Baldisserotto et al./Bioorg. Med. Chem. Lett. 19 (2009) 1966-1969 1967

o

| O

wﬁﬁﬂg

H-Ser-Leu-Leu-Glu(Leu-VE)-NH, 4

O

oo Mﬁj\,(\/
NH

OO
HN

|— Ser-Leu-Leu-Glu(Leu-VE) —| 8

Figure 1.

interesting vinyl ester derivatives were subjected to conformational
studies. In general, our derivatives presented a mass structure de-
rived from a conformational level with a high degree of liberty; in
the crystal state, the wrapping is similar to a B-sheet secondary
structure. Through flexible alignment, our compounds showed some
conformational similarities to the cyclic inhibitor TMC 95A.12

On the basis of these biological and structural data, we designed
and prepared new vinyl ester derivatives characterized by confor-
mational constraints.'? These constrained analogues showed little
interesting activity. However, we also synthesized a class of vinyl
ester cyclopeptide analogues, and some of these latter derivatives
were shown to inhibit the chymotrypsin-like activity of the protea-
some at nM concentrations; their potency was found to depend on
the size of the tetrapeptidic cyclic portion. Docking simulation re-
sults demonstrated that the vinyl ester moiety of these molecules
is located near the Thr 1 residue, in accordance with the hypothesis
that this molecular fragment can be considered the potential sub-
strate for catalytic threonine.'#

Here we describe the synthesis and biological activity of a
new class of derivatives made up of four linear sequences (com-
pounds 1-4) and the corresponding cyclopeptides analogues (5-
8) (Fig. 1). The exocyclic pharmacophoric unit Leu-VE was linked
at the y-carboxyl group of the glutamic acid residue at the
C-terminal. The dipeptidic central sequence was Leu-Leu, while
the glycine, alanine or a serine residues could be present at the
N-terminal.

Cyclization was performed head-to-tail to obtain a 12-centre
cycle related to the prototype c[Phe-Leu-Leu-Glu(Leu-VE)].

Pseudo-tetrapeptide amides with the pharmacophoric unit Leu-
VE linked to the glutamic acid side chain (1-4) were prepared
through solid phase synthesis starting from Rink amide resin.
Fmoc-protected amino acids were condensed using WSC/HOBt
and a solution of 20% piperidine/DMF was used to remove the
Fmoc. The resin with the common tripeptide Glu-Leu-Leu was por-
tioned for coupling of the N-terminal variable. After resin displace-
ment with TFA, Fmoc-protected tetrapeptide amides were coupled
to H-Leu-VE and finally treated with piperidine/DMF.

Vinyl ester cyclopeptides 5-8 were synthesized by the con-
ventional methodology using stepwise C-terminal elongation
(Scheme 1). Commencing with the glutamic acid residue mono-
protected in the side chain as a benzyl ester, the other N,-Boc-pro-
tected amino acids of the sequence were condensed as succinim-
idyl esters. After each coupling step, Boc was removed by TFA.
Head-to-tail cyclization of the linear tetrapeptides was achieved
using the activating reagent DPPA (diphenylphosphorylazide) un-
der conditions known to incur minor racemization and minimal
oligomerization.!> After catalytic hydrogenation, the exocyclic leu-
cine vinyl ester unit, prepared as previously described,'® was cou-
pled using WSC/HOBL.

All products were purified by preparative RP-HPLC, and the
homogeneity of the purified products was accessed by HPLC. Struc-
tural characterization was then achieved by electrospray ionisation
(ESI) mass spectrometry (MICROMASS ZMD 2000) (Table 1) and 'H
NMR spectroscopy (Bruker AC 200).1¢

The activity of the vinyl ester cyclopeptides was tested to assess
inhibition of the 1, B2 and B5 active sites of the 20S proteasome,
previously purified from lymphoblastoid cell lines.!”!® Suc-LLVY-
AMC, Boc-LRR-AMC and Z-LLE-AMC, specific fluorogenic substrates
for the three main proteolytic activities of the enzymatic complex,
were used to measure chymotrypsin-like, trypsin-like and caspase-
like proteasome activities, respectively. Substrates were incubated
at 37 °C for 30 min with the proteasome, untreated or pre-treated
with incremented concentrations (from 0.001 to 10 puM) of vinyl
ester cyclopeptides, with the reference inhibitors epoxomicin and
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Scheme 1. Synthesis of vinyl ester cyclopeptides 5-8.
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Table 1

Physicochemical data of linear and correlated vinyl ester cyclopeptides

Compound HPLC? P.f. [ MS
K (a) K' (b) (°C) (c 1, MeOH) [M+H]*

1 H-Gly-Leu-Leu-Glu(Leu-VE)-NH, 7.35 6.34 185-188 —-254 596.4

2 H-Ala-Leu-Leu-Glu(Leu-VE)-NH, 8.11 7.63 190-193 —28.2 610.4

3 H-Val-Leu-Leu-Glu(Leu-VE)-NH, 8.52 8.05 195-199 -17.8 624.5

4 H-Ser-Leu-Leu-Glu(Leu-VE)-NH, 7.21 6.04 175-178 —-35.5 626.5

5 c[Gly-Leu-Leu-Glu(Leu-VE)] 8.06 7.22 113-115 -13.8 579.3

6 c[Ala-Leu-Leu-Glu(Leu-VE)] 8.94 8.38 140-143 —19.1 5934

7 c[Val-Leu-Leu-Glu(Leu-VE)] 9.13 8.74 137-139 -17.7 607.4

8 c[Ser-Leu-Leu-Glu(Leu-VE)] 7.97 6.98 99-103 -17.4 609.4

3 Capacity factor (K') of the peptides was determined by HPLC using two different solvent system gradient.

the aldehydic tripeptide derivative MG132 in activity buffer. Fluo-
rescence was determined by a fluorimeter (Spectrafluor plus, Te-
can, Salzburg, Austria) using an excitation of 360 nm and an
emission of 465 nm. Activity was evaluated in fluorescence units,
and the inhibitory activity of the compounds is expressed here as
ICso. The data were then plotted as percentage control (the ratio
of percentage conversion in the presence and absence of the inhib-
itor) versus the inhibitor concentration, and fitted with the equa-
tion Y = 100/1+(X/ICs0)*, where ICsq is the inhibitor concentration
at 50% inhibition and A is the slope of the inhibition curve.'®

In general, the new cyclic analogues showed insignificant inhi-
bition of chymotrypsin-like activity, with ICso values above 10 pM.
The inhibitory capacity of the cyclopeptides against the B2 subunit
was in some cases comparable with the reference inhibitors, with
ICso values less than 10 pM. In particular, the cyclic compounds
seemed to be more active than the corresponding linear sequences.
Inhibition data of trypsin-like activity failed to reveal specific infor-
mation about the structure-activity relationship, but it is evident
that the more hydrophilic sequence with a serine residue at the
N-terminal was preferred, analogous to previous data from our vi-
nyl ester derivatives. It was extremely interesting to discover B1
inhibition by the new derivatives with ICso values in the order of
a nM range. The pseudo-peptide 8, with an endocyclic serine resi-
due, was found to be the most active compound of the series. Cycli-
zation masks with B-lactam head-to-tail bonded the free aminic
function of the corresponding linear sequences, and these results
confirm previous data regarding compounds with a lipophilic N-
terminal elongation. It is evident that the conformational con-
straint derived from cyclization favours interaction with the cata-
lytic site and, in particular, the exocyclic portion with the vinyl
ester pharmacophore was placed near the enzymatic Thr 1. Substi-
tution of a phenylalanine residue with an amino acid bearing a
compact lateral chain favours more complementary conforma-
tional adaptation with the structure of the catalytic site. Finally,
all compounds revealed themselves to be potent and selective

Table 2

against the 20S proteasome B1 catalytic subsite with ICsq values
in the nM range.

Subsequently, the cell membrane permeation of the most repre-
sentative compounds, 5-8, was tested in live cells. After cell treat-
ment, proteasomes were purified and assayed for proteolytic
activity using specific substrates for T-L, ChT-L and caspase-like
activities as previously described.!® The results obtained (Table
2) were comparable to those observed in the in vitro assay, thereby
demonstrating that vinyl ester cyclopeptides are cell-permeable
and able to inhibit the proteasome in vivo.

Resistance to proteolysis of the selected cyclic derivatives was
then studied in human plasma. The degradation kinetics were
determined by incubation in human plasma at 37 °C for time incre-
ments up to 360 min, and the incubation was halted by addition of
ethanol. After centrifugation, an aliquot of the clear supernatant
was analysed in HPLC.'® The degradation half-lives were obtained
by a least-squares linear regression analysis of a plot of logarithmic
compound concentrations versus time, using a minimum of five
points. The data, reported in Table 2, as expected on the basis of
the molecular features determined by cyclization, show that all
derivatives analyzed possess great stability against human plasma
protease, with a half-life of over 6 h.

In conclusion, we have presented herein a new series of cyclo-
peptide vinyl ester proteasome inhibitors. The new oligomeric
derivatives have shown to selectively and efficiently inhibit the
B1 enzymatic subsite. The specificity and potency of this inhibition
appears to be directly related to the conformational constraint im-
posed by cyclization. The distinctive characteristics of these new
molecules could represent an interesting springboard for future
investigation into B1-mediated biological activity, and for analysis
of the structural features essential for a precise interaction with
the post-acidic site.

Considering the high therapeutic potential of molecules which
are active, selective and specific for the three catalytic subunits
of the proteasome, we have obtained new inhibitors selective for

Subsites proteasome inhibition and enzymatic stability of peptides 1-8 and reference inhibitors

Compound Isolated enzyme ICs¢” (LM) In vivo inhibition ICs¢* (M) Half-life (min) plasma
ChT-L T-L PGPH ChT-L T-L PGPH

Epoxomicin 0.009 0.311 5.640

MG132 0.005 1.398 >10

1 H-Gly-Leu-Leu-Glu(Leu-VE)-NH, >10 6.470 >10 48.5

2 H-Ala-Leu-Leu-Glu(Leu-VE)-NH, >10 4530 >10 73.2

3 H-Val-Leu-Leu-Glu(Leu-VE)-NH, >10 >10 >10 117.4

4 H-Ser-Leu-Leu-Glu(Leu-VE)-NH, >10 1.390 >10 86.1

5 ¢[Gly-Leu-Leu-Glu(Leu-VE)] >10 3.580 0.172 >10 5.830 0.221 >360

6 c[Ala-Leu-Leu-Glu(Leu-VE)] >10 8.830 0.121 >10 >10 0.123 >360

7 c[Val-Leu-Leu-Glu(Leu-VE)] >10 >10 0.205 >10 >10 0.273 >360

8 c[Ser-Leu-Leu-Glu(Leu-VE)] >10 2.980 0.065 >10 6.940 0.091 >360

2 The values reported are the average of three independent determinations.
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caspase-like activity, stable to enzymatic degradation, and able to
permeate cell membranes. Selective inhibitors for the f1 catalytic
subsite could be useful due to their biological profiles related to
the boronic derivative PS-341 (Velcade®), which are used as an
anti-tumoral therapy in the treatment of multiple myeloma.5?

Acknowledgements

Financial support of this work was provided by the University of
Ferrara, the Ministero dell’'Universita e della Ricerca Scientifica e
Tecnologica (MURST), the Associazione Italiana per la Ricerca sul
Cancro (AIRC) and the Istituto Superiore di Sanita (AIDS project).
English revision of the text was carried out by Anna Forster.

References and notes

1. (a) Ciechanover, A. Cell 1994, 79, 13; (b) Coux, O.; Tanaka, K.; Golberg, A. L.
Annu. Rev. Biochem. 1996, 65, 801; (c) Hershko, A.; Ciechanover, A. Annu. Rev.
Biochem. 1998, 67, 425.

2. (a) Orlowski, R. Z. Cell Death Differ. 1999, 6(1695), 19; (b) Kisselev, A. F.;
Songyang, Z.; Goldberg, A. L. J. Biol. Chem. 2000, 275, 14831; (c) Myung, J.; Kim,
K. B.; Crews, C. M. Med. Res. Rev. 2001, 21, 245; (d) Boyo, M.; Wang, E. W. Curr.
Top. Microbiol. Inmunol. 2002; (e) Adams, J.; Kauffman, M. Cancer Invest. 2004,
22, 304.

3. (a) Léwe, J.; Stock, D.; Zwickl, P.; Baumeister, W.; Huber, H. Science 1995, 268,
533; (b) Groll, M.; Ditzel, L.; Lowe, J.; Stock, D.; Bochtler, M.; Bartunik, H. D.;
Huber, R. Nature 1997, 386, 463.

4, Oikawa, T.; Sasaki, T.; Nakamura, M.; Shimamura, M.; Tanahashi, N.; Mura, S.;

Tanaka, K. Biochem. Biophys. Res. Commun. 1998, 246, 243.

. Drexler, H. C.; Risau, W.; Konerding, M. A. FASEB J. 2000, 14, 65.

6. (a) Igbal, M.; Chatterjee, S.; Kauer, ]J. C.; Das, M.; Messina, P. A.; Freed, B.;
Biazzo, W.; Siman, R. J. Med. Chem. 1995, 38, 2276; (b) Loidl, G.; Groll, M.;
Musiol, H.-J.; Huber, R.; Moroder, L. Proc. Natl. Acad. Sci. U.S.A. 1999, 96,
5418; (c) Nazif, T.; Bogyo, M. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 2967; (d)
Furet, P.; Imbach, P.; Noorani, M.; Koeppler, J.; Lumen, K.; Lang, M.;

w

12.
13.
14.

15.

16.

17.
. Hendil, K. B.; Uerkvitz, W. J. Biochem. Biophys. Methods 1991, 22, 159.
19.

1969

Guaniano, V.; Fuerst, P.; Roesel, J.; Zimmermann, J.; Garcia-Echevevarria, C. J.
Med. Chem. 2004, 47, 4810; (e) Momose, I.; Umezawa, Y.; Hirosawa, S.;
linuma, H.; Ikeda, D. Bioorg. Med. Chem. Lett. 2005, 15, 1867; (f) Vivier, M.;
Jarrousse, A. S.; Bouchon, B.; Galmier, M. ].; Auzeloux, P.; Sauzieres, ].;
Madelmont, J. C. J. Med. Chem. 2005, 48, 6731.

. Kisselev, A. F.; Goldberg, A. L. Chem. Biol. 2001, 8, 739.

. Garcia-Echeverria, C. Int. J. Pept. Res. Ther. 2006, 12, 49.

. Groll, M.; Huber, R; Potts, B. C. M. J. Am. Chem. Soc. 2006, 128, 5136.

. Kohno, J.; Koguchi, Y.; Nishio, M.; Nakao, K.; Kuroda, M.; Shimizu, R.; Ohnuki,

Y.; Komatsubara, S. J. Org. Chem. 2000, 12, 1331.

. (a) Marastoni, M.; Baldisserotto, A.; Cellini, S.; Gavioli, R.; Tomatis, R. J. Med.

Chem. 2005, 48, 5038; (b) Marastoni, M.; Baldisserotto, A.; Trapella, C.; Gavioli,
R.; Tomatis, R. Bioorg. Med. Chem. Lett. 2006, 16, 3125; (c) Marastoni, M.;
Baldisserotto, A.; Trapella, C.; Gavioli, R.; Tomatis, R. Eur. J. Med. Chem. 2006, 41,
978.

Baldisserotto, A.; Marastoni, M.; Trapella, C.; Gavioli, R.; Ferretti, V.; Pretto, L.;
Tomatis, R. Eur. J. Med. Chem. 2007, 42, 586.

Baldisserotto, A.; Marastoni, M.; Lazzari, I.; Trapella, C.; Gavioli, R.; Tomatis, R.
Eur. J. Eur. J. Med. Chem. 2008, 43, 1403.

Baldisserotto, A.; Marastoni, M.; Fiorini, S.; Pretto, L.; Ferretti, V.; Gavioli, R.;
Tomatis, R. Bioorg. Med. Chem. Lett. 2008, 18, 1849.

(a) Shiori, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972, 94, 6203; (b)
Brady, S. F.; Freidinger, R. M.; Colton, C. D.; Homnick, C. F.; Whitter, W. L.;
Curley, P.; Nutt, R. F.; Veber, D. F. ]. J. Org. Chem. 1987, 52, 764.

HPLC analysis was performed by a Beckman System Gold with a Hypersil BDS
C18 column (5 pum; 4.6 x 250 mm). Analytical determination and capacity
factor (K’) of the vinyl ester cyclopeptides were determined using HPLC
conditions in the above solvent system (solvents A and B) programmed at flow
rates of 1 mL/min using the following linear gradients: (a) from 0% to 100% B
for 25 min and (b) from 30% to 90% B for 25 min.c[Ser-Leu-Leu-Glu(Leu-VE)]
(8). Purified yield 29%; purity estimated by HPLC >98%; 'H NMR (CDCls,
200 MHz): 6 (ppm) 0.99 (d, 6H), 1.11 (m, 12H), 1.31 (t, 3H,J = 7.2), 1.39 (m, 2H),
1.63-1.75 (m, 7H), 1.99 (m, 2H), 2.18 (d, 2H), 2.84 (m, 2H), 3.87 (m, 2H), 4.08
(q, 2H,J=7.3), 4.31-4.54 (m, 5H), 6.01 (d, 1H, J= 16.2), 7.06 (dd, 1H, J = 16.1),
8.02 (bs, 5H).

Gavioli, R.; Vertuani, S.; Masucci, M. G. Int. J. Cancer 2002, 101, 532.

Purification of the proteasomes and enzyme assays in vitro and in live cells are
described in ‘Supporting information’ of Ref. 11a.



	New cyclic peptide proteasome inhibitors
	Acknowledgements
	References and notes


