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Abstract: Peptide-derived protease in-
hibitors are an important class of com-
pounds with the potential to treat a
wide range of diseases. Herein, we de-

es. Acyclic azido-alkyne-based alde-
hydes are also evaluated for compari-
son. The macrocyclic peptidomimetics
showed considerable activity towards

calpain II, cathepsin L and S, and the
20S proteasome chymotrypsin-like ac-
tivity. Some of the first examples of
highly potent macrocyclic inhibitors of

scribe the synthesis of a series of tria-
zole-containing macrocyclic protease
inhibitors pre-organized into a -strand
conformation and an evaluation of
their activity against a panel of proteas-

Introduction

There is considerable interest in the design and exploitation
of protease inhibitors that combine potency with an ability
to specifically inhibit one protease over another.!! One im-
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cathepsin S were identified. These
adopt a well-defined (-strand geometry
as shown by NMR spectroscopy, X-ray
analysis, and molecular docking stud-
ies.

portant approach to such classes of inhibitors is to pre-or-
ganize the structure into a conformation known to favor
active-site binding."" This can be achieved by introducing a
specific macrocycle into a peptide backbone structure, the
sequence and make-up of which are chosen to complement
the binding domain of a specific protease.'>? The introduc-
tion of a macrocycle has the added advantage of improving
biostability and resistance to proteolytic degradation.”! A
number of synthetic approaches have been reported for in-
troducing such a macrocycle, including ring-closing metathe-
sis,'*l alkylation,” and more recently Huisgen cycloaddi-
tion®® (see Figure 1 for some representative examples). The
macrocycle of these structures links the P1 and P3 resi-
dues!'®! of the peptide backbone to constrain the backbone
into a 3-strand geometry that is universally recognized by all

calpain inhibitor (Cat 0811)

ACE inhibitor (K-13) OH

Figure 1. Examples of macrocyclic peptidomimetics linking P1 and
P3¢ to mimic a B-strand conformation. Cbz = carbobenzyloxy.
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proteases.'™ There are also nat-
ural examples of macrocyclic
protease inhibitors of this
type.”) Many macrocyclic pro- : H o5
tease inhibitors are more potent
than their corresponding acyclic
analogues.*>® %

An important and outstand-
ing issue with much of this re-
search is that few macrocyclic
inhibitors have been studied
against a range of proteases,
particularly different proteases
within the same class. Address-
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macrocyclic inhibitors of calpai-
n IL%! In this paper, we extend
this work with the synthesis of
a new series of triazole-contain-
ing macrocycles. An expanded
series of such macrocycles (1-11, Figure 2) was then assayed
against a panel of proteases. Two specific classes of macrocy-
cle are presented, one can be considered as containing the
triazole at the P1 position (see 1-4, Figure 2) and a second
with the triazole at P3 (see 5-11). All the structures contain
a C-terminal aldehyde that reacts with an active site nucleo-
phile of serine and cysteine proteases through hemiacetal
and hemithioacetal formation, respectively.®*! We also pres-
ent a variation to the existing methodology for making such
macrocycles,® in which the triazole is introduced by using
Huisgen cycloaddition prior to the final cyclization by pep-
tide coupling, that is, the original synthetic sequence is re-
versed.

All the triazole-based macrocycles (1-11) and their acyclic
azide—alkyne analogues (12-15) were tested against three
cysteine proteases (calpain II, cathepsin L, and cathepsin S),
which were chosen because of their clinical importance.!'”!
Calpain II is implicated in a range of medical conditions in-
cluding traumatic brain injury, stroke, and cataracts.'%!!
Cathepsins L and S are involved in tumor growth and inva-
sion, autoimmune diseases, and osteoporosis.[”] We also tar-
geted the 20S proteasome, that is, the core of the 26S pro-
teasome, a multicomponent protease that plays a key role in
the degradation of proteins that regulate the cell cycle.
Over-activity of the 20S proteasome has been identified as a
key mechanism in the development of cancer.™ This pro-
tease has three separate activities referred to as caspase-like
(CP-L), trypsin-like (T-L), and chymotrypsin-like (CT-L),
with the latter thought to be particularly significant as a
therapeutic target. However, there are few examples of in-
hibitors that show selectivity for one of the three separate
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Figure 2. Structures of previously synthesized compounds 1, 3-8, 11, 12, 13, and 15;'>1% new derivatives 2, 9,
10, and 14; and the known proteasome inhibitor MG132.1'%l

proteasome activities, with the classic tripeptide acyclic alde-
hyde inhibitor MG132 being active against all three and also
the cathepsins and calpain.['*l

Results and Discussion
Synthesis: The macrocycles were prepared by using two gen-
eral routes. The first route was used to prepare 2, 9, and 10
and this employed a copper-catalyzed azide—alkyne cycload-

dition (CuA AC) of a suitable tripeptide-based azido-alkyne
(see ester 18 and alcohol 21, Schemes 1 and 2, respectively)

0
CszN\AN/d:ZQH ChzHN /</\ CO,Me
S
_17,EDCI, HOBt_ \©\
0

DIPEA CH,Cl,
O/\\\ o5%)
CuBr, DBU
CH,Cl, (71%)

Q H
CszN_QLN N._R
: H o :

DMP, CH,Cl,

16

~

\JIN‘
N
0 N

LiBH,, THF, MeOH [~ ;g §=ggzgﬂﬁ
=Chy

Scheme 1. Synthesis of the macrocyclic aldehyde 2. DIPEA = N,N-diiso-
propylethylamine.
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Scheme 2. Synthesis of the macrocyclic aldehydes 9, 10, and acyclic
azido-alkyne aldehyde 15.

as the key macrocyclization step. Such an approach has
been reported by us previously for the preparation of com-
pounds 1, 3-8, and 11.°*!>1°1 Ap alternative route that em-
ploys a lactamization reaction for the key cyclization step
was also investigated for the preparation of 3 and 5
(Schemes 3 and 4, see later).

In the first instance, coupling of dipeptide 16!°! with 17, in
the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide) (EDCI) and N-hydroxybenzotriazole (HOBt), gave
tripeptide 18 and this was cyclized to give 19 on treatment
with CuBr and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).
The ester of 19 was reduced with lithium borohydride to
give the crude alcohol 20, which was oxidized with Dess—
Martin periodinane (DMP) to give the required aldehyde 2
in an overall yield of 52% after final column chromatogra-
phy. Lithium borohydride is the reagent of choice for such
reductions,'*!®! and a number of methods have been report-
ed for the subsequent oxidation. These include Swern oxida-
tion'”! and SO, pyridine in the presence of DMSQ.[1%c]
This last method is optimal for the larger scale preparation
of macrocyclic peptidomimetic aldehydes;'™ however, in
the current study it leads to problems with isolation and re-
duced yields. It is also important to note that macrocyclic al-
dehydes!'“®*!®! are less prone to the epimerization that has
been noted!'”! for some linear analogues.

The synthesis of macrocyclic aldehydes 9 and 10 involved
a modified sequence in which an acyclic azido—alkyne alco-
hol (21), rather than an ester (see 18 in Scheme 1), was used
in the key Huisgen cycloaddition step (Scheme 2). This
route has the advantage of avoiding the somewhat problem-
atic reduction of a macrocyclic ester to its corresponding al-
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cohol.® Tt also provided access to the acyclic azido—alkyne
aldehyde analogues®'®! (12-15) by oxidation of the corre-
sponding alcohol as shown for 15 in Scheme 2. Thus, treat-
ment of 21" with CuBr and DBU in CH,Cl, gave the mac-
rocyclic alcohol 22, which was oxidized with DMP to give 9.
In this case there was some epimerization (~10%) o to the
aldehyde, based on the 'H and *C NMR spectra. Interest-
ingly, a solid sample of 21, left for a number of months at
room temperature, cyclized to produce the alternative 1,5-
disubstituted triazole 23, which was subsequently oxidized
with DMP to give the corresponding aldehyde 10. The struc-
tures of 22 and 23 were confirmed by NMR spectroscopy.
Characteristic resonances at d=7.96 and 7.82 ppm were ob-
served for the triazole H* and H> protons of 22 and 23, re-
spectively (see Scheme 2 for numbering). These assignments
were confirmed by using rotating-frame Overhauser effect
NMR spectroscopy (ROESY) of the 1,4-substituted triazole
22, which showed diagnostic through-space interactions be-
tween the H* triazole proton and both adjacent methylene
protons A and B. By comparison, the 1,5-substituted triazole
23 only showed through-space interactions between methyl-
ene protons B and the H® triazole proton (see the Support-
ing Information).

The macrocycles 3 and 5 were prepared by an alternative
strategy in which the macrocycle is introduced by lactamiza-
tion, rather than Huisgen cycloaddition (see Schemes 3 and

CbzHN._CO,H EDCI, HOB, CbZHNJL CO,tBu
: DIPEA, CH,Cl,
\©\ H-Leu-OtBu /
0 (80%) \Q /
24
CuS0,5H,0
26 NaAsc
(60%) | CHCly, H,0
CbzHN
CszN\E)LH o TEA z \)k” CO,tBuU
: TFA i
NH, CH,Cl, NHBoc
(/'7;{“4CO Mo  (93%) y ")X(co Me
N Me  (93%) I N, 2
N v[ N
28 O\JN‘ 7 O
HATU, HOAT
DIPEA, DMF
(13%) BocHN__ CO,Me
CbzHN
\)L J¢ -
(s CHCl,
| N (80%)
N

LiBHy THF [: 29 R=CO,Me
MeOH (55%) 30 R=CH,OH

Scheme 3. Synthesis of the macrocyclic aldehyde 3 through amide forma-
tion. TFA =trifluoroacetic acid.
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Scheme 4. Synthesis of the macrocyclic aldehyde S through amide forma-
tion.

4). In particular, intermolecular Huisgen cycloaddition of
acetylene 25 and azide 26, on treatment with CuSO, and
sodium ascorbate, gave triazole 27 (Scheme 3). The C- and
N-termini of 27 were simultaneously deprotected with TFA
in CH,Cl, to give 28, which was cyclized on reaction with
EDCI and 1-hydroxy-7-azabenzotriazole (HOAL) to give the
macrocycle 29 in a modest 13 % yield. The desired aldehyde
3 was obtained by reduction of 29! with lithium borohy-
dride and subsequent oxidation of the alcohol 301! with
DMP to produce aldehyde 3. The macrocycle § was similarly
prepared from 31" as shown in Scheme 4. In this case, lac-
tamization of the key dipeptide 34 to give 351 occurred
with an improved yield of 48 %. Based on these results it is
apparent that introduction of the macrocycle is generally
best achieved by the Huisgen cycloaddition (see Schemes 1
and 2), rather than lactamization (see Schemes 3 and 4).

Conformational analysis: The solution structures of the new
macrocycles 2, 9, and 10 were determined on the basis of
3Jancan coupling constants as previously reported for com-
pounds 1, 3-8, and 11.°*') The magnitude of this coupling
constant is dependent on the angle @, as defined by the
local conformation of the polypeptide backbone.'"”! For a B-
sheet conformation these values are typically in the range of
3 xucas =38 to 10 Hz, whereas for an unstructured random
coil a value of *Jyycas=5.8 to 7.3 Hz is typical.*! The mac-
rocycles 4-11 displayed */yycqq coupling constants of greater
than 8 Hz, which suggests!™ a & torsion angle of ~—120°
and hence a p-strand geometry. The ROESY spectra of 4-11
revealed characteristic NOE interactions between NHi—
NH(i+1) and CaHi—NH(i+1), which is diagnostic of a f3-
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strand conformation.® By comparison, compounds 1-3
gave *Jynca coupling constants of less than 8 Hz, which sug-
gests that these do not adopt a (3-strand conformation.
Compound 5§ was also docked into the crystal structures
of calpainIl (PDB 3BOW)? and cathepsinS (PDB
1GLO)™! to define its mode of binding and to compare its
backbone conformation with that of 35, as defined in the
solid state by using X-ray crystallography.l'”! Compound 35
is the synthetic precursor to 5 and it contains the identical
ring system. Docking studies and shape overlays were per-
formed by using FRED (version 3.0.0), and ROCS (version
3.1.1), respectively,” with details of the protocols employed
provided in the Supporting Information. The structures thus
obtained in overlay with docked compound 5 (calpain IT and
cathepsin S) are shown in Figures 3 and 4. The backbone di-

Figure 3. Superimposition of the crystallographic structure of 35 (grey)
with 5 (black) docked into calpain II.

Figure 4. Superimposition of the crystallographic structure of 35 (grey)
with 5 (black) docked into cathepsin S.

hedral angles @ and ¥ obtained for 5 docked into the cathe-
psin S were measured to be —95 and +133.2°. These values
are consistent with the expected B-strand conformation.™"!
The crystal structure of 35 also reveals that its component
macrocycle adopts a -strand geometry, with the equivalent
angles @ and ¥ being —125.2 and +122.6°."") The solid-
state peptide-backbone structure of 35 clearly superimposes
well with that in the docked structure 5 (calpain II and cath-
epsin S). Therefore, both structures clearly adopt a (3-strand
conformation.

Biological data: The inhibitory potencies of the macrocyclic
aldehydes 1-11 and the acyclic azido—alkyne aldehydes 12—

Chem. Eur. J. 0000, 00, 0-0
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Table 1. In vitro inhibition data for macrocyclic compounds 1-11 and acyclic compounds 12-15.
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B-strand geometry, almost uni-

Compound B-Strand P2 amino Ring Cysteine proteases Proteasome formly known to favor binding
conformation” acid size ICs, [nMm] ICs, [nm]™! to proteases.
: [b.d] [e] [e] s - s
Calpain IT CatL' CatS* CT-L CP-L T-L Not all the macrocycles are
1 nol" Leu 18 10200 190 22 3000 >25000 >25000 constrained into a B-strand,
2 no Leu 19 360 1200 87 >25000 >25000 >25000 . .
. with 4-11, but not 1-3, adoptin,
3 nol" Leu 21 94011 1900 39 3600 >25000 >25000 . ’ » adopting
4 yestd Leu 15 5828 310 10 >25000 >25000 >2s5000 this geometry. In accordance
5 yesld Leu 15 3551 920 27 >25000 >25000 >25000 Wwith previous studies on deriva-
6 yes!!! Leu 20 1371 35 23 970 >25000 >25000 tives of Cat 0811 (Figure 1)!'! a
[£] [£] .
7 yes Leu 21 97 35 3.0 250 >25000 >25000  19.membered macrocycle, as in
8 yesl! Phe 21 89t 23 1.6 310 >25000 >25000 A train the back
9l yes Ile 21 410 2 27 360 >25000 >25000 ~— COCS MOLconstraii the bHack-
10 yest! Tle 20 3901 47 3.9 250 >25000 >25000 bone into a P-strand. Interest-
1 yes Leu 17 697 480 20 >25000 >25000 >25000 ingly, however, the 20- and 21-
12 nd! Leu - 78010 34 25 54 >25000 >25000 membered macrocycles 6-10
13 nd"! Leu - 10301 87 4.6 150 >25000 >25000 ‘s : :
i X containing a polar triazole rin
14 nd"! Phe - 490 47 1.5 nd?  >25000 >25000 £ap h h 'S
15 ndt! Tle - 390 2 22 20 >25000 >2s000 At P3 and a more hydrophobic

[a] B-Strand conformation was determined on the basis of *Jyyce coupling constants from 'H NMR spectra.
[b] Values are the mean of three experiments and variation between experiments is < £5%. [c] Final concen-
tration of substrates was 50 pm. K,, values were 48 pm for Suc-LLVY-AMC (CT-L),** >500 pm for Boc-LRR-
AMC (T-L),”®! and 120 pm for Cbz-LLE-AMC (CP-L).”*! [d] The final concentration of BODIPY-FL casein
e] Data were calculated from experiments with five dif-
ferent inhibitor concentrations. ICs, values were obtained by nonlinear regression, with standard errors <20 %
except Cat S values for 6 (24%), 8 (29%), 9 (21%) and 13 (22%). Assays were performed with the chromo-
genic substrate Cbz-Phe-Arg-pNA (pNA =p-nitroanilide) at a final concentration of 100 pm. K,, values were
17 um for CatL and 118 um for Cat S.?*! [f] Taken from ref. [6a]. [g] Taken from ref.[15]. [h] Contains
~10% of epimer (o to the aldehyde) based on NMR spectroscopic analysis. [i] nd =not determined.

was ~0.09 um. K,, value for calpain II was 0.64 pum.>*Y |

15, against calpain II, cathepsin L (CatL), cathepsinS
(Cat S), and the three activities of the 20S proteasome (i.e.,
its chymotrypsin-like (CT-L), caspase-like (CP-L), and tryp-
sin-like (T-L) activities) were investigated and the results
are shown in Table 1. All compounds were potent inhibitors
of CatS, with derivatives 6-10 and 12-15 exhibiting ICs,
values of less than 5 nM. A number of these compounds (6—
10, 12, 14, and 15) were also highly active against Cat L,
with ICs, values in the range of 10-50 nm. There is some cor-
relation between activity and the ability of the macrocycles
to adopt a p-strand geometry as discussed below. The mac-
rocyclic aldehydes 6, 7, and 8 were the most active com-
pounds of the series against calpain II, with ICs, values of
137, 97, and 89 nm, respectively. The 20- and 21-membered
macrocyclic compounds 6-10, all of which adopt a B-strand
geometry, were good inhibitors of CT-L activity with an ICs,
<1 pm. Very strong inhibition of CT-L was also observed for
the acyclic azido-alkynes 12 and 15, which exhibit ICs,
values of 54 and 20 nm, respectively. Interestingly, all com-
pounds were inactive against CP-L and T-L (ICs,>25 pm).
All the compounds investigated showed the greatest activity
against Cat S, particularly so in the case of macrocycles 3, 4,
11, and 14. Several classes of highly potent inhibitors for
Cat S have been reported recently that contain an electro-
philic warhead that interacts with the active-site cysteine.l'”?
Nitrile-based compounds have attracted particular interest,
some of which exhibit K; values toward Cat S in the subna-
nomolar range.””! Our study is unique in that it addresses
the role of constraining the backbone of an inhibitor into a

Chem. Eur. J. 2013, 00, 0-0
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tyrosine at P1, do adopt this ge-
ometry. In general, the com-
pounds with 3-strand conforma-
tion were more potent towards
CatL (6-10), CatS (4, 6-11)
and calpain II (6-8).

A comparison of the inhibito-
ry activity of the macrocycles
6-9 with that of their acyclic
azide-alkyne analogues 12-15
provides some insight into the
effect of macrocyclization on
potency. The macrocycles of 6-9 generally enhances the po-
tency of inhibition for both Cat L. and calapin II compared
with the acyclic analogue. Interestingly, potency against CT-
L is greatest for the acyclic azide—alkyne analogues, whereas
the data for Cat S suggests that constraining the backbone
into a B-strand geometry with a macrocycle has little effect
with all derivatives being highly potent. This second obser-
vation may reflect in part the inability of the assay to dis-
criminate between these particularly potent compounds, as
their single-digit nanomolar ICs, values are in the same
range as the concentration of Cat S in the assay. Future ki-
netic studies are needed to fine-tune the structure-activity
relationships of these macrocyclic Cat S inhibitors. Whereas
a P-strand geometry is almost universally known to favor
ligand binding to a protease,® there is some recent sugges-
tion that a macrocycle is not favored for the proteasome.!'’!
Whereas inhibitors of the proteasome reportedly adopt hy-
drogen bonds with the protease that are characteristic of
binding in this geometry, unlike other proteases, the P2
group does not seem to form important contacts with the
active site.['"]

Some insight into the influence of the key P1 substituent
on the inhibition of proteases is apparent on comparing
macrocycles 7 and 11. An aromatic Tyr at P1 as in macrocy-
cle 7 considerably enhances inhibitory potency against cal-
pain IT (7-fold), Cat L (14-fold), Cat S (7-fold), and CT-L
(>100-fold) relative to a triazole at P1 as in 11. Thus an aro-
matic (nontriazole) residue at P1 appears to contribute to
binding within the active site of these proteases. Further in-

www.chemeurj.org
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sight into the unfavorable influence of having a triazole at
P1 (as in 1-4 and 11) toward activity (particularly calpain II)
was apparent from the docking of these structures into cal-
pain II (PDB entry 3BOW). For 1-4, the lone pairs of the
triazole nitrogen atoms give rise to hydrogen-bond-acceptor
clashes with the carbonyl and hydroxyl of Gly,; and Ser,y,
respectively. For 11, the oxygen atom of the macrocycle ap-
pears to similarly clash with the carbonyl oxygen atom of
Glygs.

The nature of the hydrophobic P2 substituent appears to
have little effect on the activity of the macrocyclic and acy-
clic compounds for all four proteases, with Leu (7, 13), Phe
(8, 14) and Ile (9, 15) all being well-tolerated. For Cat S,
these findings reflect the known plasticity of the S2 pocket
of cathepsin S, which can accommodate aliphatic and aro-
matic residues of corresponding P2 amino acids.?*! A com-
parison of compounds 3 and 7 is interesting as they differ
only in the relative positions of the P1 and the P3 substitu-
ents. The latter derivatives are significantly more potent
with 10- to 54-fold enhanced activity against calpain IT (97
vs. 940 nm), Cat L (35 vs. 1900 nm), Cat S (3.0 vs. 39 nm), and
CT-L (250 vs. 3600 nm).

Finally, the influence of the triazole substitution pattern
(either 1,4- or 1,5-disubstituted) was investigated with com-
pounds 9 and 10, respectively. 1,5-Disubstitution (10) results
in similar potency against calpain II, Cat S, and the CT-L to
that of the 1,4-disubstituted peptidomimetic 9, but signifi-
cantly decreased activity towards Cat L (4-fold). This obser-
vation may provide an avenue for enhancing selectivity for a
range of proteases over Cat L.

Conclusion

In this study, we have presented the first examples of potent
macrocyclic inhibitors of Cat S obtained by using a Huisgen
cycloaddition reaction. The most active representatives of
the series were constrained into a well-defined 3-strand ge-
ometry identified by NMR spectroscopy, X-ray analysis, and
molecular docking studies. The make-up of the macrocycle
within the peptidomimetics plays a role in defining potency,
and this effect will be further investigated with respect to
other key proteases. It is worth noting that the aldehyde
warhead found in macrocyclic protease inhibitors of the
type presented here has already found some use in topical
applications associated with the potential treatment of cata-
racts.'*>!
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ponent peptide backbones were
defined by NMR spectroscopy, X-ray
crystallography, and docking studies
(see scheme; Cbz = carbobenzyloxy).
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