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A series of potent Cathepsin L inhibitors with good selectivity with respect to other cysteine Cathepsins is
described and SAR is discussed with reference to the crystal structure of a protein-ligand complex.
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Osteoarthritis is a chronic degenerative disease, resulting from Selectivity with respect to other Cathepsins is an important

loss of articular cartilage and damage to underlying bone, leading
to joint instability and pain.1 The lysosomal cysteine protease2

Cathepsin L (CatL) is seen as a potential target for intervention in
treatment of this disease.3 The enzyme is secreted into the extra-
cellular matrix and has been shown in vitro that it can degrade
proteoglycans, including aggrecan4 and type II collagen,5 the major
components of articular cartilage.
All rights reserved.
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consideration. Cathepsins B (CatB) and L2 (CatL2) are key anti-tar-
gets in optimization of CatL inhibitors. In mice the combined defi-
ciency of CatB and CatL has been shown to be lethal in the second
to fourth week of life.6 CatL�/� mice show abnormalities in skin
and hair differentiation.7 The human genome encodes a CatL-like
cysteine protease (CatL2), which shows a restricted tissue distribu-
tion and is not present in the mouse genome. Studies using CatL�/�

mice showed that transgenic, keratinocyte-specific expression of
human CatL2 largely rescued the skin and hair phenotype, indicat-
ing that this protease may play an important role in human skin
homeostasis.8 Both CatL and CatS have roles in MHC class II-med-
iated antigen processing and presentation and may compensate for
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Figure 1. Potential binding mode of the adduct of 1 with Cathepsin L showing
molecular surface of protein and locations of key residues. The covalent bond is
formed between the nitrile carbon atom and the sulfur atom of the catalytic
cysteine (Cys25; hidden by surface).

Table 1
SAR for aromatic and cycloalkyl substituents

N
H

O

CN
NH

O

R

Cl

1 4

5 6

Compd ClogPa CatL
pIC50

b
CatL2
pIC50

b
CatS
pIC50

b
CatK
pIC50

b
CatB
pIC50

b

1 2.1 6.6 6.1 6.9 5.5 5.3
4 2.5 5.9 5.2 5.6 <5 <5
5 2.3 6.3 6.4 5.7 <5 <5
6 3.0 6.5 5.2 5.6 5.3 <5

a See Ref. 14.
b Values are means of at least three experiments; see Refs. 10,15–17.

Table 2
SAR for phenyl substitution

N
H

O

CN
NH

O

Cl

R

Compd R ClogPa CatL
pIC50

b
CatL2
pIC50

b
CatS
pIC50

b
CatK
pIC50

b
CatB
pIC50

b

1 H 2.1 6.6 6.1 6.9 5.5 5.3
7 4-Me 2.6 6.6 6.0 6.2 5.9 5.6
8 3-Me 2.6 6.6 6.1 6.4 5.2 5.3
9 2-Me 2.3 6.1 5.3 5.8 5.3 <5

10 3-Cl 3.0 7.1 6.7 6.7 5.2 5.4
11 2,5-

diMe
2.8 7.1 5.8 5.9 5.2 5.3

12 2,3-
diMe

2.7 6.5 5.4 5.7 <5 <5

13 3,5-
diMe

3.1 7.3 6.7 6.5 5.3 5.1

a See Ref. 14.
b Values are means of at least three experiments; see Refs. 10,15–17.

Table 3
SAR for bicyclic substitiuents
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each other, suggesting that selectivity with respect to CatS is desir-
able in CatL inhibitors.9

Directed screening led to the identification of 1 as an inhibi-
tor of CatL with pIC50

10 of 6.6. This compound is >10-fold selec-
tive with respect to CatB and CatK but shows no selectivity with
respect to CatS or CatL2. Close structural analogues of 1 have
been described previously as CatL inhibitors and show similar
selectivities with respect to CatK and CatS.11 The binding of 1
to CatL was modeled (Fig. 1) with a covalent bond between ni-
trile carbon and active site cysteine sulfur.12,13 The 3-chloro-
phenyl substituent occupies the S2 pocket which is deeper in
CatL than in CatK. The phenyl ring of the capping group lies in
the shallow S3 pocket, making contact with Leu69, although
the interaction appears suboptimal. The corresponding residues
in other Cathepsins are tyrosine (CatK, CatB) or phenylalanine
(CatL2, CatS). Leu69 also makes contact with the chlorophenyl
ring and is held in what can be termed a ‘molecular pincer’.
The carbonyl oxygen of Gly68 accepts a hydrogen bond from
the benzamide donor.

Synthesis of compounds is summarised in Scheme 1. Esterifica-
tion of the commercial 3-chlorophenylalanine followed by stan-
dard amide coupling chemistry furnished 2. Ester hydrolysis
followed by concentration of the reaction mixture and subsequent
amide coupling of the crude lithium salts with aminoacetonitrile
provided good yields of the target compounds. The alternative, of
introducing diversity in the final step by acylating 3, resulted in
low yields and challenging purification.

Structure activity relationships (SARs) for CatL inhibitors are
presented in Tables 1–5. Replacement of phenyl in 1 with the more
lipophilic cyclohexyl (4) leads to a 0.7 drop in pIC50 (Table 1). This
may reflect differences in dihedral angle preference for the bonds
linking substituent and carbonyl groups. The larger and more
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Scheme 1. Reagents: (a) 10 M HCl/MeOH; (b) Acid, HATU, DIPEA, DMF; (c) LiOH,
MeOH/H2O/THF; (d) H2NCH2CN, HATU, DIPEA, DMF; (e) Formic acid.

N
H

O

CN
NH

O

Ar

Cl N

14 15

16 17

Compd ClogPa CatL
pIC50

b
CatL2
pIC50

b
CatS
pIC50

b
CatK
pIC50

b
CatB
pIC50

b

14 3.3 6.6 5.4 5.5 <5 5
15 3.7 6.4 <5 <5 <5 <5
16 2.7 7.0 5.5 5.5 <5 <5
17 4.3 7.7 6.0 6.0 <5 <5

a See Ref. 14.
b Values are means of at least three experiments; see Refs. 10,15–17.
lipophilic cycloheptyl analogue (6), is nearly as active as 1 and
shows improved selectivity with respect to CatL2.



Table 4
SAR for heteroaryl substituents

N
H

O

CN
NH

O

Ar

Cl

N N N
N

O
N

N
S

S

18 19

20 21 22

Compd ClogPa CatL
pIC50

b
CatL2
pIC50

b
CatS
pIC50

b
CatK
pIC50

b
CatB
pIC50

b

18 0.6 5.9 5.9 5.9 5.6 <5
19 0.9 6.3 5.9 6.1 5.2 <5
20 0.7 6.2 5.6 6.1 5.0 <5
21 1.9 6.4 6.6 6.7 5.9 5.0
22 2.6 7.1 6.3 6.1 5.3 5.7

a See Ref. 14.
b Values are means of at least three experiments; see Refs. 10,15–17.

Table 5
3-Substituted pyrazole SAR analogues

N
H

O

CN
NH

O

X

N
N

R

Compd R X ClogPa CatL
pIC50

b
CatL2
pIC50

b
CatS
pIC50

b
CatK
pIC50

b
CatB
pIC50

b

19 Me Cl 0.9 6.3 5.9 6.1 5.2 <5
23 Et Cl 1.4 7.2 6.3 6.1 5.3 5.1
24 iPr Cl 1.8 7.1 6.3 6.1 5.7 5.3
25 tBu Cl 2.2 7.9 6.7 6.0 5.5 5.2
26 tBu Me 2.0 7.9 6.4 6.1 5.6 5.4

a See Ref. 14.
b Values are means of at least three experiments; see Refs. 10,15–17.

Figure 2. Relationships between pIC50 and ClogP for Cathepsins L, L2 and S
showing comparisons for 1 (red), 17 (blue) and 25 (green). Ellipses correspond to
probability of 90%.

Figure 3. Crystal structure of 26 bound to Cathepsin L showing molecular surface of
the protein and locations of key residues. The covalent bond is formed between the
nitrile carbon atom and the sulfur atom of the catalytic cysteine (Cys25; hidden by
surface).
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Substitution of the phenyl ring of 1 with a single chloro or
methyl group led to increases in CatL pIC50 of no more than 0.5
(Table 2). The most interesting profile is that shown by 11 in which
the phenyl ring is substituted with methyl groups at the 2 and 5
positions. This compound is more than 10-fold selective against
both CatL2 and CatS. Contact between the 5-methyl substituent
and protein surface restricts the torsional space for the carbonyl–
phenyl bond in the bound state and effectively forces the 2-methyl
into contact with Leu69. The equivalents of Leu69 in CatL2 and
CatS are more sterically demanding aromatic amino acids and
the dimethyl-substitutions are deleterious for anti-target potency,
especially CatS.

The SAR of 2,3-disubstituted phenyl rings was explored further
using bicyclic aromatic systems (Table 3). Compounds 14 and 15
are equipotent with 12 although 15 shows a better selectivity pro-
file. Aza-substitution of 14 at C4 actually results in a small increase
in potency, which reflects likely exposure of this position to solvent
in the bound state. The 2,3 and 2,5 substitution patterns of 11 and
12 are brought together in 17. This compound is more potent than
analogues 11–14 and shows better than 50-fold selectivity with re-
spect to the other Cathepsins.

The improvements in potency and selectivity of 17 relative to 1
were achieved at the cost of increasing lipophilicity (ClogP) by >2
units. The results presented in Table 4 show that substituting
five-membered heteroaromatic rings (e.g., 19 and 20) for phenyl
can lead to significant reductions in lipophilicity with minimal loss
of potency. Analogues of 19 have been described as Cathepsin
inhibitors in the patent literature.18

Increasing the size of the substituent at pyrazole C3 in 19 leads
to an increase in CatL potency (Table 5). The CatL pIC50 value of 25
exceeds that of 1 by 1.6 units. CatL2 (DpIC50 = 0.5) and CatS
(DpIC50 = �0.1) are much less sensitive to this structural change
with the result of an improved selectivity profile relative to 1.
Compound 25 is as least as selective with respect to CatB and CatS
as previously described CatL inhibitors.3

A weak correlation (r = 0.41) was observed between CatL pIC50

and ClogP (Fig. 2) for these inhibitors. The correlations of CatL2 and
CatS inhibition with lipophilicity are much weaker, which reflects
the presence of CatL selective inhibitors in the data set. We believe
that Figure 2, in which selectivity is overlaid onto potency-lipo-
philicity relationships, represents a useful and general approach
to summarizing results from selectivity assays.

The crystal structure19–21 (Fig. 3) of 26 bound to CatL provides a
rationale for the SAR observed for 19, 23, 24 and 25. The 1-methyl
group of the pyrazole makes some contact with Leu69 and appears
to force the pyrazole ring out of co-planarity with the amide, prob-
ably functioning as a conformational lock.22,23 Less obviously, the
1-methyl group may also function as a tautomeric lock because
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the more stable tautomer24 of the des-methyl analog is likely to be
the one with the imino nitrogen next to the amide linker.25

All three methyl groups of the t-butyl substituent make contact
with the protein. The similarity of the pIC50 values for 23 (7.2) and
24 (7.1) suggests that these three methyl groups do not contribute
equally to potency. One rationale for the observed trend in potency
is that the contribution to binding of one of the methyl groups is
primarily conformational.

In conclusion, we have discussed selectivity requirements for
safe Cathepsin L inhibitors and shown how variation of the S3 sub-
stituent can be used to modulate potency and selectivity.
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