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A number of molecular recognition features have been exploited in structure-based design of selective
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Cysteine Cathepsins are implicated in a number of diseases
including cancer, osteoarthritis, osteoporosis, autoimmune disor-
ders and viral infection.! Selectivity is an important consideration
in design of inhibitors of this class of protease, especially given that
many of these feature an electrophilic warhead, such as a nitrile,
that interacts covalently with the active site cysteine. For instance,
gene knockout studies suggest that Cathepsins B (CatB) and L2
(CatL2) should be considered key anti-targets in optimization of
Cathepsin L (CatL) inhibitors.2™

Compounds 1-3 were described recently as CatL inhibitors and
the binding mode of 2 has been characterized by X-ray crystallog-
raphy.? Interaction with Leu69 appears to be a factor in the im-
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proved selectivity profiles of 2 and 3 over 1. The equivalent
residue in a number of the other Cathepsins is an aromatic amino
acid. This selectivity was unexpected at the outset because the
molecular surface in the region of the Leu69 side chain is convex.
One rationale for observed selectivity is that Leu69 interacts with
a concave region of the ligand and is held in what we have de-
scribed? as a ‘molecular pincer’.
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Figure 1. Crystal structure of 2 bound to Cathepsin L showing molecular surface of
the protein and the locations of key residues.

Other residues that might be targeted to improve selectivity are
Asp71 and Asp114. The corresponding residues in CatL2 are hydro-
phobic amino acids (Ala71; Val114). The crystal structure of 2
bound to CatL (Fig. 1) shows the side chains of Asp71 and
Asp114 to be in mutual contact, suggesting that at least one of
these residues is protonated under crystallization conditions. Pro-
vided that one of these aspartates remains anionic, achieving con-
tact between this region of the protein and a cationic group in an
inhibitor is likely to result in improved selectivity over CatL2.

It is important that the spacer that links this cationic group to
the rest of the molecule makes contact with the surface of the pro-
tein. The backbone amide hydrogen bond donors of Met70 and
Asp71 are of particular interest in this regard. These molecular rec-
ognition elements sit next to each other at the bottom of a pocket
where the molecular surface of the protein is concave. Surface con-
cavity® and solvent enclosure® in a binding pocket facilitate dis-
placement of water molecules by ligand. These characteristics
suggest that this region of the protein may be able to function as
a hot spot”?® for ligand recognition. The presence of exposed polar
atoms deep within a binding pocket contributes to the druggabili-
ty® of a target protein especially when fragment-based ap-
proaches!®!! are used. Exploiting these two hydrogen bond
donors was seen as a means to anchor ligands in order to make
more effective contact with the Asp71 and Asp114 residues. This
approach was predicted to generate good selectivity with respect
to CatB as the amino acid corresponding to Met70 is proline, which
lacks a backbone donor.

The amide donors of Met70 and Asp71 reinforce each other be-
cause they are close together and mutually aligned.'?!> An adja-
cent pair of hydrogen bond acceptor nitrogen atoms in a
heteroaromatic ring is a molecular recognition feature that is

4623

highly complementary to the aligned donors. Repulsion between
the aligned nitrogen lone pairs enhances the hydrogen bond accep-
tor strength of each nitrogen atom.!>"!> Inspection of the crystal
structure for the complex of 2 and CatL suggested that linking from
C3 of the phenyl ring would provide the best access to the amide
donors. A number of analogs of 2, C3-substituted with heteroaro-
matic rings, were synthesized.

The esters 5 were prepared from commercially available 3-
bromophenylalanine (4). Subsequent hydrolysis followed by amide
coupling with aminoacetonitrile generated the key 3-bromophe-
nylalanine derivatives 6 (Scheme 1). Compounds 7-13 and 15 were
prepared in low to moderate yield by Suzuki coupling with various
commercially available heterocyclic boronic acid pinacol esters.
Protecting groups were present in two of these reagents and these
were removed using standard methods to give 14 and 16.

The boronic acid/esters required for synthesis of 20-22 using
the route described in Scheme 1 were not readily available. These
compounds were prepared via Suzuki coupling of the commer-
cially available heteroaryl triflates/bromides with the boronic acid
pinacol ester 19 (Scheme 2). This racemic intermediate was ob-
tained from 17 by conversion to triflate 18 followed by cross-cou-
pling reaction with bis(pinacolato)diboron.

Compound 23 was prepared as previously described from com-
mercially available (S)-m-tyrosine. Subsequent conversion to tri-
flate followed by hydroxycarbonylation using molybdenum
hexacarbonyl generated the key acid intermediates 24. Standard
HATU coupling with various hydrazides either commercially avail-
able (or prepared) followed by cyclodehydration with either Bur-
gess reagent or Lawesson’s reagent afforded oxadiazoles/
thiazdiazoles 25. Subsequent ester hydrolysis followed by amide
coupling with aminoacetonitrile generated 26-32. Demethylation
of compound 25a with boron tribromide, followed by hydrolysis
and amide formation afforded 33. Formic acid mediated Boc depro-
tection of intermediates 34 and 36 afforded compounds 35 and 37
(Scheme 3).

Cathepsin inhibition profiles are presented in Table 1 for a num-
ber of phenylalanine derivatives with heteroaromatic substituents
at C3. Compounds with 3-pyridazinyl (21) 1,3,4-oxadiazolyl (26,
28), or 1,3,4-thiadiazolyl (27, 29) substituents at C3 were consis-
tently more potent than the corresponding 3-chloro analogues (1,
3) against CatS and CatL2. Compounds 21 and 27 are particularly
potent CatS inhibitors with good selectivity over other family
members, and would be useful start points for a program against
this target.!®

Different trends were observed for CatL potency and the pres-
ence of adjacent hydrogen bond acceptors appears to less benefi-
cial than for CatS or CatL2. For example, the CatL pICso of 21 is
0.7 units less than that of 1 and 29 is slightly more potent (0.4
units) than 3 against CatL. This suggests that Leu69 may restrict
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Scheme 1. Reagents and conditions: (a) 10 M HCI/MeOH; (b) acid, HATU, DIPEA, DMF; (c) LiOH, MeOH/H,0/THF; (d) H,NCH,CN, HATU, DIPEA, DMF; (e) het-boronic acid
pinacol ester, 1,1 bis(di-tert-butylphospino)ferrocene palladium dichloride, Na,COs, dioxane/H,0, 100 °C, MW; (f) formic acid; (g) 1.25 M HCI/EtOH.
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Scheme 2. Reagents and conditions: (a) PhNTf,, K,CO3, THF, 120 °C, MW; (b) bis(pinacolato)diboron, 1,1 bis(di-tert-butylphospino)ferrocene palladium dichloride, KOAc,

DME, 85 °C; (c) het-OTf/Br, Pd(OAC);, K5PO4, S-Phos, THF/H0, 150 °C, MW.
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Scheme 3. Reagents and conditions: (a) PhNTf;, K,CO3, THF, 120 °C, MW; (b) Mo(CO)s, Pd(OAc),, dppf, K>COs3, dioxane, 140 °C, MW; (c) hydrazide, HATU, DIPEA, DCM, rt; (d)
burgess reagent, 70 °C, MW or Lawesson’s reagent, 40 °C, THF; (e) 2.5 N aq NaOH, MeOH/H,0, 75 °C; (f) H,NCH,CN, HATU, DIPEA, DMF; (g) BBr3, DCM, rt; (h) formic acid, rt.

interaction of the heterocyclic nitrogen atoms with the backbone
donors to a greater extent than the corresponding Phe residues
in CatS and CatL2. Subtle SAR was observed for these structural
types. For example, 30 is 0.5 log units more potent than 28 against
CatL but 31 is 1.4 log units less potent than 29.

The methoxy (32) and hydroxyl (33) analogues of 30 showed
inhibition profiles that were very similar to that observed for 30.
Compounds 35 and 37, each of which presents a pendant amino
group that is largely protonated under assay conditions, are 0.4
and 0.6 log units more potent than 30 against CatL. Both CatL2

Table 1
Cathepsin plCso values

Compd Cat L pICsp® Cat L2 pICsq® Cat B pICso®  Cat K pICs¢*  Cat S pICsg?
1 6.6 6.1 5.3 5.5 6.9
2 7.9 6.4 5.4 5.6 6.1
3 7.9 6.7 5.2 5.5 6.0
7 6.3 5.8 5.2 <5 7.0
8 5.5 5.5 5.1 <5 6.5
9 5.8 5.5 <5 <5 6.6

10 5.7 5.4 5.1 <5.1 6.9

11 5.4 <5.1 <5 <5.1 6.5

12 7.8 6.8 <5 5.2 6.5

14 6.1 5.8 5.1 <5 7.1

16 5.8 5.4 53 <5 6.5

20 5.5 <5 5.2 <5 6.2

21 5.9 7.2 5.2 <5.2 8.1

22 <5.1 <5 <5 <5 6.1

26 6.3 6.8 <5 5.9 7.7

27 6.7 7.6 <5 6.2 8.6

28 7.8 7.7 <5 6.9 7.2

29 83 8.2 <5 6.9 7.8

30 83 8.2 <5 7.2 7.1

31 6.9 8.5 <5 5.5 6.5

32 8.4 8.7 <5 6.9 7.1

33 8.2 8.1 <5 7.0 7.2

35 8.7 7.4 5.4 6.0 6.7

37 8.9 7.0 5.2 6.8 7.2

2 Values are means of at least three experiments; see Refs. 16-18.

and CatS potencies are lower for the cationic compounds than for
30, resulting in better selectivity profiles. Compound 35 shows
greater selectivity (ApICsg=—2.0) against CatS than CatL2
(ApICsp = —1.3). Compound 37 shows a better overall selectivity
profile than 35 with a marginally greater bias against CatL2
(ApICsp = —1.9) than CatS (ApICsp = —1.7).

The crystal structure®® of 35 bound to CatL shows contact be-
tween the cationic amino substituent and the interacting Asp71-
Asp141 pair (Fig. 2). There are four protein molecules in the asym-
metric unit and contact distances between oxadiazole nitrogen
atoms and backbone amide hydrogen atoms lie in the range
2.21 A to 2.52 A for Met70 and 2.45 A to 2.78 A for Asp71. These
hydrogen bonds are relatively long and the greater CatS potency
of 21, 26 and 27 may reflect hydrogen bond geometries that are
closer to ideal values when these compounds are bound to CatS.

Figure 2. Crystal structure of 35 bound to Cathepsin L showing molecular surface of
the protein and locations of key residues. The hydrogen bonds between the
oxadiazole nitrogen acceptors and the backbone amide donors of Met70 and Asp71
are shown in turquoise.
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This variability in the contributions of these hydrogen bonds to po-
tency suggests that this region of the protein surface can be used to
manipulate Cathepsin selectivity.

The CatS and CatL2 pICsq values for 20 and 21 have implications
beyond Cathepsin inhibition. Aza-substitution of 20 leading to 21,
which adds a hydrogen bond acceptor, leads to a 1.9 log unit in-
crease in CatS potency. The CatL2 plCs, difference for these com-
pounds appears to be even larger (>2.2) although 20 is too weak
an inhibitor to be detected in the assay. It has been suggested®?
that a neutral-neutral hydrogen bond can contribute no more than
a factor of 15-fold (1.2 log units) to binding affinity. This is rather
less than either of the differences in CatS (1.9) and CatL2 (>2.2)
pICso values measured for 20 and 21 which suggests that the upper
limit to the contribution of a neutral-neutral hydrogen bond to po-
tency may be higher than was previously thought. Caution is
needed when interpreting these results because 20 and 21 are both
racemic and the structure of 21 bound to CatS is not currently
available. However, the increase in potency resulting from isosteric
introduction of a hydrogen bond acceptor into an inhibitor mole-
cule is compelling evidence that the acceptor forms a hydrogen
bond with the protein. It is also worth noting that while 21 is 0.7
units less potent than 1 against CatL it is still 0.4 units more potent
than 20 against this enzyme.

In summary, we have exploited differences between protein
structures to modulate Cathepsin selectivity. We have also demon-
strated that an aligned pair of hydrogen bond donors can function as
ahot spot. Finally we suggest that a proposed upper limit for the con-
tribution of a neutral-neutral hydrogen bond is underestimated.
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