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Abstract—The synthesis and biological activity of a series of aldehyde inhibitors of cathepsin K are reported. Exploration of the
properties of the S? and S* subsites with a series of carbamate derivatized norleucine aldehydes substituted at the P? and P? positions
afforded analogs with cathepsin K ICss between 600 nM and 130 pM.
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Cathepsin K, a lysosomal cysteine protease of the C1A
family highly expressed in osteoclasts, is crucial for the
degradation of bone matrix.! Moreover, small molecule
cathepsin K inhibitors are able to attenuate bone
resorption in osteoporotic animal models.? As part of a
broader goal of developing new therapeutics for osteo-
porosis, these researchers recently reported the discov-
ery and P' SAR exploration of the aldehyde-based
cathepsin K inhibitor 1 (Boc—Nle-H) derived from
truncation of calpeptin (Cbz-Leu—Nle-H), which was
identified in a focussed screen of known serine and
cysteine protease aldehyde inhibitors.> This report will
detail the further investigation of the SAR of this lead,
concentrating on the P?> and P3 regions.

Two routes were utilized to synthesize P>-P3 aldehyde
analogs. The first method converted commercially
available P>-P3 alcohols 2a—c and 21 or known P>-P?
alcohol 2m* into their chloroformates 3a—¢ and 3l-m
mediated by phosgene as depicted in Scheme 1.°> These
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Scheme 1. (a) COCl,, PhMe, 0°C to rt; (b) iPr,NEt, dioxane; (c)
pyridine - SO;, NEt;, DMSO, CH,Cl,, —10°C.

chloroformates were then coupled to the known amine
4% to give the alcohols Sa—¢ and 5l-m.” Subsequent
Moffatt oxidation of these alcohols Sa—¢ and Shm
provided the desired aldehydes 6a—c and 6k-m after an
extractive work-up.® The yields of the alcohols Sa—u and
aldehydes 6a—u as well as the cathepsin K activity of the
aldehyde analogs 6a—u are shown in Table 1, while the
yields of the alcohols Sv—z and aldehydes 6v-z as well as
the cathepsin K activity of the aldehyde analogs 6v—z are
shown in Table 2.

Alternatively, the commercially available P>~P* alcohols
2d, 2f, 2i-j, and 20-u, the previously described P?>-P3
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Table 1. P2-P3 cathepsin K inhibition and synthesis yields

R O\H/NWO
R'R2 0 nBu

# R R R’ 5 yd. (%) 6 yd. (%) Cat. K ICs (nM)*

Me Me Me 65 99 51
6a Ph H H 65 99 540°
6b PhCH, H H 86 78 270°
6c Ph(CH.), H H 97 88 600°
6d PhCH, Me Me 93 67 12
6e PhCH, (CH,); 47 90 2.4
of PhCH, Et Et 74 76 2.1
6g PhCH, (CHa)s 63 80 0.35°
6h PhCH, (CH,)s 45 95 2.0
6i PhCH, Me H 82 25 1.8
6j PhCH, H Me 86 88 1009
6k C¢H,,CH, Me H 77 94 2.7
6l PhCH, Et H 67 88 0.13¢
6m PhCH, nPr H 68 90 1.5
6n PhCH, iPr H 88 80 0.50
60 PhCH, iBu H 84 98 6.5
6p PhCH, PhCH, H 88 99 71
6q H Et Et 90 79 4.0
6r H nPr nPr 90 85 0.87¢
6s H iPr iPr 81 96 0.56
6t H iBu iBu 64 98 1.1
6u Me iPr iPr 75 64 4.7°

#Inhibition of recombinant human cathepsin K activity in a fluorescence assay using 10 uM Cbz-Phe-Arg-AMC as substrate in 100 mM NaOAc,
10mM DTT, 120mM NaCl, pH =5.5. The ICs, values are the mean of two or three inhibition assays, individual data points in each experiment

were within a 2-fold range of each other.
°These entries represent an 7 of one.

¢Individual data points in each experiment were within a 3-fold range of each other.
4This analog was synthesized from a commercially available chiral alcohol 2j. It cannot be ruled out that the activity of 6j might arise from con-
tamination by a small amount of 6i derived from starting alcohol 2j being less than 100% enantiomerically pure.

Table 2. P3 cathepsin K inhibition and synthesis yields

H
O nBu
# R 5 yd. (%) 6 yd. (%) Cat. K ICs
(nM)*

6v 3-MeO-Ph 99 98 5.4°

6w 4-MeO-Ph 69 78 2.9

6x 2-Cl-Ph 77 77 3.1

6y 4-Cl-Ph 81 93 4.6

6z 3-Thiophenyl 85 99 7.6°

#Inhibition of recombinant human cathepsin K activity in a fluores-
cence assay using 10 uM Cbz—Phe-Arg-AMC as substrate in 100 mM
NaOAc, 10mM DTT, 120mM NaCl, pH =5.5. The ICs, values are
the mean of two or three inhibition assays, individual data points in
each experiment were within a 2-fold range of each other.

®These entries represent an 7 of one.

alcohols 2e,” 2g-h,'® 2n,'"' and 2w-y,'>'* or the novel
alcohols 2v'> and 2z'°® were coupled to the known iso-
cyanate 7' to give the carbamates 8d-j and 8n-z as
shown in Scheme 2.'® Then, hydrolysis of the resulting
esters 8d—j and 8n-z, followed by sodium borohydride-
mediated reduction of the in situ generated mixed
anhydrides provided the alcohols 5d—j and 5n—z.!° The
cyclohexyl alcohol 5k was synthesized by hydrogenation

Q
i 1
R_ _OH N R. _O_ _N
v + :QJ\O a ?(ZT <70
RTR2 nBu | R'R2 0 ngu |
2d-2j, 2n-2z 7 8d-8j, 8n-8z
R__O H\)OH R. O N (')
b Ty YT 4 Ty Yy
R'R?2 0 nBu R'R?2 0 nBu
5d-5j, 5n-5z 6d-6j, 6n-6z

Scheme 2. (a) PhMe, 90°C, 22-99%; (b) LiOH, THF, H,O; (c)
iPrOCOCI, NEt;, THF, —10°C; NaBH,4, H,0, 0°C; (d) pyridine - SO3,
NEt;, DMSO, CH,Cl,, —10°C.

Scheme 3. (a) H,, RhCl;-H,O, Aliquat® 336, CICH,CH,Cl, H,O
(77%).

of the aryl ring of alcohol 5i catalyzed by rhodium under
phase transfer conditions as displayed in Scheme 3.2
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Once again, the alcohols 5d—j and Sn—z were oxidized to
the desired aldehydes 6d—j and 6n-z.

The lead aldehyde 1 contains no P? residue. With an X-
ray crystal structure of cathepsin K unavailable at the
start of this work, a traditional structure activity rela-
tionship study was employed. It was thought that the
incorporation of an appropriately placed aryl sub-
stituent could result in favorable n—m stacking interac-
tions with potential aryl groups in the S subsite or the
active site trough that accommodates the substrate
backbone. To test this hypothesis, a potential S*-binding
phenyl ring was attached to the amino acid backbone
with tethers of varying lengths.?! The benzyl, phenethyl,
and phenpropyl derivatives 6a—c (cathepsin K ICsys of
540, 270, and 600 nM, respectively, as shown in Table 1)
did not differ significantly from each other in their
ability to inhibit cathepsin K, nor did they offer
increased potency over the aldehyde lead 1.

Since the primary determinant of specificity of papain
family endopeptidases is the S?> pocket,”> the gem-
dimethyl P? group of lead 1 was combined with the
phenyl P?* moiety of 6b to provide inhibitor 6d
(ICso =12nM). This analog was ~4-fold more potent
than analog 1 and ~20-fold more potent than analog 6b.
The gem-diethyl P?> analog 6f was then prepared and
found to be even more active (ICso =2.1 nM). To further
investigate the dimensions of the S? pocket, the cyclo-
butyl, cyclopentyl, and cyclohexyl P? moieties were
incorporated with the P3 phenyl group to afford inhib-
itors 6e and 6g-h. The cyclobutyl and cyclohexyl-con-
taining compounds 6e (ICsp=2.4nM) and 6h
(ICso =2.0nM) were similar in inhibitory potency to the
gem-diethyl analog 6f, whereas the cyclopentyl-con-
taining compound 6g provided a 6-fold increase in
potency (ICsy =0.35nM).

Although the incorporation of geminal disubstitution in
the P? region afforded potent cathepsin K inhibitors, it
was not clear if both P? substituents were required for
favorable interactions with the enzyme. To address the
contribution of each substituent to protease inhibition,
the diastereomers 6i and 6j were synthesized. The (S)-
methyl derivative 6i (ICsy= 1.8 nM) exhibited substan-
tially more inhibitory activity versus cathepsin K than
its (R)-epimer (ICso = 100nM). Furthermore, analog 6i
was more potent than the gem-dimethyl derivative 6d,
demonstrating that the interaction of the inhibitor
with cathepsin K in the S? pocket is stereospecific.
Furthermore, a second geminal substituent is not only
unnecessary, but can be detrimental to the inhibitory
activity.

The interactions of the inhibitors with the S3 domain of
cathepsin K were further explored. Replacement of the
P*® phenyl group by a cyclohexyl moiety as in 6k
(IC5=2.7nM) did not affect the inhibitory activity.
Furthermore, as shown in Table 2, a five-membered
heteroaryl ring as in 6z could replace the phenyl ring
with no loss in activity. Substitutions at the 2-, 3-, or 4-
position of the phenyl group in the P? gem-dimethyl
series by electron donating (6v-w) or electron with-

drawing groups (6x-y) were all well tolerated. The ab-
sence of strong effects on the inhibitory activity by these
P? changes suggests that the interactions of these sub-
stituents with the protein are quite weak.

Since the introduction of larger P? moieties resulted in
increased inhibitory potency in the gem-disubstituted
analogs and only the pro-(S) substituent was important
for activity, further exploration of bigger P? alkyl
groups in the more active diastereomer series was war-
ranted. To that end, analogs of 6i bearing larger P? alkyl
groups were synthesized. The ethyl- and iso-propyl-
containing analogs 6l (IC5,=0.13nM) and 6n
(ICso=0.50nM) were more potent inhibitors of
cathepsin K than the methyl analog 6i, whereas the
n-propyl- and iso-butyl-containing derivatives 6m
(ICso=1.5nM) and 60 (ICso=6.5nM) were approxi-
mately equipotent to the methyl analog 6i. However,
introduction of the larger benzyl group in compound 6p
(ICso=71nM) resulted in a significant decrease in
inhibitory activity. It is probably too large to be rea-
sonably accommodated in the S? pocket.

In an attempt to avoid the added synthetic complexity
associated with the incorporation of a second stereo-
center, a group of symmetrical alcohols was used to
prepare a series of inhibitors containing achiral P?-P?
moieties (compounds 6q—u). The diethyl-, di-n-propyl-,
di-iso-propyl-, and di-iso-butyl-containing analogs 6q—t
were more potent than the dibenzyl analog 6p discussed
above, and exhibited activity similar to the P?>-methyl
P3-benzyl analog 6i. Addition of a methyl group to
afford the methyl, di-iso-propyl-containing derivative 6u
(IC5=4.7nM) did not enhance activity over 6s
(ICs=0.56nM). Presumably, in these symmetrical
inhibitors, one of the side chains occupies the S
pocket, whereas the second side chain lies in the
active site trough that accommodates the substrate
backbone.

Selectivity is a critical concern when designing potential
therapeutics to avoid undesired side effects. Given the
high degree of homology between the lysosomal cysteine
cathepsins, achieving reasonable selectivity can be a
daunting task. To ascertain the selectivity of this class of
aldehyde inhibitors, selected analogs were screened
against the commercially available cathepsins B and L
with data shown in Table 3. Gratifyingly, all of these
aldehyde inhibitors exhibit more inhibitory activity
versus cathepsin K than against cathepsins B and L.
Although several of the inhibitors were greater than 100-
fold selective for cathepsin K versus the other two
enzymes, in general, the cycloalkyl-containing inhibitors
6e, 6g, and 6h were the more selective. The cyclohexyl-
containing derivative 6h is >6000-fold selective for
cathepsin B and >4000-fold selective for cathepsin L.
Interestingly, the diethyl-bearing analog 6f (cathepsin L
ICso=110nM) is a substantially more potent inhibitor
of cathepsin L than are the cycloalkyl-containing ana-
logs 6e, 6g, and 6h, whereas the mono-ethyl compound
6l (cathepsin L ICsy=15nM) is even more potent.
Analog 6l is also a reasonably good inhibitor of
cathepsin B (cathepsin B ICsy =72 nM).
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Table 3. Cathepsin B, K, and L inhibition and selectivity
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Ry O N
RTR? 0 nBu

# R R R2 Cat. B ICs (nM)? Cat. K ICs) (nM)? Cat. L ICs) (nM)?
6e PhCH, (CH,); 3400 24 1200

of PhCH, Et Et 2200 2.1 110¢

62 PhCH, (CHa)s 810 0.35¢ 2000

6h PhCH, (CH,)s 12,000 2.0 8500

6i PhCH, Me H 460 1.8 740

6k Cﬁ H] 1 CHZ Me H 400b 2.7 270b

6l PhCH, Et H 72¢ 0.13¢ 15¢

#Inhibition of recombinant human cathepsin B, K, and L activity in a fluorescence assay using Cbz-Phe-Arg-AMC as substrate (cathepsins B and K
(10 uM), cathepsin L (5 uM)) in 100mM NaOAc, 10mM DTT, 120mM NaCl, pH =5.5. The ICs, values are the mean of two or three inhibition
assays, individual data points in each experiment were within a 2-fold range of each other.

®These entries represent an 7 of one.

¢Individual data points in each experiment were within a 3-fold range of each other.

Figure 1. Active site of the X-ray co-crystal structure of compound 9
bound to cathepsin K. The cathepsin K carbons are colored yellow
with inhibitor 9 carbons colored green. The semi-transparent white
surface represents the molecular surface, while hydrogen bonds are
depicted as yellow dashed lines. Inhibitor 6n, with its carbons colored
cyan, was modeled into the X-ray co-crystal structure, illustrating the
probable mode of binding of these truncated aldehydes inhibitors. The
coordinates have been deposited in the Brookhaven Protein Data
Bank, accession number 1SNK. This figure was generated using PY-
MOL version 0.93.

The original lead for this aldehyde series identified by
focussed screening was calpeptin, Cbz—Leu—Nle-H.? As
part of an effort to obtain X-ray co-crystal structures of
cathepsin K/inhibitor complexes, several heavy atom
calpeptin derivatives were synthesized to assist in phas-
ing the X-ray diffraction data. Co-crystallization of one
of these analogs, para-bromo-Cbz-Leu-Nle-H 9
(ICsp=0.25nM),? with cathepsin K gave diffraction
quality crystals, allowing the determination of the
crystal structure. The X-ray co-crystal structure of
bromine derivative 9 bound to cathepsin K, of which the
active site is shown in Figure 1, gives some insights into
the SAR of these P>-P? analogs described above. The
iso-butyl group is bound in a deep S? pocket formed by
residues Tyr, ®Met, '**Ala, '®Ala, and 2®Leu.
Hydrophobic groups should be preferred based on the

lipophilic nature of these residues, and this was con-
firmed by these SAR studies.

Other interactions also contribute to the binding of
these inhibitors. The S' binding site is created by resi-
dues 2*Gly, **Ser, #*Gly, and ®Gly and may be described
as a wall rather than pocket since one half of the subsite
is solvent exposed. All of the polar backbone atoms that
form the wall are hydrogen bonded, which results in the
subsite having a very hydrophobic character, explaining
the preference for linear hydrophobic substituents in this
position. The S pocket consists of a ‘groove’ that is
formed by ®Asn, 'Asp, ®Gly, and *Tyr. It too has
hydrophobic character and accommodates lipophilic
substituents. A covalent hemithioketal intermediate is
formed by the aldehyde of the inhibitor and the active
site cysteine (*Cys) of the protein. The OH of the
hemithioketal is stabilized by three hydrogen bonds: (1)
to the backbone amide of *Cys; (2) to the side chain of
YGln; and (3) to the side chain of catalytic '**His. Two
other hydrogen bonds formed between the inhibitor and
the protease occur in the peptide recognition site; the
NH and carbonyl oxygen of the inhibitor carbamate
form hydrogen bonds to the backbone carbonyl of
161 Asn and the backbone HN of %°Gly, respectively.

Analog 6n (ICso=0.50nM) is also depicted in Figure 1.
This analog has been modeled into the active site of the
enzyme utilizing the program MVP.2* The inhibitor 6n
was docked into the active site by growing the ligand in
the covalently attached state, starting at the B-carbon of
ZBCys. It illustrates the probable binding mode of this
single amino acid aldehyde inhibitor class. As shown,
there is good overlap between the modeled iso-propyl P?
moiety of 6n and the bound iso-butyl P? fragment of 9 in
the S? pocket. The docked aldehyde inhibitor backbone
of 6n also maps well to the bound backbone of 9. The P!
substituents of these two inhibitors also show good
agreement in the S' groove of the enzyme. The docked
inhibitor 6n has the P> moiety exposed to solvent with
little if any interaction with the protease. Whereas this
model is in good agreement with the P> SAR of these
inhibitors, in that changes in P* had minimal effects on
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the cathepsin K inhibitor potency, a comparison of
analogs 61 (ICs5p=0.13nM) and 6q (ICso=4.0nM)
shows that the P® moiety does contribute to inhibitor
binding interactions. Although the data do not support
the original hypothesis that P? aryl groups could form
n-n stacking interactions in S°, P?-S? hydrophobic
interactions do account for additional inhibitory activ-
ity, suggesting that the P3 group of the docked inhibitor
6n needs further refinement.

Aldehydes have a reputation for metabolic and chemical
instability.? Not surprisingly, then, in vitro incubations
with rat S9 liver homogenates revealed that these alde-
hyde inhibitors were rapidly degraded.?® These results
were supported by in vivo experiments in male Han
Wistar rats. After dosing (iv dose=5 mg/kg or po
dose = 10 mg/kg), the plasma concentration of a P!
derivative of aldehyde 6k fell below the assay detection
limit (<3 ng/mL) after 15 min, indicating rapid elimina-
tion in vivo. The poor pharmacokinetic properties of
this class of aldehyde inhibitors precluded further in
vivo pharmacodynamic studies. In spite of these disap-
pointing, but not unexpected results, the SAR gleaned
from this investigation and structural insight gained
from the cathepsin K/inhibitor co-crystal structure
proved valuable for the design of better inhibitors.

In summary, a series of aldehyde inhibitors of cathepsin
K with varied substituents at the P> and P? positions
were synthesized. Starting from aldehyde lead 1, a P?
moiety was introduced into the inhibitor and the P?
substituent was optimized to produce picomolar
cathepsin K inhibitors such as 6g, 61, and 6s. Analog 6g
was also very selective for inhibiting cathepsin K versus
cathepsins B and L. Information gained from these SAR
studies proved useful in the design of other cathepsin K
inhibitors containing more metabolically stable thiol-
reactive groups. The properties of these inhibitors will
be reported in due course.
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