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Hit Expansion through Computational Selectivity Searching
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Finding small molecules that selectively interact with individual
target proteins within target families is a major task in medici-
nal chemistry and chemical biology.[1] Currently, the identifica-
tion of suitable small molecules relies primarily on the screen-
ing of diverse or specialized compound libraries.[2] In contrast,
computational methods have thus far contributed only very
little to the identification of molecules that are target selective
or that have a selective tendency.[3] We have previously adapt-
ed ligand-based computational screening methods for selectiv-
ity searching and we now apply these methodologies in the
search for cathepsin-K-selective inhibitors. Herein we report
the identification of two nonpeptidic cathepsin K inhibitors
that are weakly selective over cathepsins L and S. These inhibi-
tors were identified by assaying only 16 candidate molecules
taken from ~3.7 million virtually formatted database com-
pounds. One inhibitor lacks an electrophilic “warhead” that is
usually a prerequisite for the inhibition of cathepsins.

In virtual screening, computational methods are applied to
search large databases for compounds that have a desired bio-
logical activity using ligand[4] and/or target structure[5] informa-
tion as input. However, target selectivity has thus far not been
explicitly considered in computational compound screening.
We recently evaluated computational approaches for their abil-
ity to recognize target-selective compounds.[6–9] The results of
these studies suggest that computational screening models
may also have the potential to recognize target-selective com-
pounds,[7–9] and this has triggered our current investigation.

Cathepsins K, S, and L are cysteine proteases belonging to
the papain superfamily.[10] These closely related enzymes are in-
volved in important physiological processes such as antigen
presentation, bone remodeling, and apoptosis.[10, 11] According-
ly, cathepsins have become relevant drug targets for the po-
tential treatment of various diseases including cancer, osteopo-
rosis, rheumatoid arthritis, and autoimmune disorders.[10–12] Ca-
thepsin inhibitors are typically substrate analogues with an
electrophilic warhead. First-generation inhibitors contain a
strongly reactive group that covalently modifies the active site

cysteine. More recently, second-generation reversible covalent
inhibitors have also been introduced with a less-reactive func-
tional group, typically a nitrile, which renders these inhibitors
reversible and more desirable for therapeutic applications.

Among these cysteine proteases, cathepsin K has attracted
particular interest. It is predominantly expressed in osteoclasts
that mediate bone resorption and is capable of cleaving native
type I collagen, the major component of bone matrix, and
other components of bone matrix such as osteopontin and os-
teonectin.[12] Because bone matrix degradation is necessary for
osteoclastic bone resorption, cathepsin K constitutes a major
therapeutic target for the treatment of osteoporosis and is also
implicated in rheumatoid arthritis and osteoarthritis.[10, 11] There
have been considerable efforts to develop selective cathe-
psin K inhibitors because simultaneous inhibition of cathe-
psins S or L is thought to be associated with unwanted side ef-
fects.[13, 14] However, the design proved to be challenging
owing to the high degree of structural and mechanistic similar-
ity between the cathepsins. Only recently, the first inhibitors of
human cathepsin K with selectivity over cathepsins S and L, ba-
licatib[13] and odanacatib,[14] have proceeded to clinical evalua-
tion.

Given their therapeutic potential and the difficulties experi-
enced in the design of selective cathepsin K inhibitors, we con-
sidered the search for cathepsin K inhibitors that are selective
over both cathepsins S and L a challenging and relevant test
case for selectivity searching. For our analysis, we implemented
a search protocol that involves two conceptually different in si-
lico methods developed in our laboratory, a compound map-
ping algorithm termed DynaMAD[15] and a specialized type of
molecular fingerprint consisting of compound class characteris-
tic substructures, ACCS-FP.[16] These methods were practically
applied here because they have been benchmarked for selec-
tivity searching in computational studies.[8, 9] Other virtual
screening methods could also be applied, but have thus far
not been evaluated for selectivity searching. Briefly, DynaMAD
is designed to map database compounds to activity-specific
consensus positions in chemical space representations of step-
wise increasing dimensionality,[15] and ACCS-FP is used for
search calculations in which fingerprints of reference and data-
base molecules are compared and fingerprint overlap is quan-
tified as a measure of molecular similarity.[16] Further methodo-
logical details including ACCS-FP generation and details of the
search calculations are provided in the Supporting Information.

The computational screening methods applied here extrapo-
late from known ligand information in order to identify struc-
turally diverse compounds with desired properties. Thus, the
design of compound reference sets is generally very important
for the outcome of the search calculations. For the assembly of
a reference set for selectivity searching, we used differential
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compound potency against cathepsins as a selectivity criterion.
Accordingly, a total of 69 known inhibitors were assembled
from the literature that had at least 50-fold higher potency
against cathepsin K over cathepsins S and L, representing a rel-
atively large reference set. The potency and selectivity distribu-
tion within this reference set is illustrated in Figure 1, and its

exact composition and the literature sources are reported in
the Supporting Information. Typically, the more reference com-
pounds are used for search calculations, the more chemical in-
formation is available to facilitate hit or lead expansion. How-
ever, the number of reference compounds is usually less im-
portant than their chemical nature; for example, including
many active analogues that represent the same chemotype
adds only little structure–activity information.

The reference set was used for both DynaMAD and ACCS-FP
calculations, which were carried out in parallel to screen ~3.7
million compounds with unique 2D structures taken from the
publicly available ZINC database.[17] A summary of the selectivi-
ty search results is shown in Figure 2. On the basis of Dyna-
MAD and ACCS-FP calculations, only 50 and 49 compounds
were selected, respectively. No compound was selected by
both methodologies. These sets were combined, and from
pairs of molecules sharing the same core structure a com-
pound was omitted, leading to the removal of 32 molecules.
Of the remaining 67 candidate compounds, which are listed in
table 1 of the Supporting Information, 16 could be obtained
from commercial sources.

These 16 compounds were tested for enzyme inhibition in
spectrophotometric assays for cathepsins S and L and a fluori-
metric assay for cathepsin K. Assay details are provided in the
Supporting Information. Assays were repeated multiple times,
yielding consistent results. As shown in Table 1, three of the 16
compounds inhibited cathepsin activity with IC50 values in the
micromolar range, which is typically observed for structurally

diverse hits identified by virtual screening,[4, 5] and two of these
molecules, compounds 1 and 2, were weakly selective for cath-
epsin K over both cathepsins S and L. Compound 1 was about
five- to sixfold selective for cathepsin K over cathepsins S and
L, and compound 2 was roughly fivefold selective over cathe-
psin S and essentially inactive against cathepsin L. Compound
1 was identified by ACCS-FP search, and compounds 2 and 3
using DynaMAD. Compound 1 has very low structural similarity
to known cathepsin inhibitors. Its maximum conventional
MACCS structural keys[18] Tanimoto similarity[19] to reference set

Figure 1. The potency and selectivity distribution of the compound refer-
ence set used for selectivity searching. The set consists of published inhibi-
tors that display at least 50-fold higher potency for cathepsin K over cathe-
psins S or L. Compounds were only considered if potency against all three
enzymes was reported. Each chosen reference inhibitor is represented by a
K/S (+ ) as well as a K/L (� ) symbol. The x axis reports the potency of each
reference compound against cathepsin K, and the y axis the potency ratio
used as a measure of selectivity.

Figure 2. Selectivity searching. This diagram summarizes the results of selec-
tivity searching, compound selection, and acquisition.

Table 1. Cathepsin K inhibitors[a]

Compound IC50 [mm]

Cat K selective
Cat K: 48

Cat S: 200
Cat L: 290

Cat K: 34
Cat S: 150

Cat L: >500

Active compound
Cat K: 31
Cat S: 48
Cat L: 25

[a] Shown are the structures of three of 16 tested compounds that inhibit
cathepsins K, S, and L at various levels. Compounds 1 and 2 are selective
for cathepsin K over cathepsins S and L, while compound 3 is comparably
active against all three enzymes.
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compounds was only 0.53. The corresponding values for com-
pounds 2 and 3 were 0.79 and 0.80, respectively, which also in-
dicate only limited structural similarity, below the level at
which similarity in biological activity is expected.[20]

Importantly, no pre-existing pharmacophore information
was taken into account in our selectivity search calculations,
because the methods we applied evaluate similarity relation-
ships on a whole-molecule basis.[4] In particular, no nitrile
group constraint was present, and compounds with or without
nitrile groups were computationally selected (eight of 16
tested compounds had a nitrile group). Compound 2 and the
active but not selective compound 3 contain nitrile groups
that are a hallmark of reversible cathepsin inhibitors, as men-
tioned above. In contrast, no nitrile function nor any other
electrophilic warhead is present in compound 1. For competi-
tive inhibition, as suggested by our experiments, the IC50

values of compound 1 obtained for cathepsins K, S, and L cor-
respond to Ki values of 6.1, 87, and 40 mm, respectively. This se-
lective cathepsin K inhibitor is structurally distinct from known
cathepsin inhibitors and is therefore a candidate for further
chemical optimization.

In our study, ligand-based computational screening ap-
proaches were successfully used for the first time to intention-
ally identify compounds that have at least a target-selective
tendency. The majority of our 67 computational candidate
compounds could not be acquired, but testing of only 16 of
our candidates confirmed two selective inhibitors. With com-
pound 1, a previously unobserved chemotype was identified.
Although the compounds we identified are only weakly selec-
tive, they expand the current repertoire of cathepsin K inhibi-
tors by adding new chemotypes with a target-selective ten-
dency that might be useful as starting points for the develop-
ment of selective and nonpeptidic cathepsin K inhibitors.
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