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A novel series of noncovalent inhibitors of cathepsin L have been designed to mimic the mode
of autoinhibition of procathepsin L. Just like the propeptide, these peptide-based inhibitors
have a reverse-binding mode relative to a substrate and span both the S′ and S subsites of the
enzyme active site. In contrast to previous studies in which even moderate truncation of the
full-length propeptide led to rapid reduction in potency, these blocked tripeptide-sized inhibitors
maintain nanomolar potency. Moreover, these short peptides show higher selectivity (up to
310-fold) for inhibiting cathepsin L over K versus only 2-fold selectivity of the 96-residue
propeptide of cathepsin L. A 1.9 Å X-ray crystallographic structure of the complex of cathepsin
L with one of the inhibitors confirms the designed reverse-binding mode of the inhibitor as
well as its noncovalent nature. Enzymatic analysis also shows the inhibitors to be resistant to
hydrolysis at elevated concentrations of the enzyme. The mode of inhibition of these molecules
provides a general strategy for inhibiting other cathepsins as well as other proteases.

The increasing evidence supporting the role of cathe-
psins, cysteine proteases of the papain superfamily, in
a number of specific physiological and pathological
processes has regenerated the interest for this group of
enzymes as promising therapeutic targets. Originally
considered to mainly play a role in general protein
degradation in lysosomes,1 cathepsins have been found
to have important physiological roles in bone resorption
and remodeling,2,3 thyroid hormone liberation,4 and
immune response processes.5 They have also been
implicated in a number of degenerative processes that
include osteoporosis, rheumatoid arthritis,6 emphysema,
and muscular dystrophy.7 In addition, there is strong
evidence for the participation of cathepsins in cancer,
where they have been shown to act extracellularly in
tumor invasion8 and metastasis9,10 as well as intracel-
lularly.11 These enzymes, and in particular, cathepsin
L, are therefore attractive therapeutic targets for the
development of anticancer agents.

Most small-molecule inhibitors of cathepsins carry a
reactive group that covalently modifies the enzyme.12-15

Far less common are noncovalent inhibitors. However,
cathepsin L itself, in its proenzyme form, provides an
example of an inhibition mode that does not rely on
covalent modification of the active site.16,17 Similar to
other cysteine proteases, cathepsin L is synthesized as
an inactive proenzyme containing an autoinhibitory 96-
residue N-terminal propeptide. Inhibition is accom-
plished by having part of the propeptide span the active
site, thereby blocking access to it. The propeptide binds
to the active site with a backbone direction reverse to
that of a normal peptide substrate, making it resistant
to hydrolysis by the enzyme. Activation of the pro-

enzyme to mature functional cathepsin L requires
removal of the propeptide. The independent propeptide
fragment is a potent inhibitor of mature cathepsin L. A
synthetic peptide (Phe4p-Gln90p) consisting of 87 of the
96 residues of the propeptide sequence has an inhibition
constant, Ki, of 0.088 nM against cathepsin L. However,
successive truncation of the propeptide sequence results
in a dramatic reduction in potency.18 The fragments
Arg21p-Tyr95p and Gly52p-Tyr95p have Ki values of 11.5
and 2900 nM, respectively. Those truncation studies
suggest that the binding affinity of these propeptides
arises from the extensive contact with the enzyme as
well as the maintenance of the appropriate three-
dimensional structure. It is therefore a major challenge
and a nontrivial task to construct low molecular weight
molecules that utilize the propeptide inhibition mode.

In this work, we describe the design and synthesis of
short peptide-based molecules with nanomolar inhibi-
tory potency that mimic the propeptide reverse-binding
mode and span from the S2′ to S3 subsites of cathepsin
L. Making use of both the primed and unprimed
subsites is expected to improve potency and specificity.
The reverse-binding mode and its noncovalent nature
were confirmed through the determination of a 1.9 Å
resolution crystal structure of cathepsin L complexed
with one of these inhibitors.

Results and Discussion

Structure-Based Design of a Starting Inhibitor
for Further Optimization. The crystal structure of
the human procathepsin L was used as starting point
for inhibitor design (Figure 1). We focused on the five-
residue stretch of the propeptide, Met75p-Asn-Gly-Phe-
Gln79p, that spans from subsite S2′ to S3 of the mature
enzyme in the reverse-substrate-binding mode. We
synthesized the capped pentapeptide, compound 1,
based on this native sequence and found no inhibition
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(Ki > 100 µM) of mature cathepsin L. This result was
anticipated. Without the anchoring residues that flank
this fragment in the full-length propeptide, peptide 1
may not have sufficiently strong interactions with the
protein to lock it into the reverse-binding mode. Fur-
thermore, it could even adopt several substrate-like
binding modes in the active site cleft and thus be readily
degraded by mature cathepsin L. Therefore, a number
of chemical modifications of this starting compound
were modeled in the binding site of the enzyme, aimed
at enhancing binding affinity in the reverse-substrate-
binding mode and increasing the proteolytic stability by
hindering the substrate-like binding mode. Modifica-
tions at three sites were carried out. The N-terminal
acetyl-Met fragment of 1 was replaced by a 4-biphenyl-
acetyl group. Molecular docking experiments show that
the rigid, aromatic structure of the 4-biphenyl substitu-
ent could enhance the nonpolar interactions in the
primed subsites relative to the acetyl-Met fragment.
Similarly, the C-terminal Gln was replaced with Phe,
which fits well into the S3 subsite of the enzyme. The
third modification was the substitution of Gly in the
middle of the peptide with a D-Arg. A D- rather than
L-amino acid was selected for this position because the
designed reverse-binding mode of our inhibitory peptide
alters the orientation of the Câ carbon, making a
D-amino acid sterically favored over an L-amino acid
whose Câ carbon would clash with Gly23 of the protein.
Molecular docking calculations suggested D-Arg as one
of the best amino acid replacements for Gly. Moreover,
incorporation of a D-amino acid at this position has the
added advantage of potentially improving proteolytic
stability. Docking of the peptide in the substrate-binding
mode results in a collision of a large side chain of a
D-amino acid with the protein atoms, regardless whether
the D-amino acid occupies the S2, S1, or S1′ subsite.
Hence, the D-Arg substitution would make any of the
three C-terminal peptide bonds resistant to cleavage.
The remaining putative cleavage site before Asn would
not be favored because in the substrate-like binding
mode, the S2 subsite of the enzyme, the most important
determinant of binding affinity and specificity, would
not be occupied by the peptide. Furthermore, a biphen-

ylacetyl group in S1 would not be well accommodated.
Compound 2 was synthesized and inhibits cathepsin L
with a Ki of 38 µM.

Predicted Binding Mode of the Propeptide-
Based Inhibitors. The modeled structures of 1 and 2
docked into the cathepsin L binding site are shown in
parts a and b of Figure 2. Several general conclusions
can be drawn from the model. (i) The side chains of these
reverse-substrate-binding mode peptides are oriented
to potentially utilize the canonical binding subsites of
the enzyme, consistent with available data from the
proenzyme structures.17 (ii) The backbone conformation
of the inhibitors (interacting with subsites S2 to S1′)
preserves the intermolecular hydrogen bonding interac-
tions established by the template propeptide. (iii) The
aliphatic portion of the side chain of a D-Arg residue at
the central position of the tripeptide core is well-
accommodated in the S1 subsite and has its guani-
dinium group largely solvent-exposed. Introduction at
this position of an L-amino acid with the same backbone
conformation would be sterically disfavored, since its
side chain would collide with protein atoms. (iv) Good
nonpolar interactions in the S3 and S2′ subsites of
cathepsin L can be achieved by incorporating aromatic
moieties appropriately linked to the peptide core. As
mentioned earlier, the modifications leading to 2 are
believed to help anchor the peptide in the inhibitory,
reverse-binding mode as well as to hinder its accom-
modation in the cleavable, substrate-binding mode.

Inhibitor Optimization. According to the model,
Asn, D-Arg, and Phe-NH2 of 2 interact with the S1′, S1,
and S3 subsites of cathepsin L, respectively. These
residues were targeted for inhibitor optimization. Table
1 shows the inhibition constants for a series of synthe-
sized analogues. Replacement of Asn by Ser (compound
3) resulted in a 2-fold decrease in activity. However,
replacement of the same residue by Cys led to compound
4, with an improved Ki of 0.17 µM. To test whether the
increased inhibition by 4 is due to a possible disulfide
bond formation, we synthesized compound 5, which
contains an S-methylated cysteine (Mcy). This com-
pound proved to be an even better inhibitor of cathepsin
L, with a Ki of 0.07 µM. Thus, simply by replacing Asn
in the starting inhibitor 2 by Cys or Mcy, we obtained
improvements in the inhibition constant of 220- or 540-
fold, respectively.

The contribution of the C-terminal amide group to the
binding affinity of the two best inhibitors identified thus

Figure 1. Design path for the minimization of the full-length
propeptide to a capped tripeptide.

Table 1. Optimization of Peptide 2 for Cathepsin L Inhibition

compd X Y Z Ki (µM)

2 Asn D-Arg Phe-NH2 38
3 Ser D-Arg Phe-NH2 74
4 Cys D-Arg Phe-NH2 0.17
5 Mcy D-Arg Phe-NH2 0.070
6 Cys D-Arg N-(2-phenylethyl)amide 0.021
7 Mcy D-Arg N-(2-phenylethyl)amide 0.019
8 Mcy D-Arg N-(3-phenylpropyl)amide 0.21
9 Mcy D-Arg N-(benzyl)amide 6.6

10 Nva D-Arg N-(2-phenylethyl)amide 0.49
11 Mcy D-Orn N-(2-phenylethyl)amide 0.2
12 Mcy Gly Phe-NH2 0.93
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far, 4 and 5, was determined by replacing Phe-NH2 with
N-(2-phenylethyl)amide. The tripeptides 6 and 7, which
lack the C-terminal CONH2 group, inhibited cathepsin
L with Ki values of 0.021 and 0.019 µM, respectively,
which are 8- and 4-fold lower than those of the corre-
sponding inhibitors 4 and 5. Changing the aliphatic
carbon linkers between the phenyl ring and the amide
group of the C-terminal blocking group (three-carbon
linker in 8 and one-carbon linker in 9) had an adverse
effect on the inhibition constant, suggesting that a two-
carbon linker has an optimal length for binding in the
S3 pocket. The modeled complex of inhibitor 7 depicting
the interactions with subsites S3 and S2′ is shown in
Figure 2c. This theoretical structural prediction was
later confirmed by the crystal structure of cathepsin L
complexed with a potent inhibitor analogue (see below).

Comparison of the activities of 3 and 4 shows that
the sulfur atom, predicted to interact with the S1′
subsite of cathepsin L, contributes significantly to the
potency of the inhibitor. To further verify this, we
synthesized compound 10, an analogue of 7 containing
norvaline (Nva) in place of the Mcy, thus replacing the
sulfur atom by a methylene group. This led to a 26-fold
increase in inhibition constant, confirming the impor-
tance of introducing a sulfur atom at this position of
the inhibitor.

The contribution of the D-Arg side chain to the binding
affinity was also tested. An analogue of 7 was made in
which D-Arg was replaced by d-Orn (11). Although both
side chains are positively charged in the assay condi-
tions (pH 5.5), the D-Orn-containing compound 11
inhibited cathepsin L with a Ki of 0.2 µM, which is 11-
fold higher than that of the corresponding D-Arg-
containing inhibitor 7. Interestingly, complete removal
of the D-Arg side chain has a similar effect, a 13-fold
increase in Ki (compare 12 and 5).

The two best inhibitors, 6 and 7, both contain a
phenylalanine side chain predicted to interact with the
hydrophobic S2 subsite of cathepsin L in the reverse-
substrate-binding mode. We tested a series of analogues
of 6 and 7 in which Phe was substituted by various
natural and unnatural residues. The results are pre-
sented in Table 2. Although none of the analogues
displayed better inhibition of cathepsin L compared to
the parent compounds, these data provide an informa-
tive structure-activity profile. Replacement of Phe in
6 by Tyr (13) or Trp (14) resulted in only a 2- or 3-fold
increase in Ki, respectively. However, the use of Tyr

instead of Phe improves the solubility of the peptide. It
was 13 that subsequently led to successful cocrystalli-
zation with cathepsin L for X-ray structure determina-
tion. Replacement of Phe by a variety of other nonpolar
groups (compounds 15-18 and 20-21) gave a somewhat
larger change in Ki but still within a narrow range from
0.16 to 0.27 µM (an 8- to 14-fold increase). In contrast,
analogue 19, which contains a charged Arg side chain
instead of Phe in 6, has a Ki of 3.9 µM (190-fold increase
relative to 6). These results indicate a requirement for
a hydrophobic residue at this position of the inhibitor
but with no strong preference beyond that. This is in
agreement with the predicted binding of this residue
in the hydrophobic S2 pocket of cathepsin L.

Finally, the contribution of the moieties located at the
ends of the scaffold were tested using one of the best
inhibitors, compound 6. Removal of one of the two
aromatic rings of the 4-biphenylacetyl N-terminal block-
ing group (22) resulted in a significant loss of cathepsin
L inhibition (680-fold increase in Ki). This confirms our
predictions based on the inhibitor docking simulations,
which motivated the incorporation of the 4-biphenyl-
acetyl blocking group. Deletion of the Phe residue
resulted in the dipeptide 23, which inhibited cathepsin
L weakly with a Ki of only 81 µM. The decrease in
activity can be explained by the loss of interactions with
the S3 subsite as well as the loss of two hydrogen bonds
with the protein.

Proteolytic Stability and Selectivity. Three of the
best inhibitors (7, 13, and 14) were incubated with
cathepsin L (10 nM) for 4 h at 28 °C, and the mixtures

Figure 2. Modeled structures for the molecules in Figure 1: (a) 2 in the active site of mature cathepsin L displayed as a Connolly
surface, where the full-length propeptide is depicted as a yellow tube; (b) expanded view of 1 (red) and 2 (blue) in the active site;
(c) binding mode of the best inhibitor, 7.

Table 2. Structure-Activity Relationship at Phe Position of
the Tripeptide Inhibitors 6 and 7 of Cathepsin L

compd X Y Ki (µM)

6 Cys Phe 0.021
7 Mcy Phe 0.019

13 Cys Tyr 0.045
14 Cys Trp 0.067
15 Cys Cha 0.16
16 Cys Npa 0.16
17 Cys Bpa 0.27
18 Cys Abu 0.21
19 Cys Arg 3.9
20 Mcy Leu 0.27
21 Mcy Met 0.24
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were analyzed by reverse-phase HPLC for the stability
of the inhibitor. The inhibitors were completely resistant
to proteolysis by cathepsin L, since there was no sign
of their cleavage under these standard assay conditions
(see Supporting Information). This confirms that the
designed peptides do not bind to cathepsin L in a
substrate-like binding mode at least for those com-
pounds that show good potency.

The selectivity of these three inhibitors was measured
against cathepsins B, K, and L. The results are sum-
marized in Table 3. Compound 7 shows a 310- and 210-
fold selectivity for cathepsin L over cathepsins K and
B, respectively. This selectivity for cathepsin L over K
is remarkable considering that by comparison the full-
length propeptide of cathepsin L shows only 2-fold
selectivity for cathepsin L over K.19 Thus, our low
molecular weight peptides exhibit both potency and
selectivity.

Crystal Structure of Inhibitor 13 Complexed
with Cathepsin L. We determined the crystal struc-
ture of mature human cathepsin L in complex with 13
at 1.9 Å resolution. The inhibitor 13, 4-biphenylacetyl-
Cys-D-Arg-Tyr-N-(2-phenylethyl)amide, is a more water-
soluble analogue of our best inhibitor 7 and exhibits a
cathepsin L inhibition constant of 45 nM, which is only
2-fold higher than that of 7 (Table 2). The asymmetric
unit of the crystal contains two cathepsin L-13 com-
plexes that adopt very similar conformations.

In the present complex, the structure of cathepsin L
is very similar to that of the mature enzyme part as
observed in the procathepsin L crystal structure at 1.8
Å resolution (PDB code 1cs8) with a root-mean-square
deviation (rmsd) between equivalent CR atoms of 0.45
Å. Thus, the procathepsin L coordinates used as a basis
for our molecular modeling calculations provided a good
approximation of the mature cathepsin L structure.

Figure 3a shows the Fo - Fc simulated annealing omit
map for the active site region of the complex between
cathepsin L and 13. The crystal structure demonstrates
that 13 inhibits human cathepsin L by binding directly
into the substrate-binding site of the mature enzyme,
in a binding mode that matches remarkably the one
predicted by molecular modeling (see below). That is,
the present experimental structure shows unambigu-
ously that the designed blocked tripeptide 13 occupies
both primed and nonprimed susbites of cathepsin L in
the reverse-substrate-binding mode. Also, there is no
evidence for covalent bond formation between the
enzyme and inhibitor molecules. The electron density
around the active site Cys is consistent with its sulfur
oxidized to sulfinate (-SO2

-). It is worth noting that
the catalytic Cys in the procathepsin L structure was
also oxidized to sulfonate (-SO3

-) in that case.
The binding mode of 13 in cathepsin L is seen more

clearly in Figure 3b, which shows how it fits into the

active site groove. The D-Arg and Phe residues and the
N-(2-phenylethyl)amide blocking group of the inhibitor
bind to the enzyme subsites S1, S2, and S3, respectively,
whereas the Cys residue and the 4-biphenylacetyl
blocking group of 13 are accommodated into S1′ and S2′
subsites, respectively. The backbone of the inhibitor
establishes five direct intermolecular hydrogen bonds
with the enzyme (Figure 3c). These include two hydro-
gen bonds between Gly68 and the N-(2-phenylethyl)-
amide NH group and D-Arg backbone carbonyl of the
inhibitor, two hydrogen bonds between the Asp162 main
chain carbonyl and the inhibitor’s D-Arg and Tyr
backbone NH groups, and one hydrogen bond between
the Trp189 indole NH group and the 4-biphenylacetyl-
carbonyl of the inhibitor. The phenyl ring of the inhibi-
tor’s N-(2-phenylethyl)amide blocking group fits well
into the relatively shallow S3 subsite and interacts with
the side chains of Glu63, Leu69, Tyr72, with the CH2
of Gly68 and the carbonyl of Gly61. It appears that the
two-carbon aliphatic linker optimally positions the
aromatic ring of the blocking group into the S3 subsite,
while the linker itself does not make contact with the
protein. The Tyr side chain of the inhibitor interacts
extensively with the deep, hydrophobic S2 pocket of
cathepsin L, making contact with the side chains of
Leu69, Met70, Ala135, and Ala214. The D-Arg side chain
of 13 is situated in the less-delineated S1 pocket with
the guanidinium group being largely solvent-exposed.
The inhibitor’s Cys side chain interacts with the side
chains of the S1′ residues Ala138, Asp162, His163, and
Trp189. Its sulfur atom is engaged in a disulfide bond
with a second inhibitor molecule only half of which has
clear electron density (see below). The 4-biphenylacetyl
rings of the inhibitor pack against the S2′ subsite, and
more specifically, they interact with Gln21, Gly23, and
the main chain atoms of Cys22. This conformation and
the binding mode are made possible by the flexibility
afforded by the methylene group between the biphenyl
moiety and the carbonyl group.

The electron density allows fitting of part of a second
inhibitor molecule into the primed region of the cathe-
psin L binding site (Figure 3a,b). This second inhibitor
molecule is covalently attached through a disulfide bond
to the first inhibitor molecule described above. The
C-terminal part of the second inhibitor molecule com-
prising the Tyr residue and the N-(2-phenylethyl)amide
blocking group could not be built in the observed
electron density map. From the visible part, the Cys and
D-Arg residues have the highest temperature factors
when compared to the atoms of the protein and the first
inhibitor molecule. This is consistent with the limited
number of intermolecular contacts established by the
second inhibitor molecule, with only the biphenyl moiety
packing well between the side chains of Asn18, Ile144,
Trp189 on one side and Gly20 and the biphenyl moiety
of the first inhibitor molecule on the other side. Hence,
the present structural data indicate a high degree of
flexibility in the second inhibitor molecule as opposed
to the extensive, specific interactions with the enzyme
established by the first inhibitor molecule. Therefore,
we propose that the formation of the inhibitor homo-
dimer is not critical to achieve potent inhibition of
cathepsin L and that only one inhibitor molecule bound
in the designed propeptide-like binding mode is suf-

Table 3. Specificity of Cathepsin L, K, and B Inhibition by
Compounds 7, 13, and 14a

Ki (µM)

compd cathepsin L cathepsin K cathepsin B

7 0.019 5.9 (310) 4.1 (210)
13 0.045 2.9 (64) 15 (330)
14 0.067 1.0 (15) 0.56 (9)

a In parentheses for cathepsin K and B is the ratio of Ki relative
to that of cathepsin L for a given inhibitor.
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ficient to produce the observed cathepsin L inhibition.
Most importantly, this hypothesis is fully supported by
our biochemical data demonstrating equipotent inhibi-
tion obtained upon methylation of the inhibitor Cys
residue, which precludes the formation of the disulfide-

bonded inhibitor dimer (e.g., compare analogues 4 and
5 and analogues 6 and 7). It should be noted that mass
spectral analysis of the inhibitors taken after their
synthesis and also after the proteolytic stability assays
did not show the presence of dimers at that stage.

Figure 3. Crystal structure of 13 in complex with cathepsin L (stereoviews). (a) Simulated annealing Fo - Fc omit map shows
electron density for the bound inhibitor. All atoms within 3 Å were omitted from refinement and map calculation. The map is
contoured at 2.0σ. Select cathepsin L residues are labeled to help orient the viewer. (b) Steric fit of the inhibitor in the active site
groove of the enzyme which is displayed as a Connolly surface. Carbon atoms of the inhibitor dimer are shown in black for the
first molecule and in gray for the second. (c) Detailed intermolecular interactions are shown. The inhibitor dimer is represented
as thick capped sticks with the atom color scheme as indicated in Figure 3b. Cathepsin L residues 4.5 Å around the inhibitor
dimer are displayed. Hydrogen bonds are indicated by thin black lines.

Inhibitors of Human Cathepsin L Journal of Medicinal Chemistry, 2002, Vol. 45, No. 24 5325



Nevertheless, the intermolecular interactions observed
for the biphenyl moiety of the second inhibitor molecule,
when combined with those established by the first
inhibitor molecule in the primed region, constitute an
interesting and certainly novel avenue for further
structure-based ligand design strategies.

Comparison of the Predicted and Crystal Struc-
tures. The crystal structure of cathepsin L complexed
with inhibitor 13 matches the theoretical predictions on
the binding mode of our designed inhibitors. Figure 4a
shows the cathepsin L-13 complexes from X-ray crys-
tallography and computational docking simulations
after their superposition onto the equivalent CR atoms
of the enzyme (rmsd of 0.46 Å). There is good agreement
between the bound geometries of the cocrystallized and
modeled inhibitor, with rmsd (all comparisons exclude
hydrogen atoms) of 1.31 Å for all atoms and 0.40 Å for
the backbone atoms alone. The largest deviations are
due to the biphenyl ring atoms and D-Arg side chain
with rmsd of 2.12 and 2.04 Å, respectively. The remain-
ing inhibitor atoms overlay with an rmsd of only 0.50
Å. The crystal structure geometry of the bound inhibitor
13 can also be compared with that of the cathepsin L
propeptide segment spanning the active site groove of
the mature enzyme. The backbone conformations of the
inhibitors and propeptide are very similar in the non-
primed region, while they differ somewhat in the primed
region (see Figure 4b). This is at least partly due to
different oxidization states observed for the catalytic Cys

in the two structures, sulfonate in the procathepsin L
crystal structure (PDB code 1cs8) and sulfinate in the
present structure. In addition, the side chains and
blocking groups of the tripeptide core backbone of 13
overlay well with the corresponding side chains of the
cathepsin L propeptide, with the Tyr and Cys side
chains of 13 occupying the positions of Phe78p and
Asn76p. The phenylethyl moiety of the inhibitor super-
imposes onto Gln79p side chain, and its 4-biphenylmethyl
moiety partially overlaps with the Val74p and Met75p side
chains.

Rational Design versus Truncation and Combi-
natorial Approaches. As mentioned in the Introduc-
tion, truncation of the full-length propeptide of cathe-
psin L leads to rapid reduction in potency.18 This is also
observed in propeptide truncation studies applied to
other cathepsins. For example, in a study of 10 overlap-
ping 15-mer peptides derived from procathepsin B, the
most potent sequence had a Ki of 4.6 µM20 compared to
0.4 nM for a 56-residue propeptide fragment.21 Chen et
al. carried out systematic truncation from either the N-
or C-terminal ends of the same procathepsin B 56-
residue peptide. They reported that removal of the first
25 residues or the last 15 residues resulted in Ki values
of 9.7 and 83 µM, respectively.22 In another study on
procongopain, again with overlapping 15-mer peptides,
the most potent inhibitor had a Ki of 5.9 µM against
mature congopain.23 Further reduction to a heptamer
containing the core pentamer sequence blocking the

Figure 4. Comparison of the crystallographic cathepsin L-13 complex (red) with (a) the modeled cathepsin L-13 complex (blue)
and (b) the crystal structure of procathepsin L (blue, PDB code 1cs8) after alignment of the corresponding CR atoms of the proteins
(stereoviews). The protein part is shown as CR trace. The first molecule of the cocrystallized inhibitor dimer and the active-site-
spanning segment of procathepsin L propeptide (residues Val74p to Gln79p) are displayed as capped sticks. The second molecule of
the cocrystallized inhibitor dimer and the propeptide residues flanking the active-site-spanning segment are shown as thin lines.
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active site resulted in a Ki of 225 µM.23 It is clear from
these studies that the native active site spanning
sequences have only a weak binding affinity to the
mature enzyme. Hence, truncation studies by them-
selves are unable to produce potent inhibitors. Here, by
optimizing protein-ligand binding interactions, we have
been able to produce potent low molecular weight
peptides that mimic the propeptide mode of inhibition.

An alternative method of discovering short peptide
inhibitors is through combinatorial peptide libraries.
Brinker et al. synthesized an extensive pentapeptide
library of more than 3 million peptides that systemati-
cally sampled substitutions at each position. The SAR
developed from the study allowed them to define a set
of inhibitors with submicromolar IC50 values.24 The most
potent of these had an IC50 of 0.5 µM against cathepsin
L. Meldal et al. constructed an octapeptide library with
a D-amino acid in the fourth position from the N
terminus.25 The D-amino acid was incorporated in order
to improve stability to hydrolysis by the enzyme. They
tested the peptides against cruzipain, cathepsin B, and
cathepsin L. The best peptides showed similar potencies
among these three enzymes. The best inhibitor of
cathepsin L had a Ki of 0.10 µM with no selectivity for
cathepsin L over K.

It is interesting to note that by using a more directed
structure-based approach, the two dozen compounds
designed and synthesized in this work yielded more
potent and selective inhibitors of cathepsin L than did
the combinatorial chemistry techniques. This success
highlights the value of having and utilizing detailed
structural information about the target enzyme and the
binding mode of the inhibitor. The strategy used in this
work should have broad applicability to the design of
propeptide-based inhibitors for other enzymes.

Experimental Section
Synthesis. All Fmoc-protected amino acids were purchased

from Novobiochem (La Jolla, CA). 4-Biphenylacetic acid,
2-phenylethylamine, 3-phenylpropylamine, and benzylamine
were obtained from Sigma-Aldrich (St. Louis, MO). Peptides
were synthesized by Fmoc solid-phase chemistry using manual
coupling (Fmoc-amino acid, 4 equiv; 2-(H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU), 4 equiv;
N,N-diisopropylethylamine (DIPEA), 6 equiv) in N-methylpy-
rilidone. Completion of the reaction was verified by colorimetric
ninhydrin assay (Kaiser test). The N terminus was depro-
tected, and peptides were blocked with corresponding acids
by manual coupling (acids, 8 equiv; TBTU, 8 equiv; DIPEA,
12 equiv). For peptides with a C-terminal amide, both depro-
tection and cleavage from Rink amide resin was done by a
cleavage cocktail (90% trifluoroacetic acid (TFA), 5% water,
2.5% 1,2-ethanedithiol, and 2.5% triisopropylsilane). For C-
terminal blocked peptides, cleavage from Wang resin was done
by incubation with the respective amines for 3-5 days and
subsequent deprotection of the cleaved product by the same
cleavage cocktail as described above. The peptides were
purified by reverse-phase HPLC on a semipreparative Vydac
C18 (1 cm × 25 cm) column using a 60 min linear gradient of
10-80% acetonitrile (containing 0.1% TFA) on a Waters Delta
Prep 4000 (Waters Ltd., Mississauga, Ontario, Canada). Purity
was evaluated by analytical HPLC. The molecular mass of the
final products was verified using a SCIEX API III mass
spectrometer (PE SCIEX, Thornhill, Ontario, Canada). HPLC
retention times and mass spectrometry molecular masses are
listed in the Supporting Information.

Enzyme Inhibition Assays. The substrate Cbz-Phe-Arg-
MCA and the irreversible inhibitor E-64 were purchased from
Bachem (King of Prussia, PA) and Peptides International

(Louisville, KY), respectively. Human cathepsins B, K, and L
were prepared as described previously.18,26,27 All recombinant
enzymes were expressed in the yeast Pichia pastoris as a
prepro-R-factor fusion construct using the culture conditions
recommended by Invitrogen Corp. (San Diego, CA). The
secreted proenzymes were autocatalytically activated, purified,
and stored at either 4 °C (cathepsins B and L) or -80 °C
(cathepsin K) in inhibited form by MMTS or HgCl2.18,26,27

Kinetic experiments were performed as previously de-
scribed.26 Fluorescence was monitored on a SPEX Fluorolog-2
spectrofluorometer with the excitation and emission wave-
lengths set at 380 and 440 nm, respectively. The enzymes,
stored in inhibited form, were preactivated by incubation with
2 mM DTT in the same buffer as the reaction mixture. The
concentration of active enzyme was determined by titration
with E-64.28 All kinetic measurements were carried out at 25
°C in the presence of 2 mM DTT, 0.2 M NaCl, and 3% DMSO.
The reactions were carried out at pH 6.0 for cathepsins B and
K (50 mM sodium phosphate, 5 mM EDTA) and at pH 5.5 for
cathepsin L (50 mM sodium citrate, 1 mM EDTA). When
classical (i.e., linear) kinetics were observed, the Ki values were
obtained from a graph of 1/vs vs [I] by measuring the initial
rate of substrate hydrolysis (vs) in the presence of varying
concentrations of inhibitor and at substrate concentrations
kept well below KM.29 However, in most cases, nonlinearity in
the initial portion of the progress curves indicated the presence
of a “slow inhibition” process and the data were analyzed as
described previously.21

Molecular Modeling. The crystal structure of procathepsin
L (PDB code 1cs8) was used as the starting point for the
modeling study. Structure manipulation and visualization
were done in SYBYL 6.6 (Tripos, Inc., St. Louis, MO). The
proregion residues were removed except for the fragment
Met75p-Asn-Gly-Phe-Gln79p. Crystallographic water molecules
buried in the mature enzyme were retained. Both N and C
termini of the protein were modeled in the ionized state. The
peptide fragment was capped at the N- and C-terminal ends
with acetyl and NH2 groups, respectively. All histidine residues
were protonated, and the catalytic cysteine was modeled as a
thiolate. Hydrogen atoms were added, and the complex was
subjected to conjugate gradient energy minimization using a
distance-dependent dielectric function (ε ) 4r) and an 8 Å
nonbonded cutoff up to an rms gradient of 0.01 kcal mol-1 Å-1

using the AMBER force field.30 This complex served as the
template for the initial docking of our inhibitors.

Bound conformations of the inhibitors were modeled by
docking them according to the template followed by a confor-
mational search using a Monte Carlo minimization (MCM)
procedure.31-34 Starting structures for each cycle of minimiza-
tion were obtained by randomly perturbing one or more
dihedral angles in the inhibitor. The perturbations involved
random changes in the side chain dihedral angles as well as
crankshaft rotations of peptide units. Selected residues of the
protein around the active site were allowed to relax during
the minimization. The set of mobile protein residues defined
as extending 8 Å around the docked template ligand was used
for all the inhibitors. A total of 1000 MCM cycles was carried
out for each inhibitor. The AMBER force field had to be
supplemented with parameters for unnatural amino acids and
blocking groups (see Supporting Information).

Crystallization and Data Collection. The cathepsin
L-13 complex was prepared by incubating the protein with
the inhibitor in the presence of 2 mM DTT. The protein was
kept in a buffer containing 50 mM sodium acetate, pH 6.0,
and 100 mM NaCl. Owing to the limited solubility of the
inhibitor, 0.01 mM concentrations of protein and inhibitor were
used to prepare the initial mixture that was then concentrated
up to 8.7 mg/mL with a final ratio of 1:1.2 M (protein/inhibitor).
The crystal was grown by using the hanging drop vapor
diffusion method with a reservoir solution of 18% (w/v) poly-
(ethylene glycol) 8000, 200 mM sodium citrate, pH 4.2, 200
mM Li2SO4, and 8% 2-propanol at 18 °C. The crystallization
drop contained 2 µL of inhibitor complex and 2 µL of the
reservoir solution. After microseeding, rod-shaped crystals
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appeared and were grown for up to 2 weeks. Diffraction data
were collected on an Raxis IIC area detector mounted on a
RU300 rotating anode generator with the reservoir solution
supplemented with 18% glycerol as a cryoprotectant. Data
evaluation performed with Denzo and Scalepack35 identified
a P212121 space group having cell parameters a ) 51.52 Å, b
) 58.63 Å, c ) 151.45 Å and two molecules per asymmetric
unit. A total of 134 326 reflections observed were merged to
34 166 unique reflections with Rsym ) 0.049 and completeness
of 92.1% to 1.9 Å resolution.

Structure Determination and Refinement. The mature
cathepsin L molecule taken from the procathepsin L structure
(PDB code 1cjl) was used as a starting model for molecular
replacement solution using Amore.36 After rotation and trans-
lation, the rigid body refinement of the cathepsin L model in
Amore results in a correlation factor of 66.3 and Rcryst of 33.7.
Further minimization in CNS37 reduced the R factor to 0.31.
At this stage, the calculated difference map clearly showed
the presence of the inhibitor as well as part of a second
molecule. The inhibitor was modeled into the map. Model
building and refinement were done in O38 and CNS, respec-
tively. Appropriate entries were added to the dictionaries of
both programs to accommodate the nonstandard groups of the
inhibitor. After several cycles of map fitting and refinement,
we obtained an R factor of 0.185 (Rfree ) 0.23) for all the
reflections within 30.0-1.9 Å resolution. The rms deviations
from standard geometries of the bond lengths and angles were
0.009 Å and 1.3°, respectively. The backbone dihedral angles
(φ and ψ) of the complex were in the allowed region of the
Ramachandran plot.39 Structural coordinates have been de-
posited in the Protein Data Bank (www.rcsb.org), accession
number 1mhw.

Acknowledgment. S.C. thanks Dr. Alicja Kluczyk
for useful discussions regarding the synthetic work. This
is NRCC publication number 44856.

Appendix

Abbreviations. Abu, 2-aminobutyric acid; Bpa, 4-bi-
phenylalanine; Cha, cyclohexylalanine; Mcy, S-methyl-
cysteine; MMTS, methyl methanethiolsulfonate; Npa,
2-naphthylalanine; Nva, norvaline; Orn, ornithine.

Supporting Information Available: Additional AMBER
force field parameters for unnatural amino acids used in the
molecular modeling calculations, HPLC chromatograms of the
proteolytic stability assays on selected inhibitors, and HPLC
retention times and molecular masses from MS This material
is available free of charge via the Internet at http://pubs.
acs.org.
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