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We report a series of noncovalent, reversible inhibitors of cathepsin L that have been designed to explore
additional binding interactions with the S′ subsites. The design was based on our previously reported crystal
structure that suggested the possibility of engineering increased interactions with the S′ subsites (Chowdhury
et al. J. Med. Chem. 2002, 45, 5321-5329). A representative of these new inhibitors has been co-crystallized
with mature cathepsin L, and the structure has been solved and refined at 2.2 Å. The inhibitors described
in this work extend farther into the S′ subsites of cathepsins than any inhibitors reported in the literature
thus far. These interactions appear to make use of a S3′ subsite that can potentially be exploited for enhanced
specificity and/or affinity.

Introduction

There are 11 human cysteine protease cathepsins, which carry
out terminal protein degradation in lysosomes. Aside from their
housekeeping roles, cathepsins perform many additional func-
tions in normal cells.1 Deregulation of the endogenous activities
of cathepsins can lead to or promote disease states. For example,
cathepsin L has been implicated in tumor growth and invasion.2–4

Cathepsins and other papain-like cysteine proteases have been
recognized as viable drug targets for major diseases, such as
osteoporosis, arthritis, immune-related diseases, atherosclerosis,
and cancer, as well as for a variety of parasitic infections.1–6

Hence, the development of cysteine protease inhibitors has broad
potential.

Papain, the archetype of the cysteine protease family to which
cathepsin L belongs, has a range of identifiable binding subsites
that span from S3 to S2′.7–10 Figure 1 illustrates the locations
of these subsites in the active-site groove of cathepsin L along
with a putative S3′ subsite. The majority of inhibitors reported
for cathepsins have traditionally used primarily the S2- and S3-
binding sites.5,11–13 These inhibitors are typically substrate
analogues with a reactive warhead that covalently modifies the
active-site cysteine. More recently, inhibitors with a diaminoac-
etone core linking S- and S′-binding moieties have been
developed.14,15 In these peptidomimetics, the groups binding
in the S subsites have peptide bonds in a substrate-like
orientation. Those binding in the S′ subsites have peptide bonds
oriented in a reverse direction compared to the substrate
orientation. The diaminoacetone core permits the linking of these
two oppositely oriented peptide-like fragments. With the determination of the crystal structures of a number

of cathepsin proenzymes, an alternate strategy for spanning the
S- and S′-binding sites was revealed.16,17 The autoinhibitory
propeptide segment of cathepsins contains a polypeptide chain
that spans the S and S′ subsites of the active site but binds in
a direction reversed with respect to the normal substrate-binding
mode. This effectively renders the polypeptide resistant to
hydrolysis while blocking access to the active site. The challenge
in taking advantage of this strategy was to reduce the size of
the active-site spanning fragment while maintaining a reverse-
binding mode to ensure stability against hydrolysis. We have
previously reported a congeneric series of noncovalent inhibitors
of cathepsin L designed to mimic the mode of autoinhibition
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Figure 1. Location of the binding subsites in the active-site cleft of
cathepsin L. (Figures 1, 2, 4, and 6-9 were generated using PyMOL).44

J. Med. Chem. 2008, 51, 1361–1368 1361

10.1021/jm701190v CCC: $40.75  2008 American Chemical Society
Published on Web 02/16/2008



of procathepsin L with nanomolar potency.18 The 1.9 Å
resolution crystal structure [Protein Data Bank (PDB) code
1MHW] of the complex of mature cathepsin L with one of the
inhibitors confirmed the noncovalent nature and reverse-binding
mode of these inhibitors.18 However, in the crystal structure,
the inhibitor that was co-crystallized had dimerized via a free
cysteine residue and part of the second monomer was occupying
an additional region, which we will refer to as the S3′ subsite
of cathepsin L (see Figure 2). It should be pointed out, however,
that the high potency of the methylcysteine derivative of the
inhibitor, which precludes disulfide bond formation, demon-
strates that dimerization is not essential for potency. Neverthe-
less, there were some lingering questions about whether the
details of the binding of the monomeric inhibitor would be
different. At the same time, the crystal structure of the dimeric
inhibitor revealed more extensive interactions with the S′
subsites than previously seen in any inhibitor class, except for
full-length propeptides. These findings motivated the present

study, in which we extend our previous inhibitor scaffold to
use more of the S′ subsite interactions. In addition, we explored
the electrostatic requirements for binding at the S1′ subsite. We
also unequivocally established the binding mode of the mon-
omeric inhibitor by solving the crystal structure of a representa-
tive monomeric structure.

Results and Discussion

Design of Inhibitors with Extended S′ Interactions. Inhibi-
tor 1 (Table 1) is the monomeric component of the previously
solved crystal structure (PDB code 1MHW).18 In the crystal

Figure 2. Crystal structure (PDB code 1MHW) of the complex of
cathepsin L with the dimer of inhibitor 1. Encircled with a thin red
ellipse is the part of the second monomer (biphenylacetyl-Cys-D-Arg)
that is visible in the X-ray data. The biphenyl group of the second
monomer packs against the S3′ subsite of cathepsin L.

Figure 3. Dimer mimic. The structure of an inhibitor (5) with a
hypothetical Cys derivative from a substructure extracted from the dimer
of inhibitor 1. Also shown is the synthetically more tractable congener
with a Nε-biphenylacetyl-Lys replacing Cys (4).

Figure 4. Model of the bound conformation of 4. For a comparison,
the crystal structure of the dimeric inhibitor is also shown with selected
atoms from the second monomer stripped away for clarity.

Figure 5. Simulated-annealing Fo - Fc omit map in the active-site
region of the cathepsin L inhibitor complex. Inhibitor molecule and
all atoms within 3 Å from the inhibitor molecule were omitted prior to
refinement. The map is contoured at a level of 2σ. This figure was
prepared using Bobscript.45
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structure, a disulfide-bonded dimeric form of the inhibitor was
observed. As seen in Figure 2, one monomer is completely
visible, while only the biphenylacetyl-Cys-Arg fragment of the
second monomer is well-defined. Presumably, the rest of the
second monomer is disordered with no clear electron density.
The Cys and biphenyl group of the second monomer occupy

the S′ subsites. In this work, we sought to mimic the additional
S′ interactions of the second monomer by modifying the Cys
side chain in 1. The first modification was the replacement of
Cys with S-benzyl Cys (compound 2). Modeling of the docked
conformation of 2 suggests that the benzyl group has a number
of nonpolar interactions at the junction of the S1′ and S3′ sites,
notably with the side chains of Trp189 and Leu144 and the
backbone of Gly139. It essentially mimics the interactions of
the second Cys in the dimeric form of 1. However, we do not
expect this extension to be long enough to reach the region
occupied by the biphenyl group of the second monomer seen
in Figure 2. The Ki for 2 is 0.155 µM, around 3-fold weaker in
affinity than 1. To establish the binding mode, the crystal
structure of 2 bound to cathepsin L was solved (see below).

A slightly larger extension was 4-methoxy-substituted S-
benzyl cysteine (3). The methoxy group was expected to provide
additional interactions with the S′ subsites. Molecular modeling
of the bound conformation suggests that the benzyl fragments
of 2 and 3 bind in a similar way at the junction of S1′ and S3′.
Although the methoxy group makes additional contacts with
the side chains of Leu144, Glu141, and the backbone of His140,
the Ki for 3 is 0.112 µM, essentially the same as 2.

Figure 3 shows compound 5 with a hypothetical Cys
derivative obtained from the inhibitor dimer in the crystal
structure (Figure 2) by following the bond connectivity from
the second biphenyl to Cys in the first monomer. Unfortunately,
this hypothetical derivative is not straightforward to synthesize.
Much more tractable synthetically is 4 with Nε-biphenyl-Lys,
which closely mimics the hypothetical molecule (Figure 3). The
major differences are the replacement of the disulfide sulfur
atoms with methylene groups and the overall shortening of the
extension by one bond. The methylene groups are isosteric with
the sulfur atoms and are expected to make similar contacts with
the S1′ subsite. The aliphatic linker, unlike a disulfide bond,
has the advantage of not being labile under reducing conditions.
Figure 4 shows the modeled bound conformation of 4, which
contains the Nε-biphenyl-Lys replacement of Cys. For a
comparison, the structure of the hypothetical Cys derivative is
shown using the crystal structure coordinates from the dimeric
inhibitor. The shortening by one bond slightly repositions the
peptide group of the biphenylacteyl moiety compared to the
inhibitor dimer crystal structure. However, the peptide group
does not appear to form specific interactions with cathepsin L
in either case. The Ki for 4 is 0.024 µM. Despite the predicted
more extensive interactions with cathepsin L, it is only about

Figure 6. Overlay of the 1MHW crystal structure (cyan carbon chain)
and the crystal structure of 2 (green carbon chain).

Figure 7. Overlay of 2 with a diaminoketone inhibitor (PDB code
1AU0).

Figure 8. Overlay of 2 with a vinylsulfone inhibitor (PDB code 1AU2).

Figure 9. Overlay of 2 with a hypothetical polyalanine substrate.
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2-fold better than 1. Part of reason for the lack of improvement
in potency may be the entropic cost of freezing a long flexible
linker upon complex formation. Another possible factor is that
the methylene group may form weaker intermolecular van der
Waals interactions than the sulfur of Cys in 1.

In our previous study,18 replacement of Tyr with Phe in 1
resulted in a Ki of 0.021 µM, a 2-fold improvement in potency.
Hence, the analogues of 2, 3, and 4 with Tyr replaced by Phe
were synthesized and tested. The results are summarized in
Table 1. Compound 7 has a Ki of 0.024 µM, a 6-fold

Table 1. Inhibitor Structures and Activity against Cathepsin L
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improvement over 2, consistent with our expectations. However,
compounds 8 and 9 show 4- and 22-fold reductions in potency,
respectively, over their Tyr counterparts, 3 and 4. This is a
somewhat puzzling result, given the potency of 6. Molecular
modeling of 7, 8, and 9 does not suggest any significant
differences in the binding modes of these compounds over their
Tyr analogues that could explain this behavior.

Crystal Structure of the Complex of Inhibitor 2 and
Cathepsin L. The crystal structure of mature human cathepsin
L complexed with inhibitor 2 was determined at 2.2 Å
resolution. Compound 2 inhibits mature cathepsin L with a Ki

of 0.155 µM. The asymmetric unit consists of two inhibitor
complex molecules. The structure was solved by the molecular
replacement method using mature cathepsin L coordinates
derived from procathepsin L (PDB code 1CS8). The model has
been refined with good stereochemical parameters. Statistics for
the Ramachandran plot from an analysis using PROCHECK19

for the inhibitor complex model gave 84.5% of nonglycine
residues in the most favored region. Electron density of the
mature cathepsin L residues from Thr175 to Gly179 is not
observed and is presumably disordered. The data collection and
refinement statistics are given in Table 2.

Figure 5 shows the simulated annealing Fo - Fc omit map
for the substrate-binding region of the cathepsin L inhibitor 2
complex. The inhibitor molecule is well-defined in the electron-
density map. As predicted, the crystal structure agrees well with
the molecular model of this inhibitor complex with noncovalent
and reverse substrate-binding mode of inhibition. The electron
density around the active-site Cys25 side chain indicates the
possibility of oxidized sulfur. There are 10 direct hydrogen-
bonding contacts (<3.2 Å) between the bound inhibitor and the
mature cathepsin L of the complex. The overall binding mode
of inhibitor 2 is comparable to that of the dimeric form of
inhibitor 1 with D-Arg anchored at the S1 subsite and the Tyr

and phenylethyl groups at the S2 and S3 subsites, respectively,
in essentially identical orientations.18 The major differences lie
in the orientation of the biphenyl rings (Figure 6). In the current
structure, the biphenyl group starts out in S2′ but projects into
S3′ in an orientation perpendicular to the biphenyl in the dimeric
part of inhibitor 1 (PDB code 1MHW). The orientation of the
S-benzyl group follows the chain of the disulfide bond in 1MHW
and positions the center of the benzene ring near the CR of
Cys in the second monomer. These results suggest that the
positioning in S2′ of the biphenyl rings of the first half of
the inhibitor dimer in 1MHW was induced by the presence of
the dimer and that the preferred position for the monomer is at
S3′. It will be interesting to see if the crystal structure of inhibitor
4, which is a close mimic of the dimer, will once again displace
the first biphenyl toward the S2′-binding site (work in progress).

The diaminoketone inhibitors of cathepsin K also have
substantial interactions with the S′-binding sites.14,15 In Figure
7, we aligned the cathepsin K structure (PDB code 1AU0) with
the cathepsin L structure in this work and display and overlay
of the cathepsin K inhibitor and molecule 2 in the cathepsin L
active site. The diaminoketone inhibitor has Cbz-Leu occupying
the S′ subsites. We see that the Cbz group roughly overlaps
with the first half of the biphenyl group of 2 and that Leu side
chain occupies part of the region used by the S-benzyl group.
Figure 8 shows a similar alignment for a vinylsulfone inhibitor
(PDB code 1AU2).15 The phenyl rings of the inhibitor overlap
with part of the biphenylacetyl group of 2, and the sulfone S
atom is positioned similarly to the S-benzyl sulfur of 2.
However, neither the diaminoketone nor vinylsulfone inhibitors
reach as far as the second ring of the biphenyl group of 2. These
molecules represent three different classes of inhibitors that
make significant interactions with the S′ subsites of cathepsins.
Of these classes, the inhibitors in this work make the most
extensive use of the putative S3′ subsite.

S3′ Subsite. Many years ago, Schechter and Berger suggested
the existence of seven subsites in papain spanning S4-S3′ based
on hydrolysis data on a series of polyalanine peptides.8 However,
there is no direct structural evidence for the existence of all
these subsites. More recently, Turk and co-workers have revised
the definition of substrate-binding sites in cysteine proteases to
S3-S2′ based on the available crystal structures of inhibitors
and substrate analogues. In their analysis, they see a S1′- and
S2′-binding site but no evidence for S3′. The crystal structure
in the present work reveals a binding site on cathepsin L that
extends far beyond the S2′ subsite. Of course, this is a crystal
structure of an inhibitor, and there is no evidence that a substrate
would actually use the extended binding site. However, the
proximity of the binding site to S2′ makes it a reasonable binding
site for a P3′ side chain. Figure 9 shows a manually generated
polyalanine peptide overlaid onto the crystal structure of
inhibitor 2. We see that there is the potential for the P3′ side
chain to make use of the extended subsite. Hence, the region
around the second ring in the biphenyl of 2 plausibly suggests
a putative S3′ subsite.

Electrostatics of the S1′ Subsite. In the vicinity of the S1′
binding is a negatively charged Asp162. In particular, the
distance between the sulfur atom of S-benzylcysteine and one
of the carboyxlate oxygens of Asp162 is 4.4 Å. This raised the
possibility of designing an inhibitor with a positively charged
moiety occupying S1′ to interact with the carboxylate of Asp162.
To explore the electrostatic preferences at the S1′ subsite, three
inhibitors (10, 11, and 12) containing neutral, positive, and
negative groups for binding at S1′ were synthesized and tested.
In these inhibitors, the Cys in 1 was replaced by aminobutyric,

Table 2. Crystallographic Statistics

data collection
resolution range (Å) 50.0–2.2
wavelength (Å) 1.5418
observed hkl 86 866
unique hkl 21 015
completeness (%) 94.5
overall I/σI 21.1
Rsym

a (%) 0.048

refinement and quality of the model

resolution rangeb (Å) 30.0-2.2
Rwork

c (%) (number of reflections) 18.34 (18 333)
Rfree

d (%) (number of reflections) 23.41 (1558)
root-mean-square deviation
bond length (Å) 0.006
bond angle (deg) 1.044
Ramachadran plot
favored region (%) 84.5
allowed regions (%) 15.5
generously allowed region (%) 0.0
disallowed regions (%) 0.0
average B factorse (Å2)
main-chain atoms 28.41
side-chain atoms 30.50
overall protein atoms (number of atoms) 29.42 (3322)
waters (number of atoms) 40.3 (395)
ligand (number of atoms) 27.90 (12)

a Rsym ) ∑|Ii - 〈I〉 |/∑|Ii|, where Ii is the intensity of the ith measurement
and 〈I〉 is the mean intensity for that reflection. b Reflections greater than I
> σI were used in the refinement. c Rwork ) ∑|Fobs - Fcalc|/∑|Fobs|, where
Fcalc and Fobs are the calculated and observed structure factor amplitudes,
respectively. d Rfree ) the same as for Rwork but for 8.5% of the total
reflections chosen at random and omitted from refinement. e Individual
B-factor refinement were carried out.
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diaminopropionic, and aspartic acids to provide side chains with
neutral, positive, and negative charges, respectively. Compounds
10 and 11 are isosteric, while 12 is somewhat larger. We found
that, despite the presence of the nearby Asp162, the neutral
methyl is preferred (albeit only slightly) over the positive
ammonium, which in turn is preferred over the negative
carboxylate (Table 1). Notably, the differences in binding
affinities among all three are small, implying that the subsite
has no strong electrostatic preference.

These results are in agreement with a previous study of the
substrate specificity of the S1′ subsite of cathepsin L.20 Using
intramolecularly quenched fluorogenic substrates, it was shown
that cathepsin L favors amino acids with small (Ala and Ser)
or long but nonbranched (Asn, Gln, and Lys) side chains in P1′
of the substrate. Asp at P1′ was about 8-fold worse than Ser.

To understand the lack of electrostatic preference at S1′, we
calculated electrostatic binding free energies for inhibitors 10,
11, and 12. These energies are the sum of the intermolecular
Coulomb interaction plus the change in reaction field energy
upon complex formation. The results are summarized in Table
3. We see that, indeed, the introduction of a positive moiety in
11 leads to a much stronger Coulomb interaction energy than
in 10. However, this is compensated by a much higher
desolvation penalty upon binding, leading to a net decrease in
binding affinity compared to 10. Conversely, for 12, the
carboxylate has much poorer Coulomb interaction that is
partially compensated by a reduced desolvation penalty upon
binding. The calculated electrostatic binding free energies agree
with the ranking and the modest differences in experimentally
determined binding affinities.

Inhibitor 1, similar to 10, places a neutral SH group at the
S1′ site but is found experimentally to be a significantly better
binder. It has a higher binding affinity than would be expected
from the calculated electrostatic contributions alone. A possible
explanation is that sulfur in its lower oxidation states is
significantly more polarizable than typical hydrocarbon moieties,
such as the CH3 group of Abu.21 This would result in stronger
van der Waals interactions with the binding site. A comparison
of the binding affinities of the norvaline (13) and methylcysteine
(14) derivatives parallels the significant differences in binding
seen in 10 versus 1 (Table 1).

To further analyze the charge preference for ligand groups
using S1′, we carried out a charge optimization calculation on
the sulfur atom center of 1. Charge optimization is an emerging
tool for computer-aided molecular design.22–25 Briefly, the
method determines the optimal partial charges at selected ligand
atom centers that maximize binding affinity. We find an optimal
charge of -0.047e at the sulfur atom coordinates, suggesting a
preference for a neutral group. For a comparison, if we calculate
ESP-fit charges for a cysteine residue using a united atom S to
represent the SH group, we obtain a partial charge of -0.041e
for the sulfur atom. This suggests that Cys already has a near
optimal partial charge at that position. However, upon calculat-
ing the charge selectivity, as given by the cost of altering the
charge by 1e from its optimal value, we find only a modest
penalty of 6.01 kcal/mol. In comparison to selectivity values

reported in other charge selectivity calculations in the literature,
this value is relatively small.26,27 This suggests that although
the S1′ subsite prefers a neutral group it does not have a strong
preference for one.

Conclusion

In this work, we have established the binding conformation
of the monomeric form of our retro-binding peptidomimetics.
The conformation at the S1-S3 subsites was essentially identical
to that previously reported for the dimeric form. However, the
disposition of the biphenyl group at the S′ subsites was
significantly altered. We explored extending the inhibitor to
increase interactions with the S′ subsites. Although these
extensions appear to be well-accommodated, they do not confer
enhanced binding affinity, perhaps because of increased entropic
costs upon binding. The electrostatic preferences at the S1′
subsite were also systematically studied using chemical synthesis
and theoretical methods. A neutral group is slightly preferred
at S1′. The interplay of coulomb interactions and desolvation
costs was found to be important in modulating the electrostatic
interactions at S1′.

The inhibitors described in this work have the most extensive
interactions with the S′ subsites of cathepsins reported in the
literature thus far. These interactions are highly suggestive of
the existence of a S3′ subsite that can potentially be used for
enhanced specificity and affinity.

Experimental Section

Enzyme 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), respec-
tively. Human cathepsin L was prepared as described previously.28–30

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 4 °C, inhibited by MMTS or HgCl2.28–30

Kinetic experiments were performed as previously described.28

Fluorescence was monitored on a SPEX Fluorolog-2 spectrofluo-
rometer with the excitation and emission wavelengths set at 380
and 440 nm, respectively. The enzymes, stored in inhibited form,
were pre-activated by incubation with 2 mM dithiothreitol (DTT)
in the same buffer as the reaction mixture. The concentration of
active enzyme was determined by titration with E-64.31 All kinetic
measurements were carried out at 25 °C in the presence of 2 mM
DTT, 0.2 M NaCl, and 3% dimethylsulfoxide (DMSO). The
reactions were carried out at pH 5.5 [50 mM sodium citrate and 1
mM ethylenediaminetetraacetic acid (EDTA)]. When classical (i.e.,
linear) kinetics were observed, the Ki values were obtained from a
graph of 1/Vs versus [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.32 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.33

Peptide Synthesis. All Fmoc-protected amino acids were
purchased from Novobiochem (La Jolla, CA). 4-Biphenylacetic acid
and 2-phenylethylamine 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),a 4 equiv; N,N-diisopropylethylamine (DIPEA), 6 equiv]
in N-methylpyrilidone. Completion of the reaction was verified by
colorimetric ninhydrin assay (Kaiser test). For compounds 4 and
9, lysine with both the backbone and side-chain amino groups
Fmoc-protected was used. This allowed simultaneous deprotection
of the two amino groups for coupling with biphenylacetic acid.
The N terminus was deprotected, and peptides were blocked with

Table 3. Relative Electrostatic Binding Free Energies of Inhibitors 1,
10, 11, and 12 against Mature Cathepsin La

inhibitors Ecoul ∆Grf electrostatic ∆∆Gcalc ∆∆Gexp

1 -102.0 118.0 0.0 -3.0
10 -99.5 115.5 0.0 0.0
11 -183.6 201.0 1.4 0.3
12 -31.4 51.1 3.7 1.3

a Inhibitor 10 is the reference. All quantities are in kcal/mol.
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corresponding acids by manual coupling (acids, 8 equiv; TBTU, 8
equiv; DIPEA, 12 equiv). Cleavage from Wang resin was performed
by incubation with 2-phenylethylamine for 3-5 days and subse-
quent deprotection of the cleaved product by a cleavage cocktail
[90% trifluoroacetic acid (TFA), 5% water, 2.5% 1,2-ethanedithiol,
and 2.5% triisopropylsilane]. The peptides were purified by reverse-
phase high-performance liquid chromatography (HPLC) on a
semipreparative Vydac C18 (1 × 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).

Molecular Modeling. The crystal structure of mature cathepsin
L in complex with a dimer of inhibitor 1 (PDB code 1MHW) was
used as a template for constructing models of the bound conforma-
tions of the various inhibitors discussed in this paper. Structure
manipulation and visualization were performed on SYBYL6.6
(Tripos, Inc., St. Louis, MO). The structure of the inhibitor was
edited by removing extraneous atoms in the second monomer of
the dimer to yield a starting model of the bound conformation of
the hypothetical inhibitor 5. Preparation of the structure for
molecular modeling calculations was the same as described
previously.18

Bound conformations of the other inhibitors were modeled by
mutating the derivatized Cys in 5 to the necessary moiety. Each of
the enzyme–inhibitor complexes were minimized followed by a
conformational search using a Monte Carlo with energy minimiza-
tion (MCM) procedure.34,35

Charge optimization provides the ideal charge at selected atom
centers that optimize electrostatic binding affinity for a given
binding configuration.26,36–39 The optimal charge and selectivity
were calculated as described previously.39

Complex Formation, Crystallization, and Data Collection.
The mature cathepsin L was inhibited with inhibitor 2 by incubating
the protein and inhibitor in the presence of 2 mM DTT at room
temperature for 3 h. Protein was stored in a buffer of 20 mM sodium
acetate at pH 5.7, 100 mM NaCl, and 1 mM EDTA. Because of
the limited solubility of the inhibitor, approximately 0.01 mM
concentration of protein and inhibitor were initially mixed to obtain
a final ratio of 1:3 M (protein/inhibitor). After incubation, the
complex was gradually concentrated up to 14 mg/mL. Crystals of
the complex were grown by the hanging drop vapor diffusion
method at room temperature with a reservoir solution of 17% (w/
v) polyethylene glycol 8000 (PEG 8K) and 0.2 M ammonium
sulfate. The drop was composed of 1 µL of reservoir solution and
1 µL of the protein inhibitor complex. Diffraction data were
collected on a Raxis IV+2 area detector mounted on a RU300
rotating anode detector with 25% glycerol supplemented as the
cryoprotectant. Diffraction data were processed and scaled with
HKL2000.40 The complex crystallized in the C2221 space group,
having cell parameters a ) 74.77 Å, b ) 90.93 Å, and c ) 126.03
Å, with two complex molecules per asymmetric unit.

Structure Determination and Refinement. Initial phases were
obtained by the molecular replacement method using Molrep,41 with
the mature part of the procathepsins L as a search model (PDB
code 1CS8). The rotation and translation results in a correlation
factor of 64.1 and Rcryst of 32.9. Further minimization in CNS
reduced the R factor to 0.30. At this stage, the calculated difference
map clearly showed the presence of the inhibitor. The inhibitor
was modeled into the map. Model building and refinement were
carried out in O42 and CNS,43 respectively. Appropriate entries were
added to the dictionaries of both programs to accommodate the
nonstandard groups of the inhibitor. The noncrystallographic
symmetry (NCS) restraints were applied in the initial cycles of
refinement but were removed at the final stage. After several cycles
of map fitting and refinement, we obtained a R factor of 0.183 (Rfree

) 0.234) for reflections I > σI within 30.0–2.2 Å resolution. The
crystallographic statistics are given in Table 2.

Coordinates of cathepsin L inhibitor complex 2 have been
deposited in the Protein Data Bank (http://www.pdb.org) (Berman,

H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig,
H.; Shindyalov, I. N.; Bourne, P. E. (2000) The Protein Data Bank.
Nucleic Acids Res. 28, 235–242), accession number 3BC3.
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