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Papain has been used as a surrogate enzyme in a drug design effort to obtain potent and
selective inhibitors of cathepsin K, a new member of the papain superfamily of cysteine
proteases that is selectively and highly expressed in osteoclasts and is implicated in bone
resorption. Here we report the crystal structures of two papain-inhibitor complexes and the
rational design of novel cathepsin K inhibitors. Unlike previously known crystal structures of
papain-inhibitor complexes, our papain structures show ligand binding extending deep within
the S′-subsites. The two inhibitor complexes, carbobenzyloxyleucinyl-leucinyl-leucinal and
carbobenzyloxy-L-leucinyl-L-leucinyl methoxymethyl ketone, were refined to 2.2- and 2.5-Å
resolution with R-factors of 0.190 and 0.217, respectively. The S′-subsite interactions with
the inhibitors are dominated by an aromatic-aromatic stacking and an oxygen-aromatic ring
edge interaction. The knowledge of S′-subsite interactions led to a design strategy for an
inhibitor spanning both subsites and yielded a novel, symmetric inhibitor selective for cathepsin
K. Simultaneous exploitation of both S- and S′-sites provides a general strategy for the design
of cysteine protease inhibitors having high specificity to their target enzymes.

Introduction
Recent successes in the rational design of potent,

selective HIV-1 protease inhibitors and the subsequent
demonstration that they are highly effective drugs in
the treatment of AIDS have validated the important role
of rational design in the drug discovery process. Knowl-
edge of the three-dimensional structure of HIV protease,
particularly with bound ligands, was critical for the
rapid progress in the design of HIV-1 protease inhibi-
tors. Equally important was the vast knowledge gained
earlier from other aspartyl proteases such as renin and
pepsin. Here, we will describe the use of papain as a
model for the structure-based design of cathepsin K
inhibitors that are potential drugs for the treatment of
osteoporosis. The use of papain as a drug design target
proved instrumental in obtaining inhibitors for cathe-
psin K at a time when large quantities and structural
information of cathepsin K were unavailable.

Papain is a plant cysteine protease isolated from
papaya latex. It is a 212-amino acid polypeptide with
well-known biological and structural properties.1 Its
catalytic mechanism involves an active site triad,
consisting of Cys25, His159, and Asn175, that resides
in a cleft between two domains. The reactive thiol of
Cys25 hydrolyzes peptide bonds by formation of a
covalent acyl enzyme intermediate with the carbonyl
carbon of the scissile bond.2

Papain shares sequence and structural homology with
other mammalian cysteine proteases. Several of these
cysteine proteases are implicated in diseases caused by
abnormal levels of proteolytic activity. For example,
cathepsin K is selectively expressed in human osteo-
clasts3 and is a target for treatment of diseases involving
excessive bone loss such as osteoporosis. Cathepsin B
is involved in intracellular protein degradation and is
implicated in muscular dystrophy4 and metastasis.5 The
high degree of sequence homology between papain and
cathepsin K (46% sequence identity) suggests that
papain can serve as a suitable model for designing
disease-specific cysteine protease inhibitors. Moreover,
in the presence of structure-activity relationship (SAR)
data on cathepsin K, papain can serve as a model for
elucidating components important in selectivity.

Thus far, a number of inhibitors for papain or papain
family members have been identified and the three-
dimensional structures of their complexes with papain
have been elucidated. These include the peptide alde-
hyde6 (leupeptin), the chloromethyl ketone,7 and the
epoxide8,9 inhibitors of papain. In these structures, the
inhibitors were found to bind to Cys25 through a
reactive group, with the inhibitors interacting exclu-
sively with the “nonprime” side of the active site
(S-subsites). Two other papain-inhibitor structures,
succinyl-p-nitroanilide10 and NR-p-tolylsulfonyl-L-lysine
chloromethyl ketone,11 show limited penetration into the
S′-subsite (extending only into the S1′-subsite). Also,
a crystal structure of cathepsin B with an irreversible
epoxide inhibitor bound was recently published.12 The
inhibitor binds within the S′-side of the active site, but
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cathepsin B has a significant insertion on the S′-side
compared to the other papain family members including
cathepsin K. Therefore, the structure was of little use
in designing cathepsin K inhibitors. The previously
known inhibitor-papain complexes have been used to
extrapolate the interactions of the S-portion of the
peptide substrate complex. However, they only reveal
limited information on inhibitor specificity for the S′-
subsite. Here, we report the structures of two papain-
inhibitor complexes where the inhibitors bind exten-
sively into the S′-subsites. The inhibitors carbobenzyloxy-
leucinyl-leucinyl-leucinal (abbreviated aldehyde 1) and
carbobenzyloxy-L-leucinyl-L-leucinyl methoxymethyl ke-
tone (abbreviated methoxymethyl ketone 2), depicted in
Figure 1, serve as a starting point for investigating both
S- and S′-subsite selectivity for cysteine proteases.

Results and Discussion
Overall Structure of the Papain-Inhibitor Com-

plexes. The structures of papain in the two papain-
inhibitor complexes are virtually identical to the struc-
ture of native papain. The rms differences between
native papain and the aldehyde 1 and methoxymethyl
ketone 2 complexes for main-chain atoms and side-chain
atoms are 0.14 and 2.11 Å and 0.30 and 1.57 Å,
respectively. Most of the differences observed in side-
chain positions occur on the surface of the protein and
involve atoms with high thermal motion. For the
methoxymethyl ketone 2 complex, differences with the
native structure occur at Gly180 and Trp181, where the
peptide bond is rotated to allow the carbonyl group to
interact with the inhibitor Cbz ring (see below).

The structural differences between the two inhibitor
complexes are also small. The rms differences between
protein atoms in the aldehyde 1 and methoxymethyl
ketone 2 complexes with papain are 0.28 and 1.45 Å for
main-chain and side-chain atoms, respectively. Some
differences in main-chain positions occur as a result of
inhibitor binding to the S′-subsites. Aldehyde 1 is a

larger inhibitor and makes more contacts with residues
comprising the active site cavity. Small differences in
peptide bond conformation occur in order to avoid bad
contacts or form closer contacts with the inhibitor. For
example, in the aldehyde 1 complex, the carbonyl of
Ser21 is rotated away relative to its position in meth-
oxymethyl ketone 2 to avoid a bad contact with the
second leucyl group of the inhibitor (see Figures 5 and
6). Main-chain differences at Gly65 and Asp158 occur
in the aldehyde 1 complex to enhance van der Waals
contacts with the inhibitor. These are minor changes
and do not affect the overall structure of the enzyme.
Most of the differences in side-chain positions for the
two enzyme-inhibitor complexes occur in regions with
high thermal motion and are not a consequence of
inhibitor binding.

Furthermore, the papain structure in the aldehyde 1
and methoxymethyl ketone 2 complexes is nearly iden-
tical to its structure for the leupeptin-papain complex,6
a S-subsite inhibitor-papain complex. The rms differ-
ences between protein atoms in the aldehyde 1 and
methoxymethyl ketone 2 complexes with the leupeptin-
papain complex for main-chain and side-chain atoms are
0.36 and 1.46 Å and 0.41 and 1.41 Å, respectively. Only
small differences occur in the conformation of main-
chain and side-chain atoms that form the S- and
S′-subsites between papain, papain-S-subsite inhibitor
complex, and papain-S′-subsite inhibitor complex.
Therefore, no change in protein conformation is ob-
served upon inhibitor binding to either the S- or S′-side
of the active site.

Papain-Inhibitor Interactions. The electron den-
sities of the bound inhibitors are shown in Figure 2. In
both cases the density of the inhibitors is easily distin-
guished from side-chain density in the binding cleft.
Methoxymethyl ketone 2 binds noncovalently to papain
(kobs/I ) 26 M-1 s-1), while it appears that aldehyde 1
binds covalently (kobs/I ) 430 000 M-1 s-1).

The substrate binding pocket of papain lies in a cleft
between two domains. Domain 1 consists of residues
1-11 and 113-207, while domain 2 consists of residues
12-112 and 208-212. The binding pocket of papain has
been defined by Berger and Schechter13 in terms of
seven subsites designated S4 to S1 and S1′ to S3′. Each
subsite accommodates one amino acid of the peptide
substrate. The four S-subsites (S4 to S1) are located
on the acyl side of the scissile bond of the bound
substrate, while the three S′-subsites (S1′ to S3′) are
located on the amino side. The primary specificity of
papain is for binding hydrophobic residues such as Phe
in the S2-subsite.1 Both inhibitors bind in the groove
between papain’s two domains, along the S′-subsites
(Figure 3). This is in contrast to binding along the
S-subsites by other papain inhibitors for which crystal
structures are known, including the chloromethyl ke-
tone,7 epoxysuccinyl,8,9 and leupeptin6 peptide inhibi-
tors. The peptide groups of aldehyde 1 and methoxy-
methyl ketone 2 bind in the opposite direction to that
postulated for a peptide substrate.7 In addition, the
binding of the inhibitors in the cleft is such that one
edge of the benzene ring of the Cbz group is entirely
buried and the other edge is exposed to solvent.

Aldehyde 1 Binding Interactions. The amino acid
residues that form contacts with the inhibitor are shown

(1)

(2)

Figure 1. Depiction of the aldehyde 1 and methoxymethyl
ketone 2 inhibitors.
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in Figure 4. On the basis of the reactivity of the
aldehyde group toward thiols and the observation of the
“omit” electron density maps, we presume that the
aldehyde 1 is covalently bound to Cys25 as a hemimer-
captal. This covalent bond occurs at the analogous
position to the P1 carbonyl carbon in a peptide sub-
strate. The inhibitor contacts (less than 4.0 Å) 11
protein residues: Gln19, Gly20, Ser21, Gly23, Asn64,
Gly65, Gln142, Asp158, His159, Trp177, and Trp181
and 2 water molecules (Wat412 and Wat480). These
interactions include hydrophobic, electrostatic, and
hydrogen bonding, but most interesting are the stacking
interactions between the aromatic ring of the Cbz group
and Trp177 and Trp181. Figure 5 shows interactions
between the inhibitor and the protein in the active site.

Aromatic stacking interactions in proteins have been

defined by Burley and Petsko as pairs of aromatic
residues with phenyl ring centroid separations between
4.5 and 7.0 Å and dihedral angles between aromatic
planes within 30-90°.14 These separations and angles
between the inhibitor’s phenyl ring and Trp177 and
Trp181 are 5.7 Å and 33° and 7.0 Å and 50°, respec-
tively. On the basis of the Burley and Petsko defini-
tion,14 the tryptophan-Cbz stacking interactions can be
characterized as weak. The stacking interaction with
Trp181 appears stronger (closer to perpendicular) than
that for Trp177. The position of the phenyl ring is
further stabilized by a favorable electrostatic interaction
with the carbonyl oxygen of Gln142 (3.3 Å).15 The
carbonyl oxygen faces the phenyl ring so that the partial
negative charge on the carbonyl oxygen is directed
toward the partial positive charge at the edge of the

Figure 2. Omit electron density maps around the aldehyde 1 (top) and methoxymethyl ketone 2 (bottom) inhibitors. The maps
were calculated with coefficients |Fo - Fc| omitting the inhibitor positions from phasing.
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phenyl ring. A second favorable oxygen-aromatic ring
edge interaction is formed between Wat480 and the Cbz
ring (3.5 Å). Hydrophobic contacts are also observed
between the CH2 group of the Cbz and Trp177.

There are four carbonyl oxygens in the inhibitor: the
first is the hemimercaptal oxygen, the second and third
are peptidyl amide oxygens, and the fourth is a car-
bamate carbonyl oxygen. Only the first peptidyl amide
oxygen is hydrogen-bonded to the protein (Figures 5 and
6); it interacts with the imidazole nitrogen of His159
and Wat412. The hemimercaptal oxygen forms two
hydrogen bonds: one to the amide group of Gln19 (a
hydrogen bond between the amide nitrogen of Gln19
and the carbonyl oxygen of the substrate is postulated
to stabilize the tetrahedral intermediate by forming the
so-called oxyanion hole10) and a second to the backbone
amide nitrogen from Cys25.

The three Leu side chains (Leu1, Leu2, Leu3) of the
inhibitor are partially buried forming a number of van
der Waals contacts in their respective subsites. Leu1
forms van der Waals contacts with Asn64, Gly65, and
Asp158. This side chain is bent, allowing it to fall into
the S1-subsite rather than extend into the S1′-subsite.
Thus, it mimics a P1 rather than a P1′ residue. Leu2
is actually the P1′ side chain; it makes van der Waals
contacts with Gly20, Ser21, and Cys22 in the S1′-
subsite. Leu3 forms van der Waals contacts with the
amide group of Gln142 in the S2′-subsite.

Methoxymethyl Ketone 2 Binding Interactions.
Methoxymethyl ketone 2 makes contacts with seven
residues (Gln19, Gly23, Gly65, Gln142, His159, Trp177,
Trp181) as well as with a water molecule (Wat511)
along the S′-side, Figure 4. As observed with aldehyde
1, the aromatic ring of the Cbz in this case is also
stacked with Trp177 and Trp181, but the interactions
are weaker. The centroid distances between phenyl
groups and dihedral angles are 8.0 Å and 24° and 7.9 Å
and 59° for Trp177 and Trp181, respectively. The
distances are greater than those observed with aldehyde
1, but the angles are approximately the same. Again
better stacking (closer to perpendicular) is observed with
the Cbz to Trp181 than to Trp177. The position of the
aromatic ring is stabilized by an electrostatic interaction
with the main-chain carbonyl oxygen of Gly180 (3.0 Å).

There are two peptidyl amide oxygens and one car-
bamate carbonyl oxygen in the inhibitor. The second
peptidyl amide oxygen forms a hydrogen bond to the
aromatic ring of Trp177. The carbamate carbonyl
oxygen hydrogen bonds to Wat511. The carboxymethyl
oxygen is also involved in hydrogen bonding. It forms
a weak hydrogen bond to the amido nitrogen on Gln142
and a second hydrogen bond to Wat511. In addition,
Wat511 forms a hydrogen bond to the amido group of
Gln142. Therefore, Wat511 stabilizes the bent confor-
mation of the inhibitor by hydrogen bonding to the
carbamate carbonyl oxygen near the Cbz group, the
carboxymethyl oxygen, and a protein side chain.

Methoxymethyl ketone 2 binds noncovalently. As a
result it does not bind in the S1-subsite, and the first
Leu side chain, Leu1, does not make the same set of
contacts as P1′ Leu2 of aldehyde 1 (Figure 6); instead
it forms a hydrophobic contact with His159. The
inhibitor is forced into a bent conformation by contacts
formed with Gln142 of the S2′-subsite as noted above.
Leu2 forms hydrophobic contacts with Trp177 in the

Figure 3. Folding diagram of papain showing the inhibitor
bound in the cleft between two domains. The ball-and-stick
model of aldehyde 1 bound in the S′-subsite is shown in yellow.
For comparison, leupeptin bound in the S-subsite is drawn in
red. Figure was prepared using MOLSCRIPT.23

Figure 4. Diagram of residues that form contacts with the
inhibitors aldhehyde 1 (top) and ketone 2 (bottom). Distances
(in Å) are shown as dashed lines.
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S3′-subsite. The Cbz moiety forms contacts with Trp177
and Trp181 in the S3′-subsite as does aldehyde 1.

Comparison of Binding Modes for the Two
Inhibitors. Only minor differences in protein side-
chain conformations are observed between the two
inhibitor complexes, and no major difference occurs in
the S′-subsite upon inhibitor binding, Figure 6. As
described above the conformations of both inhibitors are
stabilized by aromatic-aromatic interactions, specific
hydrogen bonds to peptidyl amide oxygens, and hydro-
phobic contacts from leucine side chains. Antiparallel
â-sheet type hydrogen bonding between the inhibitor
and the enzyme is not observed with these two inhibi-
tors. Moreover, each inhibitor exhibits a different
hydrogen-bonding pattern of the peptidyl amide oxy-
gens. A hydrogen bond is formed between the His159
indole ring and the first peptidyl amide oxygen for
aldehyde 1 and between the Trp177 aromatic ring and

the second peptidyl amide oxygen for ketone 2. There
is the common use of water molecules for inhibitor
binding in the cleft. Both inhibitors use a water
molecule for hydrogen bonding, but to a different
carbonyl of the inhibitor. These are the first peptidyl
oxygen for aldehyde 1 and the carbamate carbonyl
oxygen adjacent to the Cbz group in ketone 2.

Water molecules are observed in the active site of
most of the other reported papain-inhibitor complexes
as well as in native papain. Water 511 observed in the
ketone 2 complex is not observed in other papain
structures including the 1.6-Å structure of papain.16

Both of the waters associated with aldehyde 1 are
observed in other papain-inhibitor complexes. There-
fore, no clear pattern of hydration can be associated with
inhibitor binding in the S′-subsite.

In comparing the position of the two inhibitors, the
benzyl ring of methoxymethyl ketone 2 is translated 2.6

Figure 5. Stereodiagram of aldehyde 1 (top) and methoxymethyl ketone 2 (bottom) bound in the S′-subsites of papain. Residues
forming interactions with the inhibitor are drawn in green. The inhibitors are drawn in yellow. Hydrogen bonds and oxygen-
aromatic ring edge interactions are shown with dashed lines. Figure was prepared using MOLSCRIPT.23
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Å farther away from the catalytic cysteine than the
benzyl ring of aldehyde 1 (Figure 6). Despite this
translation, both Cbz moieties are stacked with Trp177
and Trp181. Cbz groups of both inhibitors form an
oxygen-aromatic ring edge interaction. However, two
different main-chain carbonyls are used, one from
Gly180 for methoxymethyl ketone 2 and the other from
Gln142 for aldehyde 1. The carbonyl oxygens from
Gly180 and Gln142 approach the inhibitors from op-
posite sides of their aromatic rings (Figure 6). The
differences in the position and interactions of aldehyde
1 and ketone 2 despite the similarity in the active site
regions indicate that the binding mode is determined
by chemical functionality of the inhibitor. The fact that
aldehyde 1 binds covalently whereas ketone 2 binds
noncovalently may be the sole reason that the two
inhibitors have different positions in the S′-subsite.

Subsite Specificity. Binding of aldehyde 1 and
methoxymethyl ketone 2 inhibitors deep within the S′-
subsites of papain is a novel observation. The presence
of a Cbz moiety and its aromatic interactions with
tryptophans and carbonyl oxygens are important com-
ponents of binding specificity. However, the presence
of the Cbz group alone is not sufficient to explain the
specificity for the S′-subsite. Two other papain-inhibi-
tor structures also contain the Cbz group. These are
the chloromethyl ketone inhibitors Cbz-Phe-Ala-CK and
Cbz-Gly-Phe-Gly-CK.7 These chloromethyl ketone in-
hibitors bind covalently, along the S-subsites with their
Cbz groups forming interactions with Tyr61 and Tyr67.
The Phe side chain of Cbz-Phe-Ala-CK and Cbz-Gly-
Phe-Gly-CK sits in the S2 pocket where primary sub-
strate specificity is determined.

The S-subsite inhibitor Cbz-Gly-Phe-Gly-CK is similar
to aldehyde 1 in that both bind covalently, contain three
peptide residues, and are approximately the same
length (15.5 Å). However, aldehyde 1 is bound to Cys25
as a hemimercaptal with the covalent bond between the

S atom of Cys25 and the first carbonyl group of the
inhibitor, whereas the inhibitor Cbz-Gly-Phe-Gly-CK
contains an extra methylene group between the first
carbonyl of the inhibitor and the S atom of Cys25.
Although crystallized under different conditions, differ-
ences in the crystal do not account for the subsite
preference, since none of the inhibitors or their active
site residues are involved in crystal contacts. Further-
more, there are no major differences in side-chain
conformation in the residues comprising the S- and S′-
subsites between the chloromethyl ketone inhibitor-
papain complexes and the aldehyde 1-papain and
ketone 2-papain complexes. Factors that may explain
subsite preference would include the presence of a CH2
spacer in Cbz-Gly-Phe-Gly-CK and the difference in
side-chain composition. Examination of the Cbz-Gly-
Phe-Gly-CK-papain complex shows that the extra CH2
group forms interactions with H159. In aldehyde 1,
H159 forms a hydrogen bond to the first peptidyl amide
oxygen instead, Figure 5. In Cbz-Gly-Phe-Gly-CK the
CH2 group prevents H159 from interacting with the first
peptidyl amide oxygen. Instead, its first peptidyl amide
oxygen hydrogen bonds to Gly66 in the S-subsite. In
regards to side-chain composition, a model of aldehyde
1 bound in the S-subsite shows that the larger Leu side
chain restricts the position of the Cbz group. Thus,
aldehyde 1 bound in the S-subsite would have dimin-
ished interactions with Tyr61 and Tyr67 in comparison
to Cbz-Gly-Phe-Gly-CK. Although aldehyde 1 appears
to fit in the S-subsite, Cbz-Gly-Phe-Gly-CK is not
accommodated as easily in the S′-subsite because of the
large Phe residue. Therefore, in the absence of a Phe
side chain that would bind to the P2 pocket, a Cbz-
containing inhibitor may bind to either subsite. The
explanation for S′-subsite preference may be a combina-
tion of the factors discussed above as well as the
aromatic interactions formed between the Cbz and
tryptophan side chains and the main-chain carbonyls.

Figure 6. Superposition of aldehyde 1 (blue) and methoxymethyl ketone 2 (red) in the active site. Hydrogen bonds and oxygen-
aromatic ring edge interactions are shown with blue and red dashed lines for aldehyde 1 and methoxymethyl ketone 2, respectively.
Figure was prepared using MOLSCRIPT.23
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Design of Cathepsin K Inhibitors. Prior to the
structure determination of cathepsin K,17,18 papain was
chosen as a surrogate for the structure-based design of
cathepsin K inhibitors. Papain serves as a suitable
model since it has 46% amino acid sequence identity to
cathepsin K. Papain was also selected because it is
commercially available in large quantities and its
structure is known. To ensure that the novel binding
mode observed in the crystal structure of the aldehyde
1-papain complex was not an artifact of crystallization,
crystals of the leupeptin-papain complex were produced
under identical conditions. The structure of the leu-
peptin-papain complex (data not shown) was nearly
identical to its previously reported structure.6 Further-
more, it was isomorphous with the aldehyde 1-papain

complex except that leupeptin was bound on the S-side
of the active site as observed in the earlier reported
structure.6

By overlaying the structures containing leupeptin in
the S-subsite and aldehyde 1 in the S′-subsite, a
hypothetical 1,3-bis(acylaminomethyl) ketone was de-
signed that spanned both subsites. This resulting
inhibitor was simplified by (1) removing the two side
chains on either side of the ketone, (2) shortening the
structure by one amino acid on both sides, and (3)
targeting a symmetrical structure, ketone 3, by replac-
ing the acetyl group found in leupeptin with a Cbz group
(Figure 7A).19 Modeling suggested that even though the
aromatic-aromatic interaction with Trp188 (Trp181 in
papain) and the Cbz group would be eliminated by

Figure 7. (A) Design of the diacylaminomethyl ketone from leupeptin and aldehyde 1. (B) Compound 3, diacylaminomethyl
ketone, and compound 4, diacyl carbohydrazide.
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shortening the inhibitor structure, it appeared that a
better interaction with Trp184 (Trp177 in papain) could
compensate. Furthermore, the high potency of the
dipeptide aldehyde, Cbz-Leu-Leu-H, against cathepsin
K supported this hypothesis.19

Ketone 3 was found to be a potent inhibitor of
cathepsin K. A subsequent crystallographic structure
determination of ketone 3 bound to cathepsin K19

revealed that (1) the covalent inhibitor spans both the
S- and S′-subsites, (2) one of the leucine side chains fills
the hydrophobic S2 pocket, (3) aromatic-aromatic
interactions are formed between the two Cbz groups and
Trp184 (face-to-face, centroid distance and angle of 5.5
Å and 23°) and Tyr67 (face-to-edge, centroid distance
and angle of 5.5 Å and 83°), and (4) aromatic ring edge
interactions are observed between the Cbz groups and
the amide carbonyl oxygens of Asn18 (3.02 Å) and
weakly with Leu160 (3.12 Å).

Interestingly, the potency of inhibition by ketone 3 is
much weaker against papain (K i,app > 10 µM) than
against cathepsin K (K i,app of 22 nM).19 One difference
in the structures of cathepsin K and papain is near the
S-subsite where cathepsin K contains a 2-amino acid
residue insertion in the loop from residues 151 to 161.
Nonetheless, overlays of the papain and cathepsin
K-ketone 3 crystal structures show no obvious steric
hindrance between ketone 3 and papain side chains. The
difference in potency of ketone 3 in cathepsin K versus
papain can also be rationalized from the two observed
binding modes of Cbz groups on the S-side of cathepsin
K. In the ketone 3-cathepsin K crystal structure, the
Cbz group on the S-side is oriented between Tyr67 and
Leu160; however, in the crystal structure of cathepsin
K and (Cbz-LeuNHNH)2CO (4), an isosteric compound
of the diacyl carbohydrazide class of inhibitors20 (Figure
7B), the Cbz binds between Tyr 67 and Asp 61, the S3-
subsite. Modeling indicates that ketone 3 is not able
to bind to papain as in the (Cbz-LeuNHNH)2CO (4)-
cathepsin K complex,20 because a steric clash would
occur between the Cbz group and Tyr61 which is
replaced by the smaller Asp61 in cathepsin K. In the
cocrystal of cathepsin K-ketone 3, this S3-subsite is
occupied by Lys44 from an adjacent molecule in the
crystal lattice. The two binding modes are observed in
different crystal forms for the two complexes. Therefore,
understanding the large difference in inhibitor potency
of ketone 3 in papain versus cathepsin K may be aided
by additional structural studies of ketone 3 bound to
papain.

Conclusions

Binding of the aldehyde (1) and methoxymethyl
ketone (2) inhibitors deep within the S′-subsite is unique
for papain, although it has been reported for inhibitor
binding to cathepsin B. The directionality of binding
appears to be influenced by aromatic-aromatic stacking
and oxygen-aromatic ring edge interactions. This
observation has inspired a drug design strategy using
papain as a surrogate for cathepsin K. With the
knowledge of S′-subsite interactions in papain, numer-
ous potent, selective cathepsin K inhibitors were de-
signed that span both sides of the active site.19,20

Ultimately, the papain structures combined with infor-
mation from structure-activity studies on peptide al-

dehyde inhibitors and molecular modeling provided
pivotal insights for the design of novel, selective inhibi-
tors of cathepsin K. The use of papain as a surrogate
for cathepsin K illustrates the utility and limitations
of employing surrogate enzymes in the design of pro-
tease inhibitors.

Experimental Section

Inhibitors. Aldehyde 1 was prepared as previoiusly re-
ported:24 1H NMR (CDCl3) δ 9.43 (s, 1H), 7.28 (m, 5H), 6.68
(d, 1H), 6.47 (d, 1H), 5.12 (d, 1H), 5.02 (s, 2H), 4.39 (m, 2H),
4.08 (m, 1H), 1.70-1.32 (m, 9H), 0.81 (m, 18H). Anal.
(C26H41N3O5‚0.5H2O) C, H, N.

Ketone 2 was synthesized by following the method of Jones
et al.25,26 and is described below:

Cbz-Leu-Leu r-Bromomethyl Ketone. Isobutyl chloro-
formate (1.37 mL, 10.6 mmol) was added to a solution of Cbz-
Leu-Leu-OH (4.0 g, 10.6 mmol; Bachem) and N-methylmor-
pholine (1.16 mL, 10.6 mmol) in THF (20 mL) at -40 °C, and
the reaction was stirred for 15 min. The reaction mixture was
then filtered; then a solution of diazomethane (from 5.9 g of
1-methyl-3-nitro-1-nitrosoguanidine and 18 mL of 40% aque-
ous KOH in 150 mL of diethyl ether) was added slowly. The
reaction was sealed and was maintained at 0 °C in a refrigera-
tor overnight. The reaction mixture was then treated with
30% HBr in AcOH (7 mL) and was stirred for 5 min. The
reaction mixture was diluted with EtOAc (50 mL) and then
was extracted with 15% aqueous citric acid, then saturated
sodium bicarbonate (with CO2 evolution), and then brine. The
combined organics were dried with anhydrous sodium sulfate,
filtered, and concentrated in vacuo to give the title compound
as a white solid (3.2 g, 67%): 1H NMR (CDCl3, 400 MHz) δ
7.4-7.3 (m, 5H), 6.74 (d, J ) 7.6 Hz, 1H), 5.34 (d, J ) 7.6 Hz,
1H), 5.10 (s, 2H), 4.80-4.75 (m, 1H), 4.22 (brs, 1H), 4.05 (AB,
JAB ) 16.0 Hz, ∆δAB ) 0.045, 2H), 1.7-1.6 (m, 4H), 1.55-1.47
(m, 2H), 0.95 (d, J ) 6.8 Hz, 3H), 0.91 (3d, J ) 6.4 Hz, 9H); IR
(thin film) 1716, 1700, 1670 cm-1. Anal. (C21H31BrN2O4) C,
H, N, Br.

Cbz-Leu-Leu r-Hydroxymethyl Ketone. Benzoylformic
acid (1.1 g, 7.1 mmol) was added to a solution of Cbz-Leu-Leu
R-bromomethyl ketone (2.7 g, 5.9 mmol) in DMF (20 mL) at
room temperature. Then solid potassium fluoride (0.52 g, 8.9
mmol) was added, and the reaction mixture was stirred
overnight. The reaction mixture was then diluted with EtOAc
(100 mL), and was poured into water (50 mL). The combined
organics were extracted with brine, dried with magnesium
sulfate, filtered, concentrated in vacuo, and then dissolved in
THF (200 mL). A solution of potassium bicarbonate (200 mL,
200 mmol, 1 M) was added, and the reaction mixture was
stirred vigorously overnight. The reaction mixture was diluted
with EtOAc (200 mL) and then was extracted with water and
then brine. The combined organics were dried with anhydrous
magnesium sulfate, filtered, and concentrated in vacuo to give
the title compound as a white solid (3.2 g, 100%): 1H NMR
(CDCl3, 400 MHz) δ 7.35-7.31 (m, 5H), 6.74 (d, J ) 7.6 Hz,
1H), 5.35 (d, J ) 7.6 Hz, 1H), 5.10 (s, 2H), 4.7-4.6 (m, 1H),
4.36 (s, 2H), 4.25-4.18 (m, 1H), 3.2 (brs, 1H), 1.7-1.43 (m,
6H), 0.93 (d, J ) 6.0 Hz, 3H), 0.91 (2d, J ) 6.0 Hz, 6H), 0.90
(d, J ) 6.0 Hz, 3H); IR (thin film) 3307, 1716, 1699, 1652 cm-1.

Cbz-Leu-Leu r-Methoxymethyl Ketone. Methyl iodide
(0.32 mL, 5.1 mmol) was added to a solution of Cbz-Leu-Leu
R-hydroxymethyl ketone (0.4 g, 1.0 mmol) and silver(I) oxide
(0.46 g, 2.0 mmol) in methylene chloride (30 mL), and the
reaction mixture was refluxed for 7 h. The reaction was
incomplete; therefore, additional methyl iodide (1.0 mL, 15.5
mmol) was added, and the reaction mixture was stirred at
room temperature over 2 days. The reaction mixture was
filtered, concentrated in vacuo, and then chromatographed
(silica gel, 25% EtOAc-hexanes) to give the title compound
as a white solid (0.17 g, 42%): 1H NMR (CDCl3, 400 MHz) δ
7.35-7.24 (m, 5H), 6.35-6.33 (d, 1H, J ) 7.74 Hz), 5.06 (s,
2H), 4.81-4.75 (m, 1H), 4.16 (brs, 1H), 4.12 (AB, JAB ) 10.3
Hz, ∆δAB ) 0.097, 2H), 3.40 (s, 3H), 1.60-1.30 (m, 6H), 0.92
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(d, 9H, J ) 6.2 Hz), 0.90 (d, 3H, J ) 6.47 Hz); IR (KBr) 3301,
1731, 1694, 1646 cm-1. Anal. (C22H34N2O5) C, H, N.

Crystallization. Papain from papaya latex was purchased
from ICN Biomedicals (#100924) as a suspension. Prior to
crystallization the suspension buffer was removed by centrifu-
gation. A concentrated solution (approximately 35 mg/mL) of
papain was prepared in water. Papain was crystallized by
hanging drop vapor diffusion method with 0.1 M Tris HCl, pH
8.5, 0.5 M trisodium citrate, and 20% PEG 600. Crystals of
the enzyme-inhibitor complexes were prepared by either
cocrystallization (methoxymethyl ketone 2) or by soaking the
crystal (aldehyde 1). Solutions of inhibitors were prepared in
DMSO to give approximately 0.03 M. For cocrystallization of
methoxymethyl ketone 2, a 5-fold molar excess of the inhibitor
was added to the enzyme solution and allowed to stand
overnight before setting up crystals. The aldehyde 1 complex
crystals were formed by soaking a native crystal with a 5-fold
molar excess of the inhibitor in the crystallization droplet.

X-ray Methods and Refinement. The native enzyme and
inhibitor complexes crystallized in space group C2 with one
molecule in the asymmetric unit. Data were collected on a
Siemens area detector. The cell dimensions and data collection
statistics are listed in Table 1.

The structure of the native papain was solved first by
molecular replacement using the program XPLOR,21 using the
previously solved structure of papain (code 1PIP)8 as a starting
model. The cross-rotation function was calculated using data
from 10 to 4 Å with a radius of integration of 38 Å resulting
in the highest peak at 3.8σ. The translation search was
computed using data from 10 to 3.5 Å and gave a peak at 32σ.
The resulting model yielded an R-factor of 0.33. Several cycles
of refinement of the native papain were conducted using rigid
body, simulated annealing, and positional and temperature

factor refinement as implemented in XPLOR.21 The final
native model consisted of 1694 atoms, including 64 water
molecules, with an R-factor of 0.218 for data from 10 to 2.5 Å
and an average temperature factor of 24.2 Å2. The phases
from native papain were used in calculating difference Fourier
maps (coefficients |2Fo - Fc| and |Fo - Fc|) into whose density
the inhibitor atoms were built. The molecular graphics
program CHAIN22 was used for model building and map
inspection in subsequent cycles of simulated annealing and
positional and temperature factor refinement of the papain-
inhibitor complexes. Refinement statistics for the papain-
inhibitor complexes are shown in Table 2.

In the final model, several of the side-chain positions have
weak electron density and are disordered beyond either the
C-â or C-γ atom. These disordered side chains are listed in
Table 3 and have their occupancies set to 0 in the coordinate
file. The coordinates for the aldehyde 1-papain and meth-
oxymethyl ketone 2-papain complexes have been submitted
to the PDB and given codes 1BP4 and 1BQI, respectively.
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