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Abstract

Cathepsin K is a lysosomal cysteine protease belonging to the papain superfamily. It has been implicated as a major
mediator of osteoclastic bone resorption. Wild-type human procathepsin K has been crystallized in a glycosylated and
a deglycosylated form. The latter crystals diffract better, to 3.2 Å resolution, and contain four molecules in the
asymmetric unit. The structure was solved by molecular replacement and refined to anR-factor of 0.194. The N-terminal
fragment of the proregion forms a globular domain while the C-terminal segment is extended and shows substantial
flexibility. The proregion interacts with the enzyme along the substrate binding groove and along the proregion binding
loop ~residues Ser138–Asn156!. It binds to the active site in the opposite direction to that of natural substrates. The
overall binding mode of the proregion to cathepsin K is similar to that observed in cathepsin L, caricain, and cathepsin
B, but there are local differences that likely contribute to the specificity of these proregions for their cognate enzymes.
The main observed difference is in the position of the short helixa3p ~67p–75p!, which occupies the S9 subsites. As
in the other proenzymes, the proregion utilizes the S2 subsite for anchoring by placing a leucine side chain there,
according to the specificity of cathepsin K toward its substrate.
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In the last few years there has been a dramatic growth in the
number of known mammalian cysteine proteases belonging to the
papain superfamily~Chapman et al., 1997; Linnevers et al., 1997;
Santamaria et al., 1998!. They can be divided into two groups
based on their tissue distribution. Cathepsins B, C, H, and L tend
to be found in most cell types and appear to play a general role in
protein turnover. In contrast, cathepsins K, L2, O, S, and W are
found in relatively few cell types~Turk et al., 1997!, suggesting a
more specialized role. Cathepsin K represents an extreme example
of the second group since it is unique to the osteoclast, the cell
specifically devoted to bone resorption~Littlewood-Evans et al.,
1997!. In this cell, removal of the organic~mostly type I collagen!
and inorganic~hydroxyapaptite! components is carried out in a
sealed, low pH compartment termed the ruffled border, where high
levels of cathepsin K are located~Littlewood-Evans et al., 1997!.
The importance of cathepsin K in the removal of the organic phase
is strikingly demonstrated by the finding that the human disease
pycnodysostosis is a consequence of inactivating mutations in this
enzyme~Gelb et al., 1996!. Cathepsin K is the major mediator of
organic matrix turnover in bone and represents an important target
for inhibitor development to treat diseases such as osteoporosis, a

condition affecting a large number of post-menopausal women
~McGrath et al., 1997; Thompson et al., 1997!.

As with the other members of the papain superfamily, cathepsin
K is synthesized as an inactive proenzyme, containing a 99 residue
proregion, and becomes activated in a low pH environment. In
vitro processing of the proenzyme occurs by an autocatalytic cleav-
age~McQueney et al., 1997!. The three-dimensional structure of
cathepsin K complexes have recently been reported~McGrath
et al., 1997; Zhao et al., 1997!, and novel inhibitors of this enzyme
have been described~Thompson et al., 1997!.

Cysteine proteases from the papain superfamily have been di-
vided into two subfamilies based on sequence analysis~Karrer
et al., 1993!. Cathepsin K belongs to the larger, cathepsin L sub-
family, while cathepsin B is a member of the second subfamily. In
addition to some differences within the enzyme sequences, these
subfamilies differ significantly in the sequences and lengths of
their proregions. Cathepsin B-like enzymes have proregions of
approximately 60 residues, while cathepsin L-like proteases have
proregions of;100 residues~Cygler & Mort, 1997!. There is little
sequence similarity between the proregions across the two
subfamilies.

For several of the cysteine proteases, it has been shown that the
peptide corresponding to the major portion of the proregion is a
potent inhibitor of the proteolytic activity of its parental protease.
More detailed studies showed that these propeptides also inhibit
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related proteases but that the degree of inhibition varies signifi-
cantly ~Fox et al., 1992; Taylor et al., 1995; Carmona et al., 1996;
Maubach et al., 1997!. This ability of propeptides to differentiate
between closely related proteases is of considerable interest for
development of specific inhibitors of these proteases. The molec-
ular architecture of the proregion-protease interactions for the pa-
pain superfamily has been brought to light by the determination of
the three-dimensional structures of procathepsin B~Cygler et al.,
1996; Turk et al., 1996!, procathepsin L~Coulombe et al., 1996!,
and procaricain~Groves et al., 1996!. Despite the differences in the
lengths and sequences of the proregions from the two subfamilies,
their fold, mode of binding, and inhibition to the enzymes are very
similar ~Cygler & Mort, 1997; Groves et al., 1998!. The structure
of procathepsin K adds to the database and provides new structural
details for this important therapeutic target.

Materials and methods

Expression and purification

The vector~pPIC9! and Pichia pastorisstrain GS115 were pur-
chased from Invitrogen Corporation~San Diego, California!. Hu-
man procathepsin K was amplified by PCR from a human spleen
cDNA library ~CLONTECH Laboratories, Inc., Palo Alto, Califor-
nia! using gene-specific primers~59-GCATCCGCTCGAGAAA
AGAGAGGCTGAAGCTCTGTACCCTGAGGAGATACTGGAC-
39 and 59-CCGGCGGCCGCTCACATCTTGGGGAAGCTGGCC
AG-39!. The cDNA construct included a 99 amino acid long
proregion ~1p–99p! and 215 amino acid long mature enzyme
~1–215!. Two potential N-glycosylation sites are present in the
sequence, one in the proregion~Asn89p! and one in the mature
enzyme~Asn99!. The gene was cloned into the vector pPIC9 and
expressed in the yeastP. pastorisas a prepro-a-factor fusion con-
struct using the culture conditions recommended by Invitrogen.
The supernatant from the culture medium was concentrated and
equilibrated with 1.2 M ammonium sulfate and 50 mM Tris{HCl,
pH 7.4 in a stirred cell~pro YM10 membrane, Amicon, Beverly,
Massachusetts!, loaded on a butyl sepharose column and eluted
with a 1.2–0 M~NH4!2SO4 gradient. Fractions with procathepsin
K were pooled, equilibrated with 1.2 M~NH4!2SO4, concentrated
and re-applied on the same column to remove completely the
yellow pigment. Pooled procathepsin K fractions were dialyzed
overnight at 48C against 20 mM Tris{HCl, pH 7.4 and 150 mM
~NH4!2SO4 and concentrated using Centriprep~10K cut-off, Am-
icon!. Approximately half of this protein was deglycosylated by
incubation with Endoglycosidase F0N Glycosidase mixture
~0.8 mg of glycosidases for 1 mg of procathepsin K! ~Boeringher
Mannheim, Germany! for 15 h at 238C. The deglycosylated pro-
enzyme was applied to Hi-prep 16060 Sephacryl S100 column, the
enzyme fractions pooled and concentrated.

Crystallization and data collection

Crystals of the glycosylated and nonglycosylated procathepsin K
were obtained using the hanging drop vapor diffusion method.
Initial crystallization conditions were found through screening
~screen I, Hampton Research, Laguna Niguel, California! and were
optimized further. Glycosylated procathepsin K crystallized from
drops containing 2mL of protein solution at 5.4 mg0mL concen-
tration, mixed with 2mL of mother liquor containing 50 mM

monobasic ammonium phosphate, 50 mM Tris{HCl, pH 8 and
15% poly~ethylene glycol! 3350 ~PEG3350!. These crystals be-
long to the hexagonal system and have cell dimensionsa 5 127.3,
c 5 111.3 Å. There are likely three molecules in the asymmetric
unit, leading to a reasonableVm 5 2.4 Å30Da. Unfortunately, these
crystals diffract only to 3.4 Å resolution and decay rapidly. Their
investigations were not continued at this time.

Suitable crystallization conditions were also found for deglyco-
sylated procathepsin K through factorial screening. After optimi-
zation, the best crystals appeared in the drops containing 2mL of
protein solution 10.7 mg0mL and 2mL of well solution ~100 mM
Tris{HCl pH 7.0, 5% 2-methyl-2,4-pentanediol, 12 mM~NH4!2SO4

and 9% PEG3350!. Crystals appeared after 1–2 days and had to be
used while fresh. They are monoclinic, space groupP21, cell di-
mensionsa 5 58.7,b 5 84.4,c 5 155.6 Å,b 5 90.38. Assuming
four molecules in the asymmetric unit theVm coefficient is 2.75
Å30Da, within the expected range. Numerous attempts made to
flash freeze these crystals failed. Under all conditions tested there
was a significant loss of the resolution concomitant with very high
mosaicity. Consequently, diffraction data were collected at room
temperature to a maximum resolution of 3.2 Å. Two crystals were
necessary for complete dataset. MAR Research area detector was
used for data collection. DENZO and SCALPACK were used for
data processing and scaling. A total of 121,990 observations be-
tween 15–3.2 Å resolution were reduced to 21,801 unique reflec-
tions ~I . 1s~I!! with Rmerge5 0.12 and 87.2% completeness.

Structure solution and refinement

Molecular replacement using AmoRe~Navaza, 1994! and proca-
thepsin L as a search model~PDB entry code 1CJL! readily gave
four expected solutions. The rotation and translation functions were
calculated with reflections in 8–4 Å resolution range. Rigid body
refinement in AmoRe with four molecules gave anR-factor of 0.39
and correlation coefficient of 0.47. This model was subsequently
refined using X-PLOR~Brünger, 1993! including data in 8–3.2 Å
resolution range. A set of 6% randomly selected reflections was
used for the calculation ofRfree. The initial map calculated at this
stage had discontinuous density in several parts of the proregion
indicating local differences between the proregions of cathepsin L
and K. The density was improved by fourfold noncrystallographic
symmetry averaging and solvent flattening using programs MAMA
and RAVE ~Kleywegt & Jones, 1994!. Two rounds of rebuilding
~O ~Jones et al., 1991!!, refinement and density averaging allowed
to extend the model to include residues 7p–80p and 2–215. The
averaged map ended abruptly at the residue occupying the S3 site,
suggesting that the C-terminal segment of the proregion is either
disordered or that its conformation differs between the four mol-
ecules. The inspection of the unaveraged 3Fo 2 2Fc map provided
support for the second hypothesis. The map showed electron den-
sity for the remainder of the proregion in two out of four molecules
and part of this segment for the third molecule. These were added
to the refinement and noncrystallographic restrains were applied
only to parts clearly visible in the averaged map~Leu7p–Lys79p
and Pro2–Met215!.

The final model comprises the sequence from Leu1p to Met215
for molecule A, 1p–82p and 86p–215 for molecule B, 1p–82p
and 88p–215 for molecule C, and 1p–80p, 91p–93p and 1–215
for molecule D. No water molecules are included in the current
model due to the limited resolution. The finalR-factor is 19.4%,
Rfree is 25.3% for data withI . s~I! and in the 8–3.2 Å reso-
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lution shell. The root-mean-square deviations~RMSDs! for bond
lengths and angles are 0.006 Å and 1.418, respectively. The Ra-
machandran plot shows one residue per molecule with unfavor-
able torsion angles, located in the poorly ordered segment near
the end of the proregion. The coordinates of all four molecules
of procathepsin K are deposited in the Protein Data Bank~ac-
cession code 7PCK!.

Results and discussion

The molecule of procathepsin K consists of 99 residues of the
proregion~marked with suffix p in Fig. 1! and 215 residues of the
mature enzyme~Fig. 1!. Numbers in brackets refer to papain se-
quence. Although the diffraction data extend to only 3.2 Å reso-
lution, fourfold averaging resulted in a map that is continuous
along most of the proregion~Fig. 2! and along the entire mature
enzyme. Comparison with the recently determined structure of
mature cathepsin K~PDB code 1MEM~McGrath et al., 1997!!
indicates that there is no significant rearrangement within the pro-
tease upon activation. The superposition of cathepsin K with the
corresponding portion of procathepsin K gives an RMSD of 0.5 Å
for all backbone atoms of residues 1–215. Like other cysteine
proteases from the papain superfamily, cathepsin K consists of two
domains that assemble to form the active-site cleft at their inter-
face. The catalytic nucleophile, Cys25, and the oxyanion hole res-
idues are provided by the mostlya-helical N-terminal domain of
the enzyme, while the His162~159! and Asn182~175! are from the
mostly b-sheet, C-terminal domain. The proenzyme is a compact
molecule, with approximate dimensions of 583 47 3 34 Å. The
N-terminal fragment of the proregion is globular and binds to
cathepsin K through the interactions with the prosegment binding
loop ~PBL, residue 138–156!. The proregion’s C-terminal frag-
ment assumes an extended conformation, following the substrate
binding cleft toward the N-terminal residue of the mature cathep-
sin K, located on the opposite side of the enzyme~Fig. 1!. The
region beyond residue 84p is rather flexible and its conformation
differs among the four crystallographically independent molecules.

The access to the active site in the proenzyme is obstructed by
the proregion, explaining its lack of enzymatic activity. The direc-
tion of the extended fragment of the proregion that fills the sub-
strate binding site is opposite to that taken by the polypeptide
substrate. This reverse orientation of the proregion renders it re-
sistant to a cleavage by the Cys-His active site. The inhibition
mechanism observed here is the same as described previously in
other proenzymes from the papain superfamily~Cygler & Mort,
1997!.

The proregion

The N-terminal segment of the proregion consists of threea-helices
~a1p5 7p–17p,a2p5 25p–51p,a3p5 68p–75p! and ab-strand
~b1p5 55p–60p!. The helicesa1p anda2p are connected by a six
residue long loop. They intersect at an angle of 968 and pack
tightly together forming a hydrophobic mini-core, which is com-
prised of the side chains of Leu7p, Trp11p, Leu39p, Trp14p, Trp35p,
and the aliphatic part of Glu36p. The three aromatic rings in the
mini-core are stacked against each other~Fig. 3!. However, the
imidazole ring of the nearby His10p is exposed to the solvent. Salt
bridges and hydrogen bonds provide additional stabilization of this
fold ~Table 1! and also tie these two helices to the helixa3p. These
features are well conserved among the cathepsin L subfamily
~Groves et al., 1998!.

The long helixa2p is connected to the strandb1p by a two
residue long loop. The two secondary structural elements run nearly
antiparallel to each other forming a hairpin-like super-secondary
structure~Fig. 3!. This arrangement is stabilized by interactions
originated from the Asp27p–Arg31p–Trp35p–Asn38p–Ile42p–
Asn46p residues that are highly conserved in the cathepsin L sub-
family proregions—the so-called ERFNIN motif~Karrer et al.,
1993; Coulombe et al., 1996; Groves et al., 1996!, and in particular
Ile42p and Asn46p. The former makes numerous van der Waals
contacts while the side chain of Asn46p in helixa2p interacts with
the backbone of Leu58p~b1p! via two hydrogen bonds. Equiva-
lent interactions have been found not only in the proregions of

Fig. 1. Stereo view of the Ca trace of procathepsin K. Catalytic residues and Tyr56p of the proregion are shown in full. The proregion
is drawn in thick lines.
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cathepsin L subfamily~Coulombe et al., 1996! but also in the
proregion of cathepsin B~Cygler et al., 1996; Podobnik et al.,
1997!. Formation of the hairpin super-secondary structure allows
the side chain of Tyr56p to extend away from the proregion and to
become a pivotal element for the interactions with the PBL of the
mature enzyme.

In the region C-terminal to helixa3p, the polypeptide chain is in
an extended conformation. The residues 75p–84p, which cover the

substrate binding site, are well ordered. Beyond residue 84p the pro-
region displays more flexibility, having somewhat different confor-
mation in each crystallographically independent molecule. Some of
the side chains and0or backbone atoms in this segment are disor-
dered and were not located in the electron density. The flexibility
observed in this part of the proregion has also been noted in other
proenzymes from the papain superfamily~Cygler et al., 1996; Podob-
nik et al., 1997!.

Fig. 2. Four-fold averaged~2Fo 2 Fc! electron density map arounda3p helix of the proregion, displayed at 1s level. The residues of
a3p are shown in thick lines and the nearby residues from cathepsin K are shown in thin lines.

Fig. 3. The stereo view of the N-terminal part of the proregion. Packing of helicesa1p anda2p creates a mini-core by stacking of
several aromatic residues. The nearby His10p points outside and does not participate in these interactions. The hairpin formed bya2p
andb1p is also shown. The residues forming the ERFNIN motif, Tyr56p and several residues from PBL are shown in full.
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Proregion-cathepsin K interactions

The proregion is in contact with cathepsin K over an extended
area. The surface buried by these interactions is 1,067 Å2 on the
enzyme and 1,109 Å2 on the proregion~residues 86p–99p were
excluded from these calculations due to their high flexibility!. As
in procathepsin L and procaricain, the buried surface of cathepsin
K can be divided into three adjacent areas: the 138–156 surface
loop ~prosegment binding loop~PBL! ~Cygler et al., 1996!!, the
hydrophobic groove leading to the active-site~including S9 sub-
sites! and the substrate binding subsites S1–S3.

Prosegment binding loop (PBL)

The prosegment binding loop, Ser138–Asn156~137–155 in pa-
pain!, is a large omega loop placed on cathepsin K surface. A short
section in the middle of this loop, Gly148–Tyr150, forms a fifth
strand of the mainb-sheet of the C-terminal domain with two
hydrogen bonds between strands four and five, OLeu195. . .NTyr150

~2.7 Å! and NAla197. . .OTyr 150 ~2.9 Å!, and a longer contact
NLeu195. . .OGly148 ~4.2 Å!. The proregion’sb1p strand~Thr55p–
Met60p! extends this main sheet by pairing with Phe144–Val149
segment of PBL in an antiparallel mode~Fig. 3! and making four
hydrogen bonds: NAla59p. . .OPhe144 ~2.8 Å!, OGlu57p. . .NSer146

~3.1 Å!, NGlu57p. . .OLys147 ~3.3 Å!, OThr55p. . .NVal149 ~3.1 Å!. Sev-
eral side chains of the proregion participate in van der Waals
contacts with the enzyme. Particularly extensive are the inter-
actions of the aromatic side chain of Tyr56p, which occupies the
center of the PBL~Fig. 3! and extends the cluster of aromatic side
chains, which include: Phe142~141!, Tyr145~144!, Tyr150~149!,
Trp184 ~177!, and Trp188~181!. Significant contact area is also
provided by Leu58p and Thr55p. Other van der Waals interactions
involve the N-terminal part of PBL, in particular residues Thr140
~139!, Ser141~140!, Phe144~143!, and Gln143~142!, which come
into contact with the face of helixa2p containing residues Asn38p,
Tyr41p, and Ile42p. The total surface area of PBL in contact with
the proregion is 512 Å2.

Interactions within the S9-side groove

The groove on the S9 side of the active site is lined with pro-
segment residues that come from the loop following strandb1p
and from the helixa3p. The beginning of the loop forms a tight
bend clustering together the side chains of three residues: Asn61p,
His62p, and Leu63p~Fig. 4!. They provide hydrogen bonds through
the side chains of Asn61p~to O5CGln143! and His62p ~to

O5CTrp184 and to the side chain of Asn187!—and van der Waals
contacts to Gln143, Phe144, Trp184, Trp188, and Asn187.

Helix a3p packs against cathepsin K with its hydrophobic face
and contacts the enzyme through residues Val71p, Val72p, and
Met75p ~Fig. 4!. It makes van der Waals contacts with residues
Ser138–Gln143~start of PBL!, Trp184, Gln19, and Gln21. In par-
ticular, Met75p, which occupies the S29 subsite, extends along the
crevice formed by the indole ring of Trp184 and the Gln19–Gly20–
Gln21 stretch. Hydrogen bonds are made by OGSer68p ~to
O5CSer138! and O5CLys74p ~with the NH groups of Gln21 and
Cys22!. The first residue of the extended segment, Thr76p, occu-
pies the S19 subsite and fits between Asn161 and His162. Its side
chain forms a hydrogen bond to O5CAsp161 ~2.9 Å!.

The proper orientation of helixa3p relative to the N-terminal
fragment of the propeptide is maintained through interactions be-
tweena3p anda2p, in particular a salt bridge between Glu70p and
Arg31p ~from the ERFNIN motif!, and hydrogen bonds formed
from ND2Asn38p to O5CMet66p and O5CGly64p ~Table 1!.

Interactions within the S subsites

The proregion follows the S subsites in an extended conforma-
tion. The protein we have crystallized has the wild-type active-site
and it was of considerable interest to determine if the cysteine had
been oxidized. The electron density map suggested that the nu-
cleophilic Cys25 was not oxidized in the crystals. A similar ob-
servation was made in the case of wild-type human procathepsin B
~Podobnik et al., 1997! but in the case of procathepsin L the
active-site cysteine was found oxidized~R. Coulombe & M. Cygler,
unpubl. data!. The proregion of procathepsin K approaches the
catalytic Cys25 closely~Fig. 4!. The shortest distance is to the
Thr76p–Gly77p peptide bond~3.4 Å!, made possible due to the lack
of a side chain on residue 77p. The carbonyl of this Gly77p is
hydrogen bonded to NHGly66 ~2.8 Å!. The proregion utilizes also
the oxyanion hole. The carbonyl oxygen of Thr76p extends into
this region and forms hydrogen bonds with NE2Gln19 ~3.1 Å! and
NCys25 ~3.1 Å!.

The S2 subsite plays the most important role in determining
substrate specificity of enzymes from the papain superfamily~Storer,
1991! The preferred P2 residue for cathepsin K is a leucine~Bromme
et al., 1996!. The proregion utilizes this subsite for binding and,
like the best substrate, inserts there the side chain of Leu78p.

Comparisons with other proenzymes

The level of sequence similarity between the proregions of cathep-
sin L subfamily of cysteine proteases is lower than that for the
mature enzymes and is in most cases below 30%. Nevertheless, the
three known three-dimensional structures of these proregions are
very similar~Fig. 5! and it is expected that this will be the case for
other members of this subfamily. All of them utilize the S2 subsite
for binding of a branched residue or a phenylalanine. The insertion
into the S2 subsite is fastened by two hydrogen bonds to Gly66
~cathepsin K! or its equivalent, located opposite. The binding of
the proregion and the recognition of the enzyme are then confined
to the area between the two constant attachment points: the aro-
matic residue in the center of PBL and a hydrophobic residue in the
S2 subsite. The main determinants of the recognition have to be
located within this area of the proregion.

Helix a3p

The present structure confirms that the location of helixa3
differs the most between the proregions~Fig. 5!. The center of

Table 1. Salt bridges and hydrogen bonds involving side chains
that contribute to the stabilization of the proregion

H-bond
Dist
~Å! H-bond

Dist
~Å!

Lys15pNZ. . .OE2Glu28p 2.8 Glu28pOE2. . .NE1Trp11p 3.3
Asp65pOD2. . .NZLys20p 3.2 Lys20pNZ. . .OHis62p 3.3
Glu70pOE1. . .NH2Arg31p 2.8
Glu70pOE2. . .NH1Arg31p 2.9 Arg31pNH. . .OAsp65p 2.7
Asp8pOD1. . .NH2Arg32p 2.8 Arg32pNE. . .OE1Glu36p 2.8
Asn46pOD1. . .NLeu58p 2.9 Leu58pO. . .ND2Asp46p 3.0
Asn38pND2. . .OGly64p 2.7 Asn38pND2. . .OMet66p 3.2
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Fig. 4. The interactions between the proregion and the enzyme in the S and S9 sites. Helixa3p and the preceding loop occupies the
S9 side. The carbonyl group of Thr76p occupies the oxyanion hole and the S2 subsite is occupied by Leu78p. The relevant hydrogen
bonds between the proregion and the enzyme are shown in dashed lines. The proregion is shown in dark lines and hydrogen bonds in
dotted lines.

Fig. 5. The superposition of Ca traces of the proregions of cathepsin K~solid line!, cathepsin L~dashed line!, and caricain~dotted
line!. The transformation matrix was calculated based on the corresponding Ca atoms of residues from the N-terminus to residues in
the enzyme active site.
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helix a3p is located approximately 2 Å closer to the surface of
cathepsin K than in procathepsin L and procaricain. The difference
in the position ofa3p between procaricain and procathepsin L
corresponds to a shift along the helix axis and was postulated to be
a result of an insertion between the P1 and P2 subsites in the
former. There is no such insertion in procathepsin K when com-
pared to procathepsin L and the shift is in a direction perpendicular
rather than parallel, to the helix axis.

The observed difference likely results from a difference in the
sequence in the center of the helixa3p face that is directed toward
the enzyme. The two key side chains for contacting the enzyme are
Phe71p–Arg72p in procathepsin L and Phe78p–Asn79p in procar-
icain. The phenylalanine points directly toward the enzyme and
contacts many residues. The corresponding side chains in proca-
thepsin K, Val71p–Val72p, are small and to maintain good van der
Waals contacts, the helix has to move closer to the protein surface.
Sequence alignment~Coulombe et al., 1996! of the proregions
shows that most of them contain phenylalanine in the first of these
two positions and a large side chain~Arg-Lys-Asn-Gln! in the
second. Apart from procathepsin K the other proregions with small
side chains in these positions are those of cathepsins S, with Val-
Met0Ile sequences, and of cathepsins H, with Val0Thr-Lys0Ala
sequences. Additional sequence similarity between procathepsins
K and S in the subsequent segment covering the substrate binding
site suggests that the helixa3p in these two enzymes is positioned
in a similar way.

PBL

The mode of binding to PBL is very much the same in the
known structures of the proenzymes from the papain superfamily.
An aromatic residue packs against the center of the PBL and adds
to the aromatic cluster of highly conserved residues. The short,
two-strandedb-sheet is also formed in a similar manner in all of
them. What differs somewhat is the location of the N-terminal part

of the long helixa2 resulting from a slightly different curvature
and tilt of the helix in each proenzyme. The largest deviation is
observed for procaricain.

As in the other proenzymes, electrostatic interactions are also of
importance for procathepsin K. The electrostatic potential distri-
butions, calculated for the proregion alone or for the enzyme, are
complementary along the interacting surfaces~Fig. 6!, as in other
proenzymes~Groves et al., 1998!. However, the signature of the
cathepsin K proregion differs from the other enzymes, supporting
the notion that electrostatic forces play a role in determining the
specificity of recognition between the proregion and its cognate
enzyme.
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