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Cathepsin K, a lysosomal cysteine protease critical for bone remodeling by osteoclasts, was recently iden-
tified as the deficient enzyme causing pycnodysostosis, an autosomal recessive osteosclerotic skeletal dys-
plasia. To investigate the nature of molecular lesions causing this disease, mutations in the cathepsin K
gene from eight families were determined, identifying seven novel mutations (K52X, G79E, Q190X,
Y212C, A277E, A277V, and R312G). Expression of the first pro region missense mutation in a cysteine
protease, G79E, in Pichia pastoris resulted in an unstable precursor protein, consistent with misfolding of
the proenzyme. Expression of five mature region missense defects revealed that G146R, A277E, A277V,
and R312G precursors were unstable, and no mature proteins or protease activity were detected. The
Y212C precursor was activated to its mature form in a manner similar to that of the wild-type cathepsin
K. The mature Y212C enzyme retained its dipeptide substrate specificity and gelatinolytic activity, but it
had markedly decreased activity toward type I collagen and a cathepsin K-specific tripeptide substrate,
indicating that it was unable to bind collagen triple helix. These studies demonstrated the molecular het-
erogeneity of mutations causing pycnodysostosis, indicated that pro region conformation directs prop-
er folding of the proenzyme, and suggested that the cathepsin K active site contains a critical collagen-

binding domain.

J. Clin. Invest. 103:731-738 (1999)

Introduction

Pycnodysostosis (Pycno), an autosomal recessive scle-
rosing skeletal dysplasia, recently was shown by a posi-
tional candidacy approach to result from the deficient
activity of the lysosomal cysteine protease cathepsin K
(EC 3.4.22.38; ref. 1). The disease is characterized by
reduced stature, osteosclerosis, acro-osteolysis of the
distal phalanges, frequent fractures, clavicular dyspla-
sia, and skull deformities with delayed suture closure (2,
3). The fact that Pycno resulted from deficient cathep-
sin K activity proved the important physiological role of
this lysosomal cysteine protease in bone matrix degra-
dation and implied that inhibition of cathepsin K activ-
ity might be therapeutic for bone diseases characterized
by excessive bone degradation, such as osteoporosis and
certain forms of arthritis.

The cathepsin K gene, which was cloned originally from
rabbit osteoclasts (4), and subsequently from several
human tissues (5-8), was highly expressed in osteoclasts,
the site of the Pycno pathology (9). The predicted 329-
residue polypeptide sequence was highly homologous
with those of cathepsins S and L (6, 7) and had the typi-
cal prepropeptide organization of cysteine proteases of

the papain family, including a 15-amino acid signal
sequence and a 99-residue pro piece. A putative N-glyco-
sylation site in the pro region, which is conserved among
cathepsin K genes from all species sequenced to date (10),
presumably facilitates lysosomal targeting of the proen-
zyme via the mannose 6-phosphate receptor pathway.
The catalytic triad within the active site contains active
cysteine, histidine, and asparagine residues that are con-
served completely among all papain family members (6).

The human cathepsin K gene has been overexpressed in
the baculovirus system, and the purified recombinant
enzyme’s physical and kinetic properties have been deter-
mined (11, 12). Cathepsin K was synthesized as a pre-
propeptide of 37 kDa, and the mature enzyme was a
monomeric protein with an apparent molecular mass of
about 29 kDa. The enzyme had a broad bell-shaped pH-
activity profile with an optimum at 6.1 and had strong
collagenolytic, elastase, and gelatinase activities, exceed-
ing those of cathepsins S or L (11). These properties are
consistent with the enzyme’s ability to degrade organic
matrix proteins in the subosteoclastic space.

Previously, three mutations in the mature region of the
cathepsin K prepropeptide were reported in four unre-
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lated Pycno families, including a missense (G146R), a
nonsense (R241X), and a stop codon (X330W) mutation
(1, 13). Transient expression of the X330W allele result-
ed in no immunologically detectable protein, despite
normal message levels (1).

In this report, seven novel cathepsin K mutations are
described, comprising four mature region missense
mutations, a mature nonsense mutation, and two pro
region point mutations. A nonsense mutation in the
mature enzyme was found in several unrelated Hispan-
ic Pycno families and suggested a common Iberian
descent. Six missense mutants, expressed in Pichia pas-
toris, lacked detectable residual activity, with the excep-
tion of Y212C. This mutant had residual activity in vitro
against the fluorescent substrate and gelatin, but the
mature Y212C enzyme had little, if any, activity toward
type I collagen.

Methods

Specimen collection and DNA sequencing. Blood samples were
obtained with informed consent from eight unrelated families
with one or more individuals affected with Pycno. The ethnic
background of these families was as follows: northern Euro-
pean (two), Czech, Spanish, Portuguese (two), Indian, and Hon-
duran. Genomic DNA was extracted from blood leukocytes
using the Puregene Genomic DNA Isolation kit (Gentra Systems,
Minneapolis, Minnesota). Exons 2-8 of the cathepsin K gene (14)
were amplified from genomic DNA of Pycno patients by PCR,
isolated, and sequenced by cycle sequencing with an ABI 377
Sequencer (Perkin-Elmer Corp., Norwalk, Conneticut, USA).

Confirmation of detected mutations. Putative cathepsin K muta-
tions were confirmed by PCR-based analyses of normal, obli-
gate heterozygous, and/or affected members from each fami-
ly. In addition, each putative mutation was analyzed in
genomic DNAs isolated from 50-55 unrelated normal Cau-
casian individuals to rule out possible polymorphisms. PCR
products containing the mutation were amplified from
genomic DNA, digested overnight with the appropriate restric-
tion endonuclease (New England Biolabs Inc., Beverly, Massa-
chusetts, USA), separated by horizontal electrophoresis in 2%
agarose gels, and directly viewed with ethidium bromide. The
five mutations that created or destroyed restrictions sites were
as follows: R241X (Aval), Y212C (Rsal), A277E (Acil), A277V
(Acil), and R312G (Taql). For the three mutations that neither
created nor destroyed convenient restriction sites, either mis-
match PCR (NlalV for G79E; Pstl for Q190X) or the amplifica-
tion refractory mutation system (ARMS) (K25X) was used for
mutation detection (15, 16).

Expression and characterization of missense mutations. The
human procathepsin K cDNA that had been cloned in pBlue-
script SK(+) phagemid and mutated to eliminate the N-gly-
cosylation site in the mature enzyme was used to generate
constructs for the six Pycno missense mutations. Each point
mutation was introduced individually into the cDNA using
the PCR ligation method with Vent Taq polymerase (New Eng-
land Biolabs Inc.), and each mutant construct was confirmed
by sequencing. Unique EcoRI and NotI sites, introduced at the
5" and 3' ends of each amplified mutant proenzyme PCR
product, were used to ligate each construct into the pPIC9K
expression vector (Invitrogen Corp., Carlsbad, California,
USA). The expression constructs for the wild-type and the six
mutant cathepsin K (gly-) proenzymes were linearized with
BglIT and then electroporated into P. pastoris GS115 cells
(Invitrogen Corp.). After genotype selection and phenotype
screening according to the manufacturer’s instructions, sev-
eral clones were obtained for each of the constructs.

Clones were grown up in shaker flasks, and the liquid culture
media were concentrated with a spin column (Amicon Inc., Bev-
erly, Massachusetts, USA). The presence of the cathepsin K
(gly-) proenzyme was detected by Western blot, using a rabbit
polyclonal antibody raised against human cathepsin K (MS2)
(provided by D. Bromme). Standard Northern analysis was per-
formed after extraction of total RNA from lyticase-treated cells
with RNazol (Tel-Test Inc., Friendswood, Texas, USA). Blots
were hybridized with human cathepsin K cDNA and Saccha-
romyces cervisiae actin (a gift from A. Caplan, Mount Sinai
School of Medicine) that had been radiolabeled with [*?P]-
dCTP (Amersham Pharmacia Biotech, Piscatawy, New Jersey,
USA) by the random hexamer method.

To assess cathepsin K enzyme activity, the concentrated medi-
um with the highest yield of proenzyme for each construct was
selected. The mature cathepsin K (gly-) proteins were activated
from their precursor forms by diluting the medium to 2.5 vol-
umes, to a final solution containing 50 mM sodium acetate, 2.5
mM dithiothreitol, and 2.5 mM EDTA (pH 4.0); adding porcine
pepsin (Sigma Chemical Co., St. Louis, Missouri, USA) to a
final concentration of 20 pg/ml; and then incubating the mix-
ture at 37°C for 30 min.

The enzymatic activity of the wild-type and mutant cathep-
sin K (gly-) proteins was assayed using the fluorescent substrate
Z-Leu-Arg-MCA at 5 uM in an assay buffer of 100 mM sodium
acetate, 2.5 mM EDTA, 2.5 mM dithiothreitol (pH 5.5). Fluo-
rescence was detected by a luminescence spectrometer (Perkin-
Elmer Corp.), and enzyme kinetics were obtained by nonlinear
regression analysis using the Grafit software package (Eritha-
cus Software Ltd., Staines, United Kingdom). To establish the
pH profile for active cathepsin K enzymes, initial rates of sub-
strate hydrolysis with 5 UM Z-Leu-Arg-MCA were determined
in 100 mM sodium citrate for pH 2.8-5.6 and in 100 mM sodi-
um phosphate for pH 5.8-9.7. The pH stability of wild-type and
active mutant proteins was studied by incubating at 37°C in
100 mM sodium acetate buffer (pH 4.5 and 5.5) or in 100 mM
potassium phosphate buffer (pH 6.5), containing 2.5 mM
dithiothreitol and 2.5 mM EDTA. At several time points, the
residual activity was determined using 5 UM Z-Leu-Arg-MCA
as substrate. Substrate specificity of mutant enzymes with
residual activity was determined by measuring enzyme kinetics
with a panel of synthetic di- and tripeptide substrates. In addi-
tion, the mutant enzymes with residual activity against the syn-
thetic substrates were also assayed with biologically relevant
substrates. Activated wild-type and mutant enzymes were incu-
bated at 28°C for 12 h with 0.4 mg/ml of soluble calf skin type
I collagen (U.S. Biochemical Corp., Cleveland, Ohio) in 100 mM
sodium acetate buffer (pH 5.5) containing 2.5 mM dithiotre-
itol and 2.5 mM EDTA. To measure the gelatinase activity, type
I collagen was heated at 68°C for 15 min and then incubated
with varying concentrations of the activated wild-type and
mutant enzymes for 1 h at 28°C. Samples from the collagenase
and gelatinase assays were subjected to SDS-PAGE, fixed with
trichloroacetate, and viewed by Coomassie blue staining.

Determination of the processing sites of Y212C and wild-type cathep-
sin K enzymes. To determine the site(s) of processing of the
cathepsin K propeptides, mature Y212C and wild-type cathep-
sin K proteins were separated on an SDS-PAGE gel and viewed
by the colloidal blue staining method (Novex, San Diego, Cali-
fornia, USA). The bands of interest were excised and subjected
to in-gel digestion with trypsin or endopeptidase Lys-C, and the
resulting proteolytic mixtures were extracted as described pre-
viously (17, 18). The molecular masses of the peptide mixtures
were accurately determined by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
using delayed ion extraction and ion reflection (Voyager-DE
STR; Perseptive Biosystems Inc., Framingham, Massachusetts,
USA). NH;- and COOH-terminal peptides were identified by
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Figure 1

Novel pycnodysostosis mutations in the cathepsin K gene. DNA changes to codons and their predicted effects on the cathepsin K protein are indicated
above and positioned on the cathepsin K gene, which is divided into eight exons. The initiation and stop codons are indicated in exons 2 and 8, respec-
tively. The effects of these mutations on the cathepsin K prepropeptide are shown below. The positions of the cysteine, histidine, and asparagine residues
that form the active triad in the active cleft are indicated on the normal polypeptide. The families in which individual mutations were found are indi-
cated on the right.

comparing the measured masses with those calculated from the
known protein sequence and the cleavage rules of the protease,
using the software tool PepFound (19, 20). The mass accuracy,
determined using internal calibration, was within 0.0001 kDa.

Results

Mutation detection and confirmation. Analysis of the cathep-
sin K coding region and adjacent intron/exon bound-
aries from genomic DNAs of patients from eight unre-
lated Pycno families revealed eight mutations, including
seven novel lesions (Fig. 1). These mutations included
two pro region changes consisting of a nonsense and a
missense lesion, and six mature region changes consist-
ing of two nonsense and four missense mutations. Of
note, no readily apparent genotype-phenotype correla-
tion was identified, because all patients appeared to be
similarly affected.

To rule out the possibility that these cathepsin K base
substitutions could be polymorphisms and not disease-
causing mutations, alleles from 250 normal Caucasian
individuals were analyzed for the respective lesions. Using
the appropriate PCR-based assays, no K52X, G79E,
Q190X, Y212C, R241X, or R312G alleles were detected
among greater than 100 control alleles. In one control
individual, the restriction assay for the A277E and A277V
mutations produced a pattern identical to the A277E and
A277V heterozygotes, but sequencing of the PCR product
revealed only heteroallelism for a G—A change at
nucleotide 936, which did not alter the amino acid

sequence, rather than the A277E and A277V mutations,
which altered nucleotide 935. Thus, the possibility that
these eight coding sequence changes were polymorphisms
rather than mutations was considered highly unlikely.
Expression analysis of cathepsin K missense mutations. The
wild-type and mutant cathepsin K proenzymes were
expressed in the P. pastoris system, which has been shown
previously (21) to result in high-level production and
secretion into the medium (38.4 mg/1 of purified active
enzyme). In addition, as revealed by the completed S.
cervisiae genome project, yeast strains contain no papain-
like cysteine proteases, except bleomycin hydrolase,
which is an aminopeptidase with no overlap in substrate
specificity. Coomassie blue staining of sodium dodecyl
sulfate-polyacrylamide electrophoretic gels containing
aliquots of media from the G79E, G146R, Y212C,
A277E,A277V,and R312G constructs revealed the pres-
ence of the expected 43-kDa bands, which were quanti-
tatively less than the band for the wild-type protein (data
not shown). Immunologically detectable proteins of the
expected mass from each mutant precursor were
observed (Fig. 2), but, excepting Y212C, with reduced
quantities relative to the wild-type control. In addition,
degradative products of smaller mass were noted in the
wild-type and Y212C media. Western blot analysis of
whole cell lysates revealed a similar discrepancy in
cathepsin K production, excluding a failure to secrete the
mutant precursors (data not shown). Only supernatant
from wild-type had a band of the expected mass (30 kDa)
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Table 1
pH stability at 37°C of recombinant Y212 mutant enzyme compared with
wild-type cathepsin K

Protease Incubation time (h) Residual activity (%)
pH 4.5 pHS.5 pH6.5
Y212C 0.5 67 46 8
1 46 29 4
2 32 6 0
21 0 0
Wild-type 0.5 70 77 46
1 40 63 32
2 15 42 12
5 28 8

of the mature enzyme, presumably generated by autoac-
tivation. Northern analysis of total RNA extracted from
the yeast revealed approximately equal levels of the
cathepsin K transcripts in wild-type and mutant clones
(data not shown), strongly suggesting instability of these
mutant precursor proteins. These results were consistent
with instability and/or improper folding of the mutant
cathepsin K precursor proteins that were hydrolyzed by
pepsin and other proteases.

Incubation of the precursor proteins with pepsin
resulted in reduction of the wild-type and Y212C pep-
tides to the expected mass of the mature enzyme (Fig. 2).
The amount of Y212C enzyme generated was substan-
tially less than the quantity of initial precursor, suggest-
ing degradation by pepsin and other proteases. For the
other mutant precursors, however, incubation with
pepsin resulted in loss of the precursor peptide but no
emergence of a 30-kDa protein.

As anticipated from the Western analyses, the fluores-
cent enzyme assays revealed no detectable protease activ-
ity of the G79E, G146R, A277E, A277V, or R312G
mutant proteins toward the synthetic substrate. In con-
trast, low levels of activity were detected for Y212C
mutant protein compared with the wild-type cathepsin
K, which showed activity levels and kinetics comparable
to those published previously (11). To further character-

WT

ize the residual activity of the Y212C mutant protein,
conditioned medium from a large-scale preparation was
concentrated. The percentage of residual cathepsin K
activity in the Y212C mutant protein was quantitated
using a stoichiometric assay of the enzyme with the irre-
versible cysteine cathepsin inhibitor E-64, which binds
to these proteases in a 1:1 molar ratio. After normalizing
the activities of the Y212C and wild-type enzymes to
molarity, the Y212C protein had a hydrolysis rate with
the dipeptide substrate Z-Leu-Arg-MCA that was 41% of
that with the wild-type cathepsin K (ke 0.64 + 0.07/s vs.
1.56 + 0.53/s). The Michaelis-Menten constants for the
two enzymes were similar (Kp, 6.81 = 1.66 UM vs. 6.57 +
1.46 UM, respectively), so the catalytic efficiency (kea/Km)
of the Y212C protein was only 40% of that for the wild-
type enzyme (94,000 vs. 237,400 1/M:s, respectively).

The pH-activity profiles of the Y212C and wild-type
enzymes were comparable with pH optima at 6.1 and
similarly broad profiles (Y212C pK; = 4.2 and pK; = 8.4;
wild-type CTSK pK; = 3.9 and pK; = 8.5). Compared with
wild-type enzyme, however, the Y212C activity was
unstable at pH 5.5 and 6.5, although it was more stable
than wild-type activity at the pH 4.5 (Table 1).

The substrate specificity of Y212C was determined
using synthetic di- and tripeptide substrates (Table 2). In
a pattern very similar to wild-type (11), the order of cat-
alytic efficiency (kea/Km) for the Y212C enzyme against
four dipeptide substrates was Z-LR-MCA > Z-VR-MCA =
Z-FR-MCA >> Z-RR-MCA. The Y212C enzyme had min-
imal catalytic activity toward the tripeptide substrate Z-
GPR-MCA, which has been shown to be efficiently
hydrolyzed by recombinant rabbit cathepsin K (22).

The ability of the Y212C and wild-type enzymes to
degrade type I collagen was determined in vitro at pH 5.5
and 28°C. As shown in Fig. 3, there was pronounced col-
lagen degradation by the wild-type enzyme after 12
hours, but only minimal collagenolysis by the Y212C
enzyme. In contrast, the Y212C enzyme retained signif-
icant proteolytic activity against gelatin, although it did
not hydrolyze the substrate as efficiently as did the wild-
type activity (Fig. 3).

To ensure that the altered substrate specificity of the
Y212C enzyme was not an artifact of abnormal process-
ing of the propeptide, the NH,-terminal residues of this

G79E G146R Y212C A277E A277V R312G

0 30 0 30 0 30 0 30 0 30 0 30 0 30 kDa

. ] e — G0

Precursor — ) S — —_— — 42
¥

Mature — — 30

> — 22

~= e

Figure 2

Immunoblot of mutant and wild-type cathepsin K proteins. Aliquots of Pichia pastoris culture supernatants, before and after 30 min of pepsin treat-
ment (indicated as 0 and 30, respectively), were electrophoresed in SDS-PAGE and transferred to blots that were hybridized with polyclonal rabbit
anti-human cathepsin K antibodies. The wild-type cathepsin K (WT) proenzyme (lane 7) was detected at a higher than expected molecular mass,
which resolved after pepsin digestion (lane 2). Molecular mass standards (measured in kDa) are indicated in the right margin. There was no immuno-
logically detectable cathepsin K protein in supernatants from pPIC9K vector-only control (data not shown). The G146R precursor protein, which
was less abundant before pepsin treatment in this Western blot, was more abundant at 0 min than at 30 min in all subsequent repetitions
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Figure 3

SDS-PAGE of type | collagen (soluble calf skin collagen) after digestion
with recombinant wild-type and Y212C cathepsin K enzymes. (a) Colla-
genase activity. Digestion of soluble calf skin collagen at 28°C and pH
5.5 for 12 h by wild-type and Y212C cathepsin K enzymes is shown. The
presence (+) or absence (—) of collagen and the concentration of the
cathepsin K in nM are indicated. (b) Gelatinase activity. Digestion of
denatured soluble calf skin collagen by wild-type and Y212C cathepsin K
enzymes is shown. The presence (+) or absence (—) of gelatin and the con-
centration of the cathepsin Kin nM are indicated. Molecular mass stan-
dards (measured in kDa) are indicated in the right margin, and the col-
lagen proteins are labeled in the left margin.

mutant, as well as the wild-type cathepsin K proteins,
were compared. MALDI-TOF mass spectrometry of
endopeptidase Lys-C digested mature proteins indicated
that both the Y212C and wild-type enzymes were consti-
tuted by a mixture of enzymes with W!"EGRAPD,
G!BRAPD, and A'SPD NH,-termini. In addition, the
Y212C enzymes contained peaks corresponding to NHy-
termini of Y'WIPEWEGRAPD and I'®PEWEGRAPD,
suggesting less-complete maturation of some species.
Finally, MALDI-TOF analysis of a tryptic digest of the
mutant and wild-type enzymes demonstrated identical
traces, except for peaks of 2.664 and 2.653 kDa in the for-
mer and latter, respectively, which corresponded to the
predicted 24-residue tryptic fragments containing the
C212 and Y?'? residues. The ragged NH,-termini were not
detectable after the tryptic digest because trypsin cleaved
at R12, producing very short NH,-terminal fragments
that were lost during the elution and mass spectrometry.

Discussion

The seven novel cathepsin K mutations identified in
eight unrelated Pycno families further document that
defects in the gene cause this skeletal dysplasia and
emphasize the degree of molecular genetic heterogene-
ity underlying this disease. Each point mutation was

confirmed by PCR-based allele-specific analysis of
genomic DNA from the affected individuals and het-
erozygous parents, and none was found among more
than 100 chromosomes from unrelated normal individ-
uals. Notably, among the 12 families studied to date (1,
13), all of the disease-causing mutations were missense
and nonsense mutations that altered exonic coding
sequences. In addition, two of the lesions identified here
involved a missense and a nonsense mutation in the pro
region of the polypeptide. A single, rare polymorphism
was found at nucleotide 936 (G — A change) that did not
alter the amino acid sequence.

Among the detected mutations, R241X was found in
family 3 from Spain, family 4 from Portugal, a previous-
ly described Mexican-American family (1), and an
extended Mexican kindred (13). The finding of the
R241X mutation in four unrelated families of Iberian
ancestry, and its absence in other Pycno families, sug-
gests that this lesion may be relatively common in that
geographic region. Support for this concept would
require population studies to determine the frequency
of the R241X allele in the Iberian Peninsula and in other
European and North African populations. If the muta-
tion is of Iberian origin, then this mutation may be rela-
tively ancient, because its transfer to one or both Mexi-
can families probably occurred more than 300 years ago.
Alternatively, but less likely, the R241X mutations could
have arisen independently on several occasions, because
it occurred at a CpG dinucleotide, a known hot spot for
mutations (23). Of note, the A277E mutation was detect-
ed in two families that share no apparent ethnic back-
ground (Indian and Portuguese), although Vasco de
Gama first traveled around the western coast of India in
1498 (24). This mutation also occurred at a CpG dinu-
cleotide and could have arisen independently by unre-
lated mutational events. Future development of intra-
genic cathepsin K polymorphic markers would permit
further analysis of the ancestral background of the
R241X and A277E mutations.

The K52X and G79E mutations are the first identified
in the 99-residue pro piece region of the cathepsin K pre-
propolypeptide. The K52X nonsense mutation is pre-
dicted to terminate polypeptide synthesis in the pro
region, thereby eliminating the entire mature enzyme. In
contrast, the potential effect of the G79E missense muta-
tion may be subtler. In general, lysosomal cysteine pro-
teases are synthesized as prepropolypeptides. The prepep-
tide is the signal sequence, and the pro piece subserves
several functions, including promotion of protein fold-

Table 2
Substrate specificity of the recombinant Y212C mutant enzyme

The Journal of Clinical Investigation |

Substrate Keat Km Keat/ Km Relative
(1/5) (M) (1/M-s)  activity (%)
Z-L-R-MCA 0.64 +0.07 6.81+1.66 94,000 1.0
Z-F-R-MCA 0.32+0.04 12.02£1.72 26,600 0.28
Z-V-R-MCA 0.45+0.07 14.28 +2.18 31,500 0.35
Z-R-R-MCA NA NA NA 0
Z-G-P-R-MCA 0.13 £0.02 54.61+11.3 2,380 0.025
NA, not available.
March 1999 | Volume103 | NumberS5 735
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ing, protection of the nascent enzyme from neutral pH,
trafficking of the polypeptide to the lysosome, and inhi-
bition of protease function until the proenzyme reaches
the lysosome, where intramolecular or intermolecular
proteolysis will remove the propeptide and activate the
enzyme. The cathepsin K pro region contains the only
completely conserved potential N-glycosylation site
(Asn!%) for lysosomal trafficking via the mannose 6-
phosphate receptor pathway. Based on homology with
the closely related procathepsin L polypeptide, for which
the three-dimensional structure was recently solved (25),
a portion of the cathepsin K pro piece sits in the active
cleft, so that the enzyme remains nonfunctional until the
pro piece is clipped in the lysosome. The G79E missense
mutation altered the sixth residue of a seven-amino acid
conserved propeptide motif, G-x-N-x-F-x-D (26), that is
found among the members of the papain family of cys-
teine proteases (Fig. 4). This motif does exhibit some vari-
ability, and the amino acid residues found in position 6
among papain family members are alanine, serine,
glycine, and threonine. Site-directed mutagenesis of
residues 1, 3, 5, and 7 in the G-L-N-V-F-A-D motif in
papain demonstrated that some substitutions resulted in
complete loss of enzymatic function secondary to
improper protein folding (note that residues 2, 4, and 6
were not mutagenized; ref. 26).

To model the changes produced by the G79E muta-
tion, the method of conformational memories (27) was
used to explore the conformational accessibility of the
backbone and side-chain torsional angles in procathep-
sin K, using peptides consisting of nine amino acid
residues with the wild-type or mutated residue occupy-
ing the central position; the electrostatic potentials
(ESPs) of these constructs were calculated and displayed
on the solvent-accessible surface with the program
GRASP (28). The conformational search with the nine-
residue peptide containing the E”? mutation demon-
strated a shift in the population of accessible torsion
angles of W79 compared with that observed in the crys-
tal structure of cathepsin L (25) and readily available to
the wild-type cathepsin K nonapeptide. This result
implied a decreased flexibility for this conserved motif
in the mutant pro piece, because decreased stability
might result if W79 of the E”” mutant were to assume a
value near that observed in cathepsin L. Comparison of
the ESPs showed that the mutation had far-reaching
consequences for the electrostatic properties of this por-
tion of the propeptide. Whereas the negative ESP was
confined to a relatively small region in the wild-type
sequence near D3, it was extended to a surface covering
about four adjacent amino acid residues in the mutant.
The results also showed the shift of the ESP over the
entire nonapeptide to significantly more negative values
that could impact the reactivity and recognition proper-
ties of this region of the protein. These predicted con-
formational and electrostatic effects on the pro piece
suggest that the G79E mutation might cause improper
folding of the cathepsin K proenzyme, resulting in a loss
of protease activity, and were consistent with the results
of the expression studies with the recombinant G79E
mutant. Despite the production of an immunologically
detectable proenzyme protein that included a mature

region with the normal cathepsin K primary structure,
no mature protein or enzymatic activity was detected.
This finding strongly implicated a perturbation in the
secondary structure of the precursor protein caused by
the G79E change in the propeptide that resulted in com-
plete degradation, rather than activation, by pepsin.
Expression studies with the five missense mutants
affecting the mature region of cathepsin K showed that
four (G146R, A277V, A277E, and R312G) had no
detectable mature protein or enzyme activity. The three-
dimensional structure of cathepsin K shows that G146
lies deep within the active-site cleft, so the substitution
of the large, charged Arg residue was expected to have
significant adverse effects upon this protein. The A277E
and A277V mutations altered another residue in the
active site, A7, which is immediately next to the invari-
ably conserved H?76 residue that forms the ion pair with
the active cysteine (C13°) to effect protein catalysis. More-
over, the A?”7 residue is highly conserved among the
papain family members, existing as either an alanine or
a glycine residue in nearly all instances (29). It was antic-
ipated that the replacement of A?”7 by a charged residue
in the A277E mutation would obliterate the protease
activity, but these expression studies revealed that even
the A277V change, which appeared to introduce a less
drastic alteration, resulted in a precursor protein that
was unable to autoactivate and was unstable in the pres-
ence of pepsin. Thus, the obliterative effects of A277V
suggest that there is little tolerance for larger amino acid
side groups at this critical position in the active cleft.
The effects of the fourth missense mutation with no
residual activity, R312G, are less obvious. The R3!2 residue
does not lie within the active site, but rather resides on
the surface. Based on the three-dimensional structure of
human procathepsin L (25), R3!?2 would not be expected
to interact with the pro piece, so the R312G lesion pre-
sumably affects the precursor protein structure directly.
The R312 residue is conserved among approximately two

|

Cathepsin K A-M-N-H-L-G-D)

Cathepsin s G-M-§-H-1-G-D
Cathepsin L A-M-K-A-F-G-D

Cathepsin H A-L-§-Q-F-s-B

Papain G-L-N-v{F-A-D
Consensus G-x-N-x-F-x-D
Figure 4

Alignment of conserved motif from the pro region of several members of
the papain family of cysteine proteases. The seven-residue motif from four
human cysteine cathepsins (GenBank/EMBL accession numbers: cathep-
sin K, U13665; cathepsin L, X12451; cathepsin S, M90696; cathepsin H,
X16832) and papain (M15203) are aligned, and the consensus sequence
described by Vernet et al. (26) is shown below. The site of the cathepsin

K G79E mutation is indicated by the arrow.
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thirds of the papain family members, never existing as a
glycine residue (7), and the R312G mutation eliminates
a positive charge, all consistent with the conclusion that
this mutation significantly disrupts the surface structure
of the cathepsin K proenzyme in this region.

The only mutant cathepsin K with residual protease
activity was Y212C. Biochemical characterization per-
formed revealed that the Y212C mutant had only mod-
estly diminished enzymatic activity with dipeptide sub-
strate specificity and pH profiles that were quite similar
to those of the recombinant wild-type cathepsin K. The
Y212C activity, however, was unstable at pH conditions
around its pH optimum. Most critically, the mutant
enzyme retained almost no collagenolytic activity,
despite retaining good gelatinolytic activity, and showed
significantly reduced activity toward Z-GPR-MCA, a
tripeptide found previously to be an excellent and rela-
tively specific synthetic substrate for cathepsin K (22).
Mass spectrometric analysis demonstrated that the acti-
vation of the Y212 propeptide resulted in enzymes with
NH,-termini that were identical to those of the wild-type
cathepsin K, although additional species with longer
NH,-terminal extensions were also noted. The presence
of cathepsin K enzymes with variable NH,-termini was
also documented in a prior study of the activation of
cathepsin K (30), as well as by similar work with cathep-
sins Band S (31, 32). Inspection of the three-dimension-
al structure of the mature enzyme (33) revealed that the
NH,-terminus is relatively far from the active site, resid-
ing on the opposite side of the protein, so that the exten-
sion of the NH;-terminus by a small number of residues
from the predicted cleavage site at A!'> would not be
expected to interfere with enzymatic function or sub-
strate specificity. Because the Y212C enzymes are still
capable of degrading denatured proteins as well as the
synthetic dipeptides favored by wild-type cathepsin K, it
suggests that the structural deformation caused by the
Y212C mutation prevents engagement of the type I col-
lagen substrate in the active cleft. It remains to be deter-
mined whether, like matrix metalloproteinases, cathep-
sin K will have a second, noncatalytic domain that is also
required for collagen binding (34).

The Y?12 residue does not lie in the active site, however,
but rather on the surface of the mature protein. This
residue is completely conserved among the six known
human cysteine cathepsins, except for cathepsin H, in
which it exists as a phenylalanine residue (7), and is never
a cysteine residue among any papain family member
(29). Because the Y212C mutation introduces a thiol
group that might form a novel disulfide bridge or dis-
rupt existing ones, it suggests that a structural deforma-
tion on the surface perturbs the conformation of the
active site, preventing proper engagement of type I col-
lagen. Future three-dimensional structural studies with
Y212C protein may provide more precise information
about the nature of these conformational changes.

In summary, seven new mutations in the cathepsin K
gene have been identified, providing further evidence
that the deficient activity of this enzyme causes Pycno
and demonstrating the molecular genetic heterogeneity
underlying this skeletal dysplasia. Among these lesions,
two were in the region encoding the propeptide that is

presumably responsible for protein folding, lysosomal
trafficking, and inactivation of the enzyme until it is
cleaved in the lysosome. The lack of activity by the pro
region missense mutant G79E suggests that the previ-
ously identified seven-residue pro region motif that it
alters is critical for protein folding. Several missense and
nonsense mutations in the mature polypeptide were
detected, R241X being frequent in the Hispanic patients
studied. Expression of five mature enzyme missense
mutations revealed that four mutant enzymes had no
detectable activity and that one, Y212C, had good pro-
tease activity and preserved dipeptide substrate speci-
ficity but retained minimal activity toward type I colla-
gen and a synthetic tripeptide. This structure/function
information suggests that the cathepsin K active site
contains a critical collagen-binding domain.
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