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Abstract—Cathepsins K and L are cysteine proteinases which are considered to play an important role in bone resorption. Type I
collagen is the most abundant component of the extracellular matrix of bone and regarded as an endogenous substrate for the
cysteine proteinases in osteoclastic bone resorption. We have synthesized a fragment of Type I collagen (a-1) (157-192) as a sub-
strate for the cathepsins and found that cathepsins K and L cleave the fragment at different specific sites. The major cleavage sites
for cathepsin K were Met159-Gly160, Ser162-Gly163 and Argl65-Gly166, while those for cathepsin L were Gly166-Leul67 and
GIn180-Gly181. The structure of the fragment was analyzed in aqueous solution by circular dichroism and proton NMR spectro-
scopy and the difference in the molecular recognition of collagen by cathepsins K and L was discussed from the structural aspect.

© 1999 Elsevier Science Ltd. All rights reserved.

Introduction

Bone formation and resorption are well balanced
between osteoclast and osteoblast cells in the process of
bone remodeling. Imbalances caused by a net increase
in osteoclast activity result in excessive bone resorption
and lead to pathological conditions such as osteoar-
thritis and osteoporosis. Osteoclasts are multinuclear
cells that solubilize hydroxyapatite and degrade protein
matrix which mainly consists of Type I collagen fibers,
through secretion of proteolytic enzymes into an extra-
cellular, low pH compartment on the bone surface. It
has been reported that cysteine proteinase inhibitors
effectively reduce bone resorption, both in vitro and in
vivo.!> Cathepsin L, first isolated from rat liver lyso-
some? was found to be considerably active among the
lysosomal cysteine proteases with regard to the ability
to hydrolyze azocasein,* elastin,®> and collagen.® From
previous studies on substrate preference, inhibitor pre-
ference and immunoreactivity, cathepsin L. was sug-
gested to be responsible for the degradation of
proteinaceous matrix in the osteoclastic bone resorption
process.” 1% Cathepsin K is also a recently discovered
cysteine proteinase, initially cloned from rabbit osteo-
clasts,!' that is selectively and highly expressed in
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human osteoclasts and osteoclastomas.!!"17 Cathepsin
K is highly active against Type I collagen and elastin, at
pH values where cathepsin L is at best minimally
active.” Gelb et al. have recently linked defects in the
gene encoding cathepsin K to pycnodysostosis, a disease
characterized by skeletal defects such as dense, brittle
bones, short stature and poor bone remodeling.!® Thus,
current data suggest that osteoclastic bone resorption is
mostly linked to the activity of cathepsins L and K.!3-1°
Hence the design for potent inhibitors against the
cathepsins would make important contributions in
arresting the pathological processes, such as osteoar-
thritis, osteoporosis, and multiple myeloma osteoclas-
tomas. In order to design efficacious and specific
therapeutics, it is essential to obtain the information
about their proteolytic specificity based on the mole-
cular recognition.

The bone matrix is approximately 90% Type I collagen
and it is regarded as an endogenous substrate for pro-
teinases, e.g. collageneses and cathepsins, in osteoclastic
bone resorption.?0-22

In this study, we have synthesized a short fragment
of Type I collagen [Type I collagen(a-1) fragment
(157-192)] which consists of 36 amino acid residues as a
substrate for cathepsins K and L and found that the
fragment is specifically cleaved at several sites differently
by cathepsins K and L. The solution structure of the
fragment was analyzed by proton NMR spectroscopy
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and the difference in the molecular recognition of the
collagen fragment by the cathepsins was discussed from
the structural aspect to provide clues for understanding
the substrate specificities of these cysteine proteinases.

Results

Identification of the cleavage sites of the fragment

As shown in Figure 1, the hydrolytic cleavage of the
collagen fragment with cathepsin L was found to be
specific. Two major cleavage sites were identified to be
Gly166-Leul67 and GIn180-Gly181 and relative rates of
the cleavage were 74 and 100, respectively.

On the other hand, specificity of the cleavage by cathe-
psin K was different from that by cathepsin L. Three
major cleavage sites were Metl59-Gly160, Serl62-
Gly163, and Argl65-Gly166. The relative rates of the
cleavage were 86, 100 and 89, respectively. To our
knowledge this is the first characterization of substrate
specificity of cathepsin K. Thus the results clearly indi-
cated that the both cathepsins which share high homol-
ogy, do show different substrate specificity.

Circular dichroism (CD) measurements

CD spectrum of the fragment in water at pH 3.0
(Fig. 2) shows no discernible features between 240 and
200 nm, suggesting that the peptide is present under this
condition in a predominantly random conformation.

NMR assignments of the proton resonances

The resonance assignment of the proton NMR signals
of the fragment in acetic acid solution was performed
using the conventional sequential assignment procedure
at pH 3.0 and 298 K. The identification of amino acid
spin systems was first established by means of direct
(DQF-COSY),>*?* and relayed through-bond con-
nectivities (HOHAHA),>>2¢ followed by sequential
resonance assignments using through-space NOE con-
nectivities.?”-?® However, some of the NH-CoaH peaks
were not clearly separated in the fingerprint region of
DQF-COSY, and sequential NOE cross-peaks of
ROESY spectra (typically, NH()-NH(i+ 1), CaH()-
NH(i+ 1) and CoaH(i)-NH(i+ 1)). Figure 3 shows the
finger print region of ROESY?7-28 spectrum of the frag-
ment. The unambiguous assignment was achieved for
the backbone protons (Ha and NH). However, for the
side chain protons the complete assignment was difficult
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Figure 2. CD spectrum of Type I collagen (a-1) fragment (157-192).
Sample concentration was 80 pM in 38 mM acetic acid solution (pH
3.0). The ellipticity units/mole peptide residue (®) are given in
deg-cm?dmol~".

because the fragment contains 12 glycine, 6 proline, and
6 hydroxy proline residues, and those proton NMR
signals severely overlap each other particularly in the
sequence regions of Hyp-Gly-X. No medium nor long-
range NOEs were observed in the ROESY spectra
besides intra-residual and sequential NOEs. Thus, the
NOE results also indicate no rigid secondary con-
formation of the fragment in aqueous solution.

Temperature coefficient

Temperature dependence of amide-proton chemical
shifts (Adnu/AT) has been shown to correlate with the
presence of intramolecular hydrogen bonds and can
give a measure of the protection of the amide protons
from the solvent.?® Lowered temperature coefficients are
usually taken to indicate some degree of intramolecular
hydrogen bonding, generally as part of an element of
secondary structure such as a turn, helix, or B-hairpin.3°
In Figure 4 the temperature coefficients of the amide
proton chemical shifts of Type I collagen (a-1) fragment
(157-192) measured in aqueous solution were plotted as
a function of the residue number. The temperature
dependence of the amide protons was high for most
parts of the molecule (between 6 and 10 ppb/K), indi-
cating that there were no hydrogen bonds present.
However, one clearly outstanding value of only 3.5 ppb/
K was obtained for NH of residue 181, indicating the
existence of a hydrogen bond. Although present CD
and NOE results indicate that the major population of

Gly ProMetGly ProSer Gly Pro Arg Gly LeuHyp Gly ProHyp Gly AlaHyp Gly ProGin Gly Phe Gin Gly ProHyp Gly GluHyp Gly GluHyp Gly AlaSer
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Figure 1. A sequence of Type I collagen (a-1) fragment (157-192) with cleavage sites and relative digestion rates by cathepsin K (upper) and

cathepsin L (lower).
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Figure 3. NH-CoH region of ROESY spectrum (mixing time 200 ms)
of Type I collagen (a-1) fragment (157-192) recorded at pH 3.0 and
300 K. Intra-residue NH-CaH cross-peaks are labeled by residue name
and number. Cross peaks labeled by P or P’ indicate sequential con-
ectivities between o proton of the proline or hydroxy proline residue
and NH proton of the following residue. Dashed lines indicate other
sequential connectivities.

the Type I collagen (a-1) fragment (157-192) takes a
random structure in aqueous solution, this small tem-
perature coefficient value for Glyl81 suggests that this
part of the peptide is involved in an ordered structure,
less accessible to the solvent. Since Gly and Pro residues
are known to readily take a B-turn, the residues around
Glyl81 are possibly involved in a turn structure.
Although medium range NOEs were not observed for
the residues around Gly181, NOE cross peaks might be
weakened by the molecular motion and by the hetero-
geneity of the local conformations. It should be noted
that the residue 181 coincides exactly with the cleavage
site of the fragment by cathepsin L.

Discussion

It has been demonstrated that Type I collagen is critical
for bone development.3! The helical trimeric molecules
of Type I collagen are comprised of two al(I) chains
and one al(II) chain. The present cleavage experiment
indicates that cathepsins K and L have the activity of
digestion of the non-helical collagen strand of the Type
I collagen (a-1) fragment (157-192), which can be
regarded as the denatured form of the intact collagen
monomers. Although both the cathepsins share high
homology (41%), the preference of the cleavage site of
the Type I collagen fragment significantly differs
between cathepsins K and L. Cathepsin L cleaves the
fragment at Glyl66-Leul67 and GInl80-Glyl81,
whereas cathepsin K preferentially cleaves the fragment
at the three sites: Met159-Gly160, Ser162-Gly163 and
Argl65-Gly166.
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Figure 4. Amide temperature coefficients of Type I collagen (a-1)
fragment (157-192) derived as (-ppb/K) values versus amino acid
sequence of the peptide in aqueous solution. The temperature coeffi-
cients were determined from a series of HOHAHA spectra recorded at
from 280 to 320 K by every 10 degrees.

The o chains of Type I collagen are constructed from
repeating Gly-X-Y triplets, where X and Y are most
frequently Pro and Hyp, respectively, although any
other residue can appear in these positions. Cathepsin L
recognized non-consensus regions of the peptide, such
as Gly166-Leul67 and GIn180-Gly181. Taking account
of the small temperature coefficient value of 3.5 ppb/K
for Gly181 and the high digestion rate (100) at GIn180-
Gly181 by cathepsin L, cathepsin L may recognize a
certain structural factor of the substrate like a turn
structure. The other cleavage site (Glyl66-Leul67) also
showed a relatively low temperature coefficient (ca.
6 ppb/K) which might also be indicative of relatively
restricted structure as compared to the other parts of
the peptide. On the other hand, cathepsin K recognized
only the specific consensus sequence of the Type I col-
lagen (a-1) fragment (157-192). The peptide contains
six -Gly-Pro-Z-Gly- sequences as shown in Figure 1:
157-160 (z; Met), 160-163 (z; Ser), 163—166 (z; Arg),
169-172 (z; Hyp), 175-178 (z; Gln) and 181-184 (z;
Hyp). Cathepsin K recognized and exerted the former
three quartet residues (z; Met, Ser, or Arg) and the fifth
quartet residue (z; Gln) but not the other two (z; Hyp).
Actually, the mapping study of the cleavage sites for the
various collagen fragments demonstrated that cathepsin
K preferably cleaved the various collagen fragments at
the peptide bond between Z and Gly of -Gly-Pro-Z-Gly-,
where Z is Met, Arg, Ser or Gln, while cathepsin L
cleaved them mostly in non-consensus region (The data
will be published elsewhere). Thus present results indi-
cate that cathepsin K cleaves Type I collagen (o-1)
fragment (157-192) by recognizing the specific con-
sensus residues in the extended strand while the recog-
nition by cathepsin L involves both the conformational
preference and the specific residues other than the con-
sensus sequence.
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Cathepsins K and L degrade Type I collagen.!3:32 It is,
however, unclear whether the cleavage occurs in the
intact helical region or in unraveled o« monomers. At the
ends of the triple helical domain, short non-helical pep-
tides, namely the telopeptides, having a non-repeating
sequence and spanning from 9 to 25 residues, are loca-
ted. It was reported that the primary cleavage by cathe-
psin K seems to occur in the telopeptide region.
Following cleavage may occur within the o monomers.
On the other hand, cathepsin L is considered to cleave
Type I collagen only in the telopeptide region.!* In
addition to the collagenase activity, cathepsins K and L
display a powerful gelatinase activity. At 0.1 nM con-
centration of the enzyme, denatured collagen is totally
degraded within 30 min by cathepsin K.'* The mono-
mers of the Type I collagen contain the consensus
sequence more than 20%. This high number of cleavage
sites would result in a stronger collagenolytic and
gelatinase activities exhibited by cathepsin K than
cathepsin L.

The difference in substrate specificities between cathe-
psins K and L implies different functions of both the
cathepsins in bone remodeling and the possibility to
develop selective inhibitors against cathepsins K and L,
leading to the osteoporosis therapeutics. Further inves-
tigation on the interaction of both the proteinase with
various length and sequence of the substrate would
provide more unequivocal information about the clea-
vage processes. Assignment of a novel cleavage site
would also provide further insights into the mechanisms
of collagen turnover in development and disease.

Conclusion

Osteoclastic bone resorption is currently considered to
be correlated with the activity of two cysteine protei-
nases, cathepsins K and L. Type I collagen is regarded
as an endogenous substrate for both the proteinases. We
synthesized a short fragment of Type I collagen [Type I
collagen (a-1) fragment (157—192)] which consists of 36
amino acid residues as a model substrate. The distinct
difference in the cleavage sites of the fragment by
cathepsins K and L implies that the both cathepsins
which share high homology, do show different substrate
specificity. Cathepsin K cleaves Type I collagen (a-1)
fragment (157-192) by recognizing the specific con-
sensus residues in the extended strand, namely -Gly-
Pro-Z-Gly-, where Z is Met, Arg, Ser or Gln, whereas
the recognition by cathepsin L seems to involve both the
conformational preference and the specific residues
other than the consensus sequence. Thus the substrate
specificities strongly suggest different functions of both
cathepsins in the process of bone remodeling.

Experimental

Peptide synthesis

Type I collagen (a-1) fragment (157-192) was synthe-
sized by a solid phase fragment assembly.333¢ The

fragment was divided into 5 sub-fragments, which
were each synthesized by the Fmoc method. To the
C-terminus the sub-fragment synthesized on the
HMPB-BHA -resin3” was successively coupled with other
4 sub-fragments to give the 36 residues long peptide.

Digestion of the peptide

Type I collagen (a-1) fragment (157-192) was subjected
to digestion with cathepsins L and K. The purity of the
enzymes is both more than 95% (SDS-PAGE). Cathe-
psins L and K show the hydrolytic activity between pH
3.5 and 5.5, and between pH 4.5 and 6.0, respectively.
Optimal pH was about 5.0 and 5.5, for cathepsins L and
K, respectively.

The fragment (0.1 mM) was hydrolyzed with 3.3 pg/mL
of the mature form of human kidney cathepsin L at
300K in 100mM citrate buffer (pH 5.5) containing
I mM EDTA and 3.5mM 2-mercaptoethanol. Products
of the proteolytic cleavage were analyzed by reverse
phase HPLC after 1, 2, 4 and 24 h digestion. All well-
separated peaks on HPLC were collected from the
reaction mixture after 24h digestion and subjected to
MALDI-TOF MS and amino acid sequencing to iden-
tify cleavage sites. Hydrolysis of the fragment by cathe-
psin K was performed by using the mature form of
human cathepsin K. We examined the hydrolysis with
0.1mM of the peptide substrate and 0.06 pg/mL of
cathepsin K at 300 K in 100 mM phosphate buffer (pH
6.0) containing 1 mM EDTA, 100 mM NaCl and 2mM
dithiothreitol. The reactions were monitored by reverse
phase HPLC over 24 h. The cleavage sites were deter-
mined by sequencing and mass analysis of each hydro-
lyzed fragment which was isolated by HPLC. Addition
of a cysteine proteinase inhibitor, egg white cystatin,
completely blocked the hydrolysis, and addition of a
high concentration (80 mM) of cysteine accelerated the
reaction considerably, confirming that the cleavage is
actually catalyzed by the cysteine proteinase.

The area of each fragment on HPLC increased linearly
against time. The cleavage rates were determined with
the slope up to 2h and the relative rates to that at the
maximum cleavage site (100) were shown in Figure 1.

CD spectroscopy

The fragment was dissolved in 38 mM acetic acid solu-
tion to a final concentration of 80 uM. The CD spectra
were recorded at ambient temperature in a quartz cell of
path length 0.0lcm on a JASCO J-600 spectro-
polarimeter at pH 3.0. All CD spectra were reported in
terms of ellipticity units per mole of peptide residue.
The mean residue weight was calculated from the amino
acid composition.

Proton NMR spectroscopy

All proton NMR spectra were recorded on a Bruker
AMX-600 spectrometer. The derived data were pro-
cessed on a Bruker X-32 computer with UXNMR soft-
ware. For resonance assignments, double-quantum
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filtered shift correlated spectroscopy (DQF-COSY),?3-24
and homonuclear Hartmann-Hahn spectroscopy
(HOHAHA),>>>° nuclear Overhauser enhancement
(NOESY) and rotating frame nuclear Overhauser effect
spectroscopy (ROESY),?”?® were run according to the
time proportional phase incrementation method
(TPPI).3® ROESY spectra were recorded with mixing
times of 200 and 350 ms, and HOHAHA experiments
were acquired with mixing time of 60 ms. The data size
was 2048 complex points for f, and 512 points for f; and
repetition delay was 1.8s. The f; and f, data were
apodized with the squared sinebell function and then
Fourier transformed. The water OH resonance was
suppressed by irradiation during the relaxation delay.
3-(trimethylsilyl)propionate (TSP)-d4 was used as an
internal standard of chemical shift. The fragment was
dissolved in 90% H,0/10% D,O (v/v) containing
50mM of CD;COOD (pH was adjusted by adding
ND4OD to 3.0). All the NMR measurements were per-
formed at pH 3.0 to avoid signal broadening of the NH
protons by the exchange with solvent protons. We
assumed the structure of the fragment is the same as
that at physiological pH. The final concentration of the
peptide was Smg/200 pL (7.5mM). After dissolution of
the peptide in D,O solution in a sample tube, the sample
was inserted into the NMR magnet and thermally equi-
librated for 30 min. The temperature coefficients of the
amide proton chemical shifts were measured with a series
of HOHAHA spectra. The amide proton chemical shifts
of each residue were monitored by changing tempera-
ture from 280 to 320 K, by every 10 degrees.
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