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Abstract

In a family who expressed severe dominantly inherited
osteoarthritis, the underlying mutation was traced by genomic
sequencing to a single base change which predicts an amino
acid substitution of cysteine for arginine at residue 519 of the
triple-helical domain of the type II collagen molecule (Ala-
Kokko, L., C. T. Baldwin, R. W. Moskowitz, and D. J.
Prockop. 1990. Proc. Natl. Acad. Sci. USA. 87:6565-6568). In
the present study we examined whether this predicted protein
phenotype was evident in articular cartilage obtained from an
affected family member who underwent hip surgery. The carti-
lage collagen was solubilized by CNBr digestion. Cysteine resi-
dues were labeled by reduction and alkylation with '“C-iodoace-
tate. Collagen CNBr-peptides were fractionated by ion ex-
change and reverse phase column chromatography. One
peptide from the al(II) chain, a1(II) CBS8, was found to be
radiolabeled. Tryptic peptides were prepared from it and iden-
tified by microsequence analysis. The results show that approxi-
mately one-quarter of the al(II) chains present in the poly-
meric extracellular collagen of the patient’s cartilage contained
the Arg,,-to-Cys substitution. The protein exhibited other ab-
normal properties including disulfide-bonded al(II)-dimers
and signs of posttranslational overmodification. The premature
cartilage failure and osteoarthritis are presumably a result of
the abnormal type II collagen being expressed in the cartilage
matrix. (J. Clin. Invest. 1991. 87:357-361.) Key words: articu-
lar cartilage * chondrodystrophy « genetic disease ¢ osteoarthro-
sis » protein sequencing

Introduction

Osteoarthritis (OA)' is the most common disease of joints.
Though of diverse etiology and poorly understood pathogene-
sis, its cardinal feature is a progressive disruption and erosion
of articular cartilage (1). Articular cartilage consists mostly of
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an extracellular matrix that is essentially a collagen fibril net-
work filled with highly hydrated proteoglycans (2). The colla-
gen network is a covalent polymer of type II collagen molecules
(each molecule a homotrimer, [a1(II)];, that normally lacks
any cysteine residues), in association with two other cartilage-
specific collagens, types IX and XI, in small amounts (3). In
adult cartilage, chondrocytes continue to synthesize and re-
place proteoglycans but turn over the collagen slowly (4) so that
most of its fabric must function for life.

Various forms of familial generalized OA have been de-
scribed (5, 6). In three unrelated families who expressed severe
dominantly inherited osteoarthritis, linkage studies showed
that the condition was coinherited with an allele of the collagen
type II gene (COL2A1) (7, 8). The patient in the present study,
G.J. (age 46 at time of left total hip replacement), and other
affected family members experienced joint symptoms in their
second and third decades, which progressed into typical clinical
and radiographic evidence of generalized OA (8, 9). Although
the affected family members had mild spinal chondrodyspla-
sia, their precocious OA developed in peripheral joints that
lacked epiphyseal deformities or other evidence of chondrodys-
plasia. The recent demonstration that the dominantly in-
herited disease symptoms were cotransmitted with a mutant
COL2AL1 allele that predicts an Args,4-to-Cys substitution (10)
implies that the disease is a direct result of abnormally ex-
pressed type II collagen in joint cartilage. With the availability
of surgical tissue, this prediction was tested by protein analysis
of the collagen from the cartilage matrix. The results confirm
the expression of the mutant protein and imply that the
osteoarthritis is a consequence of the collagen molecular abnor-
mality in the cartilage. :

Methods

Articular cartilage was sampled from relatively intact surfaces on the
surgically removed femoral head and stored frozen at —70°C. Areas of
severe erosion and potential fibrocartilaginous repair were avoided.
Preparation and chromatography of CNBr-peptides and tryptic pep-
tides. A portion of cartilage (40 mg dry wt) from the least pathologically
involved surfaces on the femoral head was digested with CNBr in 70%
(vol/vol) formic acid (11). The digest was reduced with dithiothreitol
and alkylated with '*C-iodoacetic acid to convert cysteines to C-car-
boxymethylcysteine (12) and so provide a marker for the mutant pep-
tide. Collagen CNBr-peptides were fractionated by sequential cation-
exchange (Mono-S HR 5/5; Pharmacia Fine Chemicals, Piscataway,
NJ) and reverse phase (C8, 25 cm X 4.6 mm, model RP-300; Brownlee
Labs, Santa Clara, CA) HPLC (13, 14). Fractions encompassing '“C-la-
beled and unlabeled «1(II)CB8 (identified by liquid scintillation count-
ing and SDS-PAGE), were pooled and digested with trypsin (sequenc-
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ing grade; Boehringer Mannheim Biochemicals, Indianapolis, IN).
Tryptic peptides were separated by reverse phase HPLC (Brownlee
Labs RP-300) using a gradient (0—30% in 60 min) of acetonitrile: #-pro-
panol (3:1 vol/vol) in 0.1% (vol/vol) of trifluoracetic acid at 1 ml/min
(14). Peptide yields were compared by the areas under their UV absor-
bance peaks and the recoveries of PTH-amino acids on sequence anal-
ysis.

Pepsin-solubilized collagen. Another portion (40 mg dry wt) of the
finely diced tissue from the most intact surfaces on the femoral head
was extracted in 4 M guanidine HCI, 0.05 M Tris/HCI, pH 7.0 at 4°C
for 48 h. The washed residue was digested with pepsin and solubilized
collagen type II molecules were isolated by differential precipitation
with NaCl as described (15). Collagen from normal human articular
cartilage from a male, age 25, was prepared similarly as a control. A
portion of the patient’s isolated type II collagen was reduced and alkyl-
ated with '“C-iodoacetate. SDS-PAGE was carried out by the method
of Laemmli (16) in 6 and 12.5% polyacrylamide gels.

Protein microsequencing. Edman sequencing of individual tryptic
peptides was carried out on a Porton 2090E machine equipped with
on-line HPLC analysis of phenylthiohydantoin PTH amino acids using

the manufacturer’s standard program.

Resuits

The *C-iodoacetate-treated CNBr-digest of the patient’s carti-
lage gave one major '“C-labeled component on cation ex-
change HPLC (Fig. 1 a). The fractions marked by the bar were
shown by SDS-PAGE to encompass the peptide «1(IIYCBS,
and were pooled for reverse phase HPLC (Fig. 1 b). Similarly,
the pool of further purified «1(I)CB8 (indicated by bar in Fig.
1 b) was dried for trypsin digestion. The columns used for the
chromatograms in Fig. 1, a and b, were calibrated with type II
collagen CNBr-peptides from normal human cartilage. In Fig.
1 a, the peak eluting between fractions 25 and 35 is «1(II)CB10
and between fractions 40 and 50 is a1(II)CBI 1; radiolabeled
a1(II)CB8 eluted slightly earlier than unlabeled «1(II)CBS,
hence the broad pool of fractions taken for further analysis.
Fig. 2 shows the results of SDS-PAGE and autoradiography
which confirmed a concentration of *C-activity in peptide
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Figure 1. Cyanogen bromide peptides from type II collagen of the
patient’s cartilage fractionated by HPLC. Cysteine residues in the
cartilage digest were labeled by reduction and alkylation with '*C-
iodoacetate before chromatography. (a) Cation-exchange HPLC of
the digest on a column (mono-S HR5/5; Pharmacia Fine Chemicals)
eluted with a linear gradient of 0.07-0.26 M NaCl in 0.02 M Na
formate, 10% (vol/vol) acetonitrile, pH 3.8, over 70 min at 1 ml/min.
Solid line shows the profile of absorbance at 220 nm of total peptides
in the digest. The dotted line is the profile of *C-activity showing one
major component. The fractions marked by the bar were pooled for
reverse phase HPLC. (b) Reverse phase HPLC on a C-8 column (25
cm X 4,6 mm, Brownlee Labs RP300) eluted with a complex gradient
(5-20% in 50 min) of acetonitrile: n-propanol (3:1 vol/vol) in 0.1%
(vol/vol) trifluoroacetic acid at 1 ml/min. The fractions marked by
the bar in b were pooled for trypsin digestion.

a1(II)CB8 in the CNBr-digest of the patient’s cartilage. Se-
quential gel lanes are shown for those fractions that span the
region of the chromatogram where «1(II)CB8 elutes on reverse
phase HPLC of a sample of the total CNBr-digest of the pa-

Figure 2. SDS-12.5%
polyacrylamide electrophoresis
of fractions from reverse phase
HPLC containing the '“C-labeled
peptide a1(II)CB8S. A portion of
the “C-iodoacetate-treated
CNBr-digest of whole cartilage
was run directly on RP-HPLC
(as in Fig. 1 b). Fractions (1 ml)
were collected, dried, and run

in individual gel lanes. The
elution position of a1(II)CB8
was identified by protein staining
(Coomassie blue, a); the '“C-
labeled mutant form of
al(II)CB8* (autoradiogram, b)
had a slightly slower
electrophoretic mobility and
peaked a fraction or two later on
RP-HPLC than normal
al(II)CBS8 in the same digest.
Radiolabeled partial CNBr-
cleavage products containing
al(IT)CB8 (CB8, 10 and CBI1,
8) were also evident in the
autoradiogram.
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Figure 3. Tryptic peptides of the purified CNBr-fragment, «1(II)CB8,
fractionated by reverse phase HPLC from (a) patient and () human
control (male, age 25) articular cartilage.

tient’s cartilage. It can be seen that the mutant a1 (II)CB8® pep-
tide is slightly retarded on SDS-PAGE compared with its unla-
beled normal counterpart, which could be a result of it being
more overmodified posttranslationally or an effect of the car-
boxymethylcysteine residue replacing arginine.

Tryptic peptides from the a1(II)CB8 fragment were frac-
tionated by reverse-phase HPLC (Fig. 3). The C activity was
recovered in a single peptide, T4,6 (Fig. 3 a). This peptide, and
several of the other tryptic fragments (T1-T7) of a1(II)CBS8
indicated as peaks in Fig. 3 b, were identified by aminoterminal
microsequencing. Fig. 3 a is more complex than Fig. 3 b be-
cause the CNBr-peptide fraction from the patient taken for
trypsin digestion (see Fig. 1) was less pure than the control, to
ensure a quantitative recovery of the total pool of mutant and
normal a1(IIYCBS. The small peak of *C-activity eluting at 41
min in Fig. 3 a appears to be a chromatographic variant of T4,6
since microsequencing gave the T4,6 sequence including '*C-
carboxymethylcysteine at cycle 12; the two peaks may repre-
sent homoserine and homoserine lactone-containing forms of
the peptide (17).

Fig. 4 compares the results of microsequence analysis on
peptide T4,6 with the known sequence of human «1(II)CBS,
and shows the identification of *C-carboxymethylcysteine at
cycle 12 (residue 519 of the human «a1(Il) triple helical do-
main). In all, sequencing identified the first 42 amino acids of
the 44-residue T4,6 peptide, identical to the cDNA-based se-
quence shown in Fig. 4 b except for Cyss,o. The yields of pep-
tides T4 and T6 (which derive from the product of the patient’s
normal allele) relative to peptide T4,6 and to other peptides
common to both alleles, indicated a ratio of mutant to normal
al(II) chains in the patient’s tissue of 1:3.

Collagen extracted from the patient’s cartilage by pepsin
showed a protein band by SDS-PAGE that was absent from
extracts of control human cartilage and which disappeared
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Figure 4. Microsequencing results on the cysteine-containing tryptic
peptide T4,6 isolated from the patient’s cartilage collagen. (a) The
!4C-activity measured in a portion taken from each cycle of Edman
degradation of peptide T4,6 (isolated as in Fig. 3 a) is plotted as a bar
graph against the first 25 residues of the amino acid sequence
determined by on-line PTH-amino acid analysis. The results
established that cycle 12 (residue 519) was carboxymethylcysteine
alone. At cycle 24 (residue 531) no amino acid was detected consistent
with it being a glycosylated hydroxylysine (indicated by K*). The
single letter code for amino acids is used. P*, 4-hydroxyproline; K*,
glycosylated hydroxylysine. (b) The complete amino acid sequence
of residues 403-551 (peptide a1(II)CB8) of the human a1(II) collagen
chain. This sequence comes from published cDNA data (28). The
site of the determined substitution of Cys-for-Args,, is indicated. The
boxed sequence shows peptide T4,6. The letter T and a vertical line
show sites of cleavage by trypsin and peptides T,-T, are identified
above their respective sequences.

after disulfide cleavage (Fig. 5 a, lanes I and 3). We believe this
to be an abnormal a1(II)-dimer from type II collagen mole-
cules in which two mutant a1(II) chains became disulfide
bonded through their Cyss,, residues. The mobility of the pa-
tient’s a1(II) chain was slightly slower than that of the control
human «1(II) chain (Fig. 5 a). Both «1(II) and the normal 8
component of the pepsin-solubilized type II collagen were ra-
diolabeled by '“C-iodoacetate in proportion to their relative
staining by Coomassie blue. This suggests that the cysteine-
containing a1(II) chain was cross-linked by the aldehyde mech-
anism normally in the extracellular matrix.

The major CNBr-peptides from the patient’s type II colla-
gen also ran more slowly than their counterparts from control
cartilage (Fig. 5 b), which suggests from past experience a de-
gree of posttranslational overmodification (18). Peptides CB10
and CB11, which lie respectively COOH-terminal and NH,-ter-
minal to the peptide a1(I[)CB8 containing the mutation (19),
were both affected. In contrast, amino acid substitutions for
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Figure 5. Electrophoretic properties of pepsin-solubilized mutant
collagen, demonstrating the presence of an abnormal, disulfide-
bonded al(II)-dimer and evidence of posttranslational
overmodification. (a) Pepsin-solubilized collagen from patient (lanes
1 and 3) and control human (lanes 2 and 4) cartilage, run without
(lanes I and 2) and with (lanes 3 and 4) disulfide cleavage. All lanes
except lane 5 were stained for protein with Coomassie blue. An
additional protein band is seen in the patient’s collagen (8s-s, lane 1),
which disappeared on disulfide cleavage and is believed to be a
cystine-bridged, intramolecular a1(1I)-dimer. The autoradiogram in
lane 5 shows the 'C-activity incorporated into the patient’s type II
collagen by reduction and alkylation with '“C-iodoacetate. (b)
Cyanogen bromide peptides prepared from type II collagen of patient
(lane I) and control (lane 2) cartilage. The mobilities of the major
peptides CB8, CB10, and CB11 were slightly slower from the patient
al(II) chain than from control human «1(II).

glycine in type I collagen identified in cases of osteogenesis

imperfecta result in overmodification of only the portion of the

collagen molecule that lies amino-terminal to the mutation site
(20). Because during synthesis the direction of helix formation
is believed to be in the COOH-to-NH, direction, these muta-
tions are believed to hinder helix folding and so cause over-
modification of the chains from the mutation site to the
aminoterminus. In the present case, however, the cysteine is
substituted for a Y position of the collagen (GXY), repeating
sequence, which might affect triple-helix formation and molec-
ular assembly differently than substitutions for glycine.

Discussion

The genomic mutation identified by Ala-Kokko et al. (10) is
therefore expressed in the structural protein of the affected pa-
tient’s articular cartilage. How does this amino acid substitu-
tion affect the properties of the extracellular collagen? For ex-
ample, do the molecules become polymerized and cross-linked
normally? The cysteine-containing a 1(II) chain was present in
B-chains (presumably «1(II) dimers linked by collagen’s usual
aldehyde-mediated mechanism), as evidenced by the radiola-
beled, and hence cystine-containing S-component in lane 5 of
Fig. 5 a. In addition, the collagen content of pyridinoline resi-
dues (the mature cross-linking amino acids that provide the
tensile strength of most skeletal tissue collagens) was in the
normal range for human articular cartilage (21) (data not
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shown). This evidence for normal cross-linking and the insolu-
bility of the patient’s cartilage collagen in denaturing solvents
lead us to conclude that collagen molecules containing the mu-
tant a1(II) chains were incorporated and covalently polymer-
ized into extracellular fibrils. The content of mutant «1(II)
chains in the extracellular type II collagen was lower than the
theoretical 50% for a dominant heterozygote; this might be
explained if some molecules bearing mutant chains were selec-
tively degraded at or soon after synthesis. Certain chain combi-
nations may be more susceptible to degradation. (In theory for
a homotrimer, seven-eighths of the molecules will contain mu-
tant chains, one-eighth containing three, two-eighths contain-
ing two, and four-eighths containing one mutant chain: one-
eighth molecules will be normal.) Other mutations of the hu-
man COL2A1 gene have been defined that have serious
consequences, causing lethal or severe skeletal abnormalities in
the clinical spectrum of the spondyloepiphyseal dysplasias
(22-24).

We postulate that the presence of the mutant protein mole-
cules in the extracellular collagen reduces the durability of the
articular cartilage and manifests as the disorder, severe primary
generalized OA. The fibrils may be less able in the long term to
cope with the mechanical stresses that articular cartilage en-
dures, perhaps through defects in material properties. In addi-
tion the collagen may be more susceptible to extracellular pro-
teases that are active in matrix remodeling but which do not
normally degrade the collagen triple-helix (25). The cysteine
residue conceivably might serve as a covalent trap for matrix
proteins that associate with the surface of collagen fibrils (26),
with undesirable consequences. Because failure of the underly-
ing collagen fabric of cartilage appears to be a key, irreversible
event in the process of joint destruction in OA in all its subsets
(27), defining how this single amino acid substitution is etiologi-
cally associated with severe but otherwise typical disease mani-
festations may prove instructive in understanding osteoar-
thritic joint failure.
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