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Abstract

Objective—We investigated tissue turnover in healthy and osteoarthritic cartilage. We challenge
long held views that osteoarthritis (OA) is dominated by a similar turnover process in all joints and
present evidence that hip and knee cartilage respond very differently to OA.

Methods—D- and L-Aspartate (Asp) were quantified for whole cartilage, collagen and non-
collagenous components of cartilage obtained at the time of joint replacement. We computed the
Asp racemization ratio (Asp-RR=D/D+L Asp), reflecting the proportion of old to total protein, for
each component.

Results—Compared with hip OA, knee OA collagen fibrils (P<0.0001), collagen (p=0.007), and
non-collagenous proteins (p=0.0003) had significantly lower age-adjusted mean Asp-RRs
consistent with elevated protein synthesis in knee OA. Knee OA collagen had a mean
hydroxyproline/proline (H/P) ratio of 1.2 consistent with the presence of type 1l collagen whereas
hip OA collagen had a mean H/P ratio of 0.99 consistent with type Il collagen. Based on Asp-RR,
the relative age was significantly different in knee and hip OA (p<0.0005); on average OA knees
were estimated to be 30yrs ‘younger’, and OA hips 10yrs “older’ than non-OA.

Conclusions—The metabolic response to OA was strikingly different by joint site. Knee OA
cartilage evinced an anabolic response that appeared to be absent in hip OA cartilage. These
results challenge the long held view that OA cartilage is capable of only minimal repair and that
collagen loss is irreversible.
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Introduction

Due to the presence of an asymmetrical carbon atom, all amino acids (AAs) except glycine
exist in nature in two non-superimposable, mirror image L- and D-racemic forms. Although
racemic forms share almost identical chemical properties, differing only in their optical
properties, only L-AAs are incorporated into proteins. This stereochemical selection is
important for the correct folding of proteins. However, racemized AA (D-AAS)
spontaneously form post-translationally and build up slowly over time in long-lived
extracellular matrix proteins. Racemized AAs have been detected in a wide array of proteins
and tissues including tooth dentin, bone, cartilage, skin, intervertebral disc, brain and eye
lens proteins[1—7]. The rate of racemization is influenced by environmental factors such as
temperature, pH and ionic strength as well as the AA R-group[8]. Racemization is a
spontaneous clock-like physical process used to estimate the age of a wide range of
biological materials including silk[g], shells[10] and teeth[ll]; it has the added advantage
over carbon dating of requiring only very small amounts of sample.

Although AA racemization is slow, Asp racemization occurs on a biologically relevant
timescale and is the most readily and reliably detected racemized AA. Asp racemization
occurs spontaneously through a succinimide intermediate (Figure 1A). Acid hydrolysis,
required to release AAs, causes spontaneous deamidation of Asn to Asp; therefore,
racemized Asp represents a combination of racemized Asn and Asp. Rates of D-Asp
racemization for tooth dentin (tissue devoid of turnover), are estimated to be 7.7-
8.3x10~4/yr[6].

We investigated racemized AAs as a method of estimating protein turnover in joint
tissues[7]. Given uniform turnover throughout a tissue, the ratio of racemized AAs to total
AA:s is unaffected by catabolism but decreased by anabolism. When catabolism and
anabolism are at steady state, this ratio reflects protein/matrix turnover. For instance, under
slow turnover conditions, the ratio will rise with age; under fast turnover conditions, the ratio
will fall with age; when turnover matches the racemization rate, the ratio will remain
unchanged with age. D-Asp increase with age at an estimated rate of 2.58x10~4/yr for type
Il collagen of normal cartilage indicative of a slowly turning over component[lz]. AA
racemization reveals differential protein turnover in osteoarthritic articular and meniscal
cartilages[ﬁ, 7, 13]. In disease states, such as osteoarthritis (OA), where the matrix is no
longer in a steady state, lower quantities of racemized AAs relative to normal tissue can be
considered to reflect high turnover in attempted repair of the cartilage with new protein
synthesis.

Cartilage matrix is enriched for two main molecular components, namely type 1l collagen
and aggrecan, comprising 60% and 40% by dry weight, respectively[14]. Turnover and
synthesis of matrix molecules in normal cartilage are slow but in equilibrium. Based on
analysis of human femoral head cartilage, the predicted half-life is 25yrs for aggrecan[15]
and at least 120yrs for collagen[lz, 16]. Upon cytokine stimulation, proteoglycan is rapidly
Iost[17—19] but rapidly replaced[18]. In contrast, collagen is much less readily broken down
but generally believed to be minimally replaced, so is considered to represent an irreversible
step in cartilage degradation[20]. Our previous data suggested that for Cartilage Oligomeric
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Matrix Protein (COMP), turnover was higher in knee OA than hip OA cartilage[21]. The
goal of this study was to understand the reparative responses in OA through analyses of D-
Asp in soluble (primarily aggrecan) and insoluble (primarily collagen) matrix components
from knee and hip OA cartilage.

Samples and demographics

Avrticular cartilage specimens were obtained under Duke Institutional Review Board
approval as anonymized waste surgical specimens from knee and hip arthroplasties
performed at Duke University Medical Center to alleviate symptoms of OA. Non-arthritic
control cartilages were obtained either from the National Disease Research Interchange
(Philadelphia, PA), or trauma reconstructive surgery from patients without clinical evidence
of OA as determined by the surgeon and/or the laboratory researcher in charge of specimen
processing. Study sample demographics are summarized in Table 1.

Sample definitions

We analysed 4 cartilage fractions: ‘whole cartilage’ defined as full thickness,
macroscopically normal cartilage remote from any lesions; ‘non-collagen components’ of
cartilage defined as soluble proteins extractable by guanidine hydrochloride (GuHCI);
‘collagen fibrils’ defined as the residual insoluble collagen and collagen-associated proteins
remaining after depletion of soluble proteins by GUHCL extraction; and “collagen’ fraction
defined as the residual collagen after trypsin digestion of the collagen fibril.

Sample preparation

‘Whole cartilage’ was prepared as described previously[7]. Briefly, full thickness cartilage
was pulverized under liquid nitrogen and stored at —80°C. Soluble ‘non-collagen
components’ were extracted as previously described[22]; pulverized cartilage was extracted
twice for 24h at 4°C with 4M GuHCI, sodium acetate pH4.0, with protease inhibitor cocktail
(Sigma-Aldrich, USA), and extractions combined and stored at —80°C. Two sequential
extractions with Gu-HCI were previously demonstrated to be sufficient to remove all soluble
detectable GAG and protein from cartilage[21]. The insoluble residue (‘collagen fibrils”)
was washed overnight at 4°C with excess GUHCI prior to 5 washes in dH,0 over a 24h
period at 4°C, vacuum desiccated and stored at —80°C. Previous analysis of collagen fibres
by LC-MS demonstrated residual cartilage proteins that were not extractable by Gu-
HCI[21]. The collagen fraction was prepared as previously described[G, 23] with the
following modification: “collagen fibrils’ were digested with 1%w:v trypsin in Eagle’s
Minimal Essential Medium (0.5m1/0.02g dry weight collagen fibrils) overnight at 37°C to
digest non-collagenous proteins associated with collagen fibrils. A trypsin only control was
included to correct for L- and D-Asp contributed by trypsin or as a result of sample
processing; L- and D-Asp in the control were negligible and subtracted prior to calculating
Asp-RR. Insoluble collagen was extensively washed in ddH,O prior to desiccation and
stored at —80°C.
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Type Il collagen purification

Using the method described previously[24], purified type Il collagen was isolated from non-
OA hip cartilage[24]. Briefly, 3g of hip cartilage was pulverized and extracted twice in
200ml 4M GuHCI, 0.05M Tris, pH7.5 for 24h at 4°C. The residual cartilage was washed
extensively in excess ddH,O prior to pepsin digestion (1:10w:w pepsin:cartilage) in 200ml
of 3%v:v acetic acid for 24h at 4°C. Supernatants were collected by centrifugation and the
type Il collagen was specifically precipitated with 0.7M NaCl overnight at 4°C. Precipitated
collagen was resuspended in 3%v:v acetic acid, dialyzed into ddH,0, desiccated and stored
at —20°C. Purity was determined by SDS-PAGE revealing a single protein band of 140 kDa
consistent with a1(I1) collagen; no L- or D-Asp were detectable (by HPLC as described
below) in the cartilage free control demonstrating that no Asp was contributed by pepsin.

Racemized Asp quantification

Asp concentrations were determined as described previously with minor modifications[7]
(see Figure 1 legend). “Whole cartilage’ and the “collagen fibril’ fraction were hydrolyzed at
a ratio of 20mg/ml sample:6M HCI; ‘non-collagen components’ were hydrolyzed at a ratio
of 0.1mg/ml protein:6M HCI. All samples were hydrolyzed for 6h at 105°C, rapidly
neutralized on ice with 6M NaOH and stored at —80°C. Great care was taken to standardize
hydrolysis conditions across samples, including hydrolysis temperature and duration.
Additionally, samples were randomized and hydrolyzed blinded to sample type to prevent
group or treatment bias.

Hydroxyproline (Hyp) and proline (Pro) determination

Hyp and Pro levels were determined as previously described[25].

Statistical methods

Results

Age associations were determined by linear regression analysis (Prism5, GraphPad Software
Inc). Asp-RR was compared across joint sites by multivariable regression (JMP Pro 10.0,
SAS Institute Inc) with age, gender and joint location as independent variables. The
biological age for an OA specimen was determined by interpolation from an age by Asp-RR
linear regression analysis of non-OA cartilage. The relative age was determined by
subtracting the biological age of the sample from the known chronological age of the sample
with significance by joint site determined by Mann Whitney test (Prism5). The method of
calculating half-lives of collagen for OA knee and hip cartilage is described in
Supplementary Table 1.

Racemization of cartilage components with age and osteoarthritis

Due to slow tissue turnover, Asp-RR increases significantly with age in normal healthy
cartilage[G, 16]. Asp-RR of whole non-OA cartilage was significantly associated with age
(r?=0.51, p=0.0019, Figure 4A) with similar trends for knee and hip. In contrast, Asp-RR of
whole OA cartilage was not correlated with age (p=0.25, r?=0.132, Figure 1B), in agreement
with our previous 5tudy[7]. Asp-RRs from whole cartilage of OA knees were generally
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distributed below the age regression line while OA hips tended to be distributed above,
suggesting that OA knee cartilage accumulates D-Asp at a slower rate consistent with a
higher level of protein synthesis.

Cartilage consists of two main pools of proteins, insoluble collagen and soluble non-
collagenous proteins; we investigated both these fractions independently to determine
whether their turnover in OA cartilage differed. Asp-RR of OA collagen fibrils was
significantly correlated with age (p=0.0003, r2=0.321, Figure 1C). A clear joint site bias was
observed for OA collagen fibrils with OA knee falling below the regression line, again
consistent with higher protein turnover in knee OA relative to hip OA. Asp-RR for OA non-
collagen components was also correlated with age (p=0.049, r2=0.109, Figure 1D). As the
OA hip samples tended to be older than the knee, we selected an age-matched subset (n=24)
of samples and repeated the analysis. The same joint bias was observed although the sample
set was too small and/or too constrained in age range to demonstrate the age association for
non-collagenous proteins (supplementary Figure 1). These data suggest that knee OA
cartilage undergoes an accelerated level of synthesis of all major protein components relative
to hip OA cartilage. Furthermore, these data unmask a hitherto unappreciated capacity for
repair in knee OA, including a capacity for synthesis of collagen.

Joint site differences in protein turnover with osteoarthritis

As we observed a joint site bias in Asp-RR of OA cartilage with age, we investigated this
further by multivariable regression to evaluate Asp-RR by joint site, adjusted for age and
gender (Figure 2). The mean Asp-RR was significantly lower in knee OA compared with hip
OA for whole cartilage (p=0.043, Figure 2A), collagen fibrils (p<0.0036, Figure 2B) and
non-collagenous cartilage components (p=0.009, Figure 2C). We observed similar
significant findings using an age-matched subset of samples (supplemental Figure 1). These
data are consistent with a faster rate of protein turnover in knee OA compared with hip OA
for whole cartilage and the major individual components of cartilage.

Collagen turnover in osteoarthritic cartilage

Based on OA collagen fibril analyses, we clearly demonstrated a difference in relative
protein turnover rates of knee and hip. However, it was not evident from these data whether
this difference was attributable to collagen, limited to the non-collagenous proteins
associated with collagen fibrils, or both. To investigate this question, we selected an age-
matched subset of samples (OA hips and knees) and treated the collagen fibrils with trypsin,
in a similar manner to other studies[6, 23], to remove non-collagenous proteins associated
with the collagen fibrils (Figure 3, Table 2). In this subset of OA samples, the mean Asp-RR
of collagen fibrils, prior to trypsin digestion, was significantly lower in knees than hips
(p=0.0002), confirming that this subsample was representative of the total sample set. After
trypsin treatment, the residual insoluble collagen from OA knees also had a significantly
lower mean Asp-RR than OA hips (p=0.007) consistent with higher levels of collagen
synthesis in OA knees than OA hips.

Trypsin digestion of collagen fibrils yielded more total Asp (p=0.003, Table 2) from knee
than hip OA suggesting more protein associated with knee OA collagen fibrils. No GAG
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release was detected after trypsin treatment consistent with our expectation that all
detectable GAG was removed by GuHCI extraction. As observed for all other cartilage
protein fractions, the proteins released from knee OA collagen fibrils had a significantly
lower Asp-RR (p=0.013, Table 2) than those released from hip. We observed no significant
difference (p=0.27) in the small amounts of Hyp detectable in the medium suggesting that
the majority of collagen in both OA hip and knee was incorporated into fibrils in a trypsin
resistant, triple helical form. To confirm that AAs can racemize within the sterically
hindered triple helical domain of collagen, we purified type Il collagen by pepsin digestion
of pooled non-OA hip cartilage; pepsin digestion removes the telopeptides allowing
purification of the collagen triple helical domain. Purified collagen from a non-OA hip
(87yrs) had an Asp-RR of 0.058 clearly demonstrating that racemization can occur in the
collagen triple helical region. Interestingly, this ratio was lower than for OA hip suggesting
that non-OA hip was biologically younger than OA hip. Acidic environments can potentially
accelerate racemization. As the pepsin extraction protocol required the collagen to be in an
acidic environment for up to 72h at 4°C, we incubated purified type 11 collagen in 3% acetic
acid for a further 72h to confirm that the extraction protocol was not artificially generating
the observed D-Asp. We observed no significant effect of this further incubation on the
collagen Asp-RR (0.054), suggesting that the triple helical domain of type Il collagen was
subject to racemization /in vivo rather than J/n vitro.

Hyp/Pro ratios differ by collagen type[26]. Interestingly, we observed a significantly higher
mean Hyp/Pro ratio in the knee (ratio 1.19+0.22, p=0.029) compared with the hip (ratio
0.99+0.05) OA collagen fraction (Table 2). Based on published Iiterature[26] and our own
experimentally determined Hyp/Pro ratio for non-OA purified collagen of 0.99, these results
suggested that hip OA was predominantly composed of type Il collagen. In contrast, the
Hyp/Pro ratio of knee OA collagen suggested the presence of other fibular collagens,
possibly type I11 collagen, whose published Hyp/Pro ratio is 1.2-1.3[26]. Alternatively, type
Il collagen from OA knees may be ‘overhydroxylated’. Notably, the mean Hyp/Pro ratio of
OA knees and hips did not match that of type | collagen (found in fibrocartilage) of 0.84—
0.92[26].

Changes in the relative age of cartilage with osteoarthritis

To gain an appreciation of the biological relevance by estimating the relative age differences
due to differences in turnover, Asp-RR of OA hip and knee was compared to Asp-RR of
healthy non-OA samples. Asp-RR of cartilage components from non-OA cartilage was
associated with age: total cartilage, p=0.0019, r2=0.51 (Figure 4A): collagen fibrils,
p=0.001, r2=0.67 (Figure 4B); and a trend for non-collagen components of cartilage,
p=0.084, r2=0.42 (Figure 4C). By interpolation from the Asp-RR versus age regression
analyses of non-OA specimens, we determined a biological age for the OA specimens. The
relative age (difference between the biological age and the chronological age for a specimen,
Figure 4D) allowed a much clearer visualization of the mean changes in protein turnover in
OA hips and knees. Of note, a negative relative age denotes that cartilage or its components
appear younger in age than would be expected based upon the age of the patient; such a
condition would arise as a result of protein synthesis, presumably in attempted repair,
compared to normal. Conversely, a positive relative age would be indicative of more aged
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cartilage components, most likely arising from a repressed state of synthesis and repair
relative to normal. Compared to non-OA, for all OA cartilages and cartilage components, we
observed a younger mean relative age for knee OA and an older mean relative age for hip
OA The mean relative age of total cartilage for knee OA was —20.1+17.8yrs and for hip OA
was +9.5+31.4yrs; therefore, knee OA cartilage was significantly younger than hip OA
cartilage by an estimated mean 29.6yrs (P=0.048). The mean relative age of collagen fibrils
for knee OA was —32.8+14.8yrs and for hip OA was +12.6+1.9yrs; therefore, knee collagen
fibrils were significantly biologically younger than hip by an estimated mean 45.4yrs
(P<0.0001). Similar results were obtained for non-collagenous proteins; the mean relative
age of non-collagenous proteins for knee OA was estimated to be —23.2+18.6yrs and for hip
OA was +3.3£23.2yrs; therefore, knee non-collagenous proteins were also significantly
biologically younger than hip by an estimated mean 26.5yrs (p=0.0008).

Based on our racemization data, the calculated mean tq;, (half-life) of collagen turnover was
28.3+4.0yrs for OA knees at 37°C and 86.9+15.2yrs for OA hips at 37°C (p<0.0001) (see
Supplementary Table 1). Since racemization is a physical process, physical factors, such as
pH or temperature can impact rates of racemization. We therefore considered the possibility
that temperature differences in knees and hips might account, at least in part, for different
amounts of racemized amino acids in cartilages from these different joints. We therefore re-
estimated the half-life of collagen turnover based on a conservative assumption of an intra-
articular temperature of 33°C in knees, representing a 4°C lower intra-articular temperature
than for hips. The calculated mean ty» of collagen turnover for OA knee at 33°C was
75.6+10.6; this was still significantly shorter than the mean t1;, for OA hip collagen
(p=0.012) (Supplementary Table 1). Taken together, these data suggest that the turnover and
attempted repair process in knee OA cartilage is highly coordinated and controlled with
elevated turnover for all joint components compared with OA hip.

Discussion

This is the first study to challenge the established paradigm in cartilage biology that collagen
loss is irreversible. Through analyses of racemized D-Asp in cartilage proteins, we
discovered a significant difference in repair responses at knees and hips. On average, the
level of apparent repair of cartilage components in knee OA rendered them 3 decades
‘younger’ on a biological scale than non-OA cartilage, hip OA components were on average,
an estimated decade ‘older’ than non-OA. We believe this difference represents a difference
in protein turnover and specifically, the attempted cartilage repair response. We inferred
from these data an increase in protein synthesis in knee OA that was absent in hip OA
cartilage, suggesting that the mechanisms of disease progression are very different between
hip and knee.

It is unclear why the hip does not mount a repair response similar to the knee; this could
have profound effects upon the development of future treatment strategies for different joint
sites. For instance, both knee and hip OA should be targeted with anti-catabolic therapies
while only hip OA may require companion anabolic therapies; the apparent upregulated
repair response of knee OA cartilage, unmasked through these analyses, may be sufficient to
effect repair if cartilage degradation is attenuated. Due to limited numbers of non-OA
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samples across a broad age range, we were unable to definitively confirm whether difference
between OA knee and OA hip turnover is a consequence solely of the disease process or also
reflects differences in normal cartilage biology. For instance, normal knee cartilage could
potentially turnover at an accelerated rate independent of disease. In this case, the estimated
half-life of collagen of 120yrs (based on normal hip cartilage) would be shorter in normal
knee cartilage.

Although chondrocytes in 3D cultures produce both type Il collagen and GAG[27], the very
long half-life of cartilage collagen, >100yrs[12, 16], has suggested that collagen loss
represents an irreversible process. To understand which proteins are capable of being
replaced, we fractionated cartilage into non-collagenous components and collagen fibrils,
representing mainly aggrecan and collagen respectively. Treatment of the collagen fibrils
with trypsin released only very low levels of Hyp with no significant difference between the
OA knee and OA hip; these results suggested that the majority of collagens at both joint sites
were trypsin insensitive and in a triple helical confirmation. However, the Asp-RR data
clearly demonstrated that collagen, collagen associated proteins, and non-collagenous
proteins were all being synthesized and incorporated into the OA knee more rapidly than OA
hip. This means that in some circumstances, cartilage collagen loss does not necessarily
imply an irreversible alteration, raising the hope that early identification and further
treatment of OA could lead to the future regeneration of functional cartilage, thus lessening
the need for joint replacement surgery.

Further evidence for a difference in the attempted repair responses of knee and hip OA came
from differences in the Hyp/Pro content of OA knee and OA hip collagen. We currently do
not understand this important joint site difference in the cartilage repair response although
the OA hip result is consistent with the work of Hui-Chou et a/who demonstrated that the
Hyp/hydroxylysine ratio in collagen of degenerated articular cartilage from dysplastic canine
hip joints remained unchanged[28]. The altered Hyp/Pro ratio observed in knee OA versus
normal and hip OA cartilage could reflect a joint specific difference in Hyp incorporated into
type Il collagen. In non-OA normal cartilage, the predominant collagen is type Il with small
amounts of type I in the superficial zone[29]. Knee OA collagen had a significantly higher
Hyp/Pro ratio (1.19) than purified type Il collagen (0.99); as type | collagen has an even
lower reported Hyp/Pro ratio (0.8-0.92), we concluded that type | fibrocartilage was
unlikely to account for the type of repair response in knee OA. Type 111 collagen has a higher
Hyp/Pro ratio (1.2-1.3)[26] and therefore is a worthy candidate to explain the higher
Hyp/Pro ratio in knee OA collagen. This conclusion is consistent with the work of Eyre et a/
who demonstrated significant production of type 111 collagen in the OA knee, which is
believed to be consistent with a wound healing response[30]. In addition, type 111 collagen
has been identified as indicative of knee OA by biochemical biomarker analyses[31].
Although termed the “HELIXII” biomarker, this knee OA associated epitope was
subsequently discovered to be a collagen 111 epitope[32]. The regulation of collagen 111 may
provide insights into means of boosting and monitoring a repair response in OA.

Our interpretation, that the lower D-Asp content of knee OA cartilage components signified
increased protein synthesis in knee OA but not hip OA cartilage, is consistent with two
previous studies from our group based on AA racemization of whole cartilage and
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deamidation of COMP[7, 21]. This current work expands upon these findings demonstrating
that all components, both non-collagenous proteins and the collagen component, are capable
of being synthesized in OA knee cartilage. These results are also consistent with Nelson et a/
who observed increased type Il collagen synthesis in OA knee cartilage based on the CPII
epitope[33].

There are several possible alternative explanations for these results. Enrichment of cartilage
for D-Asp may reflect the preferential loss of the superficial zone in OA hip cartilage
specifically; the superficial zone is believed to be the most metabolically active region of
cartilage[34], and therefore to contain the ‘youngest’ proteins. This explanation seems
unlikely to account for the joint site-specific difference in Asp-RR because data suggest that
cartilage degeneration in both knee and hip OA proceeds from the top down with the
preferential loss of the superficial zone of cartilage for both[34]. Furthermore, in this study
we used full thickness cartilage harvested from macroscopically normal regions of OA joints
to avoid any confounding issues due to loss of the superficial zones. Another alternative
suggestion for these results could be an accelerated rate of racemization in the physical
milieu of knee OA. Since racemization is a physical process, physical factors (e.g. pH or
temperature) would have to differ between these two joint sites in OA to account for the
observed differences in Asp-RR. To our knowledge, no such differences have been identified
that could impact rates of amino acid racemization. Even conservatively estimating collagen
half-lives, assuming a higher intra-articular hip temperature, calculations still yielded
significantly slower turnover rates of hip relative to knee collagen.

In summary, OA knee cartilage is biologically “younger’ than hip OA cartilage of a similar
chronological age. We believe this to be due to a robust repair response in knee OA
cartilage. Knee OA cartilage is characterized by a decrease in Asp-RR and an increase in
Hyp/Pro ratio that is compatible with an alteration of collagen type, possibly due to increase
in collagen type Il synthesis. In contrast, no such repair response appears to be mounted in
hip OA cartilage. These data suggest, at least in the OA, that cartilage components are
synthesized in response to OA damage. Thus, it appears likely that not all repair is
unsuccessful, as proposed by the previously suggested “frustrated repair” hypothesis[35].
Given this potential to regenerate, if diagnosed and treated early, it may be possible to
prevent significant cartilage degeneration of the knee. It is important to understand the
underlying cause of this difference as it could have important implications for future joint
specific treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlation of Asp racemization ratio with subject age for OA whole cartilage and
extracted matrix components
(A) Process of Asp racemization through a succinimide intermediate. Asp racemization ratio

(Asp-RR=D-Asp/D+L Asp) was determined for OA cartilage including: (B) whole cartilage
(full thickness macroscopically normal cartilage), (C) collagen fibrils (cartilage extensively
extracted with Gu-HCI to remove soluble cartilage proteins leaving mainly collagen) and,
(D) non-collagen cartilage components (proteins extractable from cartilage by Gu-HClI,
mainly aggrecan). Briefly, Hydrolysates were buffered with 0.4M boric acid (pH9.0) and
derivatized with o-phthaldialdehyde and A-tertiarybutyloxycarbonyl-L-cysteine (Sigma-
Aldrich, USA) in methanol. Resulting fluorescent derivatives were separated by reverse-
phase HPLC. A total of 100ul of derivatized sample was injected onto a Chromolith RP-18e
100x4.6mm column (VWR International LLC, USA) at a 1ml/min flow rate with
fluorescent detection (excitation 344nm, emission 443nm) using the following gradient:
30min 9.5-15.5% buffer B (100% acetonitrile); 5min 60% buffer B column wash. Mobile
phase consisted of 0.2M acetic acid adjusted to pH6.0 with NaOH. The Asp racemization
ratio (Asp-RR) was defined as D/D+L Asp.
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Figure 2. Scatter dot plot for Asp racemization ratio (Asp-RR) by joint site
Knee OA total cartilage (A), collagen fibrils (B) and non-collagenous cartilage components

(C) had significantly lower Asp-RRs than hip OA. There were significant differences
between the age groups for cartilage from the different joint sites so age adjusted p-values
were calculated using age, gender and joint site as covariates in a multivariable linear
regression.
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Pre-treatment of the collagen fibrils with Trypsin
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Figure 3. Asp racemization ratios of the collagen fraction of OA cartilage by joint site
To confirm a difference in racemization levels for cartilage collagen from OA hips and OA

knees, we treated a subset of the cartilage collagen fibril samples with trypsin to digest and
remove proteins associated with the collagen fibril. We selected 8 OA hip and 8 OA knee
samples of similar ages (p=0.12 for age difference). As with all other cartilage fractions, we
observed that OA knee collagen was significantly younger than OA hip collagen.
Demographics: OA hips 78.1 £7.2yrs, 69-90yrs, 3 females; OA knees 72.9 £10.8yrs, 56—

88yrs, 4 females.
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Figure 4. Calculated relative age of OA knee and OA hip cartilage matrix components
To determine the biological relevance of the difference in racemization levels between OA

hip and OA knee cartilage, we interpolated the biological age of an OA tissue specimen from
the corresponding correlation of Asp racemization ratio with age for non-OA joints. Panels
A-C show the age-related Asp-RRs for no-OA total cartilage (A), collagen fibrils (B) and
non-collagenous proteins (C). The interpolated biological age was subtracted from the
known chronological age of the sample to estimate the relative age due to disease. A positive
relative age means the tissue is older than would be expected (lower protein turnover) while
a negative value means the tissue is younger than expected (higher protein turnover). The
Mann-Whitney test was used to test for significant differences in relative ages of cartilage by
joint site. (D) OA knees were on average 30yrs ‘younger’ and hips 10yrs ‘older’ than non-
OA joints. Of note, both OA knee collagen and non-collagenous components were ‘younger’
than the corresponding components of non-OA cartilage.
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Table 2

Cartilage collagen and fibril associated non-collagenous protein characteristics.

mean s meanssp  Prvalue
Collagen Asp-RR 0.13 +0.05 0.073 £0.03 0.006
Collagen Hyp/Pro ratio 0.99 +0.05 1.19 +0.22 0.029
Released mM Total Asp/Hyp  0.0050 £0.004  0.043 +0.031 0.003
Released Asp-RR 0.107 +0.05 0.057 +£0.02 0.0127

Released Hyp/Total Hyp 0.008 £0.008  0.012 +0.006 0.27

Collagen fibrils were treated to remove any associated non-collagenous proteins. The negligible amounts of L- and D-Asp in the trypsin only
control were subtracted from the sample data prior to calculating the sample Asp racemization ratio (Asp-RR=D-Asp/D-Asp+L-Asp).
Hydroxyproline (Hyp) and Proline (Pro) concentrations were determined for both the released proteins and the insoluble collagens. Total Asp
concentration represents the sum of measured L- and D- Asp. A subset of age-matched OA hip and OA knee samples were selected for to minimize
confounding by demographics (see Figure 3 legend).
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