
Journal qf Chromatograplo', 582 (1992) 49-55 
Biomedical Applications 
Elsevier Science Publishers B.V., Amsterdam 

CHROMBIO. 6510 

Quantitative analysis of collagen 
using a single-column system 

and elastin cross-links 

T r e v o r  J. Sims and  Al len  J. Bai ley 

Muscle and Collagen Research Group, Department of Veterinary Medicine, Universi o, of  Bristol, Laugfi)rd. Bristol BSI8 7D Y ( UK) 

(First received May 12th, 1992; revised manuscript received July 18th, 1992) 

ABSTRACT 

The separation of both the immature and mature crossqinks present in collagen together with the stable cross-links of elastin has been 
achieved on a single ion-exchange column. This technique avoids the current necessity for two different systems, ion-exchange and 
high-performance liquid chromatography-fluorescence techniques. The value of the method is illustrated by the comparison of the 
cross-link contents of ageing bovine skin, from foetal to old age. 

INTRODUCTION 

It is now well established that the collagen fibre 
is stabilised by a series of intermolecular covalent 
cross-links between the collagen molecules mak- 
ing up the fibre, and that the chemistry of these 
cross-links is dependent on both the nature of the 
collagenous tissue and the age of the tissue [1-3]. 
Thus, the intermediate cross-links present in im- 
mature tissue, dehydrohydroxylysinonorleucine 
(deH-HLNL) and hydroxylysino-keto-norleu- 
cine (HLKNL),  vary considerably between tis- 
sues, e.g. rat-tail tendon and skin contain deH- 
H L N L  whilst cartilage and bone contain pre- 
dominantly HLKNL.  These intermediate diva- 
lent cross-links are converted to stable trivalent 
cross-links which accumulate in the tissue as the 
turnover decreases during maturation [3,4]. The 
proportion of the known mature cross-links, hy- 
droxylysylpyridinoline (HYL-PYR),  lysylpyridi- 
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noline (LYS-PYR) and histidinohydroxylysino- 
norleucine (HHL), again vary with age and with 
the type of tissue. For example, HHL is the major 
known cross-link component of mature skin [5] 
and pyridinoline the major cross-link of mature 
bone and cartilage [6], whilst tendon contains a 
mixture of both cross-links. It is therefore impor- 
tant in any study of the changes in pathological 
tissue to understand the nature of the normal 
age-related changes of the cross-links of the par- 
ticular tissues under investigation. It is also im- 
portant to have a reproducible technique to mea- 
sure all the different cross-links. 

The intermediate cross-links must be stabilised 
by reduction with borohydride prior to acid hy- 
drolysis~ deH-HLNL being reduced to hydroxy- 
lysinonorleucine (HLNL), and H L K N L  to dihy- 
droxylysinonorleucine (DHLNL).  The mature 
cross-links are stable to acid and can be analysed 
directly from acid hydrolysates. Sensitive tech- 
niques are required to detect these cross-linking 
amino acids since a maximum of one cross-link 
per two collagen molecules would require the de- 
tection of this one cross-linking amino acid 
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among the six thousand other amino acid resi- 
dues from the two collagen molecules. Currently 
the intermediate cross-links may be determined 
by radioactivity following reduction with tritium- 
labelled borohydride [7] or by using ninhydrin or 
similar post-column derivatisation after separa- 
tion of  the acid hydrolysate on an ion-exchange 
column using either volatile buffers or standard 
salt buffers [Z8]. The mature cross-link (HHL) 
may be analysed by amino acid analysis on ion- 
exchange columns [5] but HYL-PYR and LYS- 
PYR are generally determined separately by 
highly sensitive fluorescent detection on HPLC 
[9]. The total immature and mature cross-links 
have therefore to be determined on two com- 
pletely different systems. 

The other major connective tissue protein, 
elastin, is stabilised by lysine-derived cross-links 
based on the same enzymic mechanism but yield- 
ing the two tetravalent pyridinium compounds, 
desmosine and isodesmosine [10]. Both these 
compounds can be detected by ninhydrin or simi- 
lar reagent after elution from ion-exchange col- 
umns or high-performance liquid chromato- 
graphic (HPLC) systems [11,12]. 

In this paper we describe a modification of the 
ion-exchange column procedure to allow the de- 
tection of all these cross-links on one chromato- 
gram using the same detection system thus allow- 
ing direct comparison of results. 

EXPERIMENTAL 

Chemicals 
CFl-cellulose was purchased from Whatman 

(Maidstone, UK) and all stock solutions and 
chemicals for the LKB autoanalyser from Phar- 
macia (Milton Keynes, UK). Sodium borohy- 
dride was purchased from Sigma (Poole, UK). 
All other chemicals were purchased from Fisons 
(Loughborough, UK). The cross-linking amino 
acids were isolated and purified in our laborato- 
ry. 

Preparation q[ the sample 
The tissue was homogenised and suspended in 

phosphate-buffered saline (0.15 M sodium chlo- 

ride, 0.1 M sodium phosphate buffer, pH 7.4) and 
reduced with sodium borohydride as described 
previously [7]. The reduced material was then 
washed and freeze-dried, and approximately % 
50 mg were hydrolysed in 6 M hydrochloric acid 
at 110°C for 24 h in a 15-ml screw-top hydrolysis 
tube (Corning Laboratory Service, New York, 
NY, USA). The excess acid was removed by ro- 
tary evaporation and the residue dissolved in l 
ml of  distilled water. 

Preparation o[' a pre-separation column 
The sample was initially separated on a CF1 

cellulose (Whatman) column to remove the non- 
cross-link amino acids based on the technique 
originally described by Starcher and Galione [13] 
and Black et al. [14]. The CFl-cellulose was 
washed prior to packing the column by shaking a 
weighed quantity of  CFl-cellulose in water, the 
slurry was allowed to settle and the supernatant 
decanted, This washing procedure was repeated a 
further four times. The washed cellulose was then 
poured into a sintered-glass funnel and equili- 
brated in an organic mobile phase consisting of 
butanol-acetic acid-water (4:1 : 1). The CF 1 was 
re-suspended in the organic phase at a concentra- 
tion of approximately 5% dry weight per volume. 

A mini-CFl column was then prepared from a 
3-ml disposable plastic Pasteur pipette (Sterilin, 
Hounslow, UK) by inserting a plug of glass wool 
into the lower end of the pipette. The CF1 slurry 
was then poured into the Pasteur pipette and the 
cellulose allowed to settle to a bed height of 8 cm, 
using the 3-ml graduation mark on the pipette as 
a guide. The mini-column was then washed with 
8 ml of the mobile phase to settle the bed. 

Analysis q[' the sample 
(i) CFI column. To the sample in 1 ml of water, 

1 ml of glacial acetic acid and 4 ml butanol were 
added to give a final butanol--acetic acid-water 
ratio of 4:l:1 and a total volume of 6 ml. The 
sample (6 ml) was then applied to the CF1 col- 
umn followed by two 2-ml washings of the hy- 
droysis tube using the organic phase. The non- 
cross-linking amino acids were then eluted from 
the column with a further 16 ml of the mobile 
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TABLE I 

ELUTION PROGRAMME 
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Step Buffer Time (min) Temperature (°C) 

1 0.2 M Sodium citrate pH 4.25 14 45 
2 0,2 M Sodium citrate pH 5,25 33 83 
4 0,5 M Borate-citrate pH 8.6 8 83 
5 0.4 M Sodium hydroxide 5 83 
6 0.2 M Sodium citrate pH 2.85 + 2% isopropyl alcohol 6 83 
7 0.2 M Sodium citrate pH 2.85 + 2% isopropyl alcohol 13 45 

phase in four 4-ml aliquots. Under these condi- 
tions the standard amino acids were eluted and 
the cross-linking amino acids remained adsorbed 
to the cellulose. The cross-linking amino acids 
were then eluted from the column with 8 ml of  
distilled water. This aqueous eluent was freeze- 
dried and redissolved in 100-200/d of either 0.01 
M hydrochloric acid or 0.2 M sodium citrate 
buffer, pH 2.2. After thorough agitation to en- 
sure complete dissolution of the sample it was 
centrifuged briefly (approximately 30 s) to bring 
the solution to the bottom of the tube and thus 
ensure maximum recovery. The solution was 
then filtered through a 0.2-/tm filter (Gelman 
Sciences, Northampton, UK). The percentage re- 
covery of individual cross-links from CFl-cellu- 
lose was determined and found to be all in the 
range 90-95%. These results are consistent with 
those obtained by Black el al. [14]. 

(it) Ion-exchange column. The sample (20-80 
/d) was then analysed on an LKB 4400 amino 
acid analyser (Pharmacia, Loughborough, UK) 
configured for the separation of the collagen 
cross-links as shown below. 

Mod(fied gradient .for cross-link analysis. The 
column consisted of Aminex A9 11-#m cation ex- 
change resin (BioRad Labs., Hemel Hempstead, 
UK) and measured 270 mm x 4 mm I.D. The 
resin was equilibrated in 0.2 M sodium citrate 
buffer, pH 2.85, and after application of the sam- 
ple it was eluted using the programme given in 
Table I. 

Calculation q f  cross-link content. (I) Collagen. 

The cross-link peaks were verified by comparison 
with authenticated cross-link standards and were 
expressed as nmol/mg of collagen using the leu- 
cine equivalent values shown in Table II. The 
amount of collagen in the tissue was determined 
by hydroxyproline assay [15] of the acid hydroly- 
sate, prior to chromatography on the CF1 col- 
umn, using a continuous-flow autoanalyser 
(Cam-Lab, Cambridge, UK). 

(2) Elastin. The elastin cross-links were deter- 
mined as nm of cross-link per mg of tissue. 

Reproducibility. The reproducibility of the 
measured concentrations and retention times are 
shown in Table lII and the linearity of response 
to ninhydrin in Fig. 1 and the range in Table IV. 
Based on the figures of Tables Ill and IV it is 

TABLE II 

LEUCINE EQUIVALENCE FACTORS USED 1N THE 
CALCULATION OF COLLAGEN AND ELASTIN CROSS- 
LINKS 

Cross-link Leucine 
equivalence 
factor 

Hydroxylysinonorleucine (HLNL) 1.8 
Dihydroxylysinonorleucine (DHLNL) 1.8 
Hydroxylysylpyridinoline (HYL-PYR) 1.7 
Lysylpyridinoline (LYS-PYR) 1.7 
Histidinohydroxylysinonorleucine (HHL) 1.97 
Desmosine (DES) 3,4 
lsodesmosine (I-DES) 3,4 
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TABLE 111 

REPRODUCIBILITY OF THE MEASURED CONCENTRATION AND RETENTION TIMES 

Replicate analyses were performed on a mixture of cross-link standards. 

Cross-link Concentration" C,V. Retention time ~' C.V. 
(mnol) (%) (rain) (%) 

HYL-PYR 3.97 5:0,027 1.51 25.09 ± 0.087 1.56 
LYS-PYR 0.16 ± 0,002 3.13 26.48 ± 0,103 1.75 
Isodesmosine 0.95 ± 0.006 1.37 33.85 ± 0.087 1.15 
HHL [.13 ± 0,006 1.17 35.06 ± 0,193 1.69 
Desmosinc 1.17 ± 0.005 1.04 36.60 ± 0,084 1.03 
HLKNL 3,09 ± 0,016 1.15 38.98 ± 0,075 0.86 
HLNL 4.56 4_ 0,034 1.65 43.85 ± 0,089 0.91 

" Results were obtained from five successive analysis of the cross-link mixture and the concentration is expressed as the mean ± 
standard error of the mean (S.E.M.). 

h Results were based on twenty analyses and the retention time is expressed as the mean J: S.E.M, 

3 . 0 0 e + 6  - 

p o s s i b l e  t o  p e r f o r m  c r o s s - l i n k  a n a l y s e s  o n  2 m g  

o f  c o l l a g e n  a n d  o b t a i n  p e a k s  w h i c h  lie w i t h i n  t h i s  

l i n e a r  r a n g e .  T h i s  a s s u m e s  a n  a v e r a g e  c r o s s - l i n k  "~ 
2 . 0 0 e + 6  

c o n t e n t  o f  0 .4 t oo l  o f  c r o s s - l i n k  p e r  t oo l  o f  c o l l a -  

g e n ,  t h o u g h  t h e r e  a r e  o f  c o u r s e  t i s sue ,  a g e  a n d  

s p e c i e s  v a r i a t i o n s ;  2 0 - 3 0  m g  o f  d r y  t i s sue  is u su -  g 

al ly su f f i c i en t  t o  p r o v i d e  e n o u g h  m a t e r i a l  f o r  t r i p -  
1.00e+6 

l i ca te  a n a l y s e s .  

RESULTS AND DISCUSSION 

T h e  c o m p l e t e  s e p a r a t i o n  o f  all  t h e  k n o w n  

c r o s s - l i n k s  to  a l l o w  i n t e g r a t i o n  o f  t h e  i n d i v i d u a l  

TABLE IV 

L1NEARITY OF RESPONSE TO N I N H Y D R I N  

Each cross-link was analysed across a range of concentrations to 

determine the linearity of colour development with ninhydrin, 

Cross-link Linear range (nmol) 

HYL-PYR 0.5 3.8 
LYS-PY R" 0.04-0.15 
HHL 0.3 2.2 
HLKNL 0.3 3.0 
HLNL 0.6 4.7 
lsodesmosine 0. I 0.9 
Desmosine 0.1 1.1 

" A paucity of this cross-link prevented measurement across a 

wider range of concentration. 
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Eig. 1. Lincarity of  response to nmhydrin. (Top) collagen cross- 
links (UI = HLNL: • = HYL-PYR; • = HLKNL: O = 
HHL); (bottom) elastin cross-links (2J = isodesmosine: I~ = 
desmosine. 
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Fig. 2. Typical elution profile of cross-linking amino acids from collagen and elastin. For peak identilicatiom see Table I[. 

peaks has been achieved on a single ion-exchange 
column (LKB 440 amino acid analyser) using the 
modified gradient system described in Table I. 
The use of the CFl-cellulose columns, in addition 
to removing the standard amino acids and per- 
mitting higher loadings of the cross-links, also 
removed the hexosyl-lysines which elute in this 

area of the chromatogram, thereby allowing res- 
olution of HHL in older tissues where the hexo- 
syl-lysine are also high [1]. A typical elution pro- 
file using authentic cross-linking amino acids is 
shown in Fig. 2. The difficulty of overlapping 
peaks has been overcome, particularly that of 
HHL and desmosine. 
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1-DES 
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Az__  
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I-DES DES 

Old /x. 

e ~ . . d _  ul t  

DHLNL 
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HYL-PYR A 

' ' ~ L ' ' ;~ 25 30 3 45 50 MINUTES 

Fig. 3, Cross-link profiles o f  foetal, adult  and old bovine skin collagen. For  peak identif ication, see Table 1|. 
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Fig, 4, Change in cross-link content in bovine skin with age. For abbreviations, see Table lI. 
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We illustrate the ability of the system to resolve 
both the intermediate and mature cross-links by 
demonstrating the change in cross-link profile 

with age by comparison of foetal, adult and old 
bovine skin collagen. The early conversion of 
HLKNL in foetal skin to pyridinoline and the 
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0.5 

R 
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Y o u n g  

I I I I I I I 

25 30 35 40 45 50 55 MINUTES 

Fig. 5. Age-related changes in the cross-link profile of bovine cartilage, For abbreviations, see Table II. 
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subsequent rise of  deH-HLNL in the adult and 
its conversion to HHL during maturation is 
clearly demonstrated (Fig, 3). The rate of  this 
conversion is shown in Fig. 4. 

Despite the small amount of  elastin in bovine 
skin the desmosine and isodesmosine peaks are 
clearly resolved. The quantitation of  these des- 
mosine peaks can provide an estimate of the 
amount of  elastin present in the tissue, assuming 
a desmosine content of  2.7%. 

The pyridinoline peaks are the predominant 
cross-link components of  bone and cartilage. The 
change in cross-links with age in bone and carti- 
lage has previously been reported [7] using HPLC 
and fluorescent detection together with amino 
acid analysis, and we illustrate similar changes 
using our modified gradient on a single system 
(Fig. 5). 

The method described can be used on any ami- 
no acid analyser and avoids the need for addi- 
tional HPLC systems and alternative detection 
systems when determining the total cross-link 
content, i .e.  intermediate and mature cross-links 
of  normal and pathological tissues. 
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