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Abstract 

Reversed-phase chromatography with a Cq macroreticular sorbent was elaborated and optimized for the separation of 

collagen type I and III CNBr peptides. In its final stage the method allows separation of cq(I)CBe and az(I)CB3,5 peptides 
which are the only ones in which pentosidine fluorescence was detected. In both these fractions non-pentosidine fluorescence 
was observed as well; however, it exhibited a shorter emission maximum (425 nm) as compared to the emission maximum for 

advanced glycation products (excitation at 370 nm, emission 440 nm). Five fractions were accumulated and evaluated for the 
presence of fluorescent glycation products. Fraction 1 and 4 were completely devoid of any fluorophores. Fraction 2, however, 
exhibited a spectrum typical for advanced collagen glycation products (370/440 nm), though it did not contain any distinct 
pentosidine fluorescence peak. The only fractions which exhibited typical pentosidine fluorescence were fractions 3 and 5 (see 
Fig. 1 for fraction identification). Fluorescence of the peak of -60000 rel. mol. mass (fraction 5) was attributed to collagen 
type I fragment (az(I)CB3,J present in this fraction as no fluorescence was observed with the contaminating crl(III)CB9 
fragment. 0 1997 Elsevier Science B.V. 
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1. Introduction 

Considerable evidence has accumulated over 
the past years regarding non-enzymatic post- 
translational modification of proteins [l-3]. Though 
the mechanism of chemical reactions involved is 
far from being completely elucidated, it is generally 
accepted that at some stage (or some of the arising 
products) may act as cross-linking agents introducing 
protein (typically collagen) polymerization. However, 
it is also felt that the main proportion of the modifica- 
tion products are non-crosslink entities. Some (but 
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for not all) modifications result in fluorescent 
products. Of these pentosidine (etiem 335/385 nm) 
has been fully characterized [4]. It has been also 
proven, that most collagen preparations exhibit a 
370/440 nm fluorescence which probably stems from 
more than one chemical entity. On the other hand, 
Monnier et al. [3] speculate that the major cross-link is 
a non-fluorescent non-ultraviolet active cross-link 
between two lysine residues, which includes a frag- 
mentation product of glucose linked in a non-reduci- 
ble bond labile to both strong acids and base. An 
indication about fluorescent elements arising from the 
lipoperoxidation pathway was reported in the litera- 
ture [5]. 
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From the analytical point of view there are several 
points to be emphasized before undertaking any study 
on the biological role of fluorescent adducts no matter 
whether they originate by the glycation or lipoperox- 

idation pathway. At the very end of these post-transla- 
tional modification insoluble proteins arise; for 
assaying the fluorescent products the proteins must 

be brought into solution. Unfortunately, it has been 

proven that with the exception of pentosidine most of 
these adducts are unstable both under acid and alkaline 
hydrolysis; consequently some other solubilization 
technique has to be applied or the adducts have to 
be stabilized before protein hydrolysis. To our knowl- 
edge no positive results regarding adducts stabiliza- 
tion before hydrolysis have been reported so far. 
Secondly, studies on model compounds in vitro have 
demonstrated that the excitation/emission maxima of 
the arising adducts do not differ considerably, all 
compounds studied have the excitation maximum 

between the range 335 and 370 nm and the emission 
maximum between 385 and 440nm which makes 
multicomponent analysis by e.g. synchronous spectro- 
fluorometry difficult [6]. 

As we have shown in our previous reports [7-91 
based on the earlier investigation of Fietzek and Kuhn 
[lo], van der Rest et al. [11,12] and Miller et al. 
[ 13,141, a productive and reliable method of bringing 
tissue collagen (particularly types I, III and V) into 
solution is based on CNBr cleavage of this protein. 

The small number of methionine residues in the 
molecule results in a relatively limited number of 
cleavage products. Their distribution is unique for 
each type of collagen which provides a useful means 

for collagen type identification and structural analysis 
[7]. This strategy has been applied many times in the 
past for the identification of pathological collagens. 

The techniques used for separation of the arising 
mixture of collagen CNBr peptides were both electro- 
migration and chromatographic. Ion exchange chro- 

matography, reversed phase chromatography, gel 
electrophoresis and more recently also capillary elec- 
trophoresis have been used (for a brief survey of 
analytical strategies applied see [S]). While ion 
exchange separations yielded incomplete separations 
of complex CNBr mixtures and as a matter of facts 
were applicable to purified constituting a-chains of 
fibre forming collagens only, gel electrophoresis 
offered better resolution but at the expense of less 

reliable quantitation. At the present stage of knowl- 
edge there are only two strategies that can be success- 
fully used for the separation of complex CNBr 
mixtures. Either some type of reversed-phase chro- 
matography originally introduced by van der Rest 

et al. [ 1 l] or capillary electrophoresis in acidic buffers 
as described in our previous communications [7-91. 

The profiles obtained both by reversed phase HPLC 
and capillary electrophoresis were remarkably simi- 
lar; this has been explained by assuming a similar 
separation mechanism of both techniques in the par- 
ticular case of fibre forming collagens. These proteins 
display a high internal homogeneity; consequently the 

bigger the CNBr released fragment, the larger its 
hydrophobic domain will be. Assuming further the 
hydrophobic interaction either with the reversed- 
phase packing (in case of HPLC) or bare silica capil- 
lary wall (in case of capillary electrophoresis) the 
larger CNBr peptides released from fibre forming 

collagens will come later in front of the detector’s 
window. As a matter of fact most of the released CNBr 
peptides exhibit a linear relationship between reten- 
tion (migration) time and their molecular mass [8,9]. 

In this report we have applied the macroporous C4 
reversed phase packing for the separation of CNBr 
peptides of rat tail tendon collagen and attempted to 
evaluate the individual fractions for the content of 
fluorescent adducts, with the hope to reveal either 
fluorescence rich fragments (and possibly localizing 
them in the molecule) and/or to reveal cross-linked 
peptides in the mixture particularly if their rel. mol. 
mass will be higher than of the regularly occurring 

peptides of unmodified collagens. 
The reason for using C4 macroporous reticular 

sorbent for reversed-phase separation of CNBr 
released peptides was that from all the techniques 
used in our laboratory (Cis macroporous packing 
RPLC and capillary electrophoresis) this one had 
the highest selectivity. Application of the CZE tech- 
niques was precluded by the fact that none of our CZE 
devices was equipped with a fluorescence detector. 

2. Experimental 

2.1. Preparation of CNBr peptides 

CNBr peptide mixtures were prepared either from 
commercial collagen preparations or from tissue sam- 
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ples. Collagen type I CNBr peptides were obtained 
from collagen purchased from Sigma (St. Louis, MO, 
USA), type III collagen was prepared in the laboratory 
from rat tail tendons of Wistar male rats aged 12 and 
18 months following limited pepsin digestion and 
selective salt precipitation according to established 

procedures [15]. These samples were treated with 
CNBr without chain separation in 70% formic acid 

as described by Scott and Veis [16]. This procedure 
yielded a some proportion of uncleaved peptides 
which emerged closely to the joint peak of 

al(I)CBT and ai(I)CBs. In order to maximize the 
CNBr cleavage in some experiments the reaction time 
was increased up to 24 h, however, the cleavage was 
never complete (see [l 11). 

Peptide preparation from tissue slices followed 
generally the same procedure: the tissues were incu- 
bated in 0.2 M ammonium bicarbonate pH 7.0 con- 

taining 25% /3-mercaptoethanol to reduce oxidized 
methionyl residues and thereby to enhance CNBr 
cleavage [17]. The resulting peptide mixture was 
lyophilized. Lyophilized CNBr peptide preparations 
from tissue samples were redissolved in Mini-Q water, 
centrifuged and lyophilized again; before analysis 
they were preferably in 2% aqueous heptafluorobu- 
tyric acid. Using of formate buffer (20 n&I), 1% 
aqueous acetic acid or just Milli-Q water offered 
identical results in the chromatographic separations 
step. 

2.2. Chromatographic conditions for separation of 
pentosidine containing peptides 

HPLC was carried out with a Waters automated 
gradient controller (Millipore, Milford, MA, USA) 
with Waters Model 510 pumps. The steel column 
packed with macroporous C4 resin Supelcosil LC- 
304 (250 x 4.6 mm i.d., 5 pm, 300 A pores; Supelco, 
Bellefonte, PA, USA) with 2 cm guard column packed 
with the same material was mounted in the instrument. 
The sample (CNBr peptide mixture 30 mg) was dis- 
solved in 0.5 ml 2% heptafluorobutyric acid (HFBA) 
and 20 1.11 was injected into the column. Elution was 
done by a linear gradient HZ0 (A) 50% acetonitrile (B) 
(both containing 0.1% HFBA) from 30% B to 100% B 
at 60 min followed by 10 min isocratic washing 
with 100% B. The flow rate was 1.0 ml/min and 
the column temperature was held at 60°C. The eluate 

was monitored by absorbance at 210 nm using a 

Waters 490E detector. Peak areas were integrated 
using software Apex ~3.1 (DataApex, Prague, Czech 
Republic). 

2.3. Preparative chromatography of marker peptides 
and proof of their identity 

The liquid chromatography equipment used for the 
isolation of marker peptides was composed of two 

6000A pumps, a model 660 gradient programmer and 
model U6K injector, all from Waters (Millipore, MA, 
USA). Two types of columns were used: 

1. For the isolation of ai(I)CB2, ar(III)CB2 and 
ai(V)CBi peptides the initial peptide mixtures 
obtained by cleaving individual collagen types 

were chromatographed on a cation exchange 

column (Mono S HR 515, Pharmacia, Uppsala, 
Sweden) in 20 mM (Na+) sodium formate (pH 3.8 
starting buffer) at a flow-rate 1.0 ml/min (column 
35 x 1.5 cm i.d.). For this chromatographic 
procedure peptides were dissolved in starting 
buffer and 0.5 ml aliquots were injected. The 
column was run with the starting buffer for 10 min 
followed by a linear gradient 0.4 M NaCl in 
the starting buffer to create the salt gradient 
(total running time was 40 min). The effluent 
was monitored at 200 nm; the peaks of interest 
were collected in 10 ml vials. The whole 
procedure followed that described by Miller 
et al. [14]. 

2. Isolation of the a2(I)CB4 peptide was done by 
reversed-phase chromatography as described by 
van der Rest et al. [l l] and in our previous com- 
munication [7]. The column used was Vydac TP 
201 column (The Separations Group, Hesperia, 
CA) (250 x 4.6 mm i.d., 10 pm particle size, 
30 nm pore size). Detection was done at 200 nm 
and the fraction eluting at 4O~l2 min was col- 
lected. Elution was done with a linear gradient 
12.8-44.8 (v/v) acetonitrile in water; starting and 
limiting eluent were 10 mM with respect to hepta- 
fluorobutyric acid (HFBA). The flow-rate applied 
was 1.0 ml/min. This procedure was also used for 
the separation of other peptides after collagen type 
I collagen needed for peak identification in the 
capillary electrophoresis runs. 
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Table 1 

A survey of chromatographic procedures used for the separation of pentosidine containing peptides and peptides used as markers for the Cq 

macroreticular resin separation of the whole mixture 

Sample Purpose Column (chromatographic system) Mobile phase 

(1) Complex mixture of CNBr Separation of pentosidine C4 column Supelco LC-304 Elution with a linear water- 

peptides derived from containing peptides reversed-phase sorbent acetonitrile gradient 

collagen type I and III (250x4.6 mm i.d., 5 pm, (both containing 0.1% 

300 A pores) heptafluorobutyric acid) 

(2) Isolation of Preparation of marker peptides Cation exchange column, 20 mM sodium formate pH 3.8 

o,(I)CBzr q@I)CBs Mono S I-IR 50 Pharmacia (10 min) followed by a linear 

and q(V)CBi a peptides gradient to 0.4 M NaCl in the 

starting buffer 

(3) Isolation of oZ(I)CBq Preparation of marker peptide Vydac TP 201, 10 pm particle Linear gradient 12.8-44.8 v/v 

size, 300 A pore size acetonitrile in water, all buffers 

10 mM with respect to 

heptafluorobutyric acid 

(4) Isolation of c~s(I)cBs.~ Identcal with item 1, i.e. C4 column Supelco LC 304 reversed-phase sorbent (250x4.6 mm id., 5 pm, 

300 A pores). For separation oz(I)CB 3.5 peptide separation the peptide was accumulated from 10 

subsequent runs (Fraction 5 shown in Fig. 1). 

* The at(V)CBt was present and prepared from young tendons only. 

The overall strategy of separation of pentosidine 
containing peptides and peptides used as markers is 
shown in Table 1. 

2.4. Measurement of fluorescence spectra 

Fluorescence spectra were measured with LS 50B 
Luminescence Spectrometer (Perkin-Elmer, Bea- 
consfield, UK). On-line luminescence detection was 
precluded by the low sensitivity of our fluorescence 

detector. 

2.5. CNBr peptides extraction from polyacrylamide 

gel 

CNBr peptides were extracted from polyacrylamide 
gel using two Arnicon products (Amicon, a Grace 
Co., Beverly, MA, USA; Protein peptide recovery 
from polyacrylamide gel with Micropure TM inserts 

and MicroconTM microconcentrators. Ultrafiltration 

protocol, Pub. 311). By this way the a1(I)CB6 peptide 
was obtained and identified in the chromatographic 
profiles (data not shown). 

2.6. Pentosidine preparation 

The pentosidine was prepared by modified proce- 
dure of Dyer et al. [ 181. Briefly, an aqueous solution 

(1000 ml, 100 mM N*-acetylarginine, lysine and glu- 
cose in 200 mM phosphate buffer, pH 9.0) was heated 
at 65°C for one day. The solution was lyophilized and 
the product was extracted with 200 ml of methanol. 
Methanol was removed by rotary evaporation, the 
residue dissolved in 150 ml Hz0 (with 0.1% HFBA) 
and 1 ml aliquots were applied to a Sep-Pak C 18 
catridge (Waters), washed with Hz0 (with 0.1% 
HFBA), crude product was eluted by 15% acetonitrile 
(with 0.1% HFBA). Eluates were pooled and concen- 
trated to dryness and then dissolved in 1% trifluor- 
acetic acid (TFA). Pentosidine was in two subsequent 
separation steps purified by HPLC on Supelcosil LC- 
318 column (250 x 4.6 mm i.d., 5 mm, 300 A pores). 
In the first step separation was done in a system with 
0.1% TFA and in the second step TFA was replaced by 
0.1% HFBA. After de-acetylation by heating in 6 M 
HCl for 1 h at 1 10°C pentosidine was finally purified 
by the system with 0.1% HFBA. Identification of 
pentosidine was confirmed by measuring of its fluor- 
escence spectra. 

2.7. Glycation of collagen 

Glycation of collagen was performed at 100 mM 
phosphate buffer pH 7.4 at 37”C, collagen at concen- 
tration 0.5 mg/ml was glycated by glucose (1 mg/ml) 
for 10 days. 
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2.8. Chemicals 3. Results 

All chemicals used were either of the analytical 
grade or highest available purity. Formic acid (88%) 
was obtained from Lachema (Bmo, Czech Republic), 
collagen type I, pepsin (activity 1500-3 500 units per 
mg protein), 2-mercaptoethanol, CNBr, lysine, W- 
acetylarginine, glucose, guanidine hydrochloride and 
ammonium bicarbonate were products of Sigma. 
Sodium formate was purchased from Baker (Phillips- 
burg, NJ, USA). Phosphate buffer pH 2.5 was either 
purchased from Bio Rad or prepared from sodium 
monophosphate (Lachema) with pH adjusted by phos- 
phoric acid (Lachema). All solutions were prepared in 

Separation of CNBr peptides in the reversed phase 
mode on the macroreticular resin yielded slightly 
better resolution than the separation on the Cis sorbent 
as reported in our previous communication [7]. 
Besides CNBr peptides from collagen type I cq and 
(~2 chains we were able to identify several peptides 
which belonged to the type III collagen. Collagen 
preparations were obtained from animals aged 12 
and 18 months (tail tendons) as specified in Section 2. 
Typical runs are shown in Fig. 1. No pentosidine 
related fluorescence was observed in fraction 4 con- 
mining incompletely cleaved collagen fragments. On 

Milli-Q water (Millipore, Bedford, MA, USA). the other hand in all collagen preparations the propor- 
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Fig. 1. Reversed-phase profiles of CNBr peptides of 12 and 18 months old rats. Identification of peaks is shown in the Figure, bars indicate 

fractions collected for further fluorimetric assay as described in Section 2. (A) 12 months old animals, (B) 18 months old animals. 20 ~1 

sample (30 mg of the CNBr peptide mixture reconstituted in 0.5 ml of 2% aqueous heptafluorohutyric acid) was loaded on the column. 

tion of the incompletely cleaved CNBr fragments was small peaks decreased or even vanished in the latter 

similar, through no clearcut separation of these frag- collagen preparations. These peaks cannot be 

ments was possible under the conditions used. attributed to any of the known CNBr fragments 

Two features that should be emphasized when and seem to be impurities stemming from other 

evaluating the resulting collagen CNBr peptide pro- connective tissue proteins which survived the 

file: extraction procedure. 

Among the collagen samples analyzed we were It is worth noting that no substantial difference 

unable to detect a peptide exhibiting a molecular between the two groups of animals (and as a matter 

mass larger than 63 000 representing the joint peak of fact also no difference when compared to commer- 

of CQ(I)CB~,~ (rel. mol. mass 60800) and cial calf skin collagen type I preparation) was seen in 

a,(III)CBs (62 300). the proportion of peaks that correspond to incomple- 

When comparing collagen preparations obtained tely cleaved products. Hence, it can be concluded that 

from 12 and 18 months old animals a number of collagen preparations from old and adult animals (at 
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Fig. 2. Migration time vs. molecular mass plot of CNBr marker 

peptides; y=-20822.5+1522.3.x (R=0.978, P<O.OOOl). 

least as far as rat tendon and calf skin collagen is 
concerned) are equally accessible to CNBr solubiliza- 
tion from the tissue. A more detailed study on changes 

in CNBr profiles and fluorescent moieties with age and 
different physiological conditions will be published 
elsewhere. 

When plotting rel. mol. mass vs. retention time the 
dependence shown in Fig. 2 was observed. This indi- 
cates that the mechanism determining separation on 
the C4 resin is the same as that with Cis resin and 
capillary electrophoresis in bare capillaries as reported 
earlier [9]. 

Regarding the luminescent elements in collagen it 
was proven that a particular collagen preparation no 
matter whether solubilized by pepsin, collagenase or 
CNBr treatment exhibits the same proportion of pro- 
ducts with the 335/380-395 nm and 370/420-440 nm 

luminescence parameters corresponding to pentosi- 
dine (335/380-395 nm) and advanced glycation pro- 
ducts (370/420-440 nm). Typical luminescence 
spectra for CNBr solubilized collagen obtained from 
rat tail tendons of 12 months old animals are shown in 
Fig. 3. Identity of the pentosidine peak in these spectra 
was ascertained by spiking with pentosidine standard. 
The other peak was ascribed to non-pentosidine gly- 
cation related luminescence. This conclusion is based 
on the results shown in Fig. 4. A clear increase of 
luminescence between 400 and 420 nm (aside to an 
increase of the pentosidine peak) can be observed 
which is in the literature ascribed to non-pentosidine 
glycation products [l-3]. 

Direct evaluation of individual peaks by HPLC on- 

line fluorescence measurement was precluded by the 
fact that at the expected fluorescence parameters no 

adequate response of the detector was obtained and the 
system was clearly below its detection limit. 

Overloading of the column was possible but only at 
the expense of an intolerable loss of selectivity. There- 

fore, we have decided to ascertain the presence or 
absence of luminescent elements in individual frac- 
tions off-line after having collected a number of 
fractions. The fraction collection scheme is shown 

in Fig. l(A). It turned out that fractions No 1 and 4 
were completely devoid of any fluorescence attribu- 
table either to pentosidine or to other glycation pro- 

ducts (data not shown). Fraction 4 possessed a broad 
emission peak both at 335 and 370 luminescence 
excitation wavelengths (Fig. 5). It clearly showed 

the absence of a distinct pentosidine peak; however, 
other luminescent entities were apparently present. In 
fraction 3 (corresponding to the ai(I)CB6 peptide) 
distinct luminescence maxima were seen both at 335 
and 375 luminescence excitation (Fig. 6). Fraction 5 
revealed a spectrum typical for pentosidine (see 
Fig. 7) and some luminescence at 370 nm excitation 
indicating the presence of both pentosidine and other 
glycation products as well. This fraction contained 

peptides o2(I)CBs,s (rel. mol. mass 60800) and 
cuI(III)CB9 (rel. mol. mass 62 300). 

However, further purification of this peak by ion 
exchange chromatography revealed that all the lumi- 
nophores present in peptide were stemming from 
collagen type I only. 

4. Discussion 

A plethora of candidate products that possibly could 
cause collagen fluorescence has been described in the 
literature (for a brief survey see Table 2). Of these, 
however, only pentosidine and advanced glycation end 
products have been shown to be present in collagen 
structures while the evidence for the presence of the 
others is only indirect. To obtain a direct proof would 
require a smart combination of physiological animal 
models with adequate separation technologies. In the 
present communication we have focused on finding 
two of the luminescent elements, namely pentosidine 
and non-pentosidine glycation products in the 
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Fig. 3. ‘Ijpical luminescence emission spectrom of CNFIr solubilized collagen from 12 months old rat tendons. Upper curve excitation for 

pentosidine at 335 nm; lower curve excitation for non-pentosidine glycation products (other than pentosidine) at 370 nm. Crude mixture, 

without separation. 

collagen structures of rat tail tendons. It was demon- crated formic acid (70%). It has been demonstrated by 
strated that CNBr solubilization of the collagenous Tanaka et al. [27] already in 1988 that the recovery of 
component is an adequate procedure not affecting the collagen from rat tail tendon by CNBr cleavage is 
luminescence parameters and their intensity. This is an nearly 100% (99.6f2.3% as determinated by standard 
important point because it has to be remembered that hydroxyproline assay with the collagen sample 
the CNBr cleavage is carried out in highly concen- obtained from rats aged 12 months). In the same paper 
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Fig. 4. Typical luminescence emission spectrum of CNBr solubilized in vitro glycated collagen (for details see Section 2). Upper curve 

excitation at 335 nm for pentosidine, lower curve excitation at 370 nm for glycation products other than pentosidine. Note about two-fold 

increase in luminescence intensity when compared with spectra shown in Fig. 3. Crude mixture, without separation. 

by Tanaka et al. [27] it has been documented that in more quantitative data as their results were based on 
vitro incubation of rat tail tendons with ribose results the evaluation of polyacrylamide gel separation of 
in binding of this aldehydic sugar to all major CNBr CNBr peptides labeled with Cl4 ribose. It was also 
peptides of collagen with some preference to shown that glucose is capable of similar reactions, 
02(I)CBs,s and the triple helical region of a1(I)CB6. however, at a much lesser rate and to a much lower 
The authors of this paper were precluded to express extent. 
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Fig. 5. Luminescence profile of fraction No 2 (for fraction identification see Fig. 1, fraction emerging around 20 min) containing oi(I)CBd, 

a,(III)CBs, q(III)CBs, at(I)CBs and oi(III)CB4 peptides. Upper curve excitation at 335 nm, lower curve excitation at 370 nm. Note the shift 

of the emission spectrum excited at 370 nm towards the red region of the spectrum. The 370/440 nm maximum has been repeatedly reported as 

typical for advanced glycosylation products [22,23]. 

One has to keep in mind that the in vitro interactions 
between aldehydic sugars and collagen polypetide 
chains are run under much harsher conditions com- 
pared to the in vivo conditions. However, in vivo there 
is much more time available for the glycation reaction 

to proceed. It is therefore not surprising that the in vivo 
glycation does not affect all the CNBr peptides 
equally; those which seemed most prone to the glyca- 
tion reaction (a1(I)CB6, oa(I)CBs,s), indeed, seem to 
undergo the glycation reaction in vivo. In the ai(I)CBh 
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Fig. 6. Typical luminescence profile of fraction No 3 containing at(I)CBs peptide only (for fraction identification see Fig. 1, this fraction 

emerges around 25 min retention time from the macroreticular C4 resin). A distinct peak of pentosidine is seen at the excitation wavelength 

335 nm (upper curve) while at 370 nm the presence of other glycation products can be visualized (lower curve). 

and a2(I)CB3,s peptides both types of glycation pro- 
ducts, i.e. pentosidine and non-pentosidine glycation 
products were found, there were no fluorophores 
present in peptides constituting fractions 1 and 4, 
i.e. in peptides a2(I)CB2, al(I)CB2, cq(I)CB5, 

oi(I)CB7, al(I)CBs and the incomplete cleavage pro- 
ducts eluting in fraction 4 (numbering of fractions 
refers to Fig. 1). 

In the paper of Tanaka et al. [27] it is further shown 
that by glycation in vitro pi i, plz and pz2 components 
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Fig. 7. Typical luminescence profile of fraction No 5 containing the CX,(I)CB~,~ peptide (for fraction identification see Fig. 1, this fraction 

emerges between 354 min retention time from the macroreticular C, resin). Upper curve - excitation for the presence of pentosidine 

(335 nm), lower curve - excitation for non-pentosidine glycation products (370 nm). 

of collagen type I are formed. On the other hand we shown). Because, pentosidine which is typically a 

were unable to prove systematic occurrence of CNBr cross-linking aminoacid should involve two polypep- 

peptides with a higher molecular mass than about tide chains, our results strongly suggest that in vivo 

60000 (we have seen it in two cases only, data not glycation occurs preferably at two places in the mole- 
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Table 2 
Luminescence parameters of different products arising by post-translational modifications of amino groups 

Products 

Products arising from interaction with reducing sugars 

Pentosidine 
Glycation related products 
Advanced glycation end products 
Pluorophore LM- 1 
3-Deoxyglucosone (glucose)/butylamine adduct PL-C 

Excitation (nm) 

335 (328) 
335 (328) 
370 
360 
370 

Emission (nm) 

385 (378) 
385 (378) 
440 
460 
455 

Reference 

Ll9.201 
t21,201 
L22.231 
[241 
[25 I 

Lipid peroxidation related products 

Malondialdehydekollagen adduct 
Hydroxynonenalkollagen adduct 
4,5(@-epoxy-2(E)-decenabbutylamine adduct 
4,5(@-epoxy-2(E)-decenal/lysine adduct 
4,5(E)-epoxy-2(E)-heptenaUbmylamine adduct 
4,5(E)-epoxy-2(E)-heptenal/lysine adduct 
13-hydroperoxy-9(2),1 l(E)-octadecadienoic acid/butylamine adduct 
13-hydroperoxy-9(Z),ll(Q-octadecadienoic acid/lysine adduct 

390 460 [51 
356 460 [51 
350 4304to WI 
350 -395 [261 
360 -450 WI 
350 43@-450 1261 
350 440 t261 
350 -450 [261 

cule, involving the (r1(I)CB6 and probably (Y~(I)CB~,~ 
peptide. For sure the fluorescent compounds seem to 
have nothing in common with the CNBr resistant 

portion of the collagen molecule. On the other hand, 
however, the well documented polymerization of the 
parent collagen a-chains is likely to proceed through 
one big peptide (like those specified above) with 
another small peptide attached. In a preliminary quan- 
titation (by peak area) of the CNBr peptides released, 

it was indeed observed that in preparations obtained 
from 18 months old animals the peptide a2(I)CB2 (rel. 
mol. mass 2700) vanished nearly completely and at 
least one other (01(I)CB4, rel. mol. mass 4400) was 
considerably decreased. On the other hand the area 
percentage of a1(I)CB6 (rel. mol. mass 17400) 

increased from 13.92% to 17.09% between the pre- 
parations obtained from 12 and 18 months old ani- 
mals. Similarly the peak of c~(I)cBs,~ showed a 
2.71% increase. Further investigation is, however, 
needed to obtain a complete picture of collagen 
cross-linking through glycation products under differ- 
ent physiological conditions and with advancing age. 

Reiser et al. [28] investigated preferential sites of 
glycation in ai(I)CBs and 02CB3_5 peptides. In case 
of the ai(I)CBs peptide Lys-434 was prefered (from 
the five lysine residues present) and in the case of 
c&Bs_s peptide three residues (namely Lys-453, Lys- 
479 and Lys-924) from a total of 18 lysine residues and 
one hydroxylysine residue contained more than 80% 

of the glucose adducts in the peptide. These prefer- 
ential glycation sites were highly conserved with 

aging. In our results some fluorophores were obser- 
vable in fraction 2 containing the al(I)CB4, 

(.ri(III)CB2, a1(III)CB6, ai(I)CBs and 01(III)CB4 pep- 
tides. On the contrary to the non-pentosidine fluores- 
cence present in peptides ai(I)CB6 and oi(I)CBs,s the 
fluorescence exhibited 420 nm emission when excited 
at 375 nm which is slightly shorter than the parameters 
of fluorescence of advanced glycation products (375/ 
440 nm) . 

From the analytical point of view we present here a 
simple procedure that allows to assign pentosidine and 
non-pentosidine glycation products to particular 
regions of collagen a-chains. 

5. Conclusion 

In this paper we present a reversed phase chromato- 
graphic procedure, that exploits the properties of a C4 
modified macroreticular sorbent for the separation of 

CNBr peptides released from tissue collagen. Indivi- 
dual peptides were tentatively identified by co-chro- 
matography of the respective isolates the nature of 
which was further confirmed by routine polyacryla- 
mide gel electrophoresis. Because, on-line detection 
of the fluorescent elements was beyond the possibi- 
lities of the fluorescence detector used (and to our best 
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knowledge no on-line fluorescence detector allowing 
the detection and scanning of the minute amounts of 
fluorescent entities in collagen is currently available 

on the market), we have applied an off-line approach; 
we succeeded in optimizing the separation conditions 
in such a way that we were able to accumulate two 

peptides, cul(I)CBs and 02(I)CB3,s which contained 
both the pentosidine and non-pentosidine fluores- 
cence. However, the non-pentosidine fluorescence 
exhibited a maximum at 420 nm which is less than 
the usually reported 340 nm. On the other hand a 

complex peak (fraction No 2 in our procedure) exhib- 
ited the presence of a fluorophore the parameters of 
which are in full agreement with the so called 

advanced glycation end products (3751440 nm). It 
was confirmed that in reversed phase separations, 
the elution of individual CNBr peptides occurs in a 
sequence following the increasing hydrophobicity of 

the solutes and, owing to the large internal homogenity 
of collagen constitution o-chains, also following the 
increasing molecular mass of these peptides. No pep- 
tides larger than 63000 rel. mol. mass units were 
observed in our preparations indicating that the pen- 
tosidine crosslinking reaction binds always a large and 

a small CNBr peptide of the constituting collagen 
a-chains. 
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