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Abstract

The depository effects that occur in slowly metabolized proteins (typically glycation) are very difficult to assess, owing to their extremely
low concentration in the protein matrix. Collagen accumulates reactive metabolites through reactions that are not regulated by enzymes. A
typical example of these non-enzymatic changes is glycation (the Maillard reaction, the formation of advanced glycation end products), resulting
from the reaction of the oxo-group of sugars with the e-amino group of lysine and arginine. Collagen samples (type I) as a test protein were
incubated separately with glucose, ribose and malondialdehyde. Collagen was fragmented with cyanogen bromide and then digested with trypsin.
This peptide digest was separated by CE, CE-MS/MS, and HPLC-MS/MS. An ion trap MS was used and MS conditions were optimized
for both methods. These on-line CE-MS/MS and HPLC-MS/MS couplings made it possible to discover specific modifications such as (N°-
(carboxymethyl)-lysine) in the precise location in the structure of collagen corresponding to posttranslational non-enzymatic modifications. A new
CE-MS/MS technique for peptide analysis was developed, and applied in the identification of posttranslational modifications in slowly metabolized

test proteins.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The depository effects of long-lived proteins (typically
collagen) are very difficult to assess. They accumulate reac-
tive metabolites through reactions that are not regulated
by enzymes. A typical example of these non-enzymatic
changes is glycation (the formation of advanced glycation
end products—AGE or Maillard products) resulting from
the reaction of the oxo-group of sugars with the free amino
group of the protein (amino group of lysine or arginine).
The initial labile Schiff base and Amadori products undergo
a series of rearrangement, dehydration, and fragmentation
reactions to produce more complex and irreversibly covalently
cross-linked structures [1,2]. Some examples of AGEs found in
glycated proteins include imidazolone A (Am/z: +144.04) and
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B (Am/z: +142.03), N®-(carboxymethyl)-lysine (CML, Am/z:
+58.01), N®-(carboxymethylhydroxy)-lysine (CMhL, Am/z:
+74.00), N®-(carboxyethyl)-lysine (CEL, Am/z: +72.02), pyrra-
line (Am/z: +108.02), 1-alkyl-2-formyl-3,4-glycosyl-pyrrole
(AFGP, Amlz: +270.07), N°-(5-hydroxy-4,6-dimethylpyri-
midine-2-yl)-L-ornithine  (argpyrimidin, Am/z: +80.03),
NB—(4—ox0—5—dihydroimidazol—2—yl)—L—orr1ithine or 1-(4-amino-
4-carboxybutyl)-2-imino-5-oxo-imidazolidine (aNFC-1, Am/z:
+39.99), and N®-(5-methyl-4-oxo-5-hydroimidazol-2-yl)-L-
ornithine or N°-(4-methyl-5-oxo0-4-hydroimidazol-2-yl)-L-
ornithine or 2-iminoimidazolidinone (BNFC-1, Am/z: +54.01).
The most widely known cross-linked structure is pentosidine
(an imidazo[4,5-b]pyridinium molecule comprised of ribose, a
lysine and an arginine residue with Am/z: +58.03), however,
since its discovery in 1989, a few other structures were
proposed and identified, including crossline (Am/z: +252.11)
and glucosepane (Am/z: +76.03) [3-7].

We have to stress that there are two mechanisms of posttrans-
lational modification of proteins—those that are enzymatically
and non-enzymatically derived. The enzyme-derived cross-
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Fig. 1. Sequence of the bovine collagen (P02453 [49], alpha 1, type I) before glycation. The matched peptides are in bold. Propeptides are highlighted by small font.

linking in which the N- and C-terminal lysines are oxidatively
deaminated by lysyl oxidase to form lysyl aldehyde is now well
established [8]. The non-enzymatic modification by sugars is
known as glycation and plays a central role in the pathogene-
sis of ageing [9]. The glycation of proteins, including collagen,
is initiated by the reversible Schiff base condensation of the
oxo-group of the sugar (e.g. glucose) with amino groups, such
as lysine side-chains, followed by a largely irreversible rear-
rangement that yields ketoamine Amadori products [10]. There
are a number of situations in which the proteins present in tis-
sues undergo minor non-enzymatic modifications, which are
extremely difficult to assess.

Glycation products lead to tissue damage through a series
of mechanisms, of which the above mentioned crosslink forma-
tion, intracellular accumulation, and interactions with specific
receptors are the most important. AGEs can affect the interac-
tion of proteins with cells, e.g. by altering the charge profile
of the protein molecule and, more importantly, can modify the
physiochemical properties of the protein by the formation of
intermolecular cross-links. With fibrous collagen, this additional
cross-linking has the effect of rendering the protein less soluble,
more resistant to enzyme digestion and less flexible.

The term collagen applies to a broad group of proteins. They
are a family of extracellular matrix proteins that play a dominant
role in maintaining the structure of various tissues and also have
many other important functions (for example, adhesion, tissue
remodelling) [11,12].

Collagens possess some typical features: they consist of
three polypeptide chains (called « chains) and contain at least
one domain composed of a repeating tripeptide sequence:

-Gly—X-Y-. The protein chains are coiled together into a left-
handed helix and are then wound around a common axis to form
atriple helix. The typical presence of glycine at every third posi-
tion is essential for this packing to a coiled—coil structure and
is one of the ways to determine the presence of collagen in a
tissue sample. Triple helical molecule of collagen is matured
after the cleavage of propeptides (« chain consists of only 1054
aminoacids (Fig. 1)) [13]. At present, there are at least 28 known
collagen types in vertebrates, containing a total of 42 distinct o
chains [14].

Collagen, which is a typical long-life protein, loses flexibility
and enzymatic digestivity in parallel with aging [15]. Similar
changes in collagen are known to occur in diabetic patients [16].

Collagen is the main structural protein in the body and
therefore posttranslational modifications have marked affects
on vital tissue and organ function. These peptide changes are
associated with inter- and intra-molecular cross-linking and
side-chain modifications. Cross-linking involves two different
mechanisms, a precise enzymatic process during development
and maturation, and a subsequent non-enzymatic adventitious
reaction with reactive compounds (e.g. sugars) during ageing.
The chemical modifications and damage to proteins and other
biomolecules are thought to be produced during the later stages
of life of the parent organism. Acceleration of these reactions
as a result of hyperglycemia in diabetes and the consequent
increase in the structural and functional modification of long-
lived proteins are implicated in the pathogenesis of the chronic
complications of diabetes [17].

In order to identify such alterations, a deep enzymatic frag-
mentation resulting in a set of small peptides is often used.
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The changes in these peptides caused by modifications can
be observed in their chromatographic and electrophoretic pro-
file (peptide mapping). In protein chemistry, peptide mapping,
using both chromatographic and electromigratory methods, is a
widely-used approach [18].

For the bioanalysis of peptides and proteins in biological
samples, one-dimensional separation methods often do not have
sufficient selectivity. In these cases, multidimensional methods
may offer a higher selectivity [19-25]. LC/CE coupling instead
of an LC/LC combination is generally more orthogonal. Also,
the high separation speed of CE is advantageous, especially
in the development of compatible multidimensional systems.
However, especially when trace level concentrations have to be
determined, the analyte concentration is often insufficient to be
detected. The on-line coupling of LC and CE is complicated by
two additional problems: the large difference between the peak
volume of LC and the injection volume of CE and the way the
electrode is used at the coupling end of the capillary when the
voltage is applied [26-33].

Mass spectrometry (MS), especially when combined with
HPLC or CE, is by far the most powerful technique when
the determination of both identity and site of modification is
required and it has been successfully employed in investigating
non-enzymatic protein glycation, a process relevant to diabetic
disease. Several ionization techniques such as FAB-MS [34],
ESI-MS [4,5,34,35] and MALDI-MS [3,6] have been used to
identify or quantify the AGEs in protein digests. In addition to
that, MS and MS” experiments in combination with proteomics
software or PERL script search algorithms allow the determina-
tion of the modification sites [6,35,36], while high resolution MS
can provide information about the structure and can therefore be
helpful in identifying new AGEs [37].

The technique most frequently used in proteomics is the
off-line combination of two-dimension gel electrophoresis and
mass spectrometry. As for on-line coupling, the most common
technique is an HPLC-MS approach [38]. The separation of
peptides by capillary electrophoresis (CE) is more effective
than HPLC [39]. There are currently many methods of pep-
tide/protein analysis using this technique, but the most promising
approach in proteomic research is CE-MS coupling [40]. The
first reported CE-ESI-MS interface did not incorporate a
supplemental fluid [41,42] but at present the most widely used
interfaces designed for CE-ESI-MS are based on the sheath-
flow interface [43]. The main disadvantage of this approach is
the high dilution of the peptide/protein mixture by the sheath
liquid, and for this reason the sensitivity of this technique is
lower.

This work is the continuation of our previous research of
collagen in which we used offline combination of HPLC and
CE [44]. In this study, peptides were generated using combined
CNBr and trypsin digestion of collagen. The peptides were sub-
sequently analyzed using CE-MS/MS and HPLC-MS/MS in
an approach to identify posttranslational modifications of colla-
gen by sugars. While previously published methods for collagen
analyses by CE used unvolatile buffers (typically phosphate
buffer), in this paper we present method involving volatile back-
ground electrolyte suitable for CE/MS analyses.

2. Material and methods
2.1. Chemicals

All chemicals used were either of analytical grade or the high-
est available purity. Phosphate (NaH,PO4) was obtained from
Lachema (Brno, Czech Republic), acetic acid from Lach-Ner
(Neratovice, Czech Republic), 2-mercaptoethanol from Merck
(Darmstadt, Germany), collagen type I (bovine Achilles ten-
don), cyanogen bromide, glucose, ribose, malondialdehyde and
sodium 1-heptane-sulfonate were obtained from Sigma (St.
Louis, MO, USA), trifluoroacetic acid and acetonitrile (HPLC
gradient grade) were purchased from Merck (Darmstadt, Ger-
many). All other chemicals were obtained from Sigma (St.
Louis, MO, USA). All solutions were prepared in MilliQ Water
(Millipore, Bedford, MA, USA).

2.2. Instruments

The HPLC apparatus used was an HP 1100 LC system (Agi-
lent, Palo Alto, CA, USA) consisting of a degasser, a binary
pump, an autosampler, a thermostated column compartment, and
a diode array detector. The instrument was controlled, and the
data collected and manipulated by the program ChemStation
B.01.03. It was coupled to an ion-trap mass spectrometer (Agi-
lent LC-MSD Trap XCT-Ultra); for details on the instrument
conditions, see conditions for HPLC-MS.

Capillary zone electrophoresis (CZE) was performed on
a P/ACE 5000 instrument (Beckman Instruments, Fullerton,
CA, USA) with UV detection set to 214 nm. The instrument
was controlled, and the data collected and manipulated by
the Beckman P/ACE Station program version 1.21. A fused-
silica capillary of 100cm total length, 75 um L.D. was used
for all experiments. The instrument was coupled to the ion-
trap mass spectrometer (Agilent LC-MSD Trap XCT-Ultra)
using a grounded needle carrying a flow of sheath liquid;
for details about the instrument conditions, see conditions for
CE-MS.

Analysis of MS/MS data (peptide/protein identification) was
carried out using the software SpectrumMill (v.3.02, Agilent).
The searches were performed in the full protein databases
SwissProt and NCBInr and then on the data extracted from
these databases.

2.3. Sample preparation

2.3.1. Preparation of posttranslationally modified collagen

Collagen was suspended in a pH 7.4 0.2 M phosphate buffer
at a concentration of 10 mg/5 ml and incubated at 37 °C for 7
days with one of the following oxo-compounds: 180 mg/10 ml
glucose, 150 mg/10 ml ribose or 164 1/10 ml malondialdehyde.
A control group of collagen samples was incubated under the
same conditions in only the buffer.

2.3.2. Protein used
Commercially available collagen type I was used. Each group
contained at least five samples.
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1. Control collagen (group Cc) samples of collagen incubated
for 7 days at 37 °C.

2. Glucose collagen (Gc)—samples of collagen incubated with
glucose for 7 days at 37 °C.

3. Ribose collagen (Rc)—samples of collagen incubated with
ribose for 7 days at 37 °C.

4. Malondialdehyde collagen (Mc)—samples of collagen incu-
bated with malondialdehyde for 7 days at 37 °C.

After incubation, all collagen samples were centrifuged
(10,000 x g) and subsequently washed-off with water to remove
the remaining modificators and buffer.

2.3.3. Collagen digest

To obtain peptide maps, the incubated collagen was reduced
with mercaptoethanol then collagen was digested with CNBr and
subsequently with trypsin (collagen/trypsin ratio, 50:1, w/w).
The samples were incubated at 37 °C for 48 h in a trypsin buffer
(200 mmol/L. NH4HCO3, pH 7.8). Blank samples were pre-
pared by incubating the enzyme solution alone under identical
conditions. After the incubation was complete, the vials were
centrifuged for 5 min at 2000 x g and the supernatants removed
to other vials and stored at —18 °C.

2.4. Separation conditions

2.4.1. Conditions for HPLC-MS

Chromatographic separation was carried out on a Jupiter Pro-
teo 90 A, 250 mm x 2 mm (Phenomenex, Torrance, CA, USA).

Separation was achieved by a linear gradient between mobile
phase A (water—trifluoroacetic acid, 100:0.03, v/v) and B
(acetonitrile—trifluoroacetic acid, 100:0.025, v/v). Separation
was initiated by running the system isocratically for 2 min with
2% mobile phase B, followed by a gradient elution to 35% B at
40 min. Finally the column was eluted with 100% B for 10 min.
Equilibration before the next run was achieved by washing with
2% of mobile phase B for 10 min. The flow-rate was 0.25 ml/min,
the column temperature was held at 25 °C and UV absorbance
detection was done at 214 nm.

Atmospheric pressure ionization—electrospray ionization
(API-ESI) positive mode ion-trap mass spectrometry was used.
Operating conditions: drying gas (N;), 101/min; drying gas
temperature, 350 °C; nebulizator pressure, 25 psi; ions were
observed over the mass range m/z 100-2200 (MS—standard
mode, MS/MS—enhanced mode). Analysis was done in auto
MS/MS mode (10 precursor ions, excluded after 2 spectra for
0.5 min). The Spectrum-Mill autovalidation of spectra was per-
formed using default settings, but all spectra were then evaluated
manually.

2.4.2. Capillary electrophoresis

Separations were run at 10kV in a bare fused silica cap-
illary (57cm, 50cm to the detector, 75 um I.D.) at 20°C.
UV absorbance at 214 nm was used for detection. A pH 2.5,
100 mmol/l phosphate buffer was used as the background elec-
trolyte with sodium 1-heptane-sulfonate as the ion-pairing agent
(100 mmol/1).

Injection was done hydrodynamically by overpressure
(3.45kPa, 10 s). Before analysis, the capillary was conditioned
with the run buffer (4 min). The capillary was flushed step-
wise with the run buffer (1 min), water (1 min), 1 mol/l NaOH
(3 min), water (1 min), 3 mol/l HCI (1 min) and water (1 min)
every day.

2.4.3. Conditions for capillary electrophoresis-MS

Separations were run at 15kV in a bare fused silica capillary
(100 cm, 75 pm 1.D.) at 20 °C. The samples were injected hydro-
dynamically (505, 3.45 kPa). UV absorbance at 214 nm was used
for detection. 3.3 M acetic acid was used as the background elec-
trolyte for all separations. The instrument was coupled to the
ion-trap mass spectrometer using a grounded needle carrying a
flow of sheath liquid (5 mM ammonium acetate/isopropanol 1:1
at a flow-rate of 3 pl/min).

Before running the sample, the capillary was washed with
1 mol/l NaOH, followed by a 20 min wash with water and 20 min
wash with 1 mol/l HCL. Then it was washed with water again for
20 min and finally with the running buffer (20 min). Between
runs, the capillary was merely rinsed with the running buffer
(5 min).

The conditions used with the MS instrument were the same
as with HPLC-MS, except for those at the interface: drying
gas (N2): 81/min; drying gas temperature: 150 °C; nebulizator
pressure: 5 psi; capillary voltage: 3500 V; ions were observed
over the mass range m/z 100-1500; analysis was done in auto
MS/MS mode (10 precursor ions, excluded after 2 spectra for
0.5 min).

2.4.4. t-Test evaluation of the electropherograms

The collagen incubated with ribose, malondialdehyde
(MDA), and glucose was compared with the control collagen.
Capillary electrophoresis peptide profiles of collagen obtained
after CNBr/trypsin cleavage were compared: 46 peptide peaks
of the profile were quantified using the valley-to-valley inte-
gration method, and the total peak area was calculated (UV
detection at A =214 nm). The total peak area was used as 100%.
The area percentage was calculated for each peak, and the peak
area difference (if any) was calculated using a conventional
t-test (significant change (P <0.05) compared to the controls)
[45].

3. Results
3.1. CE-UV

Fig. 2 demonstrates the total UV (214 nm) electrophoretic
profile of the collagenous peptides obtained by CNBr cleavage
and subsequent trypsin digest of all collagen groups. Significant
differences in the profiles revealed by valley-to-valley integra-
tion relative to the controls are indicated with arrows. Because
it is assumed that not many (if any at all) of the separated peaks
represent a pure peptide, the results can only be considered
as qualitative differences (the differences were evaluated by a
simple r-test of the compared peak areas). Both increased and
decreased peaks (indicated with arrows) were observed. All
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Fig. 2. Capillary electrophoresis peptide profiles arising after CNBr/trypsin
cleavage. Collagen incubated with ribose (Ribose), malondialdehyde (MDA),
and glucose (Glucose) was compared with control collagen (Controls). Increased
and decreased peaks are indicated with arrows (UV detection at A =214 nm).

profiles were normalized with the respect to the dominant peaks,
which were used as internal standards to negate migration time
differences between individual runs. The peptide map of the
preparation obtained from collagen treated with ribose differed
most from the control preparation (9 changes), MDA samples
showing the second most differences (3 changes) and treatment
with glucose showing the least, with no significant difference.
Ribose was confirmed as the most reactive agent in comparison
with other two compounds.

3.2. MS/MS analyses

LC-MS/MS and CE-MS/MS analyses were performed in
order to identify the changes caused by glycation. The identi-
fication of AGEs that were thought to be present in glycated
collagen was carried out using Spectrum Mill software.

Not only we were able to determine the type of modification,
but we also were able to determine the precise site of modifica-
tion, i.e. a particular amino acid in the sequence where glycation
takes place.

Table 1
Peptides found by HPLC-MS/MS in non-glycated (top) and glycated (bottom)

As the purpose of this work was primarily to identify the type
and position of posttranslational modifications, no quantitative
analyses have been performed.

3.2.1. HPLC-MS/MS

We can divide the HPLC-MS analyses of artificially gly-
cated collagens into two groups: (i) glycation by sugars and (ii)
glycation by lipid-peroxidation product (malondialdehyde).

3.2.1.1. Ribose and glucose-modified samples. Samples gly-
cated by glucose showed similar results to those glycated by
ribose. The main type of modification was CML. Although a few
other possible modifications were found, such as imidazolone
A, they were either not present in all the glycated samples or,
in the case of lysine at position 1095 (K1095) modification by
CEL, they were found in a non-glycated collagen.

‘We were able to find two marker ions in both samples glycated
by ribose or glucose—with m/z of 857.4 and 517.3, belonging
to two peptides with CML-modified lysines at positions 504 and
1032, respectively (Table 1).

The original non-glycated peptide sequences from which
these two marker ions originate were GFPGADGVAGPK where
P is a hydroxylated proline P495 and DGSPGAK with hydrox-
ylated proline P1029 (Table 1). In non-glycated collagen, the
sample is digested by trypsin at K504 and K1032. However,
when modified by CML, these peptides could not be digested
at their modified lysines and therefore the digestion occurred at
the next arginine in the sequence. The additional sites of CML
modification in the samples glycated by ribose were K750, K861
and K519.

The MS/MS spectrum of a non-glycated peptide and that
of glycated peptide are compared for K504 modification in
Figs. 3 and 4a, respectively, their assignment can be found in
Tables 2 and 3.

The peptide maps for glycated and non-glycated collagen
are in good accordance with respect to the cleavage sites in non-
modified peptides and high sequence coverage. For example, for
aribose-modified sample, the matched peptides covered 77% of
the maturated protein (after the propeptides’ split-off) with 29
lysines out of 38 identified (Fig. 5). The same sequence coverage
was obtained for control sample (Fig. 1).

collagen (P: hydroxylated proline, K: CML-lysine)

Site of modification Peptide RT (min) m/z Measured
Glycation with ribose and glucose common to both sugars
P: 495 GFPGADGVAGPK 24.7 544.8
P: 495; K: 504 GFPGADGVAGPKGPAGER 249 857.4
P: 1029 DGSPGAK 32 647.3
P: 1029; K: 1032 DGSPGAKGDR 6.1 517.3
Glycation with ribose unique to ribose
P: 756 GADGAPGK 5.5 688.3
P: 756; K: 750 GDAGPKGADGAPGK 14.3 636.8
P: 840, 851, 858, 860 GDAGPPGPAGPAGPPGPIGNVGAPGPK 259 775.4
P: 858, 860; K: 861 VGAPGPKGAR 15.5 500.2
P: 513 GAPGPAGPK 15.1 384.2
P: 513, 522; K: 519 GAPGPAGPKGSPGEAGR 16.8 777.3




130 K. Mikulikovd et al. / J. Chromatogr. A 1155 (2007) 125-133
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Table 3
Assignment of MS/MS peaks for K504-CML-modified peptide (after glycation)
Fragment ion (m/z) Ton Theoretical mass (Da) Delta mass (Da)
Yo y—Ions
b 361.14 y3 361.19 —0.05
ik |I it o 529.23 ys 529.28 —0.05
@ o 4 o ad 0 e mw om0 e 00
. 7= 3 . .
Intens. 869.45 g 869.47 —0.02
x10 926.4 926.49 Yo 926.49 0.00
997.6 997.56 yio 997.53 0.03
755.3 1096.56 Vi1 1096.60 —0.04
1.5 11536 1153.75 yi2 1153.62 0.13
1268.79 yi3 1268.65 0.14
699.41 yistt 698.86 0.55
577.3 755.61 yiett 755.38 0.23
1.0 | 828.37 yi7tt 828.92 —0.55
357.1 b-Tons
1353.74 bis 1353.66 0.08
- £28.0 - b3 1185.58 -
0.5 1 ' 1128.32 b1z 1128.55 —0.23
52 FEEE - b 942.44 -
1 P - bio 845.39 -
788.31 bg 788.36 —0.05
0.0 770.31 bo-H,O 770.35 —0.04
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. . . . - b 618.26 -
Fig. 4. Fragmentation spectra of CML-modified peptide GFPGADGVAGPK- _ b7 56124 B
GPAGER (MH* =1713.8, m/z=857.4, z=2, Am/z associated with CML mod- _ bz 446‘21 -

ification: +58.0) measured by (a) HPLC-MS/MS and (b) CE-MS/MS.
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1

50

51 100
101 L PRGPAGPEG RDGIPGQPGL B¢ ;PPGPE 150
1,51 S rOLSYGYDEK STGISVPGPM GPSGPRGLPG PPGAPGPQGF 200
201 QGPPGEPGEP GASGPMGPRG PPGPPGKNGD DGEAGKPGRP GERGPPGEQG 250
251 ARGLPGTAGL PGMKGHRGFS GLDGAKGDAG PAGPKGEPGS PGENGAPGQM 300
301 GPRGLPGERG RPGAPGPAGA RGNDGATGAA GPPGPTGPAG PPGFPGAVGA 350
351 KGEGGPQGPR GSEGPQGVRG EPGPPGPAGA AGPAGNPGAD GQPGAKGANG 400
401 APGIAGAPGF PGARGPSGPQ GPSGPPGPKG NSGEPGAPGS KGDTGAKGEP 450
451 GPTGIQGPPG PAGEEGKRGA RGEPGPAGLP GPPGERGGPG SRGFPGADGV 500
501 AGPKGPAGER GAPGPAGPKG SPGEAGRPGE AGLPGAKGLT GSPGSPGEDG 550
551 KTGPPGPAGQ DGRPGPPGPP GARGQAGVMG FPGPKGAAGE PGKAGERGVP 600
601 GPPGAVGPAG KDGEAGAQGP PGPAGPAGER GEQGPAGSPG FQGLPGPAGP 650
651 PGEAGKPGEQ GVPGDLGAPG PSGARGERGF PGERGVQGPP GPAGPRGANG 700
701 APGNDGAKGD AGAPGAPGSQ GAPGLQGMPG ERGAAGLPGP KGDRGDAGPK 750
751 GADGAPGKDG VRGLTGPIGP PGPAGAPGDK GEAGPSGPAG PTGARGAPGD 800
801 RGEPGPPGPA GFAGPPGADG QPGAKGEPGD AGAKGDAGPP GPAGPAGPPG 850
851 PIGNVGAPGP KGARGSAGPP GATGFPGAAG RVGPPGPSGN AGPPGPPGPA 900
901 GKEGSKGPRG ETGPAGRPGE VGPPGPPGPA GEKGAPGADG PAGAPGTPGP 950
951 QGIAGQRGVV GLPGQRGERG FPGLPGPSGE PGKQGPSGAS GERGPPGEMG 1000
1001 PPGLAGPPGE SGREGAPGAE GSPGRDGSPG AKGDRGETGP AGPPGAPGAP 1050
1051 GAPGPVGPAG KSGDRGETGP AGPAGPIGPV GARGPAGPQG PRGDKGETGE 1100
1101 QGDRGIKGHR GFSGLQGPPG PPGSPGEQGP SGASGPAGPR GPPGSAGSPG 1150
1151 KDGLNGLPGP IGPPGPRGRT GDAGPAGPPG PPGPPGPPGP PSGGYDLSFL 1200
1201 PQPPQEKAHD GGRYYRADDA N I 1250
1251 I L 1300
1301 1350
1351 1400
1401 1450
1451 QEFGFDVGPA F 1463

Fig. 5. Sequence of the bovine collagen (P02453 [49], alpha 1, type I) after glycation by ribose. The matched peptides are in bold, modified lysines are underlined.

Propeptides are highlighted by small font.

It is worth mentioning that the maturated collagen molecule
does not contain any cysteins and therefore no disulfide
bridge exists (it could be reformed by prolonged enzymatic
incubation).

3.2.1.2. Malondialdehyde-modified samples. While CML is
the most pronounced type of modification for both ribose and
glucose modified samples, the reaction of collagen with MDA
did not show the same sites and types of modification. Taking
the quality of MS/MS spectra into account, the only modifica-
tion found in two samples was argpyrimidine-modified R321
in the peptide sequence PGPAGARGN which was also found
in one control sample. This is in agreement with the dif-
fering chemistry of MDA (a lipid-peroxidation product) with
protein.

3.2.2. CE-MS/MS
Similarly to HPLC-MS results, CE-MS analyses can be
divided to two sections based on the chemistry of the reactants.

3.2.2.1. Ribose and glucose-modified samples. Three CML-
modified peptides have been identified in the electropherogram
of a ribose-glycated collagen sample (Fig. 6). The peptide
sequences were GFPGADGVAGPKGPAGER (RT =45.1 min)
with K504 modified lysine (Fig. 4b), VGAPGPKGAR (migra-
tion time 39.8 min) with K861 modified lysine (Fig. 7a), and
DGSPGAKGDR (migration time 40.9 min) with K1032 modi-
fied lysine (Fig. 7b).

In a glucose-modified collagen sample, two CML-
modified peptides with migration times of 45.1 and 39.6 min

were detected by CE-MS/MS. While the former pep-
tide (GFPGADGVAGPKGPAGER) was also found using
HPLC-MS/MS, the latter one (VGAPGPKGAR) could not be
detected in glucose-modified samples using HPLC-MS/MS.

3.2.2.2. Malondialdehyde-modified samples. No modified
peptides were found using CE-MS/MS. This is not surprising
as CE has a lower sensitivity than HPLC.

4. Discussion
Although some data have been published regarding the deter-

mination and/or localization of AGEs mostly in lens crystallins
[4], beta-2-microglobuline [6] or human serum albumin [46], to

Intens.

x10° GFPGADGVAGPKGPAGER
DGSPGAKGDR ¢
64
VGAPGPKGA
4
2
25 30 35 40 45 50 55 60 Time [min]

Fig. 6. CE-MS profile of collagen sample glycated by ribose.
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Fig. 7. Fragmentation spectra of CML-modified peptides VGAPGPKGAR
(MH* =909.5, m/z=500.2, z=2, Am/z associated with CML modification:
+58.0) and DGSPGAKGDR (MH* =517.2, m/z=959.5, z=2, Am/z associated
with CML modification: +58.0) measured by CE-MS/MS.

date no attempts have been made to determine the particular pep-
tides that are affected by glycation in water insoluble collagens.
While some authors have focused their attention primarily on
the isolation, characterization and formation pathways of new
AGEs, such as the derivatives of ornithine found in glycated
collagens [4,34], stress has been overwhelmingly laid on the
quantification of known AGEs such as pentosidine and CML,
which have been found to accumulate in the skin and lens colla-
gen matrix at accelerated rates in diabetic patients [47]. Collagen
cross-linking reactions are intensively studied because they con-
tribute to diabetic circulatory complications such as vascular
stiffening and myocardial dysfunction [48].

The HPLC-MS/MS and CE-MS/MS techniques used in our
study enabled us to find the precise sites which were more
likely to be modified by CML than the others. Our findings
showed that the preferred glycation sites for collagen type I
glycated by ribose or glucose were lysines K504 and K1032.
All modifications took place in either PKG or AKG motifs.
However, in the whole maturated protein, there are 17 places
comprising one of these motifs, out of which only five have

been found to be glycated (K504, K519, K750, and K861 with
PKG motifs, and K1032 with AKG motif). In addition, there
are four PKG-comprising and six AKG-comprising sites which
provided only spectra of non-glycated peptides. One peptide
with lysine K276 (AKG motif) was missing. The last one, K447
(AKG motif) was also missing, but as we can see from other
peptides (GFPGADGVAGPK or DGSPGAK), in the case of
glycation, the digestion did not take place at a glycated lysine
but rather at the next lysine or arginine in the sequence. As
we can see from the Fig. 5, the peptide which follows in the
sequence (GEPGPTGIQGPPGPAGEEGK) was found, there-
fore confirming that the digestion occurred at this lysine. This
indirect approach allows us to assume that lysine at K447 was
most probably not modified. The MS/MS spectra confirmed the
presence of CML in collagen after glycation. These results also
agree well with other authors’ findings that showed CML to be
the dominant AGE in tissue proteins, particularly collagens [47].

On the other hand, the LC-MS/MS analyses of collagen gly-
cated by lipid peroxidation product (MDA) produced different
results when compared to ribose or glucose, due to the different
chemistry of the reaction and higher reactivity of MDA, which
leads to cross-linking reactions.

The higher number of CML-modified sites for ribose (five)
in comparison to glucose (two) agrees well with the higher reac-
tivity of ribose. This reactivity is caused by the higher content
of the aldehydic form of ribose under the reaction conditions.
From this differing reactivity we can conclude that the lysines
at positions 504 and 1032 are more susceptible to glycation than
at positions 519, 750 and 861.
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