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Institute of Physiology, Academy of Sciences of the Czech Republic,

Praha, Czech Republic

Esther Forgács and Tibor Cserháti
Institute of Chemistry, Chemical Research Centre, Hungarian Academy

of Sciences, Budapest, Hungary

Abstract: Depository effects in slowly metabolized proteins, typically glycation or the

estimation of products arising from the reaction of unsaturated long chain fatty acid

metabolites (possessing aldehydic groups) are very difficult to assess owing to their

extremely low concentration in the protein matrix. Posttranslational nonenzymatic

modifications of collagen with sugars and oxidation products of lipid metabolism in

tail tendons of two groups of rats (controls and hypertriglyceridemics with a high

fructose diet) were studied. Collagen (a mixture of type I and III) was digested by

bacterial collagenase and separated by reversed-phase HPLC; the profile obtained

was divided into five fractions, which were further characterizated by capillary electro-

phoresis (CE) in a bare fused silica capillary (37/30 cm � 75mm I.D.). As the chroma-

tographic and electromigration behaviour of individual peptides was considerably

different, the combination of HPLC and CE appeared as a suitable approach capable

of acceptable separation of complex peptide mixtures (over 150 peptide peaks were

obtained on the electropherograms). This two-stepped peptide mapping with sub-

sequent statistical evaluation (linear regression analysis) was shown to represent a
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reliable approach for revealing posttranslational modifications in slowly metabolized

model proteins in vivo.

Keywords: Proteomics, Collagen peptides, HPLC, Capillary electrophoresis

INTRODUCTION

Linear and multiple linear regression analyses have been extensively used to

find the relationship between one dependent and one or more independent

variables. Because of their simplicity and good predictive power they have

been successfully applied to various chromatographic techniques.[1] These

methods have been recently employed in chromatography for the investigation

of the molecular mechanism of separation,[2] for the classification of modern

stationary phases,[3] for quantitative structure-retention relationship studies

in HPLC[4] and in GC,[5,6] and for the correlation of the retention behavior

and biological activity.[7]

In protein chemistry peptide mapping, both by chromatographic and elec-

tromigration methods, is a widely applied approach.[8] Unfortunately, current

separation methods do not exhibit sufficient selectivity to offer baseline sep-

arations in complex peptide mixtures. There are a number of situations, in

which proteins present in tissues undergo minor non-enzymatic modifications,

the assessment of which is extremely difficult.

Owing to its slow metabolic turnover, collagen is typical in its capability

to accumulate reactive metabolites through enzymatically nonregulated

reactions, and its peptide maps can serve as model mixtures for the

principle component analysis (PCA) studies aimed at revealing the presence

or absence of such minor (though biologically quite important) modifications.

Glycation and formation of advanced glycation end products (AGEs)

represent typical examples.[9] In spite of numerous efforts, the chemical

nature of the arising products (except pentosidine) remains unknown.[10]

The main problem of assaying these minor modifications is based on the

fact that the arising compounds (adducts) are unstable under conditions under

which collagens can be chemically hydrolyzed to constituting amino acids.

Luminiscence based methods, though they added to the basic information

about the arising products, are not selective enough even if the synchronous

luminiscence approach is applied.[10]

Cyanogen bromide cleavage, which is routinely used to bring connective

tissue collagen into solution could also not be exploited, as our preliminary

experiments revealed that, in general, the selectivity of these techniques, i.e.,

flat bed gel and capillary electrophoresis (CE), as well as reversed phase

HPLC (RP-HPLC), if used as the single separation steps are not capable to

reveal the few modifications occurring in the molecule.[11] This is particularly

true with the high molecular mass fragments, the modification of which

does not bring about sufficient alteration of the physico-chemical properties
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that would offer distinct changes in the chromatographic or electrophoretic

profile.

For this reason, we applied deep cleavage of the parent collagen

molecules with Clostridium histolyticum collagenase. This protease

produces a very complex peptide mixture (theoretically about 172 peptides

could arise from the naturally occurring collagen type I and III mixture).

This set of peptides can be partially separated by CE in a bare-silica

capillary at acid pH with a selectivity sufficient to indicate differences in indi-

vidual peptide profiles, however, it has to be kept in mind that many of the

peaks seen in the well reproducible electrophoretic profiles need not

represent pure peptides (only 65 peptide peaks were discernible in CZE).[12]

The objectives of our study were (i) the separation of peptides in various

collagen hydrolysates using a combination of RP-HPLC and CZE, (ii) the

quantitative evaluation of the relative concentration of peptides using two

different integration methods, and (iii) revealing the similarities and dissimi-

larities of the peptide profiles in the electropherograms by PCA linear

regression analysis. Bacterial collagenase digests of crude tail tendon

collagen samples composed of collagen type I and III, obtained from

controls and genetically hypertriglyceridemic animals kept simultaneously

for a period of time on a high fructose diet (experimental group), served as

models for extensive post-translational modifications. It was expected that

in the experimental group some of the available amino groups of the protein

molecule will be modified by the reaction with the free oxo-moiety possessing

compounds, i.e.; fructose and/or lipid metabolites.

EXPERIMENTAL

Chemicals

All chemicals used were either of analytical grade or highest available purity.

Calcium chloride was obtained from Lachema (Brno, Czech Republic), col-

lagenase E.C. 3.4.24.3., 0.8U/mg, from Clostridium histolyticum (c.n.

29676), was from Fluka (Buchs, Switzerland), phosphate buffer 100mmol/
L, pH ¼ 2.5, with polymer modifier was purchased from Bio-Rad Labora-

tories (Hercules, CA, USA; c.n. 148–5010), acetonitrile (HPLC gradient

grade) was purchased from Merck (Darmstadt, Germany). The peptides

used for spiking identification (KGP—lysine-proline-glycine; GPR—

glycine-proline-arginine; NPG—asparagine-proline-glycine; GPQ—glycine-

proline-glutamine) were obtained from Polypeptide Laboratories (Prague,

Czech Republic). All other chemicals (inclusive of gemfibrozil) and the

GPA (glycine-proline-alanine) peptide were obtained from Sigma

(St. Louis, MO, USA). All solutions were prepared in Mili-Q Water

(Millipore, Bedford, MA, USA).
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Tissues and Animals Used

Tendons were dissected from tails of six month old female Wistar strain rats

(six per group).

Two groups of rats were compared: 1. Controls (group C). 2. Hereditary

hypertriglyceridemic (HTG) rats kept on high fructose diets; the last three

weeks before being used for the experiment the rats were kept on water

containing 10% fructose (group HTGþ F).

To obtain peptide maps collagen was digested by bacterial collagenase

(collagen/collagenase ratio, 100:1, w/w). The samples were incubated at

378C for 48 h in the collagenase activating buffer (200mmol/L NH4HCO3,

1mmol/L CaCl2, pH ¼ 7.8).

Apparatus and Operating Conditions

Reversed-Phase HPLC

An HPLC system HP 1100 (from Hewlett Packard, Fullerton, CA, USA) was

used. Chromatographic separation was carried out on the Zorbax Eclipse XDB

C18 column (150 � 2.1mm, particle size 5mm) (Hewlett Packard).

Separation was achieved by a linear gradient between mobile phase A

(water-trifluoroacetic acid, 100:0.1, v/v) and B (acetonitrile-trifluoroacetic acid,

100:0.08, v/v). Linear gradient from 0% B to 50% B at 28min was applied,

followed by 10min elution with 100% B. Flow-rate was 0.25mL/min,

column temperature was held at 258C, and UV detection was done at 214 nm.

Five fractions were collected (the first: from 0 to 10min of retention time,

the second: from 10 to 12min, the third: from 12 to 17min, the fourth: from 17

to 20min, and the fifth: from 20 to 38min), see Fig. 1. The fractions were

lyophilized and reconstituted in water to the total volume of 50mL. It has to

be emphasised that care must be taken about lyophilization, which can be

used as a sample concentration step only. Taking the individual fractions to

complete dryness brings about problems with redissolving this material

(typically in the second HPLC fraction).

Capillary Electrophoresis

A Beckman P/ACE 5000 capillary electrophoresis (Fullerton, CA, USA) was

used throughout this study.

Separations were run at 10 kV in a bare fused silica capillary (37 cm,

75mm I.D., 30 cm to the detector) at 208C. UV absorbance at 200 nm was

used for detection.

Phosphate buffer 100mmol/L, pH ¼ 2.5, with a polymer modifier

(Bio-Rad Laboratories, Hercules, CA, c.n. 148–5010) was used as back-

ground electrolyte.
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The samples were diluted with the run buffer (sample/buffer, 1:2, v/v).
Injection was done hydrodynamically by overpressure (3.45 kPa, 1 s). Before

analysis the capillary was conditioned by the run buffer (1min). After every

run the capillary was flushed step-wise with the run buffer (1min), water

(1min), 1M NaOH (3min), water (1min), 3M HCl (1min) and water (1min).

Separation and Analysis of Peptides

The preliminary separation of peptides of control and treated samples had

been carried out by HPLC. The chromatograms were cut in five fractions

(see Fig. 1), and the peptides in each fraction were further analysed by CE.

In order to compare the peptide profiles of samples, the electropherograms

have been divided into five sections (different from those obtained by

HPLC). Sub-sectioning of the electrophoretic profiles (five sections per each

electropherogram) was different in each chromatographic fraction because

of the peak distribution (this is clearly indicated in the respective Figs. 2

and 3). The peptide content of the individual electrophoretic sections was

measured by baseline and valley-to-valley integrations, and the relative

Figure 1. HPLC profiles of the bacterial collagenase digest of collagen samples

(naturally occurring mixture of collagen type I and III of rat tail tendons) of controls

(A) and HTGþ F treated animals (B). Letters refer to fractions collected for further

separation by capillary electrophoresis and fraction sizes are identical for controls

and HTGþ F samples. For details see Experimental section.
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amount (in percentage) of peptides in the sections was calculated taking the

whole area of the electropherogram as 100%. Each measurement was

carried out in five parallel determinations and the mean values were calcu-

lated. In order to compare the capacity of the two methods of integration

for the differentiation between the peptide profiles of control and treated

Figure 2. Capillary electrophoretic profiles of individual fractions accumulated from

the HPLC runs of control samples (a–e). Numbers at individual recordings (1–5) refer

to fractions indicated in Fig. 1. Further sub-sectioning of the electrophoretic profiles is

clearly indicated in the Figures. Five, typically collagenous peptides, were identified in

the first chromatographic section (a) as indicated.
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samples, linear regression analysis was applied three times: (i) peak areas

calculated by the baseline integration method only (equation 1), (ii) peak

areas calculated by the valley to valley integration method only (equation

2), and (iii) peak areas calculated by the both methods (equation 3) being

included into the regression analysis. Outliers (peptide sections highly

differing significantly in control and treated samples) were detected by

calculating the confidence limit of 95% significance level for each linear

regression.

Figure 3. Capillary electrophoretic profiles of individual fractions accumulated from

the HPLC runs of HTGþ F samples. Numbers at individual recordings refer to

fractions indicated in Fig. 1. Further sub-sectioning of the electrophoretic profiles is

indicated in the Figures and is the same as used for controls (compare Fig. 2).
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RESULTS AND DISCUSSION

Profiling of bacterial collagenase digests of both control and HTGþ F rat

tail tendons by HPLC revealed very complex profiles (Fig. 1) containing

five dominant peaks. Because both types of profiles were hardly distinguish-

ible (if at all), five fractions (a–e) were collected from each category of

samples (controls and HTGþ F), for further separation by capillary electro-

phoresis under conditions specified in Experimental section. Collection

times of individual fractions are schematically drawn in the Figure. The

first fraction (a) contained the fast moving double peak; all the other

fractions, except fraction c, contained one dominant peak. Fraction c
contained a set of small peaks only; on the contrary, fraction b contained

the respective dominant peak and was devoid of any of the small peaks.

When we compare both groups of animals, we can observe that at least

all the dominant peaks were eluted practically with the same retention

time; minor, though well reproducible variations were observed between

controls and HTGþ F collagenase digests in the category of small peaks.

Collecting of HPLC fractions followed identical time schedules, both for

controls and the HTGþ F samples.

After being subjected to capillary electrophoretic separation using pH 2.5

phosphate (100mmol/L) buffer as background electrolyte, the profiles shown

in Fig. 2 (plates a–e) for control, and Fig. 3 (plates a–e) for HTGþ F samples

were obtained.

Capillary electrophoresis was (if used without chromatographic pre-frac-

tionation) capable of partial separation of about 65 peptide peaks from the

original mixtures of both categories of collagen samples (controls and

HTGþ F) digested by bacterial collagenase. When the same original

samples were separated by RP-HPLC, we obtained only about 45 peptide

peaks (see Fig. 1).

By combining RP-HPLC and CE, over 150 peptide peaks on the electro-

phoregram were obtained; see Figure 2 and 3 (as compared to the theoretical

172 peptides in controls). It is, perhaps, unnecessary to stress that it is unlikely

that most of the peaks seen both in the control and HTGþ F digest were pure

chemical entities.

The electrophoretic profiles of individual HPLC fractions were, for the

purpose of calculation, further subdivided into five sections each (1–5).

Because the distribution of electrophoretic peaks was considerably different

in individual HPLC fractions, further sub-sectioning of these profiles was

different for each profile obtained as indicated in Figs. 2 and 3, though it

was the same for the control and HTGþ F samples.

In order to be able to compare the control and HTGþ F profiles, the

relative peak areas of the clusters of peptides in the individual CE sections

of treated and control samples were calculated (see Tables 1 and 2). These

data indicate that the differences between the relative peak areas of control

and treated samples in the majority of sections are low, suggesting the basic
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similarities of the peptide profile of samples. The parameters of linear

regressions are compiled in Table 3. The data in Table 3 entirely support

our previous qualitative conclusions. Highly significant linear relationships

were found between the peptide profiles of treated and control samples in

each instance, proving again the basic similarity of the peptide profiles.

This indicates clearly that there are only a few strongly preferred targets in

the non-enzymatic modification in the HTGþ F rats. On the other hand, it

cannot be excluded that other targets, which are not discernible by the

Table 1. Average relative peak areas (in percentage) of peptides in the CE sections

calculated by the baseline integration method

HPLC

fraction no. Group

CE section no.a

1 2 3 4 5

a Control 5.09 8.79 11.81 43.41 31.00

HTGþ F 6.09 9.12 11.79 33.13 39.27

b Control 8.59 21.52 18.69 14.15 37.05

HTGþ F 5.36 26.20 23.04 11.42 33.98

c Control 7.34 11.25 17.62 22.30 41.48

HTGþ F 8.67 12.88 21.22 21.51 35.72

d Control 6.11 17.15 12.61 35.35 28.79

HTGþ F 8.17 20.29 11.64 37.14 22.76

e Control 11.44 12.75 25.67 26.81 23.33

HTGþ F 17.50 11.16 22.33 25.93 23.09

aThe fact that the size of electrophoretic sections is different with individual HPLC

fractions should be stressed (see Fig. 2).

Table 2. Average relative peak areas (in percentage) of peptides in the CE sections

calculated by the valley-to-valley integration method

HPLC

fraction no. Group

CE section no.

1 2 3 4 5

a Control 6.44 7.75 13.61 42.42 29.77

HTGþ F 8.75 8.35 16.13 39.06 27.11

b Control 9.21 19.48 20.76 13.36 37.19

HTGþ F 6.78 25.12 23.78 7.85 36.58

c Control 8.48 11.52 14.02 22.21 43.76

HTGþ F 10.06 13.23 16.85 17.85 41.92

d Control 6.56 18.15 11.56 34.23 29.50

HTGþ F 8.48 23.40 10.82 33.06 24.23

e Control 13.05 16.12 19.43 22.87 28.52

HTGþ F 21.65 13.84 15.28 21.67 27.55
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methods used, do not exist. The similarity of slope and intercept values

demonstrate the similarity of integration methods as well. The plots of

peptide profiles with the confidence limit of 95% significance level are

shown in Figs. 4–6. The plots prove again the basic similarity of the

peptide profile, however, outliers (indicators of significant differences,

which are specific for baseline and valley-to-valley integration) can be

Table 3. Parameters of linear regression between the relative

peak areas of sections of control and treated samples. For number

of equation see Experimental.

Parameter

Equation no.

1 2 3

n 25 25 50

a 20.48 20.16 20.47

b 1.02 1.01 1.02

rcalc. 0.9317 0.9442 0.9393

r99.9% 0.6524 0.6524 0.4433

Eq. 1 is based on baseline integration method.

Eq. 2 is based on valley-to-valley integration method.

Eq. 3 is based on both the baseline and valley-to-valley

integration methods.

Relative peak areacontrol ¼ aþ b . Relative peak areaHTGþF

Figure 4. Relationship between the relative peak areas of peptides in control and

HTGþ F samples calculated by the baseline integration method. Upper and lower

lines are the confidence limit of 95% significance level. Outlier A: fourth CE section

of the first HPLC fraction.
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found. Using the integration methods separately, only one outlier can be

detected, while the simultaneous application of integration methods results

in three outliers. This finding indicates that the reliability of differentiation

between control and treated samples can be considerably enhanced by the

simultaneous use of baseline and valley to valley integration methods and,

Figure 5. Relationship between the relative peak areas of peptides in control and

HTGþ F samples calculated by the valley-to-valley integration method. Upper and

lower lines are the confidence limit of 95% significance level. Outlier B: first CE

section of the fifth HPLC fraction.

Figure 6. Relationship between the relative peak areas of peptides in control and

HTGþ F samples calculated by both (the baseline and the valley to valley) integration

method. Upper and lower lines are the confidence limit of 95% significance level.

Outliers A and B are the same as in Figures 5 and 6. Outlier C: fifth CE section of

the first HPLC fraction.
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consequently, their simultaneous application in similar studies can be highly

recommended.

Differences between the individual electrophoretic sections were shown

to occur in sections 4 and 5 of the first chromatographic fraction (a) and in

the first section of the chromatographic fraction e. Enlarged details of the

relevant profiles are shown in Figs. 7–9. The first two differences were

Figure 7. Enlarged sections of the fourth electrophoretic section (4) of the first HPLC

fraction (a). An asterisk indicates the main difference. Note that the first peak is

considerably lower in the HTGþ F profile.
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found in the first HPLC fraction, while the third one occurred in the last (fifth)

HPLC fraction. It appears feasible to propose that the first two differences

reflect changes in relatively polar peptides, while the last one refers to the

differences in rather apolar peptide species. It should be noted, that in

Figure 8. Enlarged sections of the fifth (5) electrophoretic section of the first HPLC

fraction (a). An asterisk indicates the presence of a dominant peak in the HTGþ F

profile.

Figure 9. Enlarged sections of the first electrophoretic section (1) of the fifth HPLC

(e) fraction. Asterisks indicate the dominant peaks in the HTGþ F fraction.
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Fig. 7 the dominant peak is higher in controls as compared to the HTGþG

profile, which indicates that this peptide fraction is involved in the post-

translational modification in HTGþ F animals. On the other hand, the differ-

ence seen in Fig. 9 is indicative of the presence of rather apolar peptide species

in the HTG-F samples. Such a situation can arise, e.g., if a lysine containing

peptide is reacted with a reactive oxo grouping of the fructose molecule.

Because of the complexity of the profiles, the differences found cannot be

claimed as the only ones between the control and HTGþ F samples. Minor

differences regarding other peaks in Figs. 4–6 can be traced, without regard

to the abundant number of peptides present in the other fractions and

sections, which did not reveal a statistically significant difference between

the controls and HTGþ F by the statistical approach used.

CONCLUSIONS

By exploiting the complementary nature of HPLC and CE separations of

deeply degraded collagenous structures (using Clostridium histolyticum col-

lagenase for protein fragmentation), it was possible to reveal several minor,

but significant, differences in a very complex set of peptides. These differ-

ences result from non-enzymatic post-translational reactions occurring in

hypertriglyceridemic animals with simultaneous administration of high

sugar diets. It is assumed that these modifications reflect the reaction of free

amino groups of the protein with oxo-compounds (fructose and/or fatty

acid metabolites). Using linear regression analysis of peptide profiles

obtained by sub-sectioning of the electropherograms (used as the second sepa-

ration step), the presence of three significant modifications (outliers) present in

the first and fifth HPLC fractions was confirmed. It is necessary to stress that

these may not be the only differences between the profiles compared;

however, these are apparently the most distinct ones. Use of a combination

of valley-to-valley and common baseline integration of the profiles (profile

sections) obtained appears to be a handy tool for revealing differences in

complex peptide profiles.
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