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Summary. The reaction of the peptide Gly-Ala-Phe with the �-dicarbonyl

compounds glyoxal and methylglyoxal was studied under physiological

conditions (pH¼ 7.4, 37�C). Using HPLC with UV and fluorescence

detection, a rapid derivatization of the peptide and the concomitant

formation of well-defined products were observed. The products, which

showed characteristic UV absorbance (�max¼ 320 to 340 nm) and fluo-

rescence (�ex¼ 330 to 340 nm, �em¼ 395 to 405 nm), were identified by

ESI-MS and NMR spectroscopic analysis as the N-terminally pyrazinone-

modified peptides I (N-[2-(2-oxo-2H-pyrazin-1-yl)-propyl]-phenylalanine)

and II (N-[2-(5-methyl-2-oxo-2H-pyrazin-1-yl)-propionyl]-phenylalanine).

Model experiments revealed that the reactivity of the N-termini of peptides

towards a derivatization by glyoxal is in the same order of magnitude as

that of arginine, which generally is attributed as main target for �-dicar-

bonyl compounds in proteins. Incubation of insulin with glyoxal proved

the protein-bound formation of pyrazinones, with the N-terminus of the

B-chain as the main target. According to these results, we conclude that

N-terminal pyrazinones represent a new type of advanced glycation end-

products (AGEs) with significance for biological systems and foods.
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Introduction

Nonenzymatic glycation reactions between proteins and

carbohydrates or there degradation products leading to

protein-bound advanced glycation end-products (AGEs).

These are discussed to play an important role for patho-

physiological processes like diabetes or uraemia (Lyons,

2002; Miyata et al., 2000a; Niwa et al., 1997; Singh et al.,

2001; Raj et al., 2000; Thornalley, 1999). A large number

of individual AGEs have been isolated from model sys-

tems, resulting from the reaction of the "-amino group of

lysine or the guanidino side chain of arginine (Ahmed

et al., 1986; Glomb and Lang, 2001; Grandhee and

Monnier, 1991; Nakayama et al., 1980; Niwa et al., 1997).

Examples for compounds, which have been quantified

in biological systems using chromatographic or immu-

nological means, are N"-carboxymethyllysine (CML),

pyrraline, pentosidine, 3DG-Arg-imidazolone and argpy-

rimidine (Henle et al., 1999; Niwa et al., 1997; Odani

et al., 1999a; Weiss et al., 2000; Wilker et al., 2001).

In addition to glucose, highly reactive �-dicarbonyl

compounds, the so called glucose degradation products

(GDPs), have been described to initiate the formation of

AGEs (Miyata et al., 2000b). Among these GDPs, glyoxal

and methylglyoxal reached particular attention.

Glyoxal is formed during glycation reaction of pro-

teins from the degradation of the Schiff base and the

Amadori rearrangement product (Glomb and Monnier,

1995; Thornalley et al., 1999) as well as from autoxidation

of glucose (Glomb and Monnier, 1995; Thornalley et al.,

1999; Wells-Knecht et al., 1995). Additionally, glyoxal is

generated in lipid peroxidation (Fu et al., 1996) and shall

be also formed by enzymatic degradation of serine by

myeloperoxidase (Anderson et al., 1997).

The major source of methylglyoxal may be the non-

enzymatic fragmentation of triosephosphates, which are

key metabolites in the Embden-Meyerhof and Polyol path-

way. Additionally, it is also a by-product in the catabolism
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of threonine and the ketone body acetone. Beside these

metabolic origins, it is formed nonenzymatically in the

course of glycation reaction from glucose (Thornalley

et al., 1999).

Increased levels of these �-dicarbonyl compounds have

been measured especially for uraemic and diabetic pa-

tients (Lapolla et al., 2003; Odani et al., 1999b). Consid-

erable levels also have been found in heat sterilized

fluids used for peritoneal dialysis (Nilsson-Thorell et al.,

1993).

The high reactivity of glyoxal towards the side chains

of arginine and lysine is well documented. According

Al-Abed and Bucala (1995), CML is one of the quantita-

tively most important AGE structure which can be formed

directly from lysine and glyoxal. Glomb and Pfahler

(2001) could show that crosslinking of proteins by gly-

oxal involving lysine side chains may be possible.

Schwarzenbolz et al. (1997) has described a protein-bound

iminohydantoine structure designated as ‘‘glarg’’ resulting

from the reaction of glyoxal with arginine. Recently,

Glomb and Lang (2001) discussed that this reaction under

physiological conditions may lead predominately to a

dihydroxyimidazolidine derivative.

Important glyoxal-related AGEs quantified in vivo are

CML (Weiss et al., 2000), glyoxal-lysine dimer (GOLD,

Odani et al., 1999a), N!-(carboxymethyl)arginine (CMA,

Odani et al., 2001) and N"(carboxymethyl)cysteine

(CMC, Thorpe and Baynes, 2003). Corresponding prod-

ucts of methylglyoxal from in vivo sources are N"-[1-

(2-carboxy)ethyl]lysine (CEL, Ahmed et al., 1997), methyl-

glyoxal-lysine dimer (MOLD, Odani et al., 1999a) and the

blue fluorophore argpyrimidine (Wilker et al., 2001).

Despite the fact that the Maillard-reaction in vivo was

first described for N-terminally glycated haemoglobin

HbAIc (Bookchin and Gallop, 1968), glycation reactions

at the N-terminal amino groups of proteins have not

reached particular attention up to now. The purpose of

our study, therefore, was to investigate the reaction be-

tween �-amino groups of peptides and the protein insulin

with glyoxal and methylglyoxal under physiological

conditions.

Materials and methods

Chemicals

Gly-Ala-Phe (glycyl-L-alanyl-L-phenylalanine), N�-hippuryllysine (N�-

benzoyl-glycyl-L-lysine), N�-hippurylarginine (N�-benzoyl-glycyl-L-argi-

nine) were obtained from Bachem (Heidelberg, Germany). HPLC gradi-

ent grade methanol and acetonitril were from Riedel de Haen (Seelze,

Germany). Insulin from bovine pancreas (no. I5500) as well as glyoxal

and methylglyoxal solution (each 40% in water) were from Sigma

(Taufkirchen, Germany). All other chemicals used were p.a. and purchased

from Fluka (Taufkirchen, Germany). The water used for the preparation of

buffers and solutions was obtained with a Purelab plus purification system

(USFilter, Ransbach-Baumbach, Germany).

Incubation of peptides with glyoxal or methylglyoxal

Peptides (Gly-Ala-Phe, N�-hippuryllysine, N�-hippurylarginine, 5 mM

each) alone or in combination (for competitive experiments) were incu-

bated in the presence of glyoxal or methylglyoxal (5 mM) in 100 mM

sodium phosphate buffer pH¼ 7.4, at 37�C and up to 14 d. Control in-

cubations were made without the �-dicarbonyl compound. After certain

time intervals, incubations were terminated and samples were prepared

for HPLC analysis by addition of 100 mM formic acid (1þ 1 dilutions

for samples containing Gly-Ala-Phe, 1þ 3 dilutions for N�-hippuryl-

derivatives).

For testing the stability of the isolated compound I, the isolate was

dissolved to a final concentration of 5 mM in 100 mM sodium phosphate

buffer, with pH of 2.0, 4.0, 7.4 or 9.1 (adjusted with 1 M or 4 M hydro-

chloric acid), respectively and incubated for 3 d at 60�C.

Isolation of compound I

235 mg (0.72 mmol) Gly-Ala-Phe� 1.9 H2O dissolved in 100 ml sodium

phosphate buffer pH¼ 7.4 were incubated with glyoxal at 37�C for

7 d. The addition of the glyoxal solution was performed in portions of

0.08 mmol (9.1�l) twice a day over the first five days. If necessary, the

pH-value was corrected with 4 M sodium hydroxide solution. Follow-

ing incubation, the solution was evaporated to about 10 ml under reduced

pressure, acidified with 1.0 ml acetic acid and membrane filtered (0.45�m,

regenerated cellulose).

Semi preparative isolation of compound I was performed with a high

pressure gradient pump system from Knauer (Berlin, Germany) with

online degasser, K1500 solvent organizer, two K1001 pumps with 50 ml

pump heads, dynamic mixing chamber and column oven. The separation

was done on a stainless steel column, 250� 16 mm with guard column

30� 16 mm, both filled with Knauer Eurospher 100 RP18-material of

15�m particle size (Knauer, Berlin, Germany). Flow rate was set at

6.0 ml=min, temperature was set at 20�C and ultraviolet detection was

done at 320 nm. 1000�l-samples were applied and elution was achieved

isocratically with 0.1% acetic acid in 30% methanol (v=v). The desired

fractions were pooled, lyophilised and the resulting powder was stored at

�20�C.

Compound I: ESI-MS, positive mode: [MþH]þ m=z¼ 315.7, nega-

tive mode: [M�H]� m=z¼ 313.7, UV and fluorescence data (100 mM

PB, pH¼ 7.0): �UVmax¼ 322 nm, "322 ¼ 4900 l �mol�1 � cm�1, �ex,max¼
330 nm, �em,max¼ 395 nm, elemental analysis, C16H17N3O4� 0.05

CH3COOH� 0.45 H2O (MW¼ 326.43) calculated: C¼ 59.24%, H¼
5.59%, N¼ 12.87%, found: C¼ 59.75%, H¼ 5.49%, N¼ 12.86%; yield:

112 mg (molar yield 47.9%).

Isolation of compound II

470 mg (1.44 mmol) Gly-Ala-Phe� 1.9 H2O dissolved in 200 ml sodium

phosphate buffer pH¼ 7.4 were incubated with methylglyoxal at 37�C for

12 d. The addition of the methylglyoxal solution was performed in por-

tions of 0.16 mmol (24.6�l) once a day over the first ten days. If necessary,

the pH-value was corrected with 4 M sodium hydroxide solution. Follow-

ing incubation, the solution was evaporated to about 20 ml under reduced

pressure, acidified with formic acid to pH¼ 4.7 and membrane filtered

(0.45�m, regenerated cellulose).

Semi preparative separation of compound II was performed with ana-

lytical gradient pump system from Knauer (Berlin, Germany). A stainless

steel column, 250� 8 mm with guard column 30� 8 mm, both filled with

Knauer Eurospher 100 RP18-material of 10�m particle size (Knauer,
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Berlin, Germany) was used. Detection was achieved using two UV detec-

tors set at 220 and 320 nm as well as a fluorescence detector (�ex¼ 320 nm,

�em¼ 400 nm). Flow rate was set at 2.1 ml=min, and the temperature was

set at 20�C. 400�l-samples were applied and elution was achieved isocrati-

cally with 0.1% acetic acid in 35% methanol (v=v). The desired fraction

was identified using characteristic UV absorbance at 320 nm and fluo-

rescence. After lyophilisation, the resulting powder was stored at �20�C.

Compound II: ESI-MS, positive mode: [MþH]þ m=z¼ 330.1,

negative mode: [M�H]� m=z¼ 328.2, UV and fluorescence data

(100 mM PB, pH¼ 7.0): �UVmax¼ 336 nm, "336 ¼ 4600 l �mol�1 � cm�1,

�ex,max¼ 340 nm, �em,max¼ 405 nm, elemental analysis, C17H19N3O4�
0.13 CH3COOH� 0.50 H2O (MW¼ 346.17) calculated: C¼ 59.87%,

H¼ 5.97%, N¼ 12.14%, found: C¼ 59.72%, H¼ 5.90%, N¼ 12.17%;

yield: 29 mg (molar yield 5.8%).

Incubation of insulin with glyoxal

Incubation of insulin were made in phosphate-buffered saline pH¼ 7.4

(PBS, containing 10 mM phosphate). Bovine insulin was freshly dissolved

in 2 mM hydrochloric acid (1.0 mg=ml). Final concentrations in PBS were

17�M (0.1 mg=ml) for insulin and 50�M for glyoxal. Control incubations

were made without glyoxal. Preservation was achieved by sterile filtration

(0.2�m, regenerated cellulose) and adding a crystal of thymol. The sam-

ples were incubated at 37�C for 15 d. For direct HPLC analysis, the

reaction was terminated by addition of 33�l 2.65 M formic acid per

1000�l incubation mixture.

Separation of the A- and B-chain was achieved by reduction of the

disulfide bridges and blocking the sulfhydryl groups according to a mod-

ified protocol of Gray (1997). For HPLC analysis, 240�l of the incubation

mixture (without addition of formic acid) was mixed with 10�l of

750 mM dithiothreitol (DTT)-solution and kept in the dark for 50 min.

For alkylation, 100 mg iodacetamide was dissolved in 200�l 0.5 M tris-

acetat buffer pH¼ 8.2 (containing 2 mM Na2EDTA) at 60�C. After cool-

ing to about 30�C, this blocking solution was mixed with the reduced

sample for 35 s. Alkylation was terminated with 400�l 0.5 M citric acid

solution. Samples were immediately analysed by HPLC.

For LC-MS analysis the protocol was modified as follows: 576�l

insulin incubation mixture, 24�l DTT-solution, 400 mg iodacetamide in

400�l tris-acetat buffer were used and as acid quench solution 40�l

formic acid were added. After vigorous shaking, samples were immedi-

ately injected in the HPLC system.

High pressure liquid chromatography (HPLC) analysis

HPLC was performed with an analytical gradient pump system from Knauer

(Berlin, Germany) with online degasser, K1500 solvent organizer, 10 ml-

K1001 pump, dynamic mixing chamber and column oven. For detection, the

effluent was monitored by two K2501 Knauer variable wavelength detec-

tors (�1¼ 220 nm, �2¼ 320 nm) and a La Chrom L-7485 Merck Hitachi

(Darmstadt, Germany) fluorescence detector (�ex¼ 320 nm,�em¼ 400 nm).

Analytical separation of the peptide incubation mixtures was achieved

using a stainless steel column, 250� 4.6 mm, filled with Knauer

Eurospher 100, RP18-material of 5�m particle size, with integrated guard

column 5� 4 mm filled with the same material (Knauer, Berlin, Germany).

The injection volume was 20�l and the temperature was set at 20�C.

Samples containing Gly-Ala-Phe were run with a mobile phase consist-

ing of 0.1% triethylamine, 0.05% acetic acid and 0.05% formic acid in

water (solvent A), and 0.1% triethylamine, 0.05% acetic acid and 0.05%

formic acid in methanol (solvent B). For analysis of samples resulting

from incubation of glyoxal with Gly-Ala-Phe, a linear gradient from 12%

B to 57% B in 35 min and a flow rate of 0.5 ml=min was used. Methyl-

glyoxal-Gly-Ala-Phe-incubations were analysed with a linear gradient

from 25% B to 55% B in 35 min at a flow rate of 0.7 ml=min.

Separation of N�-hippuryl-derivatives was performed with a mobile

phase consisting of 0.01 M sodium phosphate buffer, pH¼ 7.0 (solvent

A), and methanol (solvent B). A linear gradient from 6% B to 13% B in

25 min (N�-hippuryllysine) or from 12% B to 19% B in 25 min (N�-

hippurylarginine) at a flow rate of 0.7 ml=min was used. Formation of

N"-carboxymethyl-N�-hippuryllysine after incubating N�-hippuryllysine

with glyoxal was checked by co-injection of sample and reference material

for N"-carboxymethyl-N�-hippuryllysine, which had been synthesised as

described previously (Krause et al., 2003).

Separation of the incubation mixtures of glyoxal with insulin

was performed on a PLRP-S column (150� 4.6 mm, 300 Å, 8�m, Poly-

mer Laboratories, Darmstadt, Germany) with a PLRP-S guard column

(5� 3 mm, 300 Å, 8�m, Polymer Laboratories, Darmstadt, Germany).

The eluent system consisted of 0.1% formic acid in water (solvent A)

and 0.1% formic acid in acetonitril (solvent B). The flow rate was set

at 1.0 ml=min, and the temperature was set at 20�C. Direct analysis of

incubation mixtures were made by applying 100�l-samples and separation

was achieved with a linear gradient from 5% B to 50% B in 30 min. For

analysis of the reduced and blocked samples, 500�l were applied and a

linear gradient from 15% B to 40% B in 30 min was used.

LC-ESI-MS analysis was performed on a agilent 1100 series HPLC

system (agilent technologies, Palo Alto, USA) consisting of a high pres-

sure gradient pump system, column oven and diode array detector, which

was coupled to a mariner ESI-TOF-MS instrument (see below). Samples

were applied manually via injection valve. Separation was achieved using

the same column, temperature and solvents. For direct analysis of incuba-

tion mixtures, 500�l samples were applied and a linear gradient from 5%

B to 50% B in 30 min at a flow rate of 1.0 ml=min was used. To study the

reduced and blocked samples, 4000�l were applied. For desalting as well

as separation, the column was eluted with 5% B for 25 min at a flow rate

of 1.0 ml=min and then the flow rate was set at 0.5 ml=min and a linear

gradient was started to reach 42% B in 30 min.

Mass spectrometry

For mass-spectrometric analysis, a PerSeptive Biosystems Mariner time of

flight mass spectrometry (TOF-MS) instrument equipped with an electro-

spray ionisation source (ESI) in general in the positive mode was used

(Applied Biosystems, Stafford, USA). Calibration of the mass scale was

established using a mixture of bradykinin, angiotensin I and neurotensin.

For direct ESI-TOF-MS analysis after appropriate dilution with

1% acetic acid in 50% methanol, the sample was infused at a flow rate of

5�l=min into the ESI source using a syringe pump. In LC-ESI-MS experi-

ments the outlet of the HPLC system was coupled to the ESI interface. Flow

rates above 0.5 ml=min, the flow was split at a ratio 1þ 1 prior the interface.

The relative molecular masses (monoisotopic) were determined using

the peak with the lowest m=z-ratio (monoisotopic peak) from prominent

multiple charged ions and the equation Mr¼ z�Mz� 1.0078� z, where

Mr is the monoisotopic molecular mass, Mz is the m=z-ratio, z is the

number of charges, and 1.0078 is the mass of a proton.

Ultraviolet and fluorescence spectroscopy

Absorption spectra were recorded with a Specord S100 diode array spec-

trophotometer (Carl Zeiss Jena, Germany) and fluorescence spectra were

obtained with a f-4500 spectrofluorimeter (Hitachi, Tokyo, Japan). Mea-

surements were performed in 100 mM formic acid (pH¼ 2.4), 100 mM

sodium phosphate buffer (PB) pH¼ 7.0 and 100 mM sodium borate buffer

(pH¼ 8.3) at a concentration of 0.03 mg=ml (compound I: 101�M, com-

pound II: 95�M).

Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Bruker DRX 500 instrument (Reinstetten,

Germany) with 500 MHz for 1H- and 125 MHz for 13C-experiments.

Chemical shifts (�) are given in parts per million (ppm) relative to solvent

signals as the internal reference, for measurements in dimethyl sulfoxide-

N-Terminal pyrazinones 11



d6 �H¼ 2.50 ppm and �C¼ 39.56 ppm as well as for measurements

in methanol-d4 �H¼ 3.38 ppm and �C¼ 49.00 ppm. Assignments of 1H

and 13C signals were based on 1H–1H COSY (correlation spectroscopy),

HSQC (heteronuclear single quantum coherence), HMBC (heteronuclear

multiple bond correlation) and DEPT (distortionless enhancement by

polarization transfer) experiments. The integrals of the proton signals of

the methyl group of the alanine moiety in compound I and II and that of

the residual acetic acid were used to determine their molar ratio and

interpret the elemental analysis.

Elemental analysis

Elemental analysis data were obtained on Euro EA 3000 elemental

analyser (Eurovector, Milano, Italy).

Statistical analysis

Quantitative determinations were made in triplicate and the results were

expressed as meanvalues � standard deviations, unless otherwise indicated.

Results and discussion

Reaction of peptides with glyoxal

and methylglyoxal

The reaction of the �-amino group of the model peptide

Gly-Ala-Phe with the glucose degradation product glyoxal

under physiological conditions (up to 14 days at pH¼ 7.4

and 37�C) was investigated using RP-HPLC with UV-

detection (Fig. 1). A time dependent rapid decrease of

the peptide together with the formation of one well-defined

new reaction product (compound I) was observed. After

8 h, 53% of the peptide was converted to the unknown

product. Using semipreparative RP-HPLC, we were able

to isolate 112 mg of compound I in a chromatographically

pure form. A direct injection electrospray ionisation mass

spectrometry analysis of the isolate revealed a relative

molecular mass of Mr¼ 314.7 (monoisotopic), which is

equivalent to the addition of one molecule of glyoxal to

the peptide-moiety and a loss of two molecules of water.

As can be seen from Fig. 2A, UV-spectrum of the iso-

late showed a characteristic maximum at 322 nm. The

compound was fluorescent with wavelength maxima of

excitation at 330 nm and emission at 395 nm (Fig. 2B).

Fig. 1. HPLC analysis of the incubation mixture of Gly-Ala-Phe with

glyoxal (5 mM each) in 100 mM PB (pH¼ 7.4, 37�C)

Fig. 2. Absorption and fluorescence emission spectra, recorded in

100 mM PB, pH¼ 7.0. Compound I: absorption (A), fluorescence emis-

sion (�ex¼ 330 nm) (B). Compound II: absorption (C), fluorescence

emission (�ex¼ 340 nm) (D)

Fig. 3. HPLC analysis of the incubation mixture of Gly-Ala-Phe with

methylglyoxal (5 mM each) in 100 mM PB (pH¼ 7.4, 37�C, 8 h) with

UV and fluorescence detection as indicated
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The chromatographic traces of the reaction mixture con-

sisting of methylglyoxal and Gly-Ala-Phe were more com-

plex (Fig. 3). Again, the dominating product designated

compound II showed characteristic absorption at 320 nm

and fluorescence (Fig. 3). The total conversion of the pep-

tide was after 8 h with 50% similar to that of the mixture

with glyoxal. After isolation using semipreparative RP-

HPLC, 29 mg of compound II were obtained in chromato-

graphically pure form. The mass spectrometric analysis

gave a relative molecular mass of Mr¼ 329.1 (monoisoto-

pic), indicating a reaction of one peptide and one methyl-

glyoxal molecule with the loss of two water molecules

similar to the glyoxal product mentioned above.

For compound II, the maxima in the UV spectrum at

336 nm and in the fluorescence emission spectrum at

405 nm (�ex, max¼ 340 nm) are slightly red-shifted com-

pared to the glyoxal product (Fig. 2C, D). It is interesting

to note, that the position of the UV maximum and the

molar extinction coefficient as well as the fluorescence

spectroscopic properties of both compounds did not

change significantly within the checked pH-range from

2.4 to 8.3 (data not shown). According to these results,

it was expected that no easily ionisable group is a part of

the chromophor or fluorophor.

The structural elucidation of compound I and II is

based on one and two-dimensional NMR spectroscopy.

Table 1. 13C- and 1H-NMR spectroscopic data of N-[2-(2-oxo-2H-pyrazin-1-yl)-propyl]-phenylalanine (I) and N-[2-(5-

methyl-2-oxo-2H-pyrazin-1-yl)-propionyl]-phenylalanine (II)

Atom assignmenta Compound I (DMSO-d6) Compound II (Methanol-d4)

�C=ppm �H=ppm �C=ppm �H=ppm

Pyrazinone-moiety

2 155.03 (s) 156.63 (s)

3 147.56 (d) 7.99 147.72 (d) 8.06

(1H, d, 5J¼ 1.0 Hz) (1H, s)

5 122.97 (d) 7.30 134.06 (s)

(1H, d, 3J¼ 4.5 Hz)

6 127.40 (d) 7.52 124.74 (d) 7.36

(1H, dd, 3J¼ 4.5 Hz,
5J¼ 1.0 Hz)

(1H, s)

5-Me 19.51 (q) 2.32

(3H, s)

Alanine-moiety

1 167.50 (s) 170.87 (s)

2 52.50 (d) 5.38 54.67 (d) 5.51

(1H, q, 3J¼ 7.2 Hz) (1H, q, 3J¼ 7.2 Hz)

3 16.29 (q) 1.45 16.45 (q) 1.61

(3H, q, 3J¼ 7.2 Hz) (3H, d, 3J¼ 7.2 Hz)

Phenylalanine-moiety

1 172.71 (s) 174.32 (s)

2 55.50 (d) 4.08 55.20 (d) 4.73

(1H, m) (1H, dd, 3J¼ 8.9 Hz,
3J¼ 4.9 Hz)

3 37.14 (t) H3A 2.87 38.27 (t) H3A 3.02

(1H, dd, 2J¼ 13.3 Hz,
3J¼ 6.5 Hz)

H3B 3.02

(1H, dd, 2J¼ 13.3 Hz,
3J¼ 4.9 Hz)

(1H, dd, 2J¼ 14.0 Hz,
3J¼ 8.9 Hz)

H3B 3.27

(1H, dd, 2J¼ 14.0 Hz,
3J¼ 8.9 Hz)

4 138.77 (s) 138.17 (s)

5, 50 129.35 (d) 7.04 (2H, m) 130.37 (d) 7.19–7.26 (2H, m)

6, 60 127.63 (d) 7.07–7.10 (2H, m) 129.43 (d) 7.19–7.26 (2H, m)

7 125.65 (d) 7.07–7.10 (1H, m) 127.73 (d) 7.19–7.26 (1H, m)

Ala-NH-Phe – 7.81 –

(1H, d, 3J¼ 7.1 Hz)

a For atom numbering, see Fig. 3
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The 1H- and 13C-NMR data are shown in Table 1 and

confirmed structures are shown in Fig. 4.

In the spectra of the glyoxal-derived product I, beside

the signals of the alanine and phenylalanine of the peptide-

moiety additional signals in the olefinic region were ob-

served. The signal of the methine proton of alanine

showed a notable downfield shift from 4.37 ppm in the

starting peptide to 5.38 ppm in the product, indicating the

exposition to a new-formed electron-withdrawing group.

In the HMBC experiment, correlations between the �-pro-

ton of alanine and C-2 and C-6 of the new part of the

molecule were observed. This result showed that C-2 and

C-6 are adjusted to the nitrogen atom. 1H–1H COSY and

HSQC revealed the neighbouring of the methine group

CH-5 to C-6. The methine proton, which appeared as small

doublet at 7.99 ppm in the proton spectrum, was assigned

to H-3 and showed cross peaks to C-5 and to the quaternary

C-2 as well as a weak correlation to C-6 in HMBC spectra.

In summary, the results of the two-dimensional NMR-

experiments established the pyrazinone structure N-[2-(2-

oxo-2H-pyrazin-1-yl)-propyl]-phenylalanine (compound I

in Fig. 4). The deduced chemical structure is consistent

with the results of mass spectrometry.

For the methylglyoxal-derived product, the pyrazinone

N-[2-(5-methyl-2-oxo-2H-pyrazin-1-yl)-propionyl]-phe-

nylalanine could be identified in the same manner

(compound II in Fig. 4). In the case of methylglyoxal, the

formation of two products is possible, which differ in

the position of the methyl group (position 5 or 6 on the

pyrazinone ring). Elucidation was achieved using the

carbon-proton long range coupling connectivities from

HMBC spectrum as shown in Fig. 4, clearly indicating

the methyl group at position 5.

Formation of pyrazinone-modified peptides can be

explained according to the reaction scheme shown in Fig. 5.

Addition of glyoxal to the primary amino group may lead

to a Schiff base. Following a tautomerization, the amido

nitrogen of the first peptide bond nucleophile attacks the

remaining carbonyl C-atom, followed by an elimination of

a second molecule of water. This reaction is postulated in

earlier work occurring under drastic and non-physiological

conditions (Prey and Petershofer, 1968). Van Chuyen et al.

(1973) discussed this reaction beside the well-known

Strecker degradation in the context of peptide modifications

occurring during food processing and heating at 100�C.

Fig. 4. Structural formulae of N-[2-(2-oxo-2H-pyrazin-1-yl)-propyl]-phe-

nylalanine (compound I) and N-[2-(5-methyl-2-oxo-2H-pyrazin-1-yl)-pro-

pionyl]-phenylalanine (compound II) (arrows indicating the characteristic

carbon-proton long range coupling connectivities from HMBC spectra)

Fig. 5. Proposed reaction pathway for the formation of N-[2-(2-oxo-2H-pyrazin-1-yl)-propyl]-phenylalanine (compound I) from glyoxal and

Gly-Ala-Phe
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Our results clearly proof the formation of pyrazinone-

moiety at the N-terminus of peptides under physiological

conditions. Especially in the case of glyoxal, the reaction

is very rapid and very specific, meaning that only one

product is formed.

For further characterization, compound I was incubated

in a wide pH-range from 2.0 to 9.1 at a elevated tempera-

ture of 60�C for 3 d. Using HPLC, no degradation was

observed. This indicates that the glyoxal-related modifica-

tion of the peptide is fairly stable.

Due to the fact that the 5-methyl-pyrazinone compound

II is the main fluorescent product resulting from the reac-

tion of Gly-Ala-Phe with methylglyoxal, pyrazinone for-

mation must be highly regioselective. In general, an alde-

hyde function is more reactive than a ketonic carbonyl

group. In the case of methylglyoxal, the aldehyde group

is hydrated in aqueous solution (Thornalley, 1996). Ac-

cording to this, the nucleophilic attack of the primary

amino group is targeted on the ketone function in the first

step, which can explain the observed regioselectivity.

The remarkable high reactivity of the �-dicarbonyl

compounds glyoxal and methylglyoxal raised the question

about the relevance of the observed reaction for biological

systems. As mentioned in the introduction, the guanidino

side chain of arginine and the "-amino group of lysine are

generally discussed as the primary targets for �-dicarbonyl

induced protein modification in foods and in vivo. To com-

pare the reactivity of these side-chains with the N-terminal

amino group and the first peptide bond, competitive incu-

bation experiments with N�-hippurylarginine and N�-

hippuryllysine as model-peptides for the protein-bonded

amino acids were made. As shown in Fig. 6, the N-terminus

of the peptide Gly-Ala-Phe and the guanidino function of

arginine showed almost the same reactivity for a derivati-

zation by glyoxal in single incubations with glyoxal as well

as under competitive conditions. The reactivity of lysine in

this experimental design was negligible. Corresponding

data were obtained for methylglyoxal (data not shown).

Based on these results, it can be concluded that the N-

termini of peptides are of similar importance as arginine

for reactions with �-dicarbonyl compounds.

Reaction of insulin with glyoxal

To determine whether the new pyrazinone structure is also

formed at the N-terminus of proteins under physiological

conditions, the reaction of bovine insulin with glyoxal

was investigated. For this purpose, insulin (17�M) was

incubated with glyoxal (50�M) in PBS at 37�C for 15 d.

The chosen molar ratio results in one molecule glyoxal for

each potential reaction site of the insulin molecule,

namely the N-terminus of the A- and B-chain as well as

the single arginine residue within the B-chain. The sam-

ples were analysed using HPLC directly after the incuba-

tion as well as after reducing the disulfide bridges and

blocking of the thiols for separation of the chains.

Figure 7 shows the chromatograms of the reaction mix-

ture obtained via detection at 220 and 320 nm as well

Fig. 6. Derivatization yield after separate incubation of BzGK (N�-

hippuryllysine), BzGR (N�-hippurylarginine, open bars) or Gly-Ala-

Phe (striped bars) with glyoxal and after simultaneous incubation of

BzGR (open bars) and Gly-Ala-Phe (striped bars) with glyoxal (pep-

tide(s) and glyoxal: 5 mM each, 100 mM PB pH¼ 7.4, 37�C, 24 h). Mean

value � standard deviation of three separate determinations

Fig. 7. HPLC analysis of incubation mixture of bovine insulin with

glyoxal (17�M and 50�M, respectively, PBS pH¼ 7.4, 37�C, 15 d) with

UV and fluorescence detection as indicated. Relative molecular masses

(monoisotopic) given were determined via LC-ESI-MS
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as fluorescence detection at excitation=emission wave-

lengths of 320=400 nm. It can be seen, that peaks with

UV absorbance and fluorescence characteristic for pyrazi-

nones are formed. Coupling of the LC system with mass

spectrometric detection indicated a monoisotopic mass of

Mr¼ 5751.3 for the fluorescent components eluting with

retention times between 18.7 and 20.2 min in the chro-

matogram. The mass difference of 21.7 compared to the

non-modified insulin molecule is consistent with the for-

mation of a pyrazinone structure and substantiates the

formation of mono-pyrazinone-modified insulin mole-

cules. Additionally, a deaminated product was observed,

eluting at 18.5 min in the chromatogram.

In the particular case of insulin, two N-termini are pos-

sible reaction sites for glyoxal. From non-enzymatic gly-

cation reactions of proteins with glucose, it is known, that

certain N-terminal �-amino groups or "-amino groups of

lysine show a higher reactivity. For instance, the �-amino

group of terminal valine residue at the �-chain of haemo-

globin (Bunn et al., 1979) or the "-amino group of lysine-

525 in human serum albumin (Garlick and Mazer, 1983)

are preferential glycation sites in vivo. To answer the ques-

tion, whether modification by glyoxal is also a site-specific

process, the A- and B-chain of insulin were separated after

incubation, by reducing the disulfide bridges and blocking

of the thiols. HPLC analysis revealed the formation of two

fluorescent peaks. Mass spectrometric detection (LC-MS)

enabled identification of this peaks as the pyrazinone-

modified A- and B-chain (Fig. 8). Comparing peak areas

of the unmodified and modified chains obtained after

detection at 220 nm showed that (2.0 � 0.4)% of the A-

chain and (5.9 � 0.6)% of the B-chain were pyrazinone-

modified. Consequently, glycation by glyoxal should be

site-specific in the used experimental system.

The same order of reactivity was observed for the mod-

ification of insulin by glucose in dry state at a relative

humidity of approximately 70% and at 37�C (Schwartz

and Lea, 1952; Amaya-F et al., 1976) as well as in solu-

tion under physiological conditions (O’Harte et al., 1996,

2000). To clarify a possible derivatization of Lys(B29) or

Arg(B22), the LC-MS spectra were checked for possible

products, like CML, 5-(4,5-Dihydroxy-2-imino-1-imida-

zolidinyl)-norvaline, 5-(2-imino-5-oxo-1-imidazolidinyl)-

norvaline (‘‘Glarg’’) and N7-carboxymethyl-arginine. None

of these modifications could be detected.

In order to explain the preferential formation of the

pyrazinone structure at the B-chain, the pKS-value of

the two terminal amino groups must be considered. As

the formation of pyrazinones starts by a nucleophilic

attack of the amino group and the formation of the Schiff

base, the reaction rate should increase with increasing

amounts of unprotonated amino groups. The lower pKS-

value of the �-amino group of N-terminal phenylalanine

at the B-chain (pKS ¼ 7.1) compared to glycine at the A-

chain (pKS¼ 8.4, Gao et al., 1995) is a possible reason for

its higher reactivity. Additional factors like the effect of

neighbouring groups during the next intramolecular steps

and the accessibility of the individual N-Termini may play

also a role. To discuss the accessibility, it is important to

note that insulin is present in a dimeric state at a concen-

tration of 17�M used in our experiments (Kaarsholm

and Ludvigsen, 1995). Based on the crystal structure

(Blundell et al., 1972) as well as the structure in solu-

tion (Kaarsholm and Ludvigsen, 1995) neither of the N-

Termini is known to be involved in the dimer forming part

of the molecule. We therefore assume that both reaction

sites should be accessible for glyoxal.

Taken together, our model studies have shown a high

reactivity of the N-terminus of peptides for modification

by the �-dicarbonyl compounds glyoxal and methyl-

glyoxal. This reaction leads to well-defined and stable

products, showing characteristic UV absorbance and fluo-

rescence. Structural elucidation revealed the formation of

a pyrazinone-moiety at the N-terminus of the starting

peptide. Further experiments with the model protein in-

sulin and glyoxal unequivocally demonstrated the for-

mation of the corresponding protein-bound N-terminal

pyrazinones under physiological conditions.

Fig. 8. HPLC analysis of incubation mixture of bovine insulin with gly-

oxal (17�M and 50�M, respectively, PBS pH¼ 7.4, 37�C, 15 d) with UV

and fluorescence detection as indicated. Disulfide bridges reduced by

dithiothreitol and sulfhydryl groups blocked by iodacetamide. Relative

molecular masses (monoisotopic) given were determined via LC-ESI-MS
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AGE-specific fluorescence is often measured for the

evaluation of the extent of the Maillard reaction in foods

and in vivo, but the structure of the fluorophores is only

partially known (Kollias et al., 1998; Avendano et al.,

1999; Birlouez-Aragon et al., 2001). In this context, the

formation of pyrazinones can contribute to the observed

fluorescence in thermally treated foods and in vivo.

We conclude that the pyrazinone derivatization of pep-

tides and proteins represents a new class of posttransla-

tional modifications, which have to be taken into account

as advanced glycation end-products (AGEs). Since the

precursors glyoxal and methylglyoxal are present ubiqui-

tously in biological systems as well as in thermal-treated

and fermented foods, the formation of N-terminal pyrazi-

nones in these systems is very likely. Corresponding

studies about the occurrence of pyrazinone-modified pep-

tides and proteins in foods and biological systems as well

as concerning physiological and nutritional consequences

are underway in our laboratory.
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