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Glycation of biopolymers by a-oxoaldehydes such as methylglyoxal is believed to play a major role
in the complex pathologies associated with diabetes and metabolic diseases. To design strategies that
could interfere with the endogenous production of such aldehydes or promote their detoxification or,
alternatively, to develop therapeutic procedures that could inhibit the deleterious effects of the
oxoaldehydes at the cellular level, it is important to characterize the wide spectrum of reactions between
these compounds and biomolecules, and gain insight into their mechanisms. In this study, we investigated
the reactivity of endogenous a-oxoaldehyde, methylglyoxal, and of malonaldehyde towards amino acid
derivatives, and we identified new adducts with Na-acetyllysine and Na-acetylhistidine. In addition, we
showed that a structurally analogous adduct is also formed with the model peptide N-acetylglycyllysine
O-methyl ester. The characterized compounds were most likely derived from the addition of the
appropriate nucleophilic center of the studied biomolecules to the C¼C bond of the initially formed
aldehyde conjugate. The resulted adducts contain an electrophilic b-dicarbonyl moiety and could
potentially be involved in the formation of DNA¢protein or protein cross¢links.

1. Introduction. – a-Dicarbonyl compounds represent environmental contaminants,
but are also natural products formed during a number of cellular processes. One of the
most prominent a-oxoaldehydes is methylglyoxal, a highly reactive metabolite derived
from several nonenzymatic and enzymatic reactions. Degradation of triosephosphates,
lipid peroxidation, side reactions from glucose-mediated glycation, and deamination of
aminoacetone are major processes associated with the formation of methylglyoxal in
vivo [1 – 3]. Methylglyoxal has been identified as a precursor of advanced glycation end
products (AGEs) which comprise a structurally diverse class of lipid, DNA [4], and
protein [5] modifications formed in living organisms. Protein AGEs are believed to be
involved in the pathologies associated with aging, cancer, and AlzheimerÏs disease, as
well as with diabetes-related complications, including nephropathy, vascular impair-
ment, and immune suppression [6] [7]. Methylglyoxal can irreversibly modify amino
acid residues of proteins such as bovine serum albumin, collagen, ribonuclease A, and
cytosolic aspartate aminotransferase leading to alteration of their normal function
[8] [9]. It has been reported that methylglyoxal reacts with arginine to form 5-
methylimidazolone, 5-hydro-5-methylimidazolone, and argpyrimidine [10] [11], and
also with lysine to generate imidazolysine and Ne-carboxyethyllysine [12], which
accumulate with aging and its related diseases. Apart from methylglyoxal, a range of
other aldehydes can be produced in biological systems. These continuously formed
electrophiles can coexist in biological tissues and can modify biopolymers in a
synergistic manner [13]. The resulted adducts may represent more harmful lesions than
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those generated by individual mutagenic agents. It has been shown that malonaldehyde
and acetaldehyde react simultaneously with proteins forming adducts that comprise
units derived from both aldehydes [13]. The same protein modifications have
been identified in EtOH-fed rats and in patients with alcohol-induced liver disease
[14].

Recently, we identified methylglyoxal adducts of adenine nucleosides generated in
the presence of malonaldehyde [15], and we demonstrated that in model reactions with
Na- and Ne-acetyllysine these adducts are capable of inducing a new class of DNA-
protein cross-links [16]. In the present study, we investigated the reactivity of
methylglyoxal and malonaldehyde towards amino acids, and we characterized new
adducts of Na-acetyllysine and Na-acetylhistidine. In addition, we showed that the
analogous adduct is also formed with the model dipeptide N-acetylglycyllysine O-
methyl ester. Lysine and histidine are, besides cysteine and arginine, major targets for
electrophilic compounds [17 – 22]. These amino acids are also very often involved in the
formation of protein AGEs containing both cross-linking and non-cross-linking
adducts. Despite their ubiquitous formation in living cells and their biological
significance, still little is known and much remains to be learned about the structural
features and mechanisms of the formation of these types of lesions. Structural
characterization of the wide spectrum of adducts generated between electrophilic
products of cellular processes and biomolecules in vitro may provide insight into the
chemical nature of modifications possibly formed in living organisms. Although
findings derived from studies with model systems may not always be pertinent to more
complicated biological systems, they can be of help in clarifying mechanisms involved
in acting of endogenously formed deleterious chemicals such as a-oxoaldehydes.

2. Results and Discussion. – In this work, we studied the reactivity of methylglyoxal
and malonaldehyde towards Na-acetyllysine, Na-acetylhistidine, and N-acetylglycylly-
sine O-methyl ester, respectively, so the electrophiles could only interact with Ne of the
lysine derivatives and Np or/and Nt of the histidine imidazole ring.

2.1. Reaction of Methylglyoxal and Malonaldehyde with Na-Acetyllysine. Methyl-
glyoxal and malonaldehyde were subjected to a reaction with Na-acetyllysine in an
aqueous phosphate buffer solution at pH 4.6, at 378 for 2 d. LC Analysis of the mixture
revealed that the aldehydes gave rise to one adduct (Scheme 1, M1MG-ALys; 1). The
UV spectrum of this product exhibited an absorption maximum at 265 nm. In the ESI-
MS, the [Mþ 1]þ signal of the adduct was observed at m/z 315. In the MS2 measurement
of m/z 315, the signal at m/z 189 corresponded to the cleavage of the malonaldehyde-
methylglyoxal unit from the modified amino acid, followed by the attachment of a H-
atom. The adduct was stable during the isolation and purification steps. 1H- and
13C-NMR chemical shifts, 1H,1H-coupling constants, and HMBC in the NMR spectra of
M1MG-ALys (1) are summarized in Table 1.

The 1H-NMR spectrum of the compound displayed three signals, besides the signals
of H-atoms from the Na-acetyllysine moiety. The signal at 8.80 ppm was assigned to the
two chemically equivalent aldehyde H-atoms on the basis of the chemical shift and the
HSQC with the C-signal at 192.8 ppm. The 1 H singlet that appeared at 4.85 ppm was
assigned to H¢C(b) on the basis of the one-bond 1H,13C-correlation with the C-signal at
62.9 ppm, and further based on HMBCs between this H-signal and signals attributed to
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the C(e), CHO, Me(C¼O)¢C(b), and C(a). The Me signal at 2.14 ppm was assigned to
the Me group derived from methylglyoxal on the basis of the chemical shift and the
one-bond 1H,13C-correlation with the C-signal at 27.8 ppm. In the 13C-NMR spectrum,
five signals were observed in addition to the signals arising from the amino acid unit.
The signals observed at 192.8, 62.9, and 27.8 ppm were assigned to the CHO, C(b), and
Me(C¼O)¢C(b) atoms, respectively. The assignment of the signal at 208.6 ppm to
Me(C¼O)¢C(b) atom was based on the chemical shift and strong correlation (HMBC)
between this signal and the signal derived from the Me group (Me(C¼O)¢C(b)). The
signal at 112.1 ppm was attributed to the C(a) atom. This atom is included in the
structural fragment of the adduct that is derived from malonaldehyde. A very similar
chemical shift (112.3 ppm) for the corresponding C-atom (labelled as C(2)), was
observed in the 13C-NMR spectrum of the malonaldehyde sodium salt [23]. The data
collected from mass spectrometry and from NMR spectroscopy were consistent with
the structure for M1MG-ALys (1) as depicted in Scheme 1.

2.2. Reaction of Methylglyoxal and Malonaldehyde with N-Acetylglycyllysine O-
Methyl Ester. LC Analysis of the mixture of methylglyoxal and malonaldehyde during
the reaction with the model dipeptide showed the formation of one distinct product.
The UV spectrum of this compound (M1MG-Dipep (2), Scheme 1) displayed an
absorption maximum at 265 nm and was very similar to the UV spectrum of M1MG-
ALys (1). In the ESI-MS, M1MG-Dipep (2) gave rise to an [Mþ 1]þ signal at m/z 386.
In the MS2 measurement of m/z 386, the signal at m/z 260 indicated the loss of the
malonaldehyde-methylglyoxal unit. In the NMR spectra of compound 2, the chemical
shifts of the H- and C-atoms derived from the malonaldehyde-methylglyoxal core were
very similar to those assigned for corresponding atoms in M1MG-ALys (1; Tables 2 and
1, resp.).
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Table 1. 1H-, 13C-NMR Data, and Long-Range HMBCs of M1MG-ALys (1). d in ppm, J in Hz.

d(H) d(C) HMBC

CHO 8.80 (s) CHO 192.8 H¢C(b)
H¢C(b) 4.85 (s) C(b) 62.9 CHO, Ha¢C(e), Me(C¼O)¢C(b)
H¢C(a) noa) C(a) 112.1 H¢C(b)
Ac¢C(b) 2.14 (s) Ac¢C(b) 208.6 Me(C¼O)¢C(b), H¢C(b)

Ac¢C(b) 27.8
H¢C(a) 4.12 (dd, J¼ 8.0, 4.6) C(a) 57.6 Me(acetyllysine),

Ha¢C(b), Hb¢C(b), H¢C(g)
CH2(e) 2.98 – 2.93 (m, Ha), C(e) 47.5 H¢C(b)

2.92 – 2.87 (m, Hb)
CH2(d) 1.69 – 1.65 (m) C(d) 27.9 Ha¢C(e), Hb¢C(e), H¢C(g)
CH2(b) 1.82 – 1.76 (m, Ha), C(b) 33.9 H¢C(a), H¢C(g)

1.69 – 1.65 (m, Hb)
CH2(g) 1.39 – 1.34 (m) C(g) 25.2 Ha¢C(e)
Me (acetyllysine) 2.02 (s) Me 24.7

Me(C¼O)
(acetyllysine)

176.5 Me (acetyllysine), H¢C(a)

COOH 182.0 H¢C(a), Ha¢C(b), Hb¢C(b)

a) Not observed, due to the acidity of the H-atom.



This identity together with the MS and UV spectra of M1MG-Dipep (2) strongly
indicated that this compound was a structural analog of M1MG-ALys (1).

2.3. Reaction of Methylglyoxal and Malonaldehyde with Na-Acetylhistidine. LC
Analysis of the mixture of methylglyoxal and malonaldehyde with Na-acetylhistidine
showed again formation of one product (Scheme 2). The UV spectrum of this
compound displayed an absorption maximum at 268 nm. In the ESI-MS (positive-ion
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Scheme 1. Mechanism Proposed for the Formation of M1MG-Alys (1) and M1MG-Dipep (2)

Table 2. 1H-, 13C-NMR Data, and Long-Range HMBCs of M1MG-Dipep (2). d in ppm, J in Hz.

d(H) d(C) HMBC

CHO 8.81 (s) CHO 192.8 H¢C(b)
H¢C(b) 4.86 (s) C(b) 62.9 CHO, Ha¢C(e), Hb¢C(e), Ac¢C(b)
H¢C(a) noa) C(a) 112.1 H¢C(b)

Ac¢C(b) 208.6 Ac¢C(b), H¢C(b)
Ac¢C(b) 2.13 (s) Ac¢C(b) 27.4
H¢C(a) 4.43 (ddd, J¼ 9.2,

4.9, 2.8)
C(a) 55.1 Ha¢C(b), Hb¢C(b), H¢C(g)

MeO 3.75 (s) MeO 55.7
CH2 (glycine) 3.92 CH2 (glycine) 45.1
CH2(e) 2.98 – 2.93 (m, Ha), C(e) 47.5 H¢C(b), H¢C(g), H¢C(d)

2.91 – 2.86 (m, Hb)
CH2(d) 1.70 – 1.64 (m) C(d) 27.4 Ha¢C(e), Hb¢C(e), H¢C(g), Ha¢C(b)
CH2(b) 1.93 – 1.87 (m, Ha), C(b) 32.4 H¢C(a), H¢C(g,) H¢C(d)

1.76 – 1.71 (m, Hb)
CH2(g) 1.41 – 1.36 (m) C(g) 24.7 H¢C(a), Ha¢C(e), Hb¢C(e),

H¢C(d), Hb¢C(b)
Me
(acetylglycine)

2.05 (s) Me 24.5

Me(C¼O)
(acetylglycine)

177.8 Me (acetylglycine), CH2 (glycine)

MeO(C¼O) 177.1 MeO, H¢C(a)
CH2(C¼O)NH 174.6 CH2 (glycine)

a) Not observed, due to the acidity of the H-atom.



mode), this product showed an [Mþ 1]þ signal at m/z 324. In the MS2 measurement
of m/z 324, the signal observed at m/z 198 corresponded to the cleavage of the
malonaldehyde-methylglyoxal unit. Isolation and purification of the adduct were
carried out by using LC. NMR Analysis of the product revealed that it was a mixture of
two isomers. The isolated product consisted of the Nt (Fig., M1MG-AHis-a; 3a) and Np

(Fig., M1MG-AHis-b; 3b) regioisomers resulting in complex NMR spectra. In studies
on the histidine adducts with styrene oxide, the Nt derivatives predominated, indicating
that the t position of the imidazole ring is more reactive towards electrophilic agents
[24]. In our studies, we also observed that one of the isomers was formed in a large
excess. The NMR data sets for the signals arising from the Na-acetylhistidine core of the
predominated isomer M1MG-AHis-a (3a ; Table 3), were similar to those reported for
other histidine modifications [24] [25].

Apart from these signals, the 1H-NMR spectrum of M1MG-AHis-a (3a) displayed
signals at 8.77, 3.64, and 2.17 ppm. The first signal, on the basis of a one-bond 1H,13C
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Scheme 2. Mechanism Proposed for the Formation of M1MG-AHis-a (3a)

Table 3. 1H-, 13C-NMR Data, and Long-Range HMBCs of M1MG-AHis-a (3a). d in ppm, J in Hz.

d(H) d(C) HMBC

CHO 8.77 (s) CHO 192.6
H¢C(2) 7.78 (s) C(2) 138.3 H¢C(4), Hb¢C(b)
H¢C(4) 6.92 (s) C(4) 120.5 H¢C(2), Ha¢C(b), Hb¢C(b)
H¢C(a) noa) C(a) 111.4 H¢C(b)
H¢C(b) 3.64 (s) C(b) 59.0 Me(C¼O)¢C(b), CHO
Ac¢C(b) 2.17 (s) Ac¢C(b) 28.3
H¢C(a) 4.42 (dd, J¼ 8.6, 4.6) C(a) 57.4 Ha¢C(b), Hb¢C(b), Me (Ac)
CH2(b) 3.11 (dd, J¼ 15.0, 4.7, Ha), C(b) 31.7 H¢C(a)

2.96 (dd, J¼ 15.0, 8.7, Hb)
Me (Ac) 1.96 (s) Me 24.7

(C¼O)¢C(b) 212.1 Me(C¼O)¢C(b)
Me(C¼O)
(acetylhistidine)

176.3 Me (acetylhistidine), H¢C(a)

COOH 180.7 H¢C(a), Ha¢C(b), Hb¢C(b)
C(5) 135.5 H¢C(2), H¢C(4), H¢C(a),

Ha¢C(b), Hb¢C(b)

a) Not observed, due to the acidity of the H-atom.



correlation (HSQC) with the C-atom signal at 192.6 ppm, was assigned to the aldehyde
H-atoms. The signal at 3.64 ppm showed one-bond 1H,13C-correlation with the C-atom
signal at 59.0 ppm and was attributed to H¢C(b), and the signal at 2.17 ppm was
assigned to the Me(C¼O)¢C(b) group based on the chemical shift and a one-bond
1H,13C-correlation with the C-atom signal at 28.3 ppm. The signal in the 13C-NMR
spectrum of compound M1MG-AHis-a (3a) at 111.4 ppm was attributed to the C(a)
atom, and the signal at 212.1 ppm to the C(b)(C¼O) atom. These assignments were
confirmed by strong correlations observed in the HMBC spectrum between the signal
at 111.4 ppm and the signal attributed to H¢C(b), and between the signal at 212.1 ppm
and the signal assigned to the Me group (Ac¢C(b)), respectively. The chemical shifts
for H- and C-atoms in M1MG-AHis-a (3a) that derived from the malonaldehyde-
methylglyoxal unit were similar to those observed in M1MG-ALys (1) and M1MG-
Dipep (2). This fact confirmed the structure depicted for M1MG-AHis-a (3a) in the
Figure.

1H- and 13C-chemical shifts of the minor isomer (M1MG-AHis-b, 3b ; Fig.) were
extracted from the spectra of the mixture of M1MG-AHis-a (3a) and M1MG-AHis-b
(3b) as less intense signals and are presented in the Exper. Part.

2.4. Mechanism for the Formation of the Malonaldehyde-Methylglyoxal Adducts of
Amino Acids. All isolated adducts contain units derived from the malonaldehyde-
methylglyoxal conjugate. Previously, we identified the malonaldehyde-methylglyoxal
adducts of adenine nucleosides, and we proposed that the mechanism responsible for
these adducts formation implies 1,4-addition of the exocyclic amino group of the
nucleobase to the initially formed conjugate of the studied aldehydes [15]. Earlier, we
characterized a range of malonaldehyde-acetaldehyde adducts of DNA arising from
interactions between the DNA bases and the malonaldehyde-acetaldehye condensa-
tion products [26]. The analogous mechanism is most likely responsible for the
formation of the amino acid adducts characterized in this study. The compounds were
proposed to be formed in the addition of the amino group of the lysine derivatives and
one of the imidazole N-atoms of Na-acetylhistidine, respectively, to the a,b-unsaturated
dicarbonyl moiety of the malonaldehyde-methylglyoxal conjugate (Schemes 1 and 2).

3. Conclusions. – Modification of proteins and other biomolecules by electrophilic
products of cellular processes is believed to play a significant role in the pathologies
associated with free radical damage, including cardiovascular and neurological
diseases, cancer, and aging [27]. Identification of the protein targets and elucidation
of structures of the arising adducts are essential for clarifying mechanisms responsible
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for the formation of such modifications. The model reactions examined in this study
resulted in the structural characterization of previously unknown amino acid adducts
formed by the interactions of lysine derivatives and Na-acetylhistidine, respectively,
simultaneously with methylglyoxal and malonaldehyde. The highest yield of these
adducts were obtained under acidic conditions (pH 4.6), but their formation was also
observed at physiological pH. These compounds may represent models for amino acid
modifications by methylglyoxal and malonaldehyde. Lysine is an abundant amino acid
in many proteins and is often located accessibly on their surfaces [28]. Despite the fact
that lysine side chains are basic and extensively protonated at physiological pH,
reactive electrophilic reagents are able to modify these chains under in vivo conditions
[29] [30]. Histidine is often situated more internally, but was also found to be a target
for an attack of electrophiles [28]. Our studies confirmed that both amino acids can be
involved in reactions with endogenously generated carbonyl compounds. Reactions
with methylglyoxal and malonaldehyde can induce the formation of carbonyl groups in
proteins and, as a consequence, can lead to initiation of the DNA-protein or protein
cross-linking. Our results can provide a better understanding of the complex chemistry
of the effects induced by dicarbonyl compounds of endogenous origin and can
contribute to clarifying the role that a-oxoaldehydes play in the biochemistry of AGEs.

Experimental Part

General. Malonaldehyde was prepared by acidic hydrolysis of 1,1,3,3-tetramethoxypropane (TMP)
as described by Stone et al. [31]. Methylglyoxal was purchased from Fluka. Na-acetyllysine, TMP,
NH4HCO3 , and MeCN (gradient grade for chromatography) were purchased from Sigma¢Aldrich. Na-
Acetylhistidine was purchased from Trade Mark and N-acetylglycyllysine methyl ester from Bachem.

Chromatographic Methods. Progress of the reactions was monitored by LC-DAD and the analyses
were performed on an Agilent 1100 series liquid chromatographic system consisting of a model G1312A
binary pump, a G1313A autosampler, a G1379A vacuum degasser, a G1315B diode-array detector (UV),
a 5 mm, 4.6  150 mm reversed-phase C18 anal. column (Hypersil Gold, Thermo Scientific) and Agilent
ChemStation data handling program (Agilent Technologies). The column was eluted isocratically for
5 min with 0.01m phosphate buffer, pH 7.1, and then with a gradient from 0% to 30% MeCN in 25 min at a
flow rate of 1.5 ml/min.

Separation and purification of the adducts were carried out using a semiprep. 5 mm, 10  250 mm
(Hypersil Gold, Thermo Scientific) reversed-phase C18 column. The column was coupled to the Agilent
1200 Series HPLC system consisting of a binary pump (G1312A), an autosampler (G1329A), a vacuum
degasser (G1379B), a diode-array detector (UV; G1315B), a fraction collector (G1364C), and Agilent
ChemStation data handling program (Agilent Technologies).

LC/ESI-MS Methods. The LC/ESI-MS analyses were performed with a Waters ZQ instrument
equipped with an electrospray ion source and operated in both positive as well as negative-ion mode.
Ionisation was carried out using N2 as both nebulizer gas (80 l/min) and desolvation gas (300 l/h) heated
to 3008. The capillary exit offset had a value of 3000 V and skim voltage was set to 30 V. The maximum
ion accumulation time was 0.1 min. The analyzed adducts were introduced through the LC system using a
reversed-phase C18 analytical column (5 mm, 4.6  150 mm, Symmetry) eluted isocratically for 5 min with
1% MeCN in 0.01m AcONH4 , and then with a gradient from 1% to 30% MeCN during the course of
30 min at a flow rate of 0.5 ml/min.

NMR and UV Spectroscopy. The 1H- and 13C-NMR spectra of the adducts were recorded with a
Bruker UltraShieldTM 600 (Bruker, Germany) NMR spectrometer at 600 MHz in D2O. The solvent was
used as an internal reference standard. Two-dimentional NMR spectroscopy was used for structural
evaluation of the compounds. 1H Resonances were assigned based on chemical shifts and 13C,1H-
correlation data. The signals of C-atoms bonded to H-atoms were attributed based on HSQC spectra.
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The assignment of other C-signals was achieved on the basis of the 13C chemical shifts and long-range
HMBC spectra. All chemical shifts are reported in ppm.

The UV spectra of the isolated compounds were recorded with a diode-array detector as the
compounds eluted from the HPLC column.

General Procedure for Reactions of Methylglyoxal and Malonaldehyde with Amino Acid Derivatives.
The amino acid derivative (Na-acetyllysine: 14.30 mg, 0.076 mmol; N-acetylglycyllysine O-methyl ester:
14.80 mg, 0.057 mmol; Na-acetylhistidine 19.20 mg, 0.098 mmol) was dissolved in 0.1m phosphate buffer
(1 ml) at pH 4.6 and 7.4, resp. Malonaldehyde (hydrolyzed from TMP (40 mg, 0.244 mmol)) was mixed
with methylglyoxal (200 ml, 3.306 mmol), and the pH of the mixture was adjusted to 4.6 with 0.1m
NaOH. The appropriate aldehyde mixture was then added to the soln. of the amino acid derivative.
The reactions were performed at 378, and the progress of the reactions was monitored by HPLC and
LC/MS analyses.

General Procedure for Preparation of Amino Acid Adducts with Methylglyoxal and Malonaldehyde.
Malonaldehyde (hydrolyzed from TMP (800 mg, 4.878 mmol)) was dissolved in 10 ml of a 0.1m
phosphate buffer at pH 4.6, and 4 ml (66.111 mmol) of methylglyoxal was added. The pH of the mixture
was adjusted to 4.6 with 0.1m NaOH. The amino acid derivative (Na-acetyllysine: 290.60 mg, 1.546 mmol;
N-acetylglycyllysine O-methyl ester: 298.40 mg, 1.152 mmol; Na-acetylhistidine 382.50 mg, 1.942 mmol)
was dissolved in 20 ml of a 0.1m phosphate buffer (pH 4.6) and was then added to the mixture of the
aldehydes. The reactions were performed at 378 for 2 d. Then, the mixtures were concentrated to ca.
10 ml and passed through a prep. C18 column. The column was eluted with H2O (2  100 ml), then with a
gradient from 5% to 20% MeCN in H2O. The fractions containing products were combined, concentrated
to ca. 10 ml and subjected to further isolation by using a semiprep. C18 column. For the purification of
Na-acetyllysine and of N-acetylglycyllysine O-methyl ester adducts, the column was eluted isocratically
with 0.01m phosphate buffer at pH 7.1 for 3 min and then with a gradient from 0% to 25% MeCN over a
course of 17 min at a flow rate of 4 ml/min. The fractions containing the pure compounds were
combined, concentrated to ca. 10 ml and then desalted by using the same C18 column. For the
purification of Na-acetylhistidine adducts, the column was eluted isocratically with 0.0025m NH4HCO3

soln. for 10 min and then with a gradient from 0% to 30% MeCN over the course of 15 min at a flow rate
of 4 ml/min.

The solns. containing the pure adducts were combined and evaporated to dryness. The obtained
residues were dried by the use of a freeze drying system.

M1MG-ALys (¼N2-Acetyl-N6-(2-formyl-1,4-dioxopentan-3-yl)-l-lysine ; 1). Isolated amount 8 mg.
UV (LC eluent, 0.01m phosphate buffer, pH 7.1): 265. 1H- and 13C-NMR spectra: see Table 1. ESI-MS
(pos.): 315 (100, [MþH]þ). MS2 of 315: 189 (30, [MþH¢ (malonaldehyde-methylglyoxal conjugate
unit)þH]þ).

M1MG-Dipep (¼Methyl N-Acetylglycyl-N6-(2-formyl-1,4-dioxopentan-3-yl)-l-lysinate ; 2). Isolated
amount 9 mg. UV (LC eluent, 0.01m phosphate buffer, pH 7.1): 265. 1H- and 13C-NMR spectra: see Table
2. ESI-MS (pos.): 386 (60, [MþH]þ). MS2 of 386: 260 (100, [MþH¢ (malonaldehyde-methylglyoxal
conjugate unit)þH]þ).

M1MG-AHis-a (¼N-Acetyl-1-(2-formyl-1,4-dioxopentan-3-yl)histidine ; 3a) and M1MG-AHis-b
(¼N-Acetyl-3-(2-formyl-1,4-dioxopentan-3-yl)histidine ; 3b). Isolated amount 30 mg. UV (LC eluent,
0.01m phosphate buffer, pH 7.1): 268. 1H- and 13C-NMR spectra of the isomer 3a : see Table 3. ESI-MS
(pos.): 324 (100, [MþH]þ). MS2 of 324: 198 (75, [MþH¢ (malonaldehyde-methylglyoxal conjugate
unit)þH]þ).

M1MG-AHis-b (3b). 1H-NMR (600 MHz, D2O): 8.81 (s, 2 H, CHO); 7.60 (s, H¢C(2)); 6.82 (s,
H¢C(4)); 4.38 (dd, J¼ 9.6, 4.6, H¢C(a)); 3.63 (s, H¢C(b)); 3.07 (dd, J¼ 13.3, 4.1, Ha¢C(b)); 2.91 – 2.83
(m, Hb¢C(b)); 1.94 (s, 3 H, acetylhis.); 2.22 (s, MeC(O)C(b)). 13C-NMR (600 MHz, D2O): 211.3
(MeC(O)C(b)); 192.5 (CHO); 181.1 (COOH); 176.1 (C(O) acetylhis.); 139.9 (C(2)); 132.2 (C(5)); 120.6
(C(4)); 110.2 (C(a)); 58.4 (C(b)); 57.8 (C(a)); 32.4 (C(b)); 28.8 (MeC(O)C(b)); 24.9 (Me acetylhis.).
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