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The Maillard reaction, initiated by nonenzymatic gly-
cosylation of amino groups on proteins by reducing sug-
ars, has been studied for its potential role in aging and
the complications of diabetes. One of the major conse-
quences of the advanced Maillard reaction in proteins is
the formation of covalently cross-linked aggregates. The
chemical nature of the cross-linking structures is
largely unknown. Recently, methylglyoxal has been
shown to be a potential glycating agent in vivo and sug-
gested to be a common intermediate in the Maillard
reaction involving glucose. Methylglyoxal can form en-
zymatically or nonenzymatically from glycolytic inter-
mediates and by retro-aldol cleavage of sugars. Its ele-
vation in tissues in diabetes and its high potency to
glycate and cross-link proteins led us to investigate the
chemical nature of its advanced Maillard products. Us-
ing an approach in which a synthetic model peptide was
reacted with methylglyoxal, we isolated and purified a
cross-linked peptide dimer. Characterization of this
dimer revealed that the peptides are linked through e
amino groups of lysine residues. The actual cross-link
was shown to be a methylimidazolium, formed from the
reaction of two lysines and two methylglyoxal mole-
cules. We have named this cross-link imidazolysine.
Imidazolysine was detected in proteins by high perform-
ance liquid chromatography using a postcolumn deri-
vatization method. Proteins incubated with methylg-
lyoxal showed a time-dependent formation of
imidazolysine. Quantification of imidazolysine in hu-
man serum proteins revealed a significant increase (p <
0.05) in diabetic samples (mean 6 S.D., 313.8 6 52.7
pmol/mg protein) when compared with normal samples
(261.3 6 50.4). These values correlated with glycohemo-
globin (p < 0.05). These results provide chemical evi-
dence for protein cross-linking by dicarbonyl com-
pounds in vivo.

The Maillard reaction, initiated by the nonenzymatic reac-
tion of reducing sugars with proteins, is proposed to play a
significant role in protein aging and the complications of aging

and diabetes. The reaction is initiated with the reversible for-
mation of a Schiff base between a reducing sugar and the
amino group of a protein. The relatively unstable Schiff base
undergoes rearrangement to form a more stable Amadori prod-
uct. The Amadori product, over a period of several months to
years, undergoes a series of further reactions through dicar-
bonyl intermediates to form advanced glycation end products
(AGEs)1 that are also known as advanced Maillard products.
The AGEs are a heterogeneous group of structures formed as
both cross-linking and noncross-linking adducts on proteins.
The long-lived proteins in the body like lens crystallins and
collagen accumulate AGEs because of their negligible or slow
turnover. Immunochemical and chemical methods have clearly
shown the progressive accumulation of AGEs in tissue proteins
in aging (1–3). In diabetes, AGE accumulation in general is
accelerated and linked to atherosclerosis, nephropathy, neu-
ropathy, retinopathy, and cataract (4–8). The binding of
AGEs to specific receptors on macrophages has been shown to
result in the synthesis of cytokines and growth factors and
enhanced oxidative stress (9–12). These events are proposed
to play a major role in age- and diabetes-associated vascular
complications.
Considerable interest has focused recently on the structural

characterization of AGEs. Attempts are being made to isolate
major products by using specific antibodies and by chromato-
graphic methods. A consistent difficulty in these procedures
has been the isolation of individual AGEs in a reaction where
numerous products are formed with highly cross-linked struc-
tures. Although protein cross-linking is a major end result of
the Maillard reaction, only two minor protein cross-linking
compounds, pentosidine and fluorophore LM-1, have been de-
tected in tissues (13–15). Therefore, to better understand the
impact of the Maillard reaction in aging and diabetes and to
develop effective therapeutic methods to prevent AGE accumu-
lation in tissues, it is necessary to elucidate the chemical na-
ture of the major protein cross-links derived from this reaction.
In addition to glucose, a number of other sugars and sugar

metabolites are known to initiate the Maillard reaction. Among
them methylglyoxal (MG) has attracted considerable attention
recently. MG is formed by enzymatic and nonenzymatic routes
from glycolytic intermediates as well as from autoxidation of
sugars (16, 17). It has been shown that in diabetes the concen-
tration of MG increases in the lens, blood, and kidney (18–20).
In Type I diabetic patients the blood MG levels increased 5–6-
fold and in Type II 2–3-fold compared with normal control
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subjects (18, 19). In vitro experiments have shown that MG
undergoes a rapid Maillard reaction with proteins to form
covalently cross-linked aggregates (21). Such reactions have
been shown to occur even at physiological concentrations of MG
(22) and form fluorescent products, characteristics of which
resemble those occurring in proteins in aging and diabetes (23).
The high reactivity of MG with proteins and its relatively high
concentration (0.1 mM) in the plasma (24) suggest that it is one
of the major glycating agents present in vivo. A specific recep-
tor on macrophages has been identified for proteins that are
modified by the Maillard reaction with MG (25). Papoulis et al.
(26) have suggested that MG is a common intermediate in the
Maillard reaction by glucose and its derivatives.
This study was undertaken to understand the chemical na-

ture of cross-linking structures derived from the advanced
Maillard reaction initiated by MG. Using a model synthetic
peptide in our reaction, we have isolated a lysine-lysine cross-
link and developed an assay for its detection and quantification
in proteins. We report the isolation, characterization, and de-
tection in human serum proteins of this novel lysine-lysine
cross-link.

EXPERIMENTAL PROCEDURES

Materials—Methylglyoxal (40% aqueous solution), human serum al-
bumin (HSA, essentially fatty acid free), heptafluorobutyric acid
(HFBA), trifluoroacetic acid (TFA) were obtained from Sigma. Bio-Gel
P-2 was from Bio-Rad. O-Phthalaldehyde (OPA) was from Aldrich.
Na-t-BOC-lysine and Na-t-BOC-arginine and Na-a-acetyl-glycyl-lysine
methyl ester were from Bachem, CA. Ne-Carboxymethyllysine was a
kind gift from Dr. John Baynes, University of South Carolina, Colum-
bia, SC. All other chemicals used were of highest quality commercially
available. Bovine lenses were obtained from a local slaughterhouse.
Human blood was collected from The University Hospitals of Cleveland,
Cleveland, OH, and from volunteers at this University. Glycosylated
hemoglobin was determined by boronate affinity chromatography with
the Glycogel B column system (Pierce).
Reaction of Na-Acetyl-Glycyl-Lysine Methyl Ester (GK-Peptide) with

Na-t-BOC-Arginine and MG—To isolate cross-links derived from the
advanced Maillard reaction initiated by methylglyoxal, the reaction
was carried out with 1 g of GK-peptide, 500 mg of Na-t-BOC arginine,
and 100 mM methylglyoxal (78 ml) in 4.0 ml of 0.2 M sodium phosphate
buffer, pH 7.4, at 37 °C in the dark. The pH of the reaction mixture was
adjusted to 7.4 with 5 N NaOH. The reaction mixture was incubated for
24 h. The resulting deep brown mixture was then subjected to gel
filtration on a Bio-Gel P-2 column.
Gel Filtration of the Reaction Mixture—The reaction mixture was

applied onto a Bio-Gel P-2 column (70 3 2.5 cm) equilibrated with 0.02
M sodium phosphate buffer, pH 7.4, and 0.01 M NaCl. The column was
eluted at a flow rate of 18 ml/h, and fractions of 4.0 ml were collected.
Aliquots from the collected fractions were diluted with distilled water
for absorption measurement at 220 nm. The fractions were also ana-
lyzed by thin layer chromatography (TLC) on silica gel plates (Kieselgel
60, 0.2 mm, E. Merck, Germany) using butanol:acetic acid:water:pyri-
dine (2.5:1:1.25:1.25, v/v/v/v) as solvent. The TLC plates were developed
with ninhydrin (5% in ethyl alcohol). Based on the absorption at 220 nm
and the TLC profile, the fractions were combined into four pools. The
pooled fractions were dried in a speed vac concentrator (Savant Instru-
ments, Farmingdale, NY).
High Performance Liquid Chromatography (HPLC)—The dried pools

from the Bio-Gel column were reconstituted in 3.0 ml of 0.1% trifluoro-
acetic acid (TFA) in water and subjected to HPLC on a C18 reversed
phase semi-preparative column (218TP1010, 10 mm, Vydac, The Sepa-
rations Group, Hesperia, CA). The HPLC system (Waters Chromatog-
raphy Division, Milford, MA) consisted of two pumps (model 510), an
automatic gradient controller, a model U6K manual injector, and a
model 746 data module integrator. The solvent system consisted of 0.1%
TFA in water (A) and 50% acetonitrile in water with 0.1% TFA (B). The
program was as follows: 0–35 min, 0–100% B; 35–43 min, 100% B;
44–54 min, 0% B. The flow rate was set at 2.0 ml/min, and the column
effluent was monitored for absorbance at 220 nm with a tunable ab-
sorbance detector (model UV-970, Jasco Corp., Japan). The major peaks
were collected and dried in a speed vac concentrator.
The dried fractions were reconstituted in 1.0 ml of water and injected

again on a C18 reverse phase semi-preparative column for further

purification. The solvent system and other conditions were the same as
above, except that a longer solvent gradient was used (0–50 min,
0–100% B). The major peaks were collected and lyophilized. Using this
procedure, a modified peptide was purified. Characterization of this
peptide revealed that it was a dimer and cross-linked by a Maillard
reaction product. This product was named imidazolysine. Other details
of purification and characterization are described under the “Results.”
Purification of Imidazolysine from the Incubation of Na-t-BOC Lysine

with MG—Five hundred mg ofNa-t-BOC lysine and 200 mg of MG were
dissolved in 5.0 ml of 0.2 M sodium phosphate buffer, pH 7.4, and
incubated at 37 °C for 16 h. The resulting deep brown solution was
subjected to cation exchange chromatography on a AG-50W-X4 (Bio-
Rad) (2.5 3 7-cm) column equilibrated with 0.02 M sodium acetate
buffer, pH 5.0. The column was washed with 250 ml of buffer and then
eluted with a gradient of 0–1 M NaCl in 100 ml. This was followed with
100 ml of buffer containing 1 M NaCl. Fractions of 3.0 ml were collected
at a flow rate of 20.0 ml/h. To each fraction, 200 ml of 2 N HCl was added
(to release the BOC group) and allowed to stand overnight. The pres-
ence of imidazolysine was determined by TLC on silica (butanol:water:
acetic acid:pyridine, 5:2.5:2:2.5, v/v/v/v, solvent system A). The plates
were visualized with ninhydrin.
The fractions that showed the presence of imidazolysine were pooled

and lyophilized. The sample was then extracted twice with 20 ml of
methanol to remove salt and finally dissolved in 5.0 ml of water and
subjected to HPLC on a C18 reversed phase semi-preparative column
with the following solvents and program: solvent A, 0.1% TFA in water,
and solvent B, 50% acetonitrile in water 1 0.1% TFA; 0–100% linear
gradient of B in 0–35 min at a flow rate of 2.0 ml/min. The column
effluent was directed to an on-line fraction collector collecting 2.0-ml
fractions. The fractions were analyzed by TLC using the solvent system
A and visualized with ninhydrin. The fractions that showed the pres-
ence of imidazolysine (Rf 0.06) were pooled and dried in a speed vac
concentrator. This fraction was further purified by HPLC using similar
conditions as described above except that the gradient of solvent B was
0–100% in 0–45 min. Fractions of 1.0 ml were collected, and imidazo-
lysine in the fractions was detected by TLC. The fractions with imida-
zolysine were pooled and concentrated by lyophilization.
Incubation of Proteins with MG—Formation of imidazolysine in pro-

teins incubated with MG was investigated. Bovine lens crystallins were
prepared as described previously (27). The water-soluble fraction was
used in this experiment. Lens crystallins and HSA (100 mg/5.0 ml) in
phosphate-buffered saline were incubated with 50 mMMG at 37 °C, and
aliquots (0.5 ml) were withdrawn at specified time intervals. Protein
was precipitated by the addition of 0.5 ml of 10% trichloroacetic acid
(w/v in water), and the precipitate was separated by centrifugation at
3500 3 g for 15 min and hydrolyzed at 110 °C for 20 h in the presence
of 2.0 ml of 6 N HCl.
Preparation of Human Serum Proteins for Imidazolysine Analysis—

Human serum proteins were precipitated with 10% trichloroacetic acid,
and the precipitated proteins were pelleted by centrifugation at 5000 3
g for 30 min. This fraction was then lyophilized and stored at 280 °C
until use. Ten mg of protein was hydrolyzed with 2.0 ml of 6 N HCl at
110 °C for 20 h. The acid was evaporated in a speed vac concentrator,
and the residue was redissolved with 0.5 ml of water.
Imidazolysine was detected and quantified by HPLC with post-col-

umn derivatization by OPA. Initially, the retention time of purified
imidazolysine (purified from the reaction of Na-t-BOC lysine and MG,
15 ml 5 1.06 nmol) was determined. A C18 reversed phase column was
used. The column was eluted with a linear gradient of 0–25% acetoni-
trile in water with 0.01 M HFBA at a flow rate of 1.0 ml/min. The
effluent from the column was mixed with OPA (0.5 ml/min) in a column
(5 3 4.6 mm, 50-mm glass beads, Supelco, Bellefonte, PA) through a
three-way static mixing apparatus (Upchurch Scientific, Oak Harbor,
WA). The OPA reagent was prepared by the following procedure. 2.43%
boric acid was taken in water and the pH was adjusted to pH 9.7 with
KOH. To this, 0.08% OPA dissolved in 10.0 ml of ethanol and 0.2%
b-mercaptoethanol (v/v) were added and filtered through a 0.45-mm
filter. To the filtrate, 0.1% Brij 35 was added. The volume was then
adjusted to 1.0 liter with water. The OPA-derivatized products were
detected with an on-line fluorescence detector (Jasco, Inc., MD) which
was set at excitation/emission wavelengths of 340/455 nm. Under these
conditions imidazolysine standard eluted between 29 and 30 min. The
acid-hydrolyzed protein samples were injected (50 ml 5 500 mg of
protein in the case of proteins incubated with MG and 65 ml 5 1.3 mg
of protein in the case of human serum proteins) under the conditions
described above but without postcolumn derivatization. The effluent
from the column from 27 to 33 min was collected, dried in a speed vac
concentrator, and reconstituted in 200 ml of water. Aliquots of 75 and 50
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ml from plasma proteins and proteins incubated with MG, respectively,
were subjected to HPLC using a C18 column (5 mm, 201HS54). A
concave gradient of acetonitrile was used (0–8% acetonitrile in water 1
0.1% HFBA in 40 min). Under these conditions imidazolysine standard
eluted between 34 and 35 min. Quantification was performed by com-
parison of peak area in serum proteins to that of a purified imidazol-
ysine standard. Results were expressed as picomoles of imidazolysine
per milligram of protein.
Spectroscopy—1H NMR (400 MHz), 13C NMR (100 MHz, acetone as

external reference), 1H-1H COSY and DEPT analysis were performed
on a Bruker MSL-400 spectrometer. Chemical shifts are expressed in d
scale. The samples were exchanged three times with D2O and taken in
5-mm tube (5–12 mg) for analysis. All mass spectrometry analyses were
performed at the Department of Chemistry, Washington University, St.
Louis, MO. Molecular weight was determined by FAB spectroscopy with
a KRATOS MS-50 double focusing mass spectrometer. Analysis was
initially conducted at low resolution (1000) at an accelerating voltage of
8 KeV. Sample was mixed with 3-nitrobenzyl alcohol/sodium iodide
(NBA/NaI). Ions were formed by FAB with a 6-KeV argon beam. FAB
high resolution mass analysis was performed at a resolution of 10,000
by peak matching with CsI/glycerol matrix ion at m/z 484.7625 and
576.8099.
Liquid Chromatography/Mass Spectrometry (Flow FAB-LC/MS)—

HPLC conditions were as follows. A reversed phase (C18, 15 cm 3 2.1
mm, 5 mm) column was used. The mobile phase consisted of a linear
gradient of acetonitrile in water (0–8% in 32 min) with 1% glycerol and
0.1% TFA with a flow rate of 250 ml/min. The mass spectra were
obtained on a JOEL HX-110 double focusing mass spectrometer at an
accelerating voltage of 10 KeV (FAB gas-Xe).

RESULTS

The reaction of GK-peptide and MG was carried out in the
presence of arginine with the objective of obtaining not only
lysine-lysine cross-links but also lysine-arginine cross-links.
The reaction mixture was passed through a Bio-Gel column to
separate modified peptides from the unreacted peptides. The
aim was to separate peptide dimers and peptides having argi-
nine cross-links from the unreacted peptides and MG. The
chromatogram is shown in Fig. 1. Most of the peptide remained
in the native state (fractions 51–59). The TLC profile of the
fractions also showed a strong ninhydrin positive spot in frac-
tions just before the native peptide (Rf 5 0.18, Rf for the native
peptide 5 0.5). HPLC analysis and mass spectral determina-
tions showed that this material corresponds to the deesterified
peptide. On the other hand, deep brown products were ob-
served in fractions ahead of the deesterified peptide (fractions
38–50). Since these fractions were in a higher molecular weight
region than the native peptide, it was assumed that these
contained peptide polymers, dimers, and peptides carrying
AGEs. Based on the TLC results and absorption values at 220
nm, fractions 38–44, 45–50, 51–59, and 60–65 were combined
and designated as pools 1, 2, 3, and 4, respectively.
The pools from the Bio-Gel column were concentrated to

dryness, dissolved in 2.0 ml of water, and subjected to HPLC.
The native peptide eluted in 13.7 min and the deesterified
peptide in 9.3 min. The other major peaks (Fig. 1) detected by
monitoring the effluent at 220 nm (retention time between 17
and 30 min) were collected, dried, and reconstituted in 0.5 ml of
water and further purified on a C18 reversed phase column by
HPLC. By this procedure four peaks from pool 1 (labeled 1a–
1d), six from pool 2 (labeled 2a–2f), five from pool 3 (labeled
3a–3e), and four from pool 4 (labeled 4a–4d) were separated
and collected. The peaks with identical retention times from
adjacent pools were mixed.
The collected peaks were dried, and a portion of the material

was hydrolyzed with 6 N HCl at 110 °C for 20 h. The acid-
hydrolyzed material was subjected to TLC on a silica plate with
the solvent system butanol:water:acetic acid:pyridine (4:2:3:3,
v/v/v/v). Glycine, arginine, and lysine were also spotted. In the
peak at 19.3 min retention time (1a and 2a), a distinct ninhy-
drin positive spot with an Rf value of 0.13 was present. Glycine

FIG. 1. Top panel, Bio-Gel P-2 chromatography of GK-peptide (1 g)
incubated with Na-t-BOC arginine (500 mg) and methylglyoxal (100
mM) for 24 h at 37 °C and pH 7.4. The fractions were combined into four
pools (1–4) based on absorbance at 220 nm and TLC profile. Bottom
panel, HPLC profile of the pooled fractions from Bio-Gel chromatogra-
phy. HPLC was performed on a C18 reversed phase column. The column
effluent was monitored for absorbance at 220 nm. The peaks that were
collected are indicated by arrows.
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was present in this material but lysine was absent. Based on
this observation, it was concluded that the material was a
modified peptide. No other HPLC peak showed the presence of
glycine, which suggested the absence of the peptide. The iso-
lated modified peptide was characterized by 1H, 13C, NMR, and
FAB-MS along with the native peptide (purified from pool 3 by
HPLC).

1H NMR (in D2O) for the native peptide and for the modified
peptide are shown in Fig. 2. The following signals were ob-
served for the native peptide; the first letter within the paren-
theses represents proton position on the peptide: dH 1.42 (f, 2H,
m), 1.67 (g, 2H, m), 1.77 (e, 2H, m), 2.05 (a, 3H, s), 2.97 (h, 2H,
t, Jh,g 5 7.6 Hz), 3.75 (d, 3H, s), 3.92 (b, 2H, q, Jb,b 5 16.9 Hz),
and 4.46 (c, 1H, q, Jc,e 5 5 Hz). The signal at d 1.92 (3H, s) was
from acetate (the peptide was supplied as the acetate salt). For
the modified peptide the signals were dH 1.38 (f, 4H, m), 1.78 (g,
4H, m), 1.87 (e, 4H, m), 2.05 (a, 6H, s), 2.33 (j, 3H, s), 3.76 (d,
6H, s), 4.14 (h, 4H, q, Jh,g 5 7.2 Hz, Jh,h 5 14.8 Hz), 4.45 (e, 2H,
q, Jc,e 5 4 Hz), 7.26 (k, 1H, s) and 8.69 (i, 1H, s). In the case of
the modified peptide, no signals corresponding to BOC- or free
arginine were observed ruling out the presence of arginine. The
number of protons for lysine (between 1 and 2 ppm) were 12 for
the modified peptide (6 in the case of native peptide). This
suggested the presence of two peptides. This was further evi-
dent by the following observations: 1) the presence of 6 protons
from the acetyl group (d 2.05 ppm) and 2) two protons corre-
sponding to a-position in lysine (d 4.45 ppm). The two singlets
in the aromatic region (d 7.26 and 8.69 ppm) suggested the

presence of 2 uncoupled protons in the aromatic ring and the
signal at d 2.33 ppm suggested the presence of a methyl group
on the ring. 1H-1H COSY analysis showed spin-spin interaction
between protons on C2 and C4 (5) carbons (data not shown).
Protonation of carbons was determined by DEPT analysis,
which showed the presence of a single proton on C2 and C4
carbons (data not shown).

13C NMR spectroscopy showed the following signals for the
native peptide: dC 21.67 (CH3-acetyl), 23.34 (g-CH2-lys), 26.08
(d-CH2-lys), 29.82 (b-CH2-lys), 39.10 (e-CH2-lys), 42.32 (CH2-
gly), 52.32 (a-CH-lys), 52.81 (CH3-ester), 171.41 (CO-acetyl),
173.82 (CO-gly), and 174.45 (CO-lys). The spectrum for the
modified peptide showed four new signals. The signals at dC
8.23, 49.01, 119.28, and 134.55 corresponded to methyl group,
C4, C5, and C2 carbons on the aromatic ring, respectively, and
were fully compatible with the structure in Fig. 2.
The FAB-mass spectrum on 3-nitrobenzyl alcohol (NBA) ma-

trix showed a molecular ion at m/z of 567.3 (M1, not shown).
High resolution FAB-MS in the positive ion mode showed the
molecular mass of 567.314238. This corresponded to molecular
formula C26H43N6O8 and was in agreement with the proposed
structure. Based on these characteristics, it was determined
that the purified product was a cross-link of peptides joined by
a methylimidazolium ring. The structure of the peptide cross-
link is shown in Fig. 2.
Imidazolysine was then synthesized by the reaction of Na-t-

BOC-lysine with MG. Cation exchange chromatography fol-
lowed by HPLC resulted in the isolation and purification of

FIG. 2. 1H NMR spectrum (in D2O,
400 MHz) for the native peptide (top
panel) and the modified peptide (bot-
tom panel). The modified peptide (pep-
tide dimer) was purified by column chro-
matography and HPLC from the
incubation of GK-peptide, methylglyoxal,
and Na-t-BOC arginine (from peaks 1a
and 2a in Fig. 1B). The sample was ex-
changed three times with D2O. The pH of
the sample after the final exchange was
measured to be 6.8.
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imidazolysine. This was evident by a single spot on TLC (sol-
vent:butanol:water:acetic acid:pyridine, 5:2:2.5:2.5 (v/v/v/v),
detection by ninhydrin). The Rf value of this preparation (0.06)
was identical to that of the ninhydrin-positive spot observed
with the acid hydrolysate of the isolated peptide under the
same condition suggesting that they were the same compound.
Furthermore, the results establish that the sample was differ-
ent than carboxymethyllysine (Rf 5 0.09), an advanced Mail-
lard reaction product that can be formed by the reaction of
glyoxal with lysine (28). This was further confirmed by 1H
NMR spectroscopy (Fig. 3) which showed the following signals:
dH 1.45 (c, 4H, m), 1.91 (b, d, 8H, m), 2.3 (f, 3H, s), 3.94 (a, 2H,
q, Ja,b 5 5 Hz), 4.17 (e, 4H, q, Je,d 5 14.2 Hz), 7.24 (g, 1H, s), and
8.68 (h, 1H, s). These signals were compatible with that of the
modified peptide (Fig. 2). FAB-MS (glycerol matrix) showedm/z
at 341.3 (Fig. 3) which corresponded to the expected structure
with a molecular formula of C16H29O4N6. Acid hydrolysis of
this preparation (110 °C, 20 h with 6 N HCl) followed by TLC
did not change its Rf value on TLC suggesting that it was an
acid-stable compound. Imidazolysine is likely to be formed from
the reaction of two molecules of MG with two molecules of
GK-peptide lysines. The reaction may involve first the forma-
tion of a diimine, with two lysine residues, followed by the
addition of another molecule of MG. Subsequently, acetic acid
and water may be removed to form imidazolysine.
Since imidazolysine was found to be an acid-stable com-

pound, its detection and quantification were performed after
acid hydrolysis of proteins. Human serum albumin and lens
crystallins incubated with MG showed a time-dependent for-
mation of imidazolysine. A two-step HPLCmethod was used for

better resolution of the imidazolysine peak. Imidazolysine was
formed within a short period of incubation. After 3 h 18
nmol/mg protein was formed in HSA, and after 2 h 14 nmol/mg
protein was formed in lens crystallins. The concentration
reached 146.6 nmol/mg protein in HSA and 28 nmol/mg protein
in lens crystallins after 3 days of incubation (Fig. 4). This
accounted for 15 and 8.5% modification of lysine residues on
HSA and lens crystallins, respectively. These values corre-
sponded to 7–8 imidazolysines per HSA molecule (molecular
mass 65 kDa and 59 lysines) and one imidazolysine per 5–6
a-crystallin subunits (average molecular mass 20 kDa and 7–8
lysines). In the case of lens crystallins, saturable amounts of
imidazolysine formed within a relatively short period (24 h).
This suggests that in the native crystallins, the reactive lysine
residues are positioned favorably for imidazolysine formation.
The formation of imidazolysine in proteins under physiological
conditions suggested that it could form on proteins in vivo and
led us to investigate the formation of imidazolysine in serum
proteins.
HPLC of the sample with postcolumn derivatization dis-

played a peak with a retention time identical to that of purified
imidazolysine in serum proteins (Fig. 5). A single homogeneous
peak was observed when purified imidazolysine mixed with
serum protein hydrolysate was subjected to HPLC (data not
shown). Further confirmation for the presence of imidazolysine
in serum proteins was obtained by its partial purification and
characterization. A pool of serum protein hydrolysate corre-
sponding to 120 mg of protein was subjected to HPLC using a
Vydac C18 semi-preparative column (0–60% acetonitrile in wa-
ter and 0.01 M HFBA in 0–40 min, flow rate 1.5 ml/min). The

FIG. 3. 1H NMR spectrum (in D2O,
400 MHz) (top panel) and FAB-mass
spectrum (bottom panel) of imidazol-
ysine isolated from the incubation
mixture ofNa-t-BOC-lysine andmeth-
ylglyoxal.Na-t-BOC-lysine (170 mM) and
methylglyoxal (570 mM) were incubated
in 0.2 M sodium phosphate buffer, pH 7.4,
for 16 h at 37 °C. Imidazolysine was pu-
rified from this incubation by cation ex-
change chromatography followed by pre-
parative HPLC.
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eluate in the region corresponding to imidazolysine (32–37
min) (determined by post-column derivatization) was collected,
dried, and reconstituted in 1.0 ml of water and injected again to
the same column. The mobile phase used was 0–50% acetoni-
trile in water with 0.1% HFBA in 0–40 min. HPLC eluate
corresponding to the retention time of imidazolysine (between
34 and 36 min) was collected, dried by lyophilization, and
characterized by LC/MS. LC/MS analysis revealed a distinct
signal at a retention time between 15 and 16 min with a
molecular mass of 341 Da, identical to that of purified imida-
zolysine (Fig. 6). When authentic purified imidazolysine was
added to the serum protein preparation and subjected to this
analysis, a single peak was observed with a corresponding
increase in the peak area. The presence of minor contaminants
in the imidazolysine peak obtained from HPLC cannot be ruled
out, since the peak had a slight overlap at the base with a peak
next to it (Fig. 5).
There was a considerable overlap in imidazolysine levels

between diabetic (mean 6 S.D., 313.8 6 52.7 pmol/mg protein,
range: 192–346) and normal samples (261.3 6 50.4, range:
215–384) (Fig. 7). However, the mean value was slightly higher

in diabetic samples, and comparison between groups showed a
weak but significant difference (p 5 0.049, Student’s t test).
Imidazolysine expressed as a function of glycosylated hemoglo-
bin showed a statistically significant positive correlation (r 5
0.57, p , 0.05) (Fig. 8). For this study, diabetic samples were
chosen in which the glycohemoglobin values were $10%.

DISCUSSION

Protein cross-linking and insolubilization are among the ma-
jor biochemical changes in proteins during aging. This is espe-
cially prominent in long-lived extracellular proteins and the
proteins of the eye lens. In general, diabetes accelerates cross-
linking and insolubilization of proteins. Enhancement of pro-
tein cross-linking in extracellular matrix is implicated in a
number of age- and diabetes-associated complications, e.g. ath-
erosclerosis and cataract formation. The observation that non-
enzymatic glycation of proteins results in covalent cross-link-
ing and insolubilization led to the suggestion that AGEs may in
part be responsible for age- and diabetes-associated protein
cross-linking. Thus, in recent years, much effort has focused on
the chemical characterization of cross-linking structures de-
rived from the Maillard reaction.
In the method adopted in the present study, a synthetic

peptide containing a lysine residue (GK-peptide) was reacted
with MG in the presence of a-t-BOC-arginine. The objective
was to isolate peptide dimers in which lysines are bridged by an
advanced Maillard product. This procedure was also expected
to generate peptides with advanced Maillard product without
dimerization through lysine-arginine cross-linking. The major
advantage of using a peptide instead of amino acids is that
Maillard products that lack chromophoric or fluorophoric prop-
erties can be isolated by monitoring the HPLC effluent for
peptide bond absorption (220 nm). In fact, the cross-link puri-
fied in the present study, imidazolysine, is neither a chro-
mophore nor a fluorophore. The second advantage is that the
cross-links of Maillard products (peptide dimers) could be sep-
arated from noncross-linking Maillard products by gel filtra-
tion (employed in the present work), which is difficult to ac-
complish using amino acids.
Dicarbonyl compounds like MG are known modifiers of argi-

nine residues in proteins (23, 29, 30). One of our objectives was
to investigate whether the reaction product of MG with lysine
on the peptide can further react with arginine to form lysine-
arginine cross-links. This was the reason for including argi-
nine along with the peptide for incubation with MG. However,
our results showed no major lysine-arginine cross-linking
structures.
Compounds similar to imidazolysine have been isolated by

food chemists from the reaction of glycine or glycyl glycine with
glyoxal in the presence of formaldehyde at high temperature
(31, 32). However, imidazolysine was isolated from the reaction
mixture obtained under physiological conditions, and its mech-
anism of formation does not seem to involve the participation of
formaldehyde. Recently, Wells-Knecht et al. (33) and Brink-
mann et al. (34) have described the formation of imidazolium
cross-links from the reaction of hippuryllysine with glyoxal and
MG. One of the cross-links, MOLD, is identical to imidazo-
lysine. Our study thus confirms the formation of lysine-lysine
cross-links in the Maillard reaction by MG under physiological
conditions.
Effective defense systems may exist intracellularly to reduce

MG toxicity through the Maillard reaction. The GSH-depend-
ent glyoxalase converts it to D-lactate (35). It is therefore con-
ceivable that in tissues where the GSH level is decreased in
aging and diabetes, MG concentration would increase. In fact,
the MG concentration is reported to be elevated in lens, red
blood cells, and kidney in diabetes, where GSH levels have

FIG. 4. Formation of imidazolysine in human serum albumin
and bovine lens crystallins (20 mg/ml) incubated with 50 mM
methylglyoxal under physiological conditions. After the incuba-
tion, proteins were precipitated with trichloroacetic acid and hydro-
lyzed with 6 N HCl. Imidazolysine was quantified in the hydrolysates by
reversed phase HPLC using postcolumn derivatization with OPA.

FIG. 5.Representative chromatograms of imidazolysine stand-
ard (A) and serum protein hydrolysate (B). Serum proteins were
precipitated with 10% trichloroacetic acid and hydrolyzed with 6 N HCl.
Serum proteins showed a peak at a retention time identical to that of
imidazolysine standard (indicated by arrows). Imidazolysine was quan-
tified in the hydrolysates by two-step HPLC and postcolumn derivat-
ization with OPA. Other details are described under “Experimental
Procedures.”
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been determined to decrease (36–41). Another potentially im-
portant metabolic pathway for decreasing MG’s toxicity is by
its conversion to acetol by aldose reductase (23). MG is one of
the best substrates for aldose reductase. In addition, aldehyde
reductase, sorbitol dehydrogenase, and dihydrodiol dehydro-
genase are all shown to metabolize MG (42–44). Weakening of
these defenses by inactivation by glycation or oxidation, as
reported for aldose reductase (45) and aldehyde reductase (46),
may promote the Maillard reaction by MG. Alternatively, the
Maillard reaction by MG would enhance if the concentration of
MG, together with other endogenous sugars, overwhelms the
capability of the enzymes to metabolize them. In the lens, these
events may account for accelerated protein cross-linking and
cataract formation in diabetes.
The in vivo detection of imidazolysine in serum proteins and

its positive correlation with glycosylated hemoglobin is consist-
ent with enhanced formation of MG as a function of glycemia in
diabetes. In a recent paper Westwood et al. (25) have described
a macrophage receptor for MG-modified proteins. This receptor

has been shown to recognize glucose-modified proteins also,
suggesting the formation of structurally similar AGEs from
these glycating agents. The dicarbonyl intermediates in the
glucose-initiated Maillard reaction, like 3-deoxyglucosone, are
likely to form imidazolysine. Thus, imidazolysine may repre-
sent a common structure in advanced Maillard reactions. It
remains to be seen whether imidazolysine is recognized by the
receptor described by Westwood et al. (25) and whether such an
interaction could induce synthesis of growth factors and cyto-
kines similar to glucose-derived AGEs (47).
In summary, this study demonstrates the formation of ly-

sine-lysine cross-linking by a physiological a-dicarbonyl com-
pound, methylglyoxal, and for the first time provides evidence
for its formation in vivo. Formation of imidazolysine in other
tissues and relationship to complications of diabetes remain to
be established. Since protein cross-linking is a major end result
of the Maillard reaction, imidazolysine may serve as a useful
marker for assessing the role of the Maillard reaction in aging
and pathogenesis of diabetic complications.

FIG. 6. Liquid chromatography/mass spectrometry analysis of imidazolysine standard (A) and partially purified imidazolysine
from human serum proteins (B). The molecular mass for the peak in serum proteins (at the retention time of purified imidazolysine, 15–16 min)
was identical to the imidazolysine standard (m/z 341). Background signals were subtracted to remove the mass ions from the matrix and solvent.
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FIG. 7. Imidazolysine in normal and diabetic human serum
proteins. Serum proteins were acid-hydrolyzed and analyzed for imi-
dazolysine as described for Fig. 5. Imidazolysine level in normal con-
trols was 261.3 6 50.4 pmol/mg protein (mean 6 S.D.) and in diabetics
was 313.8 6 52.7 (p , 0.05).

FIG. 8.Relationship between serum protein imidazolysine and
glycohemoglobin. Glycohemoglobin was measured by boronate affin-
ity column method. The data include values for samples from both
normal and diabetic subjects.

Protein Cross-linking by Maillard Reaction in Aging and Diabetes 19345

 by guest on M
arch 4, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


and Frederick M. Faust
Ramanakoppa H. Nagaraj, Irina N. Shipanova
  
METHYLGLYOXAL
CROSS-LINK DERIVED FROM
DETECTION OF A LYSINE-LYSINE 
CHARACTERIZATION, AND IN VIVO
Reaction: ISOLATION, 
Protein Cross-linking by the Maillard
Protein Chemistry and Structure:

doi: 10.1074/jbc.271.32.19338
1996, 271:19338-19345.J. Biol. Chem. 

  
 http://www.jbc.org/content/271/32/19338Access the most updated version of this article at 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/271/32/19338.full.html#ref-list-1

This article cites 44 references, 16 of which can be accessed free at

 by guest on M
arch 4, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://affinity.jbc.org/
http://www.jbc.org/content/271/32/19338
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;271/32/19338&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/271/32/19338
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=271/32/19338&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/271/32/19338
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/271/32/19338.full.html#ref-list-1
http://www.jbc.org/

