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ABSTRACT Proteins exposed to glucose over long periods
are known to undergo physicochemical changes including
crosslinkizg and formation of brown fluorescent pigments of
poorly characterized structure. Acid hydrolysis of both
browned poly(L-lysine) and browned bovine serum albumin is
found to release a major fluorescent chromophore, which after
alkalinization is extractable into organic solvents and which
can be purified by silica gel chromatography. The fluores-
cence properties of this compound very closely resemble those
of the bulk browned polypeptides. By NMR, mass spectrosco-
py, and chemical derivatization, this compound is assigned the
structure 2-(2-furoyl)-4(5)-(2-furanyl)-1H-imidazole (FFI).
Confirmation was obtained by independent chemical synthesis
from furylglyoxal and ammonia. The incorporation of two
peptide-derived amine nitrogens and two glucose residues in
FFI strongly suggests that peptide-bound FFI precursors are
implicated in the crosslinking of proteins by glucose in vivo.
This reaction has potential implications in the understanding
of glucose-mediated protein modifications and their role in the
complications of diabetes and aging.

The appearance of brown pigments during the cooking of
food is a universally noted phenomenon. The chemical basis
for this process was first outlined by Maillard in 1912, when
he observed that glucose or other reducing sugars react with
amino acids to form adducts that undergo a series of dehy-
drations and rearrangements to form stable brown pigments
(1). In the ensuing years, food chemists have studied the
Maillard reaction in detail. Stored and heat-treated foods un-
dergo nonenzymatic browning that crosslinks proteins and
decreases their bioavailability (2). The chemical structures
of brown crosslinking pigments have not been elucidated,
although they possess characteristic spectra and fluorescent
properties.

In recent years it has become evident that the Maillard
reaction also occurs in vivo. This was first substantiated by
the finding that glucose was attached via an Amadori re-
arrangement to the amino-terminal of the a-chain of hemo-
globin (3, 4). Subsequently, glucose-protein adducts have
been found in vivo for a number of proteins (5). Brown pig-
ments with spectral and fluorescent properties similar to
those of late-stage Maillard products have also been ob-
served in vivo in association with several long-lived pro-
teins—e.g., lens proteins and collagen—from aged individ-
uals (6, 7). In fact, an age-related linear increase in pigment
was observed in human dura collagen bétween the ages of 20
to 90 years (7).

Besides imparting a color to these proteins, the pigments,
by their crosslinking nature, could modify these long-lived
proteins and account for the changes in proteins noted to
occur during aging (8). The aging of collagen, for example,
can be mimicked in vitro by the crosslinking induced by glu-
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cose (9). In addition, the trapping of other proteins to colla-
gen may occur by a crosslinking reaction and account for the
accumulation of albumin and antibodies in kidney basement
membrane (9).

The lack of detailed information on the chemistry of the
late-stage Maillard process has made it difficult to form a
clear understanding of the possible roles of this reaction in
structural and functional changes in tissues. For some time
we have sought to identify specific fluorescent chromo-
phores derived from the reaction of glucose with amino
groups of polypeptides. In the present paper, we report the
isolation and characterization of a highly fluorescent yellow-
brown product from the acid hydrolysates of bovine serum
albumin and polylysine that have undergone nonenzymatic
browning in vitro with glucose. By chemical and spectro-
scopic analysis and independent chemical synthesis we have
identified this compound as 2-(2-furoyl)-4(5)-(2-furanyl)-1H-
imidazole (FFI). The similarity of the fluorescence proper-
ties of FFI to the fluorescence of nonenzymatically glycosy-
lated polypeptides from which it is derived strongly suggests
that FFI is representative of a chromophore present in the
intact polypeptides. The possible pathways for the formation
of this chromophore and its potential role in the crosslinking
and aging of proteins will be discussed.

MATERIALS AND METHODS

Preparation of Maillard Products. Poly(L-lysine) (1 g; Sig-
ma; M, 30,000-70,000) was dissolved in 50 ml of sodium
phosphate buffer (pH 7.5, 0.5 M Na). p-Glucose (50 g) was
added and the solution was incubated at 37°C for 28 days.
The solution was dialyzed extensively against distilled water
and lyophilized to yield 1.9 g of brown polylysine (B-polyly-
sine). Bovine serum albumin (5 g; Sigma) was allowed to re-
act under analogous conditions to yield 5.2 g of lyophilized
brown bovine serum albumin (B-albumin).

Isolation of the Fluorescent Product. B-polylysine (1.5 g)
was dissolved in 50 ml of 6 M HCl. The solution was deoxy-
genated by perfusion with nitrogen and hydrolyzed for 10 hr
at 110°C. The hydrolysate was evaporated to dryness in a
stream of nitrogen gas at 40°C and then redissolved in 50 ml
of 0.1 M HCI. This solution was extracted five times with 50
mi of isobutyl alcohol and then five times with 20 ml of chlo-
roform. The organic extracts were discarded. The aqueous
phase was adjusted to pH 11 with ammonium hydroxide
(25%) and the solution was then extracted five times with 20
ml of chloroform. The chloroform extracts were combined
and evaporated in a stream of nitrogen (yield, 35 mg). This
material was redissolved in 2 mi of chloroform and applied to
a 10 X 200 mm column filled with silica gel (Woelm, Esch-
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wege, Federal Republic of Germany), which had been acti- source temperature of 180°C. Samples were introduced on a
vated at 150°C overnight and pre-equilibrated with chloro- ceramic probe tip () or via gas chromatograph (column: 1%
form. The column was washed with 20 ml of chloroform and SE-30, 1.8 m long; oven temperature: 100°C for 3 min, then
then the material was eluted with chloroform/methanol programed to 250°C at 10°C/min). .
(1:1). The yellow fractions were pooled and evaporated to For chemical ionization experiments isobutane was used
dryness with nitrogen to yield 20 mg of fluorescent com- as the reactant gas. Its pressure in the ion source was about
pound. B-albumin (5 g) was hydrolyzed and worked up un- 0.3 torr. For high-resolution measurements (R = 5000) a ded-
der the same conditions described for B-polylysine to yield icated electron impact source was used and samples were
2.5 mg of fluorescent compound. introduced in glass capillary probe cups. Twenty to 25 scans
Analyses. The isolated compounds were analyzed by TLC from three runs were averaged for the calculation of the ele-
on silica gel G using the solvent system ether/methylene mental composition. Fission fragment ionization mass spec-
chloride (1:4). The spots were visualized by UV light. HPLC tra were obtained on the Rockefeller University custom-built
analyses were carried out on prepacked silica gel columns time-of-flight mass spectrometer (11).
(Porasil, 4 X 300 mm, Waters Associates), with heptane/iso- Chemical Derivatization for Mass Spectrometry. Derivati-
propanol (3:2) as the mobile phase at a rate of 1 ml/min using zations of FFI were carried out in 1-ml conical septum vials
a Hewlett Packard 1084B liquid chromatograph equipped using 50 ug of B-polylysine-derived FFI as starting material.
with a variable wavelength detector. Absorption and fluores- Methoxime formation was carried out by adding 100 ul of
cent spectra were taken on a Hewlett Packard 8450A spec- methoxyamine hydrochloride (Sigma) as a 10% solution in
trophotometer and on a Perkin-Elmer 204 spectrofluorime- pyridine and incubating the solution at 80°C for 1 hr (12).
ter, respectively. Absorption spectra were taken at a con- Sodium borohydride reduction was carried out by adding 2
centration of 1 mg/ml in 0.05 M sodium phosphate buffer mg of solid NaBH, (Sigma) to 100 ul of aqueous suspension
(pH 7.4). Fluorescence spectra were taken at 0.1 mg/ml in of FFI (12). After 20 min at room temperature the excess
the same buffer. Acid hydrolysates were analyzed by ion- reagent was neutralized with a drop of glacial acetic acid.
exchange TLC on FIXION chromatosheets (Chromatronix, The solution was rendered alkaline with excess ammonium
Mountain View, CA), as described (10), using furosine and hydroxide, evaporated to dryness, and the reduced deriva-
pyridosine standards kindly provided by P. A. Finot. tive was extracted from the residue with CH,Cl.. Mono-
'H NMR spectra were taken in CDCl; on a Nicolet NTC- methylation was carried out with 100 ul of dimethylforma-
300 (wide-bore) spectrometer operated at 300 MHz in the mide dimethylacetal (Eastman) at 60°C for 2 hr (12). A por-
Fourier transform mode. Chemical shifts are in ppm down- tion of the monomethylated derivative was evaporated to
field from tetramethylsilane. dryness and treated with 100 wl of methyl iodide at 37°C
Mass Spectrometry. A DuPont 21-492 double focusing overnight to give a dimethylated derivative.
magnetic deflection mass spectrometer modified for optional Chemical Synthesis of FF1. A solution of 2-furylglyoxal hy-
chemical ionization operation, equipped with a Varian 1400 drate (710 mg) in a mixture of 10 ml of ethanol and 3 ml of
gas chromatograph and coupled to a VG 2035 data system
(VG Datasystems, Altringham, U.K.), was used. For low- tBencsath, F. A. & Field, F. H., Abstracts of the Twenty-Ninth An-
resolution (R = 1000) measurements, a combined electron- nual Conference on Mass Spectrometry and Allied Topics, May
impact/chemical ionization ion source was used, with a 24-29, 1981, Minneapolis, MN, p. 587.
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lFIG. 1. Time courses of increasing UV absorbance (A) and increasing fluorescence (B) at 440 nm in the reaction of poly(L-lysine) with
glucose.
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Fi1G.2. Absorption and fluorescence spectra of nonenzymatical-
ly browned polypeptides and isolated FFI. (A) Absorption spectra:
curve 1, poly(L-lysine); curve 2, bovine serum albumin; curve 3, B-
albumin; curve 4, B-polylysine: curve 5, FFl isolated from B-polyly-
sine. (B) Fluorescence excitation spectra recorded at 440-nm emis-
sion wavelength: curve 1, B-polylysine; curve 2, B-albumin; curve
3, FFI isolated from B-polylysine; curve 4, FFI isolated from B-
albumin.

water was treated dropwise with 2 ml of concentrated aque-
ous NH;. After 80 min the brown solution was partitioned
between H,O and diethyl ether/dichloromethane (1:1). The
organic layer was washed twice with water, dried with
Na,SO,, and filtered. The filtrate was concentrated and the
residue was chromatographed on silica gel with ether/
CH,Cl, (6:94) as eluant. Fractions containing material that
coeluted on TLC with FFI from glucosylation experiments
were pooled and concentrated, and the residue was recrys-
tallized from ether. Pure FFI (82 mg, 12%) was obtained as
golden-yellow crystals with a brownish sheen: melting point,
176-177°C; analysis calculated for C;;HgN»O;: C, 63.2%; H,
3.5%; N, 12.3%; found: C, 63.1%; H, 3.6%; N, 12.2%. The
spectroscopic and chromatographic properties of this mate-
rial were identical with those of the FFI samples derived
from B-polylysine and from B-albumin.

RESULTS

Maillard Reaction of Polypeptides in Vitro. Poly(L-lysine)
and bovine serum albumin were incubated in concentrated,
well-buffered glucose solution at 37°C for 4 weeks, produc-
ing extensive Maillard browning. After dialysis and lyophili-
zation, the weight gains observed in the glycosylated poly-
peptides were consistent with reaction of a large proportion
of the free amino groups [90% increase for poly(L-lysine),
4% increase for serum albumin].

The brown poly(L-lysine) has a UV absorption maximum
at 278 nm, with a prominent shoulder centered around 330-
335 nm (Fig. 1). Tailing of this shoulder into the visible wave-
lengths is responsible for the brown color of the material.
From the time course shown in Fig. 1, it may be seen that the
rate of color formation increased during the first 10 days of
glucose incubation and slowed thereafter, probably due to
saturation of the available reaction sites.

Table 1.
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Table 2. Main ions present in electron-impact mass spectra FFI
and its chemical derivatives

Main ion
Compound (m/2) Identity
FFI 228 M*.
(underivatized) 106 M - C,H,0)* (loss of furan)

95 CsH;0, (furoyl cation)
FFI + methoxyamine 257 M™- of FFI-methoxime
FFI + NaBH, 230 M~ of (FFI + 2H)
212 M* - H,0)™
FFI + dimethylfor-
mamide dimethyl-

acetal 242 M™*- of monomethyl-FFI
Monomethyl-FFI +
Mel 257* M™* of dimethyl-FFI cation

*Obtained by fission fragment ionization mass spectrometry.

The excitation fluorescence spectrum of B-polylysine,
measured at the emission maximum of 440 nm, shows a ma-
jor excitation maximum at 370 nm and a minor maximum at
290 nm. These maxima do not correspond with the bands in
the UV-visible absorption spectrum. This absence of corre-
lation suggested to us that the fluorescence was primarily
associated with a subclass of Maillard intermediates that
might be sufficiently well defined for chemical isolation and
analysis.

Isolation of a Fluorescent Chromophore from B-Polylysine
and B-Albumin. Standard acid hydrolysis conditions (6 M
HCl, 100-110°C) were used for cleavage of the browned
polypeptides. Hydrolysis of B-polylysine yielded predomi-
nantly lysine, furosine, and pyridosine based on ion-ex-
change TLC comparison with authentic materials; these are
known to be the major breakdown products of e-deoxyfruc-
tosyl-lysine under acid hydrolytic conditions. Although fluo-
rescence could be detected in the crude hydrolysates from
the browned polypeptides, there appeared to be substantial
quenching by UV-absorbing by-products.

Chromatography on arenesulfonic acid-type cation-ex-
change resin proved to be unsuitable for separation of the
fluorescent material; its failure to elute cleanly from this res-
in suggested that it was hydrophobic and/or weakly basic.
After mild alkalinization of the aqueous hydrolysates with
ammonia or triethylamine, much of the fluorescence could
be extracted into chloroform, while most of the brown color
remained in the aqueous phase. By column chromatography
of the chloroform extract on silica gel, it was possible to pu-
rify a single major fluorescent compound; this material had a
Ry of 0.50 on silica gel TLC using ether/dichloromethane
(1:4) as solvent.

The fluorescence excitation spectra of B-polylysine and
B-albumin and of the purified chromophore derived from B-
polylysine and B-albumin, respectively, are compared in
Fig. 2B. The qualitative identity of these spectra is evident.
The absorbances in the UV spectrum of the isolated chromo-
phore (Fig. 24, curve 5) clearly correlate well with the two
fluorescence excitation maxima. These data suggest that the
isolated material incorporates a principal Maillard-derived
chromophoric center that has survived hydrolytic cleavage
from the browned polypeptides without significant loss of
chemical integrity.

High-resolution electron-impact mass spectrometry of FFI

. Observed mass, Computed mass,

Am (millimass

m/z n m/z units) Composition Identity
228.0521 = 0.0020 25 228.0534 1.4 C2HgN;O,  Molecular ion (M*+)
160.0223 = 0.0022 23 160.0272 5.0 CgH4N,0, M™*- - furan

95.0140 + 0.0018 25 95.0133 -0.7 C<H,0, Furoyl ion

Observed data are given as mean + SEM (n = number of determinations).
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Fi1G. 3. 'H NMR spectrum of FFI isolated from B-polylysine
(CDCl;, 360 MHZ).

The more readily available B-polylysine-derived material
was principally used for the structure determination studies
that follow; subsequent analysis of the B-albumin-derived
chromophore under like conditions served to prove its iden-
tity with B-polylysine-derived and chemically synthesized
material (see below).

Mass Spectroscopic Analysis of the Isolated Chromophore.
The electron-impact mass spectrum of the chromophore iso-
late showed a relatively simple pattern dominated by three
abundant ions m/z 228 (100%), 181 (33%), and 95 (88%). The
isobutane chemical ionization mass spectrum consisted es-
sentially of a single ion at m/z 229, corresponding to a M, of
228 for the parent species. The elemental composition of the
major ions was determined by averaged high-resolution elec-
tron-impact mass spectroscopy (Table 1). The molecular ion
was found to have the formula Ci2HgN,0s. The formula of
the m/z 95 fragment is that of the furoyl cation. The other
major fragment, m/z 160, corresponds to the loss of the ele-
ments of neutral furan from the parent ion. This fragmenta-
tion pattern is consistent with a structure in which a 2-fur-
anyl group and a group of formula C7H;sN,0 are linked to-
gether through a carbonyl group.

Chemical Derivatization of the Isolated Chromophore. The
chromophore material was found to form a monomethoxime
derivative on reaction with methoxyamine and underwent
reduction with sodium borohydride with uptake of two hy-
drogens to yield a colorless derivative, consistent with the
presence of a conjugated, noncarboxylic carbonyl group.
Methylation studies demonstrated the presence of two nu-
cleophilic sites that are differentially susceptible to alkyl-
ation. The dimethyl derivative had chromatographic and
mass spectrometric properties of a quaternary methiodide
salt (Table 2).

'H NMR Spectrum of the Isolated Chromophore. Fig. 3
shows the '"H NMR spectrum of the chromophore material
from B-polylysine. Double irradiation experiments demon-

Table 3. H-H coupling constants of FFI furan rings

Observed coupling, Hz

Coupling
type Furanyl ring  Furoyl ring Typical range, Hz*
Furan H2-H3 -J,. = 3.4 Jog = 3.6 3.1-3.8
Furan H3-H4 Jad = 1.8 Jor = 1.6 1.3-2.0
Furan H2-H4 Jea = 0.7 Jg = 0.5 0-1

*From ref. 13.
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strated that resonances a, c, and d comprise a group of three
mutually coupled protons and that resonances b, f, and g
comprise another similar but distinct group. Although one
resonance in each group was anomalously broadened, there
was sufficient structure in the other resonances to allow the
estimation of the three coupling constants for each group.
These constants fall well within the normal range observed
for coupling constants in 2-substituted furan rings (Table 3).
Thus, it appeared that, in addition to the furoyl group indi-
cated by the mass spectral data, another chemically distinct
2-substituted furan ring was present. Subtracting these from
the molecular formula leaves the elements of disubstituted
imidazole. The presence of an imidazole ring would account
for the presence of two differentially nucleophilic centers.
The tautomerism of the NH proton between two nonequiva-
lent imidazole nitrogens, with a rate similar to the proton
relaxation times, would explain the broadening of the 3-posi-
tion hydrogen resonances in the furan rings. These factors
together with mechanistic considerations for the formation
of the chromophore lead to the assignment of the structure
as 2-(2-furoyl)-4(5)-(2-furanyl)-1H-imidazole, the two tauto-
meric structures of which are shown in Fig. 4. The fact that
the signal for H. on the imidazole ring is not broadened by
the tautomerism may be due to fortuitous similarity of its
chemical shifts in the two tautomers or to effects on its relax-
ation time by the adjacent nitrogen quadrupole.

Identity of the Isolated Chromophore with Synthetic FFI.
As a final confirmation of the assigned structure, we pre-
pared FFI by an independent chemical method. A search of
the literature failed to reveal any previous report on FFI.
However, a number of diphenyl analogs such as 2-benzoyl-
4(5)-phenyl-1H-imidazole have been described (14); these
are prepared by the reaction of phenylglyoxal derivatives
with ammonia. The analogous reaction of furylglyoxal with
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crosslinks from initial Amadori adducts of glucose and e-lysyl resi-
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ammonia in aqueous ethanol provided a modest yield of FFI,
identical in all respects with the glycosylation-derived mate-
nals.

DISCUSSION

The incubation of proteins with glucose leads to a number of
physicochemical changes, including the formation of brown
color, fluorescence, and crosslinking. In the present commu-
nication, we report the isolation and characterization of a
yellow-brown fluorescent chromophore, FFI, which appears
to represent a cleaved form of a key intermediate in these
processes. This compound is a condensation product of two
glucose molecules and two lysine-derived amino groups into
a conjugated system of three aromatic heterocycles. The flu-
orescence properties of FFI are remarkably similar to those
of the nondialyzable pigments bound to albumin and to poly-
lysine thar have undergone extensive nonenzymatic brown-
ing with glucose. This similarity implies that there is a close
analogy between the structure of FFI and that of the chro-
mophoric centers present in the fluorescent pigments. Dur-
ing subsequent acid hydrolysis, e-lysyl residues could cleave
from the imidazole nitrogens via internal nucleophilic attack
of their released a-amino groups at the e-positions, forming
FFI-like materials and pipecolic acid.

There are a number of different sequences in which two
glucose molecules and two lysine e-amino groups could in-
teract to form a tetrasubstituted imidazole system. Three of
these possibilities are illustrated in Fig. 5, (routes A-C). The
possibility of route C is suggested by our previous observa-
tion of a product of the incubation of glucose with valine,
which had two attached sugar residues (4). Both routes A
and C, in which fructosyllysine species interact with another
amino group, might explain the attachment of proteins to
other proteins that have previously undergone nonenzymatic
browning (9).

Cyclization to a tetrasubstituted dihydroimidazole (i.e.,
imidazoline) structure and its subsequent autoxidation to a
quaternary imidazolium species would appear to be crucial
steps in the formation of FFI. The dihydroimidazole inter-
mediate would be a highly electron-rich center, and its au-
toxidation under conditions of physiological oxygen tension
in low-turnover proteins is not difficult to envision. At pres-
ent it is difficult to assess the extent or rate at which subse-
quent dehydrations would occur in vivo to form one or both
of the furan rings observed in FFI; such dehydrations could
be facilitated in instances in which the crosslinking of pro-
teins via imidazole formation results in the creation of a hy-
drophobic microenvironment around the glucose-derived
polyhydroxylic side chains.

The identification of FFI as a specific product that is char-
acteristic of the late-stage Maillard reaction provides a start-
ing point from which further systematic studies of chemistry
of this process can proceed. Also, the measurement of a spe-
cific compound, FFI, derived from specific Maillard inter-
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mediates, may provide a new approach to quantitating the
primary sites of crosslinking formed during aging of proteins
and nucleic acids (8, 15). In the clinical study of aging and of
diabetes, measurement of FFI may allow assessment of the
time-averaged exposure of long-lived structural tissues to
glucose over extended periods (months to years), analogous
to the current utility of hemoglobin A levels in estimating
glucose exposure over 3- to 4-week periods. In addition, the
quantitation of FFI formed in vivo in conjunction with con-
current clinical observations should provide new insight into
specific roles of Maillard products in the complications of
aging and diabetes.
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