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Summary. Two Lys—Lys crosslinks, 1,3-bis-(5-amino-5-carboxypentyl)-
1H-imidazolium (GOLD) and 1,3-bis(5-amino-5-carboxypentyl)-4-methyl-
1H-imidazolium (MOLD) salts, have been synthesized by the reaction of
imidazole or 4(5)-methyl imidazole with 5-(4-bromobutyl)-hydantoin fol-
lowed by the hydrolysis of 1,3-substituted imidazolium derivatives by
6.0N HCL at 110°C. Treatment of GOLD and MOLD with hydrogen
peroxide in acetic acid leads to MOLD oxidation only. The oxidation
product of MOLD was detected in cataractous lens proteins.

Keywords: Advanced Glycation End Products (AGEs) — GOLD -
Lysine crosslinks — Maillard reaction — MOLD

Abbreviations: GOLD, 1,3-bis-(5-amino-5-carboxypentyl)-1H-imida-
zolium salt; MOLD, 1,3-bis(5-amino-5-carboxypentyl)-4-methyl-1H-
imidazolium salt; GO, glyoxal; MGO, methylglyoxal

Introduction

The acid-stable Lys—Lys crosslinks, 1,3-bis-(5-amino-5-
carboxypentyl)-1H-imidazolium (GOLD; 6) (Chellan and
Nagaraj, 1999; Odani et al., 1998; Wells-Knecht et al., 1995)
and 1,3-bis(5-amino-5-carboxypentyl)-4-methyl-1H-imida-
zolium (MOLD; 7) (Biemel et al., 2002; Brinkmann et al.,
1995; Nagaraj et al., 1996) salts, are advanced glycation
end products (AGEs). GOLD and MOLD increase signifi-
cantly in tissue proteins such as lens crystallins in cataract
(Chellan and Nagaraj, 1999) and collagen in uremia and
diabetes (Degenhardt et al., 1998). Imidazole-type AGEs
are formed by reaction of glyoxal (GO) (Phillips and
Thornalley, 1993) or methylglyoxal (MGO) (Haik et al.,
1994) with two protein Lys residues via the formation of
diimine intermediates. Subsequent reaction with a second
molecule of GO or MGO, followed by dehydration and
elimination reactions, yields the five-membered imidazo-
lium ring crosslinks between two Lys residues.

The first step in the chemical syntheses of these crosslinks
typically used incubation of N*-hippuryllysine or N*-t-Boc-

Lys with GO or MGO in phosphate buffers (Brinkmann
et al.,, 1995; Chellan and Nagaraj, 1999; Nagaraj et al.,
1996; Odani et al., 1998; Wells-Knecht et al., 1995). In the
second step, the N*-benzoylglycine- or N*-t-Boc- blocking
groups were removed by acid hydrolysis and the MOLD and
GOLD purified by HPLC, thus producing a relatively low
yield of products. Because of these limitations, we de-
veloped a high-yield, two-step method for synthesis of
GOLD and MOLD (Scheme 1). Given the availability of
significant amounts of GOLD (6) and MOLD (7), we were
able to study their oxidation at the imidazolium ring (8, 9).

GOLD and MOLD are di-N, N-substituted imidazole
and 4(5)-methylimidazole derivatives (see Scheme 1), re-
spectively. Synthesis of di-substituted imidazoles by al-
kylhalides has been shown to proceed smoothly, with
relatively high yields and only a few side-products in or-
ganic solvents (Harlow et al., 1996). In this study we
synthesized GOLD and MOLD by a two-step procedure
that employs alkylation of commercially available imida-
zole (1) and 4(5)-methylimidazole (2), respectively, using
5-(4-bromobutyl) hydantoin (3) as the alkylating agent.
This reactant has been successfully used for the prepara-
tion of anabilysine crosslink (Hardy et al., 1979).

Materials and methods

Synthesis of di-N, N-hydantoin derivatives of GOLD (4)
and MOLD (5)

Solutions of (1) or (2) (5.0 mmol in 5.0 ml of anhydrous dioxane) and (3)
(10.5mmol; 2.47g; in 15.0ml of anhydrous dioxane) were mixed in a
50-ml glass screw-top vial, containing 10.0g of 3.0A molecular sieves
(Aldrich, Milwaukee, WI), blanketed with dry argon, capped and heated at
110°C for 24 h. The reaction mixture was then cooled, and the dioxane
was decanted. The sieves were washed with 3 x 25.0ml of anhydrous
dioxane and then with 4 x 25.0ml of water. Aqueous fractions were
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combined, filtered through a filter paper and lyophilized, yielding 1.1 g of
(4) and 1.2 g of (5) (58% and 61% yields, respectively; 95% pure based on
their MS spectra). For precise mass determination by the high resolution
mass spectroscopy, compounds (4) and (5) were re-purified on a Prodigy
ODS (3) preparative column (5um particle diameter, 21.2 x 250 mm)
using the following gradient: solvent A: 0.1% (v/v) formic acid in water;
solvent B: 0.1% (v/v) formic acid in acetonitrile; 2-30% acetonitrile in
45 min at a flow rate of 7.0 ml/min. Reaction products were monitored at
A =230nm. Compound (4): R, = 20.2min; M* =377.1932 Th; molecular
formula: C;7H,sNgO4*; “TH-NMR (250 MHz, DMSO-dg): 1.28-1.33 (m,
12H, CH»-2',2"3',3" 4 4"); 4.00 (t, J=6.25Hz, 2H, CH-Hyd); 4.16 (t,
iy =Y =70Hz, 4H, CH»-1".1"); 7779 (s, 2H, Im-4,5); 7.99
(s, 2H, NH-Hyd); 9.24 (s, 1H, Im-2); 10.65 (s, 2H, NH-Hyd). *C-NMR
(250MHz, DMSO-dg): 20.82 (CH,-3.,3"); 28.87 (CH,-2',2"); 30.42
(CH,-4',4"); 48.50 (CH,-1',1"); 57.23 (CH-Hyd); 122.43 (Im-4,5);
136.00 (Im-2); 157.44 (NC(O)C); 175.99 (NC(O)N). Compound (5):
R,=20.6 min; M™ =391.2081 Th; molecular formula: C;gH,7;NsO4";
H-NMR (250 MHz, DMSO-dg): 1.28-1.35 (m, 12H, CH,-2', 2", 3/, 3",
4, 4", 2.28 (s, 3H, CH;-Im); 3.99 (m, 2H, CH-Hyd); 4.00—4.13 (m, 4H,
CH,-1",1");7.54 (s, 1H, Im-5); 7.94 (s, 2H, NH-Hyd); 9.13 (s, 1H, Im-2);
10.59 (s, 2H, NH-Hyd). >C-NMR (250 MHz, DMSO-de): 8.61 (CHs);
20.86 (CH,-3"); 21.02 (CH»-3'); 28.38 (CH»-2"); 28.81 (CH,-2'); 30.43
(CH,-4"); 30.52 (CH,-4'); 45.88 (CH,-1"); 48.35 (CH,-1"); 57.24 (CH-
Hyd); 119.23 (Im-5); 130.83 (Im-4); 135.48 (Im-2); 157.40 (NC(O)C);
175.97(NC(O)N).

Acid hydrolysis of dihydantoin derivatives of GOLD (4)
and MOLD (5)

Compounds (4) (10mg, 26.5 pmol) or (5) (10mg, 25.6 pmol) were dis-
solved in 4.0ml of 6.0N HCl and placed in a 10-ml glass screw-top vial,
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Scheme 1. Synthesis of GOLD and MOLD by
the reaction of 5-bromobutyl hydantoin with imi-
dazoles and the formation of MOLD mono- and
di-oxidation products by the reaction of MOLD
with hydrogen peroxide
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blanketed with dry argon, capped and heated at 110°C for 48 h. The
reaction mixture was then cooled, frozen and lyophilized. The contents
were redissolved in 0.1% (v/v) formic acid and purified to homogeneity
on a Prodigy ODS (3) semi-preparative column (5 pum particle diameter,
10.0 x 250 mm) using the solvents and HPLC gradient described above.
The flow rate was 2.5 ml/min. GOLD (6, 7.8 mg) and MOLD (7, 7.2 mg)
were isolated, with 76% and 65% yields, respectively. Compound (6):
R =269min; high resolution FT-MS (caffeine as an internal stan-
dard): M+ =327.2027 Th; molecular formula: C;sHy7N4O4; ‘H-NMR
(250 MHz, CD;0D): 1.53-1.58 (m, 4H, CH,»-3',3"); 1.93-2.05 (m, 8H,
CHy-2/2" 4 4"); 4.00 (t, Jy 5 =Jys»=63Hz, 2H, CH-5,5"); 4.28(t,
Jy o =T =7.0Hz, 4H, CH,-1",1"); 7.68 (d, J45=1.47Hz, 2H, Im-
4,5); 9.18 (s, 1H, Im-2). *C-NMR (250 MHz, CD;0D): 22.97 (CH,-
3.3"); 30.51 (CH,-2,2"); 30.87 (CH,-4',4"); 50.42 (CH,-1,1"); 53.60
(CH-5,5"); 123.85 (Im-4,5); 137.43 (Im-2); 171.60 (COOH). Compound
(7): R,=30.9 min; high resolution FT-MS: M = 341.2181 Th; molecular
formula: CiHaoN4O4"; ‘H-NMR (250 MHz, CD;0OD): 1.21 (m, 1H);
1.45-1.51 (m, 3H); 1.91-1.99 (m, 8H, CH,-2',2" 4 .4"); 2.37 (s, 3H,
CHs5-Im); 3.71 (m, 2H, CH-5'5"); 4.21-4.25 (m, 4H, CH,-1",1"); 7.42
(s, 1H, Im-5); 8.98 (d, J = 9 Hz,1H, Im-2). >C-NMR (250 MHz, CD;0D):
7.58 (CHs); 20.67 (CH,-3"); 21.22 (CH,-3'); 28.15 (CH,-2"); 28.68 (CH,-
2'); 29.37 (CH,-4"); 29.73 (CHy-4'); 46.11 (CHx-1"); 48.55 (CH,-1');
53.82 (CH-5,5"); 119.29 (Im-5); 130.83 (Im-4); 135.71 (Im-2); 175.40
(COOH); 175.97(COOH).

Results and discussion

Imidazole (1) or 4(5)-methylimidazole (2), when reacted
with 5-(4-bromobutyl) hydantoin (3) in anhydrous dioxane
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(Sigma-Aldrich, Milwaukee, WI) was important in these
reaction mixtures because the sieves selectively absorbed
sparingly soluble in dioxane di-substituted dihydantoin

at 110°C for 24h, produced 1,3-substituted dihydan-
toin imidazolium salts (1) and (2), respectively (see
Scheme 1). The presence of zeolitic molecular 3 A sieves
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Fig. 1. LC-MS analysis of the brunescent cataract lens protein digest (Cheng et al., 2004), with selective ion monitoring for (8) at m/z=2355-358 Th (A),
and LC-MS analysis with the selective ion monitoring at m/z = 300400 Th of the reaction mixture of MOLD (7; 8.0 mg; 23.5 pmol) and H,O, (0.45 ml of
35% aqueous solution) in glacial acetic acid (1.0 ml) incubated for two hours at ambient temperature (B). In A, 30.0 mg of a protein digest from brunescent
cataracts was applied to a G-10 column (1 x 50.0 cm) operating at flow rate 7.0ml/h, using 0.1% acetic acid as the eluent with the monitoring at
A =254 nm. Peak #3 from this separation was used for the LC-MS analysis. The insets in B show the partial mass spectra of MOLD and its oxo-derivatives
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imidazolium derivatives (4, 5) from the reaction mixtures.
The structures of these compounds were confirmed by high-
resolution FT-MS. Both compounds showed characteristic
hydantoin resonances at 57.2 ppm (CH-Hyd); 157.4 ppm
(NC(0)C) and 176 ppm (NC(O)N) in their *C-NMR
spectra, consistent with previously reported data for amino
acid hydantoins (Huang and Ough, 1991). In addition, the
hydantoin derivative (5) showed a resonance at 8.6 ppm
(CH3-4), indicating the presence of a methyl group at-
tached to the C, carbon of the imidazolium ring (Biemel
et al., 2002; Brinkmann et al., 1995; Nagaraj et al., 1996).
Both molecules have been shown to possess characteristic
resonances for imidazolium ring at 119.2 ppm (Cs), 130.8
(C4) and 135.5 ppm (C,) in their 3¢ spectra (Biemel et al.,
2002).

Hydrolysis of (4) and (5) in 6.0N HCIl for 48h at
110 °C produced diastereomeric GOLD (6) and MOLD (7)
(see Scheme 1) in the yields of 44% and 40%, respective-
ly, after two-step procedure and preparative HPLC purifi-
cation. Their identities were confirmed by high-resolution
FT-MS analysis, '"H NMR and '>*C NMR, and the results
correlate well with previously published data for GOLD
and MOLD (Biemel et al., 2002; Brinkmann et al., 1995;
Wells-Knecht et al., 1995). Thus, unlike the previously
published methods for the synthesis of GOLD and MOLD
(Brinkmann et al., 1995; Chellan and Nagaraj, 1999;
Nagaraj et al., 1996; Odani et al., 1998; Wells-Knecht
et al., 1995), an alternative procedure presented here, which
is based on alkylation of imidazoles by commercially
available 5-(4-bromobutyl) hydantoin, shortens time for
the preparation of these crosslinks to 2—3 days, produces
reaction mixtures that are easy to purify by HPLC, and
affords pure crosslinks in 40-50% overall yields.

Following our study that showed that the enzymatic
digests (Cheng et al., 2004) from brunescent cataract
lens proteins contained peak with positively charged ion
at m/z=357Th in the peak with the R;=27.5min)
(Fig. 1A), we hypothesized, by analogy with 2-oxohisti-
dine (Roberts et al., 2001), that this substance in LC-MS
profiles represents an oxidized form of MOLD. To verify
this hypothesis, we attempted to oxidize unprotected
GOLD and MOLD with hydrogen peroxide in acetic acid
at ambient temperature for 2h. GOLD was resistant to
oxidation by H,O, (20-fold excess), while MOLD yielded
two additional products (8, 9). LC-MS analysis of the
MOLD-H,0,-AcOH mixture, using specific ion monitor-
ing in the range of 300—-400 Th (Fig. 1B), showed that the
peak with R, =23.2 min contained a positively charged ion
with m/z=373.13Th ([M+H]"; 340 Th+ 32 Th + H).
The presence of this positively charged ion could be ten-

tatively considered to signify the addition of 32Da to
the MOLD molecule (9) to positions 2 and 4 in the imi-
dazolium ring. The peak with R, =27.5 min eluted exactly
as the compound found in the digests from brunescent
cataractous lenses (see Fig. 1). Similar to digests from
brunescent cataractous lenses, it contained a positively
charged ion with m/z=2356.93Th ((M+H]"; 340Th
416 Th 4 H). The data suggest that a compound with such
an m/z ratio could be tentatively identified as the mono-
oxo (M + 16) derivative of MOLD (8) at the 2 or 4 posi-
tion of the imidazolium ring. Work is in progress to estab-
lish the precise structure of the compound with m/z=
357Th and to measure levels of this compound in the
normal and cataractous lens.
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