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Spiro Cross-Links: Representatives of a New Class of
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Covalently cross-linked proteins are among the major modifications caused by the advanced Maillard
reaction. So far, the chemical nature of these aggregates is largely unknown. Investigations are
reported on the isolation of 6-[2-{[(4 S)-4-amino-4-carboxybutyl]Jamino} -6,7-dihydroxy-6,7-dihydroimi-
dazo[4,5-blazepin-4(5H)-yl]-L-norleucine (10) and N-acetyl-6-[(6R,7 R)-2-{ [4-(acetylamino)-4-carboxy-
butyllamino}-6,7,8a-trihydroxy-6,7,8,8a-tetrahydroimidazo[4,5- blazepin-4(5H)-yl]-L-norleucine (12) formed
by oxidation of the major Maillard cross-link glucosepane 1. Independent synthesis and unequivocal
structural characterization are given for 10 and 12. Spiro cross-links, representing a new class of
glycoxidation products, were obtained by dehydrogenation of the amino imidazolinimine compounds
N6-{2-{[(4S)-4-ammonio-5-oxido-5-oxopentyllamino}-5-[(2S,3R)-2,3,4-trinydroxybutyl]-3,5-dihydro-4 H-
imidazol-4-ylidene} -L-lysinate (DOGDIC 2) and N6-{2-{[(4S)-4-ammonio-5-oxido-5-oxopentyllamino} -
5-[(2S)-2,3-dihydroxypropyl]-3,5-dihydro-4 H-imidazol-4-ylidene} -L-lysinate (DOPDIC 3). These new
oxidation products were synthesized, and their unambiguous structural elucidation proved the formation
of the spiro imidazolimine structures N8-[(7R,8S)-2-{[(4S)-4-ammonio-5-oxido-5-oxopentylJamino} -
8-hydroxy-7-(hydroxymethyl)-6-oxa-1,3-diazaspiro[4.4]non-1-en-4-ylidene]-L-lysinate (16), N°-(8R,95)-
2-{(4S)-4-ammonio-5-oxido-5-oxopentyllamino} -8,9-dihydroxy-6-oxa-1,3-diazaspiro[4.5]dec-1-en-4-
ylidene)-L-lysinate (19), and NA6-{(8S)-2-[(4-amino-4-carboxybutyl)amino]-8-hydroxy-6-oxa-1,3-
diazaspiro[4.4]non-1-en-4-ylidene}-L-lysinate (18), respectively. It was shown that reaction of the
imidazolinone 15 led to the formation of spiro imidazolones, structurally analogous to 16 and 19.

KEYWORDS: Maillard reaction; glucosepane; spiro cross-links; advanced glycation end product (AGE);
advanced glycoxidation end product (AGOE)

INTRODUCTION of covalently cross-linked proteins. On the basis of various
model reactions, different mechanisms for cross-linking of
hamino acid side chains in proteins have been discuséed (
15). So far, pentosidin® (16), fluorophore LM-1 {7, 18),
crossline (19), MOLD6 (20), and GOLD7 (21, 22) have been

The Maillard reaction or “nonenzymatic browning” is a
complex series of reactions between reducing carbohydrates wit
lysine side chains dl-terminal amino groups of proteins. The
first step of this process is the formation of labile Schiff bases, N . :
which rearrange to the more stable Amadori products. The d€tected in vivo. We have shown previously that the lysine—
Amadori compounds are slowly degraded in complex reaction &rdininé cross-links glucosepate2, MODIC 4, and GODIC
pathways via dicarbony! intermediates to a plethora of com- ° (Figure 1) represent major Maillard cross-links in viva).
pounds (12) subsumed summarily under the term AGES; this Trace amounts of thg dehydrogenation prod@étand19 have
overall reaction sequence proceeds in vitro, in vivo, and in foods. 8IS0 been detected in brunescent cataractous lens praéns (

In long-lived tissue proteins, such as collagen and eye lens The quantitative results for food samples given fo@ and4,
crystallins, these chemical modifications accumulate with age > (3) areé in some cases in the same order of magnitude as those
and may contribute to pathophysiologies associated with agingreported for cross-linked amino acids such as lysinoalanine or
and long-term complications of diabetes and atherosclerosis.histidinoalanineZ4). Some of the cross-links (e.g., fluorophore
Among these, reactions leading to inter- or intramolecular LM-1, 7, and5) are formed via posttranslational modification
protein cross-linking are of special importance for the nutritional Of proteins byproducts of carbohydrate oxidation; they can
and functional properties of various food8).( A major therefore be designated as AGOEs, thus representing a subgroup
consequence of the advanced Maillard reaction is the formation of AGE. For better understanding the impact of the Maillard
reaction on foods and in vivo, it is an absolute prerequisite to

* To whom correspondence should be addressed. Tel: (49)711-4594099.eStabIISh the chemical nature of the major protein cross-links
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Figure 1. Structural formulas of major protein cross-links: glucosepane
1, 2-7, and pentosidine 8.
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Figure 2. Postulated reaction scheme for the oxidation of glucosepane 1
into 11 via the intermediate 10 and the established reaction scheme for
transformation of pentosinane 13 to pentosidine 8 via the intermediate
14,

We now report on the structural characterization of two

oxidation products of glucoseparig 6-[24[(49-4-amino-4-
carboxybutyllaming-6,7-dihydroxy-6,7-dihydroimidazo[4,B}-
azepin-4(5H)-ylle-norleucine (dehydroglucosepari®) and
N-acetyl-6-[(&R, 7R)-2-{ [4-(acetylamino)-4-carboxybutyl]Jamihe
6,7,8a-trihydroxy-6,7,8,8a-tetrahydro-imidazo[4]azepin-4(5H-

yl]-L-norleucine 12, Figure 2). Additionally, novel spiro cross-

links derived from the imidazolimine cross-linsand 3 and

the imidazolinonel5 were independently synthesized and their
structures Figure 3) were unequivocally established as fol-
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lows: N6-[(7R,8S)-2-{[(4S)-4-ammonio-5-oxido-5-oxopentyl]-
aming -8-hydroxy-7-(hydroxymethyl)-6-oxa-1,3-diazaspiro[4.4]-
non-1-en-4-ylidenel-lysinate (6), N°-((8R,99-2-{(49)-4-
ammonio-5-oxido-5-oxopentyl]amiheB,9-dihydroxy-6-oxa-
1,3-diazaspiro[4.5]dec-1-en-4-ylidene)ysinate (9), N6-{(89)-
2-[(4-amino-4-carboxybutyl)amino]-8-hydroxy-6-oxa-1,3-
diazaspiro[4.4]non-1-en-4-ylidene}kysine (18),N>-[(7S,8R)-
8-hydroxy-7-(hydroxymethyl)-4-oxo-6-oxa-1,3-diazaspiro[4.4]non-
1-en-2-yl]+-ornithine (17), and\>-[(8R,9R)-8,9-dihydroxy-4-
0X0-6-0xa-1,3-diazaspiro[4.5]dec-1-en-2-yiprnithine @0).
The aim of the present work was the isolation and structural
elucidation of these structures in order to obtain standards for
screening in foodstuffs and in vivo.

MATERIALS AND METHODS

Nuclear Magnetic Resonance Spectroscopy (NMR)YH (500
MHz), *H,'H-COSY (correlation spectroscopy}l,*H-TOCSY (total
correlation spectroscopy), TOCSY 1D (one-dimensional), gs-HSQC
(gradient-selected heteronuclear single quantum coherence), and gs-
HMBC (gradient-selected heteronuclear multiple bond correlation)
spectra were recorded at 25 on a Varian (Darmstadt, Germany) Unity
Inova 500 spectrometer inzD.

Liquid Chromatography—Mass Spectrometry (LC-MS). The
LC—(ESI; electrospray ionization) MS analyses were run on an HP1100
(Hewlett-Packard, Waldbronn, Germany) high-performance liquid
chromatography (HPLC) system coupled to a Micromass (Manchester,
U.K.) VG platform Il quadrupole mass spectrometer equipped with an
ESl interface. The HPLC system consists of an HP1100 autosampler,
HP1100 gradient pump, HP1100 thermoregulator, and HP1100 diode
array detector module. Column: 150 mm4.6 mm i.d., Sum, YMC-

Pack Pro C 18; 10 mnx 4.6 mm i.d. guard column (YMC Europe,
Schermbeck, Germany); column temperatureS@5flow rate, 1.0 mL/
min; injection volume, 2QL. Gradients: 10 mM ammonium formate
buffer (pH 4.0)—MeOH. (A) 5% MeOH, 0 min; 95% MeOH, 3@0

min; 5% MeOH, 45-50 min. (B) 5% MeOH, 0 min; 15% MeOH, 10
min; 95% MeOH, 26-25 min; 5% MeOH, 36-35 min. (C) 5% MeOH,

0 min; 15% MeOH, 10 min; 95% MeOH, 3220 min; 5% MeOH,
24—28 min, 10 mMn-heptafluorobutyric acid (HFBA)MeOH. (D)

5% MeOH, 0 min; 50% MeOH, 25 min; 95% MeOH, 335 min; 5%
MeOH, 40—47 min. MS parameters: ES$ource temperature, 120
°C; capillary, 3.5 kV; HV lens, 0.5 kV; cone, 55 V. For LC analyses,
the MS system was operated in the full scan madé (50—1000).

For accurate mass determination, data were collected in the multichannel
acquisition (MCA) mode with 128 channels pafz unit using 12 scans

(6 s) with 0.1 s reset time. The resolution was 106010 (10% valley
definition). The sample was dissolved in water/MeCN (1:1) containing
reference material (04g/uL, see below), ammonium formate (0.1%),
and formic acid (1%); the sample concentration was similar to that of
the reference compound. The solution was introduced into the ESI
source (8C°C) at a flow rate of SuL/min. The following scan ranges
and reference peaks were used for calibrati®f:and 19, m/z385—
485; poly(ethylene glycol) 4003vz 388.2547, 415.2543, 432.2809,
459.2805, 476.307118, m/z 350—460; poly(ethylene glycol) 350
monomethyl etherm/z 358.2441, 385.2438, 402.2703, 429.2700,
446.2965;12, m/z 480—590; poly(ethylene glycol) 550 monomethyl
ether,m/z490.3229, 517.3213, 534.3503, 561.3477, 578.3184y/z
365-465; poly(ethylene glycol) 400wz 371.2281, 388.2547, 415.2543,
432.2809, 459.2805. MassLynx 3.2 software was used for data
acquisition and processing.

Preparative HPLC. The preparative HPLC system consisted of a
Kronlab (Sinsheim, Germany) KD200/100SS gradient pump system
combined with a Knauer (Berlin, Germany) A0293 variable wavelength
detector and a 250 mm 20 mm i.d., 7um, Nucleosil C 18 column
with 50 mmx 20 mm i.d. guard column (Kronlab); injection volume,
1.5 mL; flow rate, 18 mL/min. Gradients were applied as follows:
ammonium formate buffer (10 mM, pH 4:6MeOH. (A) 30% MeOH,

0 min; 70% MeOH, 15 min; 100% MeOH, &1 min; 30% MeOH,
24-30 min. (B) 5% MeOH, 0 min; 40% MeOH, 20 min; 100% MeOH,
21-23 min; 5% MeOH, 24-30 min. (C) 0% MeOH, 0 min; 5% MeOH,
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Figure 3. Established reaction scheme for the oxidation of DOGDIC 2, DOPDIC 3, and imidazolinone 15, respectively. Oxidation of 2 yields the spiroamino-
imidazolimine structure 16 and 19; trace amounts of these dehydrogenation products were detected in brunescent lenses. Oxidation of DOPDIC 3 yields
the spiroamino-imidazolimine 18, and oxidation of the imidazolinone 15 yields the spiroamino-imidazolone 17 and 20.

5—7 min; 0% MeOH, 8-13 min. (D) 0% MeOH, 0 min; 15% MeOH,
10—12 min; 0% MeOH, 13—18 min. (E) 5% MeOH, 0 min; 70%
MeOH, 20 min; 100% MeOH, 22—25 min; 5% MeOH, 28—35 min;
trifluoroacetic acid (TFA) (0.05%, vivyMeOH. (F) 1% MeOH, 0 min;
20% MeOH, 15 min; 100% MeOH, 18—22 min; 1% MeOH, 25—30
min.

Lyophilization. A Leybold-Heraeus (Cologne, Germany) Lyovac
GT 2 was used.

Chemicals. Milli-Q water, purified to 18 M2/cn? (Millipore,

(gradient E); the fraction with a retention time of 7.5 min yielded, after

lyophilization,12 HCOOH (1.6 mg; 0.003 mmol; 0.04%). LGESI)-

MS (gradient C):tg 6.1 min,m/z529 [M + H]*. Accurate mass: [M

+ H]* calcd for GoH3/NeOs, 529.2631; found, 529.263% 0.0008

(mean of 10 measurements SD). For NMR data, se&able 1.
Synthesis of 16 and 19N*-t-Boc-L-lysine (1.52 g; 6.2 mmol)N®-

t-Boc+-arginine (1.15 g; 4.2 mmol), 3-deoxyglucosone (316 mg;

~48%; 0.9 mmol), and phosphate buffer, pH 7.4 (340 mg; 2 mmol),

were dissolved in water (10 mL). The mixture was kept at60for

Eschborn, Germany), was used in the preparation of all solutions. HPLC 48 h and purified by preparative HPLC (gradient A; detection

grade methanol was employed for LC and LC-MS. For preparative
HPLC, solvents were degassed by flushing with helitd#t-Boc-L-
lysine,N*-t-Boc-.-arginine,p-glucose, HFBA, and TFA were purchased
from Fluka (Neu-Ulm, Germany); poly(ethylene glycol) 350 mono-
methyl ether, poly(ethylene glycol) 550 monomethyl ether, and poly-
(ethylene glycol) 400 were from Aldrich (Steinheim, Germany); citric
acid and CuS®5H,0 were from Merck (Darmstadt, Germany); and
N*-acetyli-lysine and N®-acetylt-arginine were purchased from
Bachem (Heidelberg, Germany). For a phosphate buffer with pH 7.4,
KH2PO, (2.68 g; 20 mmol) and N&lPOy-H,0 (14.3 g; 80 mmol) were
mixed vigorously. Glucosepang, 3, and 3-deoxyglucosone were
synthesized according to procedures described previa2styX7). For

a CU citrate solution (100 mM; pH 9), 250 mg of Cu%6H,0 and

500 mg of citric acid were dissolved in 10 mL of water; the pH was
adjusted by slowly adding solid Na0O; and NaHCQ.

Synthesis of Dehydroglucosepane 1Glucosepané (17 mg; 0.04
mmol), CuSQ-5H,0 (1.9 g; 7.5 mmol), and citric acid (3.75 g; 19.5
mmol) were dissolved in 75 mL of water, and the pH adjusted to 9 by
slowly adding solid NaHC®@and NaCO; and incubated at 7€C for
6.5 h. The mixture was adjusted to pH 4 with TFA, concentrated to
nearly 25 mL by lyophilization, and subjected to preparative HPLC
(gradient F; detection wavelength, 280 nm). The fraction with a retention
time of 12.9 min yielded, after lyophilizatior,0 3 CRCOOH (7.3
mg; 0.009 mmol; 24%). LE(ESI)MS (gradient D):tg 20.6 min,m/z
427 [M + H]*. Accurate mass: [M+ H]t calcd for GgHziNgOs,
427.2305; found, 427.230G8 0.009 (mean of 11 measuremet$SD).

For NMR data, se@able 1.

Synthesis of 12N*-Acetyl-L-lysine (1.16 g; 6.15 mmol)\*-acetyl-
L-arginine (0.9 g; 4.15 mmolp-glucose (350 mg; 1.95 mmol), and
phosphate buffer, pH 7.4 (1.6 g; 9.4 mmol), were dissolved in water
(10 mL). The mixture was kept at 70C for 17 h and purified by

preparative HPLC (gradient E; detection wavelength, 252 nm). Fractions

with retention times of 9.1 (F I; 39.3 mg; 0.08 mmol; 4%) and 10.1
min (F 1I; 42.2 mg; 0.08 mmol; 4%) yielded, after lyophilization,
N-acetyl-6-[(6R,7R)-2-{ [4-(acetylamino)-4-carboxybutyl]Jamihes, 7-
dihydroxy-6,7,8,8a-tetrahydroimidazo[4¥azepin-4-(H)-yl]- L-norleu-
cine (9). LC—(ESI)MS (gradient B): F Iz 9.5 min,m/z513 [M +
H]*; F I, tr 11.0 min,m/z513 [M + H]*.

F | was dissolved in 4 mL of CUd citrate (100 mM; pH 9) and kept
at 60°C for 18 h. The mixture was subjected to preparative HPLC

wavelength, 240 nm). Fractions with a retention time of 15.0 min
yielded, after lyophilizationl\N?-(tert-butoxycarbonyl)-R{ 2-({ (4S)-4-
[(tert-butoxycarbonyl)amino]-4-carboxybuj@mino)-5-[(2$3R)-2,3,4-
trihydroxybutyl]-3,5-dihydro-#-imidazol-4-ylideng-L-lysine ¢-Boc-
2) HCOOH (80 mg; 0.115 mmol; 13%). LEESI)MS (gradient A):
retention time 21.5 minm/z 647 [M + H]*. This compound and
phosphate buffer, pH 7.4 (34 mg; 0.2 mmol), were dissolved in water
(3 mL) and incubated at 50C for 48 h. To this solution, 3 mL of
aqueous HCI (6 N) was added and kept at ambient temperature for 20
min. The pH was adjusted to 7 by slowly adding solid NaHC&nhd
the mixture was subjected to preparative HPLC (gradient D; detection
wavelength, 250 nm). Fractions with retention times of 12.7, 13.3, and
14.6 min yielded, after lyophilizatiod,6aHCOOH andl9ab HCOOH
(19.3 mg; 0.033 mmol; 3.7%) arldsb HCOOH (25.6 mg; 0.044 mmol;
4.9%), respectively. LC—(ESI)MS (gradient DY.6a, retention time
20.8 min,m/z445 [M + H]*; 19a,b, retention time 20.9 mim/z445
[M + H]*; 16b, retention time 21.1 mim/z445 [M + H]*. Accurate
mass: 16aand19ab [M + H] " calcd for GegH3aNeO7, 445.2411; found,
445.2420+ 0.0008;16b: found, 445.2415 0.0010 (mean of nine
measurements SD). For NMR data, se&able 2.
Synthesis of 18 Compound3 (14 mg; 0.03 mmol) was dissolved
in 2 mL of C&* citrate (100 mM; pH 9) and kept at 7 for 1 h.
The mixture was filled up to 4 mL and subjected to preparative HPLC
(gradient D; detection wavelength, 252 nm). Fractions with retention
times of 10.2 and 11.2 min yielded, after lyophilizatidil®a HCOOH
(0.5 mg; 0.001 mmol; 3.8%) antBb HCOOH (0.8 mg; 0.002 mmol;
7.7%), respectively. LC—(ESI)MS (gradient D}8a, retention time
21.5 min,m/z415 [M + H]*; 18b, retention time 21.8 mirm/z415
[M + H]*. Accurate mass:18a[M + H]* calcd for G7H31NgOs,
415.2305; found, 415.2304 0.0008;18hb: found, 415.231Gt 0.0012
(mean of 10 measurementsSD). For NMR data, seg@able 2.
Synthesis of 17 and 20N*-t-Boc--arginine (274 mg; 1 mmol),
3-deoxyglucosone (325 mg;48%; 1 mmol), and phosphate buffer,
pH 7.4 (340 mg; 2 mmol), were dissolved in water (10 mL). The
mixture was kept at 50C for 5 days and purified by preparative HPLC
(gradient B; detection wavelength, 230 nm). Fractions with retention
times of 20.2 (F I) and 20.9 min (F 1l) were isolated and lyophilized.
Each fraction was dissolved in agueous 3 N HCI (1.5 mL) and kept at
ambient temperature for 20 min. The pH was adjusted to 7 by slowly
adding solid NaHC@) the volume finally filled up to 3 mL, and the
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Table 1. 'H and 3C NMR Data of 10 and 122 in D,O

Hz Ry
2 NH- CH2 R, \@Eﬁ JF-NH— CH2 R, & CHa
7 (|2=O
NH
120 Ry= ~(CHy)3~CH—COOH
2-4' 5 8
e
10: Ry= —(CH,);—CH—COOH 7 CHs
2-4 5 & 8" C=O
NH, NH
10: Rp= —(CHy),—CH—COOH 12: Rp= ~(CHy),—CH—COOH
2°3" 4 5 273 4 5
o (ppm)®° o (ppm)®
1H NMR 10 12 13C NMR 10 12
Ha-5 376 3.42 c2 164.7 158.0
He-5 3.82 4.26 C-3a 166.9 178.0
H-6 4.11 3.62 c5 515 51.2
H-7 4.40 3.94 c-6 68.5 724
H-8 6.18 c-7 69.1 716
Ha-8 1.83 c8 1185 36.6
Hg-8 2.66 C-8a 134.7 91.2
Ho-1' 372 c-1 54.0 52.8
Ha-1' 3.75 c-2 217 25.8
He-1' 3.84 c3 22.0 221
Hp-2' 171 1.76 c-4' 29.9 31.0
Hp-3' 1.43 143 c-5' 54.1 55.0
Ho-4" 1.93 c-6' 174.7 179.0
Ha-d 1.70 c-7 174.0
Hg-4' 1.88 HsC-8' 21.7
H-5' 3.84 4.20 c1" 419 41.0
HsC-8' 2.07 c-2" 24.5 24.2
Ha-1" 3.39 335 c-3" 265 285
Hp-2" 1.75 175 c-4" 54.1 54.4
Hp-3" 1.78 c-5" 174.7 179.0
Ha-3" 1.76 c-6" 174.0
Hg-3" 1.87 HsC-7" 217
H-4" 3.84 4.24
HsC-7" 2.07
J (Hz)
A (1)14.9 (1)14.3 3376n 115
2Jga g8 (-)14.3 33788 4.5
3Jsas 43 2.0 3378 5.4
AN 55 10.6 pns 4.9
3367 59 10.0 Wy 49

2 The arrows in the structural formulas indicate the characteristic carbon—proton long-range coupling connectivities from the gs-HMBC spectra. Hydrogen/carbon assignment
has been validated by 'H,'H-COSY, TOCSY 1D, gs-HSQC, and gs-HMBC measurements. ® o (ppm), chemical shift for the indicated hydrogen/carbon. ¢J (Hz), coupling
constant between the indicated protons.

mixture was subjected to preparative HPLC (gradient C). Fractions with targeted use of oxidants and transformed after double dehydra-
retention times of 5.6 and 6.3 min resulting from bdt | and F Il tion into the fluorescent heterocycld.

g%geggor?rm?g'gg%'ae&(;ibaggégﬂhgzgg?g%?;Cn?n? (;'; (13_:;2%2)’ One diast.ereoisomer dfwas allowed to react in an alkaline
respectively. LC—(ESI)MS (gradient D)20a,b, retention time 12.2  copper(ll) citrate buffer fo7 h at 70°C. The LC-(ESMS
min, m/z317 [M + H]*; 17a,b, retention time 12.4 mim/z317 [M analysis of the crude reaction mixture showed signals for
+ H]". For NMR data, sedable 3. unreactedl and compound.0 (M + H]* at m/z429 andm/z
427, respectively) and an additional peak with the quasimo-
lecular ion [M+ H]"™ at m/z445, i.e., 16 Da higher than the

Formation of the Glucosepane Oxidation Products 10and ~ [M + HI" signal for 1. Because of its high polarity,0 was
12.We had shown previoush26) that the hexose and pentose Very poorly retained on reversed phase material when common
pathways are differentiated predominantly by the chemical eluents were used. The retention behavior was clearly improved
stability of the homologous cross-links glucosepahend if HFBA or TFA was added to the eluent to provide a
pentosinanel3. While 1 represents a proper AGE under counterion. Additionally, TFA as well as HFBA are volatile in
physiological conditionsl3is smoothly oxidized td 4 (Figure high vacuum and therefore posed no problems to lyophilization
2) and subsequently dehydrated to the AGOE pentosRI{26). or to the MS system. Thus, the obtained diastereoisom#e of
Glucosepand, established to be of prime quantitative signifi- with [M + H]* at m/z427 was isolated by preparative HPLC
cance in food and in vivo3, 23), should be dehydrated by the using a TFA-methanol gradient. Accurate mass determination

RESULTS AND DISCUSSION
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Table 2. 'H and 3C NMR Data of 16, 18, and 192 in D,0

TCH,—R 1 CHy—R TCH,—R
HO, R 2~ R4 / 2Ry HO,_(’ N 2~R1q
QHW Ho, PHAV N Hr el Ul
8 H 78\ /2~NH H-8 5 NH
HOH,C " 5
T _<2NH—CH —R HOH@(N;?\IH—SH -R H@NZQ N
t6ab R Wi TRy NHCHR,
a,b
19a,b
NH, NH;
Ry = —(CH,);—CH—COOH Rz = —(CH,),—CH—COOH
2.4 5 @ 23 4 5
16a 16b 19a 19b 18a 18b
1H NMR o(ppm)°
Ha-6 2.45 2.40 2.03 2.12 2.46 2.50
Hg-6 2.68 2.75 2.21 2.18 2.56 2.63
H-7 4.56 457 4.24 4.29 4.75 474
H-8 4.30 4.36 4.00 3.83
Ha-8 4.17 4.08
Hg-8 4.28 4.08
Ha-9 3.63 3.80 3.93 3.83
Hg-9 371 3.80 4.04 3.88
Ha-1' 3.48 3.48 3.49 3.48 3.49 3.49
Hg-1' 3.48 3.49 3.49 3.48 3.50 3.50
Hp-2' 1.68 1.68 1.70 1.69 171 171
Hp-3' 1.42 144 1.44 143 144 1.44
Ho-4' 1.86 1.86 1.87 1.86 1.88 1.88
H-5' 371 371 3.72 37 3.72 373
Ho-1" 3.36 3.40 341 3.40 341 3.38
Hp-2" 171 1.74 1.72 171 1.73 1.76
Hp-3" 1.89 1.90 1.90 1.95 1.92 191
H-4" 3.73 3.76 3.74 3.73 3.77 3.76
J(Hz)°
zjeA,GB (-)14.9 (5)15.1 (5135 (146 (—()1)33 (5152
8A,8B -
2Jon 98 (-)10.8 (5131 ("123
2Jyare d ()14.2 d d ()11.0 (-)14.0
3Jen7 3.0 18 48 3.9 <1 <1
A 5.3 6.8 12.6 <1 5.0 45
g 2-3 2-3 3.0 d
3J76a <1 1-2
AT 3.9 1-2
3Jg0a 5.8 3.3 <1 12.0
%Jg98 d 33 2.2 3.0
EATTPY d 6.5 d d d 7.2
8y s d 6.2 d d 5.9 5.9
EATIPY 7.0 6.8 6.9 6.9 6.6 6.6
EA" 6.1 6.1 6.1 6.1 5.9 6.1
13C NMR O(ppm)P
C-2 166.9 166.4 167.3 167.3 168.0 168.0
C-4 178.8 179.1 177.8 177.8 179.0 179.0
C-5 100.0 99.3 93.0 f 99.0 100.0
C-6 41.0 44.0 34.0 f 44.0 42.1
C-7 72.3 72.6 64.5 66.0 711 71.8
C-8 89.2 90.8 66.9 65.5 78.0 77.9
C9 61.7 61.1 68.5 68.8
c-r 43.4 42.1 433 43.3 434 43.4
c-2' 27.8 27.2 27.8 27.8 27.8 27.8
Cc-3 221 221 221 221 221 221
c-4 30.2 30.7 30.2 30.2 304 30.4
C-5' 54.8 54.3 54.8 54.8 55.0 55.0
C-6' 175.7 175.7 175.7 175.7 175.2 175.8
c-1" 42.2 418 42.4 42.4 42.4 42.4
c-2" 24.6 23.8 24.6 24.6 24.2 24.2
c-3" 27.8 28.1 27.8 27.8 28.0 28.0
c-4" 54.8 54.1 54.8 54.8 54.8 54.9
c-5" 175.4 175.2 175.4 175.4 175.0 175.2

2 The arrows in the structural formulas indicate the characteristic carbon—proton long-range coupling connectivities from the gs-HMBC spectra. No absolute configuration
was determined for the diastereoisomers 16 and 19 as well as 18a,b. Hydrogen/carbon assignment has been validated by H,'H-COSY, TOCSY 1D, gs-HSQC, and
gs-HMBC measurements. ® ¢ (ppm), chemical shift for the indicated hydrogen/carbon. ¢ J (Hz), coupling constant between the indicated protons. 4 No coupling constant
can be determined due to overlapping multiplets. € Coupling constants were not determined due to higher order spin systems. f Chemical shift for C-5 could not be
determined due to the lacking connectivity (J) of HA/B-4/3 or H-6/5 with C-5 in the gs-HMQC spectra and the low amounts available for 19b.
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Table 3. 'H and 3C NMR Data of the Imidazolone 17 and 202 in D,O
HO H H
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. O Ho H HO
H=r7te{ 44 “ la
HOHzcg:“‘E&i% ng HO,;{;%ZJ\/NE - Ry = —(CH2)2—E]‘,:2—COOH
1';' NH-Gpr,  H Hg"‘ NH-CHy-R, 73 &
a,b
20a,b

17a 17b 20a 20b
HNMR d(ppm)°
Ha-6 2.20 2.15 1.99 2.06
Hg-6 2.56 2.48 211 211
H-7 4.46 4.45 432 4.39
H-8 424 421 391 391
Ha-9 3.63 3.60 3.81 3.87
Hg-9 371 3.65 3.90 4.06
Ho-1' 3.35 3.42 342 3.37
Ho-2' 1.73 1.69 1.70 1.73
Hp-3' 1.90 1.90 1.90 1.90
H-4' 3.76 3.75 3.75 3.76

J (Hz)¢

23668 (-)145 (-)14.2 (1)14.3 (H)14.3
2Jon08 (1)12.3 (9123 (A)12.2 (113
A 30 2.2 55 71
33687 6.3 5.7 2.9 37
3318 3-4 2-3 25 3-4
3J5.0n 6.3 6.0 10.2 7.5
3J508 4.1 44 45 3.4
EAJPY 6.8 6.8 6.8 6.8
33 4 5.7 5.7 6.1 5.8
13C NMR d(ppm)°
C-2 169.0 170.0 170.5 169.0
C-4 188.8 189.4 189.5 187.8
C-5 96.0 95.0 87.2 88.8
C-6 42.1 419 35.1 34.6
C-7 723 723 66.2 65.8
C-8 89.0 89.0 66.3 66.3
C-9 63.5 63.5 63.1 64.2
c-1 41.6 42.4 42.4 418
c-2' 24.8 25.2 25.1 24.8
c-3 28.2 28.2 28.2 28.2
c-4 55.0 55.0 55.0 55.0
C-5 175.4 175.4 175.4 175.4

2 The arrows in the structural formulas indicate the characteristic carbon—proton long-range coupling connectivities from the gs-HMBC spectra. No absolute configuration
was determined for the diastereoisomers 17 and 20. Hydrogen/carbon assignment has been validated by *H,'H-COSY, TOCSY 1D, gs-HSQC, and gs-HMBC measurements.

b6 (ppm), chemical shift for the indicated hydrogen/carbon. ¢J (Hz), coupling constant

of the obtained compound gave the expected elemental com
position GgH31NgOg; the NMR data compiled inTable 1
unequivocally proved formation afO (Figure 2). The mass
and UV spectra for the signals involved in the dehydration

between the indicated protons.

-desired product with [M+ H]™ atm/z445 as compared tb0.

In addition, the compound proved unstable in the course of work
up, especially at low pH values used during the chromatographic
purification. Thus, synthesis a2 was performed using acetyl-

process confirmed the postulated structures. For the new doubleglucosepan@ for oxidation (Figure 2).

bond introduced ir10, the position is definitely established by
the loss of 2 Da fronl and the 32 nm bathochromic shift for
10 relative tol. This can only be rationalized by extension of
the chromophoric system.

Becausel4 showed almost spontaneous water elimination
(26) forming the aromatic structure pentosidiBe no such
behavior could be observed f@0, even on heating or in the
presence of dehydrating agents. In contrast, formation of 6-(2-
{[(49-4-amino-4-carboxybutyllamiiémidazo[4,5b]azepin-4-
ium-4-yl)-L-norleucine 11) requires two further dehydration

Two products with [M+ H]* atm/z513 were isolated from
the incubation ofb-glucose withN*-acetyl+-lysine andN¢-
acetyli-arginine. The NMR data (not shown) proved the
formation of two diastereocisomers 8f the data sets for the
heterocyclic core were identical with those found for the major
diastereoisomers ol (25). One diastereocisomer & was
allowed to react in a Cu citrate solution (100 mM; pH 9) for
18 h at 60°C. Because the protective groups provide fairly good
retention on reverse phase, the product with-ivH]™ at m/z

steps, for which reason the desired aromatic heterocycle could529 was isolated by preparative HPLC using an ammonium

not be obtained.

The oxidation product that was 16 Da higher tHaand [M
+ H]* at m/z445 was assigned to an analoguel@f(Figure
2). In contrast to dehydroglucosepand®, this postulated
structure was very difficult to obtain. Reaction bfn alkaline
copper(ll) citrate solution gave a much lower yield for the

formate buffer-methanol gradient. Accurate mass determination
of the obtained compound gave [M H]*, corresponding to a
loss of 2 Da followed by addition of #0 and an elemental
composition of G;H37NgOge. The NMR data forl2 are given

in Table 1. Thel3C chemical shifts and connectivities definitely
proved the outlined structures f&0 and12 in Figure 2.
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Formation of the Spiro Structures 16—20 in the Course All gs-HMBC spectra showed only one single cross-peak for
of Oxidation of 2, 3, and the Imidazolinone 15As previously the H-1" triplet in the downfield region, i.e., with C-2. The
shown (26),2 and 3 (Figure 3) are formed from the reaction  other two cross-peaks connected this proton resonance with the
of L-lysine and.-arginine with the respective 3-deoxyglucosone nonhetero-substituted C-24nd C-3"of the arginine moiety.
or 3-deoxypentosone (28). They belong, together with the Alternative structures with endocyclitdl® nitrogen of the
corresponding methylglyoxal- and glyoxal-derived structdres  L-arginine side chain, in contrast, would require correlation of
and5 (29), to the group of amino imidazolinimine cross-links. H,-1" with both quasicarbonyl carbons (C-2 and C-4) or with
Related AGEs, as well as their dehydrogenated follow-up C-2 and C-5 in a five-membered ring9).

products, have already been descril%H33). They are formed For the glucosepane oxidation produdand 12, *H and
by the reaction of arginine with the correspondiagdiketo 13C NMR chemical shifts §) and coupling constantsJY are
compounds and bear an amino imidazolinone core structure.shown in Table 1. The arrows indicate significant carben
Konishi et al. 80) identified 2-(N*-benzoyIN°>-ornithylamide)-  proton long-range coupling across two or three borfdsof

5-(2,3,4-trihydroxybutyl)-4-imidazolone as a stable end product 33). For both structures, the correlation of §H of theL-lysine
resulting from the dehydrogenation of the benzoyl derivative sjde chain with C-3a and C-5 demonstrated the preserved seven-
of 15 (Figure 3) The imidazolinond5is a major condensation membered ring](4, 25) Significant Changes aDin Comparison
product of 3-deoxyglucosone with arginine and a structural to the initial structure of glucoseparecould be observed for
analogue o. Thus, the identification of stable end products C-8a (134.7 ppm) and C-8 (118.5 ppm); the downfield shifted
formed by the oxidation of the lysirearginine cross-link® resonances relative td can be best rationalized by the
and3 was undertaken. introduction of a double bond at this position. Moreover, this
The synthesis 016 and19 was performed by incubation of  assumption is supported by the loss of the stereogenic center
t-Boc-2 (26) in phosphate buffer, pH 7.4, at 8Q for 2 days. of C-8a and the downfield shift of the H-8 doublet by about 4
The formation of the imidazolonek? and 20 was carried out ppm, due to the anisotropic effect of the double bond12n
following the previously described procedure by Konishi et al. the C-8a resonance was shifted downfield (about 32 ppm)
(30). Briefly, 3-deoxyglucosoné\*-t-Boc-.-arginine instead of relative t09. Because of the formal mass increase of 16 Da for
N%-benzoylt-arginine amide (BzArgNL), and phosphate buffer, 12, this can only be manifested by the formation of the hemi-
pH 7.4, were allowed to react at 8CQ for 5 days. The oxidation =~ aminoacetal structure outlined Figure 2. The characteristic
process was monitored by LGESI)MS analysis of the crude  carbon-proton long-range coupling connectivities from the gs-
reaction mixtures and signals with [M H]* at m/z645 and HMBC spectra proved the definite position of the double bond
m/z417 were detected, i.e., 2 Da lower thantioc derivatives for 10 and the hemi-aminoacetal structure i (Table 1).

of 2and15 (M + H]" at m/z647 andm/z419, respectively; The conclusion that the difference in the elemental composi-
Figure 3). The protective groups were cleaved off in acidic tjon (2H) of 2, the imidazolinond 5, and3 (Figure 3), relative
medium, and the four diastereoisomerd 6f19 and17/20 with to their corresponding oxidation produdi§/'19, 17/20, and18,

[M + H]* atm/z445 andm/z317, respectively, were purified  respectively, results from the nucleophilic addition of the
by preparative HPLC. Accurate mass determination of the hydroxyl group at C-8/C-9 to C-5 is based on the following
obtained compounds gave [M H]* confirming the expected  arguments. The C-5 resonances for the spiro compoliids
elemental composition fgH33NeO7. The NMR data Table 2) 20 are shifted downfield (2740 ppm) as compared to their
proved the formation ofl6 and 19, existing as a pair of jnijtial reactantsZ2, 3, and15), which is rationalized best by the
diastereoisimers. Analogously, pairs of diastereoisomers of thetransformation of C-5 into an aminoacetal grodjalfles 2and
related compounds? and20 were isolated and their structures  3). All gs-HMBC spectra displayed clear correlation for the
were unequivocally elucidated by NMR'gble 3). The ratio  protons at C-8 (five-membered rings) or C-9 (six-membered
of the spiro[4.4]/spiro[4.5] was for the spiro amino imidazolone rings) from C-5; this connectivity can only be explained by ring
structures about-23, whereas spiro[4.4] dominated by a factor closure. The characteristic carbeproton long-range coupling

of 6 relative to the spiro[4.5] for the spiro amino imidazolimine  connectivities from the gs-HMBC spectra proved the definite
compounds. This discrepancy may be a result of steric effectsformation of the spiro[4.4]amino-imidazolimind$ and18, the
from the lysine moiety. It is noteworthy tha6/19and 17/20 spiro[4.5]amino-imidazolimind 9, the spiro[4.4]amino-imida-
were produced as well using stronger oxidizing agent${Cu  zolone17, and the spiro[4.5]amino-imidazolo2e.

pH 9) as described below. A new class of glycoxidation products were detected, which
Formation of 18 was also possible under the conditions are formed by Maillard processes initiated by hexoses and
reported forl6 and19 (phosphate buffer, pH 7.4, 5€, 2 days).  pentoses. Recently, Biemel et €3] reported the degradation
Because of the very low product amounts obtained after of 2 under physiological conditions (phosphate buffer, pH 7.4,
incubation times of more than 7 days, we decided to change 37 °C). It was proven tha? was in part transformed into the
the oxidative conditions given above. To obtdl8, 3 was spiro structured6 and 19. Compound46 and 19 are formed
reacted in a Ctr citrate buffer solution (pH 9) at 7€C for 1 from 2 via oxidation and thus represent AGOEs; the reaction
h. The LC_(ES|)MS monitored reaction showed the formation rate is pH-dependent and negi|g|b|e at p1-5 The dehydro-
of two new signals with [M+- H]* atm/z415, 2 Da lower than  genation product46 and19 were exemplarily detected in few
the [M + H]* of 3. Accurate mass determination of the isolated prunescent lenses in trace amounts, too. According to these
compounds gave [M+ H]* corresponding to an elemental results, it is likely that the novel spiro structurég and 19 as

composition of G7H3:NeOs. The NMR data compiled ifable well as18 seem to be only minor components as compared to
2 showed the formation of8 existing as a pair of diastereo- the maior Maillard cross-links giucosepaﬂ]ez, 4, and5 in
isomers,18a,b. vivo (23). However, the occurrence of the novel spiro com-
Structural Assignment. Because compound$0 and 12 poundsl6, 18, and19 has not been investigated in foodstuffs
(Figure 2), as well as the spiro produci$a,b,17a,b,18a,b, and biological samples. Therefore, the influence of processing

19ap, and20ab (Figure 3), represent novel AGOES, a special on food proteins as well as the significance in vivo will have
effort was invested in unequivocally establishing their structures. to be examined in subsequent studies.
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ABBREVIATIONS USED

AGE, advanced glycation end product; AGOE, advanced
glycoxidation end product; DOGDIE, N®-{ 2{[(49)-4-ammo-
nio-5-oxido-5-oxopentyllaming5-[(2S,3R)-2,3,4-trihydroxy-
butyl]-3,5-dihydro-H-imidazol-4-ylideng-L-lysinate; DOPDIC
3, N6-{2{[(49-4-ammonio-5-oxido-5-oxopentyl]amiheb-
[(29)-2,3-dihydroxypropyl]-3,5-dihydroH-imidazol-4-ylideng-
L-lysinate; GODIC5, N8-(2-{[(4S)-4-ammonio-5-oxido-5-0xo-
pentyllaming -3,5-dihydro-4H-imidazol-4-ylidene):-lysinate;
GOLD 7, 6{1-[(5S)-5-ammonio-6-oxido-6-oxohexyl]-imida-
zolium-3-ylt -L-norleucinate; MODIC4, N°-(24{[(49-4-ammo-
nio-5-oxido-5-oxopentylJamine5-methyl-3,5-dihydro-#i-im-
idazol-4-ylidene)--lysinate; MOLDBG, 6 1-[(5S)-5-am-monio-
6-oxido-6-oxohexyl]-4-methylimidazolium-3-}L-norleu-
cinate.
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