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ARTICLE INFO ABSTRACT

Keywords: Reducing sugars and reactive aldehydes, such as glyceraldehyde, non-enzymatically react with amino or gua-
Advanced glycation end-product nidino groups of proteins to form advanced glycation end-products (AGEs) by the Maillard reaction that involves
Glyceraldehyde Schiff base formation followed by Amadori rearrangement. AGEs are found relatively in abundance in the human
Pyrrolopyridinium . L. . o . . .

Recentor for AGE eye and to accumulate at a higher rate in diseases that impair vision such as cataract, diabetic retinopathy or age-
Photgsensitization related macular degeneration. We identified two novel AGEs of pyrrolopyridinium lysine dimer derived from

glyceraldehyde, PPG1 and PPG2, in the Maillard reaction of N%acetyl-i-lysine with glyceraldehyde under
physiological conditions. Having fluorophores similar to that of vesperlysine A, which was isolated from the
human lens, PPGs were found to act as photosensitizers producing singlet oxygen in response to blue light
irradiation. Moreover, PPG2 interacts with receptor for AGE (RAGE) in vitro with a higher binding affinity than
GLAP, a well-known ligand of the receptor. We also proposed a pathway to form PPGs and discussed how they
would be formed in vitro. As glyceraldehyde-derived AGEs have been studied extensively in connection with
various hyperglycemia-related diseases, further studies will be required to find PPGs in vivo such as in the lens or

Singlet oxygen

other tissues.

1. Introduction

Advanced glycation end-products (AGEs) are produced non-
enzymatically by the Maillard reaction typically between amino or
guanidino groups of proteins and reducing sugars or sugar-derived
reactive aldehydes. Although AGEs are well known to cause food
browning, they are also found to accumulate in vivo and therefore
drawing attention largely from pathogenic points of view. For instance,
proteins of the human eye are highly susceptible to the formation of
AGEs that accumulate with age in the lens and retina particularly at
higher rates in diseases that impair vision such as cataract, diabetic
retinopathy and age-related macular degeneration [1,2]. In the lens,
AGEs induce irreversible changes in structural proteins to form
high-molecular-weight aggregates that scatter light and impede vision.
A milestone in the AGE research is the discovery of pentosidine by Sell
and Monnier [3], which is a fluorescent protein- crosslink that accu-
mulates in the lens with age [4]. Another fluorescent crosslink with
lysine residues, vesperlysine A, was also identified as a specific marker

for a diabetic process in the human lens [5,6]. These discoveries
established that AGEs were integral to the lens aging and subsequent
cataract formation. Indeed, there are more than 15 AGEs that have been
identified to date in the human lens [2].

Fluorescent AGEs tend to generate reactive oxygen species (ROS)
when irradiated by ultraviolet A (UVA) light. Previous studies described
that pentosidine generated ROS and singlet oxygen in response to UVA
irradiation [7,8]. In addition, a human lens fluorophore LM-1, which
was found to be identical to vesperlysine A [6], has also been reported to
produce singlet oxygen under the same conditions [7]. These reports
indicate that UVA-photosensitized AGEs induce ROS-mediated damages
to tryptophan and histidine residues in lens proteins. Therefore,
photosensitive AGEs, if accumulated in the lens, possibly play a role in
the pathogenesis of the diseases of the eye by
photosensitization-induced oxidative stress.

Among many AGEs reported thus far, we have focused on
glyceraldehyde-derived AGEs (Glycer-AGEs) in this study mainly
because pentosidine, one of the most common fluorescent AGEs, was
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reported to be produced in the Maillard reaction of N*-acetyl-lysine and
N%-acetyl-arginine with glyceraldehyde under physiological conditions
[9]. In addition, Nakamura et al. identified fluorescent AGEs having a
unique pyrrolopyridinium structure, vesperlysines, also in a similar re-
action with glyceraldehyde and n-pentylamine (Fig. S1) [5]. Glyceral-
dehyde can be produced in vivo most likely from aldolase-catalyzed
conversion of fructose 1-phosphate in polyol metabolism, which is
facilitated under high glucose conditions [10]. Glycer-AGEs have been
suggested to be associated with a variety of diseases related to hyper-
glycemia [11]. Furthermore, recent evidence suggests that the interac-
tion of Glycer-AGEs with the receptor for AGEs (RAGE) elicits oxidative
stress in numerous types of cells, which might contribute to the patho-
logical changes observed in diabetic complications such as diabetic
retinopathy [1,12-14]. We therefore suppose that glyceraldehyde can
be a key precursor aldehyde to produce AGEs that enhance oxidative
stress, particularly in the eye, both in the presence or absence of light.
Although glyceraldehyde-derived pyridinium compound (GLAP) and
lys-hydroxy-triosidine (L-H-T), which is a pyridinium-type crosslinked
AGE, were identified as Glycer-AGEs [15,16], pathogenic roles of
Glycer-AGEs still remain elusive.

In this work through extensive mass spectrometry (MS) and nuclear
magnetic resonance (NMR) analyses, we have identified two new
vesperlysine-like fluorescent AGEs, pyrrolopyridinium lysine dimer
derived from glyceraldehyde (PPG1 and PPG2), in which two lysine
molecules are crosslinked by pyrrolopyridinium ring structures
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(Fig. 1A), as the major products in the Maillard reaction between N*-
acetyl-1-lysine and glyceraldehyde. Of these two AGEs, PPG2 was found
to be photosensitive to generate singlet oxygen and to have a binding
affinity to RAGE. We described herein the structural determination of
these AGEs and discussed how they can be formed in vitro. In trying to
find a new AGE in vivo and to explore its pathological roles, in vitro
approach seems essential to elucidate the chemical structure as well as
to further develop an antibody for immunological studies. Although
PPGs need to be identified in vivo, we think that they might be useful to
elucidate pathogenic roles of Glycer-AGEs and to study oxidative stress
induced by photosensitization as well as RAGE-mediated signal trans-
duction in the eye.

2. Materials and methods

2.1. Maillard reaction of N*-acetyl-1-lysine with glyceraldehyde
N%-acetyl-L-lysine (Ac-Lys, Tokyo Chemical Industry, Tokyo, Japan)

and DL-glyceraldehyde (Nacalai Tesque, Kyoto, Japan) were dissolved

at once in 0.5 M phosphate buffer (pH 7.4) at a concentration of 1.0 M

each. The resulting solution was sterilized by filtration through a 0.2-ym
filter and then incubated at 37 °C for one week.
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Fig. 1. Detection of GLAP, L-H-T and PPGs in the Maillard reaction mixture of Ac-Lys with glyceraldehyde. (A) Chemical structures of four Glycer-AGEs. R indicates
the Ac-Lys moiety. (B) UV chromatograms of the reaction mixture. (C) UV absorbance and (D) single MS spectra of four peaks detected in the Maillard reaction
mixture. Detailed analytical conditions are summarized in Table S1.
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2.2. Chromatographic purification of the maillard reaction products

The Maillard reaction mixture containing Ac-Lys and glyceraldehyde
was subjected to high-performance liquid chromatography (HPLC)
equipped with a diode array detector (DAD) and a mass selective de-
tector (MSD) using an Agilent 1260 Infinity II LC/MSD system (Agilent
Technologies, Santa Clara, CA, USA). The instrumentation is detailed in
our previous report [22]. Chromatographic conditions are summarized
in Table S1. Isolation of GLAP, L-H-T and PPGs was performed by a
semi-preparative high-performance liquid chromatography (HPLC) with
UV signal-triggered fraction collection; the conditions are described in
Table S2. Collected fractions were evaporated in vacuo and lyophilized
to give the product as formate salt.

2.3. Structural determination of PPGs

The chemical composition of PPGs was analyzed using an Agilent
6520 Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS system
(Agilent Technologies). The instrumentation is detailed in our previous
report [22]. Analytical conditions are summarized in Tables S3 and S4.
The structural assignment of PPGs dissolved in deuterium oxide (D30) or
dimethyl sulfoxide (DMSO)-d¢ was performed using an AVANCE III HD
500 MHz NMR spectrometer equipped with a QCI CryoProbe at 298 K
and the TopSpin pl3.6 software (Bruker, Billerica, MA, USA).

2.4. Assay of Glycer-AGEs binding to RAGE

The CircuLex AGE-RAGE in vitro Binding Assay Kit (Medical & Bio-
logical Laboratories, Nagoya, Japan) containing a recombinant soluble
RAGE and Glycer-AGEs-bovine serum albumin (BSA) was used following
the manufacturer’s manual. N*-acetylated forms of GLAP, L-H-T, and
PPGs were used as competitors. Each competitor was dissolved in 50 mM
Tris-HCI (pH 8.0) at a concentration of 200 mM and diluted with the
kit’s Reaction Buffer at final concentrations of 0.5-10 mM. Fifty milli-
molar of Tris-HCI at pH 8.0 was used as a vehicle control. Absorbance at
450 nm was measured using a Cytation 5 Multi-Mode Reader with the
Gen5 software (BioTek Instruments, Winooski, VT, USA).

2.5. Determination of singlet oxygen produced by photosensitization of
AGEs

Singlet oxygen photogenerated from Glycer-AGEs was measured
using an electron spin resonance (ESR) spectrometer with a sterically
hindered amine according to the literature [17]. A procedure of sample
preparation is summarized in Table S5. Briefly, the sample was mixed
with 4-hydroxy-2,2,6,6-tetramethylpiperidine (4-OH-TEMP, Tokyo
Chemical Industry) in 0.2 M phosphate buffer (pH 7.5) and the solution
was irradiated for 30 min under blue light with illuminance of approx-
imately 1500 lux by a handy LED flashlight with a wavelength of 470 nm
(MeCan Imaging, Saitama, Japan). As an authentic singlet oxygen
quencher, astaxanthin (FUJIFILM Wako Pure Chemical, Osaka, Japan)
was used as a DMSO solution. After the irradiation, ESR spectrum of the
sample was recorded on an ELEXSYS-II E580 X-band ESR spectrometer
(Bruker) to detect 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(4-OH-TEMPO) radical. Instrumental parameters are summarized in
Table S6. Spectral simulations were performed using the Xepr software
with SpinFit and SpinCount modules (Bruker).

3. Results and discussion

3.1. HPLC analysis of the maillard reaction mixture of Ac-Lys and
glyceraldehyde

Ac-Lys was incubated with an equimolar amount of glyceraldehyde
under physiological conditions, and the reaction mixture was analyzed
by a reversed-phase HPLC equipped with a DAD and a MSD. When
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detected at 290 nm, the most intense peak appeared at the retention
time (Ry) of 3.3 min, whose absorption maximum was 290 nm (Fig. 1B
and C). The MS spectrum of this peak corresponded to that of GLAP as a
positive ion with mass-to-charge (m/z) of 297 (Fig. 1D). After semi-
preparative purification of this peak by HPLC with UV detection as
shown in Fig. S2, the chemical structure was confirmed to be GLAP using
several NMR techniques, the data of which were identical to those re-
ported previously [15] (Figs. S3-S5). In a similar manner, the peak
detected at 269 nm and R, of 9.0 min (Fig. 1B) was next isolated and its
chemical structure was determined to be L-H-T based on the UV-visible
spectrum (Fig. 1C), MS spectrum (Fig. 1D) and NMR spectra
(Figs. S6-S8). Surprisingly, when detected with a DAD at 254 nm, two
intense peaks appeared at R; of 9.9 min and 10.9 min corresponding to
PPG1 and PPG2, respectively (Fig. 1B). The UV-visible spectra indicated
the absorption maxima at 252 nm, 280 nm and 380 nm for PPG1 and
254 nm, 304 nm and 388 nm for PPG2, respectively (Fig. 1C). The ab-
sorption maxima of PPGs at longer wavelengths compared to those of
GLAP and L-H-T suggest that PPGs have an aromatic moiety different
from pyridinium structures of GLAP or L-H-T. The single quadrupole MS
spectra of PPG1 and PPG2 showed a positive ion at m/z 507 and 521,
respectively (Fig. 1D), indicating that PPGs are crosslinked dimer ana-
logs of lysine.

3.2. Structural analysis of PPGs

For the subsequent structural analysis, PPGs were isolated by a semi-
preparative HPLC (Fig. S2), by which we collected 3.1 mg (5.6 pmole) of
PPG1 and 5.4 mg (9.5 pmole) of PPG2 (both as formate) per 1 mL of the
Maillard reaction mixture. GLAP and L-H-T were also collected to afford
1.6 mg (4.9 pmole) and 2.2 mg (4.5 pmole), respectively, per 1 mL of the
same reaction mixture. The purified PPGs were then subjected to ac-
curate mass measurement and product ion scan using a Q-TOF LC/MS
instrument. Fig. SO shows the monoisotopic mass of PPG1 as an ion at m/
z 507.2444 in the positive ion mode, which was estimated to be
C24H35N408 (calculated mass 507.2449). The monoisotopic mass of
another peak, PPG2, was observed as an ion at m/z 521.2603 in the
positive ion mode (Fig. S9), which was estimated to be CasHz;N4O§
(calculated mass 521.2606). In fragmentation analysis of PPGs, the
tandem MS (MS/MS) spectra of PPG1 and PPG2 showed a common
fragment ion at m/z 84.0816 and m/z 84.0812, respectively (Fig. S9).
Since the positive ion at m/z 84 was reported to be a specific MS/MS
fragment ion of glycated lysine products observed in LC-MS/MS analysis
[18], the fragment ion of PPGs at m/z 84 was assigned to be 2,3,4,5-tet-
rahydropyridinium ion derived from deacetylated Ac-Lys (Fig. S9). From
these Q-TOF LC/MS analyses, PPG1 and PPG2 were characterized to
have the crosslinking core structures whose molecular formulae are
CgH7N,03 and CoHgN,03, respectively.

To elucidate these crosslinking structures, we next performed several
NMR experiments. The data of PPG1 including 1H, 13C, COSY, NOESY,
1H-13C edited-HSQC, 1,1-ADEQUATE and 'H-'3C/!°N HMBC are sum-
marized in Fig. $10. 'H- and 13C-NMR spectra indicated that PPG1 has 3
aromatic protons appeared as singlets between 7.7-9.0 ppm and 7 ar-
omatic carbons between 125-139 ppm (Figs. S11 and S12). Addition-
ally, the spectrum of 'H->N HMBC demonstrated that these aromatic
protons correlated with the two nitrogens of different chemical prop-
erties (at position 1 and 4 in Fig. S13). The aromatic ring of PPG1 was
suggested from these 'H-'>N HMBC and MS/MS spectra (Figs. S9 and
$13) to contain both tertiary and quaternary nitrogens. PPG1 was finally
identified to be: 1,4-disubstituted 6-hydroxy-8-(hydroxymethyl)-1H-
pyrrolo[5,6-c]pyridin-1-ium, as shown in Fig. S10.

The structural determination of PPG2 was achieved in the same
manner as PPG1, and the NMR results obtained are summarized in
Fig. $14. 'H- and !3C-NMR spectra indicated that PPG2 has 2 aromatic
protons between 8.3-8.4 ppm appeared as two singlets and 7 aromatic
carbons between 125-144 ppm (Figs. S15 and S16). In the H-NMR
spectrum of PPG2, a singlet peak appeared at 2.5 ppm was distinctive



T. Shigeta et al.

compared to PPG1, which was assigned to the methyl group conjugated
to the pyrrole ring (Figs. S14 and S15). The 'H-NMR spectrum measured
in D20 showed a peak of the methylene protons almost overlapped with
that of residual water at 4.8 ppm (Fig. S15), but when measured in
DMSO-dg, the methylene protons were observed as a singlet with
improved resolution between 4.6-5 ppm (Fig. S19). The NMR data of
PPG2 in DMSO-dg are summarized in Fig. 518; 'H- and *3C-NMR spectra
in DMSO-dg are shown in Figs. S19 and S20, respectively. The spectrum
of 'H-15N HMBC demonstrated that the aromatic protons of PPG2
correlated with the two nitrogens of different chemical properties (at
position 1 and 5 in Fig. S17). Like PPG1, the aromatic ring of PPG2 was
thought to contain both quaternary and tertiary nitrogens from the
115N HMBC as well as MS/MS spectral data (Figs. S9 and S17). These
NMR data characterized PPG2 to have the following structure: 1,4-
disubstituted 3-hydroxy-8-(hydroxymethyl)-4-methyl-1H-pyrrolo[3,4-
blpyridin-1-ium, as shown in Fig. S14. To further confirm this aromatic
core structure, ‘3C-13C INADEQUATE experiment was carried out to
observe the carbon-carbon correlation (Fig. S21). The spectral data also
supported the interesting carbon skeleton in which the positional rela-
tionship of the two nitrogens in the pyrrolopyridinium ring is different
from that of PPG1.

Similar pyrrolopyridinium structures were first reported as ves-
perlysines in the Maillard reaction of lysine with glucose [5]. However,
as discussed by Tessier et al. who isolated vesperlysine A from the
human lens proteins [6], the precursor aldehyde and the mechanism to
produce vesperlysine A have remained unclear. As Nakamura et al.
pointed out that vesperlysines were produced from one of glycoxidation
products of glucose [5], we suppose that glyceraldehyde is an important
precursor aldehyde to form the AGEs having pyrrolopyridinium
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structures.

3.3. Putative pathway to form PPGs in the maillard reaction of Ac-Lys
with glyceraldehyde

Scheme 1 illustrates our proposed pathway to produce both PPG1
and PPG2. The initial Maillard reaction to expand the skeleton involves
Schiff base formation between the e-amino group of lysine and glycer-
aldehyde followed by Amadori rearrangement, resulting in the forma-
tion of adduct 2. By being dehydrated, adduct 2 cyclizes to give
intermediate 3, a common precursor to GLAP as well. Although less
likely, intermediate 3 can be further crosslinked to another lysine
molecule via its keto functionality to give intermediate 4, which is
further coupled with glyceraldehyde in two different mechanisms, as
shown in path a and path b in Scheme 1. In path a which involves Schiff
base formation, product 5 loses formaldehyde to give aldehyde 6,
instead of Amadori rearrangements. The loss of formaldehyde is more
likely in this case since it is also supposed in the formation mechanism of
pentosidine [9]. Further spontaneous cyclization of aldehyde 6, fol-
lowed by two-electron oxidation, finally affords PPG1. In contrast to
path a, path b involves an aldol-type coupling reaction with glyceral-
dehyde to form the C-C bond, instead of C-N bond formation in Schiff
base formation, yielding adduct 7. It seems unique that the direct C-C
bond formation takes place to expand the skeleton in these steps. Adduct
7 is dehydrated to give ketone 8, which facilitates the intramolecular
pyrrole ring formation yielding 9. Further dehydration of 9 finally af-
fords PPG2.

As described above, Nakamura et al. reported the formation of AGEs
of the same pyrrolopyridinium structures but with different substitution
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Scheme 1. A proposed pathway that produces PPGs in the Maillard reaction between glyceraldehyde (GA) and N*-acetyl--lysine (R-NH,). Reaction conditions: a,
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patterns (vesperlysines, Fig. S1) in the Maillard reaction with n-pentyl-
amine and glyceraldehyde, but they did not discuss how vesperlysines
were produced in terms of reaction mechanism [5]. Although they
performed the instrumental analysis of vesperlysines using fully acety-
lated derivatives, which differs slightly from our method, the reason that
their similar reaction produced different molecules from PPGs is
currently unclear.

Similarly, GLAP was also reported by Usui et al. to be the major
product in the Maillard reaction with the same substrates as those that
we used in our work, Ac-Lys and glyceraldehyde [15]. They carried out
the reaction, however, under conditions with much lower substrate
concentrations (0.1 M and 0.2 M for Ac-Lys and glyceraldehyde,
respectively). Under the identical conditions to those used by Usui et al.,
the PPG peaks were not observed in a reversed-phase HPLC analysis
equipped with a DAD (data not shown), suggesting that the formation of
PPGs depends on a ratio of Ac-Lys to glyceraldehyde. In Scheme 1, GLAP
is produced via intermediate 3, where, in the case of PPGs, intermediate
3 undergoes further Schiff base formation with Ac-Lys to produce in-
termediate 4. Our reaction conditions using equimolar amounts of
Ac-Lys and glyceraldehyde might facilitate the intermolecular rather
than intramolecular reaction to produce 4, instead of GLAP, in a
concentration-dependent manner. Probably because of a huge chemical
space of the Maillard reaction, the reaction is thought to give a variety of
products depending on the reaction conditions, which gives us a basis to
believe that PPGs have a chance to be found in vivo.

3.4. In vitro interaction of PPGs with RAGE

To investigate whether PPGs bind to RAGE, we evaluated in vitro
inhibitory capacity of PPGs in the binding of a recombinant soluble
RAGE with Glycer-AGEs-BSA, a well-known RAGE-binding AGE. The
inhibitory capacity in the assay system means the binding capacity of
PPGs to RAGE. Since quartz crystal microbalance analyses revealed that
N%-acetylated form of GLAP bound to RAGE in a dose-dependent manner
[23], we used N*-acetyl-GLAP as a positive control in the RAGE-AGE
interaction and evaluated the binding capacity of N*-acetyl-PPGs and
L-H-T to RAGE. As shown in Fig. 2, GLAP inhibited the binding between
RAGE and Glycer-AGEs-BSA more than 40 % at a concentration of 6 mM
compared to the vehicle sample. PPG2 similarly inhibited the binding
more than 40 % at a concentration of 4 mM, suggesting that PPG2 is a
ligand for RAGE with a higher binding affinity than GLAP. PPG1 and
L-H-T, in contrast, were found to show a weak binding inhibition toward
RAGE. The 3-hydroxypyridinium structure of GLAP was previously
described by Murakami et al. to be essential as the binding moiety in the
interaction with RAGE [19]. Our results, however, suggest that a pyr-
idinium ring substituted at its meta position with a hydroxymethyl

X~
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group, which both GLAP and PPG2 have in common, would be impor-
tant in binding to RAGE rather than a 3-hydroxypyridinium structure. It
is also interesting that, despite being a crosslinked type of AGE, PPG2
can interact with RAGE.

As mature AGEs such as pentosidine and vesperlysines are formed
over the years as chemical modifications on the e-amino or guanidino
group of lysine or arginine residue, respectively, of long-life proteins, we
used Ac-Lys, which is N*-acetylated, as a model of such modification to
block the reactions of the a-amino group. In fact, the same reaction with
non-acetylated lysine gave very complex reaction mixture that seemed
almost impossible to isolate any single molecules. Although we think it
unlikely that PPGs in the form of amino acids (not proteins) exist in vivo,
further studies will be needed to consider the effect of the N*-acetyl
group as well as to prove that non-acetylated PPG2 is also a ligand for
RAGE. Deprotecting acetylated PPGs using a similar approach employed
for N*-acetylated GLAP and L-H-T, in which deprotection was performed
by acid hydrolysis, might be an option [16,19].

As GLAP was also suggested by Matsui et al. to be a main structure of
Glycer-AGEs that increased ROS production and upregulated inflam-
matory and thrombogenic gene expression in human umbilical vein
endothelial cells via its binding to RAGE [23], it is interesting to know
whether PPGs, particularly PPG2 if it exists in vivo, have similar bio-
logical activities to GLAP such as stimulating RAGE-regulated oxidative
and inflammatory reactions.

3.5. Photosensitization of PPGs

Both PPG1 and PPG2 are fluorescent with their emission maxima at
450 nm when excited at their excitation maxima at 350 nm and 380 nm
for PPG1 and PPG2, respectively, at pH 7.5 (Fig. S22). Since the fluo-
rescence properties of PPGs are similar to those of vesperlysine A that
fluoresces at 442 nm (excited at its excitation maximum at 366-383 nm)
[5], PPGs were also expected to exhibit photosensitization effects due to
their pyrrolopyridinium structures. We tried to detect singlet oxygen
generated from PPGs by light irradiation using an ESR spectrometer. A
short-wavelength visible blue light (wavelength at 470 nm) was used to
photosensitize PPGs because blue light can be more phototoxic to the
eye. For example, blue light was reported to induce apoptosis of rat
retinal cells [20]. In the ESR experiment, singlet oxygen was measured
quantitatively as an amount of 4-OH-TEMPO radical, a stable nitroxide
radical, that is produced by the reaction of 4-OH-TEMP with singlet
oxygen, as shown in Fig. 3, in which black columns indicate that the
samples were not irradiated (placed in dark). All AGEs were observed to
generate singlet oxygen compared to Ac-Lys(Z), a fully protected lysine
analog as a negative control. The ESR signals of these AGEs decreased by
the presence of astaxanthin, a specific quencher of singlet oxygen [21],

Fig. 2. Binding inhibition of RAGE and Glycer-
AGEs-BSA by N%-acetylated Glycer-AGEs in vitro.
Purified four Glycer-AGEs were used as competitors
in the binding assay of His-tagged soluble RAGE with
Glycer-AGEs-BSA. Relative RAGE and Glycer-AGEs-
BSA binding rate is calculated as relative absor-
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Fig. 3. Effects of photosensitization of purified
Glycer-AGEs shown as the relative yield of singlet
oxygen. Ac-Lys(Z) and purified four Glycer-AGEs
(2.5 mM each) were reacted with 4-OH-TEMP (100
mM) with or without blue light (BL) irradiation for
30 min, in the presence of astaxanthin (Ast, 5 mM) or
DMSO as a vehicle control. ESR measurements were

. DMSO performed to detect 4-OH-TEMPO radical (g =
2.0057) produced from the oxidation of 4-OH-TEMP
D BL+DMSQ by singlet oxygen. The spectra consisting of three
lines with isotropic “N-hyperfine splitting constants
D BL+Ast of 16.86 G (1 N) was used to determine a spin con-

centration of 4-OH-TEMPO by the Xepr software. The
data are represented as an average of three inde-
pendent measurements with standard derivatives.
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which further supports the generation of singlet oxygen induced by
photosensitization. All crosslinked-type AGEs (PPGs and L-H-T) showed
substantial photosensitization effects, whereas non-crosslinked type
AGE (GLAP) was found to generate a much smaller amount of singlet
oxygen under identical conditions probably because of lack of
long-wavelength light absorptions (Fig. 1C).

In summary, AGEs tend to accumulate particularly in the eye which
is constantly exposed to light [2]. Photosensitive AGEs, if accumulated
in the eye, could enhance oxidative stress and causes various damages of
the eye. Glyceraldehyde has been suggested to be a precursor aldehyde
to form fluorescent AGEs, such as pentosidine and vesperlysines, both of
which are photosensitive as well [5-9]. Also, Glycer-AGEs were sug-
gested to play roles in various hyperglycemia-related diseases [11]. We
have identified in this work novel Glycer-AGEs, PPG1 and PPG2, in
which two lysine molecules are crosslinked via the pyrrolopyridinium
ring structures, in the Maillard reaction between Ac-Lys and glyceral-
dehyde under physiological conditions. Both PPGs are photosensitive to
generate singlet oxygen by light irradiation, and PPG2 shows a binding
affinity toward RAGE. We have also proposed a mechanism, by which
both PPGs are formed in vitro, and which involves a unique skeleton
expansion reaction in addition to the typical Schiff base formation.

In order to find PPGs in vivo, it is important to know the acid stability
of PPGs because it requires an acid hydrolysis of tissue samples and also
helps to find conditions to deprotect acetylated PPGs. Since Nakamura
et al. reported that vesperlysines were stable to acid hydrolysis [5], we
expect that PPGs are also stable to these acidic conditions. As an alter-
native approach to identify PPGs in cells and tissues, we also plan to
perform immunohistochemical studies by developing monoclonal anti-
bodies against PPGs. Although further study is required to detect PPGs in
vivo, we expect future applications of PPGs as useful tools in the AGE
research, in particular, to investigate pathogenic aspects of Glycer-AGEs
that induce oxidative stress by photosensitization as well as
RAGE-mediated signal transduction in the eye.
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