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Abstract Glycation, or non-enzymatic glycosylation,
is a common protein modification formed by reactions
between reducing sugars (i.e. aldoses and ketoses) with
protein amino groups. Resulting Amadori and Heyns com-
pounds, respectively, can be oxidatively degraded yielding
a structurally heterogeneous group of advanced glycation
end-products. We have studied this process in aqueous con-
ditions at 95 °C in terms of appearing products and their
formation kinetics in the presence or absence of reactive
oxygen species (ROS)-generating systems (iron(Il) sulfate).
RP-HPLC-ESI-MS revealed 20 products, 12 of which
were confirmed after synthesis by identical retention times
and fragmentation patterns. These products accumulated
during the incubation period of 4 h (N°-carboxymethyl-, N*-
formyl- and N°-methyl lysine) or appeared intermediately
(2-aminoadipic semialdehyde, N*-ethanalyl lysine). Acidic
and basic amino acid residues near the glycation site and
elevated ROS levels in the reaction mixture had significant
effects on both product formation and degradation kinetics.
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Introduction

Protein glycation is an ubiquitous post-translational modi-
fication constantly formed in living organisms (Cohen
et al. 2006) and typically further increased in animal- or
plant-derived meals during storage or thermal process-
ing (Goldberg et al. 2004). It is initiated by the reaction of
reducing sugars, aldoses and ketoses, with protein amino
groups (Yeboah et al. 1999) yielding imines that might
undergo Amadori or Heyns rearrangements, respectively
(Hodge 1955; Heyns and Noack 1962; Fig. 1). Under oxi-
dative conditions, these Amadori and Heyns products are
readily involved in further rearrangement and oxidative
cleavage reactions yielding a heterogeneous group of so-
called advanced glycation end-products (AGEs) (Grillo
and Colombatto 2008; Fig. 1). Alternatively, AGEs can be
formed by reaction of a-oxo-carbonyls with amino and
guanidino groups in lysine and arginine residues (Ahmed
et al. 1997, 2003; Fig. 1). The a-dicarbonyl compounds
involved in these reactions (e.g. glyoxal and methylgly-
oxal) are generated by monosaccharide autoxidation (Wolff
and Dean 1987), lipid peroxidation (Milic et al. 2013) or
enzymes (Rabbani and Thornalley 2012). As AGEs are
assumed to be toxic and pro-inflammatory in mammals,
typically mediated by receptor-mediated NF—kB activation
(Schiekofer et al. 2003), their formation and degradation
reactions need to be completely understood.

Though the mechanisms of o-dicarbonyl-mediated
advanced glycation of lysine and arginine side chains were
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comprehensively characterized for amino acids (Glomb and
Monnier 1995; Kloepfer et al. 2011) and peptides (Frolov
et al. 2014), AGE formation via degradation of Amadori and
Heyns compounds is less understood. However, this aspect
has a high relevance in physiology, food chemistry, and
nutrition science. Indeed, Amadori compounds are produced
during thermal processing of foods (Biemel et al. 2001;
Meltretter et al. 2009; Schwietzke et al. 2011), while some
foods, like milk, contain already significant glycation levels
in the raw state (Ahmed et al. 2005; Meltretter et al. 2009).
Although early glycation products do not appear to have
physiological effects (Miyata and Sprague 1996), the sugar
moieties can be involved in glycoxidation (Ahmed et al.
1986) or reversal of the Amadori rearrangement followed by
the Namiki pathway (Hayashi and Namiki 1980) or autoxi-
dation of the liberated sugar (Wolff and Dean 1987).

As glycated amino acids can be easily synthesized and their
products reliably analyzed, Amadori degradation was com-
prehensively studied with purified N*-fructosamines of vari-
ous amino acids (Martins and Van Boekel 2003; Zhang et al.
2012) and N*-protected lysyl N*-fructosamines (Zyzak et al.
1995; Akira and Hashimoto 2005). Howeyver, these convenient
models do not resemble amino acid residues in proteins. On
the other hand, protein models are too complex and difficult to
interpret (Wells-Knecht et al. 1995). Thus, peptides represent
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a good compromise (Jakas and Horvat 2003). Few years ago,
we have established comprehensive methods to synthesize
and purify glycated peptides (Frolov et al. 2006; Frolov and
Hoffmann 2008), providing a convenient basis for Amadori
degradation studies. This approach ensures adequate modeling
of a ‘protein-like’ environment for a glycated lysyl residue
(considering the denatured status of proteins during cooking),
yielding limited number of degradation products that can be
isolated and analyzed by mass spectrometry.

Here, we established an in vitro model to study thermal
degradation of Amadori peptides, applied it to simulation
of cooking processes, and comprehensively identified the
resulting degradation products including the characteriza-
tion of their formation kinetics. Moreover, we studied the
effect of neighboring amino acid residues and reactive oxy-
gen species (ROS) on the degradation of glycated peptides.

Materials and methods
Materials
Suppliers and their products were as follows: PolyPeptide

Laboratories (Strasbourg, France): Fmoc-L-CML(O'Bu)
(Boc)-OH (97.9 %); MoBiTec GmbH (Gottingen, Germany):
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Fmoc-p/L-ortho- and Fmoc-p/L-meta-Tyr-OH  (peptide
synthesis grade); Iris Biotech GmbH (Marktredwitz, Ger-
many): Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Lys(formyl)-OH,
Fmoc-rinkamide resin (peptide synthesis grade); ORPE-
GEN Pharma (Heidelberg, Germany): all other Fmoc-pro-
tected L-amino acids (peptide synthesis grade); Biosolve
(Valkenswaard, Netherlands):  N,N-dimethylformamide
(DMF, >99.8 %), piperidine (>99.5 %), dichloromethane
(>99.9 %); Carl Roth (Karlsruhe, Germany): trifluoroacetic
acid (TFA, >99.9 %), acetic acid (100 %), «-D-glucose
monohydrate (>99.5 %); VWR International (Dresden,
Germany): diethyl ether (100 %), acetonitrile (>99.9 %).
Sigma-Aldrich (Taufkirchen, Germany): acetic acid anhy-
dride (>99.9 %), di-tert-butyl dicarbonate (>98.0 %),
chloroform-D (>99.8 atom-% D), diisopropylcarbodi-
imide (DIC, >98.0 %), ethyldiisopropylamine (DIPEA,
>98.0 %), 1-hydroxybenzotriazole monohydrate (HOBt,
>97 %), 2,3-O-isopropylidene-p-glyceric acid methyl ester
(98 %), potassium hydroxide (=90 %), 4-methylmorpho-
line (>99.5 %), tetrakis(triphenylphosphine)palladium(0)
(=95 %), TFA (=99.0 %) and heptafluorobutyric acid
(HFBA, >99.5 %) as ion pair reagents, sodium hydrogen
phosphate dihydrate (>99.0 %), sodium dihydrogen phos-
phate dodecahydrate (>99.0 %), iron(Il) sulfate heptahydrate
(>299.0 %), diethylenetriamine pentaacetic acid (DTPA,
>98 %), formic acid (mass spectrometry grade). Water was
purified in-house (resistance 18 mS2/cm) on a PureLab Ultra
Analytic System (ELGA Lab Water, Celle, Germany).

Peptide synthesis

Sequences Ac-cAKASAXFL-NH, with X = S (peptide 1),
H (2), K (3), R (4), D (5), and E (6) were synthesized on a
Syro2000 multiple peptide synthesizer (MultiSynTech GmbH,
Witten, Germany) by 9-fluorenylmethoxycarbonyl/tert-
butyl (Fmoc/Bu)-chemistry using 8 equivalents (eq.) of
Fmoc-amino acid derivatives activated with DIC/HOBt in
situ (Frolov et al. 2006). Lysine residues to be glycated were
incorporated as Fmoc-N°-(allyloxycarbonyl)lysine (Fmoc—
K(Alloc)-OH). Following N-terminal acetylation (Ac), the
allyloxycarbonyl (Alloc) group was selectively removed
(Dangles et al. 1987). Glycation was performed on solid phase
(1 mg peptidyl resin) with a-p-glucose monohydrate in DMF
(0.25 mol/L,, 0.2 mL) at 120 °C for 75 min (peptides I, 3, 5,
and 6) or at 115 °C for 40 min (peptides 2 and 4) (Frolov et al.
2006). All peptides were purified by ion pair reversed-phase
high-performance liquid chromatography (IP-RP-HPLC)
using a Jupiter C g-column (Phenomenex Ltd., Aschaffen-
burg, Germany) with aqueous acetonitrile gradients containing
0.1 % (v/v) TFA or 0.1 % (v/v) HFBA as ion pair reagents
for non-glycated and Amadori-modified peptides (Frolov and
Hoffmann 2008), respectively. Authentic standard peptides
were prepared as described in Protocol S1.

Peptide incubation

Dried peptide aliquots [24 nmol, in 0.5 mL Eppendorf safe
lock tubes (Eppendorf AG, Hamburg, Germany)] were dis-
solved in sodium phosphate buffer (50 puL, 100 mmol/L,
pH 7.4) without any additives or containing (1) 18 umol/L
iron(II) sulfate, (2) 590 pmol/L iron(Il) sulfate, (3)
18 umol/L iron(Il) sulfate and 60 umol/L ascorbic acid,
or (4) 590 pmol/L iron(Il) sulfate and 1.2 mmol/L ascor-
bic acid. Samples were incubated at 95 °C for 0, 5, 10, 15,
30, 60, and 240 min in triplicates, while continuously shak-
ing at 450 rpm. The reactions were stopped by cooling on
ice, centrifugation (12.0x g, 15 s), and addition of aqueous
DTPA (6 mmol/L, 10 pL). Samples were stored at —80 °C.
Prior to their first analysis, the samples were dried at room
temperature under reduced pressure and reconstituted by
addition of acetonitrile (7.5 pL) and a mixture of formic
acid [0.1 % (v/v)] and acetonitrile [1 % (v/v)] in water
(52.5 pL). Control samples with the non-glycated peptides
were always treated in parallel under the same conditions.

Mass spectrometry

The degradation mixture (250 pmol) was separated on
HPLC (1100 system, Agilent Technologies, Boblingen,
Germany) using an Aqua Cg-column (length: 150 mm,
inner diameter: 2.0 mm, particle size: 3 pm, pore size:
125 A) with a flow rate of 0.22 mL/min. Elution was
achieved by isocratic conditions 3 % eluent B for 5 min,
followed by two linear gradients to 40 % B (23 min) and
95 % B (3 min) using water (eluent A) and acetonitrile
(eluent B) containing each formic acid [0.1 % (v/v)]. The
eluate was transferred on-line to an QqTOF-MS (QSTAR
Pulsar I, AB Sciex, Darmstadt, Germany) equipped with a
Turbolon source, operated in positive ion mode, and con-
trolled by Analyst QS 1.0 software (AB Sciex). Operating
parameters and compositions of mass calibration solutions
are given in Table S1. Analytes were quantified by integra-
tion of the corresponding extracted ion chromatograms
(XICs, mizy,, £ 0.10 m/z units, smoothing factor: 3) and
normalization to the highest average value in the kinetics.
Theoretical m/z values for peptide (fragment) ions were
calculated using the Bioanalyst QS 1.0 software package.
Mass spectra were additionally acquired on a LTQ-
Orbitrap XL ETD MS (Thermo Fischer Scientific GmbH,
Bremen, Germany) due to its higher mass accuracy to
determine the elemental composition of the analytes. Frac-
tions of varied volume were collected manually from the
RP-HPLC (see above), dried, and reconstituted in a mixture
of acetonitrile [50 % (v/v)], methanol [25% (v/v)], and ace-
tic acid [1% (v/v)] in water (50 pL). The peptide solutions
were electrosprayed by a nanoflow ion source (TriVersa
NanoMate, Advion BioSciences, Ithaca, NY, USA) using
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Table 1 Sequences and analytical parameters of all compounds identified in the degradation experiments of peptide /,,,

Peptide Sequence/structure [M+H]* Modification-associated tg [min]
mass shift,. [Da]
/. Zexp M/Zeyc
Iam Ac—A-[N*-(fructosyl)lysine]-ASASFL-NH3 997.50 997.5201 +162.0529 25.0
1 Ac-AKASASFL-NH} 835.45 835.4672 - 25.1
1 Ac—A-[N°~(carboxymethyl)lysine]-ASASFL-NH3 893.46 893.4727 +58.0055 26.0
1 ethanaiyt Ac—A-[N°-(ethanalyl)lysine]-ASASFL-NH, 877.47 877.4778 +42.0106 25.3
1 otycering! Ac—A-[N°*~(glycerinyl)lysine]-ASASFL-NH} 923.47 923.4833 +88.0161 27.0
Lyceryl Ac—A-[N°~(acetyl)lysine]- ASASFL-NHj 877.45 877.4778 +42.0106 28.0
Lormyl Ac—A-[N*-(formyl)lysine]-ASASFL-NH} 863.42 863.4621 +27.9949 27.6
L nethy Ac—A-[N°*-(methyl)lysine]-ASASFL-NH, 849.45 849.4829 +14.0157 255
Lormate Ac—A-[N°-(formate)lysine]-ASASFL-NH, 879.42 879.4571 +43.9899 27.3
Lngsine Ac—A-allysine-ASASFL-NH, 834.45 834.4356 —1.0316 27.9
Laysine+62 Ac—-AK_,ASASFL(62) 879.41 - - 279
Lijtysine+16 Ac—(AK_)), ,ASASFL-NH, 850.37 - - 27.8
W para Ac-AKASASY,,,L-NH; 851.46 851.4621 +15.9949 22.5
I\ meta Ac-AKASASY,,,,.L-NHj 851.46 851.4621 +15.9949 23.4
1y orino Ac-AKASASY,,,,,,L-NH5 851.46 851.4621 +15.9949 26.5
Lemypara Ac—A-[N*-(carboxymethyD)lysine]-ASASY,,,L-NH3 909.43 909.4676 +58.0055, +15.9949 23.6
1 cmYmeta Ac—A-[N°~(carboxymethyl)lysine]-ASASY,,,,,L-NH, 909.43 909.4676 +58.0055, +15.9949 24.3
1 mYortho Ac—A-[N°~(carboxymethyl)lysine]-ASASY,,,,L-NH, 909.43 909.4676 +58.0055, +15.9949 27.5
Lagmentl H-ASASFL-NH} 594.30 594.3246 - 239
iagment H-SASFL-NH} 523.26 523.2875 - 23.6
ragment3 Ac-AKASAS-NH} 575.28 575.3148 - 32

# Synthesized authentic standard peptides possess the same f, m/z, and MS/MS characteristics

nanoelectrospray chips (1.5 kV ionization voltage, 1.3 psi
backpressure) into a LTQ-Orbitrap XL ETD MS. The tem-
perature of the transfer capillary was set to 200 °C and the
tube lens voltage to 115 V. Mass spectra were recorded
from m/z 400 to 2000 in the orbitrap mass analyzer (res-
olution: 60,000 at m/z 400). Tandem mass spectra were
acquired by performing CID (isolation width 2 u, normal-
ized collision energy 35 %, activation time 30 ms, activa-
tion Q 0.25) in the linear ion trap. Data were analyzed by
using Xcalibur software (version 2.0.7).

RP-HPLC

The samples of peptides (/-6),,, incubated for 0 and 4 h
(5 pg peptide mixture) were separated by the gradient
described above (section 2.4), but using a Beckmann Sys-
tem Gold HPLC system (507e autosampler, 125 solvent
system, 166 detector) controlled by 32Karat 7.0 software
(all Beckman-Coulter, Krefeld, Germany), and the absorb-
ance was recorded at 214 nm. The corresponding non-
glycated control peptide (1 pg) was analyzed immediately
after the incubation samples to confirm the retention times.
Peak integration parameters were: width 0.3 and thresh-
old 10,000. Relative product quantities were calculated by
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dividing the peak area of the products (4 h) by that of the
starting material (0 h) to normalize the peak areas obtained
by LC-MS.

Statistical analysis

Calculations were performed with Excel 2003 software
(Microsoft) using the implemented average and standard
deviation functions. Statistical significance was determined
in the same program with a two-tailed 7 test. All data are
presented as average = standard deviation (n = 3).

Results

Identification and characterization of Amadori degradation
products

Amadori and unmodified peptides incubated in parallel were
analyzed with RP-HPLC-ESI-QqTOF-MS, and products
were characterized with MS/MS (Table 1, Table S2, S3, S4,
S5, Fig. 2, Fig. S1, S2). The total ion current and the absorb-
ance chromatograms of the incubated Amadori peptide 7,
were dominated by peaks corresponding to the deglycated
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Fig. 2 Product ion spectra of I, (a) and /g, (b) acquired on a
QSTAR Pulsar I instrument (AB Sciex). Fragment ions formed by
loss of H,O (underlined) or NH; (") were observed. a-Amino-e-

(unmodified) (m/z 835.45, 1, Fig. 3a) and the CML-contain-
ing peptide (m/z 893.46, I, Fig. 3b). Six further peptide
products modified on lysine contained sugar-derived modifi-
cations: N*-(ethanalyDlysine (m/z 877.47, 1 gynqy1, Fig. 30),
N'-(glycerinyDlysine (m/z 923.47, 1y ceriny, Fig. 3d), N'-
(acetyDlysine (m/z 877.45, 1 acetyl> Fig. 3e), N°-(formyl)
lysine (m/z 863.42, ¢y, Fig. 3f), and N°-(methyl)lysine
(m/z 849.39, 1 ny1» Fig. 3g). Another product with a mass
increase of 44 Da at the lysyl residue was annotated as N°-
(formate)lysine (m/z 879.44, 1} mae> Fig. 3h). Two peptides
contained a-aminoadipic semialdehyde (hereafter termed
allysine), which is derived from oxidation of the lysine side
chain, in an otherwise unmodified peptide (m/z 834.45,
Lysines Fig. 31), and in a peptide carrying an unknown
C-terminal modification of 62 Da (m/z 879.41, I y¢net62)-
Finally, a peptide with an overall mass shift of +15 Da
to the unmodified peptide (m/z 850.37, I,jyginet16) Was
detected, which displayed a neutral loss of 16 m/z units at
residues 1 or 2 yielding presumable allysine (—1 Da) struc-
ture (Fig. S1f). This loss excludes a-aminoadipic acid from
the putative structures, as carboxylic acids are not prone to
oxygen loss in collision-induced dissociation fragmentation.
Not only the lysine residue, but also the phenylalanine resi-
due was oxidized yielding ortho- (Iy,.m,)s Mmeta- (Iynera)s
and para-tyrosine (Iy,,,,) (m/z 851.46, Fig. 3j), respec-
tively. A combination of these oxidation- and sugar-derived
modifications was observed in peptides I v imos ! emYmeta
and 7y, (M/z 909.43). In addition to these products con-
taining the intact peptide backbone, peptide fragments con-
taining only the SiX (/frgmenet) OF five C-terminal (/gpgmen)
or the six N-terminal amino acid residues (/fgmen3) Were
identified. These were the only products formed in com-
parable amounts in the control incubations containing the
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Fig. 3 Amino acid-based side chain structures of /,,, degradation
products: 1 (3)7 ]cm (b)5 ]ethanalyl (C), ]glycerinyl (d)’ ]acelyl (e)7 ]formyl (f)7
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unmodified peptide /. Further oxidation products, derived
by, e.g., dihydroxylation on the phenylalanine residue or
bityrosine formation, were not detected.
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Twelve of the structures described above were eventu-
ally confirmed by their coelution with synthetic peptides
and characteristic fragmentation patterns (Table S2, S3, S4,
Fig. 4). All other signals were annotated by exact mass and
fragmentation pattern (Table S5, Fig. S1).

Kinetics of Amadori degradation and product formation

The identified degradation products (Table 1) were quan-
tified relative to the highest peak area observed using a
window of 0.10 m/z units (Fig. 5). The Amadori peptide
was degraded within 15 min to <10 % of its original con-
tent and completely after 30 min (Fig. 5a). The products
formed could be grouped by their fast or slow kinetic for-
mation rates. The deglycated peptide / (Fig. 5a) appeared
with the fastest rate reaching already 70 % of its steady-
state value after 5 min accounting for approximately 40 %
of the Amadori peptide loss based on the UV peak area
ratio relative to /,,,. Formation rate of 7, was similar
(51 %, 5 min) and remained constant after reaching the
maximum value (p > 0.05, Fig. 5b). Peptide /1,1 Was
detected with highest intensity after 5 min and degraded
rapidly until 10 min. Interestingly, its degradation was
slower than its formation. The kinetics of the amide-AGEs
were less obvious (Fig. 5c). The large standard deviations
observed here resulted from their low signal intensities,
which could be attributed to their low concentrations, low
ionization efficiencies, or their complex formation and
degradation pathways. Therefore, no significant differ-
ences between early time points (5-30 min) and the last
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30 50 200 600

time point (4 h) were observed in the peak areas of both
1 giyceringl a0d 1 cory1, Whereas that of I, increased stead-
ily, even though significant differences were only observed
from 0.5 to 4 h. Products /.4 and /g, Were formed
over a longer period than / and I, reaching their half-
maximum levels between 10 and 15 min (Fig. 5d). The
peak area corresponding to /.y increased over the whole
period, suggesting that it is constantly formed or that its
formation rate exceeds it degradation, whereas ;.
decreased from 1 to 4 h by 30 %. Oxidation on the lysine
side chain yielding /. Occurred slower than CML
formation (~48 %, 10 min, Fig. 5e), peaked at 1 h, and
decreased afterward to approximately one-fifth of its
maximum level indicating consecutive degradation. The
two related products with unknown structures /e 62
and 1 yne16 (Fig. 5e) comprising the allysine residue
principally followed the same kinetics, which suggests
the oxidation of the lysyl residue as the rate-limiting step.
Hydroxylation of the phenylalanine residues was princi-
pally independent of the hydroxylation position and slower
than the CML and allysine formation (41-45 %, 15 min,
Fig. 5f). Consequently, the rate-limiting step in the for-
mation of /_,y (Fig. 5f) was the hydroxylation, which is
reflected by its formation kinetics following closely /y and
not /.. The slowest reaction observed was the degrada-
tion of the peptide backbone (1 ¢,omentis £ fragment2> Fig- S3),
reaching their half-maximal intensities at approximately
30 min, which were independent of glycation as the same
kinetics were observed for the unmodified control peptide
(Fig. S3).
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Fig. 5 Kinetics of Amadori
peptide degradation ([ 5, filled
triangle, a) and formation of
products / (triangle, a), I,
(filled diamond, b), I ,na
(diamond, b), amide AGE-
containing peptides (glycerinyl,
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ROS-dependence of Amadori degradation and product
formation

As Amadori products are mostly degraded by oxidation, we
incubated peptide /,,, next in the absence (iron absence) or
presence of 18 and 590 umol/L iron(Il) (low and high iron),
which are known to produce ROS. Additionally, combina-
tions of iron(Il) and ascorbic acid concentrations were used:
18 umol/L iron(IT) with 60 umol/L ascorbic acid (low iron/
ascorbate) and 590 umol/L iron(IT) with 1.2 mmol/L ascor-
bic acid (high iron/ascorbate). The low iron and ascorbic
acid concentrations resemble human plasma (Statland et al.
1976; Simon and Hudes 1999) and the higher concentra-
tions were chosen according to the peptide/iron(Il)/ascorbic
acid ratio shown most effectively oxidizing peptides (Bol-
lineni et al. 2011). The Amadori peptide degradation was
always completed within 30 min regardless of the reaction
conditions, similar to the buffer condition described above.
Compared to the low-iron condition, the degradation of the
Amadori peptide was slightly enhanced under high iron and

Incubation time [h]

low iron/ascorbate conditions, whereas high iron/ascorbate
decelerated the degradation to the level of phosphate buffer
(Fig. 6a). The difference was most obvious after 10 min,
where the high iron/ascorbate conditions showed the low-
est degradation. The low-and high-iron conditions initiat-
ing fast degradation of the Amadori peptide were also the
most effective in CML peptide production yielding 100
and 67 % of its maximum value compared to only 16 %
in buffer (Fig. 6b). This observation is unbiased for poten-
tially different oxidation amounts occurring in parallel at
other residues, as the formation of /.y follows a similar
pattern (Fig. S4 g—i). Contrary to /., ,ysine (Fig. 6¢), and
Iy para (Fig. 6d) were formed in maximum amounts in the
absence of iron(Il) with /. reaching its maximum after
60 min under all conditions except high iron/ascorbate that
peaked between 15 and 30 min. Thus, /. Was produced
most when iron was absent or of low concentration, and
decreased with addition of ascorbate to medium (low iron/
ascorbate) or low levels (high iron/ascorbate). In contrast
to instable /,ygnes the para-Tyr modification appeared to
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Fig. 6 Degradation of Amadori
peptide /,,, (a) and formation
of the CML- ({,, b), allysine-
(aysine> ©)» and para-tyrosine-
containing peptide (I, d)
in phosphate buffer (pH 7.4) in
iron absence (square), or in the

presence of low (triangle) or
high iron (diamond) with (dots)

Relative intensity [%] o

Relative intensity [%] O

or without ascorbate (lines),
respectively

(7]

Relative intensity [%]

Q

100 -

50 4

Relative intensity [%)]

Incubation time [h]

be stable (Fig. 6d), as its content increased always during
the first hour and was stable afterward except for high iron/
ascorbate where it decreased by more than 95 % (4 h) from
its maximum after 1 h.

Influence of neighbored residues on Amadori degradation
and product formation

The influence of position i + 4 relative to the glycation site
was studied with sequences Ac-AK,,,ASAXFL-NH, rela-
tive to the neutral serine (X =S, 7,,,), as in the experiments
described above, for basic [X = H (2,,,), K (34,), and R
(4] or acidic residues [D (5,,,,) and E (6,,,)]. These pep-
tides were incubated under low iron condition. As the ioni-
zation efficiencies of the different products might vary, the
peak areas were normalized to the peak areas obtained by
UV absorbance in RP-HPLC. The two main products, i.e.,
the deglycated and CML-containing peptides were rela-
tively quantified by dividing their UV peak areas at 4 h by
the Amadori peptide UV peak areas of the untreated sample
(0 h) and normalizing the peak areas of the corresponding
XICs. Based on these normalized values, the whole kinetic
curves of the deglycated and CML-containing peptides
were reconstructed in entities of relative product amounts
(Fig. 7). Analytical parameters of (2-6),,, and their main
products are summarized in Table S6 and Fig. S2.
Degradation of the Amadori peptide was enhanced by
basic residues in position i 4+ 4 (Fig. 7a), with Lys and Arg
showing the most pronounced effect. Acidic residues had
no (Glu) or only slight delaying effects (Asp). Interestingly,
faster degradation rates did not lead to higher yields in
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Incubation time [h]

deglycated (Fig. 7b) or CML-containing peptides (Fig. 7¢).
In contrast, peptides 5 and 6 were significantly more abun-
dant after 4 h than peptide / (p < 0.01). Although the deg-
radation of peptides 3,,, and 4, showed only small, but
significant differences (1 vs. 2 % at 15 min, p < 0.01), the
yield of their corresponding deglycated products showed a
well-perceivable difference (13 vs. 17 % at 4 h, p < 0.01).
5am Was transformed by 29 & 1 % to the CML-product,
whereas the other sequences yielded only 13-23 %. Inter-
estingly, the formation kinetics of deglycated and CML-
containing peptides showed reduced peptide contents after
15 or 30 min, which was in both cases most obvious for
peptide 6, but occurred also for the other sequences.

Discussion

The degradation of N°-fructosyl lysine was studied with
Amadori peptide Ac-AK, ASASFL-NH, (/,,,) at 95 °C.
N-terminal acetylation and C-terminal amidation were
chosen to limit the reactive groups to the modified lysine
besides oxidation of phenylalanine. Thus, products from
three principal reaction pathways were expected: (1)
sugar-related modifications on the lysine side chain result-
ing from the degrading sugar moiety or the reaction with
monosaccharide autoxidation products of released sugars
and dicarbonyls, products formed by (2) oxidation of lysine
and phenylalanine residues, and (3) cleavage of the peptide
backbone.

The Amadori peptide ({,,,) degraded to <10 % within
15 min and quantitatively after 30 min (Fig. 5a) which is
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Fig. 7 Degradation kinetics of Amadori peptides Ac-AK,,,
ASAXFL-NH, with X = S (1,,,, diamond), H (2,,,, circle), K (3.,
square), R (4, triangle), E (5, filled triangle), and D (6, filled
circle) in 100 mmol/L phosphate buffer containing 18 pmol/L iron(Il)
at 95 °C (a). These reactions mainly produced the deglycated pep-
tides (b) and the CML-containing peptides (c)

significantly faster than reported for N-glycated amino
acids. For example, 5 % or more of N-(1-deoxy-Dp-fructos-
1-yl)glycine remained when incubated at 90-100 °C for
1.5 h (Staempfli et al. 1994; Davidek et al. 2002; Martins
et al. 2003). N-terminally glycated peptides were stud-
ied only up to 70 °C, but showed an even slower degra-
dation behavior (Jakas and Horvat 2003), which could be
attributed to either the lower temperature and the lower

concentration of catalytically active phosphate buffer or
their generally higher stability. Thus, our studies indicate
a substantially lower stability of e-N-Amadori modifica-
tions at the peptide level. The degradation pace of the Ama-
dori moiety varies with the concentrations of iron(Il) and
ascorbic acid (Fig. 6a) indicating that the degradation of
the Amadori peptide does not only take place via metal ion-
independent release of the intact sugar via reverse Amadori
rearrangement but as well due to oxidative degradation
of the peptide-bound sugar. Unexpectedly, the high iron/
ascorbate condition showed the slowest Amadori degrada-
tion, although ascorbic acid was added to reduce iron(III)
for regenerating iron(II) and thus to enhance ROS produc-
tion. However, ascorbic acid may act additionally as anti-
oxidant by capturing and deactivating radicals. This dual
nature is concentration dependent (Buettner and Jurkiewicz
1996), and the high ascorbate condition seems to be suf-
ficiently high to display anti-oxidant effects.

The degradation of the Amadori peptide yielded domi-
nantly the unmodified and the CML-containing pep-
tide accounting for 40 and 15 % of the Amadori peptide
loss, respectively, whereas the aforementioned studies
with N-(1-deoxy-p-fructos-1-yl)glycine (Davidek et al.
2002; Martins et al. 2003) noted 60-80 % unmodified
amino acid. The lower yields of unmodified peptides may
be explained by modifications of other residues, such as
hydroxylation of phenylalanine. However, these prod-
ucts were formed in relatively low quantities and thus
contributed only minimally to the lack. More likely, this
difference is attributed to CML, a modification that has
been reported to occur on a-amino groups (Cai and Hurst
1999), but might occur to a significantly lower degree at
the N* compared to the N° position. The summed yields of
CML- and unmodified lysine-containing peptide (55 %) do
indeed closely resemble the yields at the amino acid level
(Davidek et al. 2002). Furthermore, peptides /., and I/
were also formed the fastest among all products observed
(Fig. 5a, b), indicating that these products are formed
directly from the Amadori-modified peptide. While this is
accepted for the reverse Amadori rearrangement (and sub-
sequent hydrolysis), the reactions leading to CML are still
in discussion. Glyoxal—a dicarbonyl compound formed
during saccharide autoxidation—reacts with amine groups
to form an imine yielding after subsequent redox reactions
CML (Glomb and Monnier 1995). CML formation via sac-
charide autoxidation products has been termed ‘autoxida-
tive glycosylation’ (Wolff and Dean 1987). Alternatively,
Amadori products may form CML by keto—enol tautom-
erism, retro—aldol cleavages, and oxidative steps without
dealkylation of the amine (‘glycoxidation’) (Ahmed et al.
1986). Hydroxylation of Phe is a radical reaction (Dorf-
man and Adams 1973) and is therefore suitable to trace
the short-lived hydroxyl radicals produced during hexose
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oxidation. As hydroxylation was much slower than CML
formation, the ‘autoxidative glycosylation’ contributes
most likely only in minor fashion to CML formation.
Moreover, degradation experiments with 3, and 4,,,
comprising lysine or arginine, respectively, revealed only
one carboxymethylated peptide-containing CML in posi-
tion 2 and not at position 6 (Fig. S2f+1i). This is in accord-
ance with experiments on the protein level performed at
37 °C (Brock et al. 2003). Additionally, we observed a
peptide with a +42 Da-increment on the Lys position that
showed an intermediate behavior with a similar formation
rate as the CML-containing peptide (Fig. 5b). As the acet-
ylated peptide (7,.y) eluted later, we suppose an ethana-
Iyl group (/panaryr)- Though this structure can be formed
by the reaction of glyoxal with the N°-amino group, the
resulting Schiff base had to be reduced, which appears
unlikely under oxidative conditions. Instead, /¢gp,pa1y1 cOuld
be formed via retro—aldol reaction cleaving the sugar
between C2 and C3 after a keto—enol tautomerism on the
Amadori compound till C4 which is possible (Biemel et al.
2002). In this respect, 1ggpanay supports CML formation
via ‘glycoxidation’ of the Amadori modification.

Besides CML as the most abundant AGE, the ‘amide-
AGES’ 1,ceiyts {giyceringl> a0d 1oy Were detected in agree-
ment with studies on N*-Boc-lysine (Smuda et al. 2010)
and in case of the formylation also at the protein level
(Hasenkopf et al. 2002). On the amino acid level, <0.15 %
of the 1-deoxyglucosone deployed was transferred to an
amide AGE at 37 °C (Smuda et al. 2010). 1-Deoxygluco-
sone was produced during N-(1-deoxy-p-fructos-1-yl)gly-
cine degradation (100 °C) by <1% (Martins et al. 2003).
Thus, the detection of 1-deoxyglucosone-derived amide-
AGEs at very low degrees was expected.

Additionally to the sugar-derived modifications, several
products of oxidative damage to the peptide were observed.
Their amounts decreased in the order iron absence > low
iron > high iron (Fig. 6 and Fig. S4), which is in contrast to
the group of sugar-related modifications that increased with
iron(I) concentration. As both modification types need an
oxidative environment for their formation, a possible expla-
nation has to consider the concentration of ROS and the
concurrence of parallel reaction pathways. Thus, the deg-
radation of the sugar backbone might be possible in various
pathways with only distinct products able to form AGEs
via ROS-dependent pathways. Higher ROS concentrations
would enhance these pathways and thus produce more
AGEs from a limited sugar amount. In this context, the
ROS-dependent quantities of /.y, combining AGE- and
oxidative modification, have to be considered (Fig. S4 g-i).
While the hydroxylation of the phenylalanine is rate limit-
ing, the pattern resembles / ., indicating the hydroxylation
to occur at a constant percentage of the CML-containing
peptide.
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Alternatively, it could be assumed that the products of
oxidative damage presented here are ‘moderately oxi-
dized, whereas ‘strongly oxidized’ products (e.g. bityros-
ine formation, combination of different oxidation patterns)
remained below the limit of detection. In that respect, the
higher abundance of ‘moderately oxidized’ products under
conditions with lower ROS concentration seems compre-
hensible. For example, the isomeric Tyr-containing pep-
tides (yosinos {ymetar Iypara) are formed via addition of
hydroxyl radicals (Dorfman and Adams 1973) and could
be considered as products of ‘moderate oxidation.” The fact
that they were not observed in control incubations without
ascorbic acid emphasizes the oxidative stress caused by
the degrading Amadori moiety. Interestingly, the quantities
Of Iyyrmor Iymeras @04 Iy, differ only slightly between
1 and 4 h, except for the high iron/ascorbate condition
(Fig. 6d and S4 e—f). There, a pronounced decrease (Iy,,4,)
or almost complete disappearance (Iy,us {ymerd) WaS
observed, which could indicate further oxidation to occur.
Assuming that the oxidative damage observed results from
‘moderate’ oxidations, peptide cleavage should not result
from oxidation (Stadtman 1993), but rather from hydrolysis
at labile peptide bonds (Han et al. 1983; Kahne and Still
1988). Thus, peptide cleavage would occur independently
from the radical-providing sugar moiety, which explains the
fact that peptide fragments, but not the tyrosine-containing
peptides were produced in significant amounts in the con-
trol incubations (Fig. S3). Similarly, 7y, formation was
suggested to be radical dependent (Stadtman 1993) and
occurred here exclusively in the presence of the degrading
Amadori modification (Fig. 5¢). The observation of 7,jyie
is important, as this modification has been observed in gly-
cation systems on the protein level (Akagawa et al. 2005;
Meltretter and Pischetsrieder 2008) and thus validates the
peptide model. The allysine residue was identified as a
single modification (/) and in combination with an
unknown modification at the C-terminus ({ygnet62) and
residue 1 or 2 (Zygine+16)- All show very similar instable
kinetics and ROS-dependent behavior (Fig. Se and S4 c—d),
indicating that the allysine is rate limiting for their forma-
tion and less stable than the second modification.

Previous studies indicate different lysine reactivities in
glycation, depending on neighboring residues affecting the
pK, of lysine, or acting in local catalysis either directly
or via their ability to bind catalytically active phosphate
(Zhang et al. 2011). For example, aspartatic and glutamatic
acids are overrepresented near ‘reactive’ lysines (Watkins
et al. 1985; Zhang et al. 2011). Here, aspartic or glutamic
acid did not majorly affect Amadori degradation kinetics,
but favored carboxymethylation and deglycation (Fig. 7).
Basic residues in i + 4 position clearly enhanced the deg-
radation of the Amadori moiety (Fig. 7a), but produced
lower product amounts that could not be traced back to a
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higher product diversity. Whereas spatially proximate his-
tidine has been reported to act as an acid-base-catalyst in
the Amadori rearrangement, strongly basic residues such as
arginine have been reported to enhance Amadori formation
by reducing the lysine’s pK, (Venkatraman et al. 2001).
Principally, a catalyst enhancing Amadori rearrangement
should exert the same effect on the reverse reaction, which
explains the faster deglycation when histidine is positioned
i 4+ 4. Whereas His could initiate the reverse Amadori rear-
rangement by both abstracting a proton from C1 or proto-
nating the C2 carbonyl group, Lys and Arg can only inter-
fere in the latter way. Being protonated to high degree at
neutral pH, Lys and Arg should be more effective as pro-
ton donators compared to His and thus result in even faster
Amadori degradation (Fig. 7a).

Conclusion

Amadori modifications are potent CML precursors trans-
forming within minutes efficiently to this AGE dur-
ing cooking, although it should be noted that most of the
Amadori peptide is deglycated to the native sequence. Our
results suggest that this transformation being rather due to
‘glycoxidation’ than ‘oxidative glycosylation’. The forma-
tion of deglycated peptides and peptides with sugar-related
modifications occurred faster than the oxidative damages.
Additionally, sugar-related modifications and oxidative
damage showed different ROS-dependent kinetics, which
might help to group unknown modifications according to
their mechanistic origin.

Previous studies, which were conducted at the amino
acid level, were extended by the presented glycation sys-
tem now allowing to study independent reactions at dif-
ferent sites. Compared to a protein, where glycation and
glycoxidation are distributed to several residues and thus
result in lower modification levels at specific sites, reac-
tions on the peptide level allow to concentrate sugar-related
reactions to one residue, which resulted here in the discov-
ery of three modifications (N°-ethanalyl, N°-formate, and
N°-methyl lysine) not described in the glycation context
before. Furthermore, sequence-dependent degradation of
the N°-fructosyl lysine and product formation was shown
here for the first time.
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