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Highlights:

* The main diagnostic ion for the Schiff base durM§/MS fragmentation is generated
through the retro-aldol degradation reaction ymjda diose attached to the amino acid
moiety;

» The diagnostic ions of the Amadori compound reBaln a series of dehydrations of the
intact molecule at low collision voltages, and aidaal CH group from the sugar
attached to the amino acid moiety at the high gelta

* The diagnostic ion of the Heyns compound forms uglothe retro-aldol degradation
yielding a triose attached to the amino acid mgiety

» The MS/MS fragmentation patterns are consistenteunobth acidic and neutral

conditions, but neutral condition provides mord#ity to the fragment ions.
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Abstract:

Schiff bases, the Amadori and Heyns rearrangemetugts are the most important isomeric
intermediates involved in the early Maillard reaati distinguishing between them by analytical
mass spectroscopic techniques remains a challeHgee we demonstrate that MS/MS
fragmentation patterns can be used for the disnation between glucose derived Schiff bases,
Amadori, and Heyns compounds with glycine. An EBG6-MS system operated in the positive
mode under both acidic and neutral conditions wapleyed to generate unique MS/MS
fragmentation patterns of the molecules. Analydishe MS data has indicated that acidic
medium is suitable for generating characteristid diagnostic ions. At high collision energy (20
eV), the spectrum of Schiff base was largely ummfative, whereas both Amadori and Heyns
compounds undergo characteristic fragmentationk wiggh diagnostic value. At low collision
energy values (10eV), we observed formation of pnemt diagnostic ions from the Schiff base
precursor, as well as extensive dehydration rerstiof all three molecules. Under acidic
conditions, the diagnostic fragmentation pattermhef Amadori compound featured consecutive
dehydration reactions. At higher values (20 e\Qnitlerwent thei-fission at the carbonyl group
and produced a prominent diagnostic ion [AA+H+Ltt m/z 88. The Schiff base was found to
preferentially undergo the retro-aldol degradateomd produce diagnostic ions at m/z 118
[AA+H+diose] and m/z 140 [AA+Na-+diosg]together with their sugar complements at m/z 85
[tetrose+H-2HO]" and m/z 143 [tetrose+Na] In the case of Heyns compound, several
diagnostic ions were also detected, including thesiat m/z 154 [M+H-2p0-C,H40,]", m/z

170 [AA+Na+triose] and m/z 142 [AA+H+Furafi]

Keywords: Diagnostic ions, Schiff base, Amadori compoundyréecompound, tandem mass

spectrometry (MS/MS), Collision induced fragmerdasi, Maillard reaction
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1. Introduction:
The Maillard reaction is a common term for a br@aichy of reactions that typically involve
reducing sugars, such as glucose, and aliphatiocagroups of biological molecules. It has been
the focus of great interest for researchers insagsadiverse as human pathology and food
chemistry for more than 100 years.[1, 2] The compleaction cascade is initiated by the
formation of a Schiff base (or glycosylamine) betwe reducing sugar and an amino acid. In
presence of a nucleophilic catalyst, glycosylandeeved from an aldose can rearrange into a
more stable 1-amino-1-deoxy-2-ketose; such readBotermed the Amadori rearrangement.
When glycosylamine is derived from a ketose sugamcan rearrange into a 2-amino-2-
deoxyaldose, or Heyns rearrangement product (HEBP)He breakdown of the Amadori or the
Heyns rearrangement products ultimately yields mpmex mixture of volatile carbocyclic and

heterocyclic compounds, as well as characterigtilow-brown oligomers and polymers.[3]

Although the initial stage of the Maillard reactios well-documented, the analytical
discrimination of the early intermediates, i.e.n@wic Schiff base and ARP (or HRP), remains a
challenge. As a result, the critical role playedSwuhiff bases for initiating and propagating the
Maillard reaction perhaps may have been undervalBesides rearranging into ARP and HRP,
Schiff bases can undergo various transformatiang) as the base-catalyzed transamination,[4-6]
the intramolecular cyclization leading to decarldatgd isomeric imines via oxazolidin-5-one
intermediate,[7, 8] the decarboxylative transanmamgf9] the Namiki oxidative fragmentation

pathway,[10, 11] and the acid-catalyzed Pictet-§[@rcondensation pathway.[12, 13]

Structural identification of small organic molecsildhave been one of the cornerstone
applications of mass spectrometry over the lasadies, especially with the development of the

electrospray ionization in combination with a cathn cell (ESI-MS/MS).[14] It can also be
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considered as one of the key analytical technidjuasis capable of generating large datasets in
the emerging “omics” fields. Recently, the Maillamhction has also been investigated in this
regard. [15, 16] As a complex reaction cascadediags and thousands of ions were detected in
various Maillard reaction mixtures represented $mpy their m/z values where the same
molecular weight or a given elemental compositioald represent different isomeric structures.
The main goal of this study was to develop MS/MSeaatools to distinguish the isomeric
intermediates from the Maillard reaction such asaélori compounds and Schiff bases without
lengthy separation and purification steps. The MS/Wagmentation of Amadori compounds
under protonated positive ion mode has been stiekhsively and systematically by LC-ESI-
MS/MS.[17-19] The potential of distinguishing betwmeproline derived Amadori and Heyns
compounds,[20] or distinguishing between hexossusepentose-derived Amadori compounds
by their MS/MS fragmentation patterns have beesaaly reported. [17] However, to the best of
our knowledge, there are no published studies erMB/MS behaviour of the Schiff bases, nor
on their chemical behaviour under different cadiisienergies. To fill this knowledge gap, we
ventured to identify specific and diagnostic cadiisinduced dissociations (CID) of
glucose/glycine derived Schiff base and ARP anttuaftose derived HRP by LC-ESI-MS/MS
under acidic (formic acid) and ESI-MS/MS under mau({sodium formate) conditions using

variable collision energies.

2. Material and Methods

2.1 Materials:

All reagents and chemicals were purchased from &igtdrich Chemical Co. (Oakville, ON,
Canada) and wused without further purification. 8gsts and characterization d¥-

carboxymethyl-D-glucosylamine (Schiff base), 1-caymethylamino-1-deoxy-D-fructose
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(Amadori compound), 2-carboxymethylamino-2-deoxglDeose (Heyns compound), 1-[(2'-
carboxy)pyrrolidinyl]-1-deoxy-D-fructose  (proline madori compound), and N-[(2'-

carboxy)pyrrolidinyl]-D-glucosylamine (proline Sdéhibase) were performed according to
published procedures. [21-23] See Table ST¥BfNMR chemical shifts and the supplementary

material for more details on their preparation.
2.2 ESI/MS/MS under formic acid condition

Samples were analyzed using an Agilent 1290 InfihitC system coupled to the 6545 qToF -
MS (Agilent Technologies, Santa Clara, USA). The k€paration was conducted on a
Poreshell120 EC-C18 analytical column (Agilent Treabgies; 2.7um x 3 mm x 100 mm)
connected with a Poreshell120 EC-C18 guard coluhgilént Technologies; 2.4im x 3 mm X

5 mm). The elution condition was at a flow rateOo4 ml/min with the mobile phase as the
mixture of 0.1% (V/V) aqueous formic acid (40%) lwihethanol (60%). The injection volume
was 1ul, and the column temperature was set to 20 °C.sHmeples were analyzed in positive
electrospray ionization mode using product ion (MS) experiment. The drying gas
temperature was at 275 °C with a flow of 10 mL/ntive sheath gas temperature was at 300 °C
with a flow of 12 mL/min, the pressure on the nétrrl at 45 psi, the capillary voltage at 4500 V,
the fragmentor voltage at 1000 V, the skimmer \ggdtat 50 V, and the nozzle voltage at 2000 V.
The Tandem mass spectrometry (MS/MS) data wasatetleoy scans between m/z 50 and 1000
at a scan rate of 3 spectra/s for four differeiiston energies (0 V, 10 V, 15V, and 20 V) for
the ions at [M+H] 238. The data sets were processed with MassHittginder B.08.00

software (Agilent Technologies).
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2.3 ESI/MS/MS under sodium formate condition

The diluted sample solutions (1) in methanol/ water (10%/ 90%) were suppliedhe source
directly via a syringe. The analysis was on a BruWaxis Impact quadrupole time of flight
mass spectrometer (Bruker Daltonics, Bremen, Geymaperated in positive ion mode.
Instrument calibration was performed using sodionmfate clusters. The electrospray interphase
settings were as follows: nebulizer pressure, @6 drying gas, 4 L/min; temperature, 180 °C;
and capillary voltage, 4500 V. The scan range wasnfm/z 50 to 800. Tandem mass
spectrometry (MS/MS) was carried out in MRM mod@éngsl0.0 eV collision energy for the
ions at [M+Na] 260. The data were analyzed using Bruker Compata Bnalysis software,

version 4.2.

3. Resultsand discussion

In-source fragmentations are usually observed uB&rconditions depending on the structural
features of the analytes (e.g. presence of basi@catic functional groups) and on the
environmental conditions (e.g. solvents or calibratompound used for a specific MS system);
all the three analytes exhibited minor in-sour@gfentations mainly under acidic conditions
(Figures 1-3). Under acidic analytical conditioramples were introduced as they were eluted
from a reverse-phase LC column. To facilitate pmatmn of the samples, water/methanol
mixture containing 0.1% formic acid was used asmniobile phase. Schiff base, ARP, and HRP
showed similar retention times (1.101, 1.070 af/@@.min respectively) as shown in Figure S1.
The MS spectra of these peaks indicated the ocmeref acid catalyzed hydrolysis especially

for the Schiff base (see Table 1 Entry 1 & Figu)jenhich was identified as the most labile
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molecule compared to the ARP and HRP generatirggdhgcine and free sugar, the latter being
the most abundant peak, while the intact proton&elff base represented only 11.2% of the
total ion intensity. Furthermore, dehydrations wals observed for ARP and HRP, especially
for the former. (Table 1 Entries 5, 9 & Figures B&The environmental conditions could play a
critical role in distinguishing the Schiff base fmiahe ARP, since the former, as indicated, can
undergo hydrolysis and/or rearrange under acididitions to ARP and consequently undergo
acid catalyzed dehydrations as shown in Table 1ri@&n2 & 3) and Figure 1. Because of this
concern, the Schiff base, ARP and HRP were alstyzgth under neutral conditions in sodium

formate cluster calibrated system. In this setampmes were introduced as dilute solutions in
water/methanol to the source directly via a syrjmgsulting in the formation of sodiated ions

(Figure 4). The extra stability gained by the atedyunder neutral conditions was reflected in the
intensities of molecular ions generated at [M+Na]260 as shown in Figure 4 (100% relative
peak intensity in all cases). Some in-source fragat®n still observed for the Schiff base.

(Table 1 Entry 13 & Figure 4) However, the ovestibility was greatly enhanced relative to the
acidic condition, which is the most adopted MS/Mfalgtical conditions from literature. In this

study, MS/MS under both acidic and neutral conditicere investigated, and the product ions
were screened elementally and reported in Tabtee?relative abundances of the product ions

and their proposed structure can be found in sapgheary material (Tables S2 & S3).

3.1Diagnostic MS/MS fragmentations under acidic cdndg
Under acidic conditions, the MS/MS fragmentatiottgra of ARP was in accordance with those
reported in the literature,[17, 19] where serieslefiydration reactions lead to the formation of
characteristic [M+H-n(18J] peaks in the MS/MS spectrum under low CID volt{8eV),

whereas high CID voltage (20eV) resulted dffission between the C-1 and C-2 of sugar
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backbone carbon atoms.[18, 20] This fragmentatiatteqn, where dehydrated ion series has
been observed as the most abundant peaks in th&wpeis typical of most of the Amadori
compounds of eighteen amino acids with glucoseiatudh the literature.[19] Under all
investigated conditions reported in the literattine, cleavage of the sugar moiety during MS/MS
fragmentations of Amadori compounds was only ob=ghetween C1-C2 or C5-C6 of the sugar,
leaving a -CH unit attached to an amino acid or leading to a tdormaldehyde [-ECO] from

the terminal carbon of the hexose, consistent détia reported in Table 1 (Entries 6-8 & Figure
2). Briefly, under conditions of low collision emgt dehydrated products were the most
abundant peaks with 100% relative intensity for PAH.O]" (m/z 220) or [M+H-2HO]" (m/z
202) at 10eV or 15eV respectively. At higher cablisenergy values (20 eV), the glycine ARP
generated [AA+H+CH™ (m/z 88) throughu-fission as the most abundant peak, as well as the

complementary sugar portion at m/z 97 (propose@gylium ion). (Scheme 1)

Contrary to the ARP, the Schiff base showed a @iffebehaviour under MS/MS fragmentation,
especially under lower energy conditions (10 and\V)Sgenerating through C2-C3 retro-aldol
cleavage a diagnostic ion at (m/z 118) incorpogatitiact amino acid and two carbon moiety
from the sugar in addition to its complementaryadbon sugar fragment at m/z 85 (see Table 1
Entries 2, 3 & Scheme 1). Overall, the Schiff basglycine and glucose appears to be less
stable during MS/MS fragmentation compared to itsaflori counterpart. Even when submitted
to low collision voltage (10 eV), the Schiff basengrated the most abundant peak [AA*Hi
m/z 76 representing the free glycine released duitie fragmentation process. It appears that
the free glycine was released from doubly dehydr&ehiff base precursor at m/z 202 leaving
behind the sugar residue at m/z 145 (see Tablat2)5 eV, the spectrum does not differ much

from the one operated at 10 eV. However, at 20heMdn count intensity was too low (.00
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provide useful information, and most of the ionsildonot be identified elementally. (Figure 1)
This property of Schiff bases can be exploited étedt their presence in mixtures containing
various amounts of Amadori products. When the ibrm#& 238 [M+HT in five different
mixtures of glycine Schiff base and its ARP (motatios of 1:0, 1:2, 1:1, 2:1, 0:1) was
fragmented using collision energy of 20 eV wherhiffbases no longer generate any fragments,
the intensity of ions generated from the ARP predates the spectrum and its diagnostic ion at
m/z 88 increased proportionately to the increasatent of ARP. On the other hand, the
intensity of the diagnostic ion originating frometischiff base at m/z 118 was only detected in

trace abundances as expected (see Figure S4).

Although Heyns rearrangement product is structyrallfferent from ARP, its MS/MS
fragmentation pattern was partially similar to tbhARP and patrtially to that of the Schiff base
(see Scheme 1). Its resemblance to the behavicARBfwas manifested through the presence of
dehydration peaks and its similarity to the behawviof the Schiff base was indicated through
detection of the ion at m/z 130 (Scheme 1). Froenglemental composition of the ion at m/z
130 (GHgNOg) it can be concluded that it incorporates intdgtige with three carbon unit
originating from the sugar. Such a structure caly be generated through retro-aldol cleavage
of the Schiff base of fructose with glycine at C3-&s shown in Scheme 1. This implies that
open form of Heyns product is prone to isomerizatio produce fructose/glycine Schiff base
adduct as shown in Scheme 1. This diagnostic iogeiserated only under acidic conditions,
although its precursor ions m/z 170 was also deteander neutral conditions. Furthermore,
detection of the high intensity protonated ion dz rh18 and the same ion at m/z 140 under
sodiation with common molecular formula ofHgNOs indicates the predominance of the open

form of the Heyns product under MS/MS analyticahditions, since this ion can be generated
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only through C2-C3 retro-aldolization of the opennfi of the Heyns product. This is equivalent
to the process observed in the case of Schiff bagen in Scheme 1. The diagnostic ion at m/z
130 was absent from both Schiff base and the ARPitais the most abundant ion at higher
collision voltages of the HRP indicating its staliland therefore the tendency of accumulating
relative to the other fragments. Its three-carbagas complement was detected only under
sodiation condition at m/z 113. (Table 1 Entry $8heme 2) Interestingly, Yuahal. (2016)[20]
reported a characteristic fragment ion from MS/MSpmline Heyns compound at m/z 182
formed by the loss of two water molecules and a-d¢adon sugar moiety [M+H-24D-
CH407]%, this fragment ion was absent from the MS/MS sfAmadori compound and can be
considered as a diagnostic ion for Heyns produidte. glycine equivalent of this ion was also
identified in its Heyns product at m/z 142:KNOs) (Scheme 1) along with its two-carbon split
moiety at m/z 61 (gHs0O,). The ion at m/z 142 was nearly absent from MSfM8§mentation of
glycine Schiff base and Amadori compound making good candidate as diagnostic ion for
HRP. Furthermore, we have identified another fragmen at m/z 154 [M+H-3pD-H,COJ"
that also preferentially formed only in Heyns compd, that can also be considered as a
diagnostic ion. (Figure 3) To illustrate the getigyaof the diagnostic fragmentation patterns
proposed above, another set of Amadori and Schgklof glucose this time using proline was
studied under the same conditions (see Table 1Lré3gS3 and S4). The product ion from the
Amadori compound at m/z 128 was identified as tregnbstic fragments ([AA+H+CHI")
which is the equivalent to m/z 88 of glycine ARRolihe Schiff base, on the other hand,
produced the diagnostic fragment at m/z 158 eqgeintaio m/z 118 of glycine Schiff base (see
Scheme S1). Furthermore, both proline Schiff bawkARP behaved the same way compared to

glycine Schiff base and ARP in response to incié&3¥® energy at 10, 15, and 20 eV. Both
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ARPs showed dehydration as the major product iorieva CID energy values and tended to
undergoa-fission and results in accumulation of the diagicasn at m/z 88 (glycine ARP) and

m/z 128 (proline ARP) at higher energies.

3.2Diagnostic MS/MS fragmentations under neutral coodi
When the mass spectrometric run was performedesgnce of sodium formate, both molecular
ions and their major fragments were detected ek@lysas sodium adducts, (Figure 4). There
was no evidence that the Schiff base underwent Atv@dori rearrangement under such
conditions. Additionally, direct infusion of the @lgtes compared to prior LC separation also
reduced the time that Schiff base spent in aqueausonment and minimized its hydrolysis.
Under neutral conditions, dehydration of the sugarety and the dehydration of its subsequent
retro-aldolization products were also not signifigathus allowing for the detection of intact
triose and tetrose species at m/z 113 and 143 aesglg (Scheme 2). Under acidic conditions,
these molecules underwent dehydration and cydbzainto furan and pyran derivatives, as
shown in Scheme 1. Under neutral conditions, inMi&#MS spectrum of the Heyns compound,
a peak at m/z 170 (see Scheme 2) was detected whgimot observed under acidic conditions.
This ion can be considered as diagnostic ion foyndeproduct under sodiation condition.
Taking together all the data, it seems that theo+&idolization of C2-C3 sugar chain was the
main pathway of fragmentation for all the threeeimtediates studied under neutral conditions;
in the spectra of the Schiff base and Heyns prothetrespective peaks were relatively more
intense, as compared to the Amadori product (Fighrée assume that the observed retro-

aldolization of ARP at C2-C3 carbon bond occurretdraetro-isomerization of ARP into Schiff
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base. (Scheme 2) Furthermore, only the spectraeoAmadori product contained peaks, albeit

in low abundances, that were ascribed to its detiymr under neutral conditions.

4. Conclusion
We have demonstrated that ESI-qToF-MS/MS could eduto distinguish between
glucose/glycine Schiff base and two most relevaaimers, Amadori and Heyns rearrangement
products. Analysis performed under neutral condgigusing sodium formate clusters) is more
suitable for identification of the intact sodiatesblecular ions, due to lower hydrolysis rates of
the Schiff base. On the other hand, MS/MS analysder acidic conditions (such as in presence
of formic acid) offered more informative patternscharacteristic and diagnostic ions for each
molecule, thus allowing to discriminate the Scliofise from its corresponding Amadori and
Heyns rearrangement products. At higher collisioergy (20 eV), both Amadori and Heyns
products undergo unique fragmentations that damatlve dehydration. In contrast, the Schiff
base generates useful diagnostic ions under lolsicol energy value (10-15 eV). Loss of water

from all three molecules is prominent at energglebetween 10-15 eV.
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Figuresand Tables

Table 1: MS and MS/MS spectral data of Schiff base, Amadod Heyns compounds and their

significant and diagnostic fragment ions.

# | Compound Precursor | CID voltage | Significant fragment ionsin MSand
ion (eVv)? MS/M S spectra [M+X]* (m/z) ©
[M+X]*
(m/2)
Acidic conditions (ESI +ve)
1 | Glycine Schiff base| [M+H]238]| 0 238, 203
2 10 238, 220, 20218°, 85, 76
3 15 220, 202, 12718, 85, 97, 76
4 20 n/a
5 | Glycine Amadori [M+H] 238 | 0 238, 220
6 10 220, 202
7 15 220, 2097, 88, 76
8 20 20297, 88, 76
9 | Glycine Heyns [M+H] 238 | 0 238, 220, 202
10 10 220, 202154, 130
11 15 and 20 202, 156154, 142, 130, 126, 118,
117,101, 99, 97, 84, 76
12 | Proline Schiff base | [M+H]278|0 278, 116
13 10 and 15 278, 260, 242, 232, 2188, 116,85,
70
14 20 116, 70
15 | Proline Amadori [M+H] 278 | 0 278, 260
16 10,15and 20 278, 260, 242, 232, 21238, 116,
100, 70
Neutral conditions (ESI +ve)
17 | Glycine Schiff base| [M+Na] |0 260, 203, 143, 140
260
18 10 143, 140
19 | Glycine Amadori [M+Na] 0 260
260
20 10 260242, 224
21 | Glycine Heyns [M+Nal] 0 260
260
22 10 260,170, 164, 143, 140113, 108
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285

& CID voltage at 0 represents ions found in the $f®ctra without collision (fragmentation
occurs during ionization).

b The characteristic ions are in bold, where they either uniquely present in a sample or
significantly differ in their relative abundances.

“ Proposed structural assignments and relativeddnags are reported in the supplementary
material (see Tables S1 and S2)
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Table 2: Elemental composition of important product iorherated for glycine/glucose Schiff

base, Amadori and Heyns compounds during MS/MS uacidic and neutral conditions.

Acidic Condition

Neutral Condition

# | m/z MF Error (ppm) # | miz MF Error
(ppm)

Fragments derived from the adduct Fragments derived from the adduct
1 | 238.0914 | @HieNO; | 5.783 1 | 260.0735 | dBi;sNNaO, 4.312
2 220.0812 eH14NOg 0.964 2 242.0631 | dBi13NNaGs 3.953
3 202.0710 6H12NOs 1.225 3 224.0522 | 4B1:NNaG 5.767
4 184.0605 6H10NO4 5.883 4 | 216.0842 | #EisNNaG 2.741
5 174.0757 @H12NO, 3.636 5 198.0729 | #1sNNaOy 6.702
6 126.0546 | GHsNO: 6.374 6 180.0628 | #111NNaGs 4.792
7 156.0652 | @HioNOs; | 6.204 7 162.0516 | EgNNaO, 9.245
8 154.0491 | @HsNOs 4.662

Fragments containing glycine Fragments containing glycine
9 76.0388 GHeNO, 11.224 8 98.0206 fEsNNaO, 12.223
10 | 88.0389 6HeNO, 8.558 9 110.0209 | £EsNNaO, 8.163
11 | 118.0495 HsNO3 6.93 10| 140.0310| #E;NNaG; 9.732
12 | 72.0443 6HsNO 8.867 11| 170.0417| sB89NNaO, 7.219
13 | 130.0501 EHsNO3 6.291 12| 108.0426 | 4E;NNaO 0.615
14 | 102.0546 | GHsNO, 8.853 13| 164.0310| ¢B;NNaG; 8.308
15 | 84.0421 GHeNO 9.981




16 | 142.0495 eHsNO3 5.759
Sugar fragments Sugar fragments

17 | 163.0598 | €H110s 5.203 14| 185.0424| &Bi0NaG 1.044
18 | 145.0498 | €H.O4 1.956 15| 167.0309| &BsNaO, 6.756
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292  Figure 1: MS and MS/MS spectra acquired at 0, 5020 eV of glycine Schiff base under acidic coiodit
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Figure 2: MS and MS/MS spectra acquired at 0, 5020 eV of glycine Amadori compound under acidadition.
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298  Figure 3: MS and MS/MS spectra acquired at 0, 5020 eV of glycine Heyns compound under acidicdition; the diagnostic ions
299  are indicated in the graph.
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Highlights:

* The main diagnostic ion for the Schiff base during MS/MS fragmentation is generated
through the retro-aldol degradation reaction yielding a diose attached to the amino acid
moi ety;

» Thediagnostic ions of the Amadori compound result from a series of dehydrations of the
intact molecule at low collision voltages, and a residual CH, group from the sugar
attached to the amino acid moiety at the high voltage;

* The diagnostic ion of the Heyns compound forms through the retro-aldol degradation
yielding atriose attached to the amino acid moiety;

» The MSMS fragmentation patterns are consistent under both acidic and neutra

conditions, but neutral condition provides more stability to the fragment ions.
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