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Abstract

The Maillard reaction consists of a number of chemical processes affecting the structure of
the proteins present in foods. We previously accomplished the proteomic characterization of the
lactosylation targets in commercial milk samples. Although characterizing the early modification
derivatives, this analysis did not describe the corresponding advanced glycation end-products
(AGEs), which may be formed from the further oxidation of former ones or by reaction of oxidized
sugars with proteins, when high temperatures are exploited. To fill this gap, we have used combined
proteomic procedures for the systematic characterization of the lactosylated and AGEs-containing
proteins from the soluble and milk fat globule membrane fraction of various milk products. Beside
to confirm all lactulosyl-lysines described previously, 40 novel lactosylation sites were identified.
More importantly, 308 additional intermediate and advanced glycoxidation derivatives (including
cross-linking adducts) were characterized in 31 proteins, providing the widest qualitative inventory
of modified species ascertained in commercial milk samples so far. Amadori adducts with
glucose/galactose, their dehydration products, carboxymethyl-lysine, and glyoxal-, 3-
deoxyglucosone/3-deoxygalactosone and 3-deoxylactosone-derived dihydroxyimidazolines and/or
hemiaminals were the most frequent derivatives observed. Depending on thermal treatment, a
variable number of modification sites was identified within each protein; their number increased
with harder food processing conditions. Among the modified proteins, species involved in assisting
the delivery of nutrients, defense response against pathogens and cellular
proliferation/differentiation were highly affected by AGEs formation. This may lead to a
progressive decrease of the milk nutritional value, as it reduces the protein functional properties,
abates the bioavailability of the essential amino acids and eventually affects food digestibility.
These aspects are of particular importance in products intended for infant diet, such as milk

powders and infant formulas.
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Abbreviations

AGEs, advanced glycation end products; G, glyoxal; MG, methylglyoxal;, 3-DG, 3-
deoxyglucosone; 3-DGal, 3-deoxygalactosone; 3-DLact, 3-deoxylactosone; 3-DPen, 3-
deoxypentosone; Trios, triosone; Lact, the Amadori compound with lactose; Lact-H,O, the
dehydrated Amadori compound with lactose; Lact-2H,0, the bis-dehydrated Amadori compound
with lactose; Hex, the Amadori compound with lactose glucose/galactose; Hex-H,O, the dehydrated
Amadori compound with lactose glucose/galactose; Hex-2H,0O, the bis-dehydrated Amadori
compound with lactose glucose/galactose; CML, carboxymethyllysine; CEL, carboxyethyllysine;
PYR, pyrraline; RPYR, Arg-pyrimidine; PENT, pentosidine; DOLD, 3-DG/3-DGal-derived lysine
dimer; DOGDIC, 3-DG/3-DGal-derived imidazolium cross-link;  G-DH,  G-derived
dihydroxyimidazoline; MG-DH, MG-derived dihydroxyimidazoline; Trios-DH, Trios-derived
dihydroxyimidazoline; 3-DPen-DH, 3-DPen-derived dihydroxyimidazoline; 3-DG-DH, 3-DG-
derived dihydroxyimidazoline; 3-DGal-DH, 3-DGal-derived dihydroxyimidazoline; 3-DLact-DH,
3-DLact-derived dihydroxyimidazoline; G-H, G-derived hydroimidazolone; MG-H, MG-derived
hydroimidazolone; 3-DG-H, 3-DG-derived hydroimidazolone; 3-DGal-H, 3-DGal-derived
hydroimidazolone; 3-DLact-H, 3-DLact-derived hydroimidazolone; 3-DPen-H, 3-DPen-derived
hydroimidazolone; G-He, G-derived hemiaminal; MG-He, MG-derived hemiaminal; Trios-He,
Trios-derived hemiaminal, 3-DPen-He, 3-DPen-derived hemiaminal; 3-DG-He, 3-DG-derived
hemiaminal; 3-DGal-He, 3-DGal-derived hemiaminal; 3-DLact-He, 3-DLact-derived hemiaminal;
Lact-He, lactosone-derived hemiaminal; G-SB, G-derived Schiff base; MG-SB, MG-derived Schiff

base.
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Introduction

In order to preserve microbiological safety and to prolong shelf life, milk products are
submitted to thermal treatment prior to retail and consumption. These processes induce significant
physicochemical changes in milk proteins, depending on the duration/extent of the heating
procedure. The most thoroughly studied thermal modification of milk proteins is the Maillard
reaction, a non-enzymatic glycation in which the carbonyl group of reducing sugars (primarily
lactose) reacts with the N°-group of Lys residues to yield the Amadori product lactulosyl-lysine
(Lact) [1-3]. Reactivity at protein N-terminus is also observed. When higher heat impact is applied
during milk processing, Lact is degraded and further converted into advanced glycation end
products (AGEs) [2,3]. Oxidative degradation product N°®-carboxymethyllysine (CML) was
identified as the major AGE formed in heated milk models [2-4]. Additional AGEs recognized in
processed milk include N°-carboxyethyllysine (CEL), pyrraline (PYR), oxalic acid
monolysinylamide and pentosidine (PENT) [2,3,5]. In parallel, AGEs can also be generated by the
reaction of protein Arg or Lys with sugar (lactose) heating degradation products, i.e. glyoxal (G),
methylglyoxal (MG), 3-deoxyglucosone (3-DG), 3-deoxygalactosone (3-DGal), 3-deoxypentosone
(3-DPen) (Supplementary Fig. S1) [6-9]. When model peptides/proteins were treated with these
dicarbonyl compounds, the formation of the AGEs mentioned above and of : i) G-, MG-, 3-DG- and
3-DGal-derived hemiaminals (G-He, MG-He, 3-DG-He, and 3-DGal-He), ii) G-, MG-, 3-DG- and
3-DGal-derived dihydroxyimidazolines (G-DH, MG-DH, 3-DG-DH, and 3-DGal-DH), iii) G-, MG-
, 3-DG-, and 3-DGal-derived hydroimidazolones (G-H, MG-H, 3-DG-H, and 3-DGal-H), iv) di- and
tetra-hydropyrimidines (DHP and THP) was ascertained (Supplementary Fig. S2) [9,10]. Lipid
peroxidation products, by generating intermediate dicarbonyl compounds, can also contribute to the
production of specific AGEs, such as CML [9,11,12].

Depending on their relative stability, AGEs were initially identified by dedicated

immunoassays or amino acid analysis on exhaustive molecular hydrolysates, missing information
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on the nature of the modified proteins and the corresponding modification site(s) [2,3,5,9]. In the
last decade, various MS approaches have been developed for the detection and the direct
assignment of AGEs in proteins from biological matrices and foods [9]. Regarding milk proteins,
peptide mapping experiments were performed on isolated model components heated in vitro with
various sugars to simulate food processing conditions or on a very reduced number of proteins
isolated by chromatographic or electrophoretic procedures from commercial milk samples
[1,4,9,13-18 and references therein]. Although a number of studies was realized in this context,
AGEs assignment was generally restricted to the case of CML adducts, complementing data on
oxidized Lys, Met, Cys, Tyr and Trp derivatives, lysinoalanine, histidinoalanine, pyroglutamate and
deamidated Asn [2-4,13,19]. Recently, untargeted LC-ESI-MS/MS multiple reaction monitoring
(MRM) procedures were used to evaluate the different AGEs present in p-lactoglobulin (B-LG)
from heated milk models [19]. When a derived targeted MRM procedure was applied to the analysis
of B-LG from commercial milk samples, only Lact, CML, CEL, MG-H, MG-DH and 3-DG-H
adducts were detected and assigned to specific residues [19,20]. Some of these derivatives were
already identified in [(-casein treated in vitro with glucose or MG [21]. Although highly
representative of the main AGEs (mainly CML) present in the most abundant milk proteins, all
studies mentioned above missed the global picture deriving from the application of shotgun
proteomic approaches to milk products, which may allow the simultaneous assignment of different
glyco-oxidative modifications to the number of components present in this food.

In the latter context, we recently used integrated proteomic procedures for the global
characterization of the various lactosylation protein targets in different commercial milk products
[22,23]. Soluble milk proteins enriched for less abundant components by the ProteoMiner
technology and protein components from purified milk fat globule (MFG) particles were resolved
by SDS-PAGE, enzymatically digested, and enriched for lactosylated peptides by affinity

chromatography on m-aminophenylboronic acid-derivatized agarose. Shotgun characterization of
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the lactosylated peptides was obtained by nLC-ESI-LIT-MS/MS, using electron transfer
dissociation (ETD) fragmentation combined with supplemental collisional activation. We and
others verified that CID fragmentation of glycated peptides generates mass spectra characterized by
non-sequence-informative ion species associated with the cleavage of the glycosidic bond, and rare
b- and y-ions [22,24]. When applied to the soluble milk fraction, this strategy allowed the
identification of 271 non-redundant lactosylation sites in 33 proteins [22]. Similarly, 157 novel non-
redundant lactosylation sites were identified in 35 MFG proteins [23], in addition to the 153 ones
present in other 21 soluble proteins adsorbed on MFG membranes. Proteins involved in nutrient
delivery, having a defensive function against bacteria/viruses or promoting cell
proliferation/differentiation were highly affected by lactosylation. Shotgun analysis characterized a
variable number of lactosylation sites within each protein; their number increased with harder milk
processing conditions. This may lead to a progressive decrease of the milk nutritional value, as it
reduces the bioavailability of essential amino acids, and may affect function, digestibility and
allergenic potential of individual proteins [14,23,25,26].

Taking advantage of our previous experience on lactosylated species, a similar shotgun
approach was applied to the global assignment of the AGEs present in proteins from raw and
commercial milk samples. The results presented here provide the widest qualitative inventory of
assigned intermediate and advanced glyco-oxidation protein adducts in milk products ascertained so
far, providing important dietary information since AGEs-containing milk proteins are ingested daily

from humans and, as unique polypeptide source, from infants.

Materials and Methods
Materials and sample preparation
Three samples of raw, pasteurized, ultra-high temperature (UHT), and powdered for infant

nutrition milk (800 ml) were obtained from local farmers or different commercial sources. While



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

identical results (x 5%) were obtained for all samples of raw, pasteurized or UHT milk,
reconstituted powdered milk samples (14% w/v) showed protein, carbohydrate, lipid and mineral
content values ranging in 13.1-16.6, 79.2-84.8, 22.8-31.2, and 3.60-5.20 g/l, respectively.
Corresponding milk aggregation properties were in agreement with previous studies [14,18] (data
not shown). All samples were centrifuged at 3,000 rpm for 60 min, at 4 °C; resultant fat layers were
removed and washed for 4 times with PBS containing a protease inhibitor cocktail (Sigma) [23].
Skimmed milk samples were also added with the same protease inhibitor cocktail before further
treatment [22].

To recover whole proteins, a part of skimmed milk samples (20 ml) was directly precipitated
with chloroform/methanol [27] and vacuum dried. To isolate whey proteins, the remaining material
from each skimmed milk sample (780 ml) was added with 10% v/v acetic acid to reach a final pH
value of 4.6; precipitated caseins were then removed by centrifugation at 10,000 rpm for 15 min, at
4 °C. In all cases, resulting whey material was then added with the limited amount of proteins
deriving from the corresponding precipitated skimmed milk to generate the fraction containing
water-soluble components. In parallel, fat layer samples were dissolved in chloroform/methanol,
centrifuged at 12,000 rpm for 5 min, at 4 °C, and removed for their upper phase; then, they were
washed with methanol (3 vol) and centrifuged again at 12,000 rpm for 5 min, at 4 °C. Pellets
containing whole MFG proteins were finally vacuum dried.

Soluble fraction samples were added with 12 mM dry monopotassium phosphate along with
75 mM NaCl, so as to get the equivalent of PBS, pH 7.2. Then, they were mixed with 0.5 ml of
ProteoMiner™ resin (BioRad) and shaken at room temperature, overnight [22]. After removing the
supernatant, the resin samples were washed twice with PBS for removal of the excess of soluble
proteins. Captured proteins were eluted by three consecutive treatments of the resin samples with
300 ml of 10% w/v SDS, 3% w/v DTE, followed by boiling for 10 min and centrifugation at 4,000

rpm for 2 min [22]. For each sample, protein desorption eluates were pooled and SDS was
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eliminated by chloroform/methanol precipitation [27]. Proteins recovered from the enriched soluble
and the MFG fractions were quantified with the Bradford colorimetric method [28] and stored at
—80 °C until used. The experimental scheme used in this study for the preparation and the analysis

of milk proteins is summarized in Fig. 1.

SDS-PAGE and protein digestion

Protein samples from equalized soluble and MFG fractions were added with DTT, boiled and
resolved by SDS-PAGE on a 9-16%T acrylamide gradient gel, which was stained with colloidal
Coomassie staining [23]. Whole gel lanes were cut into 6 slices, minced and washed with water.
Corresponding proteins were in-gel reduced, alkylated with iodoacetamide and digested with
trypsin. A fourth of each tryptic digest was directly analyzed by nLC-ESI-LIT-MS/MS, while the
remaining part was subjected to enrichment for diol-containing compounds by chromatography on a

phenylboronic acid-functionalyzed resin [22,23].

Phenylboronate chromatography

m-Aminophenylboronic acid-agarose (Sigma) was suspended in washing buffer (250 mM
ammonium acetate, 50 mM MgCl,, pH 8) and packed into a 1 ml polypropylene columns (85 x 7.5
mm) (Qiagen, Germany) [22]. The columns were equilibrated with washing buffer before tryptic
digests (dissolved in 200 ml of washing buffer) were loaded at 4 °C. After 1 h, the columns were
washed with 10 ml of washing buffer, at 25 °C; modified peptides were finally eluted with 5 ml of

250 mM acetic acid, pH 2.8 [22].

Mass spectrometry analysis of lactosylated and AGEs-containing peptides
Tryptic digests from whole gel portions or eluted fractions from m-aminophenylboronic acid-

agarose chromatography (enriched for diol-containing peptides) were analyzed by nLC-ESI-LIT-
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MS/MS using a LTQ XL mass spectrometer (Thermo, San Jose, CA, USA) equipped with a
Proxeon nanospray source connected to an Easy-nanoLC (Proxeon, Odense, Denmark) [22,23].
Peptides were resolved on an Easy C18 column (100 x 0.075 mm, 3 um) (Proxeon) using a
chromatographic gradient of ACN containing 0.1% formic acid in aqueous 0.1% formic acid,;
gradient was initiated 20 min after sample loading; ACN ramped from 5% to 40% over 90 min,
from 40% to 60% over 10 min, and from 60% to 95% over 20 min, at a flow rate of 300 nl/min.
Each sample was analyzed on the same LC column under two ETD data acquisition conditions.
Acquisition methods were the following: i) data-dependent product ion scanning procedure over the
5 most abundant ions, enabling dynamic exclusion (repeat count 1 and exclusion duration 60 s), and
subsequent ETD fragmentation of peptide precursor ions; mass isolation window and ETD
activation time were m/z 3 and 100 ms (plus supplemental activation), respectively; ii) as the
previous method, with exclusion of the peptides confidently identified in the first run, in order to

increase the number of the peptides characterized.

Modification site assignment

For identification of lactosylated and AGEs-containing peptides, nLC-ESI-LIT-MS/MS raw
data files were searched with MASCOT (Matrix Science, UK) present within the Proteome
Discoverer software package version 1.0 SP1 (Thermo) using an updated mammalian non-
redundant sequence database (UniProtKB release 2013 08 18/09/2013). Database searching was
performed by selecting carbamidomethylation at Cys (+57 Da) as fixed modification, oxidation at
Met (+16 Da), plus other glycation/glyco-oxidations at Arg/Lys as variable modifications [2-5,8-
10,15,19,22,23,29-38]. The latter modifications included: i) formation of the Amadori compound
with lactose (Lact) (+324 Da) or glucose/galactose (Hex) (+162 Da), together with their mono-
dehydrated (Lact-H,O and Hex-H,O at +306 and +144 Da, respectively) and bis-dehydrated (Lact-

2H,0 and Hex-2H,0 at +288 and +126 Da, respectively) derivatives, carboxymethylation (+58 Da),
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carboxyethylation (+72 Da), formation of PYR (+108 Da) and 1-alkyl-2-formyl-3,4-glycosyl-
pyrrole (AFGP) (+270 Da) at Lys; ii) formation of G-H (+40 Da), MG-H (+54 Da), triosone-
derived hydroimidazolone (Trios-H) (+70 Da), 3-DPen-H (+114 Da), 3-DG-H (+144 Da), 3-DGal-
H (+144 Da), 3-deoxylactosone-derived hydroimidazolone (3-DLact-H) (+306 Da), G-DH (+58
Da), MG-DH (+72 Da), triosone-derived dihydroxyimidazoline (Trios-DH) (+88 Da), 3-DPen-DH
(+132 Da), 3-DG-DH (+162 Da), 3-DGal-DH (+162 Da), 3-deoxylactosone-derived
dihydroxyimidazolines (3-DLact-DH) (+324 Da), glucosone-derived dihydroxyimidazolines (Gluc-
DH) (+178 Da), galactosone-derived dihydroxyimidazolines (Gal-DH) (+178 Da), DHP (+126 Da),
THP (+144 Da) and Arg-pyrimidine (RPYR) (+80 Da) at Arg; iii) formation of G-He (+58 Da),
MG-He (+72 Da), triosone-derived hemiaminal (Trios-He) (+88 Da), 3-DPen-He (+132 Da), 3-DG-
He (+162 Da), 3-DGal-He (+162 Da), glucosone-derived hemiaminal (Gluc-He) (+178 Da),
galactosone-derived hemiaminal (Gal-He) (+178 Da), 3-deoxylactosone-derived hemiaminal (3-
DLact-He) (+324 Da) and lactosone-derived hemiaminal (Lact-He) (+340 Da) at Arg or Lys. These
linear glycation and glyco-oxidation products are summarized in Supplementary Fig. S2. Database
searching also included variable formation of intramolecular cross-linked peptides containing: i)
glucose/galactose-associated crossline (+253 Da), lactose-associated crossline (+415 Da),
glucose/galactose-associated fluorolink (+235 Da), lactose- associated fluorolink (+397 Da),
glyoxal-derived lysine dimer (GOLD) (+35 Da), methylglyoxal-derived lysine dimer (MOLD) (+49
Da), 3-deoxypentosone-derived lysine dimer (POLD) (+109 Da), 3-deoxyglucosone/3-
deoxygalactosone-derived lysine dimer (DOLD) (+139 Da), glucosone/galactosone-derived lysine
dimer (GLUCOLD) (+155 Da), 3-deoxylactosone-derived lysine dimer (DLactOLD) (+301 Da) and
lactose-derived lysine dimer (LACTOLD) (+317 Da) moieties bridging different Lys residues; ii)
glucosepane (+108 Da), pentosidine (PENT) (+59 Da), 3-glyoxal-derived imidazolium cross-link
(GODIC) (+22 Da), methylglyoxal-derived imidazolium cross-link (MODIC) (+36 Da), 3-

deoxypentosone-derived imidazolium cross-link (DPenDIC) (+96 Da), 3-deoxyglucosone/3-

10
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deoxygalactosone-derived imidazolium cross-link (DOGDIC) (+126 Da) and 3-deoxylactosone-
derived imidazolium cross-link (DLactDIC) (+288 Da) moieties bridging Arg and Lys residues
(Supplementary Fig. S2). Mass searches were carried out by using a mass tolerance value of 2.0 Da
for precursor ion and 0.8 Da for MS/MS fragments, trypsin and/or slymotrypsin as proteolytic
enzymes, a missed cleavage maximum value of 4. Peptide modification assignment was always
associated with manual spectral verification. Data sets were also searched against a reversed protein
sequence database, and raw results were filtered under the same criteria; calculated false discovery
rate provided a median value of 1.3%. Reported are uniquely those modified peptides common to
the three samples analyzed for each type of milk, where the modification was unequivocally
assigned to a specific residue. To avoid data redundancy, the modified species showing the highest

values of identification scores were reported.

Results and Discussion

Raw, pasteurized, UHT, and powdered for infant nutrition milk samples were skimmed and
then directly precipitated to isolate more abundant proteins (1/40 of the whole material) or treated
under acid conditions to remove caseins (39/40 of the whole material). For each milk sample,
corresponding whey material and precipitated skimmed milk proteins were then mixed together,
and the resulting material (soluble fraction) was enriched for less abundant proteins by using a
combinatorial peptide ligand library [22]. In parallel, the different milk samples was treated to
isolate corresponding MFG proteins [23]. Thus, proteins recovered from the various enriched
soluble and MFG fractions were quantified and resolved by SDS-PAGE (Fig. 2). Identical
electrophoretic results were observed for the three commercial samples analyzed for each kind of
milk investigated (data not shown). Electrophoretic patterns did not allow the recognition of distinct
bands associable to cross-linked proteins; this was evident for the MFG fraction that was

demonstrated to have a modified protein composition as result of the milk processing conditions

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

[23]. Whole gel lanes were cut into slices, which were treated with reducing and alkylating
reagents, and then with trypsin. To identify lactosylated/AGEs-containing peptides, a part of each
tryptic digest was directly analyzed by nLC-ESI-LIT-MS/MS with ETD fragmentation. To enrich
for diol-containing modified peptides, the remaining material was subjected to phenylboronate-
based chromatography before nLC-ESI-LIT-MS/MS with ETD (Fig. 1).

With the aim to provide a comprehensive analysis of the AGEs-containing proteins present in
the different milk products, we used a modified version of the shotgun approach we experienced
successful in determining the corresponding lactosylation counterparts [22,23]. To this purpose, a
list of potential non-enzymatic glycation and glyco-oxidation modifications (Supplementary Fig.
S2) was compiled and used for MS and MS/MS data-driven database searching. Some of these
amino acid modifications have already been detected in milk proteins [2-5,13,15,17,19,20]; others
have been identified in other model proteins/peptides after their heating in the presence of sugars
and/or sugar oxidation products [8-10,15,29-38].

MS analysis of the peptide mixtures was performed by using ETD fragmentation. This was
due to the previous experience of us and other authors during MS analysis of lactosylated peptides
[1,22,23], and preliminary, comparative ETD and CID fragmentation experiments we performed on
the corresponding Amadori adducts with glucose/galactose, their dehydrated counterparts, and G-
DH, Trios-DH, CML and PYR derivatives. As an example, Fig. 3 shows the comparison of the CID
and ETD spectra recorded for the triply charged ion of the modified peptide 48-64 from
glycosylation-dependent cell adhesion molecule 1, bearing a G-DH adduct at Arg56. Under CID
fragmentation, sequence-informative b and y ions resulting from peptide backbone cleavage were
rare in the spectrum and poorly identified with confidence (Fig. 3A). The most abundant ions were
associated with neutral losses of various H,O molecules; CID analysis of doubly and quadruply
charged ions showed that the neutral loss pattern of variable number of water molecules was

generally charge-independent. When the triply charged ion was subjected to ETD fragmentation, a

12
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series of clear c- and z-type ions was observed (Fig. 3B). A reduced amount of fragment ions
corresponding to neutral losses of H,O molecules from the G-DH adduct was also present,
demonstrating that the dihydroxyimidazoline derivative is more stable under ETD fragmentation
conditions. Experiments on other G-DH modified peptides demonstrated that the abundance and the
almost completeness of the c- and z-type ion series detected, regardless of whether the modification
site was located in the middle of the sequence or close to the N-terminus (data not shown), greatly
facilitated peptide sequencing and modification site assignment. Similar spectral profile differences
were also observed for the corresponding triosone-DH-containing peptide homologue
(Supplementary Fig. S3). Dissimilarities in the abundance of sequence-informative fragment ions,
as deriving from CID- or ETD-based fragmentation, were also evident for the dehydrated,
lactosylated peptides. For example, Supplementary Fig. S4 shows the data recorded for the
modified peptide 78-91 from B-LG, bearing a Lact-H,O adduct at Lys83. In this case, the CID
spectrum was populated by fragments deriving from the cleavage of the glycosidic bond, plus
neutral losses of molecules of H,O, and showed rare b- and y-type ions. Conversely, sequence-
informative c- and z-type ions resulting from the peptide backbone cleavage were evident in the
corresponding ETD spectrum and were identified with confidence.

A general similarity in the information provided by both fragmentation methods was observed
during the comparative MS analysis of peptides containing CML and PYR adducts. In this context,
Supplementary Fig. 5 reports the CID and ETD spectra of the CML-containing peptide 125-138
from B-LG, where a comparable number of sequence-informative fragment ions was detected. In
both cases, modification was assigned at Lys135. On the basis of what reported above and the
consistent enrichment of diol-containing AGEs structures after phenylboronate chromatography
[22-24], ETD was then chosen as the preferential fragmentation technique.

In general, a number of AGEs-containing peptides were attributed unambiguously to the

modification of specific Lys or Arg residues, based on the sequence, the unique mass shift and

13
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fragment ions. In this context, the use of trypsin for enzymatic digestion resulted efficient in
limiting the number of peptides bearing simultaneously Arg and Lys within their sequence. In other
cases, AGEs assignment to specific residues was not definitive, since the same mass shift value can
be associated with different adducts at the same amino acid. Supplementary Information reports the
cases in which this ambiguity occurred. Nevertheless, it has to be mentioned that the Amadori
compounds and CML, CEL and DH derivatives are generally more stable the various isobaric
hemiaminal counterparts [10,19].

Database searching for lactosylated peptides from mammalian proteins revealed a perfect
agreement with the data already published in our previous studies on commercial milk products
[22,23], demonstrating a high reproducibility of the shotgun approach we used. In fact, 271 non-
redundant lactosylation sites were confirmed in 33 proteins from the soluble milk fractions (data not
shown). Similarly, 157 modification sites affected by lactosylation were verified in 35 MFG
proteins, in addition to the 153 ones present in other 21 soluble proteins detected as adsorbed on
globule material (data not shown). Notably, the present study originally identified: i) 12 non-
redundant lactosylation sites in 10 proteins never observed as lactosylated in milk; ii) 28 non-
redundant lactosylation sites in 20 proteins already observed as lactosylated in milk, but at different
Lys residues; iii) 36 non-redundant lactosylation sites that were not detected in a specific thermally-
treated milk, but were already detected in other commercial products [22,23]; iv) 15 non-redundant
lactosylation sites that were detected in a specific milk fraction (whey or MFGs), contrarily to what
detected before (MFGs or whey) [22,23]. Supplementary Table S1 summarizes the novel
lactosylation sites described in this study, together with the modified peptides that were already
described as lactosylated in our previous investigations [22,23] and were detected here as bearing
various AGE adducts (see below). As expected, a progressive increase in the number of
lactosylation sites was observed in milk proteins, which well paralleled the harshness of food

processing conditions [17,19,22,23].
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More importantly, 289 modified peptides bearing: i) Lact-H,O (+306 Da), Lact-2H,0 (+288
Da), the Amadori compound with glucose or galactose/3-DG-He/3-DGal-He (+162 Da), Hex-H,0O
(+144 Da), Hex-2H,0 (+126 Da), CML/G-He (+58 Da), CEL/MG-He (+72 Da), PYR (+108 Da),
3-DPen-He (+132 Da) and Lact-He (+340 Da) adducts at Lys residues; ii) RPYR (+80 Da), G-H
(+40 Da), MG-H (+54 Da), G-DH/G-He (+58 Da), MG-DH/MG-He (+72 Da), 3-DG-DH/3-DGal-
DH/3-DG-He/3-DGal-He (+162 Da), 3-DLact-DH/3-DLact-He (+324 Da), 3-DLact-H (+306 Da)
and Trios-DH/Trios-He (+88 Da) adducts at Arg, were recognized in the different milk samples. As
mentioned above, AGEs assignment in some cases was not definitive, since the same mass shift
value can be associated with different products occurring at a specific residue (Supplementary Fig.
2). On the other hand, recent studies on hemiaminals have reported these compounds as being not
very stable for prolonged times [10,19]; accordingly, they can be eventually excluded when other
stable compounds may occur together. Globally, 3, 30, 112 and 281 non-lactosylated modified
species were detected in raw, pasteurized, UHT, and powdered for infant nutrition milk samples,
respectively. They were associated with 169 non-redundant intermediate- and advanced glycation
end-products-modified sites in 30 well known milk proteins that (with a unique exception) have
been already observed as lactosylated in this fluid, strengthening the consistency of our data. Their
nature and corresponding MS identification details are reported in Supplementary Tables S1-S9.
Most frequent intermediate and advanced glycation end-products were the Amadori compounds
with glucose or galactose/3-DG-He/3-DGal-He, Lact-H,0, CML/G-He, G-DH/G-He, 3-DG-DH/3-
DGal-DH/3-DG-He/3-DGal-He and 3-DLact-DH/3-DLact-He derivatives (about 52%, 10%, 8%,
5%, 4% and 3% of the whole modified, non-lactosylated species reported here, respectively).
Additional peptide adducts (16 in number) showing a Am = +40 Da or +54 Da assigned to Lys
residues were also observed. These derivatives were tentatively associated with the Schiff bases of
GO and MGO (G-SB and MG-SB, respectively) [39], which modified 17 sites in a total of 9

proteins. The distribution of the non-lactosylated, modified peptides detected in the different
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fractions of the various milk products here assayed is reported in Fig. 4; only those components
common to all samples of each milk type are reported in Supplementary Tables S1-S9).

Notably, detection of intermediate and advanced glycation end-products-containing peptides
in the different milk fractions well paralleled with the identification of the corresponding protein
species therein [22,23] and the simultaneous recognition of the corresponding lactosylated peptides
in the same sample or in milk samples subjected to softer processing conditions (Supplementary
Table S1). These findings confirmed that, according to the individual reactivity of lysines present in
proteins and to the harshness of thermal treatment exerted, modifiable Lys residues firstly react with
the most abundant sugar present in milk, i.e. lactose, to generate the corresponding Amadori
compounds. Then, these early modification products are further modified/oxidized to generate the
corresponding intermediate and advanced glycation counterparts. On the other hand, non-reacted
Arg and Lys residues in these proteins can be modified by minor sugars present in milk, i.e. glucose
or galactose, or by lactose degradation/oxidation products generated following thermal treatment,
i.e. G, MG, 3-DLact, 3-DG, 3-DGal, 3-DPen, lactosone and triosone, ultimately leading to the
production of the corresponding AGEs. Progressively augmented detection of intermediate and
advanced glycation end-products in milk samples subjected to harshening food processing
conditions was in good agreement with quantitative data from GC-MS or LC-MS analysis of amino
acid adducts, as reported for commercial milk samples or related model systems [2,5,40].

A comparison of the data here reported for B-LG, a-lactalbumin (a-LA), and various casein
(CN) species with that recently published in other investigations on specific proteins from raw and
commercial milk samples and model proteins subjected to thermal treatment in the presence of
sugars demonstrated their good concurrence either in terms of the nature of the AGEs observed in
the different products and of the modified Lys/Arg residues present therein [4,13,15-17,19,35].

Eventual discrepancies between these studies may be ascribed to the phenylboronate
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chromatography we used in this work, which promoted a general enrichment/overestimation of
diol-containing AGEs-modified peptides in all milk fractions.

Our study also revealed the occurrence of three linear peptides bearing an intra-molecular
cross-linking between Lys and Lys/Arg residues, thus generating pentosidine, DOGDIC and DOLD
structures (Supplementary Table S1). As an example, Fig. 5 shows the ETD spectrum recorded for
the cross-linked peptide 153-165 from «-S2 casein, which presents a pentosidine adduct linking
together Lys158 and Argl60. The concomitant assignment of fragment ions to both bridged amino
acids ensured no ambiguity in the identification of this cross-linked peptide adduct. Similarly, a
DOLD adduct bridging Lys114 and Lys115 was observed for the cross-linked peptide 113-123
from serotransferrin (Supplementary Fig. S6). Also in this case, the ETD spectrum did not provide
uncertainty in peptide assignment, due to the parallel recognition of fragment ions to both bridged
Lys residues. Some of the intra-molecular cross-linking products reported above have been already
described in dedicated studies on model proteins heated in the presence of sugars [32,37,38] or on
biomarker components of specific pathologies [34,36]. The nature of the observed cross-linked
species and the frequency of the other linear AGEs detected in this study suggest G, 3-DG and 3-
DGal as the main reactive dicarbonyl compounds in thermally-processed milk samples. This
observation is in perfect agreement with quantitative data from a dedicated investigation on the
reactive species in milk products that result from the oxidative degradation of lactose [7].

A visual inspection of the spectroscopic/crystallographic structure of the milk proteins
reported in Supplementary Table S1 revealed that most of the labeled residues occurs on their
macromolecule surface (data not shown), although few internal amino acids were also affected.
Accordingly, the Maillard reaction can influence the 3D structure of these proteins, as already
observed in various model systems [41], with significant consequences on their functionality. Since
it has been shown that various milk proteins are resistant to proteolysis in the gastrointestinal tract

[42,43], and may directly exert (even in low copies) a number of biological activities within the
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infant intestine or other organs [43-45], their widespread glycation/glyco-oxidation may have
important consequences on food nutritional and health-beneficial characteristics. Here, we have
demonstrated that various milk proteins involved in the delivery of nutrients, the defence response
against pathogens, related inflammatory processes, and the regulation of cellular
proliferative/differentiation events [22,23,44,45] are subjected to glycation/glyco-oxidation after
thermal processing (Supplementary Table S1). Thus, a severe heat treatment can influence their
activity [46,47]. This matter can have important consequences when milk is the unique source of
nutrients/protective molecules, as in infant diet.

Since modified Lys/Arg residues are no longer recognized by proteolytic enzymes, the
Maillard reaction can also affect the gastrointestinal digestion of milk proteins [48]. This issue was
recently addressed by comparing the digestibility of the milk proteins present in different
commercial samples [14,23]. When major soluble proteins were evaluated, an increased in vitro/in
vivo digestion resistance of the intact species was observed in raw and pasteurized samples by SDS-
PAGE, compared to the UHT and sterilized ones. However, protein digestibility (as determined by
a Kjedahl procedure) showed a slight opposite trend, as already reported for milk-based infant
formulas [49,50]. This effect was interpreted assuming that industrial heating can improve the
digestibility by protein denaturation, but this enhancement is likely to be offset by heat-derived
modifications involved in decreasing proteolysis of milk components [14]. When MFG proteins
were evaluated, an increasing resistance to trypsin proteolysis was observed moving from
pasteurized to UHT and powdered milk proteins [23]. In the whole, these results confirmed
previous studies on model milk proteins treated with various sugars/oligosaccharides [51,52]. Not
considering possible physiological implications on the eventual assumption of poorly-digestible
foods, this point has a first important significance for some soluble milk proteins that, after an
impaired proteolysis, may present a reduced release of well-known sequence-encrypted bioactive

peptides [53,54]. A reduced biological activity of these components can also be eventually ascribed
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to non-desired peptide glycation/glyco-oxidation. On the other hand, a reduced digestibility of
modified milk proteins may affect the allergic response to specific dairy products; in fact, it has
been reported that proteins resistant to digestion may behave as major food allergens [55,56].
Extensive glycation/glyco-oxidation of surface-exposed residues in specific milk proteins should

also per se modulate the allergenic impact of these nutrients [26,57,58].

Conclusions

Although fundamental progresses have been made in research in the field of the Maillard
reaction, basic questions from a chemical, biological and physiological point of view are still
unanswered. Without doubt, we can say that the reaction products we know today do only represent
a part of the total AGEs probably present in ‘‘browned’’ foods. Following a preliminary phase
realized on model protein systems, where the main Maillard reaction products were characterized,
novel efforts nowadays have to be spent in identifying and quantifying individual protein
derivatives in food matrices, through reliable analytical techniques. In this context, MS-based
approaches have been recently used to fully characterize the glycating effectors of important AGEs-
precursors and their products in model peptides [10,59], the glycation/glyco-oxidation products in
specific proteins from complex foods [16-18] or the main modification protein targets (including
modification sites) therein, according to a proteomic perspective [13-15,19,22,23,60]. Due to the
accumulated experience in this research field, a large part of these studies have been performed on
milk products. Focusing on milk, we believe that the present study will add novel information to the
intricate scenario of the compounds deriving from the Maillard reaction on milk proteins and
carbohydrates, by providing the widest inventory of assigned lactosylation and AGEs-containing
species in commercial products determined so far. A number of AGEs previously undetected in
milk proteins is here also originally described. This information is important for its nutritional

consequences since AGEs-containing milk proteins are daily ingested in large amounts from
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humans and, as unique polypeptide source, from infants. Although lacking quantitative information,
these data will help in making comprehensive milk-focused database, which may ultimately allow
food manufacturers to thermally process their products as careful as possible in order to obtain
products with controlled amounts of AGEs. To reach this ultimate goal, future studies applying
quantitative MS procedures on isolated protein components modified in vitro with
unlabelled/isotopically-labeled lactose mixtures or quantitative proteomic approaches (based on
labeled proteotypic peptides or AGEs-oriented derivatizing reagents) will be advisable to gain
quantifiable data on the amino acids more prone to generate adducts in various milk proteins
[1,9,20,61]. These information are important points of interest to connect the extent of the Maillard
reaction occurring in different commercial samples with potential nutritional implications. The
themes described above and those associated with the other modification reactions present as a
consequence of milk industrial treatments, which determine the generation of additional oxidation
and advanced lipooxidation end-products [2,12,61], have to be fully evaluated for a whole
estimation of the nutritional/toxicological properties of dairy products deriving from severe heat

processing.
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Legend to Figures

Figure 1. Schematic diagram illustrating the experimental approach used for the preparation and the
analysis of milk proteins. PB chrom, phenylboronate chromatography. Three samples were analyzed
for each kind of milk. Whey proteins added with amounts of counterparts from corresponding
skimmed milk was used to prepare soluble components that were further subjected to Proteominer-

based enrichment; this mixed material is named in the figure as equalized whey.

Figure 2. SDS-PAGE of soluble and fat globule proteins from pasteurized, UHT and powdered milk
for infant nutrition. For simplicity, data for a single commercial product of each milk kind are shown.
Identical results were observed for the remaining two products assayed (data not shown). Molecular
markers (MM) are shown, together with the gel portions (six in number) from each lane that were
subjected to proteomic analysis for the characterization of lactosylated and AGEs-modified peptides.
Equalized material resulting from starting whey proteins added with amounts of counterparts from

corresponding skimmed milk is named in the figure as equalized whey.

Figure 3. CID (A) and ETD (B) MS/MS spectra of the [M+3H]** ion at m/z 685.3 associated with
the G-DH-modified peptide (48-64) from glycosylation-dependent cell adhesion molecule 1, where r
represents the glyoxal-deriving dihydroxyimidazoline adduct to Arg56. The spectra were acquired

with alternating CID and ETD scanning.

Figure 4. Venn diagram showing the distribution of the non-lactosylated, modified peptides as
detected in the various raw and commercial samples analyzed in this study. Independent data for the
corresponding soluble and MFG fractions are provided. Only modified components common to all
three samples analyzed for each kind of milk are reported in Supplementary Tables S1-S9 and in the

main text.
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670  Figure 5. ETD MS/MS spectrum of the [M+3H]*" ion at m/z 564.9 associated with the pentosidine-
671  containing peptide (153-165) from alpha-S2 casein, where the pentosidine cross-linking between

672  Lys158 and Argl160 is indicated.

673

28



674
675

676

677

678

679

680

681

Raw milk Pasteurized milk UHT milk Powdered milk

Protease-inhibitors addition, centrifugation and whey treatment with Proteominer beads

7\ 7\ 7 N\ <N

Equalized Whey MFGs  Equalized Whey MFGs Equalized Whey MFGs Equalized Whey MFGs
1 1 | 1 1 1 1 |

SDS-PAGE, gel slicing and slice digestion with trypsin

= - |
PB chrom PB chrom PB chrom PB chrom PB chrom PB chrom PB chrom PB chrom

v v v v v v v v

P

nanoLC-ESI-LIT-MS/MS with ETD 5; E

Renzone et al., Figure 1

29



682

683

684

685

686

687

688

689

690

Equalized whey

Pasteurized UHT Powder

Renzone et al., Figure 2

220

100

60
45

30

20
12

" & QuETEl -

30

MFG

Pasteurized  UHT

Powder

_ & =
- —




691

v

3

7

EJQII[VIIRIS[S[rIQ/PIQISIQINPIK

i5 14 13

Pl
e’
o
-
b G
]
e of
b —
} “E0'rse
- ]
- o5 =
= 4 6688 1=
& S eI N\
& T RrlB6L
) = o
o T B
=, ma.whe = TERL 1
= i
L i
= o
: -
- uma Mwm// “,x
Q, P
Zeore” |
= = o™
= e’
y—

(%) Ansuajuf aanepRy

m/z

z

3

4

5

8

4

E/QITIV[I/RS[S r/Q/PIQ[S/QINIPIK

€

i 12 13 14 18

5 6 7 8 9

4

F

[M+3H]

2+

[M+3H[-3H,0

=«
=
&
=
—

2+

+3H{-2H,0
2+

SLYRI

[M+3H]-H,0

>
w0
—
e
ot

{/
1000

M

6’6001

Pe6 T =

2+
g
-t

CH068— e

o~

Feeeg- 2o

AF6EBL 9L T
el 1

cora 3

AR T

SLEE—

T 9009
9958 —3
TSLYp ot

WT5°698

RPIPE —t

100 -

G

(94,) AjIsEdU] AN RDY

200

1800

1400

600

m/z

692

693

Renzone et al., Figure 3

694

31



695

Soluble Raw

Sample 1

D
1 ! 1

Sample 3

Sample 2

MFG Raw

Sample 2

CA

Sample 3

Sample 1

696

697 Renzone et al., Figure 4

Soluble Pasteurized Soluble UHT Soluble Powder
Sample 1 Sample 2 Sample 1 Sample 2
Sample 3 Sample 3 Sample 3
MFG Pasteurized MFG UHT MFG Powder
Sample 1 Sample 2 Sample 1 Sample 2
Sample 3 Sample 3 Sample 3

32



698

699

700

z

+

[M+3H]-H,0

X,
W=
b
A & L'TIP]
o FEISP—
M@ W LEEET———
= 5 THOEL——
S ST
2. S TOI—
= . N
e = S OLLOT—
— [ T W TSLOT”
- SEE
IR
T E Zrus
m Z g8\
Z 8678 f—
F ey AFEIEL 1
S L NF6999. =T
o SEI9— L
+ . s "
wOLIY J,
Z 6798 a -
F9H0S —————F
groer” |
W06 —
SE9e T
QTEHT———o
m:wz,:ua., T 1 T r w Ly EERAERER Y| 1 1 0
- [T's]
yunny

(94) AYISURU] 2ANEY

1200 1400 1600

1000

m/z

701

702

703

Renzone et al., Figure 5

704

705

33



Figure

Click here to download high resolution image

ik

Pasteurized milk

UHT milk
|

Powdered mi

rotease-inhibitors addition, centrifugation and whey treatment with Proteominer beads

N

MFGs

" N\

Equalized Whey

1

N\

1

N

MFGs Equalized Whey MFGs Equalized Whey
1

SDS-PAGE, gel slicing and slice digestion with trypsin

L

irom

PB chrom

v

i

PB chrom

v

Py

PB chrom

v

/7

PB chrom

e

nanolC-ESI-LIT-MS/MS with ETD SJ

#

P8 chrom

1

I'g
PB chrom


http://ees.elsevier.com/jprot/download.aspx?id=262707&guid=16791029-9828-4a0b-b9e9-84e426ad602b&scheme=1

Figure
Click here to download high resolution image

Equalized whey MFG

Pasteurized UHT  Powder MM Pasteurized UHT Powder
1
2
’ "
4
s ’
-



http://ees.elsevier.com/jprot/download.aspx?id=262818&guid=23ae86f2-c645-4c9a-ad25-867670412edf&scheme=1

Figure
Click here to download high resolution image

A

LA T 0 T 3
00y iiesiting EIQ/1|V/1/RIS/S/r/Q/PIQISIQ/NIPIK
!
S "
< [M+3H[-2H,0
= e
§ /
< S0 "
= [M+3H|-H,0
= o
S £ YO
o "5. = sf,uo bi;
v-H,0 b-H,0 N0 E g - 2
S ".;: ] 2 Z
i /"‘ \\ / /
0‘ l.‘*, —— ‘JL‘L‘k T S S S GU O S CR S R S S AR
200 600 1000 1400 1800
m/z

B awuuunl

EIQIIV/IR

100 A
: IM+3H] :

- |M+3H|‘-3n,o

2 g

= IM+3H{-2H,0
-

E

Zi | IM43H[H,0
i 3

Relative Intensity (%)

25 2y €y 2: Q%
D TP Pl B B
-— o~ ?
1 - - s a§
lar] - v,
: N
0 bt

rIQ QJS !

* 12



http://ees.elsevier.com/jprot/download.aspx?id=262709&guid=fa6ffd40-b8e3-49e8-9d30-c40d631feb94&scheme=1

Figure
Click here to download high resolution image

Soluble Raw Soluble Pasteurized Soluble UHT Soluble Powder
Sample 1 Semple 2 Sample 1 Sample 2 Sample 1 Sample 2
. Sample 3 Sample 3

MFG Raw MFG Pasteurized MFG UHT

Sample | _squz Sample 1 Sample 2 Sample | Sample 2
Sample 3



http://ees.elsevier.com/jprot/download.aspx?id=262710&guid=f2a75e32-12a9-4c35-94c2-bb44dd5fcf87&scheme=1

Figure

Click here to download high resolution image

L

2

LINF/LIK

3
10 1n

4
9

kNI

IM+3H]|'

-
-+
v
v

100

1600

—
&
i
o
.‘.l u
- S OLLOT— I
s Q.. 2 TSLOT”
Q.F s =
T ED =
=T =
- £ TS
s m.m.ama//
Z §'678 =
+ o~ o
,.n.m.Sb\fum._Q. ¥~
in “F6'999-
(¥ o
L9°L19’ 2
"J9'F0S \IH
I 1°06F :
S
W06 —F ]
519 T
g N.mzllm "
- &
- 1
& &
\r,

(%) Aisudguy aaneYy

m/z


http://ees.elsevier.com/jprot/download.aspx?id=262711&guid=ea22fd65-d4c9-4a32-87f2-f3b271d81a75&scheme=1

Supplementary material
Click here to download Supplementary material: Renzone_Suppl_Information_revised.docx


http://ees.elsevier.com/jprot/download.aspx?id=262907&guid=1754f1c9-c98b-44e5-bd81-9d0192f14d3f&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab2_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262715&guid=e9e9ad77-dcd0-4690-9885-fa07795736b0&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab3_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262716&guid=5a2bb6a6-ff36-4ab4-bce0-6e7f7577a98d&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab4_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262717&guid=2cfde1ce-8608-4272-ba54-7c45cd4af947&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab5_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262718&guid=36e247cd-d380-4e57-9b3d-88ab50d9e50c&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab6_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262719&guid=5fca8752-cdb2-4857-a27c-8bdabd9afd0c&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab7_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262720&guid=a7f5c0d2-fa78-44f0-80d5-ec1c10a65a03&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab8_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262721&guid=bbba6def-c1a1-4e35-814f-2a6474b1bbf0&scheme=1

Supplementary material
Click here to download Supplementary material: SupplTab9_revised.xIsx


http://ees.elsevier.com/jprot/download.aspx?id=262722&guid=faf703a9-a7aa-414e-bbd8-35e5e52a2098&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFigl.tif


http://ees.elsevier.com/jprot/download.aspx?id=262693&guid=8495c49e-5e06-482c-ad2e-cf18f0a7b297&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig2A.tif


http://ees.elsevier.com/jprot/download.aspx?id=262694&guid=f65cfa00-9eff-4bbd-86c5-ff0b25c1011e&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig2B.tif


http://ees.elsevier.com/jprot/download.aspx?id=262695&guid=e9ae4494-2b2b-4411-9064-4b39cd588c33&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig2C.tif


http://ees.elsevier.com/jprot/download.aspx?id=262696&guid=06a6496f-d106-4b38-a919-e5bbba8d606e&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig3.tif


http://ees.elsevier.com/jprot/download.aspx?id=262697&guid=00ff7a2f-681b-4fcc-b43e-85e74e818f18&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig4.tif


http://ees.elsevier.com/jprot/download.aspx?id=262698&guid=659e646b-66e8-45e0-9b13-f80c50c7f162&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig5_revised.tif


http://ees.elsevier.com/jprot/download.aspx?id=262712&guid=5d4cbaeb-e908-4602-95cb-146b484057fc&scheme=1

Supplementary material
Click here to download Supplementary material: SupplFig6_revised.tif


http://ees.elsevier.com/jprot/download.aspx?id=262713&guid=a6fa137b-3175-4ec7-b3b1-6d23238b4ff6&scheme=1

*Conflict of Interest
Click here to download Conflict of Interest: coi_disclosure.pdf


http://ees.elsevier.com/jprot/download.aspx?id=262699&guid=5e1a5a88-be74-4a32-bc77-e479a0db0b15&scheme=1



