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1 - Activites de Recherche : Doctorat - Post-doctorats

Avant-propos

Depuis mon doctorat, et jusqu’a maintenant, mes activités de recherche ont eu pour fil conducteur
'analyse biochimique des relations structures/fonctions des protéines aprés modification ou en
mélanges complexes en réponse a un stress dans des domaines aussi variés que la biologie
végétale, I'agroalimentaire ou la cancérologie et la médecine.

Lors de mon doctorat, J'ai étudié une protéine modele du lait, la béta-lactoglobuline, aprés traitement
thermique ou modification chimique. Ses propriétés physico-chimiques et biologiques, sa structure et
ses capacités fonctionnelles ont été modulées en vue de son utilisation dans [lindustrie
agroalimentaire. Ayant par la suite totalement changé de thématique, la connaissance sur le sujet a
évolué et I'état des lieux actuel n’est pas évoqué dans le texte.

En post-doctorat, j'ai analysé les mécanismes moléculaires gouvernant la réponse a la carence en
phosphate chez Arabidopsis thaliana en fonction des écotypes de cette plante. L'avénement de
'étude de mélanges complexes de protéines par électrophorése bidimensionnelle m’a permis de
mettre en évidence des profils caractéristiques entre écotypes et conditions de culture. J'ai ensuite
appliqué cette technologie lors de mon second post-doctorat pour étudier la qualité du lait et les
associations entre protéines laitieres aprés traitement thermique.

Mon activité de recherche actuelle en radiobiologie vise a mettre en évidence des réponses cellulaires
caractéristiques a différents types de rayonnements ionisants. Les protéines du métabolisme cellulaire
ou les protéines sécrétées en réponse a un stress sont analysées par différents outils de radiobiologie
et de biochimie des protéines et protéomique. Plus particulierement, le projet proposé porte sur I'étude
des effets indirects des rayonnements ionisants et leurs conséquences sur les tissus sains en utilisant

un modele 3D de cartilage reconstitué.

Afin de donner une vision d’ensemble des recherches menées lors de mon doctorat, de mes deux
contrats postdoctoraux et dans le cadre de mon activité de recherche au CEA, j'ai choisi de présenter
d'une part, un résumé des résultats obtenus et, d’autre part, une sélection des principaux articles
scientifiques correspondant, publiés dans des journaux internationaux avec comité de lecture et dans

lesquels j'apparais comme premier auteur, ou principal auteur de I'étude.
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1.1 - Doctorat : Biochimie de la 3-lactoglobuline modifiée par glycation

Le travail réalisé au cours de ma thése consistait & modifier par la réaction de Maillard une protéine
alimentaire et a étudier I'influence des composés formés sur les caractéristiques physico-chimiques et
structurales de la protéine. L'objectif était d’améliorer les propriétés techno-fonctionnelles et de
générer de nouvelles fonctions biologiques aux protéines et peptides modifiés. Depuis sa premiére
description en 1912 par L. C. Malillard, la réaction du méme nom fait I'objet de nombreuses recherches
dans le domaine des sciences des aliments. Une grande quantité de publications scientifiques a été
rédigée sur la réaction complexe entre les composés aminés et les sucres réducteurs. De nombreux
composés ont été identifiés afin de mieux appréhender les mécanismes de dégradation et de
polymérisation des sucres et des composés aminés ainsi que la formation d’arébmes. Bien que cette
réaction soit couramment rencontrée lors de processus industriels et dans la cuisson des aliments,
son influence sur les propriétés fonctionnelles et la valeur nutritive des protéines alimentaires ainsi

modifiées est encore assez mal connue.

1.1.1 - Caractérisation des protéines modifiées

1.1.1.1 - Caractérisation physico-chimique

La glycation de la béta-lactoglobuline (BLG) par différents sucres a permis d'étudier I'influence de la
nature du sucre sur I'avancée de la réaction de Maillard lors d’'un chauffage de 72 heures a 60°C. Les
sucres utilisés ont induit différents taux de glycation en fonction de leur nature chimique.

Le lactose, un diholoside, a conduit au plus faible taux (35%) de modification de la BLG. Les hexoses
(galactose, glucose et rhamnose) ont conduit a un taux intermédiaire d’environ 40 %. Le plus fort taux
de modification a été obtenu avec les pentoses pour respectivement 60 % et 68 % de glycation en
présence d'arabinose et de ribose. Une diminution du point isoélectrique a été observée,
proportionnelle au taux de glycation. Plus le taux de glycation était élevé, plus les points isoélectriques

étaient acides et homogeénes.

1.1.1.2 - Caractérisation structurale

L'analyse de la composition en acides aminés des échantillons de BLG modifiée par le glucose
pendant différentes périodes a montré que d’autres acides aminés que la lysine pouvaient étre
modifiés au cours de la réaction de Maillard. En plus de la lysine, la tyrosine, I'arginine et I'histidine ont
semblé étre modifiées par le glucose ou par des sous-produits de la réaction.

Des études par spectrométrie de masse ont permis de mettre en évidence sept sites de glycation de
la BLG (les lysines 14, 47, 69, 75, 100 et 135 et la leucine 1) en fonction du sucre utilisé. Un, trois,
guatre et six sites ont ainsi été observés pour la BLG modifiée respectivement par le rhamnose, le
galactose, le lactose ou le glucose.

L'analyse des hydrolysats trypsiques de la BLG modifiée par le glucose a par ailleurs révélé que
l'arginine 40 et la lysine 14 ne sont pas des sites préférentiels de glycation ; ces expériences ont aussi

montré que la lysine 70 est modifiée au cours du chauffage avant la lysine 69. Ces résultats ont été

HDR Frangois Chevalier Page 13



interprétés par la localisation différente de ces acides aminés au sein de la structure tridimensionnelle
de la BLG.

Les techniques de dichroisme circulaire, de microcalorimétrie et d’hydrolyse pepsique ont été utilisées
afin d’évaluer la conformation de la protéine modifiée par les différents sucres. Ces trois techniques
ont révélé que le traitement thermique (72 heures a 60°C) n'induisait pas de modifications
conformationnelles fondamentales de la BLG en absence de sucre. En présence de sucres, la
modification de la conformation de la protéine était proportionnelle au taux de glycation. D'apres les
résultats des hydrolyses pepsiques, la glycation par I'arabinose ou le ribose a dénaturé a plus de 65
% la BLG. 57 % et 38 % de dénaturation ont été observés avec la BLG modifiée respectivement en

présence de galactose / glucose et en présence de rhamnose / lactose.

1.1.1.3 - Comportement vis-a-vis de I'association — polymérisation

Des polymeéres ont été mis en évidence dans les échantillons de BLG modifiée par le glucose. L'étude
de la nature des liaisons intervenant dans la stabilisation de ces polyméres a révélé la présence de
pontages covalents induits par les sucres.

Selon le sucre utilisé, différents types de liaisons ont été impliqués dans la stabilisation des
polymeéres. Tous les polyméres de BLG modifiée par le ribose ou I'arabinose ont été stabilisés par des
pontages covalents.

Dans le cas de la BLG modifiée par le galactose, le glucose ou le rhamnose, des ponts disulfures, des
interactions hydrophobes et des pontages covalents ont semblé étre impliqués dans la stabilisation de
ces polyméres. Seule la BLG modifiée par le lactose n'a pas présenté de pontages covalents induits

par les sucres ; seuls des ponts disulfures ont été identifiés dans cet échantillon.

1.1.2 - Etude des propriétés techno-fonctionnelles des protéines modifiées

Une amélioration de la stabilité thermique, des propriétés émulsifiantes et moussantes a été observée
en utilisant les protéines modifiées dans certaines conditions de pH ou de température. Les
échantillons les plus modifiés ont présenté la meilleure solubilité a la suite d’'un traitement thermique.
La fixation de sucre a la surface de la protéine, par modification de la charge globale, et par
augmentation des possibilités d’hydratation, a ainsi amélioré la stabilité thermique de la béta-
lactoglobuline. Le maintien des propriétés émulsifiantes obtenues avec les protéines les plus
modifiées lors du changement de pH de 7,0 a 5,0 était sGrement lié en grande partie a la solubilité de
ces échantillons aux différents pH.

Un taux de modification moyen (obtenu avec le glucose ou le galactose) a présenté le meilleur
compromis pour obtenir des mousses stables avec un faible drainage. Un taux de modification élevé
déstabilise la mousse (en partie a cause de la déstructuration de la protéine) et un taux de

modification faible augmente le drainage.
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1.1.3 - Etude des propriétés biologiques des protéines modifiées

1.1.3.1 - Susceptibilité a I’hydrolyse pepsique et trypsique de la BLG native ou modifiée par la
réaction de Maillard

La susceptibilité des différents échantillons de BLG a [I'hydrolyse pepsique ou trypsique était
directement liée au taux de modification par la réaction de Maillard. Une quantité variable de peptides
a donc été obtenue en fonction des échantillons testés. Plus la protéine était modifiée, plus elle était

sensible a I'hydrolyse pepsique et moins elle était sensible a I'hydrolyse trypsique.

1.1.3.2 - Tests d’activité antiradicalaire

Des activités antiradicalaires ont été observées dans les échantillons de BLG modifiée par la réaction
de Maillard, alors que les protéines non modifiées (BLG native ou chauffée, SAB) ont présenté une
faible aptitude a capter les radicaux libres. Cette activité était liée au taux de modification (plus la
protéine est modifiée, plus son activité antiradicalaire est forte) et a la nature du sucre utilisé pour
modifier la protéine (pour une méme quantité de groupe NH2 réactif, la modification de la BLG par le
ribose a induit une plus forte activité antiradicalaire que la modification de la BLG par le lactose).
L’hydrolyse des échantillons de BLG modifiée par la réaction de Maillard a diminué leur activité
antiradicalaire. Cependant, celle-ci était tout de méme maintenue a un niveau supérieur a celui des
échantillons de BLG non modifiée, révélant la capacité des protéines modifiées a capter les radicaux

libres méme aprés leur hydrolyse.

1.1.3.3 - Tests d’activité cytotoxique

La réaction de Maillard est connue pour induire des composés mutagéenes et cytotoxiques au cours de
la fabrication et de la cuisson des aliments. Les composés avancés de la réaction de Maillard et les
amines hétérocycliques sont certainement impliqués dans ces propriétés. De tels composés n'ont pas
semblé étre formés dans les conditions de réaction utilisées pour modifier la BLG puisque aucune
différence de cytotoxicité n'a pu étre observée entre la protéine non modifiée et la protéine modifiée.
Le traitement thermique relativement doux utilisé (72 heures a 60°C) n’a donc pas semblé générer

I'apparition de composés mutagéenes et/ou toxiques pour les cellules.
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Research Papers

Maillard glycation of p-lactoglobulin induces conformation

changes

F. Chevalier, J.-M. Chobert, M. Dalgalarrondo, Y. Choiset and T. Haertlé

Glycation by the Maillard reaction is an ubiquitous reaction of con-
densation of a reducing sugar with amino groups of proteins, which
products could improve the functional and/or biological properties for
food and non-food uses. It can induce structural modifications in pro-
teins, modifying their properties. The aim of this work was to investi-
gate the association behavior and the conformational changes of B-lac-
toglobulin (BLG) after its glycation by the Maillard reaction with sev-
eral alimentary sugars (arabinose, galactose, glucose, lactose, rhamnose
and ribose). Protein samples were heated in the presence or in the
absence (heated control) of different sugars during 3 days at 60 °C. Gly-
cation induced oligomerization of BLG monomers. Depending on the
reactivity of the sugar, the population of produced oligomers showed
smaller or greater heterogeneity in molecular masses. Analysis of mod-

ified BLG by circular dichroism and by its susceptibility to pepsinolysis
showed that the conditions of heating used did not significantly alter the
conformation of BLG. Heating of BLG in presence of sugars induced
only minor structural modification, when using the less reactive sugars
such as lactose and rhamnose. It was, however, at the origin of major
three-dimensional destructuring in the case of the more reactive sugars
such as arabinose and ribose. Pepsinolysis of glycated BLG did not
affect about 62 and 35% of the protein molecules modified with lactose
or rhamnose, and arabinose or ribose, respectively. The increase of sus-
ceptibility of glycated BLG to pepsinolysis could be related to the
alteration of the conformation of the protein when glycation was per-
formed with highly reactive sugars, as observed by circular dichroism
and calorimetry analysis.

1 Introduction

B-Lactoglobulin (BLG) is the major whey protein present in
milks of various mammalian species [1, 2], which is absent in
human milk. This well-characterized protein with a molecular
mass of about 18300 Da can be classified together with the
retinol-binding protein (RBP) and other similar proteins in the
superfamily of the proteins able to bind hydrophobic ligands
called lipocalins [3, 4]. Crystallographic analysis of the BLG
3-D structure has shown a hydrophobic pocket formed by
eight-stranded anti-parallel B-barrel [5, 6]. This protein was
studied intensively because of its interesting capacity to bind
numerous aromatic compounds [7-9], retinoids [10—12], vita-
min D and cholesterol [13], benzopyrene, ellipticine and cis-
parinaric acid [14, 15], vitamin A [16], and fatty acids [17,
18]. Although BLG is able to bind a lot of compounds in vitro,
its function in milk is still unknown. The folding of BLG ren-
ders it resistant to peptic hydrolysis [19-21], since its peptic
cleavage sites (hydrophobic or aromatic amino acid side
chains) are buried well inside the B-barrel forming a strong
hydrophobic core. This may suggest that particular conforma-
tion adopted by BLG could be a solution to trap and transport
some molecules through the gastric part of digestive tract.

Thanks to its good nutritional properties and to its availability
in large quantity, the use of BLG as a food additive increases
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[22]. BLG has been modified by several methods [23] as phos-
phorylation [24], esterification [25, 26], alkylation [27], and
amidation [28] in order to improve its functional and physico-
chemical properties. Functional properties of BLG can also be
improved by glycation [29, 30], which occurs naturally in food
products during heating and storage [31]. Maillard reaction or
nonenzymatic browning is the most frequent reaction in food
industry. It occurs between proteins, amino acids and amines on
one hand, and sugars as well as sometimes also aldehydes and
ketones functions of other compounds on the other hand [32,
33]. This is also the principal pathway of final degradation of
organic matter in nature. This reaction, first described by the
French biochemist Louis Maillard at the beginning of the 20®
century [34] was and is extensively studied because of the high
quantity and complexity of the products formed during its dif-
ferent stages [35]. Conformational modification of the native
structures of proteins induced by glycation can influence their
functional or/and biological properties. Consequently, structural
studies of glycated proteins can give many useful informations
about their structure-function relationships.

In this study, the effects of glycation on both chemical and
conformational changes of BLG modified with several sugars
were investigated. Glycation yield was analyzed measuring
free primary amino groups of proteins and by isoelectric focus-
ing of the treated proteins. Aggregation was studied by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Conformational changes were studied measuring pep-
tic susceptibility of glycated BLG and also by microcalorime-
try and circular dichroism.

2 Materials and methods

2.1 Protein purification and reagents

BLG (variant A) was purified according to the procedure of
Mailliart and Ribadeau Dumas [36]. The purity of BLG (99%)
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was assessed by reversed phase-high performance liquid chro-
matography (RP-HPLC). p-Arabinose, D-galactose, D-glucose,
D-lactose, D-rhamnose, D-ribose monohydrates and porcine
pepsin were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). All other reagents were of analytical grade.

2.2 Glycation experiments

BLG (0.217 mm) and the different sugars (0.217 M) were
dissolved in 0.1 m phosphate buffer, pH 6.5. After filtration on
0.22 um acetate cellulose filters (Millipore, Bedford, MA,
USA), mixtures of protein and sugar were put in well-capped
flasks and heated in a water bath at 60°C for 72 h. This mild
heat treatment limited self-aggregation of BLG. All experi-
ments were performed under strictly anaerobic and sterile con-
ditions, all media were purged and saturated with N,. After
heating, the different fractions were dialyzed against distilled
water, freeze-dried, and stored at —20°C. BLG heated without
sugar (heated control) was named “heated BLG”, and BLG
heated in the presence of sugar was named “glycated BLG”.

2.3 Determination of available amino groups

The quantity of available amino groups was determined by
the modified ortho-phthaldialdehyde (OPA) method [37]. The
OPA reagent was prepared daily by mixing 40 mg of OPA
(dissolved in 1 mL of methanol), 50 mL of 0.1 M sodium
borate buffer, pH 9.3, 100 mg of N-dimethyl-2-mercaptoethyl-
ammonium chloride (DMMAC), and 1.25 mL of 20% w/w
SDS in water. Fifty pL of protein solution (2 g/L in 50 mm
sodium phosphate buffer, pH 7.8) was added to 1 mL of OPA
reagent. The absorbency was read at 340 nm after a minimal
delay of 5 min. A calibration curve was obtained by using
0.25-2.00 mM L-leucine as a standard.

2.4 SDS-PAGE

SDS-PAGE was performed using a Mini Protean II gel elec-
trophoresis apparatus (Bio-Rad, Richmond, CA, USA) as
described by Laemmli [38]. Isoelectric focusing was per-
formed in the pH range 3—6 on ready-to-use isoelectric focus-
ing gels (Servalyt Precotes, Serva, Heidelberg, Germany).

2.5 Hydrolysis of BLG by porcine pepsin

BLG (2 mg/mL or 0.11 mm) was dissolved in 10 mM gly-
cine-HCI, pH 2.5. Porcine pepsin, previously solubilized in
distilled water (1 mg/mL) was added to the reaction mixture at
an enzyme/substrate molar ratio of 1/100. The mixture was
incubated at 37°C and at intervals, the reaction was stopped by
the addition of 1 volume of 2 m Tris-HCI, pH 8.8, and the
hydrolysates were stored at 4 °C before analysis.

2.6 RP-HPLC

The HPLC equipment consisted of a Waters™ 2690 Separa-
tion Module system with an integrated solvent, a sample man-
agement platform and a photodiode array detector Model 996.
The HPLC system was driven by a Millenium®? program
(Waters, Milford, MA, USA). Peptic peptides of BLG and gly-
cated BLG were separated by RP-HPLC on a Symmetry 300A
Cis column (3.9 mm x 150 mm; Waters) equilibrated in 80%
solvent A (0.11% TFA in H,0) and 20% solvent B (80% aceto-
nitrile, 19.91% H,O, 0.09% TFA, v/v/v). Elution was per-
formed with linear gradient from 80% to 0% solvent A for 28
min. The temperature of the column and solvents was main-
tained at 30°C. The flow rate was 0.6 ml/min. Eluted peaks
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were detected by UV-absorbency (214 nm). Peak area corre-
sponding to the non hydrolyzed form of the protein was calcu-
lated. All results were reported to the peak area of the non
hydrolyzed sample, which represents 100%.

2.7 Circular dichroism (CD) spectroscopy

CD spectra were recorded using a Jobin Yvon CD 6 dichro-
graph equipped with a thermostated cell holder. The cylindri-
cal cells used had a path length of 0.01 cm in the far-UV
region (185-260 nm) and of 1 cm in the near-UV region
(250-320 nm). An average of five scans was recorded in the
far-UV region and one scan was recorded in the near-UV
region. All spectra were obtained at 25°C using a BLG con-
centration of 2 mg/mL (or 0.11 mm) in a 10 mm glycine-HCI
buffer, pH 2.5. BLG concentration was determined by the
bicinchoninic acid (BCA) method (Pierce, Rockford, JL, USA)
with bovine serum albumin as a standard. The baseline spec-
trum of buffer was subtracted from each spectrum and the
resultant values were converted into molar ellipticity (®). The
method of Provencher and Glockner [39] was used to estimate
the a-helix and B-sheet content of native and heated BLG.

2.8 Calorimetry

The calorimetric measurements were carried out with the
high-sensitivity differential scanning microcalorimeter (MCS
System, Microcal) within the temperature range of 5-110°C
at the heating rate of 1 K/min and excess pressure 1.2 atm. Pro-
tein samples (2 mg/mL or 0.11 mm) were dissolved in 10 mm
glycine-HCI buffer, pH 2.5.

3 Results and discussion

3.1 Determination of the yield of glycation

3.1.1 Changes in glycation degree

The BLG sequence contains 16 potential reactive primary
amino groups including 1 a-NH, and 15 &-NH, of lysyl resi-
dues. The quantity of modified amino groups and glycation
degree were deduced from OPA results (Table 1). BLG heated
in the absence of sugar showed a glycation degree of 6.2%
(1 modified amino group). This corresponds to an artifact in
the method used probably due to a small conformation change
of BLG, hampering the OPA reaction. On average, 11.0, 8.8,
6.7, 6.6, 6.5, and 5.5 amino groups were modified when pro-
teins were heated in the presence of ribose, arabinose, galac-
tose, glucose, rhamnose and lactose, respectively. As expected,

Table 1. Determination of the glycation degree of BLG
Samples Modified amino Glycation degree
groups (%)
Native BLG 0 0
Heated BLG 1.0 6.2
BLG-lactose 5.5 344
BLG-rhamnose 6.5 40.6
BLG-glucose 6.6 41.2
BLG-galactose 6.7 41.9
BLG-arabinose 8.8 55.0
BLG-ribose 11.1 69.4

59



Chevalier et al.

the modification degree was in direct relation with the sugar
size and reactivity [40, 41]. The shorter the carbon backbone
of the sugar, the more open chain form exists and the more
reactive is the sugar towards the amino groups of proteins [30,
42].

3.1.2 Changes in the global net charge (pHi)

As glycation substitutes basic amino acid side-chains, it
induces a slight loss of basicity, and consequently, a moderate
acidification of the BLG molecule. Isoelectric focusing, which
allows the separation of proteins according to their global net
charge (pHi), could be a good method for evaluation of the
yield of glycation (Fig. 1). The native BLG pattern (path 1)
showed a major band near pH 5.15 representing the variant A
of the protein. Comparable pattern was observed after heating
the BLG in absence of sugar (path 2). After heating BLG for
72 h in the presence of galactose, glucose, lactose and rham-
nose (paths 4—7, respectively), several bands ranging between
pH 5.15 and pH 4 appeared, demonstrating the heterogeneity
of the derivatives obtained. Only the protein modified with lac-
tose still presented a band at pH 5.15 showing a residual native
form. BLG glycated with galactose, glucose and rhamnose
showed about the same isoelectric pattern. This agrees well
with their comparable degree of modification measured by the
OPA method. BLG modified with arabinose (path 3) and
ribose (path 8) presented a relatively homogeneous population
(pHi 4.00—4.15), showing a saturation of the reactive sites on
the surface of BLG molecule, what agrees with previous
results on glucosylation of BLG as a function of time [43].

pHi 1 2 3 4 5 6 7 8
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Figure 1. Isoelectric focusing of (1) native BLG, (2) BLG heated
without sugar and BLG heated in the presence of (3) arabinose,
(4) galactose, (5) glucose, (6) lactose, (7) rhamnose and (8) ribose.

3.2 Aggregation of glycated BLG

Changes in molecular masses of BLG derivatives formed
during glycation were estimated by SDS-PAGE (Fig. 2). Native
BLG showed one single band of about 18 kDa corresponding
to its monomeric form. When heating BLG without addition of
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Figure 2. SDS-PAGE of (1) native BLG, (2) BLG heated without
sugar and BLG heated in the presence of (3) arabinose, (4) galactose,
(5) glucose, (6) lactose, (7) thamnose and (8) ribose. M: molecular
mass markers containing o-lactalbumin (14.4 kDa), trypsin inhibitor
(20.1 kDa), carbonic anhydrase (30 kDa), ovalbumin (43 kDa), bovine
serum albumin (67 kDa) and phosphorylase b (94 kDa).

sugar, the monomeric form was still observed together with
other bands corresponding to the dimeric, trimeric and tetra-
meric forms. At the same time, protein with higher molecular
mass resulting from polymerization was retained in the stack-
ing gel. Such a polymerization of BLG upon heating is well-
known and occurs by disulfide exchange due to the presence
of the free cysteine 121 [44].

When BLG was heated in the presence of sugars, several
bands corresponding to molecular masses of about 18, 36,
67 kDa and higher were observed. However, these bands
became less and less perceptible with the increase of the glyca-
tion degree, showing an apparently enhanced heterogeneity of
the molecular masses of glycated samples. A smaller amount
of glycated BLG was retained in the stacking gel when com-
pared with the protein heated in the absence of sugar. During
glycation, numerous polymers were obtained showing different
electrophoretic patterns when compared with the heated con-
trol [45]. In a previous study it was shown that all the polymers
formed during glycation were not stabilized by disulfide bonds
only, but also by covalent linkages involving sugar cross-links
[42].

3.3 Conformation state of glycated BLG

3.3.1 Characterization by peptic susceptibility

Native BLG resists peptic hydrolysis because of its stable
conformation and because most of the peptic cleavage sites are
concealed inside the B-barrel [21]. Consequently, changes in
susceptibility of BLG to peptic attack can result from changes
in its three-dimensional structure. Previous studies demon-
strated that upon heating [19], in hydroethanolic media [20] or
after its esterification [25], the conformation of BLG was mod-
ified allowing its pepsinolysis. In order to observe if structural
changes occurred during glycation of BLG, kinetics of peptic
hydrolysis were performed with native, heated and glycated
samples. Bovine serum albumin (BSA) was used as a control.
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Figure 3. Time course of peptic hydrolysis of (e) native BLG,
(w) heated BLG, (m and dashed line) BSA and BLG heated in the pre-
sence of (A) arabinose, (V) galactose, (o) glucose, (o) lactose,
(A) rhamnose and (V) ribose.

After 150 min hydrolysis, only 10% of native BLG was
hydrolyzed showing a high resistance of the protein to this pro-
tease (Fig. 3). When BLG was preheated for 72 h at 60°C
(heated control), about 15% of the protein was hydrolyzed dur-
ing the first 30 min, then a plateau was reached. Consequently,
only 5% of protein were denatured during preheating when
compared to the native sample. In case of all glycated samples,
pepsin hydrolysis progressed rapidly in the first 30 min. After
glycation of BLG with lactose or rhamnose, 62% of protein
were still unhydrolyzed after 150 min incubation. About 43% of
BLG glycated with galactose or glucose and about 35% of BLG
glycated with arabinose or ribose were still unhydrolyzed after
150 min incubation. From the results of peptic lysis as a method
to follow the denaturation of glycated proteins, it can be con-
cluded that BLG aliquots modified with lactose and rhamnose
were the less denatured (38% of hydrolysis), aliquots modified
with glucose and galactose were moderately denatured (57% of
hydrolysis) and those modified with arabinose and ribose were
the most denatured (65% of hydrolysis). Apparently the intensi-
ties of denaturation (corresponding to the percentage of hydro-
lyzed proteins) are directly related to glycation degree, showing
the influence of glycation in destabilization of the native confor-
mation of BLG in an aqueous medium, what agrees well with
the results of Morgan et al. [46, 47].

3.3.2 Characterization of glycation-induced BLG
folding changes by CD

3.3.2.1 Near-Uv CD

The near-UV CD signal is due to the chirality of the envir-
onment of the side chain of aromatic amino acids such as tryp-
tophan, tyrosine and phenylalanine, as well as of disulfide
bonds. A characteristic profile was observed in the case of
native BLG (Fig. 4 A). Two minima observed at about 262 and
269 nm in near-UV CD spectrum are due to phenylalanyl resi-
dues and the two characteristic deep minima observed at 286
and 293 nm involve tryptophanyl residues of proteins [48, 49].
In the case of BLG, these minima are due to Trp" [50]. After
heating BLG at 60°C for 3 days, a decrease of intensity of two
minima at 286 and 293 nm was observed, which agrees well
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Figure 4. Near-UV CD spectra of native BLG (solid line in A and
dashed line in B—H), (B) heated BLG and BLG heated in the presence
of (C) arabinose, (D) galactose, (E) glucose, (F) lactose, (G) rhamnose
and (H) ribose.

with results of Manderson et al. [50]. Such changes in CD
spectra result probably from the changes in the environment of
Trp'. BLG samples modified with galactose (D), glucose (E),
lactose (F) and rhamnose (G) showed similar profiles in the
near-UV region when compared with heated BLG. However,
the intensity of two minima observed at 286 and 293 nm
decreased for each sample with some slight differences in its
extent. CD profile of the less glycated sample modified with
lactose was relatively similar to what was observed with native
protein at 286 nm, but showed a decrease in the intensity of
the minimum at 293 nm. These results correlate well with data
of peptic hydrolysis showing that these samples conserved
their tertiary structure relatively well. However, no significant
differences could be observed, by near-UV spectra analysis,
between samples modified with lactose and rhamnose and
those modified with galactose and glucose. Unfortunately, CD
spectra of BLG modified with arabinose (C) and ribose (H)
were not interpretable because of a total loss of information in
the near-UV region. The profiles obtained could be explained
either by a disappearance of the tertiary structure of the gly-
cated proteins and/or by the presence of chromophores result-
ing from the Maillard reactions, which interfered strongly with
CD spectra of aromatic amino acid moieties.

3.3.2.2 Far-Uv CD

Far-UV CD signal arises from the peptide bonds absorption
and reflects the secondary structure of proteins. According to
the method of Provencher and Glockner [39], native BLG
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Figure 5. Far-UV CD spectra of native BLG (solid line in A and
dashed line in B—H), (B) heated BLG and BLG heated in the presence
of (C) arabinose, (D) galactose, (E) glucose, (F) lactose, (G) rhamnose
and (H) ribose.

(Fig. 5A) presented ~47% of B-sheet region and ~14% of a-
helix region. These results are in agreement with those of Qi et
al. [51] and X-ray crystal structures [5]. Even though a slight
decrease in the intensity of the signal was seen in case of heated
BLG when compared with native protein (Fig. 5B), no global
secondary structure disorganization could be observed, imply-
ing that BLG has retained its secondary and tertiary structures
as it was already shown in the case of tertiary structure, in the
near-UV region (Fig. 4B). The minimum observed at about
216 nm with native and heated BLG in the case of glycated
samples, shifted towards lower wavelengths with a more
marked minimum at about 207 nm, especially in the case of
BLG glycated with arabinose (Fig. 5C), galactose (Fig. 5D),
glucose (Fig. 5E), and ribose (Fig. 5H). In contrast, BLG mod-
ified with lactose (Fig. 5F) and rhamnose (Fig. 5G) showed
quite similar profile in the far-UV region when compared with
native BLG. Spectrum of BLG glycated with ribose was the
most modified when compared with native and heated BLG
spectra, demonstrating an important modification of its second-
ary structure. No secondary structure calculation could be done
from the spectra of glycated samples because of the presence of
chromophores resulting from the Maillard reactions.

3.3.3 Characterization of glycation-induced BLG
folding changes by calorimetry

Characteristic transition with T;, at 78.8 and 81.4°C, respec-
tively, was obtained in the case of native and heated BLG.
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Figure 6. Thermograms of denaturation of native, heated and gly-
cated BLG.

Consequently, 72 h heating of BLG at 60°C induced only
minor conformational changes, with an increase by 2.6°C of
the temperature of denaturation. Polymerization and associa-
tion of BLG monomers during heating could be at the origin of
this small shift of the temperature of denaturation. When BLG
was heated in the presence of sugars, very different data were
obtained. Thermograms of BLG glycated with lactose, rham-
nose, glucose or galactose showed a maximum value of T, at
87.5, 89.6, 90.4 and 88.5°C, respectively. All the obtained
thermograms were very broad proving the heterogeneity of the
samples and heterogeneity of protein conformations. The shift
of about 10 °C of the temperature of denaturation of these gly-
cated proteins indicated a protective effect of glycation on the
thermal denaturation of BLG when compared with what was
obtained in the case of native BLG. No transition could be
observed on thermograms of BLG modified with ribose or ara-
binose, demonstrating the extensive denaturation of these sam-
ples (Fig. 6).

4 Concluding remarks

Heating of BLG for 3 days at 60°C did not induce major
conformational changes, as observed by peptic hydrolysis,
since only an additional 5% of the protein was hydrolyzed
when compared with native BLG. Only minor modifications
could be observed studying far- and near-UV CD spectra of
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these proteins. Nevertheless, some changes in aggregation
behavior was observed by SDS-PAGE, showing polymerization
of BLG after heating. When BLG was heated in the presence
of sugars, larger structural modifications were observed
depending on the sugar used. Conformational modification of
BLG was related with the degree of glycation. The higher the
reactivity of the sugar, the more denaturation was observed for
the glycated protein. According to peptic hydrolysis data, near-
and far-UV CD spectra and microcalorimetry analysis, pro-
teins modified with ribose or arabinose (the most reactive
sugars) showed important conformational changes. In contrast,
proteins modified with lactose or rhamnose (the less reactive
sugars) showed quite similar three-dimensional structures
when compared with native BLG. According to previous work
[42] and as shown by SDS-PAGE, glycation of BLG induced
polymerization of protein monomers. Moreover, as observed
by calorimetry analysis, Maillard glycation increased the tem-
perature of denaturation of proteins glycated with galactose,
glucose, lactose or rhamnose. These results correlate well with
those obtained in a previous study of functional properties of
glycated BLG [30], which demonstrated the importance of the
sugar used for the improvement of emulsifying and foaming
properties of the derivatives. Additionally, this work showed
the difficulty to interpret the structural analysis of glycated
samples by spectral methods, especially because of the hetero-
geneity of the Maillard products obtained and because of for-
mation of powerful chromophores during the Maillard reac-
tions.
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Abstract

The improvement of functional properties of proteins available in large quantity using non-toxic chemical modifications is of a
great interest for the food industry. In this study, the Maillard reaction was used to improve the functional properties (solubility,
heat stability, emulsifying and foaming properties) of f-lactoglobulin (BLG) glycated with several sugars (arabinose, galactose,
glucose, lactose, rhamnose or ribose). Protein samples were heated in the presence or absence (heated control) of different sugars for
three days at 60°C. Subsequent glycation induced a modification of the solubility profile shifting minimum solubility towards more
acidic pH. Glycated proteins exhibited a better thermal stability when heated at pH 5 as compared to native or heated control.
Glycation of BLG with arabinose or ribose (the most reactive sugars) improved its emulsifying properties. Foaming properties were
better when BLG was glycated with glucose or galactose (moderately reactive sugars). These results suggest that the nature of the
sugar is an essential factor for improving the functional properties of glycated proteins by processes of Maillard reaction. © 2001

Elsevier Science Ltd. All rights reserved.

Keywords: Glycation; Maillard reactions; f-lactoglobulin; Functional properties

1. Introduction

Whey issued from cheese and casein manufacturing
contains approximately 20% of all milk proteins. It
represents a rich and varied mixture of secreted proteins
with wide-ranging chemical, physical and functional
properties (Smithers, Ballard, Copeland, & de Silva,
1996). Due to their beneficial functional properties,
whey proteins are used as ingredients in many industrial
food products (Cheftel & Lorient, 1982). According to
Kinsella and Whitehead (1989), functional properties of
foods can be explained by the relation of intrinsic
property of proteins (amino acid composition and
disposition, flexibility, net charge, molecular size, con-
formation, hydrophobicity, etc.), and extrinsic factors

A part of this work was presented at the “Milk Protein
Conference”, March 30-April 2 2000, Vinstra, Norway.
*Corresponding author. Tel.: +33-240-67-5085; fax: +33-240-67-
5084.
E-mail address: chobert@nantes.inra.fr (J.-M. Chobert).

(method of preparation and storage, temperature, pH,
modification process, etc.).

Numerous attempts were made to further improve the
functional properties of whey proteins through physical,
chemical and/or enzymatic treatments (Haertlé &
Chobert, 1999). Many studies were carried out with f-
lactoglobulin (BLG), the major whey protein. Focusing
on the improvement of solubility, heat stability, foaming
properties and emulsifying properties, this protein has
been conjugated with ester (Mattarella & Richardson,
1983; Sitohy, Chobert, & Haertlé, 2001), gluconic or
melibionic acids (Kitabatake, Cuq, & Cheftel, 1985),
carbohydrates (Waniska & Kinsella, 1988; Bertrand-
Harb, Charrier, Dalgalarrondo, Chobert, & Haertlé,
1990) and phosphoric acid (Sitohy, Chobert, & Haertlé,
1995; Sitohy, Chobert, Popineau, & Haertlé, 1995).

However, most of these methods utilize toxic chemical
products and are not permitted for potential industrial
applications. Recently, some attempts were made to
improve the functional properties of BLG by the
conjugation of glucose-6-phosphate (Aoki et al., 1997).

0958-6946/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0958-6946(01)00040-1



146 F. Chevalier et al. | International Dairy Journal 11 (2001) 145-152

The Maillard reaction, or non-enzymatic browning,
occurs frequently during industrial processing and in
domestic cooking for the enhancement of colour, aroma
and flavour (O’Brien & Morrissey, 1989; Chuyen, 1998;
Ames, 1998). This reaction was first described by the
French biochemist Louis Maillard at the beginning of
the 20th century (Maillard, 1912). It consists of a
condensation of the reducing sugar with the e-amino
group of lysyl residues of proteins and results in the so-
called Amadori product via the formation of a Schiff’s
base and the Amadori rearrangement (Ledl & Schlei-
cher, 1990; Friedman, 1996). Through this reaction, the
conjugation of the sugar to the protein does not require
chemical catalysis, but just heating in order to accelerate
the spontaneous reaction. Well-controlled Maillard
reaction can thus be a good method for protein
processing in food industry.

The aim of this study was to check how the functional
properties of BLG glycated with several common sugars
evolve. Solubility, heat stability, emulsifying and foam-
ing properties of modified proteins were investigated at
different pHs, temperatures and heating times.

2. Material and methods
2.1. Protein purification

p-Lactoglobulin (BLG), variant A was purified from
fresh milk as described by Mailliart and Ribadeau
Dumas (1988). The purity of BLG (99%) was assessed
by RP-HPLC.

2.2. Reagents

D-Arabinose, D-galactose, D-glucose, D-lactose, D-
rhamnose and D-ribose monohydrates were obtained
from Sigma Chemical Co. (St Louis, MO, USA). All
other reagents were of analytical grade.

2.3. Glycation experiments

BLG (4mgmL~" or 0.217mmol L™") and the differ-
ent sugars (0.217 mol L™") were dissolved in 0.1 mol L™
phosphate buffer, pH 6.5. After filtration on 0.22 um
acetate cellulose filters (Millipore), mixtures of protein
and sugars were put in tightly-capped flasks and heated
in a water bath at 60°C for 72h. All experiments were
performed under strictly anaerobic and sterile condi-
tions, all media were purged and saturated with N».
After heating, the different fractions were dialysed for
36 h at 4°C against distilled water to remove unreacted
sugars, freeze-dried, and stored at —20°C. BLG heated
without sugar (heated control) was named ‘heated
BLG”, and BLG heated in the presence of sugar was
named “‘glycated BLG”.

2.4. Determination of available amino groups

The quantity of available amino groups was deter-
mined by the modified ortho-phthaldialdehyde (OPA)
method (Frister, Meisel, & Schlimme, 1988). The OPA
reagent was prepared daily by mixing 40 mg of OPA
(dissolved in 1 mL of methanol), 50mL of 0.1 mol L™
sodium borate buffer, pH 9.3, 100 mg of N-dimethyl-2-
mercaptoethylammonium chloride (DMMAC), and
1.25mL of 20% (w/w) SDS in water. 50 pL of protein
solution (2gL™" in 50mmolL™" sodium phosphate
buffer, pH 7.8) was added to 1 mL of OPA reagent.
The absorbance was read at 340nm after a minimal
delay of 5min. A calibration curve was obtained by
using 0.25-2mmol L™" L-leucine as a standard.

2.5. Solubility

Native, heated and glycated BLG were diluted in
distilled water (2mgmL~"). The pH of the solution was
then adjusted from 2 to 10 using concentrated HCI or
NaOH. Samples were centrifuged for 15 min (Sigma 201
centrifuge) at 15000g. Protein content in the super-
natant was determined by the bicinchoninic acid (BCA)
method (Pierce) with bovine serum albumin as a
standard. Solubility was expressed as a percentage of
protein content in supernatant to the total protein
content. All experiments were performed at room
temperature (25°C).

2.6. Heat stability

Native, heated and glycated BLG were diluted
2mgmL™"), in 0.1molL~" sodium acetate buffer at
pH 4, 4.5 and 5, and in 0.1 mol L™' sodium phosphate
buffer for pH 7. After solubilization in the appropriate
buffer, samples were heated in a water bath at different
temperatures (25-90°C) for up to 1h. After heating,
samples were cooled for 15min at 4°C and centrifuged
for 15min at 15000 g in order to precipitate aggregates.
UV absorbance (280nm) of the supernatant was
measured to estimate protein concentration, and was
compared with that of the corresponding untreated
sample.

2.7. Emulsifying properties

Native, heated and glycated BLG were diluted
(2mgmL™"), in 0.1mol L' sodium acetate buffer, pH
5, or in 0.1 mol L™! sodium phosphate buffer, pH 7. Oil-
in-water emulsions were prepared with protein solution
and purified sunflower oil with a constant oil volume
fraction of 15%. Emulsion premixes were prepared
using the rotor stator system Polytron PT3000 (Kine-
matica, Littau, Switzerland) equipped with a 12mm
head working at 20 000 rpm for 30s. Homogenisation of
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the coarse emulsions was then achieved with a pressure
valve homogeniser (Stansted Fluid Power, Stansted,
UK). The emulsion (20mL) was allowed to recirculate
in the homogeniser for 90s at a flow rate of
120mLmin~' and at a pressure of 50bar. After
emulsification, 1 mL of the emulsion was diluted in
9mL of 0.1% SDS. The oil droplet size distribution was
estimated by laser light scattering using a Malvern
Mastersizer 3600 (Malvern Instruments, Malvern, UK).
The system was equipped with a lens of 45mm focal
length and the manufacturer presentation code 0503 was
selected to take into account the oil refractive index. The
volume-surface mean diameter of the oil droplets size
distribution (d3; in um) was recorded. All ds; results
represent a mean value of three determinations.

2.8. Foaming properties

Foaming properties were determined by the method
of Hagolle, Relkin, Popineau, and Bertrand (2000).
Native, heated and glycated BLG were diluted
(1mgmL™") in 0.1molL~" sodium phosphate buffer,
pH 7. Determinations were made in a transparent plastic
tube (2cm x 22.5cm) equipped with a pair of vertical
rod electrodes located at the base of the column and
with a metallic porous disk (2um average pore size)
through which air at the pressure of 1 bar and a flow rate
of 15mL min~' was passed and forced through the test
liquid (7} = 8 mL), creating foam. The gas flow was
directed by a driven valve, either to the column or to a
counter pressure device that prevented the solution from
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Fig. 1. Experimental foam curves obtained with the bubbling appa-
ratus (heated BLG sample was used): fiax is the observed maximum
foam volume at the end of bubbling (bubbling stopped when fiax
equals 35mL); fmin the observed foam volume at the end of the
experiment (after 20min); Ly,x the maximum liquid volume in the
foam at the end of bubbling; Ly, the liquid volume in the foam at the
end of the experiment; 7y the time (s) at the end of bubbling;
t]/2 = Lmax/2~

flowing downwards in the absence of bubbling. The
conductivity during the test, volume of foam and air
incorporated were recorded by a computer and a linear
camera (Schmersal OM-1024 with cosmicar 25mm
television lens). All experiments were performed in
triplicate.

Conductivity measurements as a function of time (C;)
and with reference to the conductivity of the buffer test
solution (Cjni) were used to calculate the volume of
liquid drained in the foam (L):

L= Vinit[l - (Cr/Cinit)]-

The different parameters analysed during the experiment
are reported in Fig. 1.

These parameters allowed for the characterization of
the foaming properties of the samples:

Foaming capacity was determined by

® the maximum foam volume (Fpax)
Finax = fmax — (T1 — Liax)s

® the foam density (FD)
FD = (Limax/Fiax)-

Foam stability was determined by

® the half-life of drainage (77)2):
Ty =112 — to,

® the minimum foam volume (Fui,):
Finin = fmin — (Tt — Limin),

® the stability index (.S;):
Si = (Fmin/ Fmax) < 100.

3. Results and discussion
3.1. Determination of the extent of glycation

The quantities of free amino groups were measured
using the OPA modified method. The BLG sequence
contains 16 potential reactive amino-groups including 1
o-NH, and 15 &-NH, on lysyl residues. Modified amino
groups (Table 1) were deduced from OPA results. Only
80.1% of the 16 amino groups of native BLG could be
detected. Since no amino groups were modified on
native BLG, all results are reported relative to 100% of
amino groups of native protein. In the heated control
protein, one amino group was modified. This could be
explained by a structural modification of BLG such as a
polymerization, inducing a masking of a single site of
modification.

On an average, 11.0, 8.8, 6.7, 6.6, 6.5 and 5.5 amino
groups were modified when proteins were heated in the
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Table 1
Determination of the quantity of free primary amino groups (OPA
method)

Samples Amino groups Modified
detected (%) amino groups

Native BLG 80.1 0

Heated BLG 75.1 1.0
BLG-ribose 24.5 11.1
BLG-arabinose 36.0 8.8
BLG-galactose 46.6 6.7
BLG-glucose 47.1 6.6
BLG-rhamnose 47.6 6.5
BLG-lactose 52.6 5.5

presence of ribose, arabinose, galactose, glucose, rham-
nose and lactose, respectively.

As expected, the modification degree was in direct
relation with the sugar size (Prabhakaram & Ortwerth,
1994; Nacka, Chobert, Burova, Léonil, & Haertlé,
1998). The shorter the carbonic chain of the sugar is,
the more open chain forms exist and the more reactive is
the sugar with the amino groups of proteins.

3.2. Effect of pH on solubility

Solubility in water of native, heated and glycated
BLG was measured as a function of pH (Fig. 2). Native
BLG was soluble in the whole pH range studied
(Fig. 2A). After heating, a 50% decrease of solubility
was observed in the pH range 4.0-5.5 with a minimum
observed at pH 5, which is near the pl of the protein
(Fig. 2A).

After heating BLG in the presence of arabinose or
ribose, the resulting glycated derivatives exhibited 35%
solubility at pH 4 (Fig.2B) that is lower than the
solubility obtained with heated BLG and BLG glycated
with the other sugars. Major conformational modifica-
tion induced by the glycation could explain such a
decrease. However, due to the shift of their isoelectric
point, these derivatives showed an increased solubility at
pH 5 as compared with heated BLG.

In case of proteins modified with galactose, glucose,
lactose or rhamnose, 75% solubility was observed at pH
4.5 (Fig. 2C), showing a protective effect of glycation by
these sugars against the decrease of solubility due to
heating.

3.3. Effect of temperature of heating on solubility

Native, heated and glycated BLG were heated at
different temperatures (from 25°C to 90°C) and at two
pH (5 and 7) (Fig. 3).

All the samples were almost 100% soluble after 1 h
heating at pH 7 regardless of the temperature of the
reaction. When the samples were heated at pH 5,
differences between native, heated and glycated BLG
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Fig. 2. Solubility of native, heated and glycated BLG as a function of
pH. The protein concentration was 2mgmL~": (A) native (M) and
heated (@) BLG; (B) BLG glycated with arabinose (A) and ribose (V);
(C) BLG glycated with galactose (H), glucose (O), lactose (A) and
rhamnose (V).

were observed. Native BLG was about 98% soluble at
this pH even after heating up to 60°C. Upon heating
from 60°C to 90°C, a constant decrease in solubility
from 90% to 5% was observed. The effect of heating on
BLG is well known, the protein showing an irreversible
denaturation up to 70°C (De Wit & Klarenbeck, 1984;
Tametti, de Gregori, Vecchio, & Bonomi, 1996). The
heating of BLG near its pl favours protein aggregation
as compared with what was observed at pH 7. The same
phenomenon was observed in case of heated BLG which
exhibited a constant decrease in solubility for tempera-
tures up to 60°C, with an initial decrease in solubility of
60%, as compared with native BLG, corresponding to
the pre-heating of the protein. Proteins glycated with
galactose, glucose, lactose or rhamnose (Fig.3C)
showed a relatively identical solubility profile as a
function of temperature of heating with a constant
decrease in solubility from about 80% (50°C) to about
40-50% (90°C) demonstrating a relatively high thermal
stability as compared to the native protein and heated
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Fig. 3. Heat stability at pH 5 (——) and at pH 7 (------ ) of native,

heated and glycated BLG as a function of temperature. The protein
concentration was 2mgmL~": (A) native (M) and heated (@) BLG;
(B) BLG glycated with arabinose (A) and ribose (V); (C) BLG
glycated with galactose (M), glucose (O), lactose (A) and rhamnose
(V).

control. Nevertheless, proteins glycated with lactose
presented a constant decrease of solubility as a function
of the temperature of heating, whereas proteins glycated
with rhamnose, glucose and galactose showed a decrease
of solubility only for a temperature higher to 70°C. The
solubility of proteins modified with ribose or arabinose
(Fig. 3B) was less affected by a heat treatment as after
1 h heating at 90°C, 70% and 99% solubility, respec-
tively, were measured.

The kinetics of precipitation have been studied at
80°C and pH 5 (Fig. 4). A rapid decrease in solubility
from 100% to 45% (native BLG) and from 40% to 25%
(heated control) was obtained in the first 10 min of
heating. At the opposite, a slow decrease in solubility
was observed in case of glycated proteins.

Native BLG and the heated control were highly
sensitive to heating at pH values near the pI of BLG and
near the pH corresponding to the minimum of solubility
of the heated control. In order to understand the role of
pH, proteins modified with arabinose or ribose were also
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Fig. 4. Heat stability of native, heated and glycated BLG at 80°C and
pH 5 as a function of heating time. The protein concentration was
2mgmL~": (A) native (M) and heated (@) BLG; (B) BLG glycated
with arabinose (A) and ribose (V¥); (C) BLG glycated with galactose
(M), glucose (O), lactose (A) and rhamnose (/).

heated at different temperatures at pH 4 (Fig. 5A), and
proteins modified with galactose, glucose, lactose or
rhamnose were heated at different temperatures at pH
4.5 (Fig. 5B). Proteins modified with arabinose or ribose
exhibited a constant solubility from about 35% (25°C)
to about 30% (90°C) suggesting an excellent stability at
this pH. Proteins modified with galactose, glucose,
lactose or rhamnose exhibited a constant solubility
from 77% (25°C) to about 70% (70°C), and a decrease
to about 40% after heating up to 90°C.

At pH 4, the effect of heating on the solubility of the
proteins modified with ribose or arabinose (Fig. SA) was
comparable to that obtained at pH 5 and 7 (Fig. 3B)
with a constant solubility between 25°C and 90°C. The
same conclusion was made between pH 4.5 (Fig. 5B)
and pH 5 (Fig. 3C) for the proteins modified with the
other sugars.

Sugars in solution (0300 g L~ ") are known to protect
proteins from heat denaturation (Jou & Harper, 1996).
In order to ensure that heat treatment did not cleave the
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Fig. 5. Heat stability of glycated BLG as a function of temperature.
The protein concentration was 2mgmL~": (A) BLG glycated with
arabinose () and ribose (@), pH 4; (B) BLG glycated with galactose
(M), glucose (O), lactose (A) and rhamnose (V), pH 4.5.

sugar—protein bonds, the quantities of primary amino
groups of modified BLG were measured before and after
heat treatment (OPA method). No differences could be
observed (results not shown), indicating the absence of
cleavage of sugar—protein bonds in the tested solutions.

3.4. Emulsifying properties

Emulsifying properties of native, heated and glycated
BLG (2mgmL~") measured at pH 5 and 7 in the
presence of 15% sunflower oil were evaluated (Fig. 6) by
measuring the mean diameter of the oil droplet size
distribution (d3).

At pH 7, where all samples are 100% soluble (Fig. 3),
no significant differences were observed between the
emulsifying properties of glycated proteins. For all these
samples, dz, was equal to Ipm. Nevertheless, the
smallest particles were obtained with the ribosylated
BLG. A difference of about 0.4um was measured
between glycated samples and the heated control,
showing a relative improvement of emulsifying proper-
ties after glycation of BLG, which is in agreement with
the results of Aoki et al. (1997). Heating induces
disulfide exchange of native BLG and leads to poly-
merizations (Chevalier, Chobert, Dalgalarrondo, &
Haertlé, 2001). These structural changes could explain
the low d5, value of heated BLG sample as compared
with other samples.

At pH 5, the d;, value of all the samples increased
significantly. Proteins modified with arabinose or ribose
had the smallest particle diameters. For these samples, a

Native BLG %
Hetted BLG  ES— ,
BLG - arabinose
BLG - galactose
BLG - glucose E ’

BLG- lactose ——
BLG-thamnose MSSS——

= pH7
BLG - ribose 5 = pHS5
oo 05 10 15 2D 25 30 35

d; 5 (um)

Fig. 6. Emulsifying properties of native, heated and glycated BLG:
volume-surface mean diameter of the oil droplet size distribution (d3,)
of emulsion realized with 2mgmL~" protein and 15% purified
sunflower oil.

change of pH from 7 to 5 did not have a major influence
on their emulsifying activity. Hydrophobicity changes
and conformational modifications could explain the
improved ability of these samples to adsorb onto the
oil-water interface.

In contrast, in the case of all the other samples
studied, the d5, values were about twice as large as those
obtained when experiments were performed at pH 7. In
the case of heated BLG, this difference could be
explained by a loss of solubility at this pH (Fig. 2A).
Solubility is a determining factor for a protein’s ability
to form an emulsion (Kinsella & Whitehead, 1989).
Despite the fact that native BLG is highly soluble in the
pH range 2-10, its emulsifying activity index is low at
acidic pH and increases with increasing pH (Shimizu,
Saito, & Yamauchi, 1985), suggesting that structural
changes occur in BLG at acidic pH and influence its
emulsifying properties. Such effects close to pH value
near the pl of BLG could be at the origin of the decrease
of emulsion stability (Klemaszewski, Das, & Kinsella,
1992) observed in the d5, values.

Recent studies have shown that lactosylation of BLG
in a dry system did not significantly alter the three-
dimensional structure of the protein. In contrast, in an
aqueous system, an important structural change was
observed at the protein—protein interface (Morgan,
Léonil, Moll¢, & Bouhallab, 1999a; Morgan et al.,
1999b,c). This suggests that protein modified with
galactose, glucose, lactose or rhamnose could present
structural changes as compared with the native protein.
Polymerization observed with glycated BLG (Bouhal-
lab, Morgan, Henry, Mollé, & Léonil, 1999; Chevalier,
Chobert, Dalgalarrondo, & Haertlé, 2001) could be
involved in these changes.

Proteins modified with galactose, glucose, lactose or
rhamnose were the less glycated samples. Consequently,
they may have conserved a globular three-dimensional
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Table 2
Foaming properties of native, heated and glycated BLG
Samples Linax (mL) Lnin (mL) Frnax (mL) T1/2 (S) Finin (mL) Si (%) FD ( X 1072)
BLG 3.01 £0.21 0.73 + 0.07 30.4 + 0.06 100 + 4 21.8 +2.47 71.7 + 0.41 10.0 £+ 0.05
Heated BLG 490 +0.13 1.28 +0.12 32.3+£0.04 346 + 14 27.6 +0.68 85.5+0.17 15.0 +£0.09
BLG-arabinose 4.25+0.10 0.93 +0.09 31.7 £ 0.15 270 + 15 119+ 1.19 37.5 £ 0.79 13.4 +0.17
BLG-galactose 4.56 + 0.01 1.38 +0.05 32.1 +£0.14 413 + 29 27.4 +0.76 85.5 +0.54 14.2 +0.07
BLG-glucose 4.40 +0.13 1.35+0.13 31.8 £ 0.10 413 +40 26.9 +0.18 84.7 +1.25 13.8 £ 0.13
BLG-lactose 3.99 +0.05 0.98 + 0.06 31.4 +£0.03 297 + 6 21.8 £3.13 69.4 +0.10 12.7 £ 0.12
BLG-rhamnose 4.33 +0.07 1.23 +0.14 31.8 +£0.07 387 + 34 23.6 +2.83 74.3 + 0.40 13.6 + 0.10
BLG-ribose 438 +£0.16 1.12 £ 0.15 31.8 £ 0.10 313 £35 12.0 + 1.81 37.8 + 1.81 13.8 £ 0.11
structure close to the conformation of the native  Liquid volume Foam volume (L)
protein, accounting for the increase in ds, at pH 5. n mcf_‘_’ff (mL) —
8 40
3.5. Foaming properties 7] L 35
6 4

Native, heated and glycated BLG were able to 5 | 30
produce foam by bubbling, as measured by determining :
their foam capacity (Fpax), which was the same for all 1 . 2
the samples studied (Table 2). The foam volume at the 3 1 50
end of the experiment (Fy;,) measuring the foam 5 e,
stability showed differences between proteins glycated N R i S T
with arabinose or ribose (F,i, ~ 12mL), native BLG
and BLG glycated with lactose or rhamnose 0 ' ' ' ' ‘ ; 10

0 200 400 600 800 1000 1200 1400

(Fimin ~ 22mL), and heated BLG and BLG glycated
with glucose or galactose (Fiin ~ 27mL). The foams
obtained with highly glycated proteins (modified with
arabinose or ribose) were not stable, while less glycated
proteins (modified with lactose or rhamnose) exhibited
the same foam stability as compared with the native
protein. However, a modification with glucose or
galactose improved the foam stability in the same way
as the heated protein samples. The stability index (S;)
followed the same behaviour (as Fp,x was constant for
all the samples, S; was only dependent on F,;,). Half-life
of drainage (7)) measurement showed that native
protein presented the lowest value. Although proteins
modified with arabinose or ribose had a small foam
volume value at the end of the experiment
(Famin ~ 12mL), a three-fold longer half-life of drainage
value was obtained as compared with the native protein
(T2 tibose ~ 310s; Ty, native BLG ~1005), showing an
improvement of the liquid retention by the sugar. It was
interesting to observe the differences between the
experimental curves (foam volume and liquid in the
foam as a function of time) of foams obtained with BLG
modified with either glucose or ribose glycated at
different degrees (Fig. 7). The foam broke easily in the
case of ribosylated BLG, whereas good foam stability
was observed in the case of glucosylated BLG. On the
other hand, small differences were observed in the case
of liquid drainage, suggesting that the negative effect on

Time (seconds)

Fig. 7. Foam curves of BLG modified with glucose () and ribose
(@) representing the liquid volume in the foam (---) and the foam
volume (—).

foam stability introduced by a high modification of the
protein was offset by liquid retention.

Foam density which is highly dependent on the liquid
staying in the foam at the end of the experiment (L)
was higher for the foam produced with heated or
glycated proteins (FD ~ 14) than for that obtained with
native protein (FD ~ 10). In conclusion, a moderate
degree of glycation (obtained with glucose or galactose)
appears to be the best condition for obtaining foam with
better stabilities and low drainages.
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Scavenging of Free Radicals, Antimicrobial, and Cytotoxic Activities
of the Maillard Reaction Products of -Lactoglobulin Glycated with

Several Sugars
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The Maillard reaction occurs during many industrial and domestic thermal treatments of foods. It
is widely used because of its role in creating colors, flavors, textures, and other functional properties
in foodstuffs. Proteins glycated without the use of conventional chemical reagents have improved
technofunctional properties such as heat stability, emulsifying, and foaming properties. The present
study was carried out to determine the extent to which this reaction can convey antioxidant,
antimicrobial, or cytotoxic activities to p-lactoglobulin (BLG) and to its tryptic and peptic
hydrolysates. BLG was modified with six different sugars in solution at 60 °C. Antiradical properties
were estimated using a radical scavenging activity test. Antimicrobial activities against different
bacterial strains were studied with a diffusion disk method. Cytotoxic tests were performed using
two cell lines and the 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) rapid
colorimetric assay. Glycation induced a radical scavenging activity to BLG, the intensity of which
depended on the sugar used for modification. Proteins modified with ribose and arabinose showed
the highest radical scavenging activities depicted by about 80 and 60% of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) absorption decrease at 515 nm. No antimicrobial effect of any glycated form
of BLG against Escherichia coli, Bacillus subtilis, Listeria innocua, and Streptococcus mutans was
observed. The MTT test showed no enhancement of cytotoxicity by modified proteins and peptides
against COS-7 and HL-60 cells. Thus, glycated proteins could be used in formulated food as functional
ingredients with a radical scavenging activity able to delay deterioration due to oxidation. This use
could be even more advisable considering the lack of toxicity to eukaryotic and prokaryotic cell

cultures demonstrated in this work.

Keywords: Free radical scavenger; antimicrobial; cytotoxicity; glycation; S-lactoglobulin

INTRODUCTION

The protein fraction of milk is known to contain many
valuable components and biologically active substances,
which confer special properties for the support of infant
development and growth (1). Many milk-borne bio-
activities are latent, requiring proteolytic release of
bioactive peptides from inactive native proteins (2). Milk
protein-derived bioactive peptides include a variety of
substances that are potential modulators of various
regulatory processes and reveal multifunctional bio-
activities (3). Opioid agonist (4), opioid antagonist (5),
inhibitor of angiotensin converting enzyme (ACE) (6, 7),
immunomodulator (8), antimicrobial (9, 10), and anti-
thrombotic (11) activities have been largely described
(12).

pB-Lactoglobulin (BLG) is known to contain an ACE-
inhibitory sequence (13), but its biological function in
milk is still not well-known (14).

Because many attempts are made to control food
storage and to preserve food from oxidation and micro-
organism contamination, it is interesting to subject
protein to oxidoreductive modification to see whether
new biological properties could be induced. The Maillard

* Corresponding author [telephone 33 (0) 2 40 67 50 85; fax
33 (0) 2 40 67 50 84; e-mail chobert@nantes.inra.fr].
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reaction is one of the major reactions modifying proteins
in food and in nature. The examination of how it can
influence biological properties of derived proteins and
peptides is of particular interest. This reaction, also
called nonenzymatic browning or glycation, was first
described by the French biochemist Louis Maillard at
the beginning of the 20th century (15). It corresponds
to a spontaneous reaction between amino groups and
reducing compounds. In food, it consists of a condensa-
tion of the reducing sugars with essentially the e-amino
group of lysyl residues of proteins (16). The Maillard
reaction occurs frequently during industrial processing,
during prolonged storage, and in domestic cooking (17),
enhancing color, aroma, and flavor. The consequences
of this reaction on the biological properties of the
modified products have been largely studied on model
systems, which consist of heating a single amino acid
with a reducing sugar. The Maillard reaction induced
(i) antioxidative activity of glucose—glycine (18), xylose—
lysine (19), and xylose—arginine reacting systems (20);
(if) antimicrobial activity of xylose—arginine and glucose—
histidine systems (21—23) and of glucose—glycine sys-
tem (24); (iii) cytotoxic activity of glucose—lysine and
fructose—lysine systems (25); and (iv) clastogenic activ-
ity of ribose—lysine (26) and glucose—Ilysine systems
(27). Proteins modified by the Maillard reaction can also
present some of these properties. For example, lysozyme
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modified with dextran by glycation developed a signifi-
cant antimicrobial activity against both Gram-negative
and Gram-positive bacteria (28); glycation of casein with
glucose or lactose resulted in an enhancement of anti-
oxidant activity when compared with native casein (29).

Recent work (30) has shown that functional proper-
ties, such as thermal stability and emulsifying and
foaming properties, of BLG modified by the Maillard
reaction are improved, depending on the sugar used
during modification. Glycated BLG used as a food
ingredient for its functional properties may also de-
crease the oxidative reactions and/or can influence
cellular and microorganism growth.

The aim of this study was to determine how glycation
of BLG could induce new biological properties when
compared with native protein. Whole glycated BLG and
its peptic and tryptic hydrolysates were tested for their
free radical scavenging, antimicrobial, and cytotoxic
properties.

MATERIALS AND METHODS

Protein Purification. g-Lactoglobulin (variant A) was
purified according to the procedure of Mailliart and Ribadeau
Dumas (31). The purity of BLG (99%) was assessed by RP-
HPLC.

Reagents. p-Arabinose, p-galactose, p-glucose, p-lactose,
p-rhamnose, p-ribose monohydrates, bovine trypsin TPCK-
treated, porcine pepsin, 3-(4,5-dimethylthiazoyl-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and bovine serum albu-
min (BSA) were obtained from Sigma Chemical Co. (St. Louis,
MO). Escherichia coli HB-101 was from the collection of the
Institute of Microbiology, Bulgarian Academy of Science (Sofia,
Bulgaria), Bacillus subtilis ATCC 6633 was from the American
Type Culture Collection (Rockville, MD), Listeria innocua F
was from the collection of the Ecole Nationale d’Ingénieur des
Techniques des Industries Agricoles et Alimentaires (Nantes,
France), and Streptococcus mutans CIP 103220 T was from
the collection of the Institut Pasteur (Paris, France). All other
reagents were of analytical grade.

Achievement of Modified Proteins. BLG (0.217 mM) and
the different sugars (0.217 M) were dissolved in 0.1 M
phosphate buffer, pH 6.5. After filtration on an acetate
cellulose membrane filter (0.22 um diameter, Millipore),
mixtures of protein and sugar were put in well-capped flasks
and heated in a water bath at 60 °C for 72 h. This mild heat
treatment was chosen to limit autoaggregation of BLG. All
experiments were performed under strictly anaerobic and
sterile conditions; all media were purged and saturated with
N.. After heating, the different fractions were dialyzed against
distilled water, freeze-dried, and stored at —20 °C. BLG heated
without sugar (heated control) was named “heated BLG”, and
BLG heated in the presence of sugar was named “glycated
BLG” or “BLG-sugar”.

The quantities of free amino groups were measured using
the OPA modified method (see next section). The BLG se-
guence contains 16 potential reactive amino groups including
1 a-NH; and 15 e-NH; on lysyl residues. Modified amino
groups were deduced from OPA results. According to previous
work (30, 32), on average, 11.0, 8.8, 6.7, 6.6, 6.5, and 5.5 amino
groups were modified when proteins were heated in the
presence of ribose, arabinose, galactose, glucose, rhamnose,
and lactose, respectively.

Determination of Available Amino Groups. The quan-
tity of available amino groups was determined according to
the modified o-phthaldialdehyde (OPA) method (33). The OPA
reagent was prepared daily by mixing 40 mg of OPA, dissolved
in 1 mL of methanol, 50 mL of 0.1 M sodium borate buffer,
pH 9.3, 100 mg of N-dimethyl-2-mercaptoethylammonium
chloride (DMMAC), and 1.25 mL of 20% (w/w) SDS in water.
Fifty microliters of protein solution (2 mg/mL in 50 mM sodium
phosphate buffer, pH 7.8) was added to 1 mL of OPA reagent.
The absorbance was read at 340 nm after a minimal delay of
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5 min. A calibration curve was obtained by using 0.25—2.00
mM L-leucine as a standard.

Hydrolysis of BLG. Native, heated, and glycated BLG (2
mg/mL or 0.11 mM) were dissolved in 0.2 M acetic acid buffer,
pH 2.5, for peptic hydrolysis and in 30 mM ammonium
carbonate buffer, pH 7.9, for tryptic hydrolysis. Protein
samples were dissolved in volatile buffers to allow efficient
lyophilization without dialysis after hydrolysis. Porcine pepsin,
previously solubilized in distilled water (1 mg/mL), was added
to the reaction mixture at an enzyme/substrate (E/S) molar
ratio of 1:100. Bovine trypsin, previously solubilized in 0.01
M HCI (1 mg/mL), was added to the reaction mixture at an
E/S molar ratio of 1:100. The mixtures were incubated at 37
°C for 120 min. The extent of hydrolysis was controlled by RP-
HPLC by measuring the percentage of nonhydrolyzed proteins
before freezing at —20 °C, and then hydrolysates were lyoph-
ilized.

Reversed Phase High-Performance Liquid Chroma-
tography (RP-HPLC). The HPLC equipment consisted of a
Waters 2690 separation module system with an integrated
solvent, a sample management platform, and a photodiode
array detector model 996. The HPLC system was driven with
the Millenium32 program (Waters).

Fifty microliters of hydrolyzed and nonhydrolyzed samples
was separated by RP-HPLC on a Symmetry 300A Cy5 column
(3.9 x 150 mm, Waters) equilibrated in 80% (v/v) solvent A
(trifluoroacetic acid/H,0O, 0.11:99.89, v/v) and 20% solvent B
(acetonitrile/H,O/trifluoroacetic acid, 80:19.91:0.09, v/v/v). Elu-
tion was performed with a linear gradient from 80 to 0%
solvent A for 30 min. The temperature of the column and
solvent was maintained at 30 °C. The flow rate was 0.6 mL/
min. Eluted peaks were detected by UV absorbance (214 nm).
Peak area corresponding to the nonhydrolyzed form of the
protein was integrated. All results were reported to the peak
area of the nonhydrolyzed sample that represents 100%.

Antiradical Activity Tests. Free radical scavenging activ-
ity was measured by using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as stable free radical. Tests solutions of proteins and
peptides were dissolved in bidistilled H,O at different concen-
trations, and 0.1 mL of each sample was mixed with 0.9 mL
of 6 x 107> M DPPH in methanol solution.

Kinetics experiments were performed on a Cary 1 UV—
visible spectrophotometer. Measures were realized every 30 s
during 30 min with a constant concentration of proteins of 5
mg/mL. The decrease in absorbance at 515 nm was recorded.
After ~10 min, a plateau was reached. Reaction was consid-
ered to be complete after 30 min.

End point measurements were realized with different
concentrations of proteins and peptides (varying from 5 t0 0.1
mg/mL). The mixture of proteins or peptides with DPPH was
left standing at 25 °C for 30 min, and then absorbance at 515
nm was measured.

For all experiments, bidistilled water instead of sample
solution was used as control. Gallic acid (60 «M) was used as
positive free radical scavenger control. All experiments were
performed in triplicate.

The free radical scavenging activity (R. S. Act.) of a sample
was defined as follows:

R. S. Act. = [1 — (AbSg;5,,m Sample/Abs;;s,,,, blank)] x 100

Inhibitory concentration 50 (ICsp) and inhibitory concentration
10 (ICyg) correspond to the concentrations of sample necessary
to obtain R. S. Act. values of 50 and 10%, respectively.

Antibacterial Activity Tests. Different bacterial strains
were used for these tests. E. coli and B. subtilis were grown
on plate count agar (Biokar), L. innocua F was grown on
Elliker agar (Biokar), and S. mutans was grown on Columbia
agar (Biokar).

Antibacterial activity was determined according to the disk
diffusion method. Protein and peptide samples were dissolved
in bidistilled water (1 mg/mL), filtered on 0.22 um membranes
(Millipore), and stored at 4 °C. Ampicillin (Oxoid) was used
as a standard.
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Test solutions (10, 25, or 50 uL) were transferred into
separate 6 mm diameter paper disks (Whatman No. 1) and
left to dry at room temperature under laminar flux. Distilled
water was used as a blank.

A preculture of the different strains was realized the day
before the manipulation using brain heart infusion (Biokar).
Ten microliters of saturated overnight culture was mixed with
10 mL of distilled water and applied at the surface of a Petri
dish containing the suitable agar medium. Excess of suspen-
sion was eliminated, and dishes were left to dry under laminar
flux for 5 min. Paper disks containing proteins or peptides were
put at the surface of the inoculated Petri dishes. Finally, Petri
dishes were incubated at 37 °C (for E. coli, S. mutans, and B.
subtilis) or 30 °C (for L. innocua), for 24 or 48 h. Inhibition
zones were observed and measured.

Cytotoxic Activity Tests. Cercopithecus aethiops (monkey,
African green) kidney fibroblast COS-7 cells were grown as a
monolayer in Dulbecco’s Modified Eagle Media (DMEM; Gibco)
supplemented with 10% (v/v) fetal calf serum, penicillin (50
units/mL), and streptomycin (50 ug/mL). Exponentially grow-
ing cultures were maintained in an atmosphere of 5% CO,/
95% relative humidity at 37 °C.

Human promyeloblast cells HL-60 were grown in Roswell
Park Memorial Institute (RPMI; Biomedia) supplemented with
20% (v/v) fetal calf serum, penicillin (50 units/mL), and
streptomycin (50 ug/mL). Exponentially growing cultures were
maintained in an atmosphere of 5% CO,/95% relative humidity
at 37 °C.

Assays were based on the cleavage of the tetrazolium salt
(MTT) into a blue product (formazan) by a mitochondrial
enzyme (succinate dehydrogenase) (34). The conversion takes
place only in living cells, and the amount of formazan produced
is proportional to the number of cells present. The assay is
based on the method of Edmondson et al. (35) with a modifica-
tion in the protocol of solubilization of formazan, as follows:
a solution of 10% (w/v) SDS in 0.01 M HCI was used instead
of a solution of 0.04 M HCI in 2-propanol in order to limit the
use of toxic chemicals.

Single-cell suspensions were obtained by mechanical de-
aggregation of the floating cell line HL-60 and by trypsination
of the monolayer cell line COS-7. Cell lines (50 uL) were
inoculated in 96-well plates at a concentration of 40000 cells/
mL (2000 cells/well). Fifty microliters of protein and peptide
samples at different concentrations in culture medium was
added to each well (columns 4—11). Blanks were realized with
100 uL of culture medium (column 2), and control was obtained
with a mixture of 50 uL of cells (40000 cells/mL) and 50 uL of
culture medium (column 3). All samples and the control were
made in triplicate. After 72 h of incubation at 37 °C, 25 uL of
MTT at 2.5 mg/mL in PBS (phosphate-buffered saline) was
added to each well. After 4 h of incubation at 37 °C with MTT,
100 uL of 10% (w/v) SDS in 0.01 M HCI was added to each
well. After 24 h of incubation at 37 °C, plates were read at
540 nm.

Percentage of cytotoxicity (PC) was calculated as follows:

PC (%) =
[1 — (Absg,gnm test wells)/(Absg,q,m control wells)] x 100

RESULTS AND DISCUSSION

Hydrolysis by Pepsin and Trypsin: Determina-
tion of the Susceptibility to Hydrolysis of Native,
Heated, and Glycated BLG. Protein samples were
hydrolyzed by trypsin and pepsin during 120 min at 37
°C. The quantity of protein left nonhydrolyzed was
determined by RP-HPLC. The peak area corresponding
to nonhydrolyzed protein was calculated and related to
the peak area of the control without addition of enzyme
(Table 1). BSA was used as a positive control of
hydrolysis.

Native BLG and heated BLG were rapidly hydrolyzed
by trypsin. Because glycation sites are located on lysyl
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Table 1. Comparison of Tryptic and Peptic Digestion of
Native, Heated, and Glycated BLG and BSA

residual area of nonhydrolyzed protein (%)

after peptic after tryptic
sample hydrolysis hydrolysis
native BLG 95 7
heated BLG 85 3
BLG—arabinose 39 48
BLG—galactose 40 19
BLG—glucose 42 17
BLG—lactose 74 13
BLG—rhamnose 56 24
BLG—ribose 28 97
BSA 0 0

and arginyl residues, which are also tryptic cleavage
sites, such a modification inhibited tryptic hydrolysis.
As expected, and according to previous work (16, 32),
glycated BLG resisted to tryptic hydrolysis as a function
of its glycation degree. BLG glycated with ribose, which
was the most modified sample (11 sites modified of 16
possible), presented 97% of protein left nonhydrolyzed
after trypsinolysis. Half the amount of BLG modified
with arabinose was still present after trypsinolysis. BLG
modified by other sugars exhibited 13—24% of intact
proteins after tryptic action, showing a relatively high
susceptibility to this protease.

Peptic hydrolysis gave completely different results.
Native BLG is known to resist peptic hydrolysis due to
its particular three-dimensional conformation (36, 37).
Only 5% of native BLG was hydrolyzed by pepsin in the
conditions used. After 72 h of heating at 60 °C, 85% of
BLG was left nonhydrolyzed, confirming a high stability
of BLG structure after heating. Pepsin susceptibility of
BLG depended on its glycation degree (38). The most
hydrolyzed sample was the ribosylated form of BLG,
which showed only 28% of protein left nonhydrolyzed.

DPPH Test: Effect of Maillard Glycation on the
Free Radical Scavenging Activity of BLG. In these
experiments, DPPH in methanol was used as a free
radical. This compound is stable and allows evaluation
of the antiradical activity of samples. In its radical form,
DPPH absorbs at 515 nm, and after its reduction by an
antiradical compound, its absorption disappears (39).
Native, heated, and glycated BLG and their tryptic and
peptic hydrolysates were tested for their free radical
scavenging activities.

Kinetics experiments were realized first to estimate
the time necessary to obtain a relatively stable absor-
bency of DPPH after being in contact with the protein
samples. For all compounds, reaction was very fast in
the first 5 min, and then a plateau was rapidly attained.
After 30 min, reaction was considered to be achieved
and final points were measured.

Radical scavenging activities, ICso and I1Cy, are
reported in Figure 1 and Table 2. ICsp and 1C;g of native
BLG, heated BLG, and BSA could not be calculated
because the highest concentration used (5 mg/mL) was
not sufficient to obtain 10% of radical scavenging
activity. This is the reason in Table 2, “>5 mg/mL” is
indicated for 1Cso and I1Cyp values of these samples.
Radical scavenging activities of nonhydrolyzed native
proteins and their peptic and tryptic hydrolysates were
~7%, showing a weak antiradical activity of proteins
before glycation.

Nonhydrolyzed BLG modified by the Maillard reac-
tion showed a marked antiradical scavenging activity
(Figure 1). Ribosylated BLG showed the highest radical
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Figure 1. Radical scavenging activity (R. S. Act. %) of nonhydrolyzed and peptic and tryptic hydrolysates of native BLG, heated
BLG, BLG glycated with arabinose, galactose, glucose, lactose, rhamnose, or ribose, and BSA. Protein concentration was 5 mg/

mL. All results were derived from triplicates.

Table 2. Inhibitory Concentrations of Native, Heated, and Glycated BLG and of BSA against Free Radical of DPPH

proteins peptic hydrolysates tryptic hydrolysates
sample 1C10 (Mg/mL) I1Cs0 (Mg/mL) 1C10 (Mg/mL) 1Cs0 (Mg/mL) 1C10 (Mg/mL) 1Cs0 (Mg/mL)

native BLG >5 >5 >5 >5 >5 >5
heated BLG >5 >5 >5 >5 >5 >5
BLG—arabinose 0.9 4.0 1.4 >5 1.0 4.8
BLG—galactose 2.0 >5 25 >5 2.4 >5
BLG—glucose 2.1 >5 2.4 >5 2.6 >5
BLG—lactose 4.7 >5 2.8 >5 35 >5
BLG—-rhamnose 1.4 >5 1.7 >5 1.3 >5
BLG—ribose 0.6 2.7 15 >5 0.8 3.8
BSA >5 >5 >5 >5 >5 >5

scavenging activity with ~80% of DPPH absorption
decrease. BLG modified with arabinose had ~60% of
radical scavenging activity. BLG modified with rham-
nose, glucose, galactose, and lactose had about 35, 24,
20, and 10% of radical scavenging activity, respectively.
These results clearly indicate the role of the Maillard
reaction in the free radical scavenging activity of modi-
fied proteins, which is in agreement with Nishino et al.
(40), who showed a radical scavenging activity of milk
products prepared by the Maillard reaction.

The free radical scavenging activity of glycated pro-
teins was not directly related to the glycation degree.
Although the extent of glycation of BLG modified with
rhamnose is about the same as that obtained in the case
of glycation with glucose and galactose (see Achievement
of Modified Proteins), the rhamnosylated BLG sample
exhibited a higher radical scavenging activity than the
other two glycated proteins. Formation of melanoidins
and heterocycles in the advanced stage of the Maillard
reaction (41—43) could explain the ability of glycated
proteins to react with radical compounds (40). Never-
theless, BLG modified with rhamnose exhibited a still
lower radical scavenging activity than BLG modified
with arabinose and ribose, which could be explained by
the higher glycation degree obtained with these BLG
derivatives.

Free radical scavenging activity of glycated BLG
versus the number of moles of reactional primary amino
groups, according to the quantity of proteins used during
the test and the degree of glycation of each sample, has
been measured (Figure 2). This emphasized that activity
was also related to the nature of the sugar used for the
modification. For example, in the case of BLG glycated
with lactose and ribose, the radical scavenging activity
corresponding to 150 nmol of reactional primary amino
groups was about 10 and 46%, respectively. If radical
scavenging activities of samples were related only to
glycation degree, for the same amount of reactional
primary amino groups, the same activity should be
observed, which was not the case in our experiments.
According to Figure 2, the nature of the sugar used is
another factor influencing the radical scavenging activ-
ity of glycated proteins. Such results could be explained,
on the one hand, by a more rapid action of ribose during
heating, inducing a larger quantity of advanced Mail-
lard products (AMP) as compared with lactose and, on
the other hand, by structural and/or chemical differ-
ences between sugars, inducing the formation of diversi-
fied Maillard reaction products.

According to the results obtained with nonhydrolyzed
proteins, modified BLG samples can be ordered from
the weakest to the strongest reactant for radical scav-



Biological Properties of the Maillard Reaction Products of 3-Lactoglobulin

R.S. Act. (%)
100

80 4 BLG-ribose

60 1 BLG-arabinose

40 A
BLG-rhamnose

BLG-galactose
BLG-glucose

BLG-lactose

20 A

0 50 100 150 200 250 300 350
Reactional NH, (nmole)

Figure 2. Radical scavenging activity (R. S. Act. %) of BLG
glycated with arabinose, galactose, glucose, lactose, rhamnose,
or ribose as a function of the number of reactional primary
amino groups of BLG.

enging activity of DPPH as follows: BLG—lactose <
BLG—glucose ~ BLG—galactose < BLG—rhamnose <
BLG—arabinose < BLG—ribose.

The antiradical properties of peptic and tryptic hy-
drolysates of modified BLG were also studied to assess
the influence of hydrolysis on radical scavenging activity
of glycated proteins. All proteins did not reach the same
extent of hydrolysis as shown by the residual area of
nonhydrolyzed proteins (Table 1). Consequently, three
parameters could influence radical scavenging activ-
ity: glycation degree, nature of the sugar (as was
observed for nonhydrolyzed proteins), and hydrolysis
degree.

In the case of tryptic hydrolysis, only 25% of proteins
remained nonhydrolyzed except for BLG modified with
arabinose and ribose. Only minor differences in radical
scavenging activity were observed between whole pro-
teins and their tryptic hydrolysates in the case of BLG
modified with galactose, glucose, and rhamnose (Figure
1). In contrast, the 1Cyo of BLG modified with lactose
decreased by 1.2 mg/mL after tryptic hydrolysis (Table
2), showing a better radical scavenging activity for this
sample. Such a result is difficult to explain because, in
contrast, the I1Cyq of tryptic hydrolysates of BLG modi-
fied with glucose and galactose increased by 0.5 and 0.4
mg/mL, respectively, as compared with nonhydrolyzed
proteins. It could be thought that tryptic hydrolysis of
BLG modified with lactose exposed new antiradical
moieties previously hidden in the core of the globulin
molecule. In comparison, 1C;o and ICso values of BLG
modified with arabinose and ribose increased by about
0.1 and 0.2 mg/mL for 1C;0 and by 0.8 and 1.1 mg/mL
for ICsp. BLG modified with arabinose was nearly 50%
hydrolyzed by trypsin, whereas BLG modified with
ribose was almost not hydrolyzed at all (Table 1). In this
case, such activity changes could be explained by
additional treatments of these samples during hydroly-
sis and lyophilization processes as compared with non-
hydrolyzed samples.

These observations were even more pronounced when
glycated BLG was hydrolyzed with pepsin. In this case,
IC40 of BLG modified by arabinose and ribose increased
by 0.5 and 0.9 mg/mL, respectively, corresponding to a
decrease of about 20 and 45% in radical scavenging
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activity (Figure 1). Other glycated samples did not show
such a decrease. Radical scavenging activity of BLG
modified with rhamnose, galactose, and glucose de-
creased by about 5, 4, and 2%, respectively, only.
Moreover, an 8% increase of this activity was observed
with BLG modified with lactose, representing a decrease
by 1.9 mg/mL of its ICjp.

Nevertheless, even if the radical scavenging activity
generally decreased after tryptic or peptic hydrolysis of
glycated BLG, it was still higher when compared with
that of nonglycated protein.

Antibiotic Activity: Effect of Glycation of BLG
on the Inhibition of Bacterial Growth. Four differ-
ent bacteria strains were used to study the antibiotic
activity of BLG modified by the Maillard reaction and
of its tryptic and peptic hydrolysates. Gram-positive (B.
subtilis and S. mutans) and Gram-negative bacteria (E.
coli and L. innocua) were used to test a variety of
morphologically different bacteria.

All of the experiments performed (results not shown)
showed that no antibiotic activity against these micro-
organisms was present in native, heated, or glycated
BLG and its hydrolysates.

Einarsson (21, 22) and Einarsson et al. (23) observed
an inhibition of bacterial growth by Maillard reaction
products prepared with arginine—glucose, arginine—
xylose, and histidine—glucose model systems. Antimi-
crobial activity has also been observed in the case of
lysozyme modified with dextran by the Maillard reaction
(28). Nonmodified lysozyme inhibits the growth of only
Gram-positive bacteria. Conjugation of dextran to
lysozyme resulted in an extension of its antimicrobial
spectrum to Gram-negative bacteria. Recently, four
bactericidal domains (residues 15—20, 25—40, 78—833,
and 92—100) were isolated after tryptic digestion and
characterized in the bovine BLG (44). In the present
study, native BLG did not show any antimicrobial
activity with the techniques used. Only the appearance
of new antimicrobial activity could be expected. Such
an activity is certainly more difficult to induce by a
nonspecific chemical modification because of the large
spectrum of resistance mechanisms in bacteria.

Cytotoxic Activity: Effect of Glycation of BLG
on the Inhibition of Cellular Growth. COS-7 and
HL-60 cells were used to study the effects of nonhydro-
lyzed BLG and of tryptic and peptic hydrolysates of BLG
modified by the Maillard reaction on cellular growth
inhibition. BSA, together with its peptic and tryptic
hydrolysates, was used as nonactive control.

Native BLG, heated BLG, BSA, and BLG modified
with arabinose, galactose, glucose, lactose, rhamnose,
and ribose were used in concentrations ranging from
100 to 0.1 ug/mL. Because BLG modified with arabinose,
galactose, lactose, or rhamnose gave very similar results
when compared with native or BLG modified with
glucose and in order to ensure the clarity of presenta-
tion, only the results obtained with native BLG (A),
heated BLG (B), BLG glycated by glucose (C) or ribose
(D), and BSA (E) are presented in Figure 3.

About 60% of the growth of COS-7 cells was inhibited
with nonhydrolyzed BLG at the maximum of protein
concentration used (100 ug/mL). The same was observed
with heated BLG and BLG glycated with glucose. BLG
glycated with ribose and BSA exhibited about 40 and
15% inhibition, respectively. A dose—concentration ef-
fect was observed: the smaller the concentration of
proteins, the lower the inhibition of cellular growth. The
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growth inhibition of COS-7 cells was about the same in
the case of peptic and tryptic hydrolysates. Conse-
quently, differences in their inhibiting activity of COS-7
cell growth between native, heated, and glycated BLG
did not seem to exist. However, a significant difference
was observed between BLG samples and BSA. BLG
samples inhibited ~40% more COS-7 cell growth as
compared with BSA. However, this certainly could not
be related to glycation but rather to the protein used.

Inhibition of HL-60 cell growth with BLG samples
was not so efficient as that observed in the case of COS-7
cells. Only 20% of growth inhibition was observed with
nonhydrolyzed and tryptic hydrolysates of BLG samples,
and ~30—35% of growth inhibition was observed with
peptic hydrolysates of BLG samples. Growth inhibition
induced by BSA samples was nearly the same in the
case of HL-60 cells when compared with COS-7 cells.
In the case of tryptic hydrolysates of BLG samples and
BSA, quite similar growth inhibitions were observed,
showing the very low activity of tryptic hydrolysates of
BLG samples. BLG and its peptic hydrolysates showed
higher activity when compared with BSA samples.

Chevalier et al.
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Figure 3. Inhibition of growth of COS-7 and HL-60 cells as a function of protein concentration. Nonhydrolyzed and peptic and

tryptic hydrolysates of native BLG (A), heated BLG (B), BLG glycated with glucose (C) or ribose (D), and BSA (E) were studied.
All results were derived from triplicates.

COS-7 cell growth inhibition might reasonably be
related to the cell adhesion because nonadherent HL-
60 cells were less inhibited than COS-7 cells. No specific
mechanism can be involved in growth inhibition because
of too high concentrations used during the experiment.
Only a nonspecific inhibition, due to an excess of
proteins or peptides, is likely at the origin of such a low
inhibition. However, a question can be raised: why was
such an activity present only in the case of BLG samples
and not in the case of BSA samples? Physicochemical
characteristics of BLG such as its amphiphilic properties
or its isoelectric point might be involved in the higher
activity of BLG as compared to BSA. Meanwhile, no
inhibitory activity was induced by glycation whatever.
All activities observed were nearly identical in the cases
of native, heated, and glycated BLG.

Maillard reactions are known to produce mutagenic,
DNA-damaging, and cytotoxic substances especially
during food processing and cooking (45). This certainly
concerns AMP, the so-called advanced Maillard prod-
ucts. Heterocyclic amines are the most potent mutagens
known to be formed during the heat processing of food
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(41). Such compounds should not be formed (at least in
detectable quantity) under the conditions used in the
present study because of the mild heat treatment
applied (72 h at 60 °C). Consequently, in the case of
earlier studied products, some innocuousness can be
expected.

ABBREVIATIONS USED

ACE, angiotensin converting enzyme; BLG, f-lacto-
globulin; DMEM, Dulbecco’'s Modified Eagle Media;
DPPH, 2,2-diphenyl-1-picrylhydrazyl; MTT, 3-(4,5-di-
methylthiazoyl-2-yl) 2,5-diphenyltetrazolium bromide;
OPA, orthophthalaldehyde; PBS, phosphate-buffered
saline; RPMI, Roswell Park Memorial Institute.
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1.2 - Post-Doctorat 1 : Carence en phosphate chez des écotypes d’Arabidopsis thaliana

1.2.1 - Architecture racinaire en réponse a la carence en phosphate

La premiere étape de ce travail consistait a sélectionner des écotypes de la plante modeéle
Arabidopsis thaliana ayant une réponse caractéristique a la carence en phosphate (phosphore
inorganique, ou Pi) au niveau de leur architecture racinaire. La plasticité de développement constitue
un composant principal des réponses adaptatives des plantes a la disponibilité des nutriments. Dans
ce travail, nous avons étudié la variation naturelle existant chez Arabidopsis pour les réponses de
croissance a la disponibilité de phosphate. A cette fin, nous avons comparé les effets de la carence en
phosphate pour quatre écotypes communs d’Arabidopsis thaliana. Un ensemble de dix paramétres de
croissance, au niveau de la partie aérienne et du systéme de racine, a été mesuré. La longueur de la
racine primaire et le nombre de parties latérales se sont avérés étre conjointement réduits lors de la
carence en phosphate chez les quatre accessions.

Ces deux parameétres ont été choisis pour examiner un ensemble de 73 accessions provenant de
différents habitats. En condition de carence en phosphate, la moitié des accessions a montré une
réduction de la longueur de la racine primaire et du nombre de racines latérales, 25 % n'étaient pas
sensibles a la disponibilité de phosphate. Pour 25 % des accessions étudiées, la carence en
phosphate n'a affecté qu'un des deux parametres de croissance sélectionnés, indiquant I'occurrence

de différentes stratégies adaptatives.

1.2.2 - Analyse protéomique de la variabilité naturelle

Le premier objectif de ce travail était d'évaluer la capacité des analyses classiques de protéomique
comme outil moléculaire de caractérisation de la biodiversité chez Arabidopsis thaliana. Pour cela, huit
écotypes ont été choisis, provenant d’habitats différents et ayant des réponses contrastées a la
carence en phosphate. Les protéines solubles, extraites des racines, ont été séparées par
électrophorése bidimensionnelle. Nous avons utilisé des strips de 18 centimeétres (pH 4 - 7) pour la
séparation en premiere dimension et une deuxiéme dimension couvrant une gamme de poids
moléculaires allant de 15 a 150 kDa. Afin d'obtenir une information aussi quantitative que possible,
des gels ont été colorés avec le bleu de Coomassie colloidal. La comparaison des cartes
bidimensionnelles a montré que seulement un quart des spots était commun a tous les écotypes. En
outre, l'identification des spots principaux de chaque écotype a montré de grandes différences entre
les fonctions principales de ces protéines. Une classification hiérarchique des protéomes de chaque
écotype a alors été réalisée en fonction de la quantité des spots anonymes. La classification effectuée
avec I'ensemble des spots a regroupé les mémes écotypes que celle effectuée avec seulement les 25
spots majoritaires, ainsi que celle effectuée avec les fonctions de ces spots majoritaires. Cette étude a
suggéré que la comparaison de protéomes aurait la capacité de démontrer des différences de statut
physiologique entre écotypes. La protéomique classique pourrait ainsi constituer un outil puissant pour

révéler la biodiversité entre les écotypes d'une méme espece.
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1.2.3 - Analyse protéomique de la réponse a la carence en phosphate

Comme le phosphate présente une faible disponibilité dans le sol, pour I'acquérir, les plantes ont
développé de nombreuses capacités d'adaptation tant morphologiques que physiologiques.
L'identification et la caractérisation des génes clés impliqués dans les mécanismes d'adaptation a la
carence en Pi pourraient fournir des indices sur les étapes initiales de la signalisation du Pi.

Une approche par électrophorése sur gel en deux dimensions a été réalisée afin d’'analyser la réponse
protéomique a la carence en phosphate chez Arabidopsis. Deux écotypes ont été sélectionnés grace
a la réponse contrastée de leur systéme racinaire en condition limitante en phosphate.

Aprés séparation et analyse des protéomes, sur les 30 spots modulés par une carence en phosphate,
14 sont augmentés et 10 diminués avec I'écotype Be-0, alors que seulement 13 spots ont été
observés comme régulés a la baisse pour écotype LI-0. De plus, des réponses systématiques et
opposées a la carence en phosphate ont été observées entre les deux écotypes.

Les 30 protéines exprimées de maniére différentielle ont été identifiées par spectrométrie de masse.
Ces protéines sont impliquées pour la plupart dans le stress oxydatif ou le métabolisme des glucides
et des protéines.

Ces résultats suggérent que la modulation de deux enzymes, l'alcool déshydrogénase et I'aconitate
hydratase, peut contribuer a la stratégie d'adaptation opposée des écotypes Be-0 et LI-0.

L'analyse approfondie de I'aconitate hydratase a montré une réponse inverse entre les deux écotypes.
Cette protéine, aussi potentiellement impliquée dans 'homéostasie du fer, pourrait contribuer, au
moins indirectement, a l'architecture particuliere des racines de ces écotypes en réponse a la carence

en phosphate.
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Chevalier F., Pata M., Nacry P., Doumas P., Rossignol M. (2003)
Effects of phosphate availability on the root system architecture : large-scale analysis of the natural
variation between Arabidopsis accessions.
Plant Cell & Environment 26, 1839-1850.

Chevalier F., Martin O., Rofidal V., Devauchelle A.-D., Rossignol M. (2004)
Proteomic investigation of natural variation between Arabidopsis ecotypes.
Proteomics 4, 1372-1381.

Chevalier F. and Rossignol M.
Proteomic analysis of Arabidopsis thaliana ecotypes with contrasted root architecture in response to
phosphate deficiency (2011)
Journal of Plant Physiology 168(16), 1885-1890.

HDR Frangois Chevalier Page 40



Plant, Cell and Environment (2003) 26, 1839—-1850

Effects of phosphate availability on the root system
architecture: large-scale analysis of the natural variation
between Arabidopsis accessions
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ABSTRACT

Developmental plasticity is one main adaptative response
of plants to the availability of nutrients. In the present
study, the naturally occurring variation existing in Arabi-
dopsis for the growth responses to phosphate availability
was investigated. Initially details of the effects of phosphate
starvation for the four currently used accessions Cvi, Col,
Ler and Ws were compared. A set of 10 growth parameters,
concerning the aerial part and the root system, was mea-
sured in both single-point and time-course experiments.
The length of the primary root and the number of laterals
were found to be consistently reduced by phosphate star-
vation in all four accessions. These two robust parameters
were selected to further screen a set of 73 accessions orig-
inating from a wide range of habitats. One-half of the acces-
sions showed also a reduced primary root and less lateral
roots when phosphate-starved, and 25% were not respon-
sive to phosphate availability. For the last quarter of acces-
sions, phosphate starvation was found to affect only one of
the two growth parameters, indicating the occurrence of
different adaptative strategies. These accessions appear to
offer new tools to investigate the molecular basis of the
corresponding growth responses to phosphate availability.

Key-words: Arabidopsis; accessions; natural variation;
phosphate availability; root system architecture.

INTRODUCTION

Re-orientation of growth constitutes one of the main
adaptative responses of plants to changes in nutrient avail-
ability. For numerous plant species, this leads to an
increased growth of roots relative to the aerial part. As a
general consequence, large alterations of the root system
architecture are observed (Drew 1975), although different
kinds of modifications occur depending on the nature of the
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limiting nutrient and on the plant species. Changes
reported in Arabidopsis concern, for instance, the growth
of the primary root in phosphate-starved plants (William-
son et al.2001), the growth of lateral roots in nitrate-, phos-
phate- or iron-starved plants (Moog et al. 1995; Zhang &
Forde 1998; Williamson et al. 2001), the density of lateral
roots in phosphate- or iron-starved plants (Moog et al.
1995; Williamson et al. 2001), or the formation of root hairs
in phosphate- or iron-starved plants (Bate & Lynch 1996;
Schmidt & Schikora 2001), whereas phosphate starvation
promotes the formation of proteoid roots in Lupinus albus
(Johnson, Carroll & Allan 1996), or affects the growth
angle of roots in Phaseolus vulgaris (Bonser, Lynch &
Snapp 1996) while simultaneously altering the growth and
density of lateral roots (Borch ez al. 1999).

Up to now, the search for the genes controlling such
growth responses to nutrient availability was based mainly
on genetic studies of mutants. In Arabidopsis, an impor-
tant success was the discovery of the MADS box transcrip-
tion factor ANRI, involved in the adaptative increase in
lateral root elongation in nitrate-rich regions (Zhang &
Forde 1998). Selective involvement of hormones in the
growth responses to nitrate, phosphate and iron availabil-
ity was also demonstrated from the behaviour of mutants
affected in their sensitivity to specific hormones (Schmidt
& Schikora 2001; Williamson et al. 2001; Linkohr et al.
2002; Lopez-Bucio et al. 2002; Al-Ghazi et al. 2003). On
another hand, relatively little attention was paid to the
variation occurring naturally among accessions as an alter-
native way to search for genes having large effects in
growth responses (Alonso-Blanco & Koornneef 2000). A
notable exception in Arabidopsis concerns the character-
ization of phosphate acquisition efficiency, a parameter
which includes, among others, growth responses to phos-
phate availability (Narang, Bruene & Altmann 2000;
Narang & Altmann 2001). In these studies quite large vari-
ations were observed between accessions. However, due to
the limited number of accessions that were characterized,
it was not possible to decide whether these variations cor-
responded to more or less pronounced responses among
accessions, or revealed the occurrence of different adapta-
tive strategies.

The present study was aimed at investigating the extent
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of the biodiversity of growth responses to phosphate star-
vation in Arabidopsis, with the goal of identifying acces-
sions showing contrasted responses and, eventually,
different growth adaptative strategies. For this purpose, the
behaviour of four accessions that are widely used in genetic
studies was first characterized in details. Two of the growth
parameters displaying the more robust responses to phos-
phate starvation were further selected, and measured
among a set of 73 accessions originating from a wide range
of habitats.

MATERIALS AND METHODS
Plant material

Arabidopsis thaliana accessions (Table 1) were progenies
from NASC (http:/nasc.nott.ac.uk) and provided by Dr
Gerrit Beemster (Department of Plant Genetics, Univer-
sity of Gent, Belgium), with the exception of accession Ws-
4 (obtained from INRA, Versailles, France).

Chemicals

CaSO, KH,PO, and H;Bo; were from Merck-Eurolab
(Darmstadt, Germany); KNO;, MES, MnCl, and CuCl,
were from Sigma-Aldrich (St Louis, MO, USA); NaFe-
EDTA and NH ;Mo were from Fluka (Buchs, Switzerland);
Bactoagar was from Difco (Detroit, MI, USA). All other
reagents were of analytical grade.

Plant culture

Seeds of each accession were first sterilized under stirring
for 15 min in 20 mL of 50% (v/v) ethanol and 4% (w/v)
bayrochlor® (Bayrol, Planegg, Germany) and then washed
three times in 100% ethanol and three times in sterile H,O.
The sterile seeds were carefully sown on 12 cm x 12 cm
Petri dishes (Greiner Bio-one, Frickenhausen, Germany)
containing the culture medium (CM) and 1 mmM KH,PO,
(termed below as ‘normal culture medium’). The CM had
the following composition: 0.5 mM CaSO,, 2 mM KNO;,

Table 1. Overview of the Arabidopsis thaliana accessions investigated. NASC numbering is given according to http://nasc.nott.ac.uk

Accession Origin NASC number Accession Origin NASC number
Aa-0 Aua/Rhon, Germany N935 In-0 Innsbruck, Austria N1239
An-1 Antwerpen, Belgium N945 Is-0 Isenburg, Germany N1241
Bd-0 Berlin, Germany N963 JI-1 Jelinka, Czech Republic N1249
Be-0 Bensheim, Germany N965 Jm-0 Jamolice, Czech Republic N1259
BI-1 Bologna, Italy N969 Ki-0 Kérnten, Austria N1267
Bla-1 Blane, Spain N971 Kil-0 Killean, England N1271
Blh-1 Bulhary, Czech Republic N1031 Kin-0 Kindalville, USA N1273
Bs-1 Basel, Switzerland N997 Kondara Tajikistan NOI16
Bur-0 Burren, Eire N1029 Ler-1 Landsberg, Poland N1642
C24 Coimbra, Portugal N906 LI1-0 Llagostera, Spain N1339
Ca-0 Camberg, Germany N1061 Ma-0 Marburg, Germany N1357
Can-0 Canary Islands N1065 Mv-0 Martha’s Vineyard, USA N1387
Chi-0 Chisdra, Russia N1073 Nd-0 Niederzenz, Germany N1391
Co-0 Coimbra, Portugal N1085 Nok-0 Noordwijk, Netherlands N1399
Col-0 Landsberg, Poland N1093 Nw-0 Neuweilnau, Germany N1409
Col-4 Landsberg, Poland N933 Ob-0 Oberursel, Germany N1419
Ct-1 Catania, Italy N1095 Per-1 Perm, Russia N1445
Cvi-0 Cape Verdian Islands N902 Pi-0 Pitztal/Tirol, Austria N1455
Db-0 Dombachtal, Germany N1101 Pla-0 Playa de Aro, Spain N1459
Dijon Dijon, France N919 Pog-0 Point Grey, Canada N1477
Dra-0 Drahonin, Czech Republic N1117 Rak-2 Raksice, Czech Republic N1485
Edi-0 Edinburgh, England N1123 Rld-1 Netherlands N913
Ei-2 Eifel, Germany N1125 Rsch-0 Rschew, Russia N1491
El-0 Ellershausen, Germany N1135 S-96 Netherlands N914
En-1 Enkheim, Germany N1137 Sap-0 Slapy, Czech Republic N1507
Er-0 Erlangen, Germany N1143 Sav-0 Slavice, Czech Republic N1515
Est Estonia No11 Stw-0 Stobowa, Russia N1539
Fi-0 Frickhofen, Germany N1157 Tsu-1 Tsu, Japan N1640
Fr-2 Frankfurt, Germany N1169 Ty-0 Taynuilt, England N1573
Ga-0 Gabelstein, Germany N1181 We-1 Westercelle, Germany N1589
Gd-1 Gudow, Germany N1185 Wei-0 Weiningen, Switzerland N3110
Go-0 Gottingen, Germany N1195 Wil-1 Wilna, Russia N1595
Gr-1 Graz, Austria N1199 Ws-0 Wassilewskija, Russia N1603
Gii-0 Gilickingen, Germany N1213 Ws-1 Wassilewskija, Russia N2223
Gy-0 La Miniere, France N1217 Ws-4 Wassilewskija, Russia N5390
Ha-0 Hannover, Germany N1219 Wt-4 Wietze, Germany N1610
HI-0 Holtensen, Germany N1229

© 2003 Blackwell Publishing Ltd, Plant, Cell and Environment, 26, 1839—1850
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0.5 mm MgCl, 50 um NaFe-EDTA, 2.5 mM MES, 50 um
H;Bos, 12 um MnCl, 1uM CuCl,, 1 uM ZnCl,, 30 nM
NH,Mo, Bactoagar 8 g L™, adjusted to pH 5.7 with 1M
KOH and autoclaved at 120 °C for 20 min. After sowing,
the plates were cold-treated at 4 °C for 24 h and subse-
quently placed in a near vertical position in a culture room:
20 °C, 70% relative humidity, 16 h light (250 umol m~2s™)
using high pressure sodium lamps (Vialox® Nav-T 400
Super; Osram Ltd, Langley, Berkshire, UK) and metallic
halogens lamps (Powerstar® HQI-BT 400 D; Osram Ltd).
At day 6, the plantlets were either maintained under nor-
mal culture conditions, by transfer into Petri dishes contain-
ing CM and 1 mMm KH,PO,, or phosphate-deprived, by
transfer into Petri dishes containing CM supplemented with
1 mM KCIL For phosphate-deprived plants, it should be
pointed out that, due to the slight phosphate content of
Bactoagar, the CM contained approximately 1 uM phos-
phate. Accordingly, this medium will hereafter be termed
‘low-phosphate medium’. The Petri dished were scanned
daily using a flat-bed scanner (300 dpi).

Measurement of growth parameters

Images corresponding to different growth times (7') were
analysed using Optimas® software version 6.1 (Media
Cybernetics, Silver Spring, MD, USA). The projected leaf
area (Ap) and the total root length (L.g) were automati-
cally detected on the corresponding region of the picture.
The primary root length (Lpg), the branched zone length
(Lpz) and the lateral root number (N g) were manually
determined.

Data were then exported to a spreadsheet to calculate
additional parameters: the total lateral root length (L,g):
Lir = Ltr — Lpg; the lateral root density (D;gr): Digr = Nigr/
Lpg; the mean distance between lateral roots (DIig):
DI g = Lg;/Nig; the primary root growth rate (GRpg):
GRypr = ALpr/AT; and the average lateral root growth rate
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(GRir): GRi g = ALx/AT. All parameters corresponded to
the mean value from seven plants.

Statistical analysis

All results were statistically analysed using the Statistica®
software (Statsoft, Tulsa, OK, USA). For the analysis of
variance, two and three factor analysis of variance
(ANOVA) with a LSD post-hoc test were used for assessing
differences (P = 0.05), respectively, at day 14 (A, Ltr, Lpg,
Ligr, Lgz, Nig, Dir and DI;g) and in temporal analysis
(GRpgr, GRy g and Nip).

RESULTS

Current accessions display different
architectures and variations in their response to
phosphate availability

Previous work about the effects of phosphate availability
on Arabidopsis growth parameters concerned mainly the
architecture of the root system (Williamson et al. 2001;
Linkohr et al. 2002; Lopez-Bucio et al. 2002; Al-Ghazi et al.
2003) and was nearly exclusively performed using the
Columbia accession. In order to delineate those effects of
general importance in Arabidopsis, we first selected a small
subset of accessions (Col, Cvi, Ler and Ws) that are widely
used to generate mutant collections or RILs. Figure 1 com-
pares 2-week-old-plantlets from the four accessions Cvi-0,
Col-4, Ler-1 and Ws-1, when cultured under normal
medium (1 mM phosphate) or low-phosphate medium
(1 uM). Quite large differences in the architecture of the
root system can be seen (Fig. 1). In addition, a low phos-
phate availability seemed to induce contrasting responses
between accessions (Fig. 1).

The distribution of growth between roots and leaves
(Fig. 2, left), and the effects of phosphate availability on
this distribution (Fig. 2, right), were first investigated by

Ws-1

—

Figure 1. Root system architecture of cur-
rent Arabidopsis accessions. Plants were
grown for 2 weeks either on normal culture
medium (+ P, 1 mM phosphate) or on low-
phosphate medium (- P, 1 uM phosphate).
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global image analysis of the plants. In terms of leaf area
(Fig. 2, top), the four accessions were found to fall into two
groups: accessions Cvi-0, Col-4 and Ws-1 showed similar
leaf area (Ap ~0.18 cm? at day 14), which was significantly
smaller than that of Ler-1 (Ap ~ 0.3 cm®) when grown in
normal medium. At the same time, only this latter was
significantly affected by P availability, and the projected
leaf area decreased by 60% in phosphate-starved Ler-1. A
slightly more complex pattern was observed under normal
conditions concerning the total length of the root system
(Fig. 2, bottom). In this case, differences were observed
between accessions Col-4, Ler-1 and Ws-1, but Cvi-0 dif-
fered significantly only from Ws-1. However, when the
plants were grown in low-phosphate medium, a significant
decrease in the total root length was only observed with
accessions Cvi-0 and Ler-1.

Detailed characterization of growth in 2-week-old
current accessions

Taken together, the observations above suggested that
more natural variation was to be expected in root develop-
ment than in leaf growth. In order to get more details
concerning variations in root growth, the total root length
was decomposed into three parameters: the primary root
length, the total lateral root length and the length of the
branched zone (Fig.3). Primary root length was a highly
consistent parameter, showing only little variability (Fig. 3,
top panel). Accordingly, although extreme values differed
by less than 20% (Lpg ~9.6 cm for Cvi-0 and Ws-1 and
~11.2 cm for Ler-1), significant differences were detected
between accessions Cvi-0 and Ws-1 and the two others, as

well as between Col-4 and Ler-1. For all accessions, phos-
phate starvation significantly reduced the length of the pri-
mary root; the highest effect (44%) concerning the Ws-1
accession. Very similar features (Fig. 3, middle panel) were
observed for the length of the branched zone, whatever the
culture conditions used (the length of the branched zone
accounted to about 50-60% of the primary root length for
plants cultured under normal conditions, and was reduced
by 20-35% in phosphate-starved plants). By contrast, the
total length of lateral roots showed both large differences
between accessions (ranging between ~12 cm for Ws-1 and
~21 cm for Ler-1, at day 14) and a relatively complex dis-
tribution (Fig. 3, bottom panel). Accessions Cvi-0 and Col-
4 displayed similar behaviour, Cvi-0 being in addition not
discernable from Ler-1. On the other hand, Ws-1 had
shorter lateral roots. However, for most accessions, P-
starvation had no significant effect on the lateral root
length. The only exception concerned Ler-1 in which L;x
for P-starved plantlets was nearly half that of control.

In addition to length parameters, another crucial fea-
ture of the root system architecture concerns the distribu-
tion of lateral roots along the primary root. This was
investigated by measuring the number of lateral roots and
further calculating their density and the mean distance
between lateral roots. It was found that the number of
lateral roots at day 14 displayed up to a two-fold varia-
tion between accessions (Fig.4, top panel). Moreover,
both the number of lateral roots and the lateral root den-
sity distinguished two accessions from the two others
(Fig. 4, top and middle panels), and phosphate starvation
promoted a significant decrease in both the number and
density of laterals for most accessions. By contrast, the
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mean distance between lateral roots was very accession-
dependent and remained unaffected by phosphate starva-
tion (Fig. 4, bottom panel).

Effect of phosphate availability on time-related
growth parameters

The results above suggested that, for 2-week-old plantlets,
length parameters for the primary root and the number
of lateral roots strongly discriminated the four accessions,
especially with respect to the effects of phosphate avail-
ability. However, it can not be excluded that variations in
the overall plant development rate could occur between
accessions and this would affect the simple comparison of
plantlets at only one age. Therefore, a complementary
analysis was performed on a temporal basis. In a first
step, markers for development were researched on plants
grown under normal condition by calculating the time
required for arbitrarily selected parameters, such as a 4-
cm length for the primary root or the emission of five lat-
eral roots (Fig.5). In both cases, significant differences

Cvi-0 Col-4 Ler-1 Ws-1

seven seedlings.

were observed, Ler-1 showing the fastest development
and Ws-1 the slowest one. Therefore, a more detailed
analysis was performed from day 7 on, using plants grown
up to that time on normal medium. When maintained
under normal conditions, all the accessions displayed
changes with time in the growth rate of the primary root
(Fig. 6, full symbols). With the exception of Col-4, they
elongated first with a continuously increased growth rate.
In addition, at the end of the period, all accessions slowed
their elongation, this event occurring earlier for Ler-1.
This biphasic behaviour disappeared in the low-phosphate
medium, with the exception of Ler-1 (Fig.6, open sym-
bols), whereas the three other accessions showed highly
significant differences in their time-course of elongation.
Completely different features were observed for the elon-
gation of lateral roots (Fig.7). In this case, elongation
rates displayed no decrease with time (Fig.7, full sym-
bols). In addition, they were less sensitive to phosphate
availability and a significant effect of phosphate availabil-
ity on the time-course of elongation was observed only
for Ler-1 (Fig. 7, open symbols).
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Figure 6. Effects of phosphate availability
on the primary root growth rate. Plants
were grown either on normal culture
medium (full symbols) or on low-phosphate
medium (open symbols). All results were
the average value (+ SD) from seven seed-
lings (P = 0.05). The probability for a differ-
ence between the entire time-courses are at
the right top of each panel, and shown in
bold for significant differences.

Figure 7. Effects of phosphate availability
on the average lateral root growth rate.
Plants were grown either on normal culture
medium (full symbols) or on low-phosphate
medium (open symbols). All results were
the average value (£ SD) from seven seed-
lings (P = 0.05). The probability for a differ-
ence between the entire time-courses are at
the right top of each panel, and shown in
bold for significant differences.
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A similar characterization was made concerning the evo-
lution of the number of lateral roots with time (Fig. 8). For
all four accessions, this number was found to increase
nearly linearly with time, suggesting that the production
rate of lateral roots was almost constant over the analysed
period (Fig. 8, full symbols). In addition, the corresponding
time-courses were affected by phosphate availability only
for Ler-1 and Col-4 (Fig.8, open symbols), suggesting a
lowering of the production rate of lateral roots in the low-
phosphate medium.

Large-scale comparison between
accessions

Taken together, the time-based results above confirmed
that, generally speaking, more pronounced responses to
phosphate availability were observed at the level of pri-
mary roots in comparison with the lateral roots. Simulta-
neously, both the opposite behaviour of Ler-1 for the
elongation rates and the contrasted responses in terms of
production rates of lateral roots suggested that different
adaptative strategies could be found among accessions. In
order to obtain further insights concerning this hypothesis,
a large-scale comparison was undertaken between avail-

able accessions, on the basis of the two parameters showing
the most robust response to phosphate availability, the pri-
mary root length and the lateral root number. For this
purpose, a set of 73 accessions originating from a wide
range of habitats was selected (Table 1).

After 2-week culture, 50% of the accessions were found
to show both a decrease in the length of primary roots and
a reduced number of lateral roots in response to phosphate
starvation, similarly to the four previous accessions (Fig. 9,
full circles). Within this group, the greatest effect was
observed for the accession Er-0 in which P starvation pro-
moted a more than two-fold reduction of each parameter.
This group contained in addition the commonly used Col-
0 accession. However, one-quarter of the accessions did not
appear to be sensitive to phosphate availability (Fig.9,
open circles). On the other hand, the low-phosphate
medium only affected some accessions for one of the two
parameters (Fig. 9, grey symbols), either the length of pri-
mary roots (16% of accessions) or the number of lateral
roots (9% of accessions). Extreme behaviours within this
group were displayed by accessions Rld-1 and Be-0 which,
in response to low phosphate availability, only decreased
either the length of the primary root or the number of
lateral roots. Moreover, among this latter group, two acces-
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Figure 9. Variations in the phosphate
effects between accessions. The effects of
phosphate starvation on the length of the
primary root and the number of lateral
roots were measured for 73 Arabidopsis
accessions at day 14, and normalized to the
corresponding values under control condi-
tions. Full and open circle symbols repre-
sent accessions showing significant and non-
significant responses, respectively, for both
parameters (P = 0.05). Grey symbols repre-
sent accessions showing a significant
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sions (LI-0 and Nd-0) displayed statistically significant but
opposite responses in terms of lateral root number, namely
an over-production of lateral roots in response to P-limita-
tion. The root system architecture of these latter accessions
is illustrated in Fig. 10.

Rld-1 Be-0

+P -P +P -P +P -P

T response for only one of the two parameters
(triangles, primary root length; squares, lat-
eral root number). Accession numbers refer
to Table 1.

DISCUSSION

In recent years, a renewed interest in understanding of the
growth responses to phosphate availability has emerged,
using the model plant Arabidopsis, particularly at the level

Nd-0

Figure 10. Contrasted strategies for
the adaptation of the root system
architecture to phosphate availability.
Plants were grown as in Fig. 1, either
/ on normal culture medium (+ P, 1 mM
i phosphate) or on low-phosphate
medium (- P, 1 uM phosphate). Acces-
sion numbers refer to Table 1 and
Fig. 8.

+P
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of hormone signalling (Schmidt & Schikora 2001; William-
son et al. 2001; Linkohr et al. 2002; Lopez-Bucio et al. 2002;
Al-Ghazi et al. 2003). These studies have taken advantage
of both the availability of various mutants and of improve-
ments in non-invasive image acquisition and analysis
devices, allowing refined quantitative characterization of
the effects of phosphate on plant growth, and particularly
on the root system architecture. Nevertheless, in some
cases, contradictory results were reported. For instance,
phosphate starvation was claimed either to reduce or to
increase the number of lateral roots. The origin of such
discrepancies is not clear. One tentative explanation is that
different accessions could display different adaptative strat-
egies in terms of growth responses to phosphate availabil-
ity. In the present study, in order to assess this working
hypothesis, we decided to compare the effects of phosphate
starvation on various Arabidopsis accessions. As no growth
parameter could be chosen a priori to screen the accessions,
due to the discrepancies between available results, a three-
step strategy was selected. First, the growth of a small num-
ber of accessions was characterized in detail. These data
were then analysed in order to identify those growth
parameters displaying the more discriminant responses to
phosphate starvation. Finally a large set of accessions was
screened using this limited number of robust parameters.
For the first step, we selected the four accessions Cvi-0, Col-
4, Ler-1 and Ws-1 because they corresponded to accessions
previously selected to generate both recombinant inbred
lines (Lister & Dean 1993; Alonso-Blanco eral. 1998,
Alonso-Blanco & Koornneef 2000) and mutant collections
(Bechtold, Ellis & Pelletier 1993; Martienssen 1998; Wis-
man et al. 1998; Tissier et al. 1999).

Currently used accessions display large and
robust variations in root growth

Quite large variations among accessions concerning the
plant size and the leaf number of the rosette have previ-
ously been reported in Arabidopsis (Karlsson, Sills & Nien-
huis 1993; Li, Suzuki & Hara 1998), suggesting that
variations could also be expected concerning the leaf sur-
face. Here, by monitoring the growth of aerial parts from
the projected leaf area, Ler-1 was indeed found to display
a superior growth, but the three other accessions were
indistinguishable. As previous parameters describing the
growth of aerial parts have been shown to be very sensitive
to environmental factors (Karlsson et al. 1993), this sug-
gests that our in vitro culture conditions would trigger weak
variations concerning leaves. Therefore, more attention was
given to characterize the root growth in greater detail.

By contrast, much more variation was observed concern-
ing the root system. For the primary root, the two acces-
sions Ws-1 and Cvi-0 showed similar length but differed
from both Col-4 and Ler-1. More generally, each of the four
length parameters (Ltgr, Lpr, Lir and Lg;) classified the
accessions into three significantly different groups, the
grouping of accessions depending in addition on the param-
eters. Similarly, all three parameters used to describe the

contribution of lateral roots to the root system architecture
(Nigr, D1r and DI, y) also classified the accessions into three
other significantly different groups. Furthermore, when
looking at growth rate parameters, three kinds of time-
course were observed, both for the primary root and total
lateral roots. As the parameters included both raw data and
derived traits, it is important to note that these variations
emerged from all the independently measured parameters
(Ltr, Lpr, Lgz and Nig), indicating an intrinsic diversity.
Previous work has already pointed to such variations when
considering different accessions. For instance, Krannitz,
Aarssen & Lefebvre (1991) compared 25 accessions and
showed that the total root length differed by up to 70%,
whereas Lopez-Bucio et al. 2002) reported smaller differ-
ences among four accessions. Therefore, the 50% variation
quoted here among four accessions, is in quite good agree-
ment with published data, allowing for the differences in
culture conditions. Similar conclusions can be derived for
other parameters (such as the primary root, lateral root
lengths or lateral root density) from comparisons with the
data of Lopez-Bucio et al. 2002). Finally, in time-course
studies, Beemster et al. (2002) demonstrated the occurrence
of very large variations for the elongation rate of the pri-
mary root (up to 370% at day 9, among a set of 18 acces-
sions grown under continuous light and in the presence of
sucrose). In the present work, in which the plants experi-
enced a photoperiod and the medium lacked sucrose, vari-
ations below 120% were observed at day 9, but this ratio
increased to 380% later on. Therefore, the fact that,
although performed under different environmental condi-
tions, all of these studies still led to similar conclusions
suggests that the occurrence of very large variations in both
the growth and architecture of the root system constitutes
a robust response among Arabidopsis accessions, in con-
trast to that observed for leaf growth. In addition, the acces-
sions selected here to illustrate currently used accessions
appeared to be also easily distinguishable with respect to
root-related features.

Phosphate availability consistently affects

the length of the primary root and the number
of lateral roots in all the currently used
accessions

The effects of phosphate availability were investigated by
comparing plants cultured on a sufficient medium (1 mm
phosphate) with plants grown on a low-phosphate medium
(approximately 1 umM phosphate). According to phosphate
availability, very little variation between accessions was
observed for global parameters such as total leaf area or
total root length, although, for the four accessions studied,
the root length seemed to be more subject to variation
than the leaf area. Much more variation emerged when
looking at more specific root parameters. For the four
accessions, both the length of the primary root, the length
of the branched zone and the number of lateral roots were
found to be significantly reduced in low-phosphate
medium. On the other hand, the time-course of elongation
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was affected by phosphate for three of the four accessions
in the case of the primary root, but only Ler-1 was sensi-
tive to phosphate level in terms of both total lateral root
length and their time-course of elongation. As the total
length of lateral roots constitutes an average parameter, it
can not be ruled out that significant responses might be
observed when measuring the length of individual roots,
thus taking into account a possible role of root age. In
addition, as the accessions were shown to differ in their
overall rate of development, the response to phosphate
availability might also simply reflect such differences.
However, although both Ler-1 and Col-4 displayed similar
and fast growth for the primary root, only Col-4 showed a
time-course response that was sensitive to phosphate. A
similar disconnection between intrinsic development fea-
tures and the effect of phosphate availability on time-
course responses was observed for the lateral root produc-
tion rate. Therefore, taken together, all the observations
above suggest that the parameters related to the length of
the primary root and to the number of lateral roots are
among the most discriminant parameters concerning the
response to phosphate availability. These conclusions are
in full agreement with those from all the previously pub-
lished studies demonstrating that phosphate starvation
reduces the length of the primary root (Williamson et al.
2001; Linkohr etal. 2002; Lopez-Bucio etal. 2002; Al-
Ghazi et al. 2003). A reduction in the number of lateral
roots in low-phosphate medium was also shown in most
previous studies (Williamson et al. 2001; Linkohr eral.
2002; Al-Ghazi et al. 2003) with the exception of that by
Lopez-Bucio et al. (2002).

As, in addition, the measurement of the two parameters
Lpr and Ny is straightforward and easier to achieve than
that of other parameters that also appeared to be sensitive
to phosphate availability in all or most accessions, such as
the length of the branched zone or the density of lateral
roots, Lpr and N;r were further selected to screen the
behaviour of a large collection of accessions with respect to
phosphate availability. In terms of screening strategy, it
could be pointed out that the choice to select very discrim-
inant parameters might limit the observation of variations
between accessions, and that less stringent parameters
could lead to evidence of other variations. In this view, it
can not be excluded that other accessions than those iden-
tified here could constitute privileged material with which
to further investigate the molecular basis of adaptative
responses to phosphate starvation. Finally, it should be also
emphasized that, for the four accessions cultured under
normal medium, a very strong correlation (with coefficients
ranging between 0.96 and 0.99) could be calculated
between the primary root length and the number of lateral
roots. Therefore, the use of two possibly linked parameters
could be hypothesized a priori to introduce a bias. The
subsequent observation that, for one-quarter of the analy-
sed accessions, only one of the two parameters was affected
by phosphate starvation suggests that the number of lateral
roots is probably not directly linked to the length of the
primary root.
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Not all accessions display the same adaptative
strategy according to phosphate availability

In order to assess the variation between accessions on a
larger scale, we selected a set of 73 accessions originating
from 18 countries, corresponding mostly to European and
American continental stations, in addition to four insular
stations. Large amplitudes of variations, by factors of 2.4
and 2.9 for the effects on the primary root length and lateral
root number, respectively, were observed for the two mea-
sured parameters in response to phosphate availability. In
addition, half the accessions displayed the same behaviour
as the currently used accessions above, showing that the
simultaneous reduction of the growth of the primary root
and of the number of lateral roots constitutes a main
adaptative response to phosphate starvation in Arabidop-
sis. Interestingly, other accessions showed only one of the
two responses. Furthermore, some accessions showed an
inverse response. In this way, phosphate starvation appears
capable of having either null or negative effects on the
primary root, whereas it can have either null, negative or
positive effects on the lateral root number. In terms of
regulation, these results together suggest that the control
of root growth by phosphate availability is not linked to
that of branching, although both pathways are likely to
share some initial signalling steps. Finally, no clear correla-
tion was found between the geographical origin of acces-
sions and their behaviour.

Up to now, current approaches to elucidate the molecu-
lar basis for phenotypic plasticity relied almost exclusively
on the search for mutants not displaying the wild-type
adaptative response. It can be emphasized that the charac-
terization of clear-cut differential responses between acces-
sions has the capacity to open new routes for the
identification of both large-effect genes and favourable
allelic variations (Alonso-Blanco & Koornneef 2000). In
this respect, several of the accessions studied here could
constitute convenient parents to generate populations that
would be suitable for the analysis of the developmental
plasticity in response to phosphate availability.
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Proteomic investigation of natural variation between
Arabidopsis ecotypes
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Two-dimensional (2-D) gel electrophoresis and peptide mass fingerprinting were used to
investigate the natural variation in the proteome among 8 Arabidopsis thaliana ecotypes,
of which 3 were previously shown to display atypical responses to environmental stress.
Comparison of 2-D maps demonstrated that only one-quarter of spots was shared by all
accessions. On the other hand, only 15% of the 25 majors spots accounting for half the
total protein amount could be classified as major spots in all ecotypes. Identification of
these major spots demonstrated large differences between the major functions detected.
Accordingly, the proteomes appeared to reveal important variations in terms of function
between ecotypes. Hierarchical clustering of proteomes according to either the amount of
all anonymous spots, that of the 25 major spots or the functions of these major spots identi-
fied the same classes of ecotypes, and grouped the three atypical ecotypes. It is proposed
that proteome comparison has the capacity to evidence differences in the physiological
status of ecotypes. Results are discussed with respect to the possibility to infer such differ-
ences from limited comparisons of major proteins. It is concluded that classical proteomics
could constitute a powerful tool to mine the biodiversity between ecotypes of a single plant
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species.

Keywords: Arabidopsis ecotypes / Hierarchical clustering / Peptide mass fingerprinting / Two-dimen-

sional gel electrophoresis

1 Introduction

Proteomics is becoming an essential field to investigate
plant growth and evolution. Very early, the exploration
of proteome was successfully used to characterize the
relationships between populations [1-4]. In recent years,
such approaches allowed the establishment of distances
for instance between different species of the Brassica-
ceae family [5], various wheat cultivars [6], or oriental and
American ginseng [7]. On the other hand, to date, little
attention was paid to the natural variation occurring
among plant ecotypes by opposition to recent works in
animal field [8, 9]. However, biodiversity constitutes a
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high potential resource for searching genes of interest, as
it is well established for the model plant Arabidopsis thali-
ana [10-12]. On this model, large differences between
ecotypes were observed for a variety of features such as,
for instance, light and hormone sensitivity [13], seed size
[14], the light-dependent hypocotyls growth [15], or the
growth rate [16]. In a previous study on Arabidopsis root
system architecture, we recently demonstrated that,
whereas a majority of ecotypes responds to phosphate
starvation by decreasing both growth of the primary root
and initiation of lateral roots, other ecotypes use only one
of these responses [17].

The present work was undertaken to explore the poten-
tial of proteomics to investigate natural variation within
Arabidopsis ecotypes. For this purpose we selected a
small number of ecotypes encompassing the four ones
most commonly used in genetic or genomic studies
and a variant from one of them as a control for close
genetic distance (all of the five displaying the major
response to phosphate starvation), as well as three
ecotypes showing alternative responses to phosphate
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starvation. Classical 2-DE and MALDI-TOF-MS were
used to compare the distances between the proteomes
of these ecotypes, with special emphasis to the pro-
teins accounting for the majority of the protein amount
in each ecotype.

2 Materials and methods

2.1 Plant material, culture conditions, and
chemicals

Arabidopsis thaliana ecotypes Ws-1, Cvi-0, Col-0, Col-4,
Ler-1, Be-0, and LI-0 (Table 1) were progenies from NASC
(http://nasc.nott.ac.uk). Plants were grown under hydro-
ponic conditions [18] for 42 days before sample harvest.
Urea, phosphoric acid, and acetic acid were from VWR
(Fontenay-ss-Bois, France); CHAPS, Triton X-100, iodo-
acetamide, bromophenol blue and Comassie blue were
from Sigma-Aldrich (St. Louis, MO, USA); glycerol, SDS,
DTT, TGS, and Tris were from Euromedex (Mundolshein,
France). IPG strips and buffer were from Amersham Bio-
sciences (Buckinghamshire, UK), and acrylamide from
Bio-Rad (Hercules, CA, USA).

Table 1. Origin of selected Arabidopsis thaliana ecotypes
(http://nasc.nott.ac.uk)

Ecotype NASC No.  Origin

Col-0 N1093 Columbia (USA)

Col-4 N933 Columbia (USA)

Be-0 N965 Bensheim (Germany)

LI-0 N1339 Llagostera (Spain)

Rld-1 N 913 Netherlands (Koornneef group)
Cvi-0 N902 Cape Verdian Islands

Ws-1 N2223 Wassilewskija (Russia)

Ler-1 N1642 Landsberg (Poland)

2.2 Protein extraction

For each ecotype, one root sample corresponding to
more than 150 root systems was grinded in liquid nitro-
gen, and the fine powder was mixed with 90% v/v
acetone, 10% v/v TCA solution (100% w/v) and 0.07%
v/v 2-mercaptoethanol. After incubation at —20°C for
30 min, insoluble material was pelleted at 42000 x g
with a TL 100 ultracentrifuge using a TLA 100.3 rotor
(Beckman Coulter, Palo Alto, CA, USA). Pellets were
washed three times with pure acetone containing
0.07% v/v 2-mercaptoethanol, air-dried, and solubilized
in buffer containing 9 m urea, 4% w/v CHAPS, 0.05% v/v
Triton X-100, and 65 mm DTT. Protein amount was esti-
mated using the Bradford method. All manipulations
were performed at 4°C.
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2.3 Two-dimensional electrophoresis

For each ecotype sample, 2-DE was performed in tripli-
cate from the same extract using 18 cm linear pH 4-7
IPG strips. 200 pg protein samples were supplemented
with 0.5% v/v IPG buffer pH 4-7 and 0.002% w/v bromo-
phenol blue. Strips were hydrated directly with protein
solution. Isoelectric focusing was performed using an
IPG-Phor device until 100000 kV-h~". Before the second
dimension, the strips were reduced (50 mm Tris-HCI,
pH 8.8, 6 m urea, 30% Vv/v glycerol, 2% w/v SDS, 130 mm
DTT) and alkylated in the same buffer containing 130 mm
iodoacetamide instead DTT for 15 min. Strips were then
embedded using 0.6% w/v low-melt agarose in running
buffer containing traces of bromophenol blue on the top of
a 11% acrylamide gel. SDS-PAGE was carried out, using a
2-D electrophoresis DALT system, at 15 mA per gel over-
night at 10°C. Gels were stained using colloidal Coomassie
blue [19]. Images from stained gels were digitalized at
300 dpi with a GS 710 densitometer (Bio-Rad, Hercules,
CA, USA) and analyzed using the Progenesis software
(Nonlinear Dynamics, Newcastle upon Tyne, UK). Gel tripli-
cates were matched to create an average gel with spots
present at least on two of the three gels. Average gels cor-
responding to the different Arabidopsis ecotypes were
compared and spots of interest were selected for subse-
quent protein identification by MALDI-TOF-MS analysis.

2.4 Protein identification by MALDI-TOF-MS

Spots were picked from preparative gels (500 pg proteins)
using a spot picker robot (Perkin Elmer, Wellesley, MA,
USA). Acrylamide pieces were collected in 96-well micro-
plates with 50 uL acetic acid (1% v/v). Pieces of gel were
then washed using a Multiprobe Il robot (Perkin Elmer)
in several steps with water, 25 mm ammonium carbonate,
and acetonitrile. Proteins were digested with trypsin
(12.5 pg/mL in 25 mm ammonium carbonate). Super-
natants were mixed with equal volumes of matrix solution
(a-cyano-4-hydroxycinnamic acid) and spotted onto tar-
gets. Peptide mass fingerprints were acquired using a
Biflex Ill mass spectrometer (Bruker Daltonics, Bremen,
Germany). Spectra were calibrated internally and anno-
tated automatically. The MASCOT search engine software
(Matrix Science, London, UK) was used to search NCBInr
database. The following parameters were used for data-
base search: mass tolerance of 100 ppm, a minimum of
four matched peptides and one miscleavage allowed.

2.5 Data analysis

Protein amount in each spot was estimated from its vol-
ume after normalization with respect to the total volume
of all spots detected in the gel. Euclidean or Manhattan
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distances between protein amounts among ecotypes
were further used to compute a similarity matrix between
ecotypes [20]. For hierarchical clustering, aggregation
was made using the Ward criteria [20].

3 Results

3.1 Comparison of 2-D protein maps from
Arabidopsis ecotypes

The first goal of this work was to evaluate the capacity of
classical proteomics as a molecular tool to characterize
the natural biodiversity in Arabidopsis thaliana. Therefore,

150
kDa

kDa
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eight different ecotypes (Table 1), originating from con-
trasted habitats and previously shown to display different
developmental strategies [17] were selected, and root
soluble protein extracts were separated by 2-DE. Based
on preliminary work, 18 cm IPG (pH 4-7) and a second
dimension covering the 15-150 kDa range were used to
get large insights into the proteomes of these ecotypes.
In order to obtain an information as quantitative as possi-
ble, gels were stained with colloidal Coomassie blue. Trip-
licate gels were first matched to create an average gel
containing those spots observed at least two times
among the three gels; thereafter, average gels from the
different ecotypes were matched using the ecotype Col-
0 as reference (Fig. 1). Over an average of ca. 250 spots

4 < P!

» 7

Figure 1. 2-D PAGE reference map of Arabidopsis thaliana soluble root proteins from ecotype Col-0.
2-D PAGE conditions: pH 4-7 IPG (first dimension) and 11% SDS-PAGE (second dimension). Proteins
spots are visualized by colloidal Coomassie blue staining. Arrows indicate major spots analyzed by
MALDI-TOF-MS. Spot numbers with star superscripts refer to spots from other ecotypes and not

detected in ecotype Col-0.
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for each ecotype, one-quarter was found in all the eco-
types (Fig. 2), and half of them was shared by at least
75% of ecotypes. On the other hand, about 10% of all
spots appeared to be specific for one ecotype.

35 4
30 l
25 1

20 4

% total

15

:andlL

Match number

Figure 2. Distribution of spots according to the number
of ecotypes where they were detected.

8

As simple gel comparison seemed to reveal specific
features between the proteomes of Arabidopsis eco-
types, a classification was made by hierarchical cluster-
ing (Fig. 3a). For this purpose, the amount of each spot
was estimated by its normalized volume as obtained by
image analysis. Euclidian distances were then computed
for all spots to build the similarity matrix for ecotypes,
and clustering was performed using the Ward’s method
to link the variables. A first cluster corresponding to the
two closest ecotypes was observed for Col-0 and Col-4.
Another cluster grouped the ecotypes Be-0 and LI-0, as
well as the ecotype Rld-1, whereas the three last eco-
types defined a third cluster.

3.2 Comparison of Arabidopsis ecotypes from
their major protein patterns

Above comparison of total 2-D maps indicated both the
occurrence of contrasted proteomes between ecotypes
and proximity between some of them. Additional analysis
showed that the 25 most abundant spots from each Ara-
bidopsis ecotype cumulated half the total protein amount
detected on the p/ and MW range investigated (50.2% =+
6.0% of the total signal computed by image analysis). In a
first attempt to get more insights into the molecular basis
of this structure, focus was given on these major proteins
(MPs). Over the eight ecotypes, the 25 MPs from each
defined a total subset of 49 differently matching spots
accounting individually for between 0.7% and 6.7% of
the total protein amount in their respective 2-D map.
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Figure 3. Classification of the proteomes from the eight
ecotypes. Hierarchical clustering was performed using
(@), (b), (d) the Euclidian distance or (c) the Manhattan dis-
tance as metric and the Ward criterion for linkage. (a) Spot
abundance (all spots); (b), (c) abundance of MP spots;
(d) function of MP spots.

Only 15% of these spots was ranked as MPs in all eco-
types and one-half contributed to the MPs in half or more
the ecotypes, indicating the occurrence of large differ-
ences in expression level throughout the ecotypes (Fig. 4).
Simultaneously, one-quarter of the MPs was not detected
in at least another ecotype, whereas the remaining was
observed at lower abundance and not classified as MP.
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Spot|Col-0|Col-4)| Be-0| LI-0 |RId-1| Cvi-0| Ws-1|Ler-1

Norm Vol >3

0.8 < Norm Vol < 3

0.3 < Norm Vol <0.799
0 < Norm Vol <0.299
no spot matched

Figure 4. Expression of the 49 spots ranked as MPs in
the eight ecotypes. Cross within cells indicate that the
spot was ranked as MP in the corresponding ecotype.
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As large differences in proteome features appeared to be
detectable soon at the MPs’ level, the different ecotypes
were also classified by taking into account only the MPs.
Figure 3b shows that, when using Euclidian distances as
metric and the Ward’s criterion for clustering, both the
previous Col-0/Col-4 cluster and Be-0/LI-0 cluster were
still obtained. By opposition to the classification over the
whole proteomes, however, the Rld-1 ecotype was no
longer clustered with Be-0/LI-0, but with the three remain-
ing ecotypes. Nevertheless, the whole proteome-based
classification could observed again by using other metric,
such as the Manhattan distance (Fig. 3c), suggesting that
the position of Rld-1 could be less stable.

3.3 Comparison of Arabidopsis ecotypes from
the functions of major proteins

The 25 MPs of each ecotype were picked out from gels
and processed for MALDI-TOF-MS analysis. In no case,
contradictory identifications were obtained for spots that
had been matched by image analysis. On the whole,
32 different protein accessions were identified in 44 from
the 49 MP spots, and 5 could not be assigned to any pro-
tein accession (Table 2). Simultaneously, one half of the
identified MPs was found to be present in 2 or 3 different
protein spots. In this latter case, the difference between
spots concerned mostly the pl, suggesting the occur-
rence of post-translational modifications or the presence
of punctual protein variations between ecotypes. How-
ever, this encompassed different situations within eco-
types: (i) a same jasmonate-inducible protein was identi-
fied, for instance, in spots 6 and 14 (Fig. 5). These two
spots showed a shift of 0.14 pH unit in p/ and were
observed simultaneously for the 8 Arabidopsis ecotypes,
indicating that the protein existed under different states
whatever the genotype was. However, only spot 6 corre-
sponded to a MP in all ecotypes, the spot 14 showing a
low abundance in the two Col accessions. Similar situa-
tions were observed for several other proteins, like the
-chain of the mitochondrial ATPase, a malate dehydro-
genase, and a triose phosphate isomerase, indicating
that the most frequent form of a protein could be eco-
type-dependent. (i) On the other hand, a same glutathi-
one S-transferase could be detected in spots 25 and 47,
differing by 0.17 pH unit in p/ (Fig. 6). However, these two
spots constituted MPs only in two ecotypes (Col-4 and
Ler-1), and where either present at low abundance (spot
25) or not detected (spot 47) in other ecotypes. A similar
situation was also observed for an alcohol dehydroge-
nase, suggesting that the occurrence of the modification
itself could be ecotype-dependent. (iii) An even more con-
trasted situation was observed for a same blue-copper
binding protein that was identified as MP in two spots
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Table 2. |dentified MPs in Arabidopsis thaliana ecotypes
Spot Protein Score  Cover- MW (kDa)
. age (%)
Accession No. Name calc. meas. calc. meas.
1 JQ1187 Phosphopyruvate hydratase 137 36 554 576 477 514
2 Q9OC5B0 H+-Transporting ATP synthase B-chain 195 35 6.18 5,59 59.6 50.9
3 T02507 Peroxidase 94 18 5.66 6.29 38.7 35.8
4 T47550 Fructose bisphosphate aldolase-like protein 185 50 6.05 6.42 385 323
5 B86176 Malate dehydrogenase 110 31 6.11 6.13 355 31.6
6 AAK43865 Jasmonate inducible protein isolog 181 39 546 557 321 269
7 T51311 Malate dehydrogenase 66 15 8.54 6.43 36.0 279
8 T52558 Translation elongation factor eEF1Ba 69 26 442 447 242 259
9 T50646 Triose-phosphate isomerase 82 22 524 563 271 228
10 B84720 Probable fructokinase 183 42 531 5383 35.3 303
11 B86176 Malate dehydrogenase 105 34 6.11  6.38 35,5 323
12 AADO00509 Germin-like oxalate oxydase 65 26 582 6.08 232 21.8
13 DEMUAM Alcohol dehydrogenase 119 29 577 6.18 411  36.9
14 AAK43865 Jasmonate inducible protein isolog 123 35 546 552 32.1 26.7
15 T47550 Fructose bisphosphate aldolase 139 36 6.05 6.25 385 326
17 Q9C5B0 H+-Transporting ATP synthase B-chain 65 15 6.18 548 59.6 51.6
18 S68107 Actin 7 193 37 531 536 41.7 38.8
20 AAF98403 GSH-dependent dehydroascorbate reductase 78 23 556 5.59 236 221
21 T51862 Malate dehydrogenase 91 22 8.48 6.11 424 29.2
22 S18600 Glutamate-ammonia ligase 116 24 6.43 5.26 47.4  38.7
23 T52613 Chaperonin 21 precursor 124 36 8.86 547 26.8 224
24 BAA97523 1,4-Benzoquinone reductase like 78 40 596 6.17 21.8 223
25 G86159 Glutathione S-transferase 58 16 5.8 6.43 235 221
26 C96605 Calreticulin 85 21 4.46 442 48.7 543
27 AAG45246 Adenosine kinase 71 23 529 525 38.3 359
28 AAF02115 Reversibly glycosylated polypeptide 99 24 5.61 5.66 411 32.7
29 T50646 Triose-phosphate isomerase 157 54 524 542 271 23.1
30 Q9SS67 Putative peroxidase 87 20 5.04 4.73 345 252
31 APX1 L-Ascorbate peroxidase 60 19 572 5.81 274 223
32 AAD28242 Peroxyredoxin TPX1 82 25 521 518 174 213
33 AAD41430 Disulfide isomerase 203 49 464 4.76 55.6 62.9
34 H96686 Probable glutamine synthetase 76 23 514 510 39.3 337
35 AAD56335 60S ribosomal protein 64 24 452 513 243 285
36 Q9ILSM8 Pyruvate dehydrogenase E1 106 19 5.67 5.30 31.2 301
37 JQ1187 Phosphopyruvate hydratase 141 33 554 5.66 47.7 515
38 T47550 Fructose bisphosphate aldolase 198 49 6.05 6.10 385 329
39 JQ1187 Phosphopyruvate hydratase 85 19 554 573 477 51.2
40 DEMUAM Alcohol dehydrogenase 122 22 577 6.02 418 37.8
a1 T13020 Peroxidase ATP 19A 96 28 6.53 6.40 35.6 35.2
42 Q9SS67 Putative peroxidase 87 20 5.04 4.89 345 26
43 T52408 Blue copper-binding protein Il 60 22 547 4.84 205 26.1
45 S59519 Tryptophan synthase 82 26 6.77 5.66 33.3 247
47 G86159 Glutathione S-transferase 110 28 580 6.26 235 222
48 T52408 Blue copper-binding protein Il 65 15 547 518 205 257

Proteins were identified from their peptide mass fingerprint by searching the NCBInr database (scores greater than 58 are

significant at p < 0.05).

(spot No. 43 and 48) with a shift of 0.31 pH unit in p/
(Fig. 5). In this case, only one or the other of the two spots
could be detected in a given Arabidopsis ecotype, sug-
gesting the occurrence of ecotype-specific isoforms.

[1 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In terms of function, most MPs corresponded to proteins
involved in energy metabolism and oxydoreduction pro-
cesses (Table 3), and different functions participating to a
same pathway, such as glycolysis (3 functions in 8 MP
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Figure 5. Example of proteins isoforms showing quanti-
tative differences or ecotype-specific expression.

spots), were identified as MPs. However, large differences
in the functional classification were observed among eco- Figure 6. Example of proteins isoforms showing quanti-
types. For the majority of functional classes, these relative tative and ecotype-dependent expression.

differences were in a twofold to fourfold range. For nitro-

gen assimilation, however, qualitative differences were

also observed, no corresponding enzyme being found as were further classified according to the major functions
MPs for half ecotypes. Accordingly, this suggested that identified. Figure 3d shows that, when using Euclidian
MPs distinguished ecotypes not only in terms of protein distances to calculate a similarity matrix from the data of
isoforms but also on a function basis. Therefore, ecotypes Table 3, and the Ward’s criterion for linkage, three main

Table 3. Functional distribution of MPs in Arabidopsis thaliana ecotypes

Function Col-0 Col-4 Be-0 LI-O Rld-1 Cvi-0 Ws-1 Ler-1

(% total amount)

Energy and C-metabolism

glycolysis 16.6 13.3 11.0 11.2 8.0 12.8 9.7 8.8
TCA cycle 8.0 8.7 5.8 6.5 5.7 10.1 12.0 9.0
mitochondrial respiration 3.2 3.7 6.2 3.4 4.6 5.7 51 3.9
other 4.4 2.8 3.6 5.1 3.4 1.0 2.6
Electron transfer 3.3 5.0 2.7 1.7 41 4.3 2.7 6.3
Oxidative processes 25 4.5 24 2.8 2.7 10.8 7.5 11.6
Hormone response/stress 4.3 3.5 4.4 3.9 6.1 51 4.6 6.8
N-Metabolism 1.5 0.8 1.2 2.1
Protein expression 1.4 3.6 1.0 29 3.7 2.5 4.3 1.5
Other 2.6 2.1 23 2.1 4.6 4.0 2.9 7.7
Unidentified proteins 3.4 2.3 3.9 2.4 0.9 2.8 1.4

Lacking values correspond to proteins either not ranked as MPs or not detected.
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clusters could be obtained. Furthermore, this tree was
almost identical to those obtained when classifying eco-
types on the basis of their whole proteome (Fig. 3a) or
according to the anonymous MP subset (Figs. 3b, c).

4 Discussion

To date, little effort was devoted to investigate the differ-
ences eventually observed between proteomes of eco-
types from a same plant species. Even in the case of
the model plant Arabidopsis thaliana, the only available
data concern a pair of ecotypes that was included into
an inter-species comparison within the Brassicaceae
family, with no attempt to identify proteins [3]. Therefore,
presently available data do not allow to decipher, for
instance, whether eventual differences between ecotypes
originate from the expression of different ecotype-specific
isoforms of proteins showing the same function or from
the differential expression of proteins with different func-
tions.

4.1 Different Arabidopsis ecotypes display
contrasted proteomes

In the present work, two main series of evidences were
obtained arguing for the existence of large differences be-
tween the proteomes of the eight Arabidopsis ecotypes
analyzed.

(i) In terms of protein patterns, gel comparison demon-
strated first that at least one-third of the spots was not
detected in half the accessions. On the other hand, rank-
ing the spots in terms of MPs showed that only one-quar-
ter of these constituted MPs in all the ecotypes, several
MPs for one ecotype displaying lower abundance or
being not detected in others. Further identification of
MPs gave examples for different types of variations, to
which quantitative differences were also superimposed:
simultaneous expression of the different spots in all the
ecotypes, expression of one or two forms of the protein
in all ecotypes, whereas another form was ecotype-de-
pendent, or exclusive expression of one form of the pro-
tein in an ecotype-specific manner. Therefore, collec-
tively, these results demonstrate the occurrence of a qual-
itative and quantitative plasticity of the protein profiles
between ecotypes which concerns both low-abundance
and high-abundance proteins. The nature of these differ-
ences was not investigated here and could be hypothe-
sized to rely as well on post-translational modifications
as on allelic variations for those proteins identifying the
same accession. Overall, very little information is present-
ly available concerning the variations in proteome among
Arabidopsis ecotypes, more extensive information being
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available for some other plant species. Using metrics
based on the presence or absence of spots, the two Ara-
bidopsis ecotypes Landsberg and Columbia were shown
to be first merged together when compared to other spe-
cies from the Brassicaceae family [5]. For maritime pine
[4], plants from seven origins were compared, and less
than 20% of spots was observed simultaneously in all
patterns. However, in none of these works, a specific
analysis according to the protein abundance was made.
Accordingly, our results both constitute a novel example
of the proteome plasticity among plant ecotypes and give
the first evidences that the major proteins could contrib-
ute strongly to the variations observed. Colloidal Coo-
massie blue staining of 2-DE gels is known to favor the
visualization of abundant proteins. Therefore, as the pro-
teins ranked here as MPs constituted half of the amount
of this subset, the accumulation of MPs is likely to have a
major cost for the cell. Accordingly, it can be speculated
whether, beside the selection of isoforms or allelic forms
conferring a superiority with respect to some functions,
the variations demonstrated in the proteomes of ecotypes
reveal also physiological re-equilibrations.

(i) In terms of functions associated to MPs, large varia-
tions were also observed, mostly as quantitative differ-
ences, showing that not the same abundant proteins are
accumulated in all ecotypes. Actually, whenever more
than one-quarter of MPs was not detected in some eco-
types, for most of them the same accession was identi-
fied in other spots indicating the occurrence of isoforms
or protein modifications. On the other hand, in several
cases, given functions were highly expressed in some
ecotypes, but minor in others. A striking example con-
cerns the alcohol dehydrogenase function, that constitu-
tes a major function in two MP spots for LI-0 ecotype
(where it cumulates 3.7% of the total protein amount),
but a minor function in Ws-1 ecotype (0.1% of the total).
Such amplitude suggests the occurrence of strong func-
tional variations between ecotypes. Moreover, the fact
that several of the major functions participate to the
same pathway support the hypothesis that the plasticity
of the proteome reveals different physiological equili-
briums between ecotypes. For instance, in terms of MPs,
Cvi-0 ecotype appears to dedicate 13% of its protein
amount to glycolysis and 27-fold less to nitrogen assimi-
lation, whereas this ratio is 7 times lower for RId-1 eco-
type. In terms of experimental strategy, it should be
emphasized that, although a small proportion of proteins
was characterized here, the conclusions derived can be
assumed to be robust as it is unlikely that such ratio could
be strongly modified by the identification of minor pro-
teins. However, it should be also noticed that the five
spots that could not be identified from their peptide
mass fingerprint contribute substantially to the variation
between ecotypes (3.9% of the total protein amount in
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Be-0 ecotype, not detected in RId-1 ecotype). Beside the
important question of the function of these MPs, this
leaves open the possibility that they participate to some
of the pathways identified, thus altering their contribution
in the present analysis.

Alarge part of identified proteins corresponds to enzymes
involved in energy metabolism. This is not unexpected
owing to their functional importance, although little re-
ference data is presently available. Very recently, a first
large-scale quantification of genes expressed in Arabi-
dopsis root was made using the SAGE approach [21].
None of the 25 most frequent tags (> 12700 different
tags) corresponds to any of the 25 MPs identified here in
one or the other of the 8 ecotypes, although the product
of some of these genes, like a glyceraldehyde-3-phos-
phate dehydrogenase, falls clearly in the p/ and MW
ranges investigated. Differences in physiological state of
roots between these experiments are likely. Nevertheless,
this suggests that the major functions expressed could be
not deducible from a transcript analysis. As these func-
tions appear to discriminate ecotypes and possibly to
reveal different physiological status, this would confer to
the proteome analysis an unique advantage in character-
izing the plant biodiversity.

Taken together, the differences quoted in terms of protein
pattern and of protein function appear to encompass
both a genetic and a physiological information. The
former, which corresponds to approaches already well
established in plants [2], was not analyzed here, although
some of the observed examples (position shifts, pres-
ence/absence of spots) suggest the possible occurrence
of allelic variations. The latter was not addressed up to
now in ecotypes. On this basis, proteomic analysis of
naturally occurring variations can be speculated to con-
stitute a new powerful way to get insights into functional
traits.

4.2 Proteomes as signatures for ecotype
classification

Hierarchical clustering was used to get insights into the
structure of the differences in the proteome that were
quoted among ecotypes. This resulted in a classification
into three groups: the two ecotypes known to be very
close according to their origin, the three ecotypes intro-
duced for their alternative root growth responses, and
the three last currently used ecotypes. The same struc-
ture holds as well for the whole and anonymous protein
pattern, or when restricting the focus on the 25 anon-
ymous MPs accounting for half the protein amount in
each ecotype, as for the main functions deduced from
the identification of MPs. It should be emphasized that
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these classifications rely on both quantitative (protein
abundance), qualitative (protein presence or absence),
and functional features (protein function class). Therefore,
it can be speculated whether they reveal characteristic
proteomic signatures. This was not investigated into
more details, and no similar analysis was published
to date for plant ecotypes. In the case of Arabidopsis
mutants, however, the classification of anonymous pro-
tein patterns was previously shown to group the cri
mutant with the corresponding wild-type ecotype when
grown in the presence of cytokinins, and this mutant was
demonstrated thereafter to overproduce cytokinins [22].
Although such examples are rare, they suggest that dif-
ferent but close genotypes can be classified from their
proteome in a way reflecting the physiological status of
plants. Therefore, owing to the important differences
quoted here among proteomes in terms of major func-
tions, both these data and ours support the working hy-
pothesis that the proteomic signature includes a physio-
logical information.

One striking result is that the three ecotypes that were
introduced in the study for their alternative response to
environmental stress were grouped in a same cluster.
According to the discussion above, this would suggest
that Be-0, LI-0, and RId-1 ecotypes would share major
physiological features. To date, however, the only data
available about these ecotypes concern their atypical
response to phosphate starvation. On the other hand, a
close link between phosphate and energy metabolisms
is well known [23], and the present proteome analysis
was performed with plants grown under normal condi-
tions. Therefore, one tentative hypothesis is that the three
ecotypes would display specific and constitutive features
in their energy metabolism that would be detectable at
the proteome level. Under this hypothesis, their original
response to phosphate starvation would result from these
specific features.

A noticeable point in this work is that only a small part
of the total proteomic information was used. According
to the experimental conditions, the analysis concerned a
defined window in terms of p/ and MW and was restricted
to soluble proteins. The classification obtained can ad-
dress therefore only the functions associated to the corre-
sponding subset of abundant and soluble proteins, illus-
trated here by enzymes involved in energy metabolism.
Accordingly, a different classification would be not un-
expected when looking at other classes of proteins, such
as, for instance, transporters which include numerous
basic and hydrophobic proteins. On the other hand, both
anonymous and function-based classifications of MPs
led to the same classification that was obtained when
exploiting all the protein pattern. This suggests that MPs

www.proteomics-journal.de



Proteomics 2004, 4, 1372-1381

would be responsible for a main part of variations be-
tween ecotypes, and that an analysis focusing on a lim-
ited number of proteins bearing major functions may
have the capacity to reveal specific features of the pro-
teomes. No attempt was made here to assess these
points, for instance by changing the number of MPs
selected and the proportion of the total protein amount
taken into account to classify the proteomes. Further
work remains therefore required to rationalize a general
strategy suitable for large-scale classification of ecotypes
from a limited but detailed characterization of proteomes.

In conclusion, we report here a first use of proteomics
to investigate variations between Arabidopsis ecotypes.
The result obtained demonstrate that the differences in
the proteomes originate both from the expression of dif-
ferent ecotype-specific isoforms of proteins showing the
same function and from the differential expression of pro-
teins with different functions. Furthermore, the approach
appears to have the capacity to discriminate ecotypes
and to generate a classification according to their physio-
logical status, directly from the features of their major pro-
teins. Owing to the throughput of the present proteomic
technology and to the hundreds of ecotypes available for
Arabidopsis, it can be speculated that such proteomic
approach will constitute a robust tool for mining the natu-
ral biodiversity in plants.
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Owing to a weak availability in soil, plants have developed numerous morphological, physiological
and biochemical adaptations to acquire phosphate (Pi). Identification and characterisation of key genes
involved in the initial steps of Pi-signalling might provide clues about the regulation of the complex
Pi deficiency adaptation mechanism. A two-dimensional gel electrophoresis approach was performed
to investigate proteome responses to Pi starvation in Arabidopsis. Two ecotypes were selected accord-

ieyw_tirds: ing to contrasting responses of their root system architecture to low availability of Pi. Thirty protein
Eccgtr;paesse spots were shown to be affected by Pi deficiency. Fourteen proteins appeared to be up-regulated and ten
Phosphate deficiency down-regulated with ecotype Be-0, wheras only thirteen proteins were observed as down-regulated for
Proteomics ecotype LI-0. Furthermore, systematic and opposite responses to Pi deficiency were observed between
the two ecotypes. The sequences of these 30 differentially expressed protein spots were identified using

mass spectrometry, and most of the proteins were involved in oxidative stress, carbohydrate and pro-

teins metabolism. The results suggested that the modulation of alcohol dehydrogenase, malic enzyme

and aconitate hydratase may contribute to the contrasted adaptation strategy to Pi deficiency of Be-0 and

LI-0 ecotypes. A focus on aconitate hydratase highlighted a complex reverse response of the pattern of

corresponding spots between the two ecotypes. This protein, also potentially involved in iron homeosta-

sis, was speculated to contribute, at least indirectly, to the root architecture response of these ecotypes.

© 2011 Elsevier GmbH. All rights reserved.

Introduction lar and developmental adjustment (Fang et al., 2009; Raghothama,

1999).

Like nitrogen and potassium, phosphate is one of the three
essential macronutrients of plants. Phosphate is not only a con-
stituent of such key cell molecules as ATP, nucleic acids and
phospholipids, but also acts as a regulator in many metabolisms,
including energy transfer, protein activation, and carbon metabolic
processes. Because of its low mobility in the soil, inorganic
orthophosphate (Pi), the assimilated form of phosphorus, is one of
the most limiting nutrients for plant growth and crop productivity,
and low-Pi availability is a major constraint for plant productivity
in alkaline and acid soils (Raghothama and Karthikeyan, 2005). As
developmental plasticity is one main adaptative response of plants
to the availability of nutrients, limitation in Piinduces both molecu-

Abbreviations: TAIR, The Arabidopsis Information Resource; Pi, inorganic phos-
phate; 2-DE, two-dimensional electrophoresis.
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In Arabidopsis, Pi starvation was described to result in an
increase of the size of the root apparatus that could favour Pi uptake
(Al-Ghazi et al., 2003). Such responses of the root architecture may
involve various modifications, of which several are also triggered
by other stresses. For instance, they may concern the growth of
the primary root in Pi-starved plants (Chevalier et al., 2003), the
growth of lateral roots in nitrate-, Pi- or iron-starved plants, the
density of lateral roots in Pi- or iron-starved plants (Moog et al.,
1995; Williamson et al., 2001) or the formation of root hairs in Pi- or
iron-starved plants (Bates and Lynch, 1996; Schmidt and Schikora,
2001). In other plant species, Pi starvation may promote the for-
mation of proteoid roots as in Lupinus albus (Johnson et al., 1996)
or affect the growth angle of roots in Phaseolus vulgaris (Bonser
et al.,, 1996) whilst altering simultaneously the growth and density
of lateral roots (Borch et al., 1999).

Several gene and transcription factors were related to Pi starva-
tion and plant adaptation (Camacho-Cristébal et al., 2008; Liu et al.,
2009; Richardson, 2009; Ticconi et al., 2009; Wang et al., 2010;
Yang et al., 2010; Yuan and Liu, 2008). In a previous work, we anal-
ysed the capacity of Arabidopsis ecotypes to develop a specific root
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architecture under low-Pi growth conditions (Chevalier et al.,
2003). A wide range of ecotypes was studied and an increase or a
decrease in the primary root length and/or the lateral roots number
were observed, indicating the occurrence of different and con-
trasting adaptative strategies. Among all ecotypes analysed, 66%
presented a decrease in primary root length and 25% presented
no modification of the primary root length nor of the lateral root
number. From the remaining 9%, ecotypes LI-0 and Be-0 displayed
opposite responses, with anincrease or a decrease of the lateral root
number, respectively, and no change in the primary root length.
In addition, under conditions of Pi-deficiency, the decrease in pri-
mary root length was proposed to be linked to root Fe toxicity,
and the atypical response of accession LI-0 was associated with an
increased resistance to root Fe toxicity (Ward et al., 2008).

A previous proteomic study using two-dimensional elec-
trophoresis (2-DE) and MALDI-TOF mass spectrometry allowed the
analysis of the natural variability at the protein level, with a special
focus on proteins accounting for the majority of the protein amount
in each ecotype (Chevalier et al., 2004a; Chevalier, 2010). The pro-
teomes appeared to reveal important variations in terms of function
between the 5 studied ecotypes under normal growth conditions,
without any stress. It was proposed that proteomic comparison has
the capacity to evidence differences in the physiological status of
ecotypes.

In this work, in order to further analyse key proteins involved
in plant adaptation to Pi-deficiency, we compared ecotypes LI-0
and Be-0, previously shown to be very close in terms of global pro-
teome but distant in terms of their root system under low-Pi growth
conditions. A gel-based proteomic strategy was used for total sol-
uble proteins from hydroponic roots of the two ecotypes grown
on control or Pi-deficient medium. Several spots appeared to dis-
play opposite responses between the two ecotypes, and a specific
emphasis was proposed for aconitase hydratase, which seemed to
be characteristic of contrasted ecotype responses to Pi starvation.

Materials and methods
Plant material and culture conditions

Arabidopsis ecotypes Be-0 and LI-0 were progenies from NASC
(http://nasc.nott.ac.uk). Plants were grown under hydroponic con-
ditions as previously described (Lejay et al., 1999) at the vegetative
stage with complete medium for 6 weeks and then again with
complete medium (control) or with Pi deficiency medium (treated)
during the last 8 days before sample harvest.

Protein extraction

A TCA/acetone extraction protocol was used to extract and sol-
ubilise proteins from plant root as previously described (Chevalier
et al., 2004b). Briefly, for each ecotype and growth condition, root
sample corresponding to more than 150 root systems was ground
in liquid nitrogen, and the fine powder was mixed with precipita-
tion solution (90% acetone, 10% TCA and 0.07% 2-mercaptoethanol).
After incubation at —20°C, insoluble material was pelleted at
42,000 x g with a TL 100 ultracentrifuge using a TLA 100.3 rotor
(Beckman Coulter, CA, USA). Pellets were washed with acetone con-
taining 0.07% 2-mercatoethanol (v/v), air-dried and solubilised in
buffer containing 9 M urea, 4% CHAPS (w/v), 0.05% Triton X100 (v/v)
and 65 mM DTT. Protein level was estimated using the Bradford
method. All manipulations were performed on ice.

Two-dimensional electrophoresis

For each ecotype sample, 2-DE was performed as previously
described (Chevalier et al., 2004a). Triplicate gels with 18 cm linear

pH 4-7 IPG strips for the first dimension and 12% acrylamide gel
for the second dimension were used. Protein samples (200 j.g) were
loaded on each gel and gels were stained using colloidal Coomassie
blue (Chevalier et al., 2004b, 2007).

Image analysis

Images from stained gels were digitalized at 300dpi with a
GS 710 densitometer (Biorad, Hercules, CA, USA) and analysed
using the Samespots software v4.0 (Non-linear Dynamics, UK). Gel
triplicates were grouped to create an analysis with the 12 gels cor-
responding to 2 ecotypes and 2 growth conditions. Spots of each
ecotypes were compared between control and Pi deficiency growth
conditions. A multivariate statistical analysis was performed using
the statistic mode of the Samespots software v4.0 (Non-linear
Dynamics, UK). Spots with significant differences between control
and Pi deficiency growth conditions (Anova t-test, p<0.05) were
first selected for each ecotypes separately. Then, only spots with a
g value <0.05 and a power >0.8 were finally selected for subsequent
protein identification by MALDI-TOF MS analysis.

Protein identification by MALDI-TOF MS

Spots were picked from preparative gels (500 g proteins) using
aspot picker robot (Perkin Elmer, Wellesley, MA, USA) as previously
described (Chevalier et al., 2006). Briefly, acrylamide pieces were
collected in microplates with acetic acid 1% (v/v). Pieces of gel were
washed using a Multiprobe II robot (Perkin Elmer, Wellesley, MA,
USA) with water, 25 mM ammonium carbonate and acetonitrile.
Proteins were digested with trypsin (12.5 pg/ml in 25 mM ammo-
nium carbonate), mixed with a-cyano-4-hydroxy-cinnamic acid
and spotted onto MALDI targets. Peptide mass fingerprints were
acquired using a Biflex Il mass spectrometer (Bruker Daltonics,
Bremen, Germany). Spectra were calibrated internally and anno-
tated automatically. The MASCOT search engine software (Matrix
Science, London, UK) was used to search NCBInr database. The fol-
lowing parameters were used for database search: mass tolerance
of 100 ppm, a minimum of four matched peptides and one missed
cleavage allowed.

Results and discussion
Proteomic variations in responses to Pi-deficiency

Root system architecture was analysed on a set of Arabidop-
sis ecotypes (Chevalier et al., 2003). These ecotypes have adapted
to strongly contrasting growth conditions and thus display highly
variable growth characteristics (Table 1). Dramatic differences in
growth and architecture were observed within the first few weeks
after germination and several parameters were compared, such
as primary root length, lateral root number, lateral root length,
leaf area or primary root growth rate. It appeared that the length
of the primary root and the number of laterals were two robust
parameters to discriminate accessions. Be-0 and LI-0 ecotypes were
selected as they displayed differential and atypical root architec-
ture, with no modification of the primary root length, combined
with a decrease or an increase of the lateral root number, respec-
tively (Chevalier et al., 2003).

Quantitative changes in root proteins were analysed by compar-
ing the proteomic map of ecotypes under two growth conditions
(normal hydroponic medium, or Pi deficiency medium). A total of
465 proteins were detected on colloidal Coomassie blue stained
2D-PAGE gels using Non-linear Samespots software. To analyse
the Pi-responsive proteins, significant differences in spot volume
between control and “treated” samples were assessed and protein
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Table 1
Ecological and morphological characteristics of Arabidopsis ecotypes Be-0 and LI-0 according to (Chevalier et al., 2003) and TAIR.
Ecotype Be-0 LI-0
Location Bensheim/Bergstr. (Germany) Llagostera (Spain)
NASC Id N965 N1338
Ecological characteristics (TAIR)
Altitute (Min/Max) 100/200 1/100
Latitute (Min/Max) 49/50 42/42
Longitute (Min/Max) 8/9 3/3
Monthly preciptation spring (Min/Max) 30/40 30/40
Monthly preciptation autumn (Min/Max) 30/40 30/40

Morphological characteristics (Chevalier et al., 2003)
Primary root length (control vs Pi deficiency)
Lateral root number (control vs Pi deficiency)

No modification
Decrease

No modification
Increase

spots displaying significant up- or down-regulation were regarded
as candidates and submitted to MS analysis.

On the whole, thirty spots, representing 6.4% of all spots on the
experiment (Fig. 1), showed significant variations (p <0.05). They
corresponded to respectively 24 and 13 spots differentially accu-
mulated between growth conditions in respectively ecotypes Be-0
and LI-0. Nearly one quarter of them were common to both eco-
types (Table 2) and displayed a systematically an opposite response
to phosphate availability. Other spots were affected in only one of
the two ecotypes.

The functional distribution of identified proteins was
inferred from “The Arabidopsis Information Resource, TAIR”
(http://www.arabidopsis.org) and the “Protein knowledgebase” of
UniprotKB (http://www.uniprot.org). Accordingly, proteins could
be classified into 4 main groups: oxidative stress-related proteins,
carbohydrate and energy metabolism, proteins, nucleic acids and
lipid metabolisms, other metabolic groups.

Modulation of oxidative stress-related proteins

Pi deficiency was previously shown to induce an oxidative stress
in bean plants and a major role of oxidase was highlighted in stabi-
lizing the reduction level of ubiquinone, and thus preventing active
oxygen species formation (Juszczuk et al., 2001).

In this study, oxidative stress-related proteins were identified
in 15 spots, corresponding to 7 different protein accessions. Alco-
hol dehydrogenase (spot 529) was modulated under Pi deficiency.
This protein, known to be involved in alcohol oxido-reduction
via NADH, contains several zinc—-metal binding sites with cat-
alytic activity. Spot 529 was under-expressed in the LI-0 ecotype,
and over-expressed in ecotype Be-0. Disulfide-isomerase (spot
274) catalyzes the rearrangement of -S-S— bonds in proteins
and participates in cell redox homeostasis. L-Ascorbate peroxi-
dase 1 (spot 429) plays a key role in hydrogen peroxide removal
and constitutes a central component of the reactive oxygen
gene network (Davletova et al., 2005). Malic enzyme (spot 68)
acts as an oxidoreductase especially in malate metabolic pro-
cess. Methylmalonate-semialdehyde dehydrogenase (spot 119)isa
mitochondrial oxido-reductase. Monodehydroascorbate reductase
(spots 167 and 207) catalyzes the conversion of monodehy-
droascorbate to ascorbate, oxidizing NADH in the process. Most
of these proteins were previously described as involved under
cadmium, hypoxia, heat and/or salt stress. A modulation of such
proteins under Pi deficiency may play a role in antioxidant defense
and redox signalling during oxidative stress.

Aconitate hydratase was identified in 8 spots (spots 13, 16,
17, 19-21, 517, and 518) modulated during Pi deficiency. It was
the most relevant protein, identified in our proteomic analysis.
Aconitase hydratase 2 is a mitochondrial enzyme, with a citrate
hydro-lyase catalytic activity, involved in several biological pro-
cesses, such as glyoxylate cycle and tricarboxylic acid cycle. The

protein was described as implicated in response to abscisic acid
stimulus and cadmium, oxidative, salt and acid stresses (TAIR).
Recently, aconitase was described as playing a key role in regulating
resistance to oxidative stress and cell death in Arabidopsis (Moeder
et al,, 2007). The authors speculated that plant aconitase mediates
resistance to oxidative stress and regulates cell death by modulat-
ing the expression of genes whose products control intracellular
ROS levels.

Regulation of carbohydrate and energy metabolism

Proteins involved in carbohydrate and energy metabolism were
identified in 5 different spots. ATP synthase subunit beta (spots 519
and 520)is a mitochondrial membrane ATP synthase (F1FO ATP syn-
thase or Complex V) which produces ATP from ADP in the presence
of a proton gradient across the membrane, which is generated by
electron transport complexes of the respiratory chain. Citrate syn-
thase 4 (spot 183) is involved in cellular carbohydrate metabolic
process in the biosynthesis of citrate from oxaloacetate and acetyl
CoA. Enolase (spot 521) is one of the major glycolysis enzyme,
catalysing the synthesis of phosphoenolpyruvate from 2-phospho-
D-glycerate. [sopentenyl-diphosphate Delta-isomerase II (spot 54)
catalyzes the 1,3-allylic rearrangement of the homoallylic substrate
isopentenyl to its highly electrophilic allylic isomer, dimethylallyl
diphosphate. Modulation of carbohydrate and energy metabolism
enzymes is a well known biochemical process following Pi starva-
tion (Raghothama, 1999). In such nutriment stress, enzymes that
do not require Pi as substrate are activated. These enzymes are con-
sidered to be adaptive enzymes of the glycolytic pathway during Pi
starvation, and they are involved in “bypass reactions” that circum-
vent Piin glycolysis, thus permitting carbon metabolism to proceed
during starvation (Duff et al., 1989).

Alteration of proteins, nucleic acids and lipid metabolisms

Several proteins involved in different processes appeared also
to be modulated under low Pi growth condition. Calreticulin-1
(spot 549) was under-expressed in LI-0 ecotype. Calreticulin-1 is a
calcium-binding chaperone promoting folding, oligomeric assem-
bly and quality control in the ER via the calreticulin/calnexin cycle.
This protein was affected by cadmium, oxidative or salt stresses,
indicating that protein folding could have a general function dur-
ing stress responses in Arabidopsis. Protease regulatory subunit 26S
(spots 173) was over-expressed under Pi deficiency in Be-0 eco-
type. This protease is involved in the degradation of ubiquitinated
proteins (ATP-dependent). S-adenosylmethionine synthase 1 (spot
195) and tryptophan synthase alpha chain (spot 397), involved in
amino acid metabolism, were over-expressed under Pi deficiency in
Be-0 ecotype, whereas hydroxymethylglutaryl-CoA synthase (spot
123) implicated in lipid synthesis, was under-expressed under Pi
deficiency in Be-0 ecotype. This suggested a general modification
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Fig. 1. Two-dimensional electrophoresis of root proteins of Be-0 ecotype, separated under reducing conditions using a 18-cm pH 4-7 pl range strip for the first dimension and
a 12% acrylamide gel for the second dimension. Spots differentially accumulated in response to Pi deficiency, as indicated by arrows, were submitted to mass spectrometry

identification by MALDI-TOF peptide mass fingerprinting (Table 1).

of the cell machinery with a rapid biochemical adjustment system
to overcome low Pi availability.

Be-0 and LI-0 ecotypes displayed opposite protein variations

Several modulated proteins under low Pi conditions were
common to Be-0 and LI-0 ecotypes. It is striking that opposite
variations (i.e. over-accumulation in Be-0 and under-accumulation
in LI-0) were systematically observed (bold proteins in Table 2).
These included alcohol dehydrogenase, malic enzyme and aconi-
tate hydratase. Moreover, 7 spots were over-expressed and 10
spots under-expressed in ecotype Be-0, whereas they were unaf-
fected by Pi availability in LI-0O ecotype; similarly, 6 spots were
under-accumulated in ecotype LI-0, but were stable in Be-0 eco-
type. Collectively, these responses suggest that the two ecotypes
would have divergent adaptive strategies to low Pi.

In Fig. 2, a special focus is given to aconitate hydratase (aconi-
tase) spots, as this protein was identified in 8 different spots. Most
of isoforms were similarly modified, with an under-expression in
ecotypes LI-0 (7/8 spots) and with an over-expression in ecotype
Be-0 (6/8 spots).

Possible relationship between proteomic responses and root
architecture

Pi deficiency and iron availability were correlated with primary
root elongation (Ward et al., 2008). In a P-deficient medium, inhi-
bition of primary root elongation was demonstrated as a result of
iron (Fe) toxicity. A reverted phenotype was observed when the Fe
concentration in P-deficient medium is reduced, with an elonga-
tion of the primary root without an increase in Pi availability or a
corresponding change in the expression of Pi deficiency-regulated

genes (Ward et al., 2008). Here, it was shown that aconitase dis-
played different responses to Pi deficiency between ecotypes Be-0
and LI-0 (Table 2).In Be-0 ecotype, levels of spots for aconitase were
increased under P-deficient growth condition (Fig. 2), whereas the
opposite observation was obtained with ecotype LI-0. These two
ecotypes were selected for this study on a basis of specific and
atypical root architecture responses under low-Pi growth condi-
tions. Indeed, a reduction of the primary root length was observed
with 2/3 of all analysed Arabidopsis ecotypes (Chevalier et al., 2003),
but no reduction of the primary root length was observed ecotypes
Be-0 and LI-0. Thus, LI-0 accession was proposed to be more resis-
tant to root Fe toxicity, with an increased tissue concentration of
Fe (Ward et al., 2008).

Aconitase, an iron-sulfur protein that contains a [4Fe-4S]-
cluster, catalyzes the interconversion of isocitrate and citrate
via a cis-aconitate intermediate, and the cytoplasmic isoform
of the enzyme is known to be sensitive to iron availability
(Shlizerman et al., 2007). In addition, a change in iron cellular
concentration was previously observed under similar conditions
for the LI-0 ecotype (Ward et al., 2008). Whether the decrease
in the accumulation of the mitochondrial isoform observed here
is related to the iron concentration and potentially to the root
architecture response, needs further dedicated gene-based exper-
iments.

In conclusion, our results showed that phosphate deficiency
induced a modulation of several root proteins involved in oxida-
tive stress, energy and biomolecule metabolism. Under low-Pi
conditions, ecotypes Be-0 and LI-0, selected following to their
contrasted root architecture, displayed a systematic and oppo-
site proteomic response for alcohol dehydrogenase, malic enzyme
and aconitate hydratase. The striking response of this latter pro-
tein, potentially involved in iron homeostasis, opens speculation
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Identified root proteins from Arabidopsis ecotypes Be-0 and LI-0 showing significant changes in abundance between control and Pi deficiency growth conditions. *+, spots
over-accumulated in low Pi condition; —, spots under-accumulated in low Pi conditions. **Bold, proteins with opposite response to low Pi between Be-0 and LI-0 ecotypes.

Metabolic group Spot Protein name™* No accession Mol mass (kDa) pl Be-0* LI-0*
Theor. Obs. Theor. Obs. Diff. Anova (p) Diff. Anova (p)
Oxidative stress 529 Alcohol P06525 41.18 42.10 5.83 6.19 +1.238 0.042 -1.284 0.015
related proteins dehydrogenase
274 Disulfide-isomerase A6 022263 3717 36.23 5.65 6.03 -1.123 0.041
429 L-Ascorbate peroxidase Q05431 27.43 24.39 5.72 6.18 +2.467 0.001
1
70 Malic enzyme QILYG3 64.41 66.00 6.01 6.27 +1.718 0.003 -1.460 0.034
119 Methylmalonate- QOWM29 63.02 54.69 8.46 6.00 -1.530 0.019
semialdehyde
dehydrogenase
167 Monodehydroascorbate P92947 47.64 47.60 5.79 6.16 +1.835 0.000
reductase
207 Monodehydroascorbate Q9I3W]J8 47.48 43.14 5.25 5.19 -2.124 0.041
reductase isoform 4
13 Aconitate hydratase 2 Q9SIB9 99.74 108.57 5.86 6.43 +1.674 0.043
16 Aconitate hydratase 2 Q9sSIB9 99.74 106.21 5.86 5.92 +1.935 0.001 -1.911 0.016
17 Aconitate hydratase 2 Q9SIB9 99.74 105.68 5.86 6.15 +1.529 0.009 -1.540 0.006
19 Aconitate hydratase 2 Q9SIB9 99.74 105.06 5.86 5.87 +2.470 0.003 -1.615 0.040
20 Aconitate hydratase 2 Q9SIB9 99.74 103.95 5.86 6.01 +1.710 0.007 -1.877 0.003
21 Aconitate hydratase 2 Q9SIB9 99.74 103.97 5.86 6.09 +1.642 0.002 -1.815 0.001
517 Aconitate hydratase 2 Q9SIB9 99.74 105.41 5.86 6.22 -1.523 0.022
518 Aconitate hydratase 2 Q9SIB9 99.74 108.28 5.86 6.39 —1.868 0.025
Carbohydrate 519 ATP synthase subunit P19023 54.06 53.34 5.19 5.60 —1.840 0.011
and energy beta
metabolism 520 ATP synthase subunit P83483 54.22 53.33 5.37 5.61 -1.879 0.000
beta-1
183 Citrate synthase 4 P20115 50.84 45.60 5.99 6.31 +1.663 0.016
521 Enolase P25696 47.72 54.78 5.54 5.78 -1.479 0.003
54 Isopentenyl- Q42553 32.61 74.12 6.10 5.35 -1.808 0.001
diphosphate
Delta-isomerase Il
Protein, nucleic 549 Calreticulin-1 004151 46.16 57.49 442 4.40 -1.844 0.000
acid and lipid 173 26S protease QO9SEI2 47.48 46.87 491 5.00 +1.728 0.005
metabolism regulatory subunit 6A
homolog A
195 S-adenosylmethionine P49612 39.94 44,00 6.45 5.83 +2.368 0.001
synthase 1
397 Tryptophan synthase Q42529 33.20 27.20 6.76 5.72 +1.676 0.002
alpha chain
123 Hydroxymethylglutaryl-  P54873 51.09 54.64 5.98 5.13 -1.591 0.003
CoA
synthase
Others 122 F28N24.3 protein QILP57 51.43 54.61 9.03 541 -1.903 0.000
125 F28N24.3 protein QILP57 51.43 54.27 9.03 5.46 -1.612 0.000
150 Tubulin P20363 49.65 50.49 4.95 5.32 -1.517 0.021
alpha-3/alpha-5 chain
202 Actin-8 Q96293 41.86 43.52 537 5.56 —1.486 0.008
499 Uncharacterized 080858 16.94 16.90 492 4.56 -1.359 0.001
protein
Control Phosphate deficiency
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Fig. 2. Comparison of “aconitase area” from Fig. 1 for Be-0 and LI-0 ecotypes, in response to Pi deficiency. Spots identified as aconitase were indicated by arrows (Table 2).
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about its contribution to the root architecture response of these
ecotypes.
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1.3 - Post-Doctorat 2 : Analyse de la qualité de laits apres différents traitements

Ce contrat post-doctoral a I'University College of Cork était financé dans le cadre d’'une mission
gouvernementale Irlandaise du « Department of Agriculture and Food » pour le projet FIRM (Food
Institutional Research Measure). Le laboratoire d’Alan Kelly avait pour mission I'analyse de la qualité

du lait et des produits laitiers par des outils protéomiques.

1.3.1 - Analyse de la qualité du lait apres traitement thermique

Ce projet était articulé autour de cing objectifs visant a caractériser le lait et les produits laitiers ayant
subi différents traitements physiques (chaleur, haute pression), chimiques et enzymatiques.

La premiére étape consistait a caractériser le protéome typique du lait de vache cru ou chauffé. A cet
effet, une étude cinétique de lait chauffé a 90°C pendant 30 minutes a été réalisée. Afin de
comprendre les interactions qui se produisent entre les protéines du lait suite & un traitement
thermique, des échantillons de lait chauffés ont été incubés avec des agents réducteurs avant et/ou
apres isoélectrofocalisation des protéines, ce qui constitue la premiere étape de I'électrophoréese
bidimensionnelle. Les protéines clés qui sont censées interagir pendant le traitement thermique sont la
béta-lactoglobuline et la caséine kappa. Ces deux protéines présentent des résidus cysteil libres qui
peuvent interagir suite a un traitement thermique et ainsi former des hétérodiméres. Dans cette
analyse, les cartes du protéome de lait non chauffé et chauffé a 90°C ont été comparées en fonction
des trois conditions de séparation afin d'observer la présence d’interactions entre protéines,
principalement par des liaisons dissulfures. Un petit nombre de protéines en grande abondance sont
caractéristiques du protéome du lait cru. Certains complexes protéiques réticulés ont été observés
dans des conditions natives/non chauffées par électrophorése bidimensionnelle. Lorsque le lait
écrémé a été chauffé a 90°C pendant 10 minutes, la quantité de protéines natives de lactosérum a
diminué en paralléle avec une augmentation de complexes, y compris hétéropolymeéres trés
complexes, par exemple, des polymeéres caséines/protéines de lactosérum contenant de multiples
especes. La stratégie d'analyse utilisée dans cette étude révéle que de nombreuses interactions font
intervenir des ponts disulfures.

Les polymeres ainsi formés ont ensuite été quantifiés : en condition native, 18% de alpha S2-caséine,
25% de PB-lactoglobuline, et 46% de kappa-caséine sont impliqués dans des complexes. Aprés
traitement thermique a 90 °C pendant 30 minutes, une grande quantité de sérum albumine, de B-
lactoglobuline et la kappa-caséine sont sous forme de polymeéres. En effet, homo-polymeres et hétéro-
polyméres de kappa caséine et d'alpha-S2-caséine ont été identifiés par spectrométrie de masse. La
guantité des spots correspondant aux monomeres de kappa-caséine diminue progressivement avec

le temps de chauffage a 90 °C, avec une plus grande proportion pour les points isoélectriques acides.
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1.3.2 - Analyse du lait de jument aprés coagulation enzymatique

Un deuxiéme projet a été mené en collaboration avec Therese Uniacke-Lowe et le Prof. P. F. Fox sur
la caractérisation du lait de jument pendant sa coagulation par électrophorése bidimensionnelle en

comparaison avec les résultats obtenus avec du lait de vache.

La coagulation du lait de vache induite par la présure est un mécanisme complexe dans lequel la
chymosine hydrolyse spécifiguement la k-caséine, une protéine responsable de la stabilité de la
micelle de caséine. Dans le lait équin, ce mécanisme n'était pas encore clair et la cible protéique de la
chymosine restait inconnue.

Pour connaitre les protéines impliquées, I'étude de la capacité de coagulation du lait équin par la
chymosine a été réalisée par analyse protéomique comparative en utilisant le lait bovin comme
contr6le. L'analyse par RP-HPLC de laits bovin et équin a montré la libération de plusieurs peptides
suite a une incubation avec la chymosine. Les principaux peptides obtenus a partir de lait équin ont
été identifiés par spectrométrie de masse comme des fragments de (-caséine. L'analyse effectuée
par I'électrophorése bidimensionnelle a confirmé que la 3-caséine équine était la principale cible de la
chymosine aprés 24 h a 30°C et pH 6,5. De plus, I'analyse de ces gels d’électrophorése a permis une
bonne séparation des différentes protéines du lait équin avec, pour la premiére fois, I'observation de la
gamme d'isoformes de k-caséine équine. En comparaison avec le lait de vache, les isoformes de k-
caséine de lait équin ne semblent pas impliquées dans la coagulation du lait induite par la chymosine.
De plus, lintensité des spots de [3-caséine équine a diminué aprés I'addition de la chymosine, mais a

un rythme plus lent que la k-caséine bovine.

1.3.3 - Analyse du lait maternel et implication des enzymes endogénes

La compréhension des différences entre le systeme de protéines du lait maternel et celui du lait de
vache est crucial pour permettre le développement de préparations pour nourrissons.

Dans cette étude, les protéines de lait de vache et une préparation pour nourrisson d'origine bovine
ont été comparées par électrophoréses 1D et 2D avec les protéines du lait maternel produit pour les
nourrissons nés prématurément ou a terme.

La distribution des protéines de la préparation pour nourrissons différe significativement de celle des
autres types de lait. L'analyse du protéome du lait humain pour prématurés a montré une réduction
des niveaux de caséines béta et d’alpha S et une augmentation de peptides issus de ces protéines.
De plus, le lait pour prématurés contient une concentration plus élevée en azote total et de la
plasmine, en accord avec les données protéomiques. Ces résultats suggerent un mécanisme
physiologique qui permet d’'ajuster I'expression d’enzymes ou de certaines protéines pour améliorer la
digestibilité des protéines pour des prématurés. Cette observation pourra faciliter la conception des
préparations pour nourrissons, plus proche du lait maternel, en particulier pour les enfants

prématurés.
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Use of Reducing/Nonreducing Two-Dimensional
Electrophoresis for the Study of Disulfide-Mediated
Interactions between Proteins in Raw and Heated Bovine Milk
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The composition and interactions of proteins in bovine milk, and modifications resulting from milk
storage and processing, are complex and incompletely understood. Analysis of the milk proteome
can elucidate milk protein expression, structure, interaction, and modifications. Raw milk was
analyzed by two-dimensional electrophoresis (isolelectric focusing followed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis) under reducing and nonreducing, or combined, condi-
tions, followed by mass spectrometry of separated protein spots; a small number of high-abundance
proteins, that is, caseins (asi-, as2-, f-, k-, and y-), p-lactoglobulin, a-lactalbumin, and serum
albumin, represented the vast majority of protein spots on the two-dimensional electrophoretograms
of raw milk samples, but some cross-linked protein complexes (mainly homopolymers of «x-casein
and ogpe-casein but also some heteropolymeric complexes) were resolved under native/unheated
conditions. When skim milk was heated to 90 °C for up to 10 min, the level of native whey proteins
decreased in parallel with an increase in disulfide-linked complexes, including very complex
heteropolymers, for example, casein/whey protein polymers containing multiple species. The
analysis strategy used in this study reveals numerous disulfide-mediated interactions and can be
proposed to analyze reduction/oxidation of milk and dairy product proteins following processing
treatments applied for processing and storage.

KEYWORDS: Milk proteins; proteome; interactome; disulfide bridges; heat treatment; mass spectro-
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INTRODUCTION

Heat treatment is applied in the processing of milk for both
hygienic and technological reasons and is today an essential
operation in commercial dairy processes to provide acceptable
safety and shelf life of dairy products. As a consequence of heat
treatment, milk proteins may undergo structural changes, such as
unfolding and aggregation. Heat treatment of milk at >70 °C
results in a number of physicochemical changes in the milk
constituents, in particular, denaturation of whey proteins and
the formation of hydrophobic interactions or disulfide-bonded
aggregates with casein micelles, particularly through interactions
with k-casein. Such protein—protein interactions can significantly
affect the stability of milk and contribute to heat-induced
coagulation of the milk. Numerous studies have been performed
on model systems to elucidate the mechanism of interactions
between milk proteins after heat treatment (/—5).

Zittle et al. (6) provided the first conclusive evidence of com-
plex formation between f-lactoglobulin (5-LG) and «-casein
(k-CN). Sawyer et al. (7) demonstrated the involvement of thiol
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chevalier@cea.fr].
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groups and suggested that the free thiol group of f-LG isinvolved
in the interaction and that intermolecular disulfide bonds
are formed between x-CN and f-LG. Subsequent investiga-
tions have tended to focus on determining the types of bon-
ding involved in complex formation and the stoichiometry of
the complexes formed (5, §—16). Sawyer (7) and McKenzie et
al. (17) showed that the self-aggregation of f-LG was limited
when «-CN was present and suggested that x-CN forms
complexes with intermediate species of aggregated [-LG.
In contrast, Euber and Brunner (/4) reported that the aggre-
gation of B-LG is not a prerequisite for interaction with x-CN.
Cho et al. (5) examined the interaction of S-LG with x-CN
using a “natural” x-CN isolated without reduction or chroma-
tography. Only denatured 3-LG interacted with k-CN (/8), and
many of the possible pathways involved in the aggregation of
B-LG with x-CN were elucidated. It has been proposed that,
on heating -LG and «-CN, the free thiol group of -LG
is exposed, which initiates a series of reactions with other
denatured molecules of 5-LG or with x-CN. The products for-
med depend on the ratio of ¥-CN to -LG and included 1:1
B-LG—k-CN complexes and a range of large heterogeneous
aggregates that were held together by disulfide bonds and/or
hydrophobic interactions (7, 19—21).

©2009 American Chemical Society
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Milk is considerably more complex than purified protein
model systems. Although S-LG is the major whey protein in
bovine milk, several other whey proteins with free thiol groups
and/or disulfide bonds are present, such as serum albumin and o
lactalbumin (22). Of the caseins, both k-CN and ag,-CN have
disulfide bonds, and therefore both could participate in thiol—
disulfide interchange reactions (23). As a consequence, many
more thiol—disulfide interaction pathways exist, and the separa-
tion and the analysis of the reaction products increase in complex-
ity. Despite this, it appears that reactions between -LG and «-
CN similar to those observed in the model systems occur in heated
milk, although, as expected, other denatured whey proteins are
also involved in complex formation (11, 15, 16, 24—29).

Tools for the study of proteins and protein—protein interac-
tions in complex systems have developed significantly in recent
years with the introduction of proteomic tools, such as two-
dimensional electrophoresis combined with mass spectrometry
for the identification of specific separated proteins (30—32). A
number of recent studies have applied two-dimensional electro-
phoretic separation approaches to the study of protein—protein
interactions in heated milk systems, most often using sodium
dodecyl sulfate—polyacrylamide gels under nonreducing and
reducing conditions as the two dimensions for the separation of
proteins, particularly disulfide-bonded complexes (18, 33—35).
Fewer studies have used the classic proteomic strategy of separa-
tion on the basis of isoelectric point (isoelectric focusing) followed
by SDS-PAGE under reducing conditions (36), although this may
yield information significantly different from that obtained
through the previous approach mentioned.

The objective of this study was to investigate the interactions
between proteins in raw skim milk and milk heated under
laboratory conditions to identify the principal pathways and
complexes involved, using proteomic approaches to protein
separation and identification.

MATERIALS AND METHODS

Milk Samples and Reagents. Fresh bulk cow’s milk was obtained
from a dairy farm in Cork. The milk was warmed to 50 °C and skimmed
using a pilot-scale cream separator (final fat content of <0.1%, w/w).
Sodium azide (0.02%, w/v) and a protease inhibitor cocktail, one tablet for
10 mL of milk (Complete Mini EDTA-free, Roche Diagnostics,
Mannheim, Germany), were added to the fresh skim milk before analysis.
Phosphoric and acetic acids were obtained from VWR (Ballycoolin,
Dublin, Ireland); glycerol, urea, SDS, DTT, CHAPS, Triton X-100,
iodoacetamide, bromophenol blue, and Coomassie blue were obtained
from Sigma-Aldrich (St. Louis, MO); acrylamide was obtained from
Bio-Rad (Hercules, CA).

Heat Treatment and Protein Preparation. Aliquots (2 mL) of skim
milk were placed in glass tubes (1.5 cm diameter) with a parafilm cap and
heated in a water bath at 90 °C for 30 min and then cooled rapidly in iced
water and stored at —20 °C until analyzed. Following thawing, heat-
treated milk samples were diluted (1/10) according to the method of
Chevalier et al. (37) in 9 M urea, 4% CHAPS, w/v, and 0.05% Triton X-
100, v/v, with (reduced samples) or without (unreduced samples) 65 mM
DTT. The protein content of the solubilized samples was estimated using
the Bradford method (38).

Analytical Two-Dimensional Electrophoresis. Precast 7-cm strips,
pH range 4—7, or 17-cm strips, pH range 4—7 or 3—10 (Bio-Rad), as
appropriate, were rehydrated in the presence of 100 ug (7-cm strips) or 300 ug
(17-cm strips) of milk protein. Isoelectric focusing was carried out using a
Protean IEF Cell (Bio-Rad) isoelectric focusing system until 50 kV h™'. The
strips were then incubated in the first equilibration solution [S0 mM Tris-
HCI, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS] with 130 mM
DTT (reduced samples) or without DTT (unreduced samples) and then in
the second equilibration solution [S0 mM Tris-HCl, pH 8.8, 6 M urea,
30% (v/v) glycerol, 2% (w/v) SDS] with 130 mM iodoacetamide (reduced
samples) or without iodoacetamide (unreduced samples). Strips were then
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embedded using 0.6% (w/v) low-melt agarose on the top of the acryl-
amide gel. SDS-PAGE was carried out on a 10—18% acrylamide gradient
SDS—polyacrylamide gel (produced using a model 485 Gradient Former,
Bio-Rad), using a Criterion Dodeca Cell electrophoresis unit (Bio-Rad). Gels
were stained with colloidal Coomassie blue (39) and scanned to images,
which were digitized with a GS 800 densitometer (Bio-Rad) and analyzed
using PDQuest software v.7.3.1 (Bio-Rad).

Preparative Two-Dimensional Electrophoresis. Precast 17-cm
strips pH 4—7 or pH 3—10 L (Bio-Rad) were rehydrated with 300 ug of
protein samples, and isoelectric focusing was carried as described above.
The strips were incubated in the first equilibrated solution with DTT
(reduced samples) or without DTT (unreduced samples) and then in the
SDS solution with iodoactamide. SDS-PAGE was carried out on linear
12.5% SDS—polyacrylamide gels, using the Criterion Dodeca Cell elec-
trophoresis unit (Bio-Rad). Gels were stained with colloidal Coomassie
blue (39), and images were digitized with a GS 800 densitometer (Bio-Rad)
and analyzed using PDQuest software v.7.3.1 (Bio-Rad).

Image Analysis. An averaged gel experiment was performed with
analytical two-dimensional electrophoresis gels using the gels of control
unheated milk as reference with the PD Quest software (Bio-Rad). At least
three experimental repetitions of each sample were used in this analysis.
For each sample, the same gel areas were selected and compared. The spot
volume was determined as percentage of total volume of all spots on
respective gels.

MALDI-TOF and TOF/TOF Analysis. Spots were analyzed
according to the method of Chevalier et al. (40). Briefly, spots were excised
from preparative two-dimensional electrophoresis gels by hand and
processed using a Packard Multiprobe II liquid-handling robot (Perkin-
Elmer, Courtaboeuf, France). After successive washings with water,
25 mM ammonium bicarbonate, acetonitrile/25 mM ammonium bicarbo-
nate (1:1, v/v), and acetonitrile, gel fragments were dried at 37 °C. Protein
digestion was carried out at 37 °C for 5 h following addition of 0.125 ug of
trypsin (sequencing grade, modified, Promega, Charbonieres, France),
and resulting fragments were extracted twice with 50 uL of acetonitrile/
water (1:1, v/v) containing 0.1% trifluoroacetic acid for 15 min. Pooled
supernatants were concentrated with a Speedvac to a final volume of ca.
20 uL. Peptides were simultaneously desalted and concentrated with C18
Zip-Tip microcolumns to a final volume of 3 L, an aliquot of each sample
was mixed (1/1) with the a-cyano-4-hydroxycinnamic acid matrix at half
saturation in acetonitrile/water (1:1, v/v), and the mixture was immediately
spotted on the MALDI target by the Multiprobe II robot. Mass spectra
were recorded in the reflector mode on a UltraFlex Il MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics, Bremen, Germany). Automatic
annotation of monoisotopic masses was performed using Bruker’s
SNAPTM procedure. The MASCOT search engine software (Matrix
Science, London, U.K.) was used to search the NCBInr database. The
following parameters were used: mass tolerance of 30 ppm, a minimum of
five peptides matching to the protein, carbamidomethylation of cysteine as
fixed modification, oxidation of methionine as variable modifications, and
one missed cleavage allowed. MALDI-TOF/TOF experiments were
performed under LID conditions with the LIFT cell voltage parameters
set at 19.0 kV for a final acceleration of 29.5 kV (reflector voltage) and a
pressure in the LIFT cell around 4 x 10~ mbar. MASCOT parameters
were adjusted as follows: parent ion mass tolerance of 20 ppm, fragment
ion mass tolerance of 100 ppm.

Nano-LC MS Analysis. Stained protein spots were manually excised,
washed, digested with trypsin as above, and extracted using formic acid
instead of trifluoroactetic acid. Protein digests were analyzed using an ion
trap mass spectrometer (Esquire HCT plus; Bruker Daltonics) coupled to
a nanochromatography system (HPLC 1200, Agilent) interfaced with an
HPLC-Chip system (Chip Cube, Agilent). MS/MS data were searched
against National Center for Biotechnology Information (NCBI) and
MSDB databases using Mascot software with the following parameters:
parent and fragment ion mass tolerance of 0.6 Da for doubly and triply
charged peptides.

RESULTS AND DISCUSSION

Reducing Two-Dimensional Electrophoresis Analysis of Raw
Skim Milk Proteins: Reference Proteomic Map. A two-dimen-
sional electrophoretogram of raw milk (Figure 1) highlighted the
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Figure 1. Two-dimensional gel electrophoretogram of proteins in raw milk
(100 ug) separated under reducing conditions using a 7-cm pH 4—7 p/
range strip for the first dimension and a 10—18% gradient acrylamide gel
for the second dimension. The most abundant spots as indicated by arrows
were submitted to mass spectrometry identification by MALDI-TOF peptide
mass fingerprinting (Table 1). Three areas of interest indicated were
compared according to heating time and reducing/nonreducing conditions
of 2D separation (areas A, B, and C correspond to Figures 4, 5, and 6,
respectively).

complex heterogeneity of the milk protein system; this proteomic
map of milk protein was prepared with 100 ug of reduced milk
proteins using a wide p/ range (4—7) for the first dimension and a
gradient acrylamide gel (10—18%) for the second dimension
(Figure 1). Between the two dimensions, the proteins were
equilibrated with SDS in the presence of DTT followed by
iodoacetamide, for reduction and alkylation of the proteins,
respectively.

Despite the presence of dozens of proteins in milk identified
using a global proteomic analysis, it is clear that the major
proteins present were caseins (-, Oy, -, k-, and y-), -LG,
o-lactalbumin (a-LA), and serum albumin, as would be
expected (47) and which were found in positions roughly corre-
sponding to those previously reported in similar two-dimensional
analyses (37, 32, 43). Additional spots were clearly derived from
these by alterations such as proteolysis, post-translational mod-
ification (e.g., spots 5, 6, 45, and 46 represent differently glyco-
sylated forms of x-CN), and interaction and association of the
major milk proteins. For example, spot 9 is apparently a low
molecular weight breakdown product of -CN that has a very
high isoelectric point, whereas spots 17, 20—22, 24—26, and 42—
44 were all apparently proteolysis products of the caseins,
probably originating from the activity of the principal indigenous
milk protease, plasmin, or other indigenous (or exogenous, e.g.,
bacterial) protease activities in milk. Interestingly, there were far
more proteolysis products originating from og;-CN than from
p-CN and none from «-CN, despite S-CN being the preferred
substrate for plasmin.

Nonreducing Two-Dimensional Electrophoresis Analysis of Raw
Skim Milk: Study of the Native Milk Interactome. When raw milk
was subjected to two-dimensional analysis using nonreducing
SDS-PAGE in the second dimension, a more complex pattern
was obtained (Figure 2). By comparison to the reference proteo-
mic map (Figure 1), the same separation parameters were applied
to raw skim milk, but without the use of reducing agent, to
prevent the reduction/cleavage of disulfide links between milk
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Figure 2. Two-dimensional gel electrophoretogram of proteins in raw milk
(100 ug) separated under nonreducing conditions using a 7-cm pH 4—7 p/
range strip for the first dimension and a 10—18% gradient acrylamide gel
for the second dimension. The specific/interesting spots as indicated by
arrows were submitted to mass spectrometry identification by MALDI-TOF
peptide mass fingerprinting (Table 1).

proteins: milk protein was prepared with 100 ug of unreduced
milk proteins using a p/ range (4—7) for the first dimension and a
gradient acrylamide gel (10—18%) for the second dimension
(Figure 1). Between the two dimensions, the proteins were
equilibrated with SDS in the presence of iodoacetamide (without
the DTT step) to fix the naturally reduced cysteines and to retain
the naturally formed disulfide bonds. This strategy, which has
been applied very recently and successfully to study the oxidative
stress in chronic obstructive pulmonary disease (42), allowed
observation of the naturally occurring disulfide interactions
between the same proteins (homopolymers), and between differ-
ent proteins (heteropolymers), in relation to the oxidized/reduced
status of cysteine residues.

Comparison of the reducing and nonreducing milk proteomic
maps highlighted significantly contrasting results (Figure 2). Most
of the milk protein spots observed at molecular mass below
36 kDa were common to both conditions (bottom of the gel). In
contrast, many high molecular weight spots appeared in the
nonreducing proteomic map, showing new populations of disul-
fide-linked polymers (top of the gel). It can be noted that the spots
observed in the reducing proteomic map between 14 and 36 kDa
seemed to be less intense on the nonreducing proteomic map. As
the same amount of protein was loaded for both conditions, the
decrease in intensity of the low molecular weight resulted almost
certainly from the presence of the disulfide-linked high molecular
weight spots.

The use of a gel gradient (10—18%) for the second dimension
of the two-dimensional electrophoresis was very powerful for the
separation of these high molecular weight populations. At least 20
or 30 new spot populations were observed on the top of the gel of
the nonreducing proteomic map. These spots were very hetero-
geneous in terms of isoelectic point (4.6—6.4) as well as molecular
mass (45—150 kDa). The nine most intense spots of these
disulfide-linked polymers were analyzed using mass spectrometry
(Table 1, spots 31 and 52—59).

These complexes included some spots that may correspond to
homopolymers of x-CN (spots 52 and 53) and og-CN (likely
dimers at spots 57 and 58); these proteins, being the only CNs to
contain cysteine residues, are known to form homomultimers (43).
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Several heteropolymers consisting of various milk proteins at
least in part disulfide-linked were also found, including complexes
of agy/k-CN (spot 54), aig1-/0isa/k-CN (spots 55 and 56), agi-/0lsy/
k-CN/ p-Lg (spot 59), and ag,/-CN/serum albumin (spot 31), of
different molecular weights and p/ values, depending presumably
on the glycosylated and phosphorylated forms of the CN
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involved. It can be noted that new proteins species were also
identified in some of these complexes, including phenylethanola-
mine N-methyltransferase and a-actin 2 (spot 55), showing the
complexity of the heteropolymeric complexes observed using
such nonreducing two-dimensional electrophoresis. The observa-
tion of these stable complexes under “native-like” separation

Table 1. Principal Species Identified in Heated and Unheated Bovine Milk Samples by IEF/SDS-PAGE followed by (a) MALDI MS-PMF, (b) MALDI TOF/TOF, or (c)

Nano-LC-MS/MS?

MALDI-TOF (a) MALDI-TOF/TOF (b) nano-LC-MS/MS (c)
MW? p/ theor/ identified accession Mascot % peptide Mascot matching
spot theor/obsd obsd® protein no.? score coverage mass score sequence score peptides
1 22.97/27.3 4.91/4.61 Olg1-casein P02662 84.4 31.8
2 23.58/2352  5.13/4.98 p-casein P02666 39 15.6
3 23.58/21.95  5.13/5.29 p-casein P02666 52.4 19.2
4 24.35/28.31  8.34/5.21 OLgp-Casein P02663 77.9 26.1 250 9
5 18.97/20.82  5.93/6.59 K-casein 002782 33 311
6 18.97/21.26  5.93/6.34 Kk-casein 002782 31.9 27 139 2
8 18.28/18.27  4.83/5.16 B-lactoglobulin P02754 55.7 444 461 10
9 23.58/14.2 5.13/6.95 p-casein P02666 55.6 219 55 3
17 22.97/13.87 4.91/4.36 QLg4-casein P02662 32 215
20 23.58/17.92  5.13/4.46 p-casein P02666 2061.81 44.9 FQSEEQQQ-
TEDELQDK
21 22.97/20.88  4.91/4.03 QLg-casein P02662 419 36.9
22 22.97/20.75 4.91/412 0Lg4-casein P02662 42 26.2
24 23.58/18.39  5.13/4.60 p-casein P02666 2061.81 44.9 FQSEEQQQ-
TEDELQDK
25 22.9719.93  4.91/4.61 Olg-casein P02662 69.8 24.3
26 22.97119.80  4.91/4.54 Olgq-casein P02662 56.6 24.3
27 22.97/31.09 4.91/4.34 0Lg4-casein P02662 61.2 31.8
28 22.97/24.40 4.91/4.40 QLg4-casein P02662 87.1 33.2
30 66.43/65.11  5.6/6.39 serum albumin P02769 85.3 16 923 19
31 24.35/70.32  8.34/6.18 OLgp-casein P02663 49.1 18
31 66.43/70.32  5.6/6.18 serum albumin P02769 39.9 12.5
31 23.58/70.32  5.13/6.18 p-casein P02666 20.6 28.1
33 18.97/21.15  5.93/6.01 Kk-casein 002782 28.7 30.5 1752.955 41.95 HPHPHLSFM- 198 3
AIPPKK
34 22.97/21.80  4.91/4.56 OLg-casein P02662 51.5 24.3
35 22.97/20.94 4.91/4.64 OLg4-casein P02662 67.4 31.8
38 23.58/19.22  5.13/4.54 p-casein P02666 1029.54 36.35 HKEMPFPK
39 22.97119.33  4.91/4.18 OLg1-casein P02662 415 16.8
41 22.97/20.06  4.91/4.55 OLg1-casein P02662 45.4 224
42 22.97119.92 4.91/4.44 0Lg4-casein P02662 515 24.3
43 22.97/19.66  4.91/4.42 Olg-casein P02662 37.9 224
44 22.97/19.95 4.91/4.71 0Lg4-casein P02662 54.5 22.4
45 18.97/2120  5.93/5.63 Kk-casein 002782 27.5 30.5
46 18.97/21.28  5.93/5.38 K-casein 002782 27.9 424 102 3
47 24.35/21.53  8.34/4.26 OLgp-Casein P02663 35.4 15.7
48 24.35/21.72 8.34/4.07 OLgp-casein P02663 374 15.7
49 18.97/20.74  5.93/6.19 Kk-casein 002782 40 1
50 24.35/28.94  8.34/5.32 Olgp-casein P02663 264 7
52 18.97/55.27  5.93/5.98 Kk-casein 002782 171 3
53 18.97/56.66  5.93/5.63 K-casein 002782 120 1
54 18.97/61.37  5.93/5.65 K-casein 002782 120 2
54 24.35/61.37  8.34/5.65 Olgp-casein P02663 83 4
55 41.77/56.38  5.24/4.81 o-actin 2 P62739 362 7
55 24.35/56.38  8.34/4.81 Olgp-casein P02663 95 3
55 18.97/56.38  5.93/4.81 K-casein 002782 61 1
55 22.97/56.38  4.91/4.81 oLgy- casein P02662 43 1
55 30.92/56.38  5.91/4.81 phenylethanol P10938 41 1
amine
N-methyl-
transferase
56 22.97/65.11  4.91/4.71 Olg1-casein P02662 193 3
56 24.35/65.11  8.34/4.71 Olgp-casein P02663 146 5
56 18.97/65.11 5.93/4.71 Kk-casein 002782 109 2
57 24.35/76.90  8.34/5.22 Olgp-casein P02663 68.5 24.8
57 24.35/76.90 8.34/5.22 Qgp-casein P02663 251 7
58 24.35/70.85  8.34/5.21 OLgp-Casein P02663 112 2
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MALDI-TOF (a) MALDI-TOF/TOF (b) nano-LC-MS/MS (c)

MW? p/ theor/ identified accession Mascot % peptide Mascot matching

spot theor/obsd obsd® protein no.? score coverage mass score sequence score peptides
59 18.28/89.38  4.83/5.55 p-lactoglobulin P02754 202 4
59 22.97/89.38  4.91/5.55 OLg1- casein P02662 181 3
59 18.97/89.38  5.93/5.55 Kk-casein 002782 175 3
59 24.35/89.38  8.34/5.55 OLgp-casein P02663 140 4
60 14.19/1473  4.8/5.04 o-lactalbumin P00711 252 5
61 18.28/18.50  4.83/6.73 B-lactoglobulin P02754 420 8
62 18.28/18.50  4.83/6.95 p-lactoglobulin P02754 486 10
63 18.97/21.15  5.93/6.73 Kk-casein 002782 138 2
64 18.97/21.15  5.93/6.95 Kk-casein 002782 17 1
65 66.43/65.32  5.6/6.73 serum albumin P02769 977 21
66 66.43/65.32  5.6/6.95 serum albumin P02769 979 22
67 18.28/18.50  4.83/6.32 B-lactoglobulin P02754 285 7
68 18.28/18.27  4.99/5.16 p-lactoglobulin P02754 415 9

Spot numbers correspond to Figures 1,2, 4, 5, 6, and 7. © Observed molecular mass from the gel (kDa)/theoretical molecular mass (kDa, calculated from the primary amino
acid sequence using sequence analysis tools). °Observed isoelectric point from the gelitheoretical isoelectric point (calculated from the primary amino acid sequence using

sequence analysis tools). ¢ Accession number in the Swiss-Prot database.
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Figure 3. Schematic representation of the 2DE R/R, NR/R, and NR/NR strategies of analysis and the resulting expected results concerning the spots
characteristic modification in term of isoelectric point and molecular weight. Milk samples were first diluted with solubilization buffer containing DTT (top panel,
reduced samples) or without DTT (middle and bottom panel, unreduced samples) and then separated through 2D electrophoresis. Three samples conditions
were set up to analyze and compare disulfide bridge exchanges (according to Miller et al. 2004): (a) samples completely reduced before and during 2-
dimensional electrophoresis (top panel); (b) samples unreduced before 2-dimensional electrophoresis and reduced only after isoelectric focusing (middle
panel); (c) samples unreduced before and during 2-dimensional electrophoresis (bottom panel).

conditions (i.e., without ionic detergents or reducing agents) may
reveal natural interactions between milk proteins with a potential
biological function, still unknown. The interaction of whey
proteins (i.e., especially f-LG) and caseins (0igi-/0lgo/k-/3-CN)
at the micellar surface can explain, at least in part, the initiation of
a three-dimensional gel matrix during ultrahigh-temperature
treatment involving whey proteins and caseins (44).

Nonreducing versus Reducing Two-Dimensional Electrophoresis
of Heated Milk: Analysis of Heat-Induced Interactions. The

changes in milk during heating at 90 °C for up to 30 min were
analyzed by two-dimensional electrophoresis under three differ-
ent sets of conditions of treatment (the principle is schematically
described in Figure 3): 2DE R/R corresponds to samples analyzed
under reducing conditions in both dimensions (i.e., all disulfide
bonds were reduced during the full analysis, and complexes were
resolved into their constituent proteins); 2DE NR/R corresponds
to samples reduced only after isoelectric focusing (i.e., disulfide-
bonded complexes resolved during IEF, but the bonds were
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reduced during SDS-PAGE); and 2DE NR/NR corresponds to
fully unreduced samples (i.e., disulfide-bonded complexes re-
mained cross-linked throughout both dimensions of analysis).
This strategy of analysis was first described by Miller et al. (45) for
the specific study of disulfide-bond-mediated interactions be-
tween urinary proteins. This strategy, thanks to the powerful
precision of IEF, represents a more accurate alternative to the
strategy of consecutive steps of SDS-PAGE under nonreducing
and reducing conditions (33). Analysis under R/R conditions
corresponds to the conventional technique used to separate a
complex mixture of reduced proteins through two-dimensional
electrophoresis and was used to prepare the raw skim milk
proteomic reference map (Figure 1), whereas analysis under
NR/NR conditions was used to study the disulfide-bonded
interactome in raw milk (Figure 2).

Samples of raw skimmed milk after heating for 0, 5, 10, and
30 min at 90 °C were submitted to these three different conditions
of 2DE in triplicate experiments; the resulting gels were analyzed
and spots of interest were identified using tryptic digestion
followed by mass spectrometry, that is, MALDI-TOF mass
spectra. Three areas of particular interest were selected and are
highlighted in Figure 1 (A, B, and C).

Area A corresponds to high molecular weight proteins or
complexes (Figure 4), which were almost all observed only when
2-DE was carried out under completely nonreducing conditions
(2DE NR/NR); consequently, these complexes were clearly
disulfide-linked. After identification of the spots by MALDI-
TOF MS, B-LG, x-CN, B-CN, and og;-CN were identified as
being involved in some of these spots. The former proteins are
well-known to undergo heat-induced complex formation through
thiol—disulfide interchange reactions (19, 46), but the participa-
tion of the other two caseins determined is less widely reported,
showing the capacity of this analysis strategy to identify consti-
tuent proteins in complex polymers. Under complete (R/R) or
partial (NR/R) reducing conditions, only spot 56 can be matched
with the NR/NR conditions for both heated times. This spot
corresponds to a mixture of og;-/asp-/k-CN. This heteropolymer
was naturally observed under “native” nonreducing 2DE of raw
milk and seemed to be partially resistant to reduction after heat
treatment at 90 °C. It can be hypothesized that such high
temperature can denature proteins and complexes and conse-
quently hide disulfide bonds inside the three-dimensional struc-
tures, protecting them in part from reduction by DTT. Such high
temperatures can also increase the glycation reactions between
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Figure 4. Comparison of changes in spots in area A of Figure 1 as a
function of heating time and different conditions of 2D electrophoresis.
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proteins and lactose and can induce covalently linked complexes,
resistant to reducing agents (47). These oxidized complexes
included disulfide bridges and a possible formation of a protein
cross-link from initial Amadori adducts of lactose and e-lysyl
residues involving an imidazole function (48, 49). Proteins with-
out cysteine residues (5-CN and a5;-CN) were possibly linked to
these complexes by sugar-type bonds catalyzed by a nonenzy-
matic glycation process.

Spots in area B, which corresponds to several isoforms (spot
30) of bovine serum albumin (BSA), were also compared by heat
treatment time and conditions of separation (Figure 5). These
spots were observed in the control (unheated milk) sample under
reducing and nonreducing conditions. However, when the milk
was heated at 90 °C, the spots disappeared when IEF was carried
out under nonreducing conditions. Thus, it appeared that BSA
readily formed heat-induced complexes of high molecular weight
which could not be resolved unless DTT was present in the initial
stage of electrophoresis. BSA contains one free sulfhydryl of its 35
cysteines and is consequently highly susceptible to denaturation
and aggregation on heating (3).

Area C (Figure 6) contained spots corresponding to the major
whey proteins, 5-LG (spots 8 and 68) and o-LA (spot 60). The
two major genetic variants of 5-LG (A and B) were identified by
mass spectrometry as -LG, but without any additional informa-
tion concerning the nature of the analyzed variant. 5-LG variants
A and B differ only by two amino acids in position 80 (D/G) and
134 (D/A), respectively, according to the Swiss-Prot database
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—— "
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Figure 5. Comparison of changes in spots in area B of Figure 1 as a
function of heating time and reducing/nonreducing conditions of 2D
electrophoresis.
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Figure 6. Comparison of changes in spots in area C of Figure 1 as a
function of heating time and reducing/nonreducing conditions of 2D
electrophoresis.
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Figure 7. Two-dimensional gel electrophoretogram of milk protein (100 xg)
separated under nonreducing conditions of solubilization and isoelectric
focusing and then reducing condition of SDS-PAGE second dimension,
using a 7-cm pH 4—7 pl range for the first dimension and a 10—18%
gradient acrylamide gel for the second dimension. The specific/interesting
spots are shown with arrows and were submitted to mass spectrometry
identification by MALDI-TOF peptide mass fingerprint (Table 1).

(http://expasy.org/sprot), using the 5-LG B accession number
(P02754) as reference. From the primary sequence of the protein,
the theoretical isoelectric point is 4.83 for 5-LG variant B and 4.76
for variant A. Consequently, we can reasonably propose to
identify spot 68 as variant A and spot 8 as variant B. These two
variants of -LG (A and B) were apparent in control samples and
in heated milk samples analyzed under completely reducing
conditions (top three panels and left four panels of Figure 6).
Under completely nonreducing conditions, however, the intensity
of the two protein spots decreased progressively and, after 30 min
at 90 °C, the spots had almost completely disappeared. Over the
same time, spot 60, corresponding to o-LA, showed the same
pattern as 5-LG’s spots, with no intensity changes under 2DE R/
R conditions, but with a progressive decrease of spot intensity
under NR/R and NR/NR conditions as a function of heating
time, showing that a part of a-LA was also involved in disulfide-
linked polymers, even if no a-LA was identified in such oxidized
complexes.

Part of the disulfide-cross-linked complex of 5-LG could be
reduced when DTT was added during the second dimension
(NR/R), but with a range of isoelectric points from 5 to 7,
revealed by a nonfocused smear on the right of the 3-LG spots
8 and 68. The disulfide-bonded complexes of S-LG showed a
large heterogeneity of isoelectric points, presumably due to the
high molecular weights of polymers, which were difficult to focus
normally during the first nonreducing dimension of the 2DE.

To further understand the protein species involved in these
complexes, a preparative gel was prepared under NR/R reducing
conditions using a milk sample heated for 30 min at 90 °C
(Figure 7). On the basis of molecular weight, 5-LG was identified
in spots 61, 62, 67, and 68; k-CN in spots 63 and 64; and serum
albumin in spots 65 and 66. In contrast, the isoelectric point of the
identified protein is far from the theoretical isoelectric point. The
reducing conditions for the second dimension allowed determina-
tion of the correct molecular weight of all of these proteins.
Nevertheless, the nonreducing condition of the first dimension
did not result in dissociation of the complexes formed with
disulfides bridges. This condition clearly showed a heterotrimer
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complex between one or more molecules of -LG, «-CN, and
BSA formed by disulfide bonding, which focused near pH 7, the
isoelectric point of spots 61—66. It can also be hypothesized that
spot 67, which corresponds to 5-LG, was involved in a complex of
the same origin but involving other proteins. Although these
complexes were clearly observed using nonreducing versus redu-
cing 2DE conditions, the disulfide bridges involved in the homo/
heteropolymer formation is still unknown. The next step of the
present study will be the identification and localization of the
disulfide bridges, as previously performed on goat’s milk (50).
Conclusions. The strategy of separation selected for this study
showed new findings on the “native-like” disulfide interactions
between milk proteins, with or without any heat treatments. The
proteomic tools resolved clearly a complex mixture of proteins in
raw milk, including some natural disulfide-linked complexes;
heating milk fundamentally altered the milk proteome and
resulted in a range of cross-linked protein adducts, many of
which were identified by mass spectrometry. In this study, it was
shown that different two-dimensional electrophoresis separations
followed by mass spectrometry have the capacity to identify the
protein partners involved inside oxidized complexes, which can
potentially be used as potential markers of milk oxidation (57).
The reduced or oxidized state of proteins in a very complex
environment of reducing sugar and lipids such as milk can be an
indicator of the quality and storage capacity of dairy products.
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Proteomic Quantification of Disulfide-Linked Polymers in
Raw and Heated Bovine Milk
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Disulfide bond formation between milk protein molecules was quantified in raw and heated bovine
milk using reducing and nonreducing two-dimensional electrophoresis. Analysis of protein profiles in
raw milk indicated that 18% of agy-casein, 25% of j-lactoglobulin, and 46% of «-casein molecules
were involved in disulfide-linked complexes (calculated through differences in spot volumes on two-
dimensional electrophoretograms under reducing and nonreducing conditions), whereas levels of
os1- and f-caseins were similar under both conditions. Following heat treatment at 90 °C for 30 min,
spot volumes of serum albumin, S-lactoglobulin, and «-casein decreased by 85%, 75%, and 75%,
respectively, with the formation of several spots on nonreducing gels corresponding to polymers.
Homopolymers and heteropolymers of k-casein and asp-casein were identified by mass spectro-
metry in raw milk samples; polymers involving only ago-casein or only k-casein accounted for 43%
and 12% of the total polymers present, respectively. In addition, 45% of polymers in raw milk
involved agp-casein in association with other proteins as heteropolymers, indicating the key role of
this protein in intermolecular disulfide bridging between proteins in raw milk. The intensity of
monomeric k-casein spots decreased progressively with heating time at 90 °C, with greatest
changes in spots with acidic isoelectric points. Interactions and association of milk proteins via
disulfide bridges are discussed in relation to the proteins involved and their potential protective

function against formation of fibril aggregates.

KEYWORDS: Milk proteome; polymer quantification;

mass spectrometry

INTRODUCTION

One of the major objectives of dairy biochemistry is under-
standing of functional and biological properties of biomolecules.
For this purpose, the techniques most widely used to visualize and
analyze proteins are SDS—PAGE and two-dimensional electro-
phoresis (2DE) under denaturing conditions. Milk proteins have
been analyzed extensively using proteomic tools (/ —73). Based on
two independent biochemical characteristics of proteins, 2DE
combines isoelectric focusing (IEF), which separates proteins
according to their isoelectric point (related to amino acid char-
acteristics, 1.e., acid/basic/neutral), and SDS—PAGE, which
separates them further according to their molecular mass. At
present, 2DE allows simultaneous detection and quantification
of up to thousands of protein spots in the same gel (14, 15).
Combined with subsequent mass spectrometry analysis, 2DE
offers the possibility of identifying proteins and comparing iso-
form abundance and posttranslational modifications (16 —19).

Despite numerous proteomic studies analyzing milk proteins,
many questions concerning milk protein expression, modifica-
tion, and interactions remain unanswered. Milk is a very complex
fluid secretion, composed of a colloidal emulsion of fat globules
and casein micelles in a water-based fluid containing soluble
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proteins, lactose, and many trace elements such as vitamins and
minerals (20). In this biological system, caseins are organized and
stabilized in micelles (2/—23). The biological function of the
caseins is largely nutritional; casein micelles serve as calcium-
transport vesicles, providing young mammals with a concen-
trated, yet soluble, form of calcium as well as essential amino
acids (24). Another biological function of caseins was described
recently (25), where these proteins can act as chaperones to
protect proteins against aberrant aggregations, including forma-
tion of amyloid fibrils, when exposed to stress conditions such as
elevated temperature or reducing environment (26 —29).

During processing, bovine milk is submitted to several physical
treatments, especially homogenization and pasteurization. These
processes are well-known to induce modifications in protein
organizations (30 —32). Heat treatment of milk results in a number
of physicochemical changes in the milk constituents, in particular,
denaturation of whey proteins, leading to hydrophobic interac-
tions or disulfide-bonded aggregation with x-casein at the surface
of casein micelles (3/—35). Two disulfide bridges and a free
sulfhydryl group present in the native structure of the whey protein
f-lactoglobulin seem to play a critical role in its heat-induced
interactions with «-casein (36—42). Patel et al. (43) recently
developed a system based on a two-dimensional PAGE method
to explore the differences in the irreversible disulfide bond changes
among the milk proteins after heat pressure treatments. They

Published on Web 05/26/2010 pubs.acs.org/JAFC
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observed disulfide-bonded aggregates that included a high propor-
tion of all the whey proteins and k-casein and a proportion of the
ago-casein. Following these important novel findings, a similar
method to analyze milk protein complexes, based on the strategy of
Miller et al. (44), using a combination of nonreducing and reducing
steps with a high resolutive conventional proteomic approach (45),
was developed. Nonreducing IEF was first performed to separate
disulfide-linked polymers, and then reducing or nonreducing
SDS—PAGE was used as a second dimension to separate protein
complexes. Protein spots were analyzed by mass spectrometry to
identify the proteins involved in each complex.

Based on the same analysis strategy, in the present study, the
complexes formed under native-like conditions or after heat
treatment were characterized, quantified, and compared with
the corresponding nonaggregated protein spots to understand a
possible biological function of such interactions. Following the
approach of Holland et al. (46), a special focus was placed on
Kk-casein spots to understand and quantify the milk proteins which
preferentially interact in the native environment or after heat
treatment.

MATERIALS AND METHODS

Milk Treatment and Protein Solubilization. Fresh raw milk was
obtained, skimmed, and preserved as described in ref 45; subsamples of
skim milk were also heated in a water bath at 90 °C for time periods up to
30 min. Samples were then prepared for electrophoresis with or without
reducing agent, and protein content was measured as described in ref45.

One-Dimensional Gel Electrophoresis. Separation of milk samples
was carried out according to the method of Laemmli (47) on 12.5%
acrylamide gels using the Protean II system (Bio-Rad, Hercules, CA). The
gels were stained with Coomassie Blue (R250) and scanned to digital
images with a GS-800 densitometer (Bio-Rad).

Two-Dimensional Gel Electrophoresis. Each milk sample was ana-
lyzed using two-dimensional gel electrophoresis as described previously
(45). Briefly, precast 7 cm strips, pH range 4—7 (Bio-Rad, Hercules, CA),
were rehydrated in the presence of 100 ug of reduced or unreduced milk
protein. Isoelectric focusing was carried out using a Protean IEF cell (Bio-
Rad, Hercules, CA) until 50 kV h™! and submitted to the second dimen-
sion. SDS—PAGE was carried out on a 10—18% acrylamide gradient
(Gradient former 485; Bio-Rad) using a Criterion Dodeca Cell electro-
phoresis unit (Bio-Rad). Gels were stained with colloidal Coomassie
Blue (48) and scanned to images with a GS 800 densitometer (Bio-Rad).
Two-dimensional gels were analyzed with the Progenesis Samespots
software V3.3 (Nonlinear). The same gel area was selected and compared,
and the spot volume was quantified as a mean of each replicate. For each
picture used, the same spots were reproduced, and when no spot was
detected, a background value was automatically created by the software
and used in the analysis. All spots and isoforms were detected, and
spot volumes were compared between samples, and apparent isoelectric
points and molecular weights were calculated from spot localization in the
2DE maps.

Mass Spectrometry Analysis. Stained protein spots were excised
manually, washed, digested with trypsin as previously described (45), and
extracted using formic acid. Protein digests were analyzed using an ion-
trap mass spectrometer (Esquire HCT plus; Bruker Daltonics) coupled to
a nanochromatography system (HPLC 1200; Agilent) interfaced with an
HPLC-Chip system (Chip Cube; Agilent). MS/MS data were searched
against NCBI (National Center for Biotechnology Information) and
MSDB databases using Mascot software with a parent and fragment
ion mass tolerance of 0.6 Da for doubly and triply charged peptides.

RESULTS

Electrophoretic Analysis (One-Dimensional) of Raw and Heated
Skim Milk. Separation of milk proteins using SDS—PAGE is a
conventional technique to visualize the different protein species in
a given sample; electrophoretic separation of proteins in the milk
sample is shown in Figure 1. Under reducing conditions (Figure 1,
left part), BSA, k-casein, f-lactoglobulin, and a-lactalbumin were
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Figure 1. SDS—PAGE electropherogram of raw milk (lanes 1 and 5) or
milk heated for 5 min (lanes 2 and 6), 10 min (lanes 3 and 7), or 30 min
(lanes 4 and 8) at 90 °C under reducing (left part) and nonreducing (right
part) conditions.

well separated. However, og;-, Osy-, and [-caseins were badly
separated owing to their very similar molecular weights. No
modification of the protein pattern under reducing condition
was observed between the raw milk sample (Figure 1, lane 1) and
samples heated for 5, 10, or 30 min at 90 °C (Figure 1, lanes 2, 3,
and 4, respectively).

Under nonreducing conditions (SDS—PAGE without -mer-
captoethanol) some differences can be observed. Compared to
reduced monomeric k-casein, the amount of unreduced protein
was considerably decreased in raw milk (Figure 1, lane 5) and
remained at the same level during heat treatment, whereas
amounts of unreduced BSA and f-lactoglobulin bands disap-
peared progressively during heat treatment (Figure 1, lanes 6—8),
with concomitant appearance of polymers in the upper part of the
gel. These polymers were expected to be formed by the interaction
of k-casein, B-lactoglobulin, and other milk proteins containing
available sulfhydryl groups. The reactivity of milk proteins in
forming polymers has been largely described using model sys-
tems. However, many questions concerning the composition and
the amount of polymers cannot be answered owing to the low
separation power of SDS—PAGE. Thus, a new strategy based on
proteomic analysis, using high-resolution IEF followed by
SDS—PAGE, was developed (45).

Comparison of Nonreducing and Reducing 2DE of Proteins in
Raw Milk. Two-dimensional electrophoresis of proteins in un-
heated milk was performed under reducing and nonreducing
conditions (Figure 2). The proteomic map obtained under reduc-
ing conditions was characteristic of a milk sample. Several spots
for each casein and whey protein were observed and identified
using mass spectrometry (Table 1). The use of IEF as the first
dimension resolved multiple protein isoforms in comparison with
the 1D analysis (right part of the 2D gel), without IEF. Most of
the «-casein spots were easily observed and corresponded to
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Figure 2. Two-dimensional electropherogram of proteins in raw milk under reducing (left-hand side) or nonreducing (right-hand side, part shown only
corresponding to area indicated on left-hand figure) conditions. The major milk proteins are indicated with arrows under reducing conditions; polymers from
Tables 1 and 2 are labeled with arrows only under nonreducing conditions.

Table 1. Characteristics of Protein and Polymer Spots Separated by Two-
Dimensional Electrophoresis in Raw Milk under Reducing (*) or Nonreducing
(**) Conditions from Image Analysis of Gels Presented in Figure 2?

no. of spot
theor/app MW (kDa) theor/app p/ isoforms
Ogy-casein 22.97/33.6 4.91/4.66 1
Olgp-casein 24.35/33.0 8.34/5.15—5.33 3
p-casein 23.58/30.3 5.13/4.96—5.05 2*
K-casein 18.97/24.4—26.1 5.93/4.64—6.24 10*
f-lactoglobulin 18.28/18.7 4.83/4.9—5.01 2"
o-lactalbumin 14.19/14.8 4.80/4.99 1*
serum albumin 66.43/65.4 5.6/5.88—6.25 6
P1 @791 @/4.95—5.29 7
P2 Q/175.9 @/5.02—5.23 6**
P3 /641 0/4.94—5.76 9+
P4 0/69.2 0/4.94—5.76 9**
P5 Q/64.6 @/4.69—4.82 5**
P6 Q171.9 0/4.62—4.78 5**
P7 0/86.2 @/4.74—5.85 18**
P8 Q/75.9 @/5.81—5.92 3*

@ indicates that theoretical molecular weight (MW) or isoelectric point (p/) was
not calculated for polymers P1 to P8.

isoforms arising from posttranslational modifications such as
phosphorylation and glycosylation (16 —19,45).

Under nonreducing conditions (Figure 2, right-hand side),
several new spots appeared (P1 to P8), ranging from pI 4.62 to
6.25 and 64.1 to 86.2 kDa (Table 1). These polymers, naturally
present in unheated milk, were only observed under nonreducing
conditions (45,46 ) and were likely formed by disulfide cross-links
between milk proteins. All of these species were analyzed by an
ion-trap mass spectrometer coupled to a nanochromatography
system, and the proteins identified as being involved in these
complexes are reported in Table 2. All of the observed polymers
were composed of ag,-casein and/or k-casein (P1 to P4), with o -
casein (P5, P6, and P7), f-casein (P8), f-lactoglobulin (P7), and
serum albumin (P8). These polymers were observed with several
spot isoforms (Table 1), from 3 spots (P8) to 18 spots (P7). The
spot patterns were likely due to the biochemical characteristic of
the proteins involved. For example, in the case of the homo-
polymer “P3”, composed exclusively of k-casein (46), 9 spots were

Table 2. Presence of Caseins and Whey Proteins in Polymers Observed in
Raw Milk under Nonreducing 2DE according to Ref 45 and This Study

serum

ogi-casein  ogp-casein  f-casein  «-casein  f-lactoglobulin - albumin

P1
p2
P3
P4
P5 X
P6 X
P7 X
P8

x X

X X X X X
X X X X X

X X

observed and corresponded to the different posttranslational
modifications of the protein. These results were in agreement
with the data of Patel et al. (43), using a similar strategy for
separation (PAGE instead of IEF for the first dimension), in
which disulfide-bonded polymers of whey proteins, k-casein, and
ago-casein were identified after severe heat treatment (70— 140 °C)
of milk samples.

Quantification of Milk Proteins in Raw and Heated Milk. The
total amount of each major milk protein separated under non-
reducing 2DE was estimated for raw milk and milk heated for 5,
10, or 30 min at 90 °C (Figure 3). The quantification of these milk
proteins was performed using the 2DE proteomic map of raw
milk separated under reducing conditions as reference sample;
each value corresponded to a percentage of the same protein on
the reducing 2DE.

In raw milk (T0), 75% of S-lactoglobulin, 82% of agy-casein,
and 54% of k-casein spot volumes were present on nonreducing
gels compared to gels run under reducing conditions. This
decrease of spot amount implies that a significant proportion of
these proteins are present in polymers in a native environment
without any heat treatment. In contrast, serum albumin, og;-
casein, and f3-casein spots in heated milk were not significantly
different under reducing and nonreducing conditions. After
heating milk at 90 °C, serum albumin was the protein most
affected, as around 85% of the protein disappeared on nonreduc-
ing 2DE gels after 5 min at 90 °C. Levels of S-lactoglobulin and
Kk-casein decreased gradually when milk samples were heated for
5, 10, and 30 min, until about 25% of protein remained. Under
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Figure 3. Levels of S-lactoglobulin (@), «-casein (M), o-lactalbumin (a), serum albumin (x), oig4-casein (O), asp-casein (A), and 5-casein (O) separated
under nonreducing 2DE normalized as a percentage of the corresponding spots separated under reducing 2DE as a function of heating time of milk at 90 °C.

nonreducing conditions, levels of og;-, 0s,-, and [-caseins were
similar in unheated and heated samples. In contrast, the level of
o-lactalbumin decreased from 95% (in raw milk) to 82% (heated
for 30 min at 90 °C) under nonreducing conditions.

Quantification of Nonreduced Polymers in Raw and Heated
Milk. As with the major milk proteins, all polymers observed
under nonreducing conditions were quantified, and the propor-
tion of each polymer under nonreducing 2DE was estimated
(Figure 4, top part). In raw milk, the two most abundant poly-
mers, P1 and P2, were composed of ag,-casein only. Relative to
the total of all polymer spot volumes, polymers involving only
agp-casein represented 43% of all polymers, demonstrating the
significance of intermolecular disulfide bonding for this protein.
Polymers P2 to P7, which showed a larger p/ range, were
composed of homopolymers of x-casein (12%), as observed by
Holland et al. (46) and/or a combination of ag;-casein, Otg,-
casein, and fS-lactoglobulin. Serum albumin and f-casein were
only identified in polymer P8, which represented only 2% of the
amount of all polymers. It can be noticed that og,-casein and
Kk-casein were involved in 45% and 31% of polymers, respec-
tively, as heteropolymers. This emphasizes the key role of the
cysteine residues of these two proteins in forming naturally
occurring interchain disulfide bridges between proteins in raw
milk (22,49, 50).

In heated milk, changes in the level of each polymer using the
level of all polymers observed in raw milk as reference was also
analyzed (Figure 3 bottom part). Polymers P1, P3, P6, and P7
remained constant and polymers P2, P4, P5, and P8 were
significantly decreased as a function of heating time. Polymer
P8 was the most affected by heat treatment, with a reduction of
80% of the polymer level being observed after 5 min at 90 °C.

As polymers P1 and P2 were composed of homopolymers of
aso-casein and level of P1 remained constant, but that of P2
decreased, as a function of heating time, it is proposed that
polymer P2 may be a stable transition complex, which can be
converted to P1 during heat treatment.

Quantification of Individual k-Casein Spots in Raw and Heated
Milk. In raw milk, 10 x-casein spots were observed under reducing
conditions (Figures 2 and 5A), using an IEF range p/4—7. This spot
pattern was consistent with the study of Holland et al. (16), who
analyzed the posttranslational modifications of «-casein in bovine
milk, using 2DE (pl 4—7 and 14% acrylamide SDS—PAGE).
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Figure 4. Proportion (%) of each polymer among all polymers observed in
raw milk under nonreducing 2DE (A) and as a function of heating time of
milk at 90 °C (0, 5, 10, and 30 min) using the corresponding spots of raw
milk as reference (B).

Under nonreducing 2DE conditions, most of the spot volumes of
k-casein decreased (Figure 5B) as compared with reducing condi-
tions, but not in the same proportions.

The 10 spots observed under reducing conditions were used as
a reference to analyze spot volume under nonreducing conditions
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Figure 5. Quantification of individual «-casein spots. The 10 observed «-casein spots were labeled on the 2DE map of raw milk proteins separated under
reducing conditions (A) or under nonreducing conditions (B). Each spot, separated under nonreducing conditions, was quantified and displayed as a
percentage of the corresponding spots separated under reducing 2DE as a function of heating time of milk at 90 °C (C).

in raw milk (TO) or following heat treatment of milk at 90 °C
(Figure 5C). In raw milk, the two spots with the greatest decrease
under nonreducing condition were the most acidic k-casein spots,
and the least affected spots were the most basic k-casein spots
(except spot 10). During heat treatment at 90 °C, all spot volumes
decreased, but the same proportions between acidic and basic
Kk-casein spots remained.

This quantitative analysis of x-casein spots showed that
sensitivity of the isoforms to heat treatment was potentially
related to posttranslational modifications of the proteins, which is
related to protein localization and orientation inside the casein
micelle 2/-23,51).

DISCUSSION

The analysis of complexes formed during heat treatment of
bovine milk is very difficult due to the inherent complexity of the
milk system. In particular, the caseins are organized as casein
micelles in which proteins are held together by a combination of
hydrophobic associations and covalent cross-links (20, 23,52). To
study all protein interactions in their natural form, or after heat
treatment, an original strategy was developed which involved
nonreducing and reducing combination steps during the two-
dimensional gel electrophoresis protocol (45). Under nonreducing
conditions, milk protein solubilization and all of the steps of the

2DE separation were performed without DTT. Prior to the second
dimension, strips were incubated in equilibration buffer containing
urea and SDS, followed by an equilibration step containing
iodoacetamide. In the case of the reduced samples, solubilization
of milk proteins was achieved with DTT as well as the first
equilibration step. To obtain a good separation of polymers on
the top of the 2D gel, homemade gradient polyacrylamide gels
(10—18%) were used during the second dimension. After image
analysis, and identification of proteins and polymers by mass
spectrometry, a detailed and quantitative description of native
interactions between milk proteins can be performed, and possible
roles of each major milk protein can be described.

Presence of k-Casein Polymers under Native Conditions. Bovine
k-casein consists of multiple isoforms due to several genetic
variants and differential phosphorylation and glycosylation. This
casein also contains two cysteine residues, allowing the formation
of an intramolecular disulfide bond (50) or the assembly of
disulfide-linked polymers (53—55). Isoforms of x-casein can be
separated by 2DE in the p/ range 4—7 as 10 major spots (16, 45).
Spots corresponding to genetic variant, or forms differing in
phosphorylation and/or glycosylation, have been identified and
the posttranslational modifications located, using a mass spectro-
metry approach (17, 19). In the present study, using a global 2DE
approach to separate all major milk proteins on the same gel,
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10 spots of monomeric k-casein were observed under reducing
conditions (Figures 2 and 5) ranging from p74.6 to p/ 6.2. Under
nonreducing conditions, the intensity of most spots was de-
creased, showing the presence of polymers. Image analysis
focused on monomeric k-casein revealed that the most acidic
spots were highly involved in polymer formation (Figure 5C).
These spots corresponded to the proteins with a complex pattern
of posttranslational modifications. The most acidic spots ob-
served on a 2DE gel of milk are reported to have three glycosyla-
tions and one phosphorylation site (/6). According to the spot
volume quantification, it seemed that such posttranslational
modifications increased oligomerization of «-casein. Phosphory-
lation and glycosylation modified the charge of «-casein, as
observed on a 2DE gel by a shift in isoelectric points.

As previously described for the tau protein with self-assembly
modification into paired helical filaments (56), phosphorylation
could also generate structural modifications of x-casein inside the
casein micelle, inducing a potential higher reactivity of cysteine
residues to form interchain disulfide polymers. Oligopolymers of
k-casein were observed on 2DE gels of bovine milk under
nonreducing conditions (46). Trains of spots corresponding to
monomers to hexamers were observed as a result of the participa-
tion of different glycoforms and phosphoforms in oligomer
formation. In this study, the polymers were observed at the same
molecular weight range as in ref 46, but sometimes with a more
complex protein composition (Figure 2 and Table 2).

This strategy of analysis not only focused on identification of
Kk-casein polymers but also allowed the complete study of all species
involved in polymer formation. In agreement with ref46, x-casein
was observed in polymers P3, P4, and P7, but as,-casein was also
identified in polymer P4, and a mixture of ag,-casein, ogj-casein,
and S-lactoglobulin was identified in polymer P7. No polymer of
asp-casein and k-casein has been described previously. Disulfide-
linked homopolymers of ag,-casein and homopolymers of
k-casein have been observed under various environments and
treatments (50, 57). As no disulfide linkage between proteins was
analyzed and identified by mass spectrometry, it is not possible to
distinguish between heteropolymers and a mixture of homopo-
lymers inside the same spot. Nevertheless, only single and well-
separated spots were excised and analyzed by mass spectrometry
(Figure 2). As all analyzed and quantified polymers displayed a
characteristic pattern (Table 1), it is unlikely that two different
homopolymers can be identified inside the same spot, even if this
cannot be totally excluded. In addition, ag,-casein has been shown
to display an increased accessibility and ability to form complexes
involving k-casein and whey proteins after high-pressure treat-
ment (43, 58). Thus, there is substantial evidence for the capacity
of k-casein and ag,-casein to form disulfide-linked heteropolymers.

Involvement of a,g,-Casein in Native Milk Polymers. Of the four
caseins, only agy-casein and x-casein contain cysteines. Of these,
Ogp-casein naturally occurs as monomers and dimers in bovine
milk (59). In the present study, the two major polymers observed
under nonreducing 2DE corresponded to homopolymers of
ogp-casein, representing 43% of all polymers observed in raw
milk. Since agy-casein contains two cysteine residues (amino acids
36 and 40), a dimer could be linked by one or two disulfide
bridges. If two monomers are linked by one intermolecular
disulfide bridge, free cysteine residues remain and can react with
other proteins to form several kind of polymers. In this study,
several proteins in raw milk containing cysteine residues, i.e.,
k-casein, f-lactoglobulin, and serum albumin (Table 2), were
identified inside complexes involving agy-casein. Using a similar
approach, Bouguyon et al. (52) observed several homopolymers
and heteropolymers involving rat or mouse Og-casein, S-casein,
and «-casein linked by disulfide bridges. As observed in Figure 3,
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only a low percentage of monomeric agy-casein was involved in
polymers, but this amount was enough to promote disulfide-
linked polymers under native conditions. Interactions between
casein in micelles are governed mainly by a balance of attractive
hydrophobic interactions and electrostatic repulsion (27), but
disulfide bridges between caseins are now considered to help in
contributing to stabilization of the casein micelle (22, 23).

Interaction of Whey Proteins with the Casein Micelle during
Heat Treatment. x-Casein is located mainly at the micelle surface,
where it plays a role in regulating micelle size and in maintaining
them in suspension in milk (27). The peripheral location of
Kk-casein in the micelle stabilizes the protein and acts as a bridge
to link proteins of the whey fraction and caseins hidden inside the
micelle. In this study, S-lactoglobulin was identified in polymer
P7in raw milk samples, mixed with x-casein, ag;-casein, and aig»-
casein. Serum albumin was also identified in polymer P8, mixed
with agy-casein and S-casein (Table 2). As ag,-casein and k-casein
are the only caseins which contain cysteines, ogj-casein and
[-casein were not linked to the other proteins by disulfides bridges
but possibly by other bonds such as glycation cross-links (60) or
strong ionic/hydrophobic interactions, not broken by SDS during
electrophoresis. Levels of monomeric S-lactoglobulin and serum
albumin decreased rapidly with heating time (Figures 1 and 3),
probably through the formation of polymers involving caseins
and whey proteins (32—34,61—63). Polymer formation involving
p-lactoglobulin and «-casein has been studied extensively for
40 years under a huge variety of environments and treat-
ments (38,64 —68). However, according to the present study, only
a few detectable polymers contained whey proteins (P7 and P8),
and these represented only 11% of the polymers observed on the
2D gels of raw milk samples under nonreducing conditions
(Figure 4). Using a nonreducing/reducing discontinuous strategy
(nonreduced isoelectric focusing and then reduced SDS—PAGE),
we previously showed the presence of large polymers composed of
serum albumin, k-casein, and fS-lactoglobulin in milk heated at
90 °C (45). Using such a strategy, proteins were visualized on the
2D gel as polymers were reduced to monomers. In the present
study, polymers were only observed under nonreducing condi-
tions, and larger polymers/aggregates, which were not able to
enter the second dimension gel, cannot be visualized and quanti-
fied. A gradient gel (10—18% acrylamide) was used as second
dimension to reduce this problem, but this limitation still remains
for polymers greater than 200 kDa.

Interactions of Caseins To Prevent Formation of Fibrils: A
Possible Biological Mechanism. Under nonreducing condi-
tions, ag,-casein and k-casein were associated in milk as
homodimers and/or heterodimers or multimers (this study
and refs 22, 46, 49, 50, 53, 54, and 57). Under physiological
conditions, caseins have little secondary or tertiary structure with
extensive regions of disordered structure (20—22, 51). These
proteins are organized and stabilized with calcium inside micelles,
but under stress conditions such as heat treatment or a reducing
environment, associations between caseins can be disrupted, and
proteins can adopt amyloid fibril structures associated with
degenerative diseases (26 —28, 69—72). Native x-casein is orga-
nized as a series of disulfide-bonded polymers (46), ranging from
dimers to octamers and above. When cysteine residues are
chemically modified to prevent disulfide bond formation (by
reduction and carboxymethylation), k-casein increases in molec-
ular weight and shows a tendency toward self-association, in
particular the formation of fibrillar structures (70).

Of the caseins, .gy-casein is the least abundant and perhaps the
most difficult to isolate in a pure form. Consequently, it has been
the least studied. After reduction of disulfide bridges, ag,-casein is
particularly susceptible to fibril formation under physiological
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conditions (27). Consequently, self-associations and interactions
between caseins inside the casein micelle can prevent such
aberrant fibrillar structures.

In conclusion, ag,-casein and «-casein in raw milk were shown
to participate in a complex pattern of homopolymers and
heteropolymers in association with the other caseins and whey
proteins under native-like nonreducing conditions, and oig,-case-
in was the milk protein most implicated in polymer establishment
and heterogeneity. Only a small proportion of agy-casein was
present in polymers, but this corresponded to a large proportion
of all polymers identified. This protein appeared as a platform
which was able to connect several milk proteins using disulfide
bonds and probably other kinds of links with cysteine-free
proteins. The technical strategy using two-dimensional electro-
phoresis under reducing and nonreducing conditions was very
useful in revealing the partners involved in polymers, but it also
showed the limit of gel-based electrophoresis, which was not
effective in analysis of large complexes. Posttranslational modi-
fication of k-casein increased its sensitivity to oligomerization, but
further study is required to further define the role of the protein in
polymer formation. All major milk proteins appeared to interact,
suggesting a very intricate system inside casein micelles and
between caseins and whey proteins. Prevention against aberrant
fibril structures of caseins is proposed to explain at least in part
milk protein interactions and polymer stability.
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Understanding the differences between the protein system of human milk and bovine milk is critical in
the development of infant formulae. In this study, the proteins of bovine milk and a bovine-based whey-
dominant infant formula were compared with those of human milk for infants born prematurely (pre-
term) or at full term (term). The protein distribution of infant formula differed significantly from that of
either type of human milk. A proteomic comparison between pre-term and term human milk showed
a reduction of levels of B-casein and ¢s-casein and appearance of additional products, corresponding to
low molecular weight hydrolysis products of the caseins, in pre-term milk. Pre-term milk samples also
had higher total nitrogen concentration and plasmin activity, consistent with the proteomic data. These
results suggest the operation of a physiological mechanism that may adjust enzyme and/or protein
expression to modify protein digestibility, and may facilitate design of infant formulae, closer to maternal

milk, particularly for premature infants.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Human milk has long been recognized as the optimal form of
nutrition for the newborn period (Work Group on Breastfeeding,
1997). Human milk contains a wide array of proteins that
contribute to its unique qualities and that provide biological
activities, ranging from antimicrobial effects to immunostimulatory
functions. In addition, they provide adequate amounts of essential
amino acids to growing infants (Jensen, 1995).

Although casein is the principal class of protein in milk from
most species, this is not the case for human milk. Caseins in human
milk comprise 10—50% of total protein, and whey proteins account
for the remainder (Kunz & Lonnerdal, 1989). The contents of casein
and whey proteins change profoundly in early lactation. In fact,
during the first days of lactation and in milk from mothers deliv-
ering prematurely, the concentration of whey proteins is very high,

* Corresponding author. Tel.: +353 21 4902810/4903405; fax: +353 21 4270001.
E-mail address: a.kelly@ucc.ie (A.L. Kelly).

0958-6946/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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whereas casein is virtually undetectable (Kunz & Lonnerdal, 1990,
1992). Subsequently, casein synthesis commences in the
mammary gland and casein concentration increases, whereas the
concentration of total whey proteins decreases, partially because of
an increased volume of milk being produced. As a result, casein
constitutes a progressively larger proportion of human milk protein
with increasing duration of lactation after birth (Conti, Giuffrida, &
Cavaletto, 2007; Kunz & Lonnerdal, 1989) and there is no “fixed”
ratio of whey to casein in human milk (Lénnerdal, 2003). Human
milk does not contain B-lactoglobulin or ag;-casein.

Human milk has a high non-protein nitrogen (NPN) content
(20—25% of total nitrogen) and is generally considered to provide
adequate protein and nitrogen for the term infant. The concentra-
tion of NPN is higher in human milk than that in bovine milk;
however, the proportion of NPN in infant formulae is variable,
ranging from 5 to 16% in bovine-based formulae (Rudloff & Kunz,
1997). For human milk, it has been shown that, in early lactation,
the absolute amount of NPN, such as creatinine, creatine, urea, free
amino acids and small peptides, is significantly greater in pre-term
milk than term milk (Atkinson, Anderson, & Bryan, 1980). It is
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generally believed that the free amino acids and peptides in NPN
should be more readily available to the neonate than intact proteins
(Atkinson, Schnurr, Donovan, & Lonnerdal, 1989).

Human milk contains active enzymes, hormones and essential
nutrients as well as live cells that remain viable in the infant stomach
up to 4 h after ingestion. Storrs and Hull (1956) suggested that
proteolytic enzymes may provide the breast-fed infant with signif-
icant digestive assistance immediately after birth and a subsequent
study by Heyndrickx (1963) showed that there are higher levels of
proteolytic enzymes in human milk than in bovine milk.

The main proteolytic enzyme in human milk is plasmin. Plasmin
activity in milk is controlled by the availability of its precursor
plasminogen (PA) and by the levels of plasminogen activators and
inhibitors; plasmin is produced by either of two families of serine
proteinases encoded by different genes, i.e., urokinase-type plas-
minogen activators (u-PA) and tissue-type plasminogen activators
(t-PA) (Heegaard et al., 1997). The presence of the plasminogen
activation system in human milk was first described by Astrup and
Sterndorff (1953). Subsequent investigations have demonstrated
proteolytic activity attributed to plasmin activity and the presence
of plasminogen activators in colostrum and mature milk (Korycka-
Dahl, Ribadeau Dumas, Chene, & Martal, 1983). As in bovine milk,
plasmin is involved in the hydrolysis of proteins of human milk
(Ferranti et al., 2004). Human milk obtained 6—7 days post-partum
contained 48 +4.2 and 124+99UmL"! of plasmin and plas-
minogen-derived activity, respectively (Korycka-Dahl et al., 1983).
The final plasmin activity of milk and, subsequently, hydrolysis of
milk casein depends not only on the amount of plasminogen and PA
but also on the level of inhibitors.

Whereas the multiple benefits of breast-feeding for human child
health are well known and breast-feeding is strongly supported as
the ideal form of infant feeding, infant formulae are intended to
serve as a substitute for breast milk for infants who cannot be
breast-fed, or should not receive breast milk, or for whom breast
milk is not available (as stated by the World Health Organization:
Thirty-Ninth World Health Assembly; Guidelines concerning the
main health and socioeconomic circumstances in which infants
have to be fed on breast-milk substitutes). The adequacy of infant
formula composition should be determined by a comparing effects
on physiological (e.g., growth patterns), biochemical (e.g., plasma
markers) and functional (e.g., immune responses) parameters in
infants fed formulae with those found in populations of healthy,
exclusively breast-fed infants, taking into account the high variable
composition of breast milk. The composition of infant formulae
should serve to meet the particular nutritional requirements and to
promote normal growth and development of the infants for whom
they are intended (Koletzko et al., 2005).

This paper describes a detailed biochemical comparison of
human milk samples with the aim of investigating differences in
total protein content and plasmin activity between samples coming
from mothers who gave birth to premature or mature babies.
Characterization of the typical human milk proteome and a pro-
teomic comparison of pre-term and term milk was carried out
using two-dimensional electrophoresis followed by mass spec-
trometry. Moreover, a commercial infant formula and bovine milk
were analyzed by two-dimensional electrophoresis to understand
factors relevant to the composition of infant formulae.

2. Material and methods
2.1. Collection of milk samples
Human milk samples were collected at the Erinville Hospital,

Cork, Ireland, over a 24 month period, For human milk, seven term
milk samples were collected within 4 weeks after the colostral

period from lactating mothers with full-term infants born after 38
weeks of gestation, and seven pre-term milk samples were
collected from mothers with infants born between 30 and 37
completed weeks of pregnancy. Both term and pre-term human
milk sample were collected with an electrical pump (Medela,
McHenry, IL, USA). Ethical approval for the study was granted by
the Cork University Hospitals Research Ethics Committee, and
consent was subsequently obtained on this basis from all partici-
pants in the study. Human milk samples were centrifuged at
10,000 x g for 15 min to remove fat, cell and debris and then frozen
at —80°C and thawed at refrigeration temperature overnight
before analysis. Low-heat skim milk powder (NILAC) was obtained
from NIZO food research (Ede, The Netherlands). The low-heat skim
milk powder contained ~34% protein, ~60% lactose and <1% fat.
A powdered sample of a bovine-based whey-dominant first-age
commercial infant formula was bought. The powder contained
~11% protein, with the caseins and whey proteins at a ratio of
~40:60. In addition, the powder contained ~26% fat and ~58%
carbohydrate.

2.2. One- and two-dimensional electrophoresis

Analytical SDS-PAGE electrophoresis of human milk samples
was carried out according to the method of Laemmli (1970) on
a 12.5% acrylamide gel using the Protean II system (Bio-Rad,
Hercules, CA) under reducing conditions. The gels were stained
with Coomassie blue (R250) and digitalized at 300 dpi with a GS-
800 densitometer (Bio-Rad, Hercules, CA, USA).

Analytical 2D gel electrophoresis was carried out with 100 pg of
protein (7.5 uL of pre-term or term human milk samples) using
7-cm strips and a linear pH gradient from 3 to 10 (Bio-Rad), and
preparative 2D gel analysis was carried with 350 pug of protein
(25 pL of human milk or 30 pL or 10 puL of reconstituted infant
formula or bovine milk respectively) using 17-cm strips and linear
pH gradient 3—10 (Bio-Rad). Milk samples were mixed with solu-
bilization buffer (9 m urea, 4% CHAPS, 0.05% Triton X100 and 65 mwm
dithiothreitol (DTT)). Subsequently, 7 or 17-cm strips (with a linear
pH gradient from 3 to 10) were rehydrated in the above solution.
Isoelectric focusing was carried out according to the method of
Chevalier, Hirtz, Sommerer, and Kelly (2009). The strips were then
embedded using 0.6% (w/v), low-melt agarose on the top of a 12.5%
acrylamide gel and SDS-PAGE was carried out using a Criterion®
Dodeca Cell electrophoresis unit (Bio-Rad) for 7-cm strips and with
a Protean® II xi Cell electrophoresis unit (Bio-Rad) for 17-cm strips.
Gels were stained using colloidal Coomassie blue (Chevalier,
Rofidal, Vanova, Bergoin, & Rossignol, 2004) and stained gels
were digitized at 300 dpi using a GS-800 densitometer (Bio-Rad).

2.3. Image analysis of SDS-PAGE electrophoretograms of human
milk samples

Images of analytical SDS-PAGE gels were analyzed with Quantity
One software (Bio-Rad, Hercules, CA, USA) and gel images from
two-dimensional analysis were analyzed with PD Quest software
(Bio-Rad, Hercules, CA, USA). All human milk samples were
analyzed in triplicate and the replicates were used to provide an
averaged gel. All the averaged gels were compared to evaluate
differences between samples belonging to the same group, and
between the two groups (pre-term and term). The same gel regions
were selected and compared, and spot volume was determined as
a percentage of total volume of all spots on respective gels. The
complete pattern (including all spots) was used for qualitative and
quantitative analysis. Qualitative analysis identified specific spots
present only in one group, while quantitative analysis determined
spots with over- or under-expression (>2-fold difference).
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2.4. Protein identification by MALDI-TOF mass spectrometry

Spots of interest were excised from preparative 2D gels of pre-
term and term milk samples, washed sequentially with Milli Q
(Millipore, Massachusetts, USA) water, 25mM ammonium
carbonate, 25 mM ammonium carbonate—acetonitrile (1:1) and
acetonitrile. The spots were dried using with a Speed-Vac (GMI Inc.,
Minnesota, USA) and the proteins were subsequently digested with
trypsin (12.5 pg uL~! in 25 mm ammonium carbonate). Resulting
fragments were extracted twice with 50 pL of acetonitrile/water
(1:1, v/v) containing 0.1% trifluoroacetic acid for 15 min. Pooled
supernatants were concentrated using a Speed-Vac to a final
volume of ~20 pL and peptides were immediately spotted onto the
MALDI target. Mass spectra were recorded in the reflector mode on
an Axima CFR plus MALDI-TOF mass spectrometer (Shimadzu
Biotech, Manchester, UK). The MASCOT search engine software
(Matrix Science, London, UK) was used to search the NCBInr data-
base (version 20060620, containing 3,682,060 sequences ftp://ftp.
ncbi.nih.gov/blast/db/FASTA/nr.gz). The following parameters
were used: mass tolerance of 100 ppm, a minimum of four peptides
matching to the protein, carbamidomethylation of cysteine as
a fixed modification, oxidation of methionine and pyroglutamyla-
tion of glutamine as variable modifications, and one missed
cleavage allowed.

2.5. Protein identification by nano liquid chromatography—mass
spectrometry

Stained protein spots were excised manually, washed, digested
with trypsin and extracted using formic acid. Protein digests were
analyzed using an ion trap mass spectrometer (Esquire HCT plus;
Bruker, Billerica, MA, USA) coupled to a nano-chromatography
system (HPLC 1200, Agilent, Santa Clara, CA, USA) interfaced with
an HPLC-Chip system (Chip Cube, Agilent). MS/MS data were

Pre-term milks

o
>

searched against National Center for Biotechnology Information
(NCBI) and Mass Spectrometry protein sequence Data Base (MSDB)
databases using Mascot software.

2.6. Determination of nitrogen content and plasmin activity

The total nitrogen content of human milk samples was deter-
mined using the Kjeldahl method. Plasmin activity in milk was
measured using the method of Richardson and Pearce (1981).

2.7. Statistical analysis of data

Total protein and plasmin activity data were analyzed using SPSS
1.11.0.0 statistical software (SPSS Inc., Chicago, IL, USA). Differences at
a 5% significance level among means were determined by one-way
analysis of variance (ANOVA) using Tukey’s test. Two-dimensional
analysis data were also analyzed by principal components and
classification analysis (Statistica 6.0, Statsoft Inc., Tulsa, OK, USA) to
analyse correlations between the analyses and differences between
the samples.

3. Results

3.1. Determination of total nitrogen content and plasmin activity of
human milk samples

The mean nitrogen content of the seven pre-term milk samples
was 1.65-fold higher (p < 0.001) than that of the seven term milk
samples (Fig. 1, top panel). The mean total nitrogen contents of pre-
term and term milk samples were 0.28% and 0.17%, respectively. In
addition, the levels of nitrogen in the pre-term milk samples were
more variable (range of 0.22—0.35%) than those in the term milk
samples (0.12—0.17%). The plasmin activities in pre-term and term
milk samples were also significantly different (p < 0.001) (Fig. 1,

Term milks
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Fig. 1. Total nitrogen content and plasmin activity of the pre-term and term human milk samples; M: average value, PT: pre-term, T: term; **statistically significant differences

between the two groups (p < 0.001).
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bottom panel); the plasmin activity of the seven term milk samples
was very consistent and lower (0.045—0.104 amino methyl
coumarin (AMC) units per mL milk) than the plasmin activity of the
pre-term milk samples (0.147—0.397 AMC units per mL milk).

3.2. SDS-PAGE analysis of human milk samples

SDS-PAGE electrophoresis was performed on 14 human milk
samples (7 pre-term and 7 term; Fig. 2). The principal bands in all
samples corresponded to lactoferrin, B-casein, a-casein and o-
lactalbumin. However, there was significant variation in the
intensities of the bands corresponding to these proteins between
samples, more so in the case of the caseins than the whey proteins.
In addition, several samples showed bands of lower molecular
weight than the caseins (i.e., including polypeptides produced by
proteolysis). The difference between pre-term and term samples
was less than the inter-sample variability.

Subsequently, to determine a characteristic pattern of the milk
samples, a correlation matrix derived from the number and the
intensity of the mono-dimensional electrophoretic bands was
performed with the Quantity One software. According to this
correlation matrix, three most representative samples of each
group (PT2, PT4, PT7 for pre-term and T1, T2, T7 for term) were
chosen and analyzed by two-dimensional electrophoresis.

3.3. Identification of the most abundant protein spots from pre-
term human milk

To identify most of the abundant proteins, a two-dimensional
electrophoresis reference gel of human pre-term milk was run
(Fig. 3). The pre-term sample with the highest number of spots was
chosen so as to best exemplify the complexity of the human milk
protein profile and to identify the most abundant proteins and
proteolysis products. Mass spectrometry identifications of the 50
spots analyzed are shown in Table 1. Two thirds of the proteins
identified corresponded to ag1- and B-caseins: 24 spots were iden-
tified as as1-casein isoforms with apparent molecular masses from
18.74 to 32.05 kDa and apparent isoelectric points from 4.03 to 5.56;
18 spots were identified as B-casein isoforms (13.1—35.04 kDa,
pl =4.76—8.44). Together with these two main groups of caseins,
other well-known milk proteins were identified, including o-
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Fig. 2. SDS-PAGE electrophoretograms of 7 human milk samples from mothers giving
birth at pre-term (PT) or term (T). LF: lactoferrin; B-CN: B-casein; «-CN: o-casein; o-
lac: a-lactalbumin.
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Fig. 3. Reference proteomic map of a human pre-term milk sample: 2D preparative gel
of a representative milk sample (~300 pg of proteins) under reducing conditions using
a 17 cm pH 3-10 pl range for the first dimension, and a 12% gradient acrylamide gel for
the second dimension. The most abundant spots were shown with arrows and were
submitted to mass spectrometry identification by MALDI-TOF peptide mass fingerprint
and/or nano-LC/MS—MS (results in Table 1). a: Over-expressed in pre-term milk; b:
over-expressed in term milk; c: no differences between pre-term and term milk.

lactalbumin (4 spots), lactoferrin (3 spots), lacto-transferrin (1 spot),
k-casein (1 spot), and several immunoglobulins.

Most of these isoforms corresponded to breakdown products or
post-translational modifications of the native protein. In the case of
human B-casein, different levels of phosphorylation are well known
and have been reported previously Greenberg & Groves, 1984;
(Greenberg, Groves, & Dower, 1983; Poth, Deeth, Alewood, &
Holland, 2008) The same consideration can be applied to og-
casein, for which, in addition to different phosphorylation levels,
there were also many hydrolysis products, presumably originating
from the action of proteolytic enzymes, producing a number of
peptides with different molecular weight and isoelectric points.

3.4. Comparison of the 2D-electrophoretic patterns of term and
pre-term human milk samples

Changes in the human milk proteome for the pre-term and term
samples were studied using 2-DE on proteins solubilized directly
from the chosen human milk samples. A high resolution 2-DE gel
pattern, in a pl range between 3 and 10, was visualised by coo-
massie blue staining. The three replicates selected by SDS-PAGE
electrophoresis were used for image analysis. A mean of 101 and
147 protein spots were reproducibly detected in each term and pre-
term gel, respectively (Table 2) and were selected for further
analysis. Quantitative analysis, using PD Quest software, revealed
that 55 proteins showed more than 2-fold differences in expression
value. Among these, a total of 48 proteins were up-regulated and 7
were down-regulated in pre-term milk samples. In addition, 69
unique spots appeared in the 2D map of pre-term samples; in
comparison, only 10 unique spots were detected in term samples.
Among all spots, the 36 most abundant and varying spots between
the pre-term and term milk samples are shown in Fig. 3. Spots
labelled with “a” correspond to the spots over-expressed in pre-
term milk; spots labelled with “b” correspond to the spots under-
expressed in pre-term milk and spots with no intensity modifica-
tion between pre-term and term milk samples are labelled “c”.
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Table 1
Identification of the 50 most abundant spots from the two-dimensional gel of human milk (see Fig. 3), by peptide mass fingerprinting (PMF) using MALDI-TOF.
Spot no. Protein name Ref. Swiss Mol. mass (kDa) pl PMF/MALDI-TOF Nano LC—MS/MS
Prot Theor. Obs. Theor. Obs. Score % Cov. Peptides Score Match Hit
peptides rank

1 B-Casein P05814 23.86 35.04 5.33 4.97 71 31 3

2 B-Casein P05814 23.86 34.78 533 5.1 71 31 3

3 B-Casein P05814 23.86 33.82 533 5.23 92 38 4

4 B-Casein P05814 23.86 34.34 5.33 5.41 71 31 3

5 B-Casein P05814 23.86 3249 533 5.6 71 31 3

6 B-Casein P05814 23.86 31.01 533 5.81 71 31 3

7 B-Casein P05814 23.86 27.58 5.33 6.4 92 38 4

8 o-Lactalbumin P00709 14.08 14.85 4.70 4.97 82 33 5

9 o-Lactalbumin P00709 14.08 13.57 4.70 5.09 283 8 1

10 o-Casein P47710 20.09 27.36 5.17 5.56 68 22 3

11 o-Casein P47710 20.09 25.77 5.17 5.32 68 22 3

12 o-Casein P47710 20.09 25.59 5.17 517 70 30 4

13 o-Casein P47710 20.09 25.77 517 5.04 70 30 4

14 o-Casein P47713 20.09 23.88 5.17 5.24 72 35 5

15 a-Casein P47710 20.09 26.66 5.17 4.73 70 30 4

16 o-Casein P47710 20.09 26.58 5.17 4.65 70 30 4

17 o-Casein P47713 20.09 25.06 517 4.75 75 30 4

18 as1-Casein P47712 20.09 21.96 5.17 4.77 87 2 4
B-Casein P05814 23.86 21.96 5.33 4.77 40 3 6

19 as1-Casein P47711 20.09 2217 517 4.99 102 2 1
B-Casein P05814 23.86 2217 533 4.99 43 2 2

20 os1-Casein P47712 20.09 21.6 5.17 4.56 159 3 1

21 os1-Casein P47713 20.09 21.09 5.17 4.77 98 2 1

22 os1-Casein P47710 20.09 21.28 517 5.41 72 35 5

23 Protease serine Q6ISj4 26.7 20 5.72 3.75 61 2 1

24 as1-Casein P47711 20.09 20.27 5.17 4.03 51 2 1

25 os1-Casein P47711 20.09 18.88 517 4.29 106 2 1

26 os1-Casein P47713 20.09 18.74 5.17 4.5 72 1 1

27 Ig J chain P01591 15.59 23.89 4.62 4.53 127 11 59

28 Ig ] chain P01591 15.59 23.64 4.62 4.7 110 9 59

29 os1-Casein P47713 20.09 20.07 5.17 423 118 2 1

30 os1-Casein P47713 20.09 32.05 5.17 4.71 127 4 2

31 os1-Casein P47713 20.09 28.44 5.17 5.5 213 5 5
B-Casein P05814 23.86 28.44 5.33 5.5 56 2 13
Anti-pneumo coccal Q502W4 25.94 28.44 8.69 5.5 92 3 7
antibody

32 os1-Casein P47713 20.09 28.44 5.17 5.5 301 8 1
B-Casein P05814 23.86 28.44 533 5.5 44 2 3

33 os1-Casein P47713 20.09 28.61 5.17 5.39 216 5 1
B-Casein P05814 23.86 28.61 533 5.39 74 2 3
o-Lactalbumin P00709 14.08 28.61 4.70 5.39 121 5 2

34 o 1 Antitrypsin P01009 44.32 69.44 5.37 5.53 799 23 1
k-Casein P07498 18.16 69.44 8.68 5.53 51 2 4

35 Lactoferrin Q2TUW9 77.99 81.24 8.51 5.11 78 12 5

36 Lactoferrin Q2TUW9 77.99 83.29 8.51 5.5 94 15 9

37 Lacto-transferrin P02788 76.17 714 8.47 6.4 263 7 7
Immunoglobulin QI9NPP6 4479 714 5.74 6.4 171 4 9

38 Ig k VLG region / 28.6 23.68 6.15 7.31 418 11 1

39 1gG k chain / 233 24 7.75 8.07 140 9 52

40 IgG k chain / 233 24.95 7.75 8.34 103 6 29

41 B-Casein P05814 23.86 22.84 533 8.28 69 28 3

42 B-Casein P05816 23.86 22.7 533 8.09 69 28 3

43 B-Casein P05815 23.86 22.08 5.33 8.44 69 28 3

44 B-Casein P05817 23.86 13.6 533 8.31 69 28 3

45 Fatty acid binding protein P05413 14 14.73 6.81 6.34 332 9 1

46 B-Casein P05814 23.86 13.12 533 7.59 72 2 2
o-Lactalbumin P00709 14.08 13.12 4.70 7.59 55 2 3

47 2 Microglobulin P61769 11.73 12.18 6.07 7.2 160 6 1

48 Lactoferrin Q2TUW9 77.99 21.65 8.51 4.76 118 2 1
as1-Casein P47713 20.09 21.65 5.17 4.76 82 1 2
B-Casein P05814 23.86 21.65 533 4.76 37 4 3

49 os1-Casein P47710 20.09 26.51 5.17 4.88 75 30 4

50 os1-Casein P47710 20.09 25.73 5.17 4.73 72 35 5

¢ Protein reference (Ref.) corresponds to the Swiss-Prot/NCBI accession number; % cov. refers to sequence coverage. Theoretical molecular mass and isoelectric point (pl) of
proteins are as according to the amino acid primary sequence and without consideration of any post-translational and/or degradation modifications. Observed molecular mass
and isoelectric point (pl) are as observed with the position of the corresponding spots on the two-dimensional electrophoresis gel.
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Table 2
Number and distribution of spots in two-dimensional electrophoretograms of pre-
term and term human milk samples.

Human milk Common  Specific  Over-expressed No
samples? spots spots spots differences
X+SD

PT2 162+2 84 69 48 29

PT4 143 +4

PT7 136 £1

Mean 147+14

T1 92+2 10 7 29

T2 112+2

T7 97 £1

Mean 101410

2 Abbreviations are: X, average number of spots among three replicates of the
same sample; SD, standard deviation of the number of spots among three replicates
of the same sample.

Interestingly, all the under-expressed spots in pre-term milk cor-
responded to B-casein (spots 3, 5 and 6) and to as;-casein (spot 10),
with an observed molecular mass close to the native proteins. In
contrast, most of the varying spots with a low molecular mass
appeared to correspond to spots over-expressed in pre-term milk; 6
spots (18, 41, 42, 43, 44 and 48) were identified as originating from
B-casein, and 9 spots (18, 20, 21, 22, 24, 25, 26, 46 and 48) were
identified as originating from a,s1-casein. Thus, these low molecular
mass spots correspond to fragments of B-casein and agi-casein
resulting from enzymatic hydrolysis.

3.5. Proteomic comparison of human milk, infant formula and
bovine milk

The protein pattern of a commercially available powdered infant
formula, evaluated by two-dimensional electrophoresis, is shown
in Fig. 4 (F) and compared with a human milk sample (H) and
a bovine milk sample (B). The human milk profile was clearly
different compared with that of infant formula; moreover,
a comparison of Fig. 3 with Fig. 4 (sample F) shows that the
proteolysis products, normally present in full-term human milk
and, especially, in pre-term human milk are absent in the infant
formula sample.

A recently reported two-dimensional reference gel of bovine
milk proteins (Chevalier et al., 2009) allowed the identification of the
most abundant protein spots in bovine milk and infant formula. As
expected, the most abundant proteins of bovine milk were og1-
casein, while 4 different isoforms of asy-casein, 2 isoforms of -
casein and 5 isoforms of k-casein were identified in the central area
of the gel. Together with these main groups of caseins, other well-
known milk proteins were identified, including a-lactalbumin,
bovine serum albumin and the two genetic variants of B-
lactoglobulin.

Compared with bovine milk there was, as expected, a higher
proportion of whey protein in the whey-dominant infant formula.
Whey-dominant formulae are commonly formulated at a casein-
to-whey protein ratio of ~40:60, compared with the ratio of
~80:20 that is commonly found in bovine milk. In addition, the
ratio of a-lactalbumin to B-lactoglobulin was higher in the infant
formula than in bovine milk. The selective enrichment of B-lacto-
globulin, which further tailors the whey protein composition of the
formula towards that of human milk, is a further step in the
humanization of infant formula. The amount of high molecular
mass proteins, e.g., lactoferrin, was comparable for human milk and
infant formula, while these were noticeably lower in bovine milk.
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Fig. 4. Two-dimensional preparative gel of 300 ug of (H) human term milk proteins,
(F) powdered infant formula proteins and (B) bovine milk proteins, separated under
reducing conditions using a 17 cm pH 3—10 pl range for the first dimension, and a 12%
gradient acrylamide gel for the second dimension.
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4. Discussion

Comparative proteomics, as well as biochemical and enzymatic
measurements, were initially used to investigate the modulation of
proteins in milk from mothers who gave birth to pre-term and full-
term babies. The differences in total nitrogen content were
consistent with those reported by Atkinson et al. (1980), i.e., that
the total protein concentration of breast milk from women deliv-
ering prematurely was considerably higher than that of milk from
women delivering at term. It was hypothesized that a higher
protein concentration can benefit the premature infant with its
rapid catch-up growth and high protein requirement.

Atkinson et al. (1980) also reported that the peptides found in
human milk may be indigenous constituents of breast milk or may
be formed in expressed milk through the proteolytic action of
native enzymes in the milk. Building on these findings, this paper
reports, for the first time, increased plasmin activity in milk from
mothers delivering prematurely (Fig. 1). Milk proteases present in
breast milk, including plasmin, are capable of hydrolysing -casein
in milk (Ferranti et al., 2004; Greenberg & Groves, 1984; Okamoto,
Horie, Nagamatsu, & Yamamoto, 1981) and could contribute to the
complement-inhibitory activity of human milk (Ogundele, 1999).
This study contributes new information about the protein compo-
sition of human milk, underlining the key role of plasmin: its higher
level in milk for premature infants results in more extensive
hydrolysis of protein, leading to the production of small peptides
which could facilitate the digestion process.

One-dimensional electrophoretic data showed a more complex
pattern for pre-term milk samples than for term milk, consistent
with the plasmin activity results. Higher plasmin activity and
higher nitrogen content thus result in higher rates of hydrolysis of
protein, which results in the formation of lower-molecular mass
polypeptides and peptides. The level of the main protein band of a-
lactalbumin showed no particular differences between the two
groups. The stable concentration of ¢-lactalbumin is due to its role
in the synthesis of lactose, which, in turn, is linked with the osmotic
pressure of blood in the mammary gland. This may explain the
similar concentration of o-lactalbumin in pre-term and term
human milk samples (Fig. 2). In contrast, the casein spots were
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721

more intense in the term samples; this could again be a result of the
higher proteolytic activity of pre-term samples.

Identification of the spots of interest further elucidated the
protein fraction of human milk. The first consideration is related to
the breakdown products, present mainly in the pre-term milk
samples (Fig. 5), which are mostly polypeptide fragments derived
from os1- and B-caseins (Table 2). This observation is complemen-
tary to a previous study that reported that f-casein was the main
source of small peptides by proteolytic action in human milk
(Ferranti et al., 2004). In that study, trichloroacetic acid (TCA) was
used to precipitate casein and separate peptides from milk and then
liquid chromatography—mass spectrometry and tandem mass
spectrometry were used for the separation and identification of the
peptides. In the present study, milk was analyzed directly without
additional extraction or enrichment steps and the proteins were
separated using two-dimensional electrophoresis. These differ-
ences in the experimental methods have a great influence on the
determination of proteolysis products from proteins. Firstly, the use
of TCA for the purification of peptides and reverse-phase HPLC for
the separation gave rise to peptide populations with a molecular
mass that was too low to be resolved on a SDS-PAGE gel. On the
other hand, two-dimensional electrophoresis allowed direct anal-
ysis of the native proteins preferentially hydrolysed by plasmin and
the resulting polypeptides. Then, in pre-term human milk, plasmin
can hydrolyse both asq-casein and B-casein (Ferranti et al., 2004),
and yields polypeptides from both asj-casein and B-caseins and
small peptides from B-casein (Ferranti et al., 2004). Moreover,
Ferranti et al. (2004) reported that, in term milk, the amount of
comparatively shorter peptides was higher compared with those of
greater size, which indicates a higher quantitative and qualitative
level of hydrolysis by plasmin; also, as1-casein-derived peptides,
which are few in pre-term milk, were more abundant in term milk.
In bovine milk, proteolytic enzymes, and especially plasmin, pref-
erentially hydrolyse B-casein (Fox & Kelly, 2005), but in human milk
this proteolytic activity is apparently carried out on both ag1-casein
and fB-casein.

The quantitative data from the image analysis highlighted that
pre-term milk samples were also richer in immunoglobulins and
antibodies, making stronger the hypothesis of milk “naturally
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Fig. 5. Comparison between pre-term and term milk samples: 2D analytical gels of a representative term milk sample (A) and a representative pre-term milk sample (B) (~100 pg
of proteins) under reducing conditions using a 7 cm pH 3—10 pl range for the first dimension, and a 12% gradient acrylamide gel for the second dimension.
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enriched” in proteins and peptides but also in bio-active compounds
which are able to protect pre-term infants during early life.

The two-dimensional electrophoretic protein profile of bovine
milk was found to be remarkably different from that of human milk.
As expected, the most abundant proteins in the bovine milk pro-
teome were og1-casein, tsy-casein, B-casein (which are grouped in
the same area of the gel) and the two genetic variants of B-lacto-
globulin, while a-lactalbumin and high molecular mass proteins
are present in low concentration (Fig. 4, sample B). In human milk,
the most abundant protein was a-lactalbumin, followed by the
groups of the isoforms of B-caseins and o-caseins, which are
resolved separately from each other; moreover, the high molecular
mass proteins (mainly lactoferrin) represented an important frac-
tion of the total protein content (Fig. 4, sample H). Several isoforms
of k-casein are known to be present in bovine milk, while only 1
spot was identified as k-casein in human milk (Fig. 3, Table 2). In
human milk, and especially in pre-term milk, the action of plasmin
gives rise to a significant number of hydrolysis products of a.- and -
caseins. In the case of bovine milk, inflammation of mammary
gland gives rise to higher plasmin activity; high plasmin activity
and high concentration of hydrolysis products are undesirable in
bovine milk since they are indicators of low quality (Kelly,
O’Flaherty, & Fox, 2005). Instead, in human milk, the higher
activity of plasmin in pre-term milk may have an important
nutritional role for low-birth weight infants.

As expected, the qualitative protein profile of infant formula
milk was very similar to that of bovine milk powder, since formula
milk is most often formulated with dairy ingredients, i.e., skim milk
powder and demineralised whey powder or whey protein
concentrated. Infant formula based on soy or protein hydrolysates
are available for infant which are allergic to cow milk constituents
(Hill, Murch, Rafferty, Wallis, & Green, 2007). From a quantitative
point of view, it was observed that a higher level of whey protein
was present in powdered formula than in bovine milk. The
increased proportion of whey-dominant formula is applied to
obtain a casein:whey protein ratio closer to that of human milk. The
higher proportion of a-lactalbumin in the formula than in the skim
milk powder is a further step towards humanization of the infant
formula and can be achieved by the inclusion of an a-lactalbumin-
enriched whey protein preparation. In addition, a higher level of
high molecular mass proteins was observed, most likely to
resemble the average human milk protein composition.

Infant formulae are designed to have a quantitative protein
profile as close to that of human milk as possible; however, this
protein profile does not always take into account the partial pre-
digestion of the protein and, in particular, these formulae do not
contain hydrolysis products of the native human caseins. Formu-
lations based solely on protein hydrolysates are readily available for
hypoallergenic purpose but the inclusion of partially hydrolysed
casein in formula for neonates is not widely practiced at present.
The findings of this study could thus be employed in the further
improvement of infant formulae, particularly those for neonates
born prematurely. The inclusion of partially hydrolysed milk
proteins may be useful for preparation of formulae which mimic
the natural human milk as closely as possible. Further study of the
composition of these low molecular mass peptides and their
possible physiological and nutritional roles will also be required to
optimally meet the complex nutritional requirements of newborns.

5. Conclusions

The higher total nitrogen content of milk from women deliv-
ering prematurely confirms previous reports by other authors, and

a higher content of immunoglobulins and antibodies in that milk
was shown. For the first time, elevated plasmin activity and its
consequent hydrolysis of caseins in pre-term milk has been eluci-
dated. Moreover, the proteomic patterns of pre-term and term milk
samples were investigated in detail and the fifty most abundant
proteins identified. The data suggest a physiological response that
adjusts enzyme and/or protein expression to improve milk
digestibility for breast-fed prematurely newborn babies, a finding
that may have relevance for further design of infant formulae for
different groups of neonates.
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ABSTRACT: Rennet-induced coagulation of bovine milk is a complex mechanism in which chymosin specifically hydrolyzes -
casein, the protein responsible for the stability of the casein micelle. In equine milk, this mechanism is still unclear, and the
protein targets of chymosin are unknown. To reveal the proteins involved, the rennetability of equine milk by calf chymosin was
examined using gel-free and gel-based proteomic analysis and compared to bovine milk. RP-HPLC analysis of bovine and equine
milks showed the release of several peptides following chymosin incubation. The hydrolyses of equine and bovine casein by
chymosin were different, and the major peptides produced from equine milk were identified by mass spectrometry as fragments
of ff-casein. Using two-dimensional electrophoresis, equine f-casein was confirmed as the main target of calf chymosin over 24 h
at 30 °C and pH 6.5. The gel-based analysis of equine milk discriminated between the different individual proteins and provided
information on the range of isoforms of each protein as a result of post-translational modifications, as well as positively identified
for the first time several isoforms of k-casein. In comparison to bovine milk, k-casein isoforms in equine milk were not involved in
chymosin-induced coagulation. The intensity of equine S-casein spots decreased following chymosin addition, but at a slower rate

than bovine k-casein.

KEYWORDS: equine milk, rennet coagulation, K-casein, proteomic, bovine milk

Bl INTRODUCTION

The milk from all species studied to date contains a
heterogeneous mixture of proteins within which a few primary
proteins dominate. In bovine milk these proteins are oy -, o,
p-, and k-caseins, p-lactoglobulin, and oa-lactalbumin with
relative proportions of ~30:10:30:12:10:4, respectively.'
Proportions of these proteins vary greatly among species but,
apart from whey acidic protein (WAP), which has been
identified in several species” but not in ruminant or human
milk,® no major protein, other than one of these families, has
yet been found in the milk of any species. The protein content
of mature equine milk is lower than that of bovine milk, but the
principal classes of proteins, that is, caseins and whey proteins,
are similar in both milks.*~”

The milk proteome is extremely complex due to post-
translational modifications of proteins and the presence of
many genetic variants.* '® All milk proteins exhibit genetic
polymorphism, usually due to the substitution of one or two
amino acids, which do not have significant effects on protein
functionality. Microheterogeneity of milk proteins also results
from post-translational phosphorylation, glycosylation, or
proteolysis.

Whereas the principal proteins of equine milk have been
fairly well characterized, the presence of k-casein in equine milk
has been an issue of debate for several years, with several
authors'' ™' reporting its absence. However, other studies'> ™"
reported its presence, albeit at a low concentration, and Lenasi
et al”® presented the entire cDNA sequence for equine K-
casein.

In bovine milk, k-casein is located predominately on the
surface of casein micelles and plays an important role in the
formation, stabilization, and aggregation of the micelles and

-4 ACS Publications  © 2013 American Chemical Society 2839

alters the manufacturing properties and digestibility of milk.
The presence of a glycan moiety in the C-terminal region of k-
casein enhances its ability to stabilize the micelle, by
electrostatic repulsion, and may increase the resistance by the
protein to proteolytic enzymes and high temperatures.”"** It
has been reported" that equine k-casein is more highly
glycosylated than bovine k-casein, which could significantly
contribute to equine micelle stability. Ochirkhuyag et al.'* and
Doreau and Martin-Rosset’® concluded that the steric
stabilization of equine casein micelles by k-casein may be
aided by unphosphorylated fB-casein on the surface of the
micelle, thus compensating for the low k-casein content.
Chymosin (EC 3.4.23.4) is a neonatal gastric aspartal
proteinase that hydrolyxes the k-casein of bovine milk into a
soluble glycopeptide [caseinomacropeptide (CMP): amino acid
residues 106—169] and an insoluble part (para-k-casein: amino
acid residues 1—105), which is crucial for the production of
cheese and for the nutrition of newborns**** The non-
enzymatic secondary stage of the coagulation of milk by
chymosin involves the aggregation and gelation of para-k-casein
under the influence of Ca®*.*® Apart from cleavage of the
Phe gs—Met,os bond of k-casein, chymosin causes limited
hydrolysis of k-casein.”® Calf chymosin hydrolyzes the Pheg,—
Ilegs bond of equine k-casein'® and slowly hydrolyzes the
Phe,gs—Ile;os bond of human k-casein.>” Although the CMPs
released from equine and human k-casein are less hydrophilic
than bovine CMP, in all species CMP is believed to inhibit
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gastric acid secretion following milk intake®®*™3° and to have

antibacterial activity.>"*> The sequence 97—116 of k-casein is
highly conserved across species, suggesting that the limited
proteolysis of x-casein and subsequent coagulation of milk are
of major biological significance.”® The other proteins in bovine
milk, ag;-, -, and f-caseins and a-lactalbumin, are hydrolyzed
by chymosin but at a much slower rate than k-casein.>***

Over the past decade, milk from nonbovine mammals (goat,
donkey, horse, and camel) have been studied, generally as a
means of identifying the best substitute for human milk in
infant nutrition.”>™>” Milk proteins have been analyzed
extensively using proteomic techniques.®® Two-dimensional
electrophoresis (2-DE) allows simultaneous detection and
quantification of several thousand protein spots in the same
gel’®™*® when combined with mass spectrometry analysis, and
it has been used for the separation and characterization of the
proteins in bovine milk or colostrum*"** or for identification of
specific proteins and isoforms thereof.”~*° To date, analysis of
the effects of various processing treatments on bovine milk
proteins using proteomics has been confined to exploring the
changes in disulfide bonds in milk proteins after heating or
pressure treatment.*>** Caseins in human milk have been
resolved using 2-DE,*” and a proteomic comparison between
preterm and term human milk has been reported.*® Recently,
Hinz et al.'"* compared the milk of several species, including
equine milk, using proteomics. The proteins of equine
colostrum and milk have been analyzed by electrophoretic
and immunological methods,® whereas Egito et al.’3
characterized the casein fraction of equine milk using 1- DE
and 2-DE of samples purified by anion exchange chromatog-
raphy and reverse phase high-performance liquid chromatog-
raphy (RP-HPLC). Various mass spectrometric approaches
have been used to characterize the proteins of asinine”' ¢ and
equine'”*”® milks.

The aim of this study was to examine the rennetability of
equine milk by calf chymosin using RP-HPLC and 2-DE
followed by mass spectrometry with comparative analysis of a
renneted bovine milk sample. The presence and implication of
equine K-casein in equine milk coagulation were also
investigated.

B MATERIALS AND METHODS

Milk Supply. Equine milk was obtained from Orchid’s
Paardenmelkerij (Zeeland, The Netherlands) from a bulk
supply collected from five milkings over 24 h, from a herd of
multiparous New Forest and New Forest/Arabian mares (n >
100) in midlactation, physically separated by day from their
foals. The milk was defatted by centrifugation at 1000g using a
Sorvall RC SB centrifuige (Thermo Fisher Scientific Inc,
Waltham, MA, USA) at 20 °C for 20 min, followed by filtration
through glass wool to remove fat particles. Raw whole bovine
milk was obtained from a local dairy farm and was defatted by
centrifugation at 2000g for 20 min at 20 °C, followed by
filtration through glass wool. Sodium azide (0.5 g L™') was
added to the skimmed milks to prevent microbial growth. All
chemicals used were of reagent grade and obtained from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA).

Renneting Equine and Bovine Milks. Skimmed equine
and bovine milks were adjusted to pH 6.5 and tempered at 30
°C for 20 min in thin-walled glass tubes in a thermostatically
controlled water bath. A 1:10 (v/v) aqueous dilution of
fermentation-produced chymosin (10 uL mL™'; Maxiren 180;
180 international milk-clotting units (IMCU) mL™'; DSM
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Food Specialties, Delft, The Netherlands) was added. Aliquots
(1 mL) of renneted bovine milk were removed after 4, 10, 15,
20, 40, 60, 90, and 240 min and from renneted equine milk
after 20, 30, 60, 90, 120, and 240 min and at 24 h. Renneted
milk samples were diluted (1:1) immediately with 4%
trichloroacetic acid (TCA) in Eppendorf tubes, vortexed for 1
min, and then held at 20 °C for 30 min. The samples were
centrifuged at 5000g for 10 min in a microcentrifuge (Sigma 1-
15, Sigma Laborzentrifuge, Osterode am Harz, Germany).
Supernatants were removed carefully and diluted 1:1 with
buffer (0.1 M bis-Tris, pH 7.0, 8 M urea, 45 mM citrate) to a
final pH of 3.0.>” Samples were filtered through 0.45 ym filters
(Millex-HV, PVDF, 13 mm; Millipore Corp., Billerica, MA,
USA) prior to injection onto the RP-HPLC column.

RP-HPLC Analysis of Renneted Equine and Bovine
Milk. RP-HPLC was preformed according to the method of
Vasbinder et al.* for RP-HPLC analysis of CMP. Analysis was
carried out using a Waters 626 nonmetallic HPLC system
(Waters Corp., Milford, MA, USA) consisting of a Waters 486
UV—vis detector, a Waters 717" autosampler, a Waters 626
pump with a 600S controller, and an online Degasys DG-2410
degassing unit (Sanwa Tsusho Co., Tokyo, Japan). A Varian
Pursuit XRs C18 RP-HPLC column [250 X 4.6 mm, 5 um
particles size, 300 A pore size (Varian Inc., Lake Forest, CA,
USA)] was used. A wash step of 15 min at 70% solvent B
followed by a 15 min equilibration with 85% solvent A was
included between analyses of samples.

Identification of x-Casein in Equine Milk. To determine
if equine milk contained k-casein, skimmed equine milk was
analyzed by RP-HPLC according to the method of Miranda et
al.*® Prior to analysis, the milk was mixed 1:2 (v/v) with 0.1 M
bis-Tris buffer, pH 8.0, containing 8 M urea, 1.3% trisodium
citrate, and 0.3% DTT. Chromatographic equipment was as
described above, and a Microsorb C4 RP-HPLC column (250
X 4.6 mm, 300 A pore size, S um particle size) from Varian
maintained at 40 °C was used. A 20 min wash step with 60%
solvent B was included after protein separation followed by 10
min at 100% solvent A before injection of subsequent samples.
A fraction was collected manually in the x-casein region
identified by Miranda et al,*® precipitated using TCA/acetone
and dephosphorylated as follows: 10 mL of sample was cooled
on ice, 750 uL of 100% TCA was added, and the mixture was
held on ice for 2 h. The sample was centrifuged at 10000g for
10 min at 4 °C. The supernatant was removed, and 2 mL of
acetone (precooled on ice) was added to the pellet. The sample
was vortexed for 2 min, followed by centrifugation at 10000g
(10 min at 4 °C). The supernatant was removed, and the pellet
was washed again with 2 mL of ice-cold acetone; this step was
repeated once. Finally, the pellet was dissolved in 45 uL of
distilled water, and 2 uL of 20% SDS was added. Prior to
electrophoresis, two samples (15 L each) were prepared as
follows: For sample 1, 15 uL was added to 15 uL of a 2X
electrophoresis loading buffer. Sample 2 was dephosphorylated
using the lambda protein phosphatase (lambda PP) and buffer
system from New England Biolabs (Hitchin, Herts., UK); 2 uL
of MnCl,, 2 uL of PPase buffer, and 2 yL of phosphatase were
added to 1S puL of sample, and the mixture was incubated
overnight at 30 °C; 20 uL of single-strength electrophoresis
buffer was added to 20 uL of the dephosphorylated sample
solution. Saméples were denatured in denaturing NuPAGE
sample buffer® and separated with a Bis-Tris—MOBS buffer
system (Invitrogen, Paisley, UK). The selected bands were then
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Figure 1. C18 RP-HPLC chromatograms of bovine (A) and equine (B) milks renneted with 10 L mL™" of 1:10 (v/v) Maxiren 180 at pH 6.5 and
30 °C. Fractions a and b were collected for MALDI-TOF MS/MS analysis.

in-gel digested with trypsin and subjected to nano-LC-MS/MS
analysis as described below.

Two-Dimensional Electrophoresis Analysis of Ren-
neted Equine and Bovine Milk. Samples of renneted equine
milk were taken at 1, 2, 4, 8, and 24 h. Aliquots of renneted
bovine milk were removed at 2 min intervals up to 16 min and
at 20, 24, and 60 min. Renneted milk samples were diluted
(1:10) immediately with solubilization buffer [9 M urea, 40 g
L™" 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonate (CHAPS), S g L' Triton X100, and 65 mM
dithiothreitol (DTT)] according to the method of Chevalier
et al* The protein content of 100 uL of each sample was
determined by the Bio-Rad Protein Assay (No. 500-0002, Bio-
Rad Laboratories, Hercules, CA, USA), which is based on the
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method of Bradford®" and uses bovine serum albumin (BSA) as
standard. Analysis was carried out in at least duplicate at each
time point for both equine and bovine milks. Analytical 2-DE
was carried out on renneted equine and bovine milks with 100
ug of protein using 7 cm immobilized pH gradient (IPG) strips
(ReadyStrip, Bio-Rad, Hercules, CA, USA) with a linear pH
gradient from 3 to 10 (Bio-Rad), and preparative 2-DE was
carried out on equine and bovine milks with 300 ug of protein
using 17 cm IPG strips and a linear pH gradient from 3 to 10
(Bio-Rad). The 7 or 17 cm IPG strips were rehydrated in the
protein solubilization buffer solution. Isoelectric focusing was
carried out according to the method of Armaforte et al.*® using
a Protean IEF Cell isoelectric focusing system (Bio-Rad). The
IPG strips were then embedded using 6 g L™" low melting point

dx.doi.org/10.1021/jf3045846 | J. Agric. Food Chem. 2013, 61, 2839—2850
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Table 1. Mass Spectrometry Results for Fractions a and b from C18 RP-HPLC Analysis of Equine Milk Renneted with Maxiren
180 at pH 6.5 and 30 °C; Analysis Carried out Using MALDI-TOF MS/MS

equine protein obsd MW (Da) theor MW (Da) score sequence” amino acids®
Fraction a
[-casein 2336.289 2336.274 141 L-GPTGELDPATQPIVAVHNPVI-V 203-225
[-casein 1593.759 1593.867 48 V-APFPQPVVPYPQ-R 175—188
Fraction b
Plgl 1677.872 1677.941 61 L-RPTPEDNLEIIL-R 45-58

“Cleavage sites indicated by hyphens. bPeptides identified by mass spectrometry include the signal peptide (amino acids 1—1S for -casein and 1—18
for p-lg).

agarose on top of a 12.5% acrylamide gel, and sodium dodecyl (Bruker, Bremen, Germany). The following parameters were
sulfate—gel electrophoresis (SDS-PAGE) was carried out using used for the database search: taxonomy restricted to mammalia,
a Criterion Dodeca Cell electrophoresis unit (Bio-Rad) for the one missed cleavage allowed, carbamidomethylation of
7 cm strips or a Protean II xi Cell electrophoresis unit (Bio- cysteines as fixed modification, a mass tolerance of 30 ppm
Rad) for the 17 cm strips. Gels were stained using colloidal for the parent ion, and a mass tolerance of 0.6 Da for fragment
Coomassie blue as described by Chevalier et al.> and stained ions. A minimum of five peptides matching the protein was
gels digitized at 300 dpi using a GS-800 densitometer (Bio- used to validate the PMF identification, and peptide was
Rad). validated if the p value was <0.0S.

Image Analysis of 2-DE Gels. 2-DE gels were analyzed Protein Identification by Nano-LC Mass Spectrome-
using Progenesis SameSpots V. 4.0 image analysis software try. When low-intensity protein spots could not be identified
(Nonlinear Dynamics, Newcastle-upon-Tyne, UK). The same by MALDI-TOF mass spectrometry, nano-LC MS was used.
gel area was selected from duplicate gels of each time point Protein digests were extracted using formic acid and peptides
after rennet addition. Gel areas were compared, and the protein were analyzed using an ion trap mass spectrometer (Esquire
spot volumes were quantified as a mean of each replicate; spot HCT plus; Bruker, Billerica, MA, USA) coupled to a
quantities of all gels were normalized to remove non- nanochromatography system (HPLC 1200, Agilent, Santa
expression-related variations in spot intensity as previously Clara, CA, USA) interfaced with an HPLC-Chip system
described.®® To normalize the raw protein spot volume, each (ChiP Cube, Agilent)- Samples were first loaded onto the 4
spot was expressed relative to the total volume of all spots on mm enrichment cartridge at a flow rate of 4 uL min™" using
that image. Statistical analysis separated proteins that 0.19% formic acid. After preconcentration, peptides were
significantly increased or decreased (p < 0.0S) after the separated on the column (75 pm diameter, 43 mm length) at
treatments.®* a flow rate of 0.3 uL min~" using a 15 min linear gradient from

In-Gel Digestion. Protein spots were selected for further 3 to 80% acetonitrile in 0.1% formic acid and eluted into the
analysis from preparative 2-DE and excised using a ~2 mm mass spectrometer. The tandem mass spectrometer was an
diameter punch; gel pieces were transferred to 1.5 mL Esquire HCT+ (Bruker Daltonik GmBH, Bremen, Germany)
Eppendorf tubes. The gel spots were washed sequentially operating in positive ion mode. The automated data-dependent

with Milli-Q water (Millipore Corp., Billerica, MA, USA), 25 acquisition parameters were chosen such that only doubly and
mM ammonium bicarbonate, acetonitrile/25 mM ammonium tFiPIY charged Precursor ions were selected for CID, e.xcluding
bicarbonate (1:1, v/v), and acetonitrile. Gel fragments were singly Fharged ions. MS/MS raw da}ta were analyzed using Data
dried using a Speed-Vac (GMI Inc, Ramsey, MN, USA), and Analysis software (Bruker Daltonik GmbH) to generate the
the proteins were digested by the addition of sequencing grade peak lists. MASCOT search engine software (Matmx Science,
trypsin (Promega, Charbonnieres, France) at 12.5 ug uL ™' in London, UK) was used to sgarch the Swissprot database
25 mM ammonium carbonate, which was added on ice. After (release 20100121). The following parameters were used for
15 min of gel rehydration, the proteins were digested at 37 °C the databe_ise search: mass tolerance of 0.6 Da for parent and
for 2 h. Digested protein fragments were identified either by fragment ions, one missed cleavage allowed, carbamidomethy-
MALDI-TOF or by nano-LC MS/MS. lation of cysteines as fixed modification, peptide charge fixed at

Protein Identification by MALDI-TOF Mass Spectrom- 2+ and 3+, and taxonomy restricted to mammalia. A protein
etry. Digested protein fragments were extracted by the was validated once it showed at least one peptide with p < 0.05.
addition of 20 uL of 0.1% TFA and sonicated for 15 min.

The supernatants were transferred to 500 uL polypropylene B RESULTS AND DISCUSSION

microcentrifuge tubes. Peptide extraction was carried out by the RP-HPLC of Renneted Equine and Bovine Milk.
addition of 20 uL of a 3:2 (v/v) acetonitrile/TFA solution and Chromatograms of 2% TCA extracts of equine and bovine
sonicated for 15 min. Supernatants were concentrated using a milks renneted using Maxiren 180 and analyzed using C18 RP-
Speed-Vac to a final volume of 10—20 uL. Peptides were HPLC are shown in Figure 1. Compared to a control bovine
simultaneously desalted and concentrated using C18 Zip-Tip milk, renneted bovine milk contained peptides eluting at ~15
microcolumns, and supernatants were spotted directly on an and ~16—17.5 min, which increased significantly in height
AnchorChip MALDI target with a-cyano-4-hydroxycinnamic about 4 min after rennet addition (Figure 1A) and continued to
acid matrix solution and allowed to cocrystallize. Crystallized increase up to 240 min. Renneted equine milk (Figure 1B) had
samples were washed with 0.1% TFA in water and recrystallized a different RP-HPLC profile from that of bovine milk, and no
from 6:3:1 (v/v/v) ethanol/acetone/0.1% TFA in water. peptides appeared until ~20 min after rennet addition. The
Peptide mass fingerprinting (PMF) was done using an time after rennet addition was therefore adjusted for equine

UltraFlex MALDI-TOF/TOF mass spectrophotometer milk, and samples for RP-HPLC were taken for up to 20 h.
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Figure 2. Electrophoretogram of fraction collected from C4 RP-HPLC
analysis of equine milk. Lanes: M, molecular weight marker; 1,
untreated sample; 2, sample treated with phosphatase. Bands a and b
were excised for identification by nano-LC-MS/MS.

Egito et al."” reported that calf chymosin readily cleaves equine
P-casein at Leugo—Tyryg;, and the fragments produced were
resistant to hydrolysis even after 24 h of incubation with
chymosin. Egito et al." fractionated whole equine casein using
affinity chromatography on agarose wheat germ agglutinin
(WGA) and demonstrated the relatively slow hydrolysis of
equine x-casein (WGA-bound fraction) by calf chymosin at the
bond Phey,—Ilegs. Fractions labeled a and b (Figure 1B) in this
study were collected and analyzed by MALDI-TOF MS/MS,
and the faster eluting peak, a, was identified as originating from
equine fJ-casein (Table 1), which was hydrolyzed quickly by calf
chymosin in agreement with Egito et al.' Peptides from equine
Kk-casein were not identified in either fraction by MS.
Identification of x-Casein in Equine Milk. The fraction
containing k-casein, isolated using C4 RP-HPLC and identified
according to Miranda et al,,*® was collected and treated with

kDa |
100 — ' ) 4
75 = " , ‘ £ ‘

pla-7

Figure 4. 2-DE preparative gel of a control bovine milk sample (~300
ug of proteins) under reducing conditions using pH 4—7 pI range for
the first dimension and a 12% acrylamide gel for the second
dimension. The numbered spots were submitted to mass spectrometry
identification by MALDI-TOF peptide mass fingerprint and/or nano-
LC MS/MS (results in Table 2). Proteins identified in figure from
Chevalier and Kelly.**

phosphatase. The electrophoretograms of the enzymatically
treated samples are shown in Figure 2. The phosphatase-treated
sample had one band of ~24000 Da, which was selected for MS
analysis along with a band of ~19000 Da from the control
sample. Using MALDI-TOF and MALDI TOF/TOF analysis,
no result was obtained by PMF, and multiple TOF-TOF
analyses identified equine lysozyme; however, using nano-LC
MS/MS a peptide (YIPIYYVLNSSPR) from equine k-casein
was identified in band b (Figure 3). Band a (Figure 2) was from
a control equine milk, which was not dephosphorylated, and -
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Figure 3. Nano-LC MS/MS spectra of fragmentation process of the YIPIYYVLNSSPR peptide (with m/z 792.9) from equine k-casein; b°, b-ion
with loss of water (—18 Da); [M + 2H — 18]*, precursor ion with neutral loss of one molecule of water; [M + 2H — 2 X 18]**, precursor ion with

neutral loss of two molecules of water.
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Figure S. 2-DE preparative gel of equine milk (~300 ug of proteins)
under reducing conditions using a 17 cm pH 4—7 pI range in the first
dimension and a 12% acrylamide gel for the second dimension. The
most abundant spots are indicated with arrows, and they were
submitted to mass spectrometry identification by MALDI-TOF
peptide mass fingerprinting and/or nano-LC/MS-MS (results in
Table 3). Gel spots with dashed circles were those identified in
subsequent analysis as having decreased following renneting with
Maxiren 180 at pH 6.5.

casein was not identified therein. The x-casein peptide,
YIPIYYVLNSSPR, identified in band b, contained several
potential phosphorylation sites; the lower ion efficiency of
phosphorylated peptides in complex samples makes it difficult
for MS identification. Using NetPhos 2.0, 11 phosphorylation

sites in equine k-casein (2 serine, 6 threonine, 3 tyrosine) were
predicted, which scored >0.5 in the NetPhos scoring system. In
the sequence YIPIYYVLNSSPR, identified from equine x-
casein, the serine residue highlighted in bold scored 0.947 on
the NetPhos scale, which indicated a high probability of
phosphorylation.

Two-Dimensional Electrophoresis Analysis of Equine
and Bovine Milks. Preparative 2-DE gels of skimmed bovine
and equine milk samples, performed under reducing conditions,
are shown in Figures 4 and S, respectively. Protein spots in the
bovine sample were identified according to the method of
Chevalier and Kelly;* the spots in the k-caseins region were
identified by MALDI-TOF with PMF, and the results are
shown in Table 2. In this region, five k-caseins, that is protein
spots 1, 2, 3, 4, and 6, were identified by MALDI-TOF/TOF
with PMF (Table 2). It has been reported that up to 10
isoforms of k-casein with pI values from 4.47 to 5.81 can be
identified by 2-DE gels of bovine milk.*’ If a,- and f3-caseins are
removed, up to 16 gel spots can be identified as k-casein
isoforms arising from post-translational modifications such as
phosphorylation and glycosylation.** In this study, within the
region of the x-casein isoforms, several f-casein isoforms were
identified (Table 2), which have been reported to migrate to
similar regions on a 2-DE gel as the more acidic k-casein
isoforms.* Holland et al.** and Chevalier and Kelly* identified
the principal k-casein spots in bovine milk, but in the present
study the effect of added chymosin over time was considered
for only the major isoforms.

The most abundant protein spots in equine milk isolated by
preparative 2-DE were identified using peptide mass finger-
printing (PMF) with MALDI-TOF or nano-LC-MS/MS.
Equine k-casein was identified in spots 25, 26, and 27, and
some K-casein comigrated with f-casein in spots 40 and 41
(Figure S and Table 3). By comparison with bovine k-casein,
the isoelectric points of equine x-caseins were significantly

Table 2. Identification of the Protein Spots in the x-Casein Region of Bovine Milk by 2-DE with Peptide Mass Fingerprinting

(PMF) Using MALDI-TOF or TOF/TOF*

bovine accession obsd obsd MW  theor theor MW

spot protein no. pI (kDa) pI (kDa)

1 K-casein P02668 5.23 20 593 189

2 K-casein P02668 5.45 20 5.93 189

3 K-casein P02668 5.66 20 5.93 18.9

4 K-casein P02668 5.78 19 5.93 18.9

S K-casein P02668 5.94 19 5.93 18.9

6  P-casein P02666 5.98 18 S.13 23.6
fragment

7  Kk-casein P02668 6.03 20 5.93 18.9

8 [-casein P02666 6.17 18 5.13 23.6
fragment

9  p-casein P02666 6.17 19 5.13 23.6
fragment

no. of matching amino
score peptides sequence” acids?
100 2 K-YIPIQYVLSR-Y 45-56
R-SPAQILQWQVLSNTVPAK-S 89—108
76 1 R-SPAQILQWQVLSNTVPAK-S 89—108
46 1 K-YIPIQYVLSR-Y 45-56
108 1 R-SPAQILQWQVLSNTVPAK-S 89—108
55 1 K-YIPIQYVLSR-Y 45-56
151 4 K-VLPVPQK-A 184—192
K-AVPYPQR-D 191-199
K-FQSEEQQQTEDELQDK-I 48—64
R-DMPIQAFLLYQEPVLGPVR-G 198-218
159 2 K-YIPIQYVLSR-Y 45—-56
R-SPAQILQWQVLSNTVPAK-S 89—108
111 4 R-GPFPIIV 217-224
K-VLPVPQK-A 184—-192
K-AVPYPQR-D 191-199
R-DMPIQAFLLYQEPVLGPVR-G 198-218
50 2 K-VLPVPQK-A 184—192
K-AVPYPQR-D 191—-199

“Theoretical molecular mass and isoelectric point (pI) of proteins are based on the amino acid primary sequence without taking into account any
post-translational and/or degradation modifications. Observed molecular mass and isoelectric points (pI) are those observed from the position of the
corresponding spot on the two-dimensional electrophores. bAccession number corresponds to the Swiss-Prot accession number. “Cleavage sites
indicated by hyphens. “Peptides identified by mass spectrometry include the signal peptide (amino acids 1—15 for f-casein and 1—18 for f-lg.
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Table 3. Identification of the Most Abundant Spots from Two-Dimensional Gel of Equine Milk by Nano-LC-MS/MS“

spot
10
11
12
13
14
N
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37

38

39

40

41

42

43

4s
46
47

48
49

equine protein
a-lactalbumin
a-lactalbumin
a-lactalbumin
heart-type fatty acid-binding protein
a-lactalbumin
heart-type fatty acid-binding protein
P-lactoglobulin II
P-lactoglobulin I
P-lactoglobulin I
P-lactoglobulin I
[-casein
o -casein
P-lactoglobulin I
a-lactalbumin
P-casein
P-casein
[-casein
P-casein
[-casein
Qg -casein
K-casein
K-casein
K-casein
[-casein
[-casein
o -casein
P-casein
g -casein
o -casein
P-casein
[-casein
g -casein
P-casein
o -casein
[-casein
o -casein
[-casein
o -casein
P-casein
[-casein
o -casein
g -casein
[-casein
g -casein
[-casein
[-casein
K-casein
[-casein
K-casein
[-casein
g -casein
g -casein
[-casein
g -casein
[-casein
Qg -casein
P-casein
o -casein
P-casein
[-casein

P-casein

q b
accession no.

P08334
P08334
P08334
QYXSI5
P08334
QYXSIS
LGHO2
P08334
P08334
P08334
QYGKK3
QYSKZ7
P08334
P08334
QYGKK3
QYGKK3
QYGKK3
QYGKK3
QYGKK3
QYSKZ7
P82187
P82187
P82187
QYGKK3
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYSKZ7
QYGKK3
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYGKK3
QYSKZ7
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYGKK3
P82187
QYGKK3
P82187
QYGKK3
QYSKZ7
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYSKZ7
QYGKK3
QYGKK3
QYGKK3

obsd pI

5.25
5.55
5.89
5.89
5.94
5.94
4.78
491
5.02
4.87
4.87
4.87
4.97
4.97
5.3

5.53
5.73
5.97
6.31
6.53
4.72
4.75
4.79
4.85
4.9

4.9

5.02
5.02
4.97
4.97
5.1

5.1

5.31
5.31
5.44
5.44
5.78
5.75
5.98
6.18
6.18
6.23
6.23
6.48
6.48
5.13
5.13
5.01
5.01
5.58
5.58
5.53
5.53
5.38
4.85
4.85
4.74
4.74
425
4.36
4.46

obsd MW (kDa)
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14
14
14
14
14
14
18
19
20
25
25
25
24
24
28
28
28
28
29
26
33
33
33
32
26
26
27
27
24
24
26
26
26
26
26
26
26
26
26
25
2S
26
26
25
25
27
27
28
28
26
26
26
26
25
26
26
27
27
17
17
17

theor pI  theor MW (kDa)

4.95
4.95
4.95
5.92
4.95
5.92
4.71
4.85
4.85
4.85
5.78
5.57
4.85
4.95
5.78
5.78
5.78
5.78
5.78
5.57
8.03
8.03
8.03
5.78
5.78
5.57
5.78
5.57
5.57
5.78
5.78
5.57
5.78
5.57
5.78
5.57
5.78
5.57
5.78
5.78
5.57
5.57
5.78
5.57
5.78
5.78
8.03
5.78
8.03
5.78
5.57
5.57
5.78
5.57
5.78
5.57
5.78
5.57
5.78
5.78
5.78

14.2
14.2
14.2
13.9
14.2
13.9
183
18.5
18.5
18.5
28.5
24.7
18.5
14.2
28.5
28.5
28.5
28.5
25.5
24.7
18.8
18.8
18.8
28.5
28.5
24.7
28.5
24.7
24.7
28.5
25.5
24.7
28.5
24.7
28.5
24.7
28.5
24.7
28.5
25.5
24.7
24.7
28.5
24.7
25.5
28.5
18.8
28.5
18.8
25.5
24.7
24.7
28.5
24.7
25.5
24.7
25.5
24.7
28.5
25.5
28.5

score

424
561
401
31§
327
115
245
415
522
330
180
114
266
165
264
235
223
237
252
329
138
181

61

82
212
167
252

95
239
177
168
107
259
104
232

59
194

77
267
354
207
245
228
454
208
248
180
254
115
131
118

96

61
282
220
145
239

93

87

64

75

no. of matching peptides
8

—
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Table 3. continued

spot equine protein accession no.”  obsd pI obsd MW (kDa) theor pI theor MW (kDa) score
S0 lactoferrin 097668 5.93 S1 8.32 75.4 793
S1 lactoferrin 097668 6.15 50 8.32 754 863
52 lactoferrin 097668 6.17 75 8.32 754 49

no. of matching peptides

15
16
2

“Theoretical molecular mass and isoelectric point (pI) of proteins are based on the amino acid primary sequence without taking into account any
post-translational and/or degradation modifications. Observed molecular mass and isoelectric points (pI) are those observed from the position of the
corresponding spot on the two-dimensional electrophoresis gel. bAccession number corresponds to the Swiss-Prot accession number.
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Figure 6. Image analysis of k-casein modulated protein spots from 2-DE gels of bovine milk renneted over 60 min. Arrows indicate the k-caseins that

change in intensity (amount) over time.

lower than those of their bovine counterparts. Areas of the 2-
DE gel of equine milk can be identified where isoforms of
proteins are grouped; protein spots 20, 21, 22, 23, 28, and 29
form a cluster of B-casein isoforms, whereas protein spots 30,
31, 33, 34, and 35 represent isoforms of equine o -casein
(Figure S and Table 3). On the basis of spot intensities,
approximately ~35% of protein spots were f-casein isoforms,
and a further 35% were qg-casein isoforms. Together with
these two main milk proteins, other well-known milk proteins
were identified including a-lactalbumin (4 spots), f-lactoglob-
ulin (5 spots), and lactoferrin (3 spots). This is the first study in
which a complete identification of the most abundant proteins
in equine milk was achieved. Previously, 2-DE has been used to
display the microheterogeneity of equine a - and f-
caseins.””®® The 2-DE gel of equine milk highlighted the

complexity of the milk proteome, and although very different
from that of bovine milk in general appearance, it contained a
multitude of protein spots. The proteome of bovine milk, and
the milk of most species, is dominated by 6 gene products that
constitute ~95% of milk protein, but >150 protein spots can be
detected using 2-DE of whole bovine milk. Many of the protein
spots represent isoforms of the major gene products that have
been produced by extensive post-translational modifications,
including phosphorylation, glycosylation, and proteolysis.*’
D’Auria et al. conducted a proteomic evaluation of milk
from various species, including equine milk, as a means of
identifying and evaluating the suitability of such milks for infant
nutrition and highlighted the complex pattern of proteins of 2-
DE electrophoretograms from human, equine, asinine, caprine,
ovine, and bovine milks and reported that phylogenetically
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!

Figure 7. Image analysis of -casein modulated protein spots from 2-DE gels of equine milk renneted over time. Arrows indicate the f-caseins that

change in intensity (amount) over 24 h.

related species such as sheep/goats and horses/donkeys had
quite similar protein expressions. Human milk protein
expression was reported to be quite similar to both those of
the horse and donkey.®”

Effect of Renneting on Protein Spot Intensity in
Equine and Bovine Milk. Two-dimensional analytical gels of
renneted bovine and equine milk samples were scanned using
SameSpots V4.0 software, and protein spots that changed in
intensity over time were identified. The areas of the gels where
protein spots susceptible to chymosin hydrolysis were identified
and selected for further analysis. In the case of renneted bovine
milk, six k-casein spots decreased over time after chymosin
addition (Figure 6). The result showed the decrease in intensity
of bovine k-caseins with time after chymosin addition (Figure
6). Bovine f3-caseins were not significantly affected by chymosin
during the time course of this experiment.

The proteins in equine milk that were hydrolyzed by
chymosin over 24 h were identified as B-caseins only, that is,
protein spots 20, 21, 22, 23, 47, and 48 as well as 37 and 39,
which were identified as mixtures of - and a-caseins (Figure
3 and Table 3). Image analysis was performed on the 2-DE gel
area where the most significant changes in protein spot
intensities were detected (Figure 7), which showed the
decrease in equine f-casein over 24 h after chymosin addition
with the most significant decrease having taken place ~4 h after
chymosin addition. According to the picture analysis, no change
was observed over time with spots identified as k-casein. This
result was in agreement with the C18-RPLC analysis carried

2847

out on renneted equine milk (see RP-HPLC of Renneted
Equine and Bovine Milk), where the peptide that increased in
intensity following chymosin hydrolysis was identified as a
peptide from p-casein. Egito et al.'® reported the slow
hydrolysis of equine k-casein by chymosin with peptides
generated ~10—20 min after chymosin addition when analyzed
by C18 RP-HPLC.

Because equine milk contains a low level of «-
casein, 91196569 it has been suggested that the steric
stabilization of equine casein micelles by k-casein may be
aided by unphosphorylated S-casein;® it is evident from this
study that B-casein plays a significant role in equine casein
micelle structure, and because it is hydrolyzed preferentially by
chymosin, rather than x-casein, it is likely that a significant
proportion has an exposed location. It is not known whether
phosphorylated or unphosphorylated forms of equine f-casein
may stabilize the casein micelle. Phosphorylated forms would
be hydrophilic and, in theory, could contribute to micellar
stability, but they may be susceptible to precipitation by
calcium. The significance of casein micelle phosphate groups is
discussed by Yoshikawa et al.”

Unlike bovine k-casein, the amino acid sequence of equine k-
casein does not have a distinctly hydrophilic C-terminal
domain, particularly due to the absence of a strong hydrophilic
region at residues 110—120, which, in the case of bovine casein
micelles, protrudes from the micellar surface providing steric
stabilization. However, equine k-casein is reported to be heavily
glycosylated,'> which could compensate for the lack of

dx.doi.org/10.1021/jf3045846 | J. Agric. Food Chem. 2013, 61, 2839—2850
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hydrophilic amino acid residues. The high level of glycosylation
of equine k-casein means the molecular mass of equine k-casein
prior to post-translational modification is ~18.8 kDa,'* whereas
after post-translational modification it is ~25.3 kDa*®
suggesting that carbohydrate moieties represent ~35% of
total mass of equine k-casein. For bovine k-casein, glycosylation
increases the mass of k-casein by <3%.”' The degree of
glycosylation of k-casein can have considerable effects on the
colloidal stability of casein micelles.”>”*

Conclusion. Isoforms of equine k-casein were unequivocally
observed and identified in several spots of a 2-DE map by MS.
Also, a peptide from equine k-casein was separated by C18 RP-
HPLC and identified by MS analysis. This study demonstrated
the ability of 2-DE coupled with mass spectrometry and image
analysis to follow the effects of renneting on milk proteins over
time. 2-DE and MS allowed the simultaneous evaluation of the
relative abundance and modification of the endogenous
proteins in equine and bovine milk following hydrolysis by
calf chymosin. Equine milk was susceptible to hydrolysis by calf
chymosin over 24 h at 30 °C and pH 6.5, but the peptides
produced were from equine $-casein, which was also confirmed
by MS analysis of C18 RP-HPLC peptides. Whereas equine -
casein was hydrolyzed by chymosin, hydrolysis occurred at a
much slower rate compared to that of bovine k-casein. In this
study, equine k-casein was not susceptible to hydrolysis by calf
chymosin. The hydrolysis pattern of equine caseins by calf
chymosin is not necessarily unique, and other studies have
shown that the milk of a particular species is preferentially
coagulated by chymosin from that species.”*~”® The isolation of
equine chymosin and its ability to coagulate equine milk as well
as its hydrolysis of equine caseins warrants investigation.
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2 - Activites de Recherche au CEA

2.1 - Responsable de la plateforme de protéomique de I'iRCM

A mon départ de Fontenay-aux-Roses en juillet 2013, et aprés 6 années de fonctionnement, la
plateforme de protéomique a été remplacée par une plateforme d’'ingénierie des protéines, axée sur le

clonage et I'expression de protéines recombinantes, gérée maintenant par Didier Busso (IR INSERM).

De 2007 a 2013, en tant que responsable titulaire de la plateforme de protéomique du CEA de
Fontenay-aux-Roses, jai participé a de nombreux projets de recherche parfois comme expert
technique ou comme principal intervenant. Pendant cette période, la plateforme de protéomique de
MRCM a partagé une expertise en biochimie des protéines et en analyse protéomique pour répondre a
des questions fondamentales en radiobiologie. L'équipe de la plate-forme protéomique a développé
une expertise spécifique pour interpréter et valider les données protéomiques a l'aide de logiciels bio-
analytiques spécialisés, tels que le logiciel ProGenesis Samespot.

Depuis la création de la plateforme, 16 projets de laboratoires de IRCM ont été réalisés avec
différents modéles biologiques (lignées cellulaires de mammiféeres, de levures, des tissus, des cellules
souches) et en utilisant un large choix d'expériences telles que l'extraction des protéines et la

quantification, l'immuno-purification, I'électrophorése bidimensionnelle et western blot.

Les chapitres qui suivent reviennent sur certains développements technologiques en électrophorése
bidimensionnelle (Al), ainsi que sur des projets réalisés en collaboration avec deux laboratoires de

'RCM (A2 et A3) qui ont donné lieu a des publications scientifiques.

2.1.1 - Développement technologique en analyse protéomique

Les méthodes protéomiques permettent I'analyse et la comparaison de toutes les protéines présentes
dans un échantillon biologique choisi. Notre technologie largement basée sur I'électrophorése
bidimensionnelle permet une quantification précise de l'expression des protéines et modifications
post-traductionnelles, avec le soutien de plateformes externes de spectrométrie de masse pour

l'identification des protéines.

Une attention toute particuliere a été portée sur la mise au point de conditions expérimentales
convenables pour la séparation des protéines aux caractéristiques biochimiques extrémes, et plus
particulierement aux protéines basiques, réputées difficles a focaliser par électrophorese

bidimensionnelle.
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Dans cette étude, trois protocoles différents ont été comparés en utilisant des extraits de protéines
issues de cellules MCF7 (lignée cellulaire issue d'un cancer du sein). Le protocole classique de
réhydration « in gel » des protéines a été comparé aux protocoles de chargement des protéines par
« cup loading » ou par « paper-bridge loading » sur des strips de focalisation dans une gamme de pl
de 6-11.

Comme cela était attendu, le protocole de réhydration « in gel » des protéines a présenté de larges
trainées horizontales alors que le protocole « paper-bridge loading » a permis une bonne focalisation
des protéines, mais avec une certaine perte de matériel.

Plusieurs conditions expérimentales ont été comparées afin d’optimiser la focalisation par « cup
loading » et la meilleure séparation a été observée avec des méches cathodiques complétées avec la
solution de réhydratation et du DTT.

Le protocole « paper-bridge loading » a finalement été analysé en utilisant des échantillons non-
limitant en protéines, telles que les protéines de lait de vache. Dans ce cas, une bonne focalisation a

été obtenue, permettant la visualisation de spots uniques jusque-la non séparés.

2.1.2 - Analyse protéomique de la voie des micro-ARNs dans la cancérogénéese

Cette étude a été réalisée en associant trois équipes scientifiquement et techniquement
complémentaires : Germain Rousselet (Laboratoire de Génétique de la Radiosensibilité, CEA iRCM),
Jean Labarre (Laboratoire de Biologie Intégrative, CEA iBiTecs) et la plateforme de protéomique (CEA
iRCM).

Cette étude visait a mieux comprendre comment la perturbation de micro-ARNSs individuels joue un
réle dans la cancérogenese.

Dans certaines cellules cancéreuses, l'inhibition globale de la voie de biogenése des micro-ARNs
(CoGAM : colony growth arrest induced by microprocessor inhibition) conduit a un arrét de croissance
qui peut étre restaurée par la réexpression de certains micro-ARNSs individuels tels que miR-20a.

En utilisant une stratégie expérimentale d'analyse globale du protéome cellulaire par gels 2D, nous
avons observé que [linhibition de la voie de biogenése des micro-ARNs induit de multiples
changements du profil protéique. En effet, la modification du protéome est caractérisée par une
modification de la taille des protéines exprimées, avec linduction de protéines de faible poids
moléculaire et une réduction de I'expression de protéines de haut poids moléculaire.

Cette polarisation de la taille a été observée dans les cellules avec CoGAM, dans des cellules CoGAM
résistantes et dans les cellules sensibles a CoGAM secourues par miR-20a. Dans ce cas, I'analyse
des protéines identifiées par spectrométrie de masse a révélé un enrichissement significatif en
protéines impliquées dans la résistance au stress oxydatif. En outre, un traitement par H,O, chez
Saccharomyces cerevisiae ou dans des cellules de mammiféres conduit aussi a une modification du
protéome de méme ordre. Nos résultats ont montré le réle de la taille des protéines comme une
lecture pertinente de modifications du protéome, en particulier dans des conditions de stress telles

gue l'inhibition de la voie de la biogenése des micro-ARNSs ou le stress oxydatif.
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2.1.3 - Analyse protéomique d’un effet bystander radio-induit

Les protéines sécrétées jouent un rble clé dans la signalisation et la communication intercellulaire
radio-induite. Les facteurs sécrétés peuvent alors induire une réponse cellulaire proche d'un effet

direct radio-induit, on parle alors d’effet bystander.

En utilisant un modele in vitro de cellules mammaires, I'objectif de notre travail était d'identifier les
facteurs diffusibles, sécrétés aprés irradiation gamma et potentiellement impliqués dans la

signalisation intercellulaire.

L'analyse protéomique différentielle des milieux conditionnés a été effectuée en utilisant
I'électrophoreése bidimensionnelle. Cette analyse a entrainé la détection de nombreux spots modulés
de maniére significative suivant lirradiation des cellules. Les protéines correspondantes ont été
identifiées par des approches de type MALDI-TOF MS et LC-MS / MS.

Aprés analyse des résultats, il est intéressant de noter que cing isoformes de cyclophiline A ont été
sécrétées spécifiquement dans le milieu conditionné de cellules irradiées. Cette observation a été
confirmée par Western blotting. Ces isoformes different principalement de par leur point isoélectrique
grace a des modifications post-traductionnelles, comprenant la suppression partielle de la méthionine
N-terminale, associée a une combinaison d'acétylation et de méthylation.

Le role de la protéine est discuté en relation avec son implication potentielle dans les mécanismes de

communications intercellulaires et d’effet bystander.

2.1.4 - Sélection de publications

Dépagne J., Chevalier F.
Technical updates to basic proteins focalization using IPG strips (2012) Proteome
Science 10:54 (6 September 2012)
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Impairing the micro-RNA pathway induces proteome modifications characterized by size
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Technical updates to basic proteins focalization

using IPG strips

Jordane Dépagne and Francois Chevalier

Abstract

resolution and reproducibility.

samples.

bridge loading, Basic proteins

Background: Gel-based proteomic is a popular and versatile method of global protein separation and
quantification. However, separation of basic protein still represents technical challenges with recurrent problems of

Results: Three different protocols of protein loading were compared using MCF7 cells proteins. In-gel rehydration,
cup-loading and paper-bridge loading were first compared using 6-11 IPG strips, as attempted, in-gel rehydration
gave large horizontal steaking; paper-bridge loading displayed an interesting spot resolution, but with a
predominant loss of material; cup-loading was selected as the most relevant method, but still needing
improvement. Twelve cup-loading protocols were compared with various strip rehydration, and cathodic wick
solutions. Destreak appeared as better than DTT for strip rehydration; the use of isopropanol gave no improvement.
The best 2DE separation was observed with cathodic wicks filled with rehydration solution complemented with
DTT. Paper-bridge loading was finally analyzed using non-limited samples, such as bovine milk. In this case, new
spots of basic milk proteins were observed, with or without paper wicks.

Conclusion: According to this technical study of basic protein focalization with IPG strips, the cup-loading protocol
clearly displayed the best resolution and reproducibility: strips were first rehydrated with standard solution, then
proteins were cup-loaded with destreak reagent, and focalisation was performed with cathodic wicks filled with
rehydration solution and DTT. Paper-bridge loading could be as well used, but preferentially with non-limited

Keywords: Two-dimensional electrophoresis, Proteomic methods, Isoelectric focusing, IPG, Cup-loading, Paper

Background
Two-dimensional electrophoresis is until now one of the
most widely used technique for performing functional
proteomics [1]. Indeed, it has the capacity to separate,
visualize and quantify several thousands of proteins in a
single gel from a complex biological sample, allowing the
large-scale analysis of protein expression differences. Gel-
to-gel variability has been largely improved thanks to the
use of IPG strips and robust gel staining protocols [2,3].
But even now, IEF in the alkaline region is considered
as a challenge to separate basic proteins by 2-DE and
most of gel-based proteomic studies were performed in
the acidic range. Basic proteins are difficult to separate
in the first dimension for several reasons. At pH above

* Correspondence: francois.chevalier@cea.fr
Proteomic Laboratory, iRCM / DSV / CEA, Fontenay aux Roses, France

( ) BiolVled Central

8, polymerized acrylamide gel is unstable, and can
degrade. So it is very important to use only fresh
strips stored at a correct temperature. A degradation
of acrylamide can be visualized when the plastic part
of the dry strip glues to the acrylamide gel part, with
a tendency to twist.

At basic pH, it is mandatory to keep the redox status
for cysteines using reducing agent such as DTT [4]. But
a problem concerns the migration of DTT towards the
anode during IEF at basic pH. This results in depletion
of DTT at the cathode and leads to reformation of intra-
and inter-molecular disulphide bridges due to the oxida-
tion of sulphydryl groups. DTT is a weak acid and hence
it is transported out of the basic part of the IPG strip
during focusing, resulting in horizontal streaking [5].
This can cause proteins within the sample to become
less soluble, leading to horizontal streaking within the

© 2012 Dépagne and Chevalier; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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gels and thus poor resolution of the basic proteins. Dif-
ferent sample application methods were alternatively
proposed to overcome these problems, such as anodic
cup-loading, in-gel rehydration, or paper-bridge loading.
The addition at the cathodic electrode of a paper wick
soaked with DTT was as well proposed to replenish IPG
strip with new DTT during focalisation. The use of des-
treak reagent was proposed to replace DTT to limit un-
specific oxidation of protein thiol groups, a combination
of isopropanol and glycerol in rehydratation buffer was
reported to improve the focusing of proteins in the alka-
line IPG strips [6,7]. The paper-bridge loading protocol
allowed an improvement of resolution for preparative
loading of cardiac mitochondrial samples in the 6-11 pI
range [8].

Finally, electroendosmotic flow was reported to occur
at high pH values, leading to a basic gap characterized
by a zone of streaking and poorly focused proteins close
to the cathode. The presence of hydroxide ions in the
IPG-strip causes electro-osmotic pumping from the
cathode towards the anode with the result that water
present in the cathodic paper wick is pumped into the
IPG-strip. The authors reported that the gap can there-
fore be avoided by the use of solutions containing urea
in the cathodic electrode wick and DTT should be
avoided in the wick as the transport of these compo-
nents into the IPG-strip will intensify the electro-
osmotic transport from the paper wick [9].

In the present article, we first evaluated the separation
capacities of three conventional protein loading methods
using basic IPG strips. Different conditions and samples
were then compared to optimize the cup-loading and
the paper-bridge loading protocols.
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Results and discussion

Evaluation of methods for protein loading

To analyse the capacity of IPG strips to separate protein,
we first compare three protocols of protein loading, with
50 pg proteins (Figure 1). Almost the same buffer condi-
tions were used to investigate the efficiency of each pro-
tocols, the same protein sample and the same protein
amount were used, ie, 50 pg of MCF7 total extract in
TUC solution (7 M urea / 2 M thiourea / 4% CHAPS).

In case of protein loading during strip rehydration
(Figure 1A), proteins were mixed with RB (7 M urea,
2 M thiourea, 4% CHAPS, 0.05% triton X100, 5%
glycerol) complemented with 1.2% destreak reagent and
0.5% IPG buffer 6-11. Large horizontal smears were
observed with most of abundant proteins spots, showing
a weak focalisation capacity. This observation was in
agreement with previous studies, indeed, protein loading
during strip rehydration wasn’t recommended in case of
basic IPG strip [5].

In case of protein loading with the cup loading proto-
col (Figure 1B), strips were rehydrated with RB comple-
mented with 1.2% destreak reagent and 0.5% IPG buffer
6—11. Protein sample was applied after strip rehydration
using a plastic cup. Electrode wicks were soaked with
50 pL of water. Lots of spots appeared as well focalized
but some horizontal smears were still observed with the
most abundant proteins spots.

In case of protein loading with the paper-bridge
loading protocol (Figure 1C), strips were rehydrated
with the same buffer conditions as the cup loading
protocol. Protein sample was applied after strip rehy-
dration onto the anodic electrode wicks, the cathodic
electrode wicks was soaked with 50 pL of water. Very

Figure 1 2DE separation of MCF7 basic protein: iso-electric focalisation was performed with 50 pg proteins using 6-11 pH IPG strip
and 12% acrylamide was used for the second dimension. Proteins were loaded by in-gel rehydration (A), anodic cup loading (B), and paper-
bridge loading (C).
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few “well-focalized” spots can be distinguished with this
last condition. It appeared clearly that almost 90% of
proteins were lost.

We decided to focus our interest on the cup loading
protocol as it is the most widely used protocol for basic
proteins, and as it appeared to be the most efficient
loading protocol in our conditions.

Tests of various buffer conditions with the cup loading
protocol

For cup-loading, IPG dry strips are first rehydrated with
rehydration buffer containing at least urea, nonionic and /
or zwitterionic detergents, a reducing agent and small
amounts of carrier ampholytes [5]. Since several decades,
protocol developments were proposed to improve basic
protein solubilisation and focalisation. DTT was replaced
by destreak agent [9], glycerol and isopropanol were
included in rehydration buffer [6], but sometimes with
contrasted observations, leading to interpretations pro-
blems and confusions. Indeed, protein focalisation using
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IPG strips involved a range of specific and useful chemi-
cals, which interaction could produce unpredictable
troubles.

An experimental plan was generated to examine DTT,
destreak reagent and isopropanol interactions within
strip rehydration and the replacement of water by urea
with or without DTT onto cathodic wicks (Figure 2).
Twelve experimental conditions (methods) were per-
formed and the 2DE maps were compared. An accurate
and regular image analysis using the Samespots software
appeared quite difficult since many spot groups pre-
sented modified focalisation pattern.

Three evident observations could be depicted even
without a complete computer assisted analysis: (i) firstly,
although most of spots were unmodified and reprodu-
cible between samples in the left part of pictures (pl 6 to
8.5), major differences were observed in the right / bot-
tom part of 2DE gel pictures; (ii) secondly, the use of
isopropanol during strip rehydration gave no modifica-
tion or improvement of spots pattern; (iii) finally, spot

Strip
rehydratation |

DTT

DTT +
isopropanol

Destreak

Destreak +
isopropanol

Cathodic wicks filled with:

RB with DTT

Figure 2 Comparison of MCF7 basic protein 2DE separation using twelve different anodic cup-loading protocols. Iso-electric focalisation
was performed with 50 pg proteins using 611 pH IPG strip and 12% acrylamide was used for the second dimension. The number reported on
each picture corresponded to the cup-loading condition used, as presented in detail in Table 1.
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focalisation was improved when cathodic wicks were filled
with RB plus DTT instead of RB without DTT, especially
in case of strip rehydration with destreak reagent.

As shown in Figure 3, areas A and B (in the right/bot-
tom part of the 2D gel) corresponded to the 2DE regions
of particular interest to evaluate the efficiency of protein
spot separation. These specific gel areas were further
analysed in detail, using the most different spot patterns.
Indeed, from the twelve initial conditions, four were
selected and further analysed in detail according to these
specific areas (Figure 4 and Table 1): cathodic wicks
filled with water or with basic solution complemented
with DTT; and strip rehydration using DTT or destreak.

In case of strip rehydration with DTT, the use of cath-
odic wicks filled with RB plus DTT (method 3) instead
of water (method 1) allowed a clearer background but
without improvement of spot focalisation (Figure 4). In
case of cathodic wicks filled with water, the use of des-
teak reagent (method 7) instead of DTT (method 1) dur-
ing strip rehydration allowed a better focalisation, but
with a decrease in some spot intensity. It appeared that
a lot of spots were common between methods 1 and 9,
with a higher number of spots in case of method 1, but
with a better spot repeatability and an enhanced overall
image quality in case of method 9 (Table 1). The use of
destreak reagent for strip rehydration, combined with
cathodic wicks filled with RB plus DTT (method 9)
appeared as the best compromise to give an acceptable
reproducibility and the best focalisation efficiency and
overall image quality using the cup-loading protocol.

Figure 3 2DE map of MCF7 basic protein separation using
anodic cup-loading protocol n°9, as presented in Figure 2 and
Table 1. Specific areas A and B were further analysed.
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Paper-bridge loading protocol investigation

Although the paper-bridge loading protocol resulted in a
massive loss of protein, this protocol could be useful in
case of study of non-limiting protein samples. Actually,
it offers a good separation of proteins with few horizon-
tal smears [8]. We decided to work with bovine milk
proteins, a largely available source of proteins, and with
major nutritional interests [10,11]. These proteins were
studied many times using two-dimensional electro-
phoresis and proteomic tools to reveal a large com-
plexity in term of post-translational modifications
and protein relationship [12-14]. Most of bovine
milk proteins were focused in the 4-7 pH range,
such as caseins (alpha S1, alpha S2, beta and kappa),
beta-lactoglobulin and alpha-lactalbumin [15-17]. A
paper-bridge strategy to load milk protein in the
basic range could be a way to deplete the sample of
the most abundant proteins, showing specifically and
with a higher resolution basic proteic component.

A conventional protein separation was first per-
formed with protein loading during strip rehydration
using a 3-10 pH range (Figure 5A). As attempt, and
according to previous results, the major milk pro-
teins were observed in the left part of the gel, with
only few proteins in the right part.

The paper-bridge loading protocol was test in a first
time with paper wicks placed at both electrodes, and with
an anodic application of the milk sample (Figure 6A).
Protein sample was loaded from wick into the strip dur-
ing 16 hours at 200 V according to [8]; anodic wick was
then removed and replaced with a paper wick soaked
with water. Proteins were then focused until 60 KVh-1.
Paper wick with remaining protein was kept and re-used
to run a 4-7 pH range strip with the same protocol. In a
6-11 pH range, only few proteins were observed
(Figure 5C), with a dark background at the bottom of the
2D gel. Nevertheless, this strategy allowed the separation
of the abundant milk proteins in the 4-7 pH range
(Figure 5B).

To improve protein focalisation following paper-bridge
loading, we tried to remove paper wick bonds between
strip and electrode during protein focalisation [8]. With
this strategy (Figure 5D), the intensity of some spots
around 30 kDa decreased slightly, but a lot of new spots
appeared after pH9, and a clear background was
observed at the bottom of the gel. These new spots were
in fact present as well in the 3—10 pH range performed
in a first time with protein loading during strip rehydra-
tion (Figure 5A), but with such large pH range, spots
were less separated and were certainly superposed.

Conclusion
As attempted, basic protein focalization with IPG strips
was a challenge, giving contrasted and surprising results
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Figure 4 Picture comparison of areas A and B from Figure 3 as a function of different anodic cup-loading protocols. The number of
spots within each area was estimated by picture analysis and reported in Table 1.

as a function of the protocol strategy used. After the ex-
clusion of the in-gel loading protocol which is definitively
inappropriate for basic pH range, the cup-loading protocol
clearly displayed the best resolution and reproducibility
when the proteins were rehydrated with destreak reagent,
and the focalisation was performed with cathodic wicks
filled with rehydration solution coupled with DTT. Paper-
bridge loading could be as well used, but preferentially
with non-limited samples owing to the loss of protein dur-
ing active rehydration of IPG strips.

Methods

Chemicals

TRIS base, urea, thiourea, CHAPS, iodoacetamide,
TEMED, low-melt agarose, Triton X-100, spermine,
phosphatase inhibitor cocktail and bromophenol blue
were obtained from Sigma-Aldrich (St. Louis, MO,
USA); protease inhibitor cocktail (Complete Mini
EDTA-free) was from Roche Diagnostics (Mannheim,
Germany); IPG buffers, IPG strips (pH 6-9 and 6-11)

and destreak reagent were purchased from GE (GE
Healthcare); acrylamide was obtained from Bio-Rad
(Hercules, CA); SDS, glycerol, DTT and TGS 10X were
from Eudomedex (Mundolshein, France); all other
reagents were of analytical grade.

Protein extraction and solubilisation

Proteins were extracted from MCF7 cells as previ-
ously described [18] in sample buffer containing 7 M
urea, 2 M thiourea, 4% CHAPS, 0.05% Triton X100,
65 mM DTT, 40 mM spermine, protease and phos-
phatase inhibitor cocktails. This suspension was cen-
trifuged at 68000 rpm for 60 min, supernatants were
collected and the protein content was estimated
using the Bradford method [19].

Proteins were then precipitated using the 2D
clean-up kit (GE Healthcare) and the pellet was
solubilized with TUC solution (7 M urea, 2 M thio-
urea, 4% CHAPS) and quantified with the 2D quant
kit (GE Healthcare).
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Table 1 Methods tested for basic proteins focalization with the corresponding number of spots in area A and B
(Figure 3) and an estimation of each focalization efficiency and overall image quality

Method Strip rehydration Cathodic wicks Spots area A Spots area B Focalisation efficiency Overall image quality
1 160 mM DTT 50 pl water 82 +/-99 79 +/— 14,1 +/- -
2 160 mM DTT 50 ul RB 73 +/- 7, 76,5 4+/=35 - -
3 160 mM DTT 50 ul RB 67 +/— 4.2 78 +/— 4.2 +/— +/—
160 mM DTT
4 160 mM DTT 50 pl water 82 +/-85 76,5 +/— 4.9 +/- -
10% isopropanol
5 160 mM DTT 50 pl RB 60 +/— 11,3 705 +/-92 - -
10% isopropanol
6 160 mM DTT 50 ul RB 67,5 +/— 9.2 80,5 +/- 0,7 +/— +/—
10% isopropanol 160 mM DTT
1,2% destreak reagent 50 ul water 58 +/— 14 61,5 +/—49 +/— +/—
8 1,2% destreak reagent 50 pl RB 40 +/- 24 67 +/— 17 + -
1,2% destreak reagent 50 ul RB 715 +/—0,7 725 +/—35 ++ +4
160 mM DTT
10 1,2% destreak reagent 50 pl water 354/-14 65,5 +/— 49 +/— +/-
10% isopropanol
1 1,2% destreak reagent 50 ul RB 36,5 +/— 3,5 59 +/— 5,7 + -
10% isopropanol
12 1,2% destreak reagent 50 ul RB 724+/-14 74 +/= 7 ++ ++
10% isopropanol 160 mM DTT

Strip rehydration with protein samples: “sample in-gel
rehydration”

Protein sample (50 pg) was mixed with rehydration buffer
(RB): 7 M urea, 2 M thiourea, 4% CHAPS, 0.05% triton
X100, 5% glycerol complemented with 1.2% destreak re-
agent, 0.5% ampholytes (IPG buffer 6-11 GE) and adjusted
to the correct volume to rehydrate 18 cm strip (here,
320 ul). Strips were then placed acrylamide face down
(Figure 6A) in the focusing tray equipped with platinum
electrode embedded into the running tray (Protean IEFE,
Bio-Rad) and passively rehydrated at 20°C without electri-
city for 16 hours, and then actively rehydrated at 50 V dur-
ing 9 hours. During protein focalisation, small electrode
wicks were placed between acrylamide and electrode.
These paper wicks (Ref 1654071, Electrode wicks, Bio-Rad)
were in advance soaked with water in order to absorb salts
and other contaminant species during active rehydration.
The IPG strips were then focused according to the follow-
ing program: 500 V for 1 h, a linear ramp to 1000 V for
1 h, a linear ramp to 10000 V for 33 KV h, and finally
10000 V for 24 KV h.

Cup loading of protein samples

Strips were first rehydrated without proteins using
320 pl of RB with 0.5% IPG buffer 6-11), with 160 mM
DTT, or 1.2% destreak reagent and/or 10% iso-propanol

at 20° for 16 hours. Following this passive rehydration,
strips were removed from the rehydration tray, drained
from excess of mineral oil and positioned with the acryl-
amide face on top, gel side up (Figure 6B) in a “cup load-
ing tray” (Protean IEF, Bio-Rad). Plastic cup were placed at
the surface of the acrylamide part, 10 mm away from the
anodic end and filled with proteins sample. A paper wick
(30 x 4 mm, cut from Blot paper TE70, ref TE76, GE),
soaked with 50 pL of water was placed at the anodic ex-
tremity and a paper wick soaked with 50 pL of solution
(water, rehydration buffer with or without 160 mM DTT)
to create a bridge between the acrylamide of strip and the
movable electrode (Bio-Rad). The IPG strips were then fo-
cused according to the following program: active rehydra-
tion at 50 V for 9 hours, then, 500 V for 1 h, a linear ramp
to 1000 V for 1 h, a linear ramp to 10000 V for 33 KV h,
and finally 10000 V for 24 KV h.

Paper-bridge loading of protein samples

Another possibility consisted to use the “cup loading
protocol” described earlier, but instead of using a cup to
load proteins, proteins were loaded using the anodic
paper wick as described by Kane et al. [8], with some
adaptations. In this case, strips were first rehydrated
using 320 pl of RB with 1.2% destreak reagent and 0.5%
IPG buffer 6-11 at 20° for 16 hours. Following this
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passive rehydration, strips were removed from the rehy-
dration tray, drained from excess of mineral oil and posi-
tioned with the acrylamide face on top, gel side up
(Figure 6B) in a “cup loading tray” (Protean IEF, Bio-
Rad). A paper wick (30 x 4 mm, cut from Blot paper
TE70, ref TE76, GE), was placed at each extremity to
create a bridge between the acrylamide of strip and the
movable electrode (Bio-Rad). Protein sample (adjusted
to 50 pl with rehydration buffer) was applied onto the
anodic paper wick and 50 pL of rehydration buffer with

160 mM DTT was applied onto the cathodic paper wick.
The IPG strips were then focused according to the fol-
lowing program: 200 V for 16 hours, 500 V for 1 h, a lin-
ear ramp to 1000 V for 1 h, a linear ramp to 10000 V for
33 KV h, and finally 10000 V for 24 KV h.

IPG strips equilibration and second dimension

The strips were incubated two times 10 min in the first
equilibration solution (50 mM Tris—HCI pH 8.8, 6 M urea,
30% (v/v) glycerol, 2% (w/v) SDS) with 130 mM DTT and
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then two times 10 min in the second equilibration solution
(50 mM Tris—HCIl pH 8.8, 6 M urea, 30% (v/v) glycerol,
2% (w/v) SDS) with 130 mM iodoacetamide.

As described in Figure 7, strips were then embedded
using 1% (w/v) low-melt agarose on the top of the acryl-
amide gel and trapped using plastic blockers. These
curved plastic pieces allowed a perfect alignment of the
strip with the acrylamide gel, and prevented any
displacement before agarose reticulation. A molecular
weight marker was prepared with 5 pl of unstained pre-
cision plus protein standards (Bio-Rad) on a paper wicks
(Ref 1654071, Electrode wicks, Bio-Rad), sealed with a
drop of 1% (w/v) low-melt agarose and inserted in the

left part of the assembly (Figure 7). SDS-PAGE was car-
ried out on a 12% acrylamide gel (size 20 x 20 cm and
1 mm thickness), using the Dodeca Cell electrophoresis
unit (Bio-Rad) at 85 constant voltage, overnight, at 10°C.

Gel staining and picture acquisition

Gels were stained with silver nitrate as previously
described [20,21], with some modifications. Briefly, gels
were first fixed at least 1 hour with 30% ethanol and 5%
acetic acid; washed 3 times 10 min with water; sensibi-
lized 1 min with 0.02% sodium thiosulfate; washed 2 min
with water; stained 30 min with 0.2% silver nitrate and
0.011% formaldehyde; washed 10 s with water; developed
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5 min with 85 mM sodium carbonate, 0.00125% sodium
thiosulfate and 0.011% formaldehyde; stopped with
0.33 M TRIS and 1.7% acetic acid; stored with 5% acetic
acid with 2% DMSO.

Gels were scanned to images right after staining to limit
polychromatic colour of spots. Images were acquired with
a GS 800 densitometer (Bio-Rad). After several hours in
storage solution, gels were dried between sheets of cello-
phane, using the GelAir drying system (Bio-Rad).

Image analysis

Images from stained gels were analysed using the Same-
spots software v4.5 (Non-linear Dynamics, UK). Gel
were grouped to create an global analysis with all condi-
tions. Spots of each samples were compared between
conditions, and spots were numbered with the same de-
tection parameters.
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Impairing the microRNA biogenesis pathway induces
proteome modifications characterized by size bias and
enrichment in antioxidant proteins
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TCEA, DSV, iRCM, Laboratoire de Génétique de la Radiosensibilité, Fontenay aux Roses, France
2CEA, DSV, iBiTecS, Laboratoire de Biologie Intégrative, Gif sur Yvette, France
3CEA, DSV, iRCM, Plateforme de Protéomique, Fontenay aux Roses, France

Perturbation of individual microRNAs, or of the microRNA pathway, plays a role in carcinogen-
esis. In certain cancer cells, inhibition of the microRNA biogenesis pathway leads to a growth
arrest state (CoGAM for Colony Growth Arrest induced by Microprocessor inhibition), which
can be rescued by re-expression of individual microRNAs such as miR-20a. We now report that
inhibition of the microRNA biogenesis pathway induced proteome changes characterized by a
size bias in differentially expressed proteins, with induction of small proteins and inhibition
of large ones. This size bias was observed in cells undergoing CoGAM, as well as in CoOGAM-
resistant cells, and in CoGAM-sensitive cells rescued by miR-20a. In this case, GO analysis
of induced proteins identified by mass spectrometry revealed a significant enrichment in pro-
teins involved in resistance to oxidative stress. In addition, H,0, treatment of Saccharomyces
cerevisiae or mammalian cells led to similarly size-biased proteome modifications. Our results
point to size bias as a relevant readout of proteome modifications, in particular in conditions
of stress such as inhibition of the microRNA biogenesis pathway or oxidative stress. They also
suggest research avenues to study the role of the microRNA pathway in proteostasis. T
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1 Introduction mary transcript (pri-miRNA). After export to the cytoplasm,
the loop is removed by the RNase III Dicer, and the mature
miRNA is loaded onto a functional RNA-induced silencing
complex (RISC). Target mRNAs are then recognized by hy-
bridization of the microRNA component of the RISC, leading

to decrease of the encoded protein, generally accompanied by

MicroRNAs are a family of ~22 nucleotide RNAs controlling
genome expression by inhibiting translation and/or induc-
ing degradation of specific target mRNAs (reviewed in [1]).
These small RNAs are encoded in the genome, either in ded-

icated polymerase II transcription units, or in the introns of
protein coding genes. Their biogenesis requires two distinct
steps [2]. In the nucleus, the Microprocessor, a complex com-
posed of the RNase III Drosha and its RNA binding partner
DGCRS, excises a stem-loop RNA (pre-miRNA) from the pri-
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mRNA degradation [3].

It is now established that microRNAs participate in mul-
tiple biological functions, in particular in relation to cell dif-
ferentiation and proliferation [4]. In addition, deregulation of
microRNAs has been observed in tumor tissues and cells [5],
and oncogenic [6] or tumor suppressive [7, 8] properties have
been assigned to specific microRNAs. Therefore, functional
studies in the context of transformed cells are of primary im-
portance to identify cancer-related microRNAs, as well as the
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pathways they control. However, the microRNA pathway is
endowed with redundancy, at both structural and functional
levels. As a consequence, inhibition of single microRNAs is
often phenotypically silent [9], which hampers classical re-
verse genetics approaches.

As an alternative, we have developed a molecular genetics
approach combining a specific inhibition of the microRNA
pathway atlarge, by inhibiting the Microprocessor, and a com-
plementation of the observed phenotypes by re-expression
of individual Microprocessor-independent pre-miRNAs [10].
We have used this approach to identify cancer cell lines whose
proliferation depends on the Microprocessor, describing a
new phenotype of colony growth arrest that we have called
CoGAM (Colony Growth Arrest induced by Microprocessor
inhibition). This phenotype was observed only in certain cell
lines, where it is characterized by a long-term growth ar-
rest with an increase of the fraction of cells in G0/G1 in
the absence of senescence. In CoGAM-resistant cells, Mi-
croprocessor inhibition led to an increase of the transformed
phenotype, as already established in other tumor models [11].
CoGAM could be complemented by re-expression of individ-
ual microRNAs, such as miR-20a, showing that it involved
microRNA-controlled biological pathways.

In this report, we present the proteomic consequences
of the inhibition of the microRNA biogenesis pathway in
CoGAM-resistant and sensitive cells, highlighting a size bias
in differentially expressed proteins.

2 Materials and methods
2.1 Cell cultures and treatments

MCF-7 (breast carcinoma) and HCT116 (colon carcinoma)
cells were grown and transfected as previously described [10].
Cells were selected for at least 14 days before analysis.

2.2 Total protein extraction

Cells were scraped in PBS, washed three times in PBS,
and dissolved in proteomic sample buffer (9 M urea, 4%
CHAPS, 0.05% Triton-X100, 65 mM DTT and protease in-
hibitors (cOmplete, Roche, Meylan, France)). After centrifu-
gation at 68 000 rpm for 60 min, supernatants were collected,
aliquoted, and stored at —20°C until use. Protein content was
estimated using the Bradford method [12].

2.3 2DE

Analytic 2DE was performed as previously described [13]
with three technical replicates. Briefly, precast 18 cm strips,
pH range 3-10 NL (GE Healthcare, Velizy, France), were
rehydrated in the presence of 250 pg of protein. Isoelec-
tric focusing was carried out using a Protean IEF Cell (Bio-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Rad, Hercules, CA, USA) isoelectric focusing system until
80 kV h™'. The strips were then incubated in ES1 (50 mM
Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS)
with 130 mM DTT and then in ES1 supplemented with 130
mM iodoacetamide. Strips were then embedded using 1%
low-melt agarose on top of acrylamide gels. SDS-PAGE was
carried out on a 12% acrylamide gel, using the Dodeca Cell
electrophoresis unit (Bio-Rad). Gels were batch-stained with
silver nitrate [14] with a Dodeca stainer unit (Bio-Rad) and
scanned to images that were digitized with a GS 800 densit-
ometer (Bio-Rad). Preparative 2DE gels were performed as
previously described [15] with 500 pg of proteins using the
Coomassie colloidal blue staining protocol [16].

2.4 Image analysis

Images from stained gels were digitalized at 300 dpi with
a GS 710 densitometer (Bio-Rad) and analyzed using the
Samespots software v4.1 (Non-linear Dynamics, UK). Gel
replicates were grouped to create a global analysis with all con-
ditions. Quantitative comparisons of spot intensities were an-
alyzed using Samespots (v4.1, Nonlinear Dynamics, Durham,
NC, USA). Background subtraction and spot intensity nor-
malization were automatically performed by Samespots. A
multivariate statistic analysis was performed using the statis-
tic mode of the Samespots software v4.1. Spots were consid-
ered differentially expressed at p <0.05 (ANOVA t-test). Sta-
tistical analysis of the distribution of the molecular weights
of induced and repressed proteins was performed with a one-
tailed Wilcoxon rank sum test.

2.5 MALDI-TOF MS analysis

Spots were excised from preparative 2DE gels, and pro-
cessed using a Packard Multiprobe II robot (Perkin-Elmer,
Courtaboeuf, France). After washing successively with wa-
ter, 25 mM ammonium bicarbonate, ACN/25 mM ammo-
nium bicarbonate (1:1, v/v), and ACN, gel fragments were
dried at 37°C. Protein digestion was carried out at 37°C
for 5 h following addition of 0.125 pg trypsin (sequencing
grade, modified, Promega, Charboniéres, France), and result-
ing fragments were extracted twice with 50 pL ACN/water
(1:1, v/v) containing 0.1% TFA for 15 min. Pooled super-
natants were concentrated with a speedvac to a final volume
of 20 L. Peptides were simultaneously desalted and concen-
trated with C18 Zip-Tip microcolumns to a final volume of
3 pL, an aliquot of each sample was mixed (1/1) with the
CHCA matrix at half saturation in ACN/water (1:1, v/v), and
the mixture was immediately spotted on the MALDI target
by the Multiprobe II robot. Mass spectra were recorded in
the reflector mode on a UltraFlex II MALDI-TOF/TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany). Auto-
matic annotation of monoisotopic masses was performed
using Bruker’'s SNAPTM procedure. The MASCOT search
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engine software (Matrix Science, London, UK) was used to
search the NCBInr database. The following parameters were
used: mass tolerance of 30-100 ppm, a minimum of five
peptides matching to the protein, carbamidomethylation of
cysteine as fixed modification, oxidation of methionine as
variable modifications, and one missed cleavage allowed.

2.6 Nano LC-MS analysis

When spots could not be identified by PMF, LC-MS/MS anal-
ysis was conducted. Stained protein spots were excised manu-
ally, washed, digested with trypsin, and extracted using formic
acid. Protein digests were analyzed using an ion trap mass
spectrometer (Esquire HCT plus; Bruker, Billerica, MA, USA)
coupled to a nano-chromatography system (HPLC 1200,
Agilent, Santa Clara, CA, USA) interfaced with an HPLC-Chip
system (Chip Cube, Agilent). MS/MS data were searched
against NCBI and MSDB databases using Mascot software.

3 Results

3.1 Proteome changes during CoGAM reveal a shift
in protein size

In order to identify protein expression changes upon CoGAM
induction, we transfected the CoGAM-sensitive MCF-7 breast
cancer cells with a vector coding or not for a Drosha-
targeting shRNA, selected transfected cells in the presence
of puromycin for 14-21 days, and extracted total proteins as
described in Section 2. Whole cell extracts were separated by
2DE and protein spots were revealed by silver staining. Ex-
periments were performed at least in triplicate. The 3-10 pI
range allowed the detection of 1332 spots observed at least in
one sample. A representative 2DE gel is presented for each
sample (Fig. 1A and B). We identified 171 spots (12.8%) as
being significantly modified by Drosha inhibition, including
85 decreased (outlined in blue in Fig. 1A) and 86 increased
(outlined in red in Fig. 1B).

We noticed that proteins whose expression is reduced ap-
peared larger in size than proteins with increased expression
(Fig. 1). Analysis of the fold change as a function of pro-
tein size confirmed this observation (Fig. 1C and D). Follow-
ing Drosha inhibition, induced proteins had a mean size of
27.5 £ 6.0 kDa (mean + SD), whereas the mean size of re-
pressed proteins was 87.4 + 25.7 kDa. This difference was
significant (p <107; one-tailed Wilcoxon rank sum test).
In addition, it was specific for the protein size, as induced
and repressed proteins were significantly different neither
for their pls (6.2 &+ 1.3 versus 6.3 + 1.2, p >0.67; Fig. 1E
and F), nor for their level of expression, as approximated
by the intensity of staining of spots (p >0.95; Fig. 1G and
H). We suspected that this size bias could be due to non-
specific proteolysis during CoGAM, to which large proteins
could be more sensitive. Such a nonspecific degradation of
proteins should indiscriminately decrease the bulk of large
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proteins. However, this was not the case. Among the pro-
teins with a size over 60 kDa, only 85 of 535 (15.9%) were
decreased. Although these observations do not exclude the
possibility that at least part of the decrease of large proteins
could be due to CoGAM-induced proteases, they reveal some
kind of specificity in this potential mechanism (see also sec-
tion 3.3). Altogether, they demonstrate a correlation between
Drosha inhibition in CoGAM-sensitive cells and a strongly
size-biased modification of the proteome.

3.2 Drosha inhibition induces size-biased proteome
changes in the absence of CoOGAM

We then sought to establish whether Drosha inhibition
induced size-biased proteome changes in the absence of
CoGAM. To do this, we took advantage of the fact that overex-
pression of miR-20a was able to rescue the growth of Drosha*?
MCE-7 cells [10]. We therefore analyzed the proteomic conse-
quences of Drosha knockdown in MCF-7 cells overexpressing
the CoGAM-complementing miR-20a (Dro*¢-miR-20a versus
miR-20a; Fig. 2). We detected 31 spots that were modified
(Fig. 2A), a majority of them being increased (23 versus 8 de-
creased). Among these spots, 11 (35.5%) had also been found
to be modified by Drosha inhibition in the absence of miR-
20a. Size analysis (Fig. 2B) revealed that Drosha inhibition
in the absence of CoGAM also led to size-biased modifica-
tions of the proteome. Induced spots had a mean size of
30.6 + 7.9 kDa, whereas decreased ones had a mean size of
91.2 £ 24.5 kDa (p <107*). In addition, we compared the
proteomes of Drosha*® and control HCT116 cells, because
these cells do not undergo CoGAM upon Microprocessor in-
hibition [10]. Size analysis of differentially expressed spots
again revealed a size bias (Supporting Information Fig. 1 and
Fig. 2C and D), with a mean size of 44.9 & 12.3 kDa for the
12 induced proteins versus 65.0 £ 25.7 kDa for the 12 re-
pressed ones (p <1072). Altogether, these data demonstrate
that Drosha inhibition induces size-biased modifications of
the proteome that are independent from the establishment of
CoGAM.

3.3 A link between microRNAs, protein size shift,
and stress response

To our knowledge, the only reported protein size shift re-
ported in the literature has been suggested in the yeast Sac-
charomyces cerevisiae in response to several types of environ-
mental stresses [17]. In this study, H,0O, treatment appeared
to be the stress condition causing the most important bias.
However, these data were based on transcriptome experi-
ments, from which protein sizes were computed. We there-
fore re-examined our previous proteome analysis of the yeast
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Figure 1. Proteome changes during CoOGAM. Whole cell extracts from MCF-7 cells transfected with (A) an empty vector or (B) a vector
coding for a Drosha-targeting shRNA were analyzed by 2DE. One representative gel out of three is shown. Differentially expressed spots
were delineated either in blue (repressed in Drosha*? cells) or in red (induced in Drosha*? cells). The Log, of the fold change (Log, FC) of
differentially expressed spots between Drosha*? and control MCF-7 cells was individually analyzed as a function of (C) molecular weight,
(E) isoelectric point, and (G) level of expression in control cells. We note that level of expression was approximated by staining intensity,
although silver staining also depends upon protein sequence [32]. Results were also edited as mean + SD of induced or repressed spots
for (D) molecular weight, (F) isoelectric point, and (H) level of expression in control cells. *p < 10715,
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Figure 2. Drosha inhibition
induces a size-biased pro-
teome modification in the ab-
sence of CoGAM. (A) Whole
cell extracts were prepared
from MCF-7 cells overexpress-
ing both a Drosha-targeting
shRNA and miR-20a (Micro-
processor inhibition without
CoGAM), and analyzed by 2DE.
Numbered spots were signif-
icantly increased (circled) or
decreased (non circled) when
compared to cells expressing
miR-20a without Drosha inhi-
bition, and were identified by
mass spectrometry (Support-
ing Information Table S1). (B) A
CoGAM-independent size bias
in proteome modifications in-
duced by Drosha knockdown

was assayed by comparing the
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response to H,0, [18], probing for a potential size shift.
Indeed, upon H,0, treatment, proteins with fold changes
higher than 2 had an average MW of 45.0 + 24.4 kDa (n =
54), compared to an average of 54.6 + 26.0 kDa (n = 29)
for proteins with fold changes under 0.5 (Fig. 3A and B;
p <5 x1072).

We therefore wondered whether the size-biased response
that we observed upon Drosha inhibition could be interpreted
as a stress response. To answer this question, we identi-
fied by mass spectrometry the spots that were induced by
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Drosha knockdown in the presence of miR-20a (Dro*d-miR-
20a versus miR-20a; Supporting Information Table S1). All
the identified proteins (28 of 31) had theoretical MWs that
were consistent with the observed size of the original spots.
This result showed that increased proteins were not prote-
olytic fragments from large degraded proteins, demonstrat-
ing that, in this setting, the size-biased proteome modifica-
tion was not due to proteolysis. Strikingly, out of 18 proteins,
three were known to be involved in the cellular response to
an oxidative stress by scavenging reactive oxygen species (two
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Figure 3. H,0, induces size-biased proteome modifications in S.
cerevisiae and MCF-7 cells. (A) Proteomic data from S. cerevisiae
cells treated with 400 wM H,0, were retrieved from [18] and plot-
ted as the Log; of the fold change (Log, FC) as a function of the
observed molecular weight for spots with Log, FC >1 or Log,
FC <—1. (B) The same data as in (A) were analyzed by compar-
ing the mean + SD of the molecular weights of repressed and
induced protein. (C) The theoretical molecular weight of proteins
whose mMRNAs were found to be differentially expressed more
than twofold after a 100 wM H,0, treatment of MCF-7 cells [23]
was retrieved from Uniprot. The Log, of the fold change (Log;
FC) was plotted as a function of this molecular weight. (D) The
data shown in (C) were analyzed by comparing the mean + SD of
the molecular weights of repressed and induced protein. *p <5
x 1072,

thioredoxin-dependent peroxidases PRDX1 and PRDX3 [19],
and the biliverdin reductase BLVRB [20]), one by reducing
NADP* to NADPH (the NADP-dependent isocitrate dehy-
drogenase IDH1 [21]), and one as a molecular chaperone (the
heat shock protein HSP27 [22]). Western blotting analysis
confirmed induction of HSP27 and PRDX1 proteins (Sup-
porting Information Fig. 2). In addition, PRDX3, IDH1, and
HSP27 were among the 11 spots that were also found in
the comparison between Dro* and control cells. The statisti-
cal significance of this enrichment was tested by performing
a GO analysis using DAVID (http://david.abcc.ncifcrf.gov/).
Indeed, among the 35 Biological Processes GO terms found to
be significantly enriched (p <5 x 1072), seven concerned the
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cellular response to stress (with enrichment folds going from
3.72 for “response to stress” to 92.26 for “hydrogen peroxide
catabolic process”), among which six related specifically to ox-
idative stress (Supporting Information Table S2). The second
highly represented biological process was apoptosis inhibi-
tion (seven GO terms with enrichment folds going from 4.81
for “regulation of cell death” to 11.42 for “anti-apoptosis”).
Therefore, the proteome response to Drosha inhibition has
characteristics of a cellular response to oxidative stress.

Reciprocally, we wondered whether the response of a mam-
malian cell to oxidative stress also involved a size bias in dif-
ferentially expressed proteins. We therefore analyzed the re-
sults of microarray experiments that we performed after H, O,
treatment of MCF-7 cells [23]. For genes identified as being
induced or repressed more than twofold, we retrieved pre-
dicted protein sizes from Uniprot (http://www.uniprot.org/),
using the reference isoform when a gene coded for more
than one protein. The mean protein size of induced genes
was 59.7 £+ 49.2 kDa (n = 143), and 81.9 + 80.2 kDa for re-
pressed genes (n = 67) (Fig. 3C and D). This size bias was
statistically significant (p <2 x 107%). We conclude that the
mammalian cell response to an oxidative stress also involves
a size bias in regulated proteins.

4 Discussion

In this manuscript, we report that impairment of the mi-
croRNA biogenesis pathway, obtained by knocking down
the Microprocessor RNase Drosha, resulted in a proteome
modification characterized by a size bias in differentially ex-
pressed proteins. Repressed proteins were found to have a
significantly higher mean molecular weight than induced
proteins. This seldom described phenotype was reproducible
in MCF-7 cells undergoing CoGAM, in MCEF-7 cells rescued
for CoGAM, and in the CoGAM-resistant HCT116 cells. In
addition, such a size bias was also observed in S. cerevisiae
or MCF-7 cells submitted to an oxidative stress. Reciprocally,
proteins induced by the inhibition of Drosha included en-
zymes involved in reactive oxygen species detoxification and
chaperones, leading to a significant enrichment of proteins
annotated as participating in the cell response to an oxidative
stress.

During the last decade, the sequencing of genomes from
several species, including Homo sapiens, paved the way for
global in silico analyses of protein length. Significant size
differences were reported to correlate with different types of
protein classification. Morbid genes, i.e. genes whose mu-
tations adversely affect health, code for proteins that are on
average longer than other proteins [24]. Conversely, house-
keeping genes have been reported to code for short proteins
[25]. More generally, mean protein sizes are different in func-
tional classes of proteins characterized in the Clusters of Or-
thologous Groups (COG) database [26], or when S. cerevisiae
proteins are grouped according to their biochemical activ-
ity [27]. On the other hand, the size of proteins impacts the

www.proteomics-journal.com



Proteomics 2012, 12, 2295-2302

cost of their biosynthesis, which constitutes the major energy
consuming process of a cell [28]. Balch and collaborators [29]
have proposed that the maintenance of a functional proteome
(proteostasis) is a bona fide cellular system integrating signals
from environmental and intrinsic clues through specialized
signaling pathways. This proteostasis network might control
protein size, at least as an indirect consequence of energy
saving or functional reorientation of the proteome. Indeed,
Vilaprinyo et al. [17] have shown that the proteostasis network
response to certain stresses in S. cerevisiae was characterized
by a size-biased modification of protein expression, similar
to the one we report herein, and that they attributed to a
minimization of biosynthetic costs. Our data confirm that, in
different experimental settings, the size of regulated proteins
is a readout of modifications of the proteostasis network.

The mechanism leading from Drosha inhibition to size-
biased modifications of the proteome has to be explored. Our
data already demonstrate that the context of COGAM dramati-
cally modified the extent of the response, suggesting that this
mechanism can be impacted by the cellular environment.
This observation is hard to reconcile with the straightforward
hypothesis that microRNAs could preferentially target mR-
NAs coding for small proteins. Alternatively, impairing the
microRNA biogenesis pathway could affect the proteostasis
network, either because major regulatory proteins of this net-
work are microRNA targets, or because metabolic changes in-
duced by Microprocessor inhibition are sensed by proteosta-
sis regulating pathways.

In this regard, the link between Drosha inhibition, size-
biased proteome modifications, and oxidative stress, is
puzzling. On the one hand, in S. cerevisige, oxidative stress
induces a response marked by a size bias in differentially
expressed proteins (this article and [17]). Whether this corre-
sponds to a minimization of biosynthetic costs [17], or to the
fact that antioxidant proteins are smaller than average [27], is
not clear. Our results extend this observation to the MCF-7
mammalian cell line, suggesting that such a size-biased pro-
teome modification is a general feature of the response to
an oxidative stress. On the other hand, proteins induced by
Drosha inhibition, at least in miR-20a-complemented MCF-7
cells, are enriched for known effectors of an antioxidative re-
sponse. Therefore, it would be tempting to hypothesize that
Drosha inhibition induces an oxidative stress, which in turn
induces a size-biased proteome modification. Conversely, it
is intriguing that Dicer, the pre-miRNA maturing RNase III,
is transcriptionally inhibited by H,O, in several mammalian
cells [23]. Furthermore, DGCRS, the RNA binding partner
of Drosha, is a double-cysteine-ligated heme-dependent pro-
tein [30, 31], that might thus be sensitive to oxidation. There-
fore, we cannot exclude that in mammalian cells, an oxidative
stress could induce a global inhibition of the microRNA path-
way. These two possibilities, and their possible integration in
a double positive feedback loop (see Fig. 4), are under inves-
tigation.

In conclusion, our data suggest that size biases in pro-
teome changes should be more systematically analyzed, be-
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Figure 4. MicroRNAs, oxidative stress response, and protein size
shift: a working model. Schematic view of the working model.
Solid arrows represent conclusions from 2DE comparisons per-
formed as reported in the text, whereas dotted arrows are
hypothetical.

cause they could bring information on the biology of the
studied cells in general, and on their proteostasis network
and regulatory pathways in particular.
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Secreted proteins play a key role in cell signaling and communication. We recently showed
that ionizing radiations induced a delayed cell death of breast cancer cells, mediated by the
death receptor pathways through the expression of soluble forms of “death ligands.” Us-
ing the same cell model, the objective of our work was the identification of diffusible fac-
tors, secreted following cell irradiation, potentially involved in cell death signaling. Differen-
tial proteomic analysis of conditioned media using 2DE resulted in detection of numerous
spots that were significantly modulated following cell irradiation. The corresponding pro-
teins were identified using MALDI-TOF MS and LC-MS/MS approaches. Interestingly, five
isoforms of cyclophilin A were observed as increased in conditioned medium of irradiated
cells. These isoforms differed in isoelectric points and in accumulation levels. An increase
of cyclophilin A secretion was confirmed by Western blotting of conditioned media of ir-
radiated or radiosentive mammary cells. These isoforms displayed an interesting pattern
of protein maturation and post-translational modifications, including an alternating removal of
N-terminal methionine, associated with a combination of acetylations and methylations. The
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role of the protein is discussed in relation with its potential involvement in the mechanisms of

intercells relationships and radiosensitivity.
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1 Introduction

The secretome refers to the global study of proteins that are
secreted by a cell, a tissue, or an organism [1]. Although the
secretome is a potential source suitable for the discovery of
new therapeutic targets or biomarker candidates, the access to
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Abbreviations: Cc, cytoplasmic extract proteins of control cells;
Ci, cytoplasmic extract proteins of irradiated cells; CyPA, cy-
clophilin A; IR, ionizing radiation; Sc, conditioned media of con-
trol cells; SFM, serum free medium; Si, conditioned media of
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secreted proteins using proteomic analysis represents a chal-
lenge for three reasons: (i) the very low concentration in the
culture media of most secreted proteins makes their analysis
difficult; (ii) their covering and contamination by cytoplas-
mic or other normally nonsecreted proteins released follow-
ing cell lysis and death; (iii) the use of FCS in culture me-
dia, mandatory to most cell lines, interferes with proteomics
techniques [2]. Several technical possibilities were offered to
address these three problems: (i) the high separation power of
gel-based proteomics methods [3,4], coupled with enrichment
techniques based on trichloroacetic acid (TCA) precipitation
allowed the concentration and the study of secreted proteins
[2,5]; (ii) additional control samples (cytoplasmic and total cell
extracts) can limit false positive spots during gel picture anal-
ysis; (iii) secreted proteins were collected from cells grown
without FCS in culture media in order to reduce serum pro-
tein contamination [6, 7].
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While genetic analyses may provide a list of potentially se-
creted proteins, proteome analysis is essential to identify pro-
teins actually secreted by cells and tissues under certain con-
ditions. Indeed, secreted proteins from cancer cells were able
to control many biological and physiological processes [8].

Cellular exposure to ionizing radiation (IR) can resultin the
secretion of soluble factors by irradiated cells [9]. In this case, a
bystander effects can occur in cells that were never themselves
irradiated but were either in close proximity to irradiated
cells. In vivo, a bystander effect was observed after injecting
mice with either neutron irradiated cells [10] or radioactively
labeled cells [11], mixing these with nonirradiated cells and
observing subsequent effects in the nonirradiated cells.

Following gamma-irradiation, breast tumor displayed a
prolonged G2 blockage, accompanied by a mitotic disorder
and considered as a frequent mode of cell death [12]. The
mechanisms underlying radiation-induced bystander effects
are as yet unclear and the identity of the bystander factors is
partially defined. Several interleukine and cytokine were de-
scribed to participate in such bio-cellular mechanisms [13,14],
but it is likely that multiple pathways are involved in the by-
stander phenomenon, and different cell types respond dif-
ferently to bystander signaling. We have shown previously
that irradiation of mammary tumor cells led to late cell death
by apoptosis. After a 10-Gy irradiation, the proliferative ca-
pacity was almost fully inhibited; only few cell clones were
able to emerge, showing the selection of radioresistant cells.
This growth inhibition was mediated by the Fas, TRAIL, and
TNF-alpha death receptor pathways through the expression
of mains ligands/receptors implicated in these three path-
ways. Moreover, we showed that the three ligands were also
produced as soluble forms whose secretion can induce the
death of sensitive cells through a “bystander” type effect [15].

The aim of the present work is focused on the research
and characterization of new diffusible factors during radioin-
duced cell death of mammary cancer cells. These diffusible
factors could be implicated in cell death and potentially asso-
ciated with bystander effects. So, using a proteomic strategy
specifically developed for secreted proteins, the goal of this
study was the investigation of cell secretome for the identifi-
cation of proteomic changes associated with IRs.

According to a gel-based secretomic analysis, several iso-
forms of cyclophilin A (CyPA) were observed as specifically
over-expressed in conditioned medium from irradiated cells.
Spot isoforms were analyzed by MS, and the level of secreted
CyPA was estimated in different mammary cell lines. Our
study provides evidence that protein secretion was increased
following irradiation and protein function could be connected
to radiosensibility.

2 Materials and methods

2.1 Cell cultures

T-47D, MCF7, BT-20, ZR-75-1, MDA-MB-157, and MDA-
MB-231 cell lines were obtained from the American Type
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Culture Collection (Rockville, MD, USA). Cells were main-
tained in DMEM, 4.5 g/L glucose, 0.11 g/L sodium pyruvate,
glutamate (GlutaMAX 1™) and pyridoxine, supplemented
with 5% (T-47D, MCF7, and MDA-MB-231), or 10% (BT-
20 and MDA-MB-157) FCS, penicillin, streptomycin, and
amphotericin B (antibiotic—antimycotic mix) (all from Life
Technologies, Cergy-Pontoise, France) in 5% CO, and 95%
humidity. Cell proliferation and survival analyses were per-
formed in two or more independent experiments, by scoring
at least 300 cells each time. Discrimination between viable
and dead cells was performed by trypan blue exclusion.

2.2 Irradiation and conditioned medium collection

Cells were plated 48 h prior to irradiation. On day 0 (con-
centration of 4 x 10° cells per 75 cm? flask), cells were 10
Gy-irradiated in a serum-free DMEM, using a 137Cs irradia-
tion unit at dose rate of 2 Gy/min, and then incubated with
fresh medium. Six days after irradiation, the medium was
removed and the cell layer was washed once with PBS and
thrice with serum-free medium (SFM), SFM was added to
the cells for an incubation period of 18 h after which cell
layer as well as SFM were collected (Fig. 1). In parallel, non-
irradiated cells (concentration of 4 x 10° cells per 75 cm?
flask at day 0, in order to obtain a concentration of 4 x 10°
cells per flask at day 6) were similarly treated. Two indepen-
dent biological replicates were used for subsequent proteomic
analyses.

2.3 Conditioned medium, cytosolic, and total
protein extraction

Proteins were extracted from conditioned medium by precip-
itation. Briefly, SFM with secreted proteins was centrifuged
at 10 000 x g for 10 min at 4°C to remove dead cells and large
debris. Proteins were precipitated according to the method of
Hirtz et al. applied for secreted salivary proteins [5], with the
modification of Chevallet et al. applied for cell secretome [2].

Briefly, secreted proteins in SFM were incubated with 7.5%
TCAand 0.1% NLS (N-Lauroyl Sarcosine) at —20°C overnight.
The protein suspension was then centrifuged at 42 000 x g
for 10 min at 4°C and the pellet was washed two times with
ice cold acetone/2-ME (0.07% v/v), centrifuged again as pre-
viously, and the final pellet was dried in the air. Proteins were
resuspended in proteomic sample buffer containing 9 M urea,
4% CHAPS, 0.05% Triton X-100, 65 mM DTT, and a protease
inhibitor cocktail (Roche Diagnostics, Meylan, France). Sam-
ples were stored at —20°C.

Total proteins were extracted from intact cell as following.
Cells were collected following trypsinization and cell pellets
were washed three times in PBS. Half of cells were dissolved
in proteomic sample buffer to obtain the total protein ex-
tract. This suspension was centrifuged at 68 000 rpm for
60 min, supernatants were collected, aliquoted, and stored
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Figure 1. Protocol strategy to produce conditioned media of con-
trol (Sc) or irradiated cell (Si); total cell extracts of control (Tc)
or irradiated cell (Ti); cytoplasmic cell extracts of control (Cc) or
irradiated cell (Ci).

—20°C until usage. The other half of intact cell was used
to extract cytosolic proteins. Cells were resuspended in fresh
SFM, cytosolic fraction was obtained after cell membrane
disruption with ten strokes in a dounce potter (verified by
microscopy) and centrifuge at 10 000 x g for 5 min at 4°C
to remove cell nuclei and membrane debris. Cytosolic pro-
teins were then precipitated as described previously for the
secreted proteins.

The protein content of the solubilized samples was esti-
mated using the Bradford method.

2.4 2DE

2DE was performed as previously described [16] with three
technical replicates and two independent biological experi-
ments using precast 18 cm strips, pH range 3-10 NL (GE
Healthcare, Buckinghamshire, UK), for the first dimension,
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and 12% acrylamide SDS-polyacrylamide gel for the sec-
ond dimension. Gels were batch-stained with silver nitrate
[17] with a Dodeca stainer unit (Bio-Rad) and scanned to
images that were digitized with a GS 800 densitometer
(Bio-Rad).

2.5 Image analysis

Images from stained gels were digitalized at 300 dpi with a
GS 710 densitometer (Biorad, Hercules, CA, USA) and an-
alyzed using the Samespots software v4.0 (Non-linear Dy-
namics, Newcastle upon Tyne, UK). Gel replicates were
grouped to create a global analysis with all conditions. Spots
of each samples were compared between control and irra-
diated conditions. A multivariate statistic analysis was per-
formed using the statistic mode of the Samespots software
(Non-linear Dynamics). Spots with significant differences be-
tween control and irradiated cells (ANOVA t-test p <0.05)
were first extracted. Then, only spots with a g value <0.05
and a power >0.8 were finally selected. Spots of interest
were selected for subsequent protein identification by MS
analysis.

2.6 In-gel digestion

Spots were excised from gels manually. All subsequent steps
were done automatically using a Multiprobe II robot (Perkin-
Elmer). Spots were first washed with 300 pL of water and
then 300 pL of 25 mM NH,HCO;. Destaining was per-
formed twice in the presence of 300 pL of 50% ACN in
25 mM NH,HCO;. Gel pieces were then dehydrated twice
by 300 pL of 100% CH;CN, and finally dried at 37°C for 1
h. Eight microliters of a trypsin solution (Sequencing Grade
Modified Trypsin, Promega, Madison, WI, USA), at a con-
centration of 0.0125 pg/pL in 25 mM NH,HCO;, was added
to every spot. Digestion was performed overnight at 37°C
and was stopped by addition of 0.1% TFA. Resulting frag-
ments were extracted twice with 50 wL ACN/water (1:1, v/v)
containing 0.1% TFA for 15 min. Pooled supernatants were
concentrated with a speedvac to a final volume of ca 20 L.

2.7 MALDI-TOF MS analysis

For the direct identification of protein, peptides were simul-
taneously desalted and concentrated with C18 Zip-Tip micro-
columns to a final volume of 3 pL. An aliquot of each sample
was mixed (1/1) with the CHCA matrix at half saturation
in ACN/water (1:1, v/v) and the mixture was immediately
spotted on the MALDI target. For the analysis of phosphory-
lations, protein digests were diluted in loading buffer (80%
ACN, 5% TFA) [18], and loaded on TiO, home-made micro-
columns as described previously [19, 20]. After two washing
steps with 10 pLloading buffer and 60 wL buffer 2 (80% ACN,
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1% TFA), phosphopeptides were eluted using 2 wL NH,OH,
pH 12 directly onto the MALDI target, then mixed with 1 pL
of DHB matrix (20 g/L) in acetonitrile, water, and phospho-
ric acid (50/44/6). In order to identify the proteins, the flow
through of the TiO, microcolumns was dried, resuspended
in 2 pL of DHB matrix, and spotted onto the MALDI target.

All mass spectra were recorded in the reflector mode
on an UltraFlex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany). Automatic annota-
tion of monoisotopic masses was performed using Bruker’s
SNAP™ procedure. Protein identification was achieved us-
ing the Mascot search engine (v. 2.2.04; Matrix Science, Lon-
don, UK) to query locally the UniProt-SwissProt database
(release July 2011). For PMF identification, the following
parameters were used: Homo sapiens for the taxonomy,
100 ppm mass accuracy in MS, trypsin as enzyme, one
missed cleavage allowed, carbamidomethylation of Cystein
as fixed modification and acetylation of N-term protein,
deamidation of N or Q, and oxidation of Methionines as
variable modification. For the analysis of protein modifica-
tions (PMF and MS/MS), mass accuracy was set to 0.5 Da
in MS/MS and the following variable modifications were
allowed: acetylation of lysines, Pyro-Glutamylation of N-
term E or Q, and methylation of D or E. In PMF, pro-
tein was validated once they showed identity with p-value
<0.05. After MS/MS, peptides were validated once they
showed identity or extensive homology (p <0.05) or man-
ually checked for validation and assignment of modified
sites.

2.8 Nano LC-MS/MS analysis

When low-abundant spots could not be identified by PMF,
LC-MS/MS analysis was conducted. The sample preparation
was done as above and protein digests were analyzed us-
ing a High Capacity ion trap mass spectrometer (Esquire
HCT; Bruker Daltonik), interfaced with a nano-HPLC Chip-
Cube system (Agilent Technologies, Santa Clara, USA). The
chips contained both the precolumn and the column (Zor-
bax 300SB-C18; Agilent Technologies). Samples were first
loaded onto the 4 mm enrichment cartridge at a flow rate
of 4 uL/min using 0.1% formic acid. After preconcentra-
tion, peptides were separated on the column (75 pwm di-
ameter, 43 mm length) at a flow rate of 0.3 pL/min us-
ing a 15 min linear gradient from 3% to 80% acetonitrile
in 0.1% formic acid, and eluted into the mass spectrom-
eter. A capillary voltage of 1.8-2.1 kV in the positive ion
mode was used together with a dry gas flow rate of 4.5
L/min at 250°C. A first full-scan mass spectrum was mea-
sured in the 310 m/z to 1800 m/z range, followed by a
second scan at higher resolution to measure precisely the
mass of the three major ions in the previous scan. Fi-
nally, a third scan was performed to acquire the collision-
induced MS/MS spectra of the selected ions. MS/MS raw
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data were analyzed using Data Analysis software (Bruker
Daltonik) to generate the peak lists. The UniProt-SwissProt
database (release July 2011) database was queried locally
using the Mascot search engine (v. 2.2.04; Matrix Science)
and the following parameters: H. sapiens for the taxonomy,
mass accuracy of 0.6 Da in MS and MS/MS, trypsin as en-
zyme, one missed cleavage allowed, carbamidomethylation
of Cystein as fixed modification and acetylation of N-term
protein, deamidation of N or Q, and oxidation of Methion-
ine as variable modifications. Proteins were validated once
they showed at least one peptide with identity or extensive
homology (p <0.05).

2.9 1D and 2D Western blotting analysis

For 1D Western blotting analysis, prestained standards (See
Blue 2, Invitrogen) and protein samples were separated by
NuPAGE Novex Bis-Tris gels with MOPS (3-(N-morpholino)
propane sulfonic acid) SDS running buffer on 4-12% sep-
arating gels (Invitrogen). For 2D Western blotting analysis,
proteins were separated as previously described in the Sec-
tion 2.4, with some technical adjustments. Briefly, 20 g of
protein was first separated with 7 cm pI 3-10 NL precast
strips (GE Healthcare) and then separated on a 12% acry-
lamide SDS-polyacrylamide gel, using the Protean 3 elec-
trophoresis unit (Bio-Rad). Following 1D or 2D gel sep-
aration, proteins were transferred onto PVDF membrane
(GE Healthcare) and blocked with 5% skim milk powder
in TBS-T (150 mM NaCl, 10 mM Tris-HCl pH 8, 0.05%
Tween-20) for 45 min at 20°C. Blots were incubated with
anti-CyPA antibody (1:1000, ref 07-313, Millipore) in TBS-
T with 1% skim milk powder overnight at 4°C and were
washed 3x for 10 min with TBS-T. The blots were then
incubated with secondary antibodies: HRP-conjugated goat
antirabbit antibody (1:10 000, GE Healthcare) in TBS-T with
1% skim milk powder for 45 min at 20°C and were washed
with TBS-T. Blots were treated with ECL EZ chemilumines-
cence reagent (ATGC) for 1 min before exposure to Hy-
perfilms (GE Healthcare) from 1 to 2 min. Films were de-
veloped and scanned as JPEGs using a GS 800 Bio-Rad
scanner.

2.10 RNA extraction and quantitative real-time
RT-PCR

RNA extraction was performed as previously described [15] by
Taqman assays (Applied Biosystems, France). The primers:
Hs99999904_m1 (CyPA), Hs99999905_m1 (GAPDH), and
Hs99999903_m1 (ACTG1/beta-actin) were from Applied Bio-
sciences. Gene expression was estimated as previously de-
scribed [15].
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3 Results and discussion

3.1 Proteomic comparison between conditioned
media and control samples

To analyse T47D conditioned medium of irradiated cells, the
choice of protein extraction and control samples was funda-
mental. To explore this proteome, we employed the TCA-
NLS protein precipitation protocol by Chevallet et al. [2] for
the enrichment of secreted proteins in conditioned medium
from control or irradiated T47D cells. This protocol appears to
reproducibly provide high recovery rates while maintaining
compatibility with 2DE analysis.

To investigate the characteristic secretome of cells follow-
ing irradiation, conditioned media were analyzed by 2DE in
3-10 nonlinear pH gradient strips. Special care was given
to limit contamination by cellular proteins and serum albu-
min. Indeed, conditioned media were collected during thelast
18 h of growth period, when cell were grown with SFM
(Fig. 1). Media with secreted proteins were collected and sub-
mitted to a centrifugation step before protein precipitation to
reduce contamination by floating cells or cell debris. In ad-
dition, to demonstrate specificity of findings, respective total
and cytosolic cell extracts were analyzed in parallel as pro-
posed previously [21] to limit false positive secreted proteins.

Two-dimensional gel analysis was performed with ade-
quate control samples to highlight specifically secreted pro-
teins following cell irradiation. In a first time, gel pictures of
conditioned medium from irradiated cells (Si) were compared
with gel pictures of conditioned medium from control cells
(Sc) and spots significantly modulated were correspondingly
tagged. The same analyses were performed independently
with gels of total extract proteins from irradiated cells (Ti)
compared with gels of total extract proteins from control cells
(Tc); or gels of cytoplasmic extract proteins from irradiated
cells (Ci) compared with gels of cytoplasmic extract proteins
from control cells (Cc). A set of spots tagged as modulated
Dby cell irradiation on secreted samples was extracted. On this
basis, spots specifically modulated in secreted samples were
highlighted, and spots common between secreted and total
or cytosolic fractions were speculated to come from total cell
or cytosolic protein contamination of secretome.

Approximately 1000 distinct protein spots were detected
on each of the silver-stained gels, for a total of 1447 spots.
The overall spot pattern derived from total protein extract
and cytosolic extract of T47D-control cells was very similar. A
careful examination of replicate gels for both group samples
revealed some significant differences between total extract
samples (Tc vs. Ti) and between cytosolic samples (Cc vs. Ci)
with 233 spots and 122 spots modulated, respectively. But
such differentially expressed spots were used as false positive
when differences were shared with the comparison between
conditioned medium samples (Sc vs. Si). All differentially ex-
pressed spots were grouped as a function of analyzed samples
and were visualized using a Venn diagram (Fig. 2).
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Figure 2. Venn diagram of spots differentially expressed in re-
sponse to irradiation of T47D cells in conditioned media (Sc vs.
Si), cytoplasmic extracts (Cc vs. Ci), and total cell extracts (Tc vs.
Ti). Spots in bold were selected as specific.

According to the global analysis of 1447 spots, 80 spots
(5.5%) were differentially expressed (p <0.05) between se-
creted samples of controls and irradiated cells. Among these
modulated spots, 37 spots (4.7%) were finally selected as
specifically differentially expressed in conditioned medium
(Fig. 2). Indeed, more than half of spots were eliminated from
the analysis as possible contamination, because they were as
well differentially expressed with total extract analysis (Tc vs.
Ti) and cytosolic extract analysis (Cc vs. Ci).

Preparative gels, stained with Coomassie blue, were finally
performed and 24 spots were effectively visible, picked off,
and analyzed using MS (Table 1). From these, 19 spots were
over-expressed in Si samples and five over-expressed in Sc
samples.

According to MS identification, modulated spots were re-
lated to 17 distinct protein accessions. The gel location of
these spots was depicted (Fig. 3).

Spots 51 and 101 were increased in Sc samples and cor-
responded to bovine destrin and BSA. As T47D cells derived
from a human ductal breast epithelial tumor, these bovine
proteins were considered without any doubt as a contami-
nation from FCS used for in vitro cell growth. Additionally,
serum albumin is well known to be a highly cell-sticky and
abundant serum protein, and very difficult to eliminate com-
pletely. According to our protocol to generate conditioned
media, cells were washed three times with PBS before a short
growth period without serum to remove as much as possi-
ble of such serum protein. Nevertheless, some proteins of
bovine origin remained, these contaminant spots were high-
lighted by MS. When asking databases for protein identifi-
cation, “mammalia” or “all entries” were selected as taxon-
omy parameter to include contaminant proteins from others
species as well as human proteins from the cell line.

Spots 23, 72, 106, and 113, corresponding to pyruvate ki-
nase isozymes M1/M2, cofilin-1, calreticulin, and ribonucle-
oprotein K were observed as over-expressed in Sc samples.
These proteins were not described as secreted, but belonged
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to structural or cellular metabolism protein families on sub-
cellular compartments and could be release through secretion
of exosomes [22,23].

The 18 other spots appeared as specifically over-expressed
in Si samples. According to the ExXPASy Proteomics Server
(http://expasy.org/sprot/), most of the identified proteins
were situated in the cytoplasm and/or extra-cellular compart-
ments. Of course, many proteins were counted in more than
one cellular compartment. For example, cellular retinoic acid-
binding protein 2 is described as involved in the transports of
retinoic acid from the cytoplasm to the nucleus. Upon ligand
binding, a conformation change exposes a nuclear localiza-
tion motif and the protein is transported into the nucleus.

Several proteins described as cytoplasmic were involved in
intracellular bio-molecule transport (coatomer protein com-
plex; cellular retinoic acid-binding protein 2), in glutathione
biosynthetic process (gamma-glutamylcyclotransferase), in
intracellular signal transduction (glutathione S-transferase
Mu 2; PAK 2, triosephosphate isomerase), in intracellular
chaperone or oxidative stress defence (DJ1), and in extracel-
lular signal transduction (CyPA).

3.2 Comparison of spots identified as CyPA in
conditioned media

We decided to focus our interest and perform further pro-
tein validation on CyPA. This later was previously described
as secreted by colorectal cancer cells using a gel-based se-
cretomic strategy [24] and by breast tumor using a capillary
ultrafiltration probe implanted into the central part of tumor
[25].

According to picture analysis of secreted, total, and cy-
tosolic extracts, five spots isoforms of CyPA were identified
as specifically over-expressed in the secretome of irradiated
cells (Fig. 4). These spots were not modulated following cell
irradiation in total protein extract (Tc vs. Ti) and in cytoso-
lic extracts (Cc vs. Ci), but were systematically increased in
conditioned media of irradiated cells (Fig. 4A and B).

CyPA is an abundant intracellular protein, considered to be
the main target of the immunosuppressive drug cyclosporine
A [26]; but it is as well secreted from smooth muscle cells,
head, and neck cancer cell line [27] and macrophages in re-
sponse to oxidative stress and lipopolysaccharide, suggesting
a cytokine role for CyPA in inflammation and stress response
[28]. Moreover, the protein was previously described for being
involved in proliferation rate of stem and progenitor cells in
mouse subventricular zone after IR [29]. Consequently, fur-
ther experiments were performed with this protein and CyPA
levels were estimated by Western blotting using conditioned
media.

The differential expression of CyPA was further confirmed
by 1D and 2D Western blot analysis (Figs. 4C and 5A). Ac-
cording to the 1D Western blotting signal intensity, (Fig. 5A),
a band near 14 kDa, corresponding to CyPA appeared up-
regulated 1.8 times in Si. Using total cell extract as reference,
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Figure 3. 2DE of proteins from conditioned media of irradi-
ated T47D cells. Fifty micrograms proteins were separated us-
ing 18-cm pH 3-10 pl range strips for the first dimension,
and 12% acrylamide gels for the second dimension. Spots
differentially expressed in response to irradiated treatment
as indicated by arrows and identified by mass spectrometry
(Table 1).

a faint contamination of conditioned media with cytosolic
proteins was observed using actin antibody against secreted
proteins (Fig. SA). It was interesting to observe that cytosolic
contamination was almost stable between control and irradi-
ated samples, showing the secretion specificity of CyPA and
the relevance of protein modulation in conditioned media
following irradiation.

A 2DE-Western blotting analysis was performed too with
secretory samples to estimate the differential over-expression
of CyPA spot isoforms (Fig. 4C). In agreement with 1D
Western blotting, the spots over-expressed in Si samples
(spots 19, 89, 92, 97, and 159) and identified by MS as
CyPA following the secretomic analysis were all observed
over-expressed in Si according to the 2D Western blotting
analysis. Additionally, new spots recognized by the CyPA
antibody appeared at the same molecular weight (spots 139
and 140), but their amount was not modulated by irradiation
according to picture analysis of secreted samples. As these
spots appeared to be at the same molecular weights of oth-
ers CyPA spots, they were likely more alkaline CyPA spots
isoforms. It is interesting to observe that in one hand, the
level of most acidic isoforms of CyPA was the most increased
by irradiation treatment, and in the other hand, the level of
the most alkaline isoforms of CyPA was not influenced by
treatment (Fig. 4C).
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3.3 CyPA displayed a complex pattern of PTMs

CyPA was described with a lot of potential post-translational
modifications. Seven potential N6-acetyllysine were proposed
on amino acids 28, 44, 49, 76, 82, 125, and 131 [30]. By simi-
larity, one phosphoserine (position 21) and one phosphothre-
onine (position 157) were suggested too [31].

Phosphorylations were researched on spots 139 and 159,
identified as CyPA and corresponding to respectively unaf-
fected and increased isoforms following irradiation (Fig. 4C)
using a titanium dioxide enrichment strategy. No phospho-
rylated peptide was observed in the binding fraction, but the
analysis of the flow through fraction revealed a complex pat-
tern of maturation and post-translational modifications. In-
deed, an alternating removal of N-terminal methionine was
observed (Supporting Information Table S1). This N-terminal
amino acid was detected as partially acetylated (acetyl N-term—
Met or acetyl N-term—Val). Moreover, several lysine acetyla-
tion (four locations) and methylations of acidic groups (eight
locations) were observed for the first time. Most of these
forms were validated with MALDI-TOF/TOF MS/MS pep-
tide fragmentation (Supporting Information data).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pl gels for the second dimension.

The initiator amino acid is not systematically processed
by methionine aminopeptidase but it depends of the penulti-
mate amino acid [32]. For example, the initiator methionine
was cleaved when the penultimate amino acid was serine or
alanine, but in contrast, when valine was in such position,
the initiator methionine was not systematically removed [33].
In our case, the penultimate amino acid is a valine and we
demonstrated the presence of both species (with or with-
out the initiator methionine), in association with acetyl N-
terminal modification.

Acetylations and methylations, in association with an alter-
native removal of initiator methionine, can induce pI shifts
matching with the 2D spot pattern of CypA (Fig. 3). As at
least seven spots were revealed by 2D Western blotting anal-
ysis (Fig. 4C), it is likely that a complex combination of such
modifications occurred.

Initiator methionine processing and amino acid acety-
lation/methylation were major modifications of pro-
teins implicated in protein activation and targeting [30].
It can be reasonably hypothesized that CyPA struc-
ture/activity was modified by such protein matura-
tion/ post-translational modifications as a consequence of
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irradiation treatment, leading to an increased secretion of the
protein.

3.4 What is the function of CyPA secretion following
cell irradiation?

CyPA is an abundant cytosolic protein, participating in the
processes of intracellular protein transport, and acting as an
ubiquitinious protein with cis-trans-isomerase activity [34].
Moreover, CyPA participates in the signal transduction from
T-cell receptor [35], in regulation of inflammatory responses
[36], and is a ligand for cyclosporin A, thus determining its
immunosuppressing properties [37, 38]. A recent proteomic
study revealed that CyPA could be a potential prognostic fac-
tor and therapeutic target in endometrial carcinoma [39]. In
our system, the cytosolic form of CyPA was not modulated fol-
lowing irradiation. Indeed, according to 1D Western blotting
analysis, CyPA amount was not significantly affected follow-
ing irradiation, using actin as reference (Fig. 5A). Moreover,
an RT-PCR analysis of CyPA mRNA did not show significant
variation between control and irradiated proteins (results not
shown).

In addition to this well-studied cytosolic form, a secretory
form of CyPA also exists. Indeed, activated macrophages were
able to secrete this protein into the environment [40]. The
secretory form of CyPA has been detected in human milk too
[41]. Extracellular CyPA acts as a chemotactic agent regulating
the migration of monocytes, neutrophils, eosinophils, and T-
cells [42]. This protein possesses immunomodulating activity
by stimulation of maturation and antigenic presentation in
dendritic cells [43]. Following CyPA secretion in response to
inflammatory stimuli, CD147 was described as its surface
receptor and as an essential component in the CyPA-initiated
signaling cascade that culminates in ERK activation [44] and
ERK-induced apoptosis [45].

In our model, we have previously showed that 10-Gy irra-
diation induced an increased secretion of CyPA (Fig. 5A) and
an almost fully inhibition of proliferative capacity with only
few cell clones (~1/10~*) appearing in culture 3—4 wks after
irradiation [15]. To investigate a potential link between CyPA
secretion and radiosensitivity phenotype, we have studied the
amount of cellular and secreted CyPA from six mammary tu-
mor cell lines displaying various level of radiosensitivity (% of
dead cells, 7 days after 10-Gy irradiation). These cell lines were
notirradiated, only the basal level of CyPA was estimated and
quantification was performed by 1D Western blotting (Fig.
5B). For cellular CyPA expression, no significant variation
was observed. In contrast, a strong heterogeneity of expres-
sion was observed for secreted CyPA analysis. Spontaneous
level of secreted CyPA appeared to be related with intrinsic
radiosensitivity of studied cell lines. The highest level of se-
creted CyPA was observed in MDA-MB-157 cells, i.e. the most
radiosensitive cell line. Moreover, the lowest level of expres-
sion was observed for the most radioresistant cells (MCF7
and MDA-MB-231) and cells displaying an intermediate ra-
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Figure 5. 1D Western blotting analysis of cyclophilin A with actin
as loading control; (A) CyPA analysis in conditioned media (S), to-
tal cell extract (T), cytosolic extract (C), and floating cells (F), with
(i) or without (c) irradiation treatment; (B) secreted and cellular
CyPA analysis in several cell lines. (1) MCF7, (2) T47D, (3) MBA-
MB-231, (4) MBA-MB-157, (5) BT20, (6) ZR-75-1. The radiosensi-
tivity phenotype is defined according to the percentage of death
cells following irradiation treatment: - < 50%; 50% < + < 60%;
++ > 60%.

diosensitivity, showed an intermediate amount of secreted
CyPA, with the exception of BT20 cells. These results suggest
that level of secreted CyPA was related to intrinsic radiosensi-
tivity of mammary cell lines. It is interesting to notice that in
accordance with results observed by RT-PCR and 1D Western
blotting analysis, the amount of total protein is constant in
all the cell lines studied. This could indicate that the level of
secreted CyPA was essentially regulated by post-translational
mechanisms.

4 Concluding remarks

In the present study, we used the T47D human breast can-
cer cells as a model to analyze proteins that are released by
the cells following IR treatment. Using high-resolution 2DE,
protein differences were observed in conditioned media of ir-
radiated cells using conditioned media of nontreated cells and
others intracellular extracts as controls. Several spots of CyPA
were observed as up-regulated in conditioned media of irra-
diated cells. Initiator methionine processing and amino acid
acetylation/methylation were identified by MS and can be re-
lated to the complex spot pattern of CyPA. Additionally, cells
sensible to irradiation displayed an increased level of secreted
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CyPA. Taken together, these results showed that this protein
could be defined as a cytokine, post-translationally regulated
and potentially implicated in the radioinduced apoptotic re-
sponse in mammary tumor cells. More generally, our results
showed the capacity of our approach to select and identify
proteins released in conditioned medium, the gel-based pro-
teomic was as usual of a great interest to reveal differences
between spots isoforms and discrete modifications of pro-
teomes [3, 46].
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2.2 - Chercheur en radiobiologie au LARIA

En juillet 2013, j'ai rejoint le LARIA, le Laboratoire d’Accueil et de Recherche avec les lons Accélérés,
situé a Caen, sur le site de I'INB du GANIL (Grand Accélérateur National d’lons Lourds).

Le LARIA, dirigé par Jean-Louis Lefaix, étudie depuis plusieurs années les effets des radiations
ionisantes de types photons ou hadrons sur les tissus sains, et plus particulierement sur le cartilage.
En effet, le laboratoire a choisi de développer un modéle en 3D de cartilage sain, associé et comparé

au chondrosarcome, tumeur en premiére ligne pour I’hadronthérapie ions carbone.

Le cartilage est un tissu naturellement hypoxique car non vascularisé. Le chondrosarcome, qui
représente 20% des tumeurs primitives de 'os, est une tumeur chimio- et radiorésistante du cartilage,
et I'origine de cette résistance, hors hypoxie, est encore aujourd’hui mal connue.

L'alternative a la chirurgie extensive toujours invalidante pour le patient est la radiothérapie par
protons ou ions carbone afin d'allier efficacités balistique et thérapeutique a une tolérance raisonnable

du traitement pour le patient.

Le LARIA étudie les réponses des chondrocytes humains sains et tumoraux aux radiations ionisantes,
en prenant en compte leur microenvironnement, c'est-a-dire dans un modéle de culture en trois
dimensions en biomatériaux (3D) dans des conditions de physioxie au plus proche de la réalité
biologique (~3 a 5% d’oxygene).

Afin de reproduire les conditions de physioxie cellulaire, les cellules sont, d’'une part, irradiées en
culture 2D en condition de physioxie naturelle in vivo (~3% O2) comme références internes, puis en
culture 3D en éponge de collagéne de type | dans ces mémes conditions de physioxie. Ce modéle de
culture en 3D permet de restituer in vitro le micro-environnement naturel des cellules et de conserver
leurs capacités de différenciation (chondrocyte vers [l'ostéocyte et cellules souches

mésenchymateuses (CSMs) vers les chondrocyte ou les ostéocytes).

Deux principaux axes de recherche sont développés au LARIA :

- lanalyse des effets directs des rayonnements ionisants (rayons X et ions lourds) sur le
modéle 3D de cartilage sain ou tumoral
- I'étude des effets indirects de type bystander des rayonnements ionisants (rayons X et ions

lourds) sur le modéle 3D de cartilage sain ou tumoral
Dans ce contexte, et en accord avec le responsable du laboratoire, j'ai choisi de travailler sur ce
deuxieme axe de recherche, sur I'étude d’'un effet bystander radio-induit en utilisant des irradiations

par rayons X et ions lourds sur le modéle 3D de cartilage.

Le projet de recherche correspondant a cet axe thématique est développé dans le prochain chapitre.
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3 - Projet de Recherche

Avant-propos

Ce projet de recherche fait partie intégrante d’'une des thématiques principales du LARIA sur I'analyse
des effets indirects des ions accélérés.

Ce projet est structuré en relation avec la mise en place du projet ARCHADE dans lequel notre équipe
sera impliquée dans la recherche en radiobiologie. Ce projet tient compte des thématiques
scientifiques qui seront liées directement a ce centre de traitement, mais aussi du calendrier de sa
mise en place et de la fonctionnalité des deux systémes de traitement et de recherche qui y seront
installés. Dans un premier temps, le S2C2, un appareil de traitement par proton-thérapie, sera mis en
place et fonctionnel dés 2017, puis le C400, un prototype de machine dédiée a la recherche en
physique, clinique, radiobiologie et produisant des faisceaux de protons et d’'ions carbone a partir de
2020.

De plus, dans le cadre de la rédaction de ce projet, une partie de la réflexion sur la place de I'analyse
protéomique dans ce contexte de recherche a été valorisée sous forme d'un article de revue, publié
dans « Mutation Research : Reviews in Mutation Research ». Pour plus de clarté et pour éviter les

redondances, cet article est inséré en texte intégral dans ce projet, aprés la page 152.
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Effet Bystander en Radiobiologie et Hadronthérapie

3.1 - Contexte

3.1.1 - Radiobiologie des hadrons dans ARCHADE

Pour préparer la mise en place dans les mois prochains ’ARCHADE (Advanced Resource Centre for
Hadrontherapy in Europe), centre européen de protonthérapie et de recherche en hadronthérapie par
ions carbone [4,5], basé a Caen sur le site du GANIL (Fig. 1), le LARIA a développé depuis de
nombreuses années des thématiques de recherche en lien direct avec la radiobiologie des hadrons.
Nous proposons, en particulier, d'étudier I'existence d’'un effet « bystander » radio-induit ou RIBE
(Radiation-Induced Bystander Effect) lors de radiothérapie conventionnelle (photons) ou
d’hadronthérapie (radiothérapie par protons et ions carbone) dont le développement est récent et qui
constitue l'une des solutions du futur pour le traitement de certains cancers inopérables, radio-
résistants ou chimio-résistants.
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Figure 1 : Vue perspective prévue du batiment ARCHADE (en haut) et localisation d’ARCHADE sur le
site du GANIL (en bas).
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3.1.2 - De I'intérét des ions accélérés en radiothérapie

Le physicien américain Robert Wilson proposa des 1946 de remplacer les rayons x par des faisceaux
d’ions rapides. |l pensait améliorer la balistique de la méthode (le ciblage de la zone visée) et atteindre
ainsi certaines tumeurs résistant aux rayons X.

Aujourd’hui, plus de 60 ans aprés cette premiere expérience, on sait détruire des tumeurs a l'aide
d’ions accélérés. Cette technique — I'hadronthérapie — est déja utilisée en clinique dans plusieurs
centres de cancérologie soit avec des ions carbone, au Japon et en Allemagne, soit avec des protons
dans un plus grand nombre de pays dont les Etats-Unis et la France.

En plus d'une meilleure balistique (précision), les ions accélérés permettent un dépét de dose plus
localisé dans la profondeur que les rayons X. En effet, la propriété pour des particules, comme les
protons ou les ions carbone, de perdre le maximum d'énergie avant de s'arréter a été mise en
évidence par le physicien anglais William Bragg (Prix Nobel de Physique en 1915 pour sa contribution

a l'analyse de la structure cristalline au moyen des rayons X).

L'énergie déposée par ionisation dans un tissu en fin de parcours est prés de 5 fois plus importante

gu'au début. La courbe passe par un pic (Fig. 2) appelé « Pic de Bragg ».

Electrons (21 MeV) | Carbon (270 MeVr) |

8

Photonsl

F'

Relative dose [%]
8 3

3

Depth [mm]

Figure 2 : Pénétration de divers rayonnements ; absorption rapide des électrons, plus lente des

photons gamma et pic de Bragg des protons et des ions carbone [6].
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En modulant (variant) I'énergie initiale des ions, on diminue la hauteur du pic de Bragg mais on
augmente I'épaisseur de la tranche ou l'irradiation est plus forte. Cela permet de traiter une tumeur
dans son épaisseur, ce qui est appelé le SOBP (Fig. 3), en épargnant au maximum les tissus sains
environnants, par exemple la peau, les tissus superficiels et les tissus profonds. Lors d'un protocole
d’hadronthérapie avec un faisceau d’ions carbone d'environ 290 MeV/nu, le Transfert d’Energie
Linéique (TEL, la quantité d’énergie transférée par une particule ionisante a la matiére par unité de
distance) a I'entrée dans le corps est ~15 keV/um et, en routine clinique, le TEL a la tumeur est ~80

keV/pm.
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Figure 3: Dans un plan de traitement typique pour I'hadronthérapie, le pic de Bragg étalé (SOBP :
spread out Bragg peak), ligne pointillée bleue, est la distribution de rayonnement thérapeutique.

Le SOBP est la somme de plusieurs pics de Bragg individuels (lignes bleues minces) a des
profondeurs échelonnées. La dose en profondeur d'un faisceau de rayons X (ligne rouge) est fournie a
titre de comparaison. La zone rose représente la dose additionnelle délivrée lors de radiothérapie
conventionnelle (rayons X) qui peut endommager les tissus normaux et provoquer des cancers

secondaires, en particulier de la peau.
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Effet Bystander en Radiobiologie et Hadronthérapie

3.1.3 - Radiothérapie conventionnelle et hadronthérapie

Chague année en France, 360 000 nouveaux cas de cancers sont diagnostiqués. Seulement la moitié
d’entre eux environ pourra guérir avec les armes thérapeutiques dont nous disposons actuellement
que sont la chirurgie, la chimiothérapie et la radiothérapie.

Dans ce contexte, I'apparition d’'une nouvelle forme de radiothérapie, appelée « hadronthérapie »,
représente une avancée. Les premiers essais cliniques ont montré des résultats prometteurs, en

particulier sur des cancers qui restent aujourd’hui incurables ou inopérables.
Le Centre Européen de Recherche en Hadronthérapie ARCHADE est créé dans cette perspective [5].

Il sera le premier au monde consacré prioritairement a la recherche dans ce domaine (Fig. 4).

Salle recherche physique Salle recherche radiobiologie avec Salle recherche clinique
nucléaire avec ions carbone ions carbone avec ions carbone

e e e e e

e e e e e

Salle « Protéus One »
traitement protons

Figure 4 : Plan des salles d'irradiation dans le batiment ARCHADE.

Le centre ARCHADE sera en premier doté d'un irradiateur médical de protonthérapie, le « Protéus
One » de la société IBA. Dans un second temps, un prototype d'accélérateur de particules (protons et
ions carbone), le cyclotron Cyclone®400 (C400) sera mis en place et sera utilisé pour la recherche sur

les ions carbone et les soins en protons.
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3.1.4 - Un TPS pour I’hadronthérapie

Lors de la mise en place d'un protocole de radiothérapie, il est indispensable de disposer d'un
systeme efficace de planification de traitement, ou TPS (« Treatment Planning System »), qui
permettra de préparer ce protocole sur le plan dosimétrique. Ce logiciel détermine I'ensemble des
parameétres de l'irradiation en tenant compte des caractéristiques des faisceaux (nature, fluence, débit,
énergie, géométrie...), de I'anatomie du patient, de la localisation locorégionale de la tumeur et de son
imagerie, de son volume et de sa radiosensibilité. Le TPS permet ainsi de réaliser pour chaque patient
un plan de traitement sur mesure qui doit étre validé sur le plan médical et physique avant la premiéere
fraction de RT afin d'épargner, au mieux, les organes a risque. Il existe actuellement des logiciels qui
permettent le calcul de la distribution de la dose physique (Fig. 5) pour la radiothérapie

conventionnelle (photons, électrons) et non conventionnelle (protons).

IMRT

N/ -~ \ . Wolff, Radiother Oncol 2012;102:30-37

Color wash dose distribution for
preoperative irradiation of a patient
with locally advanced rectal cancer

RapidArc

van de Water, IJROBP 2011,79:1216-1224

Dose distribution comparison
1 = parotid glands;

2 = submandibular glands;

3 = sublingual glands

Patient with oropharyngeal carcinoma

3D-Conformal radiotherapy Intensity modulation photons Intensity modulation protons

Figure 5 : Simulation de distribution de doses lors de la planification d’'un traitement de radiothérapie

en fonction de la technologie utilisée [1,7]
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Malgré de récentes simulations multiparamétriques satisfaisantes, il n’existe pas actuellement de TPS
qui intégre de facon documentée les multiples effets biologiques des ions carbone et des différentes
particules produites par ces faisceaux traversant le corps humain. Les EBRs (Efficacité Biologique
Relative) généralement utilisées sont obtenues par le rapport des doses d'irradiation induisant une
clonogénicité de 10% pour des cultures cellulaires en monocouches irradiées in vitro en rayons X
versus ions carbone en posant un certain nombre d’hypothéses parfois infondées. Les paramétres
alpha et béta, extraits d’'un ajustement linéaire quadratique de ces courbes de survie obtenues dans
des conditions expérimentales souvent trop hétérogénes, sont trop réducteurs des effets biologiques
radio-induits, ciblés et ne prennent pas en compte les effets non ciblés comme par exemple I'effet
« bystander » radio-induit. Par ailleurs, le nombre restreint d'outils actuellement disponibles en
radiobiologie moléculaire moderne, notamment concernant la visualisation des lésions de I'’ADN,

représente également un facteur trés réducteur.

3.1.5 - Notification d’un « RIBE » a des faibles doses

Dans une démonstration de modélisation développée a partir de résultats de radiobiologie cellulaire in
vitro, David Brenner et John Little proposaient en 2001 [2,8] I'existence d'un rdle majeur du « RIBE »
c'est-a-dire d’'un effet de voisinage d’'une cellule irradiée vers les cellules adjacentes ou proches dans
leur microenvironnement immédiat, dans le risque de prénéoplasie applicable a la loi dite « linéaire
avec ou sans seuil » pour des doses uniques inférieures a 50 cGy (Fig. 6). Depuis lors, de nombreux
travaux de radiobiologie cellulaire ont tendu a montrer, dans une gamme de doses uniques de 0 a 200
cGy, qu'il y avait un réel « RIBE » avec des rayonnements de haut et bas TEL dans la modulation du
métabolisme antiradicalaire ou l'instabilité génétique, mesurables in vitro dans différentes conditions

expérimentales.

Induced rate of oncogenesis

- -

0 10 20 30 40 50 60
Dose (cGy)

Figure 6 : Simulation proposée pour répondre aux effets biologiques observés a des faibles doses,
entre 0 et 30 cGy [2]
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3.1.6 - Implication du « RIBE » en radiothérapie

Aujourd’hui, en radiothérapie conventionnelle de nouvelle génération, I'avenement récent de la
modulation d'intensité, I'utilisation de la tomothérapie et de ses variantes en arcthérapie, du cyberknife
et des faisceaux fins balayés en hadronthérapie posent brutalement des questions essentielles de
radiobiologie fondamentale en ce qui concerne le volume de tissus sains exposés a des niveaux
élevés de rayonnements et leurs conséquences, ces tissus sains étant adjacents a la tumeur a traiter

ou sur le parcours des faisceaux (Fig. 5).

Parmi ces questions, quelle est I'influence d’'un « RIBE », un effet indirect des RI, agissant par le biais
d’'un ou plusieurs « signaux de stress » non encore identifiés au niveau moléculaire, émis par une ou

plusieurs cellules irradiées vers les cellules non irradiées adjacentes, voisines ou a distance.

Selon les simulations présentées a la figure 3 et pour une dose d’irradiation d’'un protocole standard
de 45 a 60 Gy délivrée a la tumeur par fractions quotidiennes de 2 Gy, une rapide estimation permet
d'évaluer la dose d'irradiation regue par le volume de tissus sains aussi bien en radiothérapie
conformationnelle 3D, qu’en modulation d’intensité ou en ArcThérapie, a 1/3 de la dose a la tumeur,

ce qui correspond a ~15 — 20 Gy cumulés, mais par doses quotidiennes répétitives de ~65 cGy.

Un TPS théorique, proposé dans une étude récente de I'équipe de Kévin Prise [3], permet de mettre
en évidence I'importance d’'un RIBE lors d’'une radiothérapie.
Les auteurs ont paramétré le signal de stress émis par les cellules de la zone irradiée a traiter vers les

tissus adjacents (Fig. 7)

Signal Concentration

Figure 7 : Modélisation de la cinétique de signalisation de facteurs de stress [3]

Grace a cette modélisation et a son inclusion dans un TPS, les auteurs mettent en avant
'augmentation des doses sur les tissus adjacents (Fig. 8). Le TPS ajusté montre une augmentation de

la dose prescrite jusqu’'a 30 % sur les trajets des faisceaux quelle que soit la technologie concernée.
e
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Prostate cancer treatment plan

Figure 8 : lllustration de lI'impact de l'effet bystander sur les distributions de dose pour un exemple
d'IMRT (a gauche), de CRT (au centre) et de VMAT (a droite) lors d’'un TPS de cancer de la prostate,
avec une plage de signal de 15 mm.

Panel du haut : distribution de dose physique générée par le systeme de planification de traitement.
Panel du bas : distribution de dose apres intégration d’'un signal de stress radio-induit sur les tissus

adjacents jusqu’a 15 mm de distance [3].

Cette problématique en doses uniques de quelques dizaines de cGy est directement liée aux
guestions de radioprotection rencontrées chez certaines catégories de personnel potentiellement
exposés, comme dans la filiere nucléaire ou encore le domaine aéronautique et spatial. Cependant,
guen est-il pour des doses de 60 cGy répétées plusieurs dizaines de fois comme évoqué
précédemment, quant au principe de précaution et a la protection des patients pris en charge dans un
protocole de RT, notamment en oncopédiatrie ? Les conséquences a long terme de ces faibles doses
sur les tissus sains restent imprévisibles et doivent faire I'objet de recherches approfondies, en

particulier vis-a-vis d’'un signal de stress comme le « RIBE ».
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3.2 - L'effet bystander : mécanismes cellulaires décrits

L'effet bystander repose sur une signalisation intercellulaire : les cellules endommagées par
l'irradiation transmettent des signaux (de maniére spécifique ou non-spécifique), directement par des
connexions ou indirectement par le milieu environnant, aux cellules voisines initialement non
traversées par le rayonnement (Fig. 9). Le relargage de facteurs dits clastogénes (c’est-a-dire cassant
les chromosomes) observé au niveau cellulaire ainsi que les effets abscopaux observés au niveau de

certains tissus d’individus irradiés font partie de ce phénomeéne.
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Figure 9: Mécanismes cellulaires proposés de l'effet bystander radio-induit via une réponse

inflammatoire transmise de proche en proche [9].

Nous savons aujourd’hui que cet effet est directement dépendant de la nature des cellules mises en
jeu. 1l existe des cellules « émettrices » du signal de stress et des cellules « receveuses » de ce
signal, le fibroblaste humain sain étant considéré en radiobiologie comme « receveur universel » de ce
signal.

Bien s0r, I'observation d'un effet bystander, et son intensité, vont dépendre des protocoles

expérimentaux mis en jeu (irradiation par macro- ou microfaisceaux, irradiation directe, irradiation

HDR Francgois Chevalier Page 147



partiellement collimatée, ou transfert de milieu conditionné de cellules irradiées sur cellules non
irradiées), de la nature du rayonnement (bas ou haut TEL) et de son énergie, de la dose engagée
voire du débit de dose, du critere d’'évaluation de I'effet biologique recherché (lésions a I'ADN,
apoptose, sénescence, instabilité génétique, mort cellulaire, marqueurs spécifiques...), du temps
d’exposition des cellules receveuses au signal de stress (co-culture ou milieu conditionné) ainsi que
de la concentration de ce signal (niveaux de dilutions variables d’'un milieu conditionné). Un état des
lieux des différents parametres expérimentaux influencant la mise en évidence d'un effet bystander

est présenté dans [10].

Depuis la synthése de 'UNSCEAR en 2006 [11] sur les effets non ciblés des rayonnements ionisants
et sur I'existence du « RIBE » dans la gamme de doses thérapeutiques et du rble de celui-ci in vitro, il
apparait que le modéle expérimental a presque toujours été de la culture cellulaire en monocouche en
deux dimensions (2D), ce qui est maintenant considéré comme réducteur et assez éloigné de la

réalité biologique.

Basés sur des conditions d'irradiation mimant au mieux in vitro les conditions d'un protocole de
radiothérapie externe, conditions dérivées du modéle de Suchowerska [12], les récents travaux du
groupe de Kevin Prise [3,9,13-19] publiés ces deux derniéres années ont fait fortement progresser la
connaissance du « RIBE » en pratiquant des irradiations partiellement collimatées de cultures de
diverses lignées cellulaires, en rayons X de différentes énergies ([16,17,20-23], irradiation en cuve a
eau thermostatée avec écrans équivalents tissus d'épaisseur variable en amont des cultures
cellulaires, associée a une dosimétrie physique de qualité médicale) avec le développement d’'une
modélisation mathématique adaptée [18,24]. lls ont ainsi pu mettre en évidence notamment la
contribution du « RIBE » sur la mortalité cellulaire radio-induite directe en normoxie (~20% d’oxygéne
de I'air), en faisant intervenir différents antagonistes des espéces radicalaires des voies oxygénées et
nitrogénées. Cependant, les résultats de ces travaux souffrent d'incertitudes majeures dans I'aspect
biologique des expériences réalisées sur cellules en phase exponentielle de croissance (densité
d’ensemencement, temps de doublement cellulaire et phases du cycle, pourcentage d’attachement,
fréquence de changement de milieu nutritif), parameétres dont on connait bien aujourd’hui I'importance
dans toutes les expériences de clonogénicité.

Schématiquement, il est donc encore globalement admis apres irradiation en bas TEL que le « RIBE »
in vitro n'est pas mesurable avec des outils moléculaires de la radiobiologie cellulaire moderne autres
gue la survie cellulaire voire la recherche de micronoyaux. Par ailleurs, des résultats contradictoires
ont été obtenus in vitro en culture en monocouche aprés irradiation par des protons médicaux voire
méme de trés haute énergie, alors que cet effet a été mis en évidence avec des rayonnements de
haut TEL (particules alpha et ions lourds) dans une gamme de 0 a 200 cGy.

Le groupe d’Edouard Azzam, qui travaille depuis longtemps dans ce domaine [25-36], a récemment
montré in vitro des modifications définitives du métabolisme anti-radicalaire dans des cellules non
irradiées, induites par cing heures de contact avec des cellules irradiées, mesurables dans différentes

conditions expérimentales aprés vingt cycles cellulaires [30]. Ces résultats étaient confortés par des
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expériences similaires a trés faibles doses associées a des calculs de micro-dosimétrie et des

simulations mathématiques particulierement élégantes de fragmentations d’'ions a hauts TEL [34].

3.3 - Un modele biologique in vitro en 3D

Dans la mise en évidence in vitro d’'un « RIBE », il apparait que le modéle expérimental de référence a
toujours été la culture cellulaire en monocouche 2D, méme si un modéle de culture 3D « équivalent
peau » avec des kératinocytes et des fibroblastes humains normaux cultivés dans une matrice de
macromolécules est utilisé depuis 2005 sous irradiation par micro-faisceau [37]. Ce modeéle
expérimental, devenu par ailleurs le « gold standard » en toxicologie chimique cutanée, s’affranchit
néanmoins du compartiment microvasculaire dont le role est pourtant essentiel quant a I'effet des
rayonnements ionisants in vivo (revue dans [38]). Ces études in vitro 2D et 3D ont toujours été
développées dans des conditions de normoxie (~20% de I'oxygene de I'air), bien que cette situation
physicochimique artificielle place les cellules dans une condition artéfactuelle de grande
radiosensibilité au regard de la physioxie naturelle des tissus humains qui est de ~5% +2% d’'O,
(revue dans [39]). En conséquence, a aucun moment ces résultats ne sont directement extrapolables

a ’'homme.

Dans l'objectif de reproduire les conditions de microenvironnement naturel, les différents types
cellulaires seront irradiés en culture 2D en condition de physioxie (phase exponentielle et ~3% O,),
modalité de culture qui servira de contrdle interne.

Un modéle de culture en trois dimensions (3D) en biomatériaux (brevet W02012038668) est
développé au laboratoire depuis plusieurs années afin de reproduire les conditions de physiologie
cellulaire du cartilage articulaire et pouvant étre irradié avec des ions lourds sur la ligne D1 du GANIL.
Ce modeéle de culture en 3D, proche des nombreux modeles déja utilisés en radiobiologie avec des
irradiations X, protons et ions accélérés, sera ensuite utilisé avec les outils adaptés [37,40-44]. Ce
modéle propre aux chondrocytes (cartilage reconstruit in vitro en éponge de collagéne de type | ; [45])
est utilisé en routine au laboratoire car il permet de restituer in vitro le microenvironnement naturel des
cellules et leurs différenciations respectives (phase exponentielle de croissance et ~3% O, ; [46,47]).
Par ailleurs, cette étude en culture 3D est l'alternative ou le préalable aujourd’hui incontournable a
toute modélisation in vivo chez le rongeur.

La mise en évidence d'un effet bystander dans des conditions mimant au mieux la réalité biologique
d'un tissu humain est essentielle dans la perspective d'un protocole d’hadronthérapie par ions
carbone ou protons ciblant un sarcome (chordome, ostéo- et chondrosarcomes), tumeur en premiére
ligne pour I'hadronthérapie [48] et le projet ARCHADE [4,5]. La littérature ne rapporte a ce jour qu’un
seul article relatif a un signal de type bystander émis par des chondrocytes de chondrosarcome dans
des conditions expérimentales en 2D paradoxales (cultures sans CO,) et normoxie [49], sans le

contrble interne, a savoir les chondrocytes normaux.
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3.4 - Plan scientifique du projet de recherche

3.4.1 - Questionnement / étapes clés

Dans le cadre de ce projet de recherche, différentes questions seront posées séquentiellement afin

d’organiser une logique scientifique et de structurer la démarche de recherche.

- Mise en évidence d’un effet bystander en culture 2D

La premiere question consiste a rechercher et a mettre en évidence un effet bystander dans nos
conditions d’analyse in vitro.

En effet, un tel mécanisme n’a jamais été démontré dans nos conditions opératoires et il reste a
déterminer quelle est la combinaison de paramétres permettant sa réalisation. Pour cela, et pour se
placer dans les conditions les plus favorables, un systéme de culture en 2D in vitro, développé depuis
peu et permettant la co-culture, sera utilisé et les conditions d'irradiation seront comparées afin

d’'observer un effet biologique sur les cellules non-irradiées.

- Analyse d’'un effet bystander sur le modeéle 3D

Aprés la mise en évidence d'un effet biologique sur des cellules en 2D, les mémes conditions seront
appliquées sur le modeéle de culture en 3D de cartilage. L’effet bystander sera a nouveau analysé par
différents types de protocoles expérimentaux et une analyse protéomique sera mise en place pour
connaitre les mécanismes mis en jeu.

La plus grande partie des expériences sera réalisée avec ce modeéle de culture en 3D, les effets
indirects seront comparés aux effets directs et les sécrétomes seront comparés aux protéomes

cellulaires.

- ROéle de la matrice extracellulaire dans la réponse biologique

Le cartilage est un tissu contenant assez peu de cellules (chondrocytes) et, proportionnellement, une
grande quantité de matrice extracellulaire. Cette matrice, composée principalement de collagéne et de
protéoglycans, subit aussi les effets des rayonnements ionisants et les produits de dégradations
peuvent avoir une activité biologique de type bystander vers les tissus voisins non-irradiés. Cet aspect
de recherche sera aussi analysé en collaboration avec des physiciens, spécialistes des effets des

rayonnements ionisants sur la matiére.

HDR Frangois Chevalier Page 150



3.4.2 - Plan d’expériences

Dans la suite de ce projet de recherche, nous allons décrire les différentes conditions opératoires que
nous souhaitons développer pour étudier I'effet bystander sur nos différents modeéles cellulaires in
Vitro :

- modeles 2D vs modéles 3D

- types cellulaires (chondrocytes immortalisés vs chondrosarcomes vs chondrocytes primaires)

- type d'irradiation (Rayons X vs ions lourds)

- TEL (protons vs ions carbone vs rayons X)

- doses (0 a 2 Gy physiques)

- protocole de transfert de milieu

- protocole de co-culture

La mise en évidence d'un effet bystander sera réalisée a l'aide de techniques classiques de
radiobiologie ainsi que de techniques innovantes de protéomique sur différents compartiments comme

défini ci-dessous :

Set up experiments Bystander area Proteomic domain

Irradiation conditions
Irradiated cell | Proteome analysis
of direct effects

Biological model

Secreted protein = Secretome analysis

Bystander mechanism
studied

Proteome analysis

[ adiated cell of indirect effects

Analysis protocol

Figure 10 : Plan expérimental de I'étude de I'effet bystander par des stratégies d’analyse protéomique

compartimentées (d'apres [10]).
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3.4.3 - Irradiation par différents types de rayonnements ionisants

Les irradiations conventionnelles seront réalisées grace au générateur de rayons X de recherche
obtenu dans le cadre de 'Equipex « RecHadron 2011 ».

La sensibilité des cellules sera explorée dans la gamme des faibles doses en dessous de 50 cGy
(entre 1 et 50 cGy) et jusqu'a 2 Gy pour se placer dans des conditions d'irradiation proches d’'une
fraction de radiothérapie.

Les irradiations a hauts TEL seront effectuées au GANIL (ions 13C ~35keV/um et ions 22Ne ~105
keV/um) sur les cultures 3D de chondrocytes non irradiées et exposées aux milieux conditionnés de
cultures 3D irradiées.

Ces deux TEL sont le résultat d’'un compromis entre, d’'une part, le TEL a I'entrée du faisceau d’ions
carbone (~290 MeV/nu) dans le corps (~15 keV/um) d’'un patient lors d’'un protocole d’hadronthérapie
et le TEL a la tumeur (~80 keV/um) et, d'autre part, les caractéristiques et régularités de
programmations des faisceaux d'ions accélérés accessibles au GANIL.

Des irradiations par protons et ions carbone de qualité médicale seront par la suite réalisées avec les
irradiateurs du centre ARCHADE avec respectivement le S2C2 et le C400 lorsqu’ils seront mis en

place.

3.5 - Méthodes d’analyse et aspects “protéomiques” de I’effet de voisinage

Dans le cadre de la rédaction de cette HDR, j'ai été amené a réfléchir sur la place de l'analyse
protéomique comme outil de recherche et de mise en évidence de cet effet bystander.

Dans cet objectif, une revue de la littérature dans le domaine a été rédigée et cet article a été publié
en 2014 [10] dans le journal « Mutation Research : Reviews in Mutation Research ». Cet article est

reproduit en version intégrale a la fin de ce chapitre.

3.6 - Critéres biologiques

L'existence d'effets biologiques de type bystander sera explorée en phase avec les derniéres
publications du domaine, notamment par des analyses portant sur le stress oxydatif (Western blot) et
les mécanismes de transmission du signal au niveau cellulaire.

La plupart de ces techniques décrites ci-aprés sont couramment appliquées pour étudier et évaluer les
conséquences des effets directs des rayonnements ionisants. Dans notre cas, ces techniques seront
d’abord utilisées pour étudier les effets bystander (en comparaison des effets directs), mais
nécessiteront certainement une sensibilité adaptée pour mettre en évidence le phénomeéne.

Les techniques de protéomique seront largement employées, notamment par gel d’électrophorése en

2D [50] ou par spectrométrie de masse quantitative. L'analyse protéomique est un outil puissant,
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permettant de mettre en évidence sans a priori les mécanismes mis en jeu suite a une irradiation, ou
lors d'un effet bystander. Ces technologies, en complément de techniques plus classiques de
radiobiologie, pourront permettre de définir les voies métaboliques impliquées dans la réponse a un
stress, ainsi que les acteurs protéiques mobilisés ou réprimés.

Dans la perspective ou aucun effet ne serait mis en évidence dans des cultures de chondrocytes
utilisées comme « receveuses », des cultures de fibroblastes de derme humain pourront étre
substituées comme cellules « receveuses » de milieu conditionné, le fibroblaste étant considéré

comme « receveur universel » du « RIBE ».

3.6.1 - Radiotoxicité cellulaire et clonogénicité

L'analyse de la radiotoxicité cellulaire peut étre réalisée avec des tests portant sur le métabolisme
cellulaire. La nécrose cellulaire sera évaluée par la mesure de la libération de I'adénylate kinase dans
les milieux de culture par I'utilisation du kit Toxilight. La viabilité cellulaire sera également déterminée
par exclusion au bleu trypan et la clonogénicité, déterminée de maniére conventionnelle, sera couplée
a une analyse de la distribution de taille des colonies permettant de mettre en évidence d'éventuelles
pertes de capacité proliférative des cellules irradiées (effets directs) et des cellules bystander (effets
indirects).

Cette étude de radiotoxicité/clonogénicité permettra de définir deux a trois situations caractéristiques

de dose/débit de dose/effet biologique utilisées ci-dessous comme conditions expérimentales.

3.6.2 - Formation et réparation des Iésions de ’ADN

La majorité des cassures double brins (CDBs) induites par rayons X est réparée par la voie NHEJ qui
est le mode de prédilection de la réparation en phase G0O/G1, alors que la voie HR est favorisée pour
les cellules en phase S/G2. Lorsque des cellules sont irradiées en phases S ou G2, de longs
segments d’ADN simple brin sont formés et recouverts de RPA qui pourrait représenter un unique
«scaffold» pour le recrutement de facteurs comme Rad51 et BRCA1 également impliqués dans les
processus de réparation. La radiosensibilit¢ dépend de l'intégrité des systemes de détection et de
réparation des lésions de I'’ADN impliguant notamment ATR, ATM et DNA-PK. La réponse ATR
dépendante est généralement associée aux lésions de I'’ADN induites par des stress réplicatifs. En
raison du stress oxydatif connu aprés irradiation par rayons X, l'implication de ATR en réponse a la
formation d'adduits de type 8-oxo-G ne peut étre exclue et doit étre investiguée. ATM est
généralement impliquée dans l'induction des systémes de réparation, I'arrét du cycle cellulaire et la
régulation de I'apoptose radio-induite, alors que DNA-PK joue un réle important dans le processus de

réparation des CDBs par NHEJ.
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La production de CDBs sera mesurée directement dans les cellules par l'analyse de la
phosphorylation de rl'histone H2AX (foyers gamma-H2AX) par western blot. Les éventuelles
modifications quantitatives ou qualitatives radio-induites des foyers gamma-H2AX seront mesurées

dans les conditions de doses et de débits de doses définies.

3.6.3 - Apoptose radio-induite et sénescence

Parallelement a la mesure des CDBs de I'ADN, I'impact direct et indirect de I'irradiation sur la survie a
court terme (quelques jours) des modeles cellulaires retenus sera analysé dans les conditions de
doses et de débits de doses définies.

A cet effet, 'apoptose induite sera mesurée par la détection in situ de la fragmentation de I'ADN (In
Situ Cell Death Detection Kit, Roche) mais aussi par la quantification par western blot de marqueurs
spécifiques (caspases).

L'analyse de la sénescence sera réalisée par détermination de [Iactivité SA-B-galactosidase.
L'induction de la sénescence pourra également étre mise en évidence par western blot pour détecter
les niveaux d’expression de p21 et de pl6 ainsi que I'expression et la phosphorylation de p53 et
I'expression de la lamine B1l. L’'apoptose et la sénescence seront mesurées dans les conditions de

doses et de débits de dose définies.

3.6.4 - Stress oxydatif cellulaire

L'exces de stress oxydant dans la cellule a la suite d’'une irradiation est un facteur d'inflammation et de
mutagenese. La production de ERO (Espece Réactive de I'Oxygene) dans la cellule peut étre
contrebalancée par des systéemes de défenses enzymatiques ou non-enzymatiques. La production de
peroxyde d’hydrogéne sera mesurée par l'introduction intracytoplasmique d'une sonde fluorescente
CM-H2DCFDA (Invitrogen™). Les cellules ainsi traitées peuvent étre analysées par cytométrie en flux
afin de quantifier leur fluorescence qui sera proportionnelle a la quantité d’H202 produite. Les
activités des principales enzymes antioxydantes (SOD, catalase, GPx), ainsi que le ratio de glutathion
réduit/oxydé, seront également évalués. En complément, les oxydations des lipides (LPO) et des
protéines (groupements carbonyls) pourront étre mesurées. Ces phénoménes oxydatifs seront
mesurés juste apres l'irradiation et, a plus long terme, dans les conditions de doses et de débits de

dose définies.
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3.6.5 - Inflammation et sécrétion de facteurs solubles

L'inflammation et la transmission intercellulaire d’un signal inflammatoire et/ou bystander sont des
phénomeénes complexes et centraux dans la survenue des effets toxiques immédiats lors d'une
irradiation. Le potentiel pro-inflammatoire des rayonnements ionisants devra étre évalué dans le
modele 3D. Le chondrocyte a pour réle de maintenir un parfait équilibre entre la synthése et la
dégradation des composants matriciels du cartilage grace aux cytokines IL-1, IL-6, et TNF-alpha, et
des facteurs de croissance locaux IGF-I, BMPs, et TGF-B1. La composante inflammatoire de
l'irradiation pourrait modifier la production de cytokines, mais aussi I'équilibre entre I'anabolisme et le
catabolisme, la prolifération et la différenciation cellulaire nécessaires a ’homéostasie du cartilage.

Afin de mesurer les facteurs sécrétés, il est essentiel d'utiliser des méthodes sensibles, quantitatives
et compatibles avec le dosage dans des milieux de culture cellulaire. Pour cela, nous allons

développer trois approches complémentaires :

1. Le systéeme de protéines sur biopuces (RayBio® Biotin Label-based Human Antibody Array.
ref AAH-BLG-1-4) permettant de détecter simultanément les niveaux d’expression de
plusieurs protéines. Ces protéines sont capturées par des anticorps fixés sur une lame de
verre puis révélées par un systeme chimioluminescent. A 'aide de ce systéme, nous pourrons
guantifier simultanément en quadriplicate 507 protéines humaines, majoritairement des
chémokines, cytokines et des facteurs de croissance.

2. Le systtme de dosage Elisa multiplexe MSD (Mesoscale Discovery™,
http://www.mesoscale.com) qui repose sur une combinaison exclusive de détection par
électrochémiluminescence et de plaques 96 puits brevetées. En fait, la détection par
électrochémiluminescence offre une combinaison unique de sensibilité, de gamme dynamique
et de facilité d'utilisation. Pour cela, le lecteur MSD utilise des photodétecteurs ultra-sensibles
et performants afin de collecter et de mesurer quantitativement la lumiére émise par les
microplaques. Ce sytéme MSD permet la quantification de panels de cytokines/chimiokines
(jusqu’ a 30 analytes) compatibles avec des surnageants de culture en terme de sensibilité.

3. Lanalyse différentielle du sécrétome par spectrométrie de masse directe ou par
électrophorese bidimensionnelle de milieux conditionnés [50] permettra une identification sans

a priori des facteurs sécrétés modulés.

3.6.6 - Expression différentielle et modifications post-traductionnelles des protéines

Un stress génotoxique, tel qu’une irradiation, provoque une réponse cellulaire complexe ou de
multiples signaux conduisent a modifier I'expression mais aussi les activités de trés nombreuses
protéines soit par une modification de la quantité, soit par la modification de la structure (PTM).
L'expression de protéines impliquées dans les voies métaboliques de réponses aux rayonnements

ionisants sera évaluée par des techniques classiques de protéomique quantitative. L'analyse des
L
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modifications post-traductionnelles des protéines de chondrocytes sains et tumoraux en culture 3D
sera réalisée par une électrophorése bidimensionnelle permettant de séparer, de visualiser puis
d’identifier par spectrométrie de masse les protéines d'intérét. De maniére comparable, I'analyse
phospho-protéomique permettra d'identifier les phosphorylations des protéines dans les conditions de

doses et de débits de dose définies.

3.6.7 - Dégradation des protéines de la matrice extracellulaire du cartilage

Le traitement d’'un chondrosarcome par hadronthérapie peut induire une dégradation partielle du
cartilage sous la forme d’'un relargage de fragments peptidiques. De tels fragments peuvent présenter
une activité biologique de type bystander tissu spécifique. Ces fragments moléculaires de protéines de
la matrice extracellulaire du cartilage produits aprés irradiations par des ions seront analysés en

temps réel par un spectrométre de masse dédié.

3.7 - Résultats escomptés

Les caractéristiques de ce modele in vitro [3D — physioxie] en font un outil idéal de la radiobiologie
moderne en transposant un organe sain avasculaire humain en un outil in vitro, tout en
s'affranchissant de I'expérimentation animale. Les expériences envisagées au plus proche du
microenvironnement de la physiologie humaine nous permettront de déterminer I'existence avérée ou
non d’'un « RIBE » aussi bien sous irradiation par rayons X qu'a des TEL plus élevés.

En premiére intention, les séries d’expériences seront développées en irradiations par doses uniques.
En deuxiéme intention, selon les résultats observés et les accessibilités aux temps de faisceaux
dépendant de la programmation des ions délivrés au GANIL ou ultérieurement du Centre ARCHADE,
des séries d’expériences avec des doses répétitives quotidiennes devront étre envisagées, afin de
mimer au mieux les conditions d’un protocole de radiothérapie conventionnelle ou non.

Si les données expérimentales obtenues prouvaient I'existence d'un tel effet dans les chondrocytes ou
dans les fibroblastes normaux utilisés comme receveurs, aussi bien aprés irradiations par rayons X
que par ions de hauts TEL, elles devront étre impérativement prises en compte dans la mise au point
et le déroulement d'un protocole de radiothérapie conventionnelle ou non, en raison du risque encouru
sur les tissus sains chez des patients jeunes et notamment pédiatriques. Dans le cas contraire, ces
expériences seraient en cohérence avec le principe de précaution devenu regle d’'or en matiére de

protection sanitaire des patients.
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3.8 - Conclusions - Perspectives

Ce projet de recherche a pour objectif de mieux définir les fondements de référence sous irradiation
par rayons X pour I'hadronbiologie afin de mieux maitriser les parameétres d’'un TPS par ions carbone
et d’envisager sereinement I'utilisation de ce type de faisceau balayé en routine clinique.

L'accumulation de connaissances nouvelles grace a la réalisation de ce projet, par ailleurs
transposable a d'autres types de tumeurs éligibles pour I'hadronthérapie, devra contribuer a valider ou
non la supériorité curative des ions carbone versus protons pour le traitement de tumeurs dont
l'origine de la radiorésistance avérée est, comme pour le chondrosarcome, totalement inconnue. Par
ailleurs, il est Iégitime de s’intéresser aux effets des rayons X sur les CSMs, en raison de I'exposition
de celles-ci lors de protocoles de radiothérapie de derniére génération comme [larcthérapie.
L'exploration simultanée de I'équilibre survie/sénescence et de l'instabilité génétique, associées a une
démarche pertinente en terme de conditions de physioxie et de microenvironnement, permettra de
fournir des données de référence concernant les effets des rayons X sur le caractére multipotent et la
stabilité des CSMs. Ces données permettront également de déterminer si lirradiation induit des
altérations des capacités des chondrocytes et des CSM a se différencier. La prise en compte de la
physioxie cellulaire, jusqu’ici négligée aussi bien apres irradiations en rayons X qu’en protons et ions
carbone, sera particulierement importante pour des paramétres simples, tels que la clonogénicité,
comme pour des phénoménes complexes telle que la modulation radio-induite de I'expression de
génes d'intérét ou encore un effet « bystander ». Les complications de la radiothérapie
conventionnelle sur l'os et le cartilage, chez I'enfant notamment, justifient l'intérét porté a la
radiosensibilité de ces tissus et de leurs progéniteurs que sont les CSMs de la moelle osseuse. Ces
connaissances nouvelles pourront étre a l'origine d’'une nouvelle vision de la recherche d’EBRs en

conditions de physioxie cellulaire et de leurs intégrations dans un TPS.
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1. Introduction of RIBE definition

Over the past 25 years, considerable evidence has accumulated
regarding “radiation-induced bystander effects”, RIBE, defined as a
biological response of non-targeted and non-irradiated cells,
neighboring to cells directly traversed by ionizing radiations.
Bystander effect (BE) leads to non-irradiated cells injury with a
biological response close to the direct response of irradiated cells
[1-3].

When cells are exposed to ionizing radiation, a large amount of
energy is deposed, and many molecules become non-functional. In
the case of DNA molecules, major damages such as double-strand
breaks are created, and un-repaired or mis-repaired damages lead
to multiple chromosomal mutations and cell death. This irradia-
tion strategy is the basis of radiotherapy, targeting specifically a
tumor mass with the irradiator system beam, in order to reduce
cancer cell viability. Experimental evidence shows that, in addition
to this direct and targeted effect of radiation, a side or secondary
effect is observed within the un-irradiated area. Irradiated cells
relay a stress signal in the close proximity. Neighboring un-
irradiated cells react to this signal, ie, BE with a specific
“bystander response” (BR), characteristic of a biological context,
but with a close relationship to the biological response typically
associated with direct radiation exposure. Bystander responses
and bystander factors (BF) secreted by irradiated cells were
observed and studied in many physical and biological conditions,
in vitro and in vivo. For a complete overview of BE, most
experiments in this area were broadly reviewed from the years
1992 to 2006 in the UNSCEAR report [4], in a special issue of
Oncogene in 2003 [5-12], and in several recent publications
[1,3,13-20].

1.1. Effect classes: Bystander/abscopal/cohort

As explained by Blyth and Sykes [3], distinctions should be
made between effect classes to define and delimit cell responses to
radiations. Within the irradiated volume, irradiated cells commu-
nicate a stress signal to non-irradiated cells, ie., a BE; and
irradiated cells also communicate this stress signal to irradiated
cells, i.e., a cohort effect, which can be the same, but mostly masked
by the direct effect of radiation. These bystander and cohort effects,
which appear at the same time, need to be considered carefully
when designing analysis protocols and interpreting bystander

results, especially with in-vitro models. During exposure of the
body to radiation, an abscopal response can be observed outside of
an irradiated volume, sent by the different irradiated tissues in the
direction of the non-irradiated ones. Of course, such effects,
involving a total body response via the blood vessel and immune
system, is impossible to repeat in vitro.

1.2. Radiation source and dose

According to the quantitative model of Brenner et al. [16], at
least in the case of a-particles, BE are important and dominate the
overall response at doses below 50 cGy. This model transforms the
approach about low-dose responses, which was extrapolated from
intermediate doses and may lead to an underestimation of the risk.
The dose-response relationship does not increase with increasing
radiation dose [1]. In contrast to direct effects, BR reaches a plateau
and become quickly saturated at relatively low doses (50-
100 cGy). Such a remarkable dose-dependence response is still
poorly understood and leads to contradictory results as a function
of irradiation type and doses [3]. Since the complete cellular
mechanism of the BE is not elucidated, it is difficult to explain such
a saturated response. A hypothesis can only be proposed with, for
example, a simple on/off response or a secretion limit of BF by
irradiated cells.

In addition, BE are dependent on the radiation source and
quality, and on the characteristics of the beam used for irradiation
(LET, energy, dose rate, dose, etc.). A complete review of the recent
in vitro studies of the BE as a function of cell type, radiation type
(alpha particle, gamma radiation, X-rays, protons, neutrons, heavy
ions), end point (chromosomal instability, plating efficiency) and
origin of BE (micro-beam irradiation, medium transfer, etc.) was
published in 2006 [4] by the United Nation Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR).

1.3. Biological effects

BE are translated at the cell level with numerous endpoints [13]
associated with damaging, protective or undetermined conse-
quences. Most biological effects are largely considered to be
directly or indirectly linked with a prominent oxidative stress,
inducing genetic instability, related to DNA damages [10,19,21-
23,15,24]. An increased frequency of micronuclei formation and
sister chromatid exchanges was reported, indicating unrepaired or
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miss-repaired single and double-strand breaks of DNA. An
enhanced cell growth and radioresistance, an altered gene
expression of regulatory and DNA repair pathways, the induction
of apoptosis and neoplastic transformation were also observed in
bystander cells [25], showing a large variety of biological responses
of the BE, and its consequences in normal cells, surrounding the
targeted irradiation area.

1.4. Cellular mechanisms

BE are observed in a large variety of biological systems, and are
now well documented in radiobiology studies. However, there is
still no consensus on a precise definition of the cellular
mechanisms involved during these phenomena. Several mecha-
nisms were alternatively proposed, including the production of
reactive oxygen species and/or the secretion of BF by irradiated
cells, or the direct cell to cell communication, via gap-junctions
(Fig. 1). Most of the cellular mechanisms involved in radiation
responses and BR are intimately linked to the balance of reactive
oxygen species and inflammatory-related cytokines [26]. BE is at
least in part driven to restore cellular and tissue homeostasis in
response to IR inflammatory stress.

1.4.1. Cell type (signaler vs responder)

Following cell or tissue irradiation, signaler cells can transmit a
stress response to neighboring cells in different ways (Fig. 1, cell 1).
However not all cell types are signalers of a BE (Fig. 1, cell 2),
independently of any direct effect of ionizing radiation, and

- IRRADIATED AREA
[ Y )
A

Irradiation

/i W
DD

UNIRRADIATED AREA

Fig. 1. Schematic representation of cellular mechanisms potentially involved in a
bystander response to ionizing radiation. In the irradiated area (top red area), some
cells, the signaler cells, can respond to direct radiation by producing bystander
responses though several ways (orange cell 1); other irradiated cells (red cell 2) are
not able to produce a bystander response. The bystander signal, by definition, is
transmitted in the un-irradiated area and some cells, the responder cells (blue cells
3,4, 5 and 6), competent to receive bystander signals, will display a characteristic
bystander response. In the un-irradiated area, some cells (gray cells) can’t receive or
interpret the signal and do not develop a bystander response. Three cellular
mechanisms of intercellular communication are proposed to be involved in the RIBE
response: (i) direct secretion in the extracellular matrix of bystander factors (A)
recognized by specific receptors of responder cells (cell 3) or directly incorporated
inside the cellular membrane of responder cells (cell 4); (ii) direct connection
between cytoplasms of signaler cells and responder cells (cell 5) via gap-junction
(B); and (iii) secretion by signaler cell in the extracellular matrix close to responder
cells (cell 6) of small vesicules such as exosomes (C). In the case of gap-junction
communication and exosome secretion, a part of the cytoplasm content from
irradiated signaler cells is transferred to the responder cells, including a large range
of bioactive and/or oxidized molecules, with the potential capacity to induce a
biological bystander response. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

without any rational or explained reason. With the exception of
fibroblast cells, there is no general consensus for a conserved state
as signaler and/or responder cells. Indeed, it is well established that
fibroblasts usually answer to stimuli of BF as a positive control, a
kind of universal responder [3]. A wide variety of bystander
“competent” or ‘“non-competent” cell types as signalers or
responders have been described, but it is not possible to determine
a global rule for such cell capacity, as all these studies were
performed independently with specific irradiation protocol and
different analysis methods. Nevertheless, it appears that the
concept of signaler/responder cells is the key in the understanding
and the control of the BE in vivo.

1.4.2. Secretion of factors by irradiated cells

The secretion or release of diverse factors by irradiated cells is one
of the two main mechanisms of the BE dissemination. Concerning
the direct secretion of soluble factors in the intercellular matrix
(Fig. 1, cell 1, mechanism A), several studies have shown clear
evidences for a major implication of lipid peroxide products, reactive
oxygen or nitrogen species, and cytokines. Such factors are also
generally observed in inflammation diffusion within a tissue,
following a stress stimulus. However, in the case of RIBE, it is likely
that other factors are implicated, as BR could be closely related to
direct effects of ionizing radiation. BF can interact with responder
cells and being directly incorporated inside the cell by diffusion
through the cell membrane (Fig. 1, cell 4) or they can be recognized
by responder cell receptors, inducing a specific cell response (Fig. 1,
cell 3). A final mechanism is coupled with the physiological
relevance of shedding from native and irradiated cells [27]. This
cellular mechanism corresponds to the secretion of small vesicles or
exosomes by the responder cell, allowing the transport of various
soluble or insoluble factors between cells (Fig. 1, cell 6 via
mechanism C). An increased production of exosomes was observed
in gamma-irradiated cells, in a p53-dependent manner [28].

1.4.3. Gap junction communication between cells

A second mechanism of inter-cell communication involves gap-
junction channels [1,19,10], creating a direct communication
between the cytoplasm of irradiated cell and the very close/touching
surrounding nonirradiated cell (Fig. 1, cell 5 via mechanism B). The
involvement of gap-junctions in the transmission of stress signals
from irradiated to non-irradiated cells was demonstrated using low
fluency radiation and chemical inhibitors of gap junction [29]. The
absence of gap junction in a confluent fibroblast cell population
reduced micronucleus formation after high LET radiation. In this
study, inter-cell communication of BE via direct physical channels
was observed in parallel to the secretion of unknown factors [29].

2. Analysis protocol

The transduction and propagation of a BE certainly involves
several mechanisms of inter-cell communication, activated
alternatively or at the same time, as a function of the biological
context (signaler vs responder cell type and proximity between
cells) and as a function of the radiation quality. To explore these
mechanisms more deeply, in vitro model systems were analyzed to
simplify and limit the communication possibilities between cells
following irradiation.

2.1. In vitro transfer of conditioned medium

To show the secretion of active factors by irradiated cells, the
medium of irradiated cells cultured in vitro was transferred to non-
irradiated cells [30] (Fig. 2). This protocol allowed: (i) the analysis
of direct effects of irradiation using irradiated cells; (ii) the analysis
of indirect effects of irradiation using bystander cells; (iii) the
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Fig. 2. Detailed “medium transfer” protocol proposed for the analysis of irradiated
cells, bystander medium and bystander cells. Cells were first irradiated at the
required dose, incubated with fresh serum-free medium during the determined
period (T1), after which cell layer (irradiated cell sample) as well as bystander
medium (conditioned medium sample) were collected. The bystander medium,
which can be used for the direct identification of BF or non-irradiated cells, was
incubated with bystander medium during the determined period (T2) after which
cells were collected (bystander cell sample).

analysis of the bystander medium using biochemical and proteo-
mics techniques, when a BE was effectively observed. The use of
serum-free medium for the preparation of conditioned medium is
required to reduce the molecular complexity and allows a
proteomic identification of BF. Of course, again in case of this
protocol, the choice of radiation source, its quality and dose and the
choice of signaler and responder cells are critical to obtain a BR or
not. The other critical points that need to be set up for each
experiment, are the incubations times T1 and T2 (Fig. 2). Indeed,
without identification of the BF, it is difficult to estimate the timing
of the events in the bystander signaling process. In case of a
secretion in the conditioned medium, the duration of the secretion,
the functional stability and the bystander activity of a factor will
determine a plateau or a maximum at a precise timing following
cell irradiation. Depending on the experimental conditions, BE
were observed in a range of time, from 10 min to 24 h following
irradiation [31]. With the same idea, the contact time between
bystander medium and un-irradiated cell, to produce a BE is linked
to the concentration of the factor, its capacity to penetrate
bystander cells and to induce a cellular response.

2.2. In vitro co-culture
A significant reduction in system complexity can be obtained

when irradiated cells and non-irradiated cells are co-cultured.
With this strategy, stages T1 and T2 of the conditioned medium

transfer protocol (Fig. 2) are simultaneous, allowing a synchro-
nized secretion of BF by signaler cells and reception of these factors
by responder cells. In vitro co-culture of two different sets of cells
usually requires a compartment system, with a physical separation
of cells, and a medium exchange between compartments through a
microporous membrane (Fig. 3A). The two populations of cells are
placed within distance in both compartments to study secreted BF
(Fig. 3B1), or placed on both sides of the upper compartment to
study secreted and gap-junction-related BF (Fig. 3B2).

Others strategies of co-culture have been also tested in vitro.
With specific protocols, it is possible to generate two populations
of cells mixed together in the same flask. For example, using a mask
screen during irradiation, a part of the cells in the culture flask was
covered and didn’t receive ionizing radiation; it was then possible
to compare cell survival in field and out of field within the same
flask in order to observe potential BE [32-34]. Second, using low
fluences of a-particles, only a small portion of cells were traversed
(<1%) and responses occurring in the whole cell population
displayed a bystander-like effect, with an increased frequency
(~30%) of sister chromatid exchange [35].

2.3. In vivo protocols

When analyzing such complex cell mechanisms, it is indeed
easier to use a simplified cell system such as in vitro single cell to
find partial or cell specific process with particular factors.
However, the lack of realistic multicellular morphology prevents
the observation of the whole phenomenon in a three-dimensional
system, with cell-to-cell interactions between different tissue
organizations in a close environment.

Considering the presumed proximity between directly irradi-
ated cells and bystander non-irradiated cells, RIBE effects should

A

upper compartment

A
,,,,,,,,,,,,,,, /<__ microporous membrane
growth medium

*—— lower compartment

Irradiation

© ¥

irradiated cells

—

non-irradiated cells

Fig. 3. Schematic of the device used to perform “co-culture” experiments. A cup
with the bottom composed of a microporous membrane is positioned in a multi-
well microplate (usually 6 or 24 wells per microplate). The membrane is designed to
allow cell adherence and medium exchange between the upper and lower
compartments (A). Irradiated cells are, for example, placed in the upper face of the
cup. Secreted BF are released by irradiated cells and received by non-irradiated cells
in the bottom of the well (B-1) or in the lower face of the cup (B-2). When irradiated
and non-irradiated cells are placed on both sides of the microporous membrane (B-
2), the close proximity allows an additional intercellular communication, via gap-
junctions.
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be limited to the irradiated organ, or to the touching surrounding
organs. Also, it appears that in vivo studies of RIBE included a whole
body response, where blood vessels were involved in BF
dissemination [36], or even an inter-individual communication
of BF, when, for example, irradiated fishes communicated with
non-irradiated fishes through the water environment [37]. These
studies must be considered carefully, because the frontier between
bystander and abscopal effects is hard to delimit in vivo, and the
observed effects could be indirect without any relation to the
irradiation treatment, considering the immune system response,
or a potential global stress.

2.4. Prediction models

Recently, several models were sequentially developed to
predict adverse effects of signaling cells following IR of a
radiotherapy protocol [38,39,34,40]. These models were proposed
to evaluate the impact of intercellular communication of irradiated
cells on the real exposure of surrounding healthy tissues. A
mathematical model based on in vitro observations of cell survival
following modulated radiation exposures shows significant
differences between adjusted signals and physical doses, with
the largest increase in doses (from 23 to 33 Gy) in the low-dose
regions, close to the target volume.

3. Proteomic studies of RIBE

Although RIBE has been demonstrated in numerous studies, it is
still difficult to define a general process as it depends on a lot of
physical, temporal and biological parameters, as described already
in this review (Fig. 1). It is noted that the first cellular response to IR
is, at least in part, related to an imbalanced red/ox status. In
association with a denaturation and/or a partial destruction of bio-
molecules, direct effects of IR leads to a massive deposit of energy
inside living cells (normal and tumor cells). Of course, DNA damage
and DSB are the most handicapping cellular lesions, inducing in
turn repair processes to enable genetic stability. In addition to this
well-studied cellular response, IR also induces the formation of free
radicals with most bio-molecules. Lipids, proteins, water, DNA are
ionized and release highly reactive free radicals. This very fast
phenomenon (nanoseconds scale) produces an oxidative stress
(0S): hydroxyl and superoxide radicals react with other molecules,
amplifying the radical oxidation proportionally to the initial IR
intensity. Molecular actors implicated in this IR-based OS are
partly known and follow from studies related to more general OS
homeostasis mechanisms. If OS can be transmitted from irradiated
cells to bystander cells, it could be associated with such protein
actors in a direct or indirect way, or maybe through other unknown
factors. Such imbalance of OS observed in bystander cells is not
necessarily induced by the OS-associated factors from irradiated
cells. The whole cellular machinery is implicated in the mainte-
nance of the ROS level, for example, to regulate cell proliferation
[10]. A focus on specific proteins or enzymes is certainly not the
best strategy to elucidate RIBE, as it involves lots of different
cellular metabolism pathways. Without any a priori results, a non-
targeted proteomic study is recommended to analyze variations of
the protein content following strategically chosen irradiation
protocols.

3.1. Experimental strategy

With the development of many different proteomic tools and
the large availability of proteomic platforms in research centers,
the ability of researchers to use such technologies is increasing fast.
However, the access to such tools doesn’t prevent the necessity to
build a solid experimental strategy (Fig. 4). Proteomic is not a

magic black box, allowing the easy discovery of biomarkers,
whatever the biological questions, samples quality or protocols.
Reference samples, positive and negative controls, robustness on
sample producing, repeatability of staining protocol and compati-
bility with mass spectrometry are mandatory [41,42]. Even with
the best proteomic tools available, when initial samples display a
poor quality, final results will be of a poor quality too. A
fractionation or enrichment in the studied compartments could
be needed to prevent the hiding of proteins of interest by abundant
proteins (e.g., albumin in a serum sample). The choice of the
proteomic strategy (for example 2-D electrophoresis or shotgun
proteomics) must be linked with the biological endpoint to be
compatible and feasible and will guide sample preparation, such as
biological and technical replicates, protein amount or solubiliza-
tion buffer.

3.2. Proteomic tools

Proteomic studies have increased exponentially during the last
twenty years. Proteomic technologies involve most protein-
dataset global analysis methods, including gel-based, gel-free
and protein chips techniques. These post-genomic technologies
were closely linked to the development of mass spectrometry,
dedicated to the study of bio-molecules and peptides. Following
the genome sequencing, it appears that the final biological product
of DNA, i.e., proteins, is one of the most essential biomolecules in
the cell and in cell regulation and stability. One gene can
potentially produce hundreds of unique proteins, thanks to special
regulations, maturation and gene splicing during protein synthesis
and, according to a number of post-translational modifications
such as phosphorylation, acetylation, sumoylation, as a function of
protein signalizations and cell stresses. Since the late 1990s, mass
spectrometers are continuously improving in terms of accuracy
and sensitivity to analyse deeper and deeper inside various
proteomes. These machines are now intimately dedicated to the
analysis of proteins and peptides, alone or in mixtures, with
specificities for PTM (post-translational modifications) identifica-
tion and/or quantification. To analyze a specific proteome, it is
mandatory to reduce the complexity of protein or peptide mixtures
with several and sequential steps of separation. Two major types of
approaches are traditionally balanced for protein biomarker
discovery: the analysis of intact separated proteins (top-down
proteomics) and the analysis of peptide mixtures from digested
proteins (bottom-up proteomics). A third technology, based on
antibody assays, emerged as complementary to the classical
proteomic approaches; proteins are observed and quantified using
a miniaturized system, a microarray chip, dedicated to a specific
scientific question, and allow a direct, targeted and sensitive
analysis of proteomes (Fig. 4).

3.2.1. Top-down proteomic approaches

Top-down proteomics consists of separating intact proteins
from complex biological samples using traditional separation
techniques such as 2-D gel electrophoresis (2DE), followed by
differential expression analysis using gel imaging platforms (Fig. 4
from “proteins separation technics” to “proteome observation”).
Spots predicted to contain biomarkers are identified using MS. Gel-
based proteomics largely centered on 2-D electrophoresis is a
technique of choice for simultaneously visualizing and quantifying
up to 2000 protein spots within the same gel [43,44]. Protein
samples have first to be dissolved in a 2DE-compatible buffer,
usually composed of urea and non-ionic or zwitterionic detergents.
Proteins are then separated in a first dimension by isoelectric-
focalization (IEF) as a function of isoelectric points in a native-like
state. Following the first dimension, strips with separated proteins
are equilibrated in SDS buffer to bind this anionic detergent to the
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Fig. 4. Typical sequential process within large scale proteomic studies. The flowchart illustrates the three major proteomic strategies developed for a global analysis, from
biological sample treatments to biological endpoints and clinical applications: gel-based proteomics, MS-based proteomics, and antibody-based proteomics. Prior to
proteomic analysis, protein samples are specifically treated, solubilized or digested to be compatible with the subsequent proteomic strategies, and to reduce their
complexity, thus increasing the chance of the identification and quantification of less abundant proteins. In typical gel-based (top-down proteomics) and shotgun proteomic
approaches (bottom-up proteomics), proteins or peptides are separated by 2DE or by HPLC, respectively. The resulting spot proteins or peptide spectra are in turn sequentially
submitted to MS identification, bio-informatic quantification, dedicated statistical analysis, and database analysis. In the case of protein microarrays, the antibody-based
strategy allows targeting of specific proteins, with no need for MS identification. Following these steps, proteomic observations are interpreted and protein groups are
analyzed as a function of the biological context using bio-informatics tools (e.g., interaction map, cellular pathways, known biological activity, previously published
experiments in the same area). From the discriminant set of proteins, biomarkers are validated using unrelated experimental strategies to reach the biological endpoint. This
final finding can then open new possibilities of (proteomic) experiments and clinical applications.

protein and to allow the second dimension of separation. During
this equilibration step, proteins are reduced and alkylated, to
reduce artefacts of separation and MS identification. The last step
consists of SDS-PAGE of proteins, with a separation according to
the protein molecular mass. An unreduced state of protein can be
preserved during equilibration to study disulfide-linked polymers
[45,46]. The separation power of 2DE is correlated with intrinsic
characteristic of proteins involved in both orthogonal separations.
Indeed, the 2DE is based on two independent biochemical
characteristics of proteins. It typically combines isoelectric
focusing (IEF), which separates proteins according to their global
isoelectric point (related to amino acid nature, i.e., acid/basic/
neutral), and SDS-PAGE, which separates them further according to
their molecular mass (related to amino acid number), as illustrated
by the 2DE image of our recent study of the secretome of irradiated
cells (Fig. 5). Currently, 2DE allows simultaneous detection and
quantification of up to thousands of protein spots in the same gel
[47]. Combined with subsequent mass spectrometry analysis, 2DE
offers the possibility of identifying intact native proteins [48,49],
comparing isoform abundance [50,51] and posttranslational
modifications [52,53].

3.2.2. Bottom-up proteomic approaches

The bottom-up approach to protein profiling (proteolytic
digestion of proteins prior to MS analysis) has been widely
adopted in modern MS-based proteomics research (Fig. 4 from
“peptides separation technics” to “proteome observation”). Known
as “shotgun proteomics,” the bottom-up proteomic approach
consists of a direct digestion of a biological sample using a

proteolytic enzyme to create a complex peptide mixture. The
digested samples are then analyzed on specific high-resolution/
high-performance mass spectrometers involving liquid chroma-
tography and tandem mass spectrometry. These analytical systems
are low-throughput by requirement, and basic biological questions
are usually addressed using a small number of samples from
simple model systems. The main advantage of the bottom-up
approach is the ability to achieve high-resolution separations,
producing protein identifications and relative expression for
hundreds of proteins within a small number of samples.

3.2.3. Protein microarrays approaches

The conception of protein microarrays was a great challenge
compared with DNA microarrays due to the absence of any
amplification process adaptable to proteins, in order to generate
large amounts of protein. To resolve this technological obstacle,
sensitive and specific detection systems were set-up, using
antibody-based technology coupled with dedicated labelling
systems. Protein microarrays provide a valuable platform for both
classical and functional proteome analysis and offer many
advantages, the most important of which is the high-throughput
analysis of thousands of proteins simultaneously. Protein micro-
arrays are classified as analytical, reversed-phase and functional
microarrays as a function of the substrate’s nature immobilized
onto the solid array surface [54]. In analytical arrays, antibodies are
immobilized onto the array surface and incubated with the test
sample. Targeted biomolecules are then captured on the array
surface from the test lysate and can be detected by means of
specific labeled secondary antibodies. Reversed-phase arrays are
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dimension. Protein spots are silver stained and gel pictures of irradiated and non-
irradiated secretome samples are compared with the Samespots software. Spots
with an increased amount in irradiated samples are highlighted in blue, while spots
with decreased amount in irradiated samples are highlighted in red.
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generated by immobilizing the test sample on the array surface,
which is then probed using a detection antibody against the target
protein of interest. These antibodies are in turn detected by means
of secondary tagging. Functional microarrays study the biochemi-
cal properties and functions of thousands of native proteins,
peptides or domains printed onto a chip surface in their active
state, after extensive purification using cell-based methods or by
cell-free expression on the array.

3.2.4. Bioinformatics, from proteome to biological endpoints

All of these proteomic approaches involve specific bioinfor-
matics and biostatistics tools to extract the valuable information.
Several steps of each approach produce large datasets of protein or
peptide characteristics and parameters. For example, using the gel-
based proteomic approach, following 2DE separation of proteins,
gel pictures are analyzed using specific software and several
parameters are associated with each detected spot, such as gel
location with observed pl and Mr; spot intensity based on gray
levels; spot variability between technological and/or biological
replicates (fold change, ANOVA), spot area, background, etc. Spots
of interest are then selected and submitted to biostatistics
methods using dedicated tools to find those spots that show
differences in expression between groups, using several statistical
parameters to prevent false positive selection (e.g.,, p-value, g-
values, power of analysis). Spots with significant differences in
intensity are then selected for the next step, the protein
identification by MS. The MS analysis also involves numerous
bioinformatics analysis of data, with specific MS-based statistics to
study observed mass spectra and compare then with databases.
Following this multi-axial and circular analysis, involving bio-
physics, biochemistry and bioinformatics tools (Fig. 4), a set of
characteristics of the analyzed proteome can emerge with
quantitative and qualitative markers for specific PTM modifications.
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Fig. 6. Number of publications in the fields of bystander and proteomics between 1995 and 2013. For each year period, the number of publication in the field of “Bystander”
(red histogram) and “Proteomic” (blue histogram) was estimated using the Pubmed tool “Results by year” at the address: http://www.ncbi.nlm.nih.gov/pubmed/; with the
following criteria: bystander articles = pubmed — (irradiation OR irradiated OR radiation) AND (“conditioned medium” OR “diffusible factor” OR “secreted protein” OR
bystander OR “bioactive molecule”); proteomic articles = pubmed — proteome OR proteomic OR secretome OR secretomic. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Biomarkers of a proteomic comparison arise from the analysis of the
discriminant set of proteins, their relationships, the relevance of
protein family members, cellular pathway implications, and their
association and interaction in known protein complexes. Then, after
all these bioinformatics steps, biological endpoints are obtained
when biomarkers are validated using independent and distinct
techniques, for example, quantitative Western blot analyses of new
samples, biologically relevant activity tests, or knockout mutants.

3.3. Publication volume of proteomic and RIBE studies

According to such powerful capacity of investigation, proteomic
approaches were applied to a large range of biosciences to find
biomarkers, or to understand fundamental organization of living
cells. The number of scientific articles including the term
“proteomic” increased exponentially from 1999 to 2013 (Fig. 6
blue bars). In 2013, about 8000 articles were published in the
proteomic field, in all areas of scientific research, referenced in
PubMed. From 1995 to 2013, the number of scientific articles
including the term “Bystander” (applied to radiation research)
increased largely too (Fig. 6 orange bars). However, it appears
clearly that, when both subjects were combined, very few articles
were found. Indeed, only 15 studies were observed that associate
RIBE and proteomic tools (Table 1) from 1999 to 2013. The low use
of proteomic tools in RIBE studies could demonstrate the limited
knowledge of radiobiologists in these technologies and their
capacities of investigation. Historically, radiobiologists studied
direct effect of radiations, using cellular and molecular tools,
applied to DNA stability and DNA damages. The discovery of a RIBE
implied a cellular response and inter-cell communication via, at
least partially, protein factors. Proteomic analysis, which was
massively used in fundamental cancer research and biomarkers
finding, is now a new possibility offered to radiobiologists to
understand direct and indirect cellular responses to IR.

3.4. Proteomic studies overview

Since a decade, several labs started to use proteomic strategies
to study RIBE at various cellular levels with contrasting successes.
The 15 studies related to the RIBE research are summarized in
Table 1 and are discussed in the next sections, as a function of the
experimental strategies employed.

3.4.1. MS-based proteomic studies of RIBE

RIBE has been analyzed in vitro with low dose irradiation of CHO
cells [55] and HMEC (human mammary epithelial cells) [56]. In
these studies, global changes in shed proteins in media taken from
cells exposed to low-doses of radiation were analyzed using MS-
based proteomics. Shed proteins are anchored at the cell surface,
and released by regulated proteolysis, according to a general
cellular process in response to various injuries. In these studies, the
authors analyzed conditioned media of cells using a mass
spectrometry-based global proteomic method. Media samples
taken from irradiated CHO cells were analyzed using a combina-
tion of tandem- and Fourier transform-ion cyclotron resonance
mass spectrometry [55]. About 500 proteins were identified and
20% were predicted as integral membrane proteins or membrane-
associated proteins, suggesting as being derived from the cell
surface, and released by a shedding process. The evaluation of
quantitative changes didn’t show any differences between control
and irradiated samples. With a comparable experimental strategy,
the same group analyzed shed proteins in medium from irradiated
HMEC. From the 177 identified proteins, 23 sequences were
attributed to membranes associated proteins, but with no changes
in abundance reliable to radiation exposure. According to these
two studies, following a 10 cGy irradiation with gamma-rays, no

bystander factors were highlighted in medium after a secretion
time of 5 h using CHO and HMEC cells.

An analysis of the secretome of zebrafish embryonic cells
showed no specific bystander proteins following low-doses
irradiation with chronic X-rays [57]. The factors secreted by a
human skin model were analysed following irradiation using a
multidimensional LC-MS strategy [58]. A set of 135 proteins were
identified as specifically modulated and potentially involved in a
BR.

Adaptive response to low-dose radiation of human lympho-
cytes was investigated in vitro using MS-based proteomics [59].
The authors characterized global expression profiles of proteins
released in the medium from human lymphocytes first irradiated
with 3 cGy, 4 hours prior to a 1-Gy gamma-ray irradiation. A list of
55 proteins was identified without quantitative difference
between adaptive and non-adaptive groups, and a list of 48
proteins were identified with quantitative or qualitative specifi-
cities to adaptive groups. These proteins, related to an adaptive
process, were secreted by irradiated cells and were potentially
linked to a protective action of RIBE.

The secretory profile of NSCLC-associated fibroblasts was
investigated in vitro after ablative radiotherapy using a combina-
tion of shotgun proteomics and ELISA multiplex assays [60].
Cancer associative fibroblasts (CAF), isolated from freshly
resected human lung tumors, were exposed to ablative doses of
IR (18 Gy) and analyzed for the secretion of paracrine bystander
factors. In agreement with the data generated by multiplex
protein assays, proteomic analysis showed a reduction of
angiogenic regulators (TSP1 and TSP2) and IL-6 and an increase
of macrophage migratory inhibitory factor in the supernatant of
irradiated cells.

3.4.2. Gel-based proteomic studies of RIBE

Using a 2DE gel-based proteomic strategy, the secretion of
bystander factors from several human breast cell lines following
irradiation at 10 Gy was analyzed in vitro [61]. To limit the
identification of false-positive secreted proteins, total and
cytosolic cell extracts were performed in parallel to secretory
protein extracts with un-irradiated controls and irradiated
samples. Taken together, 2DE pictures from all samples and
replicates were associated within the same software analysis, and
only 37 protein spots were specifically modulated between
irradiated and control conditioned media. From these spots, 17
distinct accessions were identified by MS, with a majority of
secreted proteins. An increased secretion of Cyclophilin A (CyPA)
was observed in 5 modulated spots, and confirmed by a 1D and 2D
Western blotting analysis. As observed subsequently by a deeper
MS analysis, these CyPA isoforms were modified by several post-
translational modifications such as methylations and/or acetyla-
tions [61]. Moreover, the secreted form of CyPA was increased in
radio-sensitive cell lines and potentially linked to a RIBE of that
type of cells.

With a similar proteomic experimental strategy, the prolifer-
ative response of bystander rat liver cells was investigated in vitro
using separated or co-cultures of un-irradiated and 5 Gy irradiated
cells [62]. A confluent monolayer of rat liver cells were irradiated
and mixed with a majority of un-irradiated cells (5/95) and co-
cultured for 24 h. Total extract of un-irradiated cells was compared
with extracts from irradiated or co-cultured cells using 2DE.
Modulated protein spots were identified by MS and indicated that
the presence of irradiated cells in a population of un-irradiated
cells can affect nucleophosmin (NPM)-1 and alpha-enolase
synthesis by a direct or indirect RIBE mechanism.

Bystander factors secreted by irradiation-induced senescent
cancer cells were analyzed in vitro using a 2DE proteomic strategy
[63]. Conditioned media from IR-induced senescent MCF-7 cells
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Table 1
List of studies on RIBE analysis, using a proteomic strategy.
Ref. Year Experiment Biological sample Radiation Bystander methods Time Protein sampling Proteomic method Results
type and dose post-
irradiation
[55] 2005 In vitro CHO cells v-Rays Conditioned medium 5h Medium concentration Gel-free; LC-MS/MS; 20% of the 500 identified proteins were
80Co and glycosylated proteins  FT-ICR MS; database attributed to membrane proteins but
0.1Gy enrichment analysis and blast against ~ without abundance changes linked to a
membrane sequences bystander effect

[56] 2005 In vitro Human mammary v-Rays Conditioned medium 5h Medium concentration Gel-free; LC-MS/MS; 23 membrane associated proteins with
epithelial cells 80Co database analysis no changes in abundance linked to
(HMEC) 0.1Gy radiation exposure

[62] 2007 In vitro Rat liver epithelial v-Rays Co-culture (mixture of 95% 24h Total protein extraction 2DE (pI 3-10; SDS-PAGE Expression changes of NPM-1 and
cell (WB-F344) 137¢s unirradiated and 5% from cell in 2DE 9-18%; sypro ruby); alpha-enolase isoforms of bystander

5Gy irradiated) compatible lysis buffer MALDI-TOF-TOF MS/MS;  cells
western blotting

[64] 2007 In vivo Rainbow trout fish  X-rays Co-culture and medium 2+2h Protein extraction from 2DE (pI 3-10; tricine SDS-  Expression of hemopexin-like protein,

0.5Gy transfert (mixture of the gill tissue in 2DE PAGE 10% duracryl; sypro  RhoGDI, PDH and SCAF was modified in
irradiated and compatible lysis buffer ruby); ESI Q-TOF MS/MS bystander fishs
unirradiated fish;
unirradiated fish placed in
water of irradiated fish)

[65] 2011 Invivo Wild type and X-rays Co-culture (irradiated and 2+2h Protein extraction from 2DE (pI 3-10; tricine SDS-  Annexin max3, annexin A4, creatine
radiosensitive 0.5Gy unirradiated fishs were the gill tissue in 2DE PAGE 10% duracryl; sypro  kinase, LDH, Wap65 and SCAF proteins
medaka fish placed in the same compatible lysis buffer ruby); ESI Q-TOF MS/MS were modulated in bystander medaka

container partitioned by a gills
mesh screen)

[61] 2012 In vitro Radioresistant and y-Rays Conditioned medium 18h Protein fractionation and 2DE (pI 3-10; SDS-PAGE 17 modulated proteins in conditioned
radiosensible 137¢s precipitation 12%; silver nitrate); medium including 5 isoforms of CyPA
human mammary 10Gy MALDI-TOF-TOF MS/MS;  with a complex pattern of maturation
cells (T-47D, MCF7, Nano-LC MS/MS; 1D and and post-translational modifications
BT-20, ZR-75, MDA- 2D western blotting;

MB-157, MDA-MB- Q-RT-PCR
231)

[63] 2012 In vitro MCF7, MDA-MB- y-Rays Conditioned medium 36h Protein concentration 2DE (pI 3-10; SDS-PAGE RKIP, alpha-enolase, AKAP9 and MARK4
231, H460, HCT116, '37Cs with centricon 11%; silver nitrate); were increased in conditioned medium
HUVEC 6Gy MALDI-TOF-TOF MS/MS;  of irradiated cells

western blotting

[59] 2012 In vitro Primary blood v-Rays Conditioned medium 72h Protein concentration and  Gel-free; LC-MS/MS; A list of 48 protein were differentially
lymphocyte 137¢s lyophilisation database analysis secreted following an adaptive response

0-1Gy; 0.03-1Gy to radiation

[69] 2012 In vitro Reconstructed X-rays Conditioned medium 24 or 48h No treatment Protein microarray, ELISA 20 inflammatory proteins were
human skin 0.03, 0.1 and 2 Gy evaluated, IFN-gamma and MIP-1alpha

were modulated at 3 cGy; IL-2 at 10 cGy
and IL-2, IL-10, IL-13, IFN-gamma, MIP-
lalpha, TNF-alpha and VEGF at 200 cGy
[68] 2013 Invivo Mouse y-Rays Blood serum 3 or 7 days Depletion of major serum  2D-DIGE (pI 4-7; SDS- 15 proteins were selected as candidate
50Co proteins PAGE 10%); MALDI-TOF-  proteins specifically modulated in blood
20, 40 and 80Gy TOF MS/MS LC-MS/MS; following skin irradiation
(20% total skin SELDI-TOF)
surface)

[36] 2013 In vivo Mouse, human y-Rays Blood serum 3 or 7 days Depletion of major serum  2D-DIGE (pI 4-7; SDS- Several glycoproteins were modulated
50Co proteins with or without PAGE 10%); MALDI-TOF-  following high doses of radiation and
20, 40 and 80Gy deglycosylation TOF MS/MS LC-MS/MS; serum cytokines (IL-1beta, IL-6 and
(20% total skin SELDI-TOF) TNF-alpha) were increased
surface)

[60] 2013 In vitro Human CAF X-rays Conditioned medium 4 or 6 days Protein concentration 24 bands SDS-PAGE; PEDF, TSP-1, TSP-2, IGF-2, GAS-6, MIF,

single 2, 6, 12, nanoLC-Q-TOF CTGF and IL-6 were identified as

18Gy or 6 x 3Gy

modulated in CAF supernatant

XXX—XXX (F[0Z) XXX Y21D2Say UOLDINA /D 33 1a1DAYD *f

PPON D

1 s93ed Jo "ON ‘$0IS-ATILNIN


http://dx.doi.org/10.1016/j.mrrev.2014.11.008

G Model

MUTREV-8104; No. of Pages 14

10

Table 1 (Continued)

Results

Proteomic method

Protein sampling

Time
post-

Bystander methods

Radiation

Biological sample

Experiment

Year

Ref.

irradiation

type and dose

TPI, serum albumin, prohibitin, HSP71,

2DE (pl 3-10; SDS-PAGE

Protein extraction from

4,8 0r 12h

Co-culture (right cerebral
hemisphere irradiated and
left cerebral hemisphere

“bystander” non-
irradiated)

X-rays

Rat brain

In vivo

2013

[66]

Aconitase, DLD, Tubulin and GFAP were

differentially modulated in the

12%; sypro ruby); MALDI

Q-TOF MS/MS

the rat brain tissue in 2DE
compatible lysis buffer

High energy

microbeam or

bystander left hemisphere following an
irradiation of the right hemisphere

135 proteins showed a modulation

following irradiation

homogenous irradiation
35 and 350Gy

X-rays

Gel-free; LC-MS/MS;

database analysis

Depletion of major

proteins
TCA precipitation

48h

Conditioned medium

Reconstructed
human skin

In vitro

2014

[58]

0.03, 0.1 and 2 Gy

y-Rays
137CS

From the 127 identified proteins, no

difference was observed

LC-MS/MS; database

analysis

1-24h

Conditioned medium

Embryonic
zebrafish

In vitro

2014

[57]
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0.007, 0.07, 0.7, 5.5 Gy

fibroblasts ZF4

were collected 2.5 days following a 6 Gy irradiation. Senescent
cells are supposed to secrete multiple growth regulatory proteins
(i.e., BF), which could alter the behavior of neighboring cells. In this
study, the authors identified 24 senescent-associated proteins and
the RAF kinase inhibitor protein was proposed to play a central role
in neighboring cell migration following irradiation.

In three articles published between 2007 and 2012, the group of
Carmel E. Mothersill observed a RIBE-like in vivo with adult rat,
rainbow trout and medaka fishes using comparative 2DE proteo-
mics. In the first study [64], a group of trouts was X-rays treated
with 50 cGy, transferred in a partitioned container holding a non-
irradiated trout on the other side of the partition, corresponding to
the bystander effect communication by partner fish. Another non-
irradiated trout was placed in the first container previously holding
the irradiated fish, corresponding to bystander effect communica-
tion by waterborne exposure. Proteins were extracted from gills of
controls, irradiated and bystander fishes and used to perform 2DE.
Expression of hemopexin-like protein, Rho GDP dissociation
inhibitor and pyruvate dehydrogenase were increased in bystand-
er trouts, with a potential protective action against bystander ROS.
In a second study of the same group [65], a group of medaka fish
was X-rays irradiated with 50 cGy, transferred into a partitioned
container holding non-irradiated fishes on the other side of the
partition, corresponding to bystander fishes. Irradiated and
bystander gill proteomes were compared by 2DE with wild-type
and radiosensitive transgenic medaka. Several proteins were
modulated as a function of irradiated or bystander samples and
radiosensitivity of fishes, with an increase expression of annexin
max3 or A4, creatine kinase and lactate dehydrogenase. The
identified proteins could indicate both immediate protection and
longer term adaptation to IR. In a third study [66], the authors
investigated the use of microbeam and homogenous irradiations
on rat brain. The right brain hemisphere of rats was irradiated with
35 or 350 Gy and several hours following irradiation, the right
brain hemisphere (directly irradiated) and the left brain hemi-
sphere (bystander) were collected and proteins were extracted and
separated by 2DE. Modulated spots were identified by MS; levels of
triosphosphate isomerase, prohibitin and tubulin were decreased
and those of glial fibrillary acidic protein were increased in
bystander brain samples, suggesting a potential function in ROS-
mediated apoptosis.

Radiation-induced damages in vivo are complex and lead to
specific and characteristic reactions, including inflammation, BR
and immunological responses, depending on the tissues irradiated.
Organisms respond to irradiation with an altered expression of
proteins and/or PTM, and secretion of BF in the close environment
of irradiation, which could be released in organic fluids such as
blood or urine [67]. Biomarkers of irradiation have been explored
in serum and plasma and can be associated with BF by an abscopal
response to IR (see Section 1.1). The two following studies
demonstrated the capacity of modern gel-based proteomic
approaches to highlight serum protein modifications of irradiated
animals. Using two complementary large-scale quantitative
proteomic approaches, 2DE and SELDI-TOF-MS, proteins specifi-
cally secreted or modified in serum of irradiated mice were
analyzed [68]. Blood of mice exposed to high doses of gamma-rays
was collected 3 and 7 days after irradiation and the corresponding
sera were compared using 2-D DIGE and SELDI-TOF. A list of 15
protein spots was observed as being differentially expressed post-
irradiation and proposed as a set of protein candidates for triage
and prognosis of this kind of irradiation. In a second study, PTM of
serum proteins from irradiated mice was analyzed using gel-based
and MS-based proteomic strategies [36]. The 2D-DIGE analysis
showed a pI-shift of several spots as a function of irradiation, and a
MS-based glycomic strategy revealed a modulated glycosylation of
proteins in sera of locally irradiated mice.
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3.4.3. Protein microarrays approach

Protein arrays and protein multiplex assays have been tested
several times to simultaneously detect, quantify and analyze
targeted molecules in complex samples. These functional proteo-
mic approaches were used in a recent study of the effects of low-
dose irradiation on a 3D reconstituted human skin [69]. The
inflammatory response of a human skin model was tested using a
set of 23 cytokines after 24 and 48 h of irradiation at 3, 10 or
200 cGy. Microarray and ELISA multiplex assays showed a
modulation of three cytokines at low doses (10 cGy) and seven
cytokines at high dose (200 cGy). An increase in pro-inflammatory
cytokines (IL-1beta, IL-6 and TNF-alpha) was reported in the serum
of irradiated mice using ELISA multiplex assays [36]. A decrease of
angiogenic regulators (SDF-lalpha, ANG-1 and TSP-2) was
observed following exposure of CAF to ablative doses of ionizing
radiation, using multianalyte profiling assays [60].

4. RIBE proteomic capacities

As explained before, numerous parameters can activate and
modulate BE. The proteomic study of RIBE can be summarized and
simplified as presented in Fig. 7. The first step, before this proteomic
analysis, is the choice of the cellular model, culture condition and
irradiation plan. It is crucial and needs to be set up with adequate
controls and a careful knowledge of the RIBE bibliography. The
second step is the choice of the studied BE, which is related to the
compatibility with the experimental strategy, the scientific ques-
tion, and the potential application in clinical research.

Set up experiments

Irradiation conditions

Irradiated cell

Biological model

Secreted protein

Bystander mechanism
studied

Un-irradiated cell

Analysis protocol

Bystander area

4.1. RIBE proteomic subdivisions

The recent development and large availability of proteomic
tools are challenging for the field of radiobiology [70,71]. Lots of
exciting questions concerning the molecular and cellular mecha-
nism of the RIBE are emerging thanks to these new technologies.
Both MS-based and gel-based strategies display robustness and
sensitivity expected for identifying a BF in an established system
with known BE. This opens the doors to the study of many
biological systems and IR conditions. For example, BF can be
studied in systems comparing IR conditions: low vs high doses, low
vs high dose rates, low vs high TEL. Studies comparing such IR
conditions have already been done, with a successful observation
of a BE [4], but the cellular mechanisms involved in such BE are
unknown and the specificity of mechanism between BE and IR
conditions has yet to be established. The analysis of RIBE can be
performed at different levels. Direct and indirect effects can be
compared using cellular extracts and associated with the secretion
of BF (Fig. 7). Gel-based analysis of such samples allows a global
analysis of IR consequences on the selected biological system and
presents the advantages of limiting the selection of false-positive
BF markers and the identification of direct effects and BE within the
same examination [61]. The proteomic comparison of irradiated
cells and bystander cells, using un-irradiated cells as control, will
display protein biomarkers of direct and indirect effects of IR, with
common or distinct cellular mechanisms. For this propose, the
analysis protocol used should allow the collection of irradiated and
bystander cells separately. The “medium transfer” and the “co-
culture” protocols are compatible with such strategy, with some

Proteomic domain

Proteome analysis
of direct effects
e © n
®e
)
— .. = Secretome analysis
)
L _J
-
L -
- —
@ | Proteome analysis
of indirect effects

Fig. 7. Sequential scheme for the analysis of bystander samples using proteomic tools. Following the setup of the experimental conditions (irradiation conditions, biological
model, analysis protocol and the studied RIBE mechanism), three areas can be analyzed separately using proteomic tools. The proteome analysis of direct effects can be
realized using irradiated cells; the secretome analysis can be explored with the conditioned medium containing secreted proteins and BF; and the proteome analysis of
indirect effects can be analyzed using un-irradiated/bystander cells, incubated with secreted factors.
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limits for the “co-culture” protocol, concerning the restricted
amount of available cells.

4.2. Secretome analysis of RIBE

A comparison between proteome and secretome could be
performed (Fig. 7), but using two distinct experiments to produce
samples, as BF could be consumed by bystander cells (to generate a
BE), reducing their relative amount available for MS identification.
In addition, the extraction process of BF from conditioned medium
should be compatible with the subsequent proteomic technology.
Several protocols were developed by proteomic and biochemistry
researchers to improve the extraction capacity and allow a correct
separation of proteins by 2DE [61,72]. The main objective of such
protein extraction is to concentrate proteins in a small amount of
buffer, or to precipitate them as a pellet using centrifugation
(Fig. 8). According to a method applied to secreted salivary proteins
[50], a chemical precipitation protocol was developed, with some
modifications [72], to improve protein recovery and 2D-gel quality
(Fig. 8, right side). Such a protocol was successfully applied to the
analysis of secreted proteins from irradiated mammary cells [61]
or in saliva [48,50]. Another possibility consists of using a 5 kDa

Conditioned
medium

Physical concentration Chemical precipitation

(M
«_3-5kDa cut-off TCANLS %
I membrane |
supernatant (}
n__, Filtrate
|6
I
S /
| J
Acetone/B-ME
Retentate with CElone!
concentrated
protein solution
x4 < %
E W
n
l lyophilisation \_  supernatant v—‘ v
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—_——— W —ee
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Fig. 8. Extraction and concentration of secreted proteins from conditioned medium
and preparation of protein samples in 2DE compatible buffer. In case of chemical
precipitation (right side), secreted proteins are precipitated using 7.5% TCA and 0.1%
NLS (sodium lauryl sarcosinate), precipitated proteins are washed 4 times using
cold acetone supplemented with 0.07% B-Me to remove 2DE un-compatible
compounds such as TCA and NLS, and washed proteins are air-dried and dispersed
with 2DE solubilization buffer. In the case of physical concentration (left side),
conditioned medium with secreted protein is concentrated by centrifugation using
a 3-5-kDa cut-off membrane. The retentate with concentrated solution is diluted
several time to eliminate culture medium and finally lyophilized. Protein powder is
re-suspended and solubilized in 2DE solubilization buffer.

cut-off membrane that will concentrate proteins in the retentate
solution. Concentrated solution of proteins can be lyophilized to
eliminate buffer and the remaining powder may be solubilized in
2DE compatible buffer (Fig. 8, left side). The use of cut-off
membrane is an easy way to concentrate a protein solution and is
widely used in biochemical studies of conditioned media
[55,56,59,60,63].

4.3. Cellular models to confirm RIBE mechanisms

In addition to the irradiation conditions and analysis protocols
(Fig. 7, left), the choice of the cellular model will allow the study of
specific or general RIBE mechanisms (e.g., gap junctions, proteins,
ligands, exosomes, etc.). Several cell and tissue types were
previously investigated for BE [3,4] but very few under the same
irradiation conditions. As initially presented in Fig. 1, following IR,
signaler cells (Fig. 1, cell 1) secrete BF via specific channels to
receptor cells. Some cells are not able to secrete factors (red cells)
and all cells are not able to receive these factors (gray cells). One
way to analyze intercellular signaling pathways is to focus on a
specific RIBE mechanism with a dedicated model. The functions of
specific intercellular communications has been accurately studied
in cellular models expressing gap-junctions channels composed of
connexin43 [73] or either connexin26 or connexin32 [74], showing
a modulation of clonogenic survival and metabolic activity as a
function of connexin expression. Proteomic studies can reveal new
protein targets involved in RIBE mechanisms and will open new
possibilities of research using cellular models with characteristic
expression of these protein targets (mutants or over-expression).
Indeed, independently of the proteomic strategy selected (gel-
based or MS-based), the comparison between treated and control
samples will display a list of candidate biomarkers. These proteins
need to be validated using a biological test, independent of the
proteomic experiment (Fig. 4, validation of biomarkers). Such an
approach is mandatory within a global proteomic strategy to reject
false-positive biomarkers and allow the establishment of biologi-
cal endpoints.

4.4. Applications in medicine and radiotherapy

One major consequence of the validation of biomarkers is the
development of new scientific projects, new experimental strate-
gies and its applications in medicine. Until now, most studies about
RIBE were developed with cellular and molecular tools to focus on
a specific BE determined by the irradiation system and the cellular
model. Radiobiologists have analyzed over several decades various
irradiation conditions, including comparisons between low and
high doses or low and high TEL, with diverse successes. Most of
these studies were performed with 2D culture models maintained
in humidified incubators at 37 °C in an atmosphere of 5% CO, and
20% 0O,. New developments for in vitro studies aim to get closer to
in vivo conditions, but with functional and practical models related
to irradiation constraints. The use of 3D culture models, with
normoxic growth conditions (2-5% 02) is a great possibility for in
vitro analysis of RIBE, without the need for animal experimenta-
tions [75]. It combines the flexibility and capacity of in vitro growth
conditions with the conserved 3D cellular response close to animal
tissues and in vivo oxygen concentrations. Indeed, such models
could explain the differential radiosensitivity observed between
cells in 2D cultures and cells included in a tissue. The normoxic
growth conditions, close to in vivo experiments, will certainly
modulate the RIBE effect linked to oxidative metabolism. ROS are
considered as major BF and key pathways affecting bystander
signal too. It is then mandatory to analyze BE in a controlled and
coherent oxygen concentration during RIBE experiments. In radio-
therapeutic treatment of tumors, the objective is, of course, to
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maximize BR inside the tumor mass and to limit or prevent BE in
normal tissues surrounding tumor cells or in the way of the beam
[1]. For this reason, the development of new irradiation protocols
will require a better understanding of RIBE associated with the
discovery of new biomarker targets.

5. Conclusion

Proteomics is a well-established set of technical tools for the
study and comparison of complex protein mixture. Moreover, RIBE is
a largely observed biological mechanism and this non-targeted
effect of exposure to IR is now widely accepted by radiobiologists. In
contrast to research performed in cancer-proteomics, it appears
clearly that the proteomic study of RIBE is only at the first phase of
investigation and from a more general point of view, proteomic tools
are still under-used in radiation research [54,67,70,71,76,77]. From a
fundamental point of view, proteomic tools could reveal general
intercellular communication mechanisms, involving BF secreted by
irradiated cells, protein receptors of bystander cells, the involve-
ment of direct cell-to-cell communication via gap-junctions, or the
secretion of small vesicles by irradiated cells before cell death. The
observation of such intercellular communication will allow a better
control of IR delivered during RT, to limit the BE on normal cells and
to prevent inflammation processes around the tumor area. With the
recent advances in delivery of external beam radiotherapy (3DCRT
and IMRT) which enable a precise delivery of high doses of radiation
to the tumor, a better treatment of the cancer could be associated
with a higher risk of BE in the adjacent tissues. This hypothesis could
be reasonably associated with the use of high LET radiations
(hadrontherapy), in which the energy deposition is maximum in the
targeted area. These last generations of radiotherapy treatments
lead to numerous questions concerning the role of RIBE and its
consequences, showing the huge efforts still needed to control this
intercellular phenomenon.
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