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Milk: a complete and complex food

Hide a large variability in
composition between

a paradox species

Constant
physical
aspect

“Designed” to fulfil specific requirements

< > and provide optimal growth and
development to mammalian offsprings
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Milk is much more than a complete food

Milk is a source of bioactive components, including long
chain fatty acids, complex oligosaccharides and proteins
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HMOs: the third most abundant solid
== |NRA component of human milk
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10 g/L in mature milk after lactose (70 g/L) and lipids (40 g/L)
Confer protection on the newborn whose immune system
Is functionnaly immature

Prebiotics, promoting growth of beneficial bacteria,
» Protect against pathogenic infection

Stimulate maturation of the immune system

HO.

Fucosylated 40%
Sialylated 13%

Human Milk Oligosaccharides Attenuate L LT
Antigen—Antibody Complex Induced & o Cp e =Pk
Chemokine Release from Human Intestinal £ | £
Epithelial Cell Lines “‘“z ”‘“z
Sehrish Zehra, Ibrahim Khambati, Megan Vierhout, M. Firoz Mian, Rachael Buck, and Paul Forsythe
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Oligosacharrides in camel milk
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Chemical characterization of the oligosaccharides in Bactrian

camel (Camelus bactrianus) milk and colostrum
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Electrospray ionization mass spectrometry characterization of ubiquitous
minor lipids and oligosaccharides in milk of the camel (Camelus
dromedarius) and their inhibition of oxidative stress in human plasma
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Milk proteins: a source of biologically
active peptides

4 B-casomorphins (BCMs), derived from
B-casein, first identified in bovine milk
(Brantl & Teschemacher, 1979)

recently shown to occur naturally in breast milk
(Enjapoori et al., 2019)

Signal peptldelO
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Therapeutic effects of milk-derived
peptides in several health disorders

Hypertension
cardiovascular disease
—===% "\RA obesity

dental caries
gastrointestinal diseases
ageing, ... and others
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Soluble fraction l
(Whey proteins)

/ \

Colloidal fraction

Milk Fat Globule 30
20% Membrane i %

> 80 proteins (<1%)

. . - d lled,

: (Butyrophilin, adipophilin, (ran om cored, -
B-lactoglobulin santhine oxidase organised in Micelles)
a-lactalbumin FABP, lactadherin, ...)

Caseins

5

Lactoferrin, ... ' e -

(Globular tertiary structure)

(Dalgleish et al., 2004)

(Dewettinck et al., 2008)



The bulk of the protein fraction in milk
corresponds to the products of only 6 genes

Coding for: 4 caseins (asl, as2, g and k)
2 main whey proteins (B-lactoglobulin & a-lactalbumin)

95% of the protein fraction in cattle
Several tens or even hundreds of proteins in the remaining 5%

A fairly simple system, regarding the main milk proteins, but this milk

proteome is much more complex with:

* genetic variants
 low-abundance gene products arising from differential splicing
« isoforms due to post-translational modifications such as
phosphorylation, glycosylation and proteolytic processing.

up to 100 molecules, derived from the 6 major milk proteins

Miranda et al., 2020

22 INRA
Food Chemistry: X 5 (2020) 100080
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Genetic variants of the main milk proteins

CSN1S1 CSN1S2 CSN2 CSN3 lactoalobuli lactalbumi
(as1-casein) | (as2-casein) (B-casein) (k-casein) | P-lactoglobulin | o-lactalbumin
15 variants 13 variants .
9 variants | 4 variants 12variants | A,B,B2,CtoE | A,B,B* C,D 4 ‘;\a{c')agts
Ato | AtoD A" A2 A3 Btod | (F1,F2,G1, G2 and Dr, E to J
andHto L) and W
15 variants . . 2 putati
7 variants 6 variants - putative .
(+ 3 null +1 null allele + 3 null alleles 17 variants variants 2 Variants
alleles) | (*1 )| (r3nu ) (uncharacterized
so far)
10 variants 8 variants 5 variants 3 variants 3 variants 2 variants
Z==_ I from Martin et al. (2013),
S5 GCENCE & IMPACT

Selvaggi et al. (2014a, 2014Db)



Genetic polymorphisms at the CSN1S1
locus In the goat species
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Allele F: A "frame shift" mutation

a multiplicity of transcripts (proteins)
a reduced expression
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) Occurrence of splicing variants
-INQA  due to cryptic splice site usage
SCIENCE & IMPACT

and exon skipping

Exon skipping (ES): loss of exon / 2'oH
during the course of pre-mRNA
maturation (assembly of exonic

|
[EXOMNG ) GU—— A= AGp[_EXOM27]
sequences and removal of introns)

lStep 1

Cryptic splice site usage (CSS)

loss or gain of nucleotides (intron
or exon sequences)

Quality control mechanisms

Events first reported in small ruminants: CSN1S in the goat species



Post-translational modifications contribute
to Increase molecular diversity

Glycosylation: k-casein (O-glycosylation on up to 6 Thr residues)

MMKSFFLVVTTLALTLPFLGA QEQNQEQPIRCEKDERFFSDKIAKYIPIQY NANA-Gal-GalNAc-O
VLSRYPSYGLNYYQQKPVALINNQFLPYPYYAKPAAVRSPAQILOWQVLSNT NANA
VPAKSCQAQPTTMARHPHPHLSF-MATPPKKNQDKTE T PE§TNT TASGE Piysil Gal-GalNAc-0

NA?A
NANA-Gal-GalNAc-O

PTREAVE VAT LEDS PEVIES PPE INTVOVESS TAY

Phosphorylation: as2-casein (theoretically up tol6P on Ser/Thr residues)

MRKFFIFTCLLAVALA KNEMEHVSSSEESITISOETYKQEKNMAINPSKENL
CSTFCKEVVRNANEEEYSTGSSSEESAEVATEEVKITVDDKHYQKALNETIN
QFYQOKFPOYLOYLYQGPIVLNPWDQVKRNAVPITPTLNREQLSESEENSKK
TVDMESTEVFTKKTKLIEFEEEKNRLNFLKKISQRYQKFALPQYLKTVYQHQK

AMKPWIQPKTKVIPYVRYL
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An improved LC-MS method to profile molecular diversity and quantify the 'F O il
six main bovine milk proteins, including genetic and splicing variants as CHEMISTRY: ©
well as post-translationally modified isoforms

ELSEVIER
=== Guy Miranda™", Leonardo Bianchi®, Zuzana Krupova™', Philippe Trossat”, Patrice Martin™*

* UMR GABL, INRAE, AgroPartsTech, Untversitd Parts-Saclay, 78350 Jouy-en-Josas, Prance
" ACTALIA, pdle expertise analytique, 39801 Poligny, France
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LC-MS profiling of bovine milk proteins

) Spectrum of multi-charged ions “Iu’:;ahl;r Reg;t;on "aol-ar:s':f:;s \dentification T:::::I Area Rﬂ;:a“ Others |Protein family Wﬂﬁ\;m
| min Da Da mALFmin % %
Peak 19 011 =GN B 1P 206 20801085
1 B45 | 200318047 «CNA 1P 206 0033054 | 0,187 207 G"“"c?‘““* 297
218503051 «CME 1F 306 21850.868
10007.2205 <CNE1P 10007245
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92,9% of the protein fraction identified




LC-MS profiling of Camel milk proteins

Combining different proteomic approaches to
resolve complexity of the milk protein fraction

of dromedary, Bactrian camels and hybrids, @PLOS | ONE
from different regions of Kazakhstan -

Alma Ryskaliyevai*, CeAline Henryz, Guy Mirandazi, Bernard Fayes,

Gaukhar Konuspayevas, Patrice Martini 2018
1 INRA, UMR GABI, AgroParisTech, UniversiteA Paris-Saclay, Jouy-en-Josas, France, 2 INRA, MICALIS

Institute, Plateforme d'Analyse ProteAomique Paris Sud-Ouest (PAPPSO), UniversiteA Paris-Saclay, Jouy-en-

Josas, France, 3 CIRAD, UMR SELMET, France, 4 Al-Farabi Kazakh State National University, Biology

department, Almaty, Kazakhstan
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Intens. //
(mMAU] 1 V
! XIII

peak I: K-CN Fh ',
peak Ill: WAP ooo]] |
peaks IV & V: as1-CN ,
peak VI: a-LAC, 7501 | |
peak VII: as2-CN A | ]
peaks VIII, IX, & X: as2-CN " 2 w OS2CN %
peak XI: PGRP 250] | = e by |
peak XIl: CSA/LPO N, N UWTa, M) R »
peaks XIIl & XIV: B-CN 3 % % 3 % '

peak XV: Y2-CN [min)
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Mass Specrometry Analysis
Molecular masses obtained
after deconvolution of
multi-charged ions spectra

aS2-caseins

Peak Ret.Time, Observed TheoreticalM,, Da Protein description UniProt/ Intensity
min M, Da NCBI GenBank
Accession number
I 4.50 21,157 21,158 K-CN A, 1P, (GaN-Ga—SAZ)X}*,pYrD-E 1,361
21,184 21,182 k-CN B, 0P, (GaN-Ga)x3 + (GaN-Ga-SA2)x2**, pyro-E 5,810
11 1861 18,210 18,210 K-CN B, 0P ? LOP304 161
18,236 18,235 K-CN A, 0P, pyro-E P79139 72
1 2432 12,564 12,564 WAP, 0P P09837 1,756
12,644 12,644 WAP, 1P 1,575
v 2497 23,878 23,878 Uy;-CN A—short isoform (Aex 16 and Aex 13°), 4P 242
v 26.23 24,547 24,547 U,1-CN C -short isoform (Aex 16), 5P, splice variant (AQ83) 4,885
24,627 24,627 03 -CN C—short isoform (Aex 16), 6P, splice variant (AQ83 21,606
24,707 24,707 Ue;-CN C—short isoform (Aex 16), 7P, splice variant (AQ83) 6,990
24,675 24,675 Uy -CN C—short isoform (Aex 16), 5P 9,441
24,755 24,755 @y;-CN C—short isoform (Aex 16), 6P K7DXB9 47,392
24,835 24,835 Uy-CN C—short isoform (Aex 16), 7P 7,046
24,689 24,689 U -CN A—short isoform (Aex 16), 5P 9,748
24,768 24,769 0;-CN A—short isoform (Aex 16), 6P 0979432 50,634
24,849 24,849 U -CN A—short isoform (Aex 16), 7P 6,909
VI 2853 14,430 14,430 o-LAC P00710 17,797
22,939 nfa Uncharacterized protein 1 (UP1) nfa*** 2,701
23,020 n/a UP1+80Da n/a 2,489
23,099 n/a UP1+160Da nfa 1,079
25,646 25,645 Ue1-CN C, 6P, splice variant (AQ83) 3,501
25,693 25,693 ug-CN C, 5P 564
25,773 25,773 0s1-CN C, 6P 7,880
25,787 25.787 0y -CN A,G_P 09799-] 3,472
VII 30.05 21,825 21,826 Uea-CN, 7P 552
21,906 21,906 0y-CN, 8P 09794 5,242
21,984 21,986 Ues-CN, 9P 403
23,178 nfa UP1+240Da nfa 1,256
VI 3L11 21,986 21,986 Us-CN, 9P 097944 356
22,066 22,066 a,,-CN, 10P 4,790
X 33.18 22,066 22,066 u»-CN, 10P 148
22,145 22,146 0,,-CN, 11P 1,964
X 35.05 22,226 22,226 Ug,-CN, 12P 894
23,046 nfa Uncharacterized protein 2 (UP2) n/a 231
X 37.16 19,143 19,143 PGRP Q9GK12 7,207
23,206 nfa UP2+160Da n/a 1,592
23,286 n/a UP2+240Da nf/a 735
XII 38.09 66,481 66,477 CSA? XP_010981066.1 1,096
66,491 LPO? QIGIW6
66,512 n/a CSA? LPO? 2,663
67.342 n/a CSA?LPO? 1.010
X111 1067 24,746 24,745 B-CN A, 3P, splice variant (AQ29) 2073
24,793 24,792 B-CN A, 2P 5,469
24,825 24,825 B-CN A, 4P, splice variant (AQ29) 9,586
24,873 24,872 B-CN A, 3P 10,177
24,953 24,953 B-CN A, 4P ADA077SL35 84,494
24,842 24,842 B-CN B, 4P, splice variant (AQ29) 10,029
24,891 24,890 B-CN B, 3P 10,365
24,970 24,971 B-CN B, 4P QITVDO 87,973
XV 43.71 23,878 23,878 B-CN A-short isoform (A946 Da), 4P, splice variant (AQ29) 707
23,963 23,958 B-CN A-short isoform (A946 Da), 5P, splice variant (AQ29) 244
23,929 23,926 B-CN A-short isoform (A946 Da), 3P 438
24,006 24,006 B-CN A-short isoform (A946 Da), 4P 9,026
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Peak | Ret.Time, | Observed | TheoreticalM,, Da Protein description UniProt/ Intensity
min M, Da NCBI GenBank
Accession number
22,939 nfa Uncharacterized protein 1 (UP1) n/a*** 2,701
23,020 n/a UP1480Da n/a 2,489 | « aS2-caseins
23,099 n/a UP1+160Da n/a 1,079
25,646 25,645 t,1-CN C, 6P, splice variant (AQ83) 3,501
25,693 25,693 ug-CN C, 5P 564
25,773 25,773 0g-CN C, 6P 7,880
25,787 25,787 ﬂﬂCN A, 6P 097943-1 3472
VII 30.05 21,825 21,826 U-CN, 7P 552
21,906 21,906 0,,-CN, 8P 09794 5,242
21,984 21,986 4.,-CN, 9P 403
23,178 nfa UP14240Da nfa 1,256
VIl | 3Ll 21,986 21,986 t,-CN, 9P 097944 356 Q
22,066 22,066 0.6_2-CN, 10p 4,790 cl\’g
IX 3318 22,066 22,066 Ug-CN, 10P 148 (!)
22,145 22,146 0,-CN, 11P 1,964 QO
X 35.05 22,226 22,226 [xs_z-CN, 12P 894 %
23,046 n/a Uncharacterized protein 2 (UP2) n/a 21 -
X 37.16 19,143 19,143 PGRP QIGKI12 7,207 »
23,206 nfa UP2+160Da nfa 1,592
23,286 nfa UP24240Da nfa 735
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5,

aaceemen - CSN1S2 In camels

1 2 3 45 6 7 8 910 11 12 13 14 15 16 17 18
44 12+51 27 2142 27 27 27 2445 1283 27 27 24 45 99+21 12+33 267
1 2 3 45 6 7 8 910 11 1212’13 14 15 16 17 18
44 12+51 27 2442 27 27 27 2445 129 272424 24 45 99+30 12+33 280

12 12’18 14 45 18
44 12+51 27 2442 27 27 2454 129 272427 24 45  99+30 12+33 286
' 2 AN 6/\7 9 10 11 12 12’m 18
44 12451 27 24 42 27 27 24 54 129 27 24 27 24 45 99+30 12+33 286

3’ Bovine CSN1S2 gene

3’ Porcine CSN1S2 gene

3’ Camel CSN1S2 gene

CSN1S2svl
3,
CSN1S2sv2



Splicing isoforms impacts the C-terminal
seqguence of camel o4,-casein

EOVINE
LAMA
CRMEL
CAMEL SV1
CAMEL SV2
CAMEL SV3

PIG

BEOVINE
LM
CAMEL
CAMEL 5V1
CAMEL SV2
CAMEL SV3

PIG

BEOVINE
LAMA
CAMEL
CAMEL 5V1
CAMEL 5v2
CAMEL SV3

PIG

BOVINE
LAMA
CAMEL
CARMEL 5V1
CAMEL 5V2
CAMEL SWV3

PIG

EXON 2 ' EXON 3 EXON 4 EXON 3 EXON 6 EXON 7
MEFFIFTCLLAVALA EN| | TMEAVSSSE | |[ESI-ISQE || TYKQEENMAINESK | |ENLCSTFCE | [EVVBNANEE | 50
MEFFIFTCLLAVALA KEH| | EMDQGSSSE | |ESIHNVEQQ | | KLEQVEEVATIHESE | |[EDICSTFCE | |EAVENIEKEY | 51
MEFFIFTCLLAVVLA KH| | EMDRGSSSE | |ESINVEQQ | | KFKOQVEEVAIHESE | |[EDICSTFCE | |[EAVENIKEY | 51
MEFFIFTCLLAVVLA KH| |EMDQGSSSE | |ESINVE0Q| | KFEQVERVAIHFPSE | |[EDICSTFCE | [EAVENIEEV | 51
MEFFIFTCLLAVVLA KH| |EMDOGSSSE | |ESINVEQQ | | KFKQVEEVAIHESK | |[EDICSTFCE | |[EAVENIKEW | 51
MEFFIFTCLLAVVLA EH| |EMDOGSSSE | |[ESINVSQQ | | EFEQVEEVAIHFSE | [EDICSTFCE | [EAVENTIEEWV | 51
MEFFIFTCLLAVAFA EH| |EMEHVZSSE | |[ESINISQE || EYEQEENVINHESE | |[EDICATSCE | [ERVENIEEV | 51

EXON &8 EXON 9 EXON 10 EXON 11
. .
EYSIGESS5E | |ESAEVATE | |[EVEITVDDERHYQEAL | | NEINQFYQE--FEOQYLOYLYQGFIVLNFWDOVERNAVEITETL
————————— ESVEVETE | |==========c==== | INELSQFYQEWKILOY LOALHQGR IVMNFWDDGE TMVY PI"LPTY
--------- ESAEVETE | |=============== | |HEISQFYQEWEFLOY LOALHQGQ IVMNEWDQGETRAY PETPTV
————————— ESAEVPTE | [-=—-=--==--———= | | NEISQFYQEWEFLOY LOALHOGO IVMNEWDQGETRAYPFIPTY
————————— ESAREVETE | |—=-=-======-—-—— | | NEISQFYQEWEFLOY LOALHOGOIVMNFWDQGETRAYPFIPTV
————————— \SREVETE | |-—--=-==-=—==-=———— | | NEISQFYQEWKFLOY LOALHQGO TVMN PWDOCK TRAY FFI BTV
GYASSSSSE | |[ESVDIFPAE | |[NVEVIVEDEHYLEQL | | EKISQFYQE--FEROYLOALYOROIVMNFWDOTETSAYFFIFTV

EXON 12 EXON 127 EXON 13 EXON 14 E¥XON 15
==HEEQLETSEE | | ======== ENSEKTVDM | [ESTEVEFTE | |ETELTEEEENRLNFL| 164
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Beside Its unique nutritional content
breast milk also contains extracellular
vesicles and live cells from the mother

Extracellular vesicles
30 and 100 nm

O Microvesicles

S N “Q
4 } \

Exosomes

Multi Vesicular Bodies
released into the extracellular

medium by fusion with the cell
plasma membrane
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CAMEL MILK-DERIVED EVs: a SOURCE of MILK
SCIENCE & IMPACT PROTEINS SO FAR UNEXPLORED



Milk-derived Exosomes and microRNA
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Extracellular vesicles in camel milk
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Breast milk stem cells transfer to offspring
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Breast-milk: the postnatal maternal blood through which
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Conclusions

Milk has to be considered as a sophisticated nutrient but also as a

communication system delivering a multitude of active soluble and
cellular factors orchestrating early development of the offspring

Differential splicing is an effective way to increase molecular
diversity and possibly the repertoire of bioactive peptides
encrypted in milk proteins
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