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INTRODUCTION

MILK

The importance of milk in the human diet and in the world economy is well known and
it is largely due to its unique nutritive quality, complexity and richness. Milk is the key
element for infant nutrition as it represents the only complete source of all essential
nutrients for newborns and infants, providing sugars, proteins, fats, vitamins and
minerals for healthy growth. Milk is also consumed in various forms, including milk
powders, infant formulae, yogurt, cheeses and cream. Proteins represent one of the most
important milk components from nutritional and physiological viewpoints. The high
nutritional value of the milk protein fraction is related to the high content of essential

amino acids.

Milk proteins

Milk proteins can be grouped into three classes according to their different solubilities,
which reflect their different structures and functional roles: caseins, whey proteins and
milk fat globule membrane (MFGM) proteins.

Caseins (CNs), which are a group of proteins coded by four tightly linked autosomal
genes (CSNISI, CSNIS2, CSN2 and CSN3), are classically subdivided into four
families: 0O4-, O4-, B- and K-CN. ' Almost all caseins in milk are organized as
macromolecular aggregates of proteins and minerals, known as the casein micelles. The
structure of the micelles is not yet well recognized, but several studies have
demonstrated a predominantly surface location for k-CN, which probably plays a
fundamental role of stabilizing the micelle structure. The amount of CNs shows
remarkable species variation; indeed while they account for 80% (w/w) of all bovine
milk proteins, in human * and equine ** mature milk, caseins represent only 35% and
50% of total protein content, respectively. Several studies have shown that caseins are
quite small molecules with molecular masses of 18-25 kDa, with a great heterogeneity
generated by post-translational processing, alternative splicing of the gene product or
genetic polymorphisms, that affect the primary structure features and the quantity of
each protein. 5-6-7 All caseins are phosphoproteins, showing different levels of

phosphorylation, which occurs at serine or threonine residues located in the Ser/Thr-
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Xxx-Glu/pSer motif (where Xxx is any amino acid residue and pSer is a phosphoseryl
residue). On the contrary, K-CNs are the only group of casein that also contain
carbohydrate moieties. The carbohydrate groups are attached to the kK-CN via O-
glycosidic bonds to serine and threonine residues present in the C-terminal region of the
protein. The B-CN appears to be the most susceptible to the action of the endogenous
milk protease plasmin. ®° Plasmin cleaves at specific sites of B-CNs producing a series
of complementary C-terminal and N-terminal polypeptide fragments known as y-caseins

and proteose peptone (PP) components, respectively. ' !

These minor components are
soluble in acidic condition and therefore in the past were incorrectly classified as whey
proteins, a term that is traditionally used to indicate the broad group of milk proteins
soluble at pH ~4.6.

The main components of whey proteins are represented by B-lactoglobulin (B-LG), o~
lactalbumin (a-LA), serum albumin (SA), lactoferrin (LF) and immunoglobulins (Igs),
but numerous minor proteins (i.e. low-abundance proteins), including enzymes, enzyme
inhibitors, metal-binding proteins etc., are also present. 12 Whey protein fraction, with
its associated bioactive properties, is considered a functional milk fraction having
positive effects on health; therefore whey protein-based hydrolyzed formulae are often
used as substitute of common infant formulae to prevent gastrointestinal intolerance to
whole bovine milk. '*'*

Finally, the MFGM proteins is the third group of milk proteins, having very low
nutritional values, but playing important roles in different cell processes and in the
defense mechanism for the infants. MFGM proteins represent only 1-4% of total protein
content in mature milk; on the contrary in colostrum (i.e. the milk produced in the first
week after birth), where the caseins are untraceable, they constitute, together with the
immunoglobulins, the principal proteins. Major MFGM proteins include mucin 1,

xanthine oxidase, butyrophilin, adipophilin, PAS6/7 (lactadherin) and fatty acid binding

protein. >

Milk proteins allergy

Proteins represent one of the most important milk components from nutritional and
physiological viewpoints. The high nutritional value of the milk protein fraction is
related to the high content of essential amino acids. Moreover, milk proteins have native

or latent biological functionality, being an important source of bioactive peptides. 6
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These peptides can be inactive as long as they are “hidden” in the primary structure of
the proteins, but can become active upon hydrolysis by proteolytic enzymes during
processing or gastrointestinal digestion. On the other hand, the wide use of cow’s milk
in human diet has shown that a considerable percentage of subjects are allergic to its
proteins components. Particularly, cow’s milk, used as substitute of breast feeding when
mother’s milk is not available or advisable, represents the main source of allergens in
infants, commonly known as cow milk protein allergy (CMPA). Approximately 2-3%
of infants younger than one years of age are allergic to cow’s milk proteins. This allergy
is normally outgrown in the first year of life but 15% of allergic children remain
allergic. The proteins most frequently and most intensively recognized by IgE are the
caseins and B-LG, even if lower abundant (i.e. lactoferrin, IgG and bovine serum
albumin) and trace components appear to be potential allergens. 17.18

MS-based methods have been largely employed as confirmatory tools for unambiguous
identification and/or characterization of milk allergens. In a general approach, allergens
of milk protein extracts can be detected by two-dimensional electrophoresis (2D-PAGE)
separation, electro-transferring onto a nitrocellulose membrane and Ig-E
immunoblotting analysis with sera from allergic patients. Subsequently, identification of
the candidate allergens can be easily performed by their in-gel enzymatic digestion, MS
analysis and database searching. This approach has been employed to identify the most
abundant cow’s milk IgE-reactive protein isoforms in twenty paediatric patients with
documented IgE-mediated CMPA. '° The authors found that the prevalence of cow’s
milk protein allergens was: 95% IgG heavy chain, 90% os,-casein, 55% as;-casein, 50%
K-casein, 50% lactoferrin, 45% B-lactoglobulin, 45% serum albumin, 15% B-casein and
0% o-lactalbumin. As highlighted by the authors, the 2D-immunoblot experiments were
not in good agreement with the radioallergosorbent test (RAST), showing an evident
discrepancy particularly for a-lactalbumin and og-casein. Indeed, while in the
immunoblot experiments identification of a-lactalbumin as allergen was not achieved
for all subjects, the RAST tests classified this allergen at least as class 2 (moderate level
of allergen specific IgE) in seven patients. On the contrary, the 2D-immunoblot of six
patients with negative RAST results for total caseins, identified ag-casein as IgE-
immunoreactive protein. The difference observed for a-lactalbumin could be related to
the prevalent presence of conformational epitopes of this allergen, that are destroyed in
the denaturing conditions of the immunoblot experiments. Instead, the different results

obtained for og-casein could be explained by the lack of detection of some ag,-casein
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epitopes in the RAST analysis, which therefore may lead to false negative results and

appears to not always be reliable for diagnosis purposes.

Altenative milk

Taking into account the high incidence of cow milk protein allergy (CMPA) in infants
and considering that breast feeding is not always possible, indicated or sufficient,
alternative supply becomes indispensable. Therefore, one of the major objective of the
pharmaceutical industries is the production of milk and milk-based foods (i.e. infant
formulae) close to breast milk. Usually, infant formulas are products based on bovine
milk, which is modified by enzymatic and/or thermal treatments, and represent the
preferred choices in the treatment of CMPA. However, it should be considered that
allergy in these products is reduced, but never completely suppressed, and adverse

. . . . 20, 21
reactions have been experienced also with these preparations. 0

Donkey’s milk (DM)

Many investigations have reported real benefits from using non-bovine milks as
alternative in cases of cow milk protein allergy (CMPA). However, allergies to non-
bovine milk proteins have also been documented. 22 On this respect, many clinical trials
have shown that equine milk, and in particular, donkey’s milk (DM) has special
nutritional and therapeutic properties, and may represent a safe and alternative food in
CMPA, providing dietary adequacy and good palatability. 2. Although the
mechanism of this tolerance has not yet been fully clarified, the reduced allergenic
properties of DM are probably related to its unique functional properties and distinctive
composition, which is the most similar to that of human milk (HM), with comparable
amount of lactose, minerals, fatty acid and proteins. In particular, the relationship
between hypo-allergenicity of DM and its proteome fraction has been recently explored
by Cunsolo et al. In an investigation of the minor protein components of DM they have
identified 106 unique gene products, > among which 10% were obtained from the
scanty database of Equus asinus, whereas the largest proportion (70%) were
homologous to those of Equus caballus, which is the closest related specie to donkey.
On the contrary, only just about 3% could be attributed to bovine milk because the
genetic distance between cow and donkey. Indeed, as reported earlier by the same

26, 27, 28, 29

authors, milk proteins from donkey and Bos taurus share a low-sequence
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similarity. These differences are remarkable when comparing the IgE-binding linear
epitopes of cow's a;-CNs and the corresponding domains present in donkey's
counterparts, and may help to explain the already demonstrated low allergenic
properties of DM. On the other hand, some clinical trials, carried out using donkey bulk
milk, have been reported that a minor number of subjects suffering of CMPA do not
tolerate DM as well. It should be noted that bulk sampling strategy prevents the
identification of the specific role of single proteins and the impact of the polymorphism
on allergenic traits, and investigation of individual milk samples is advisable to
highlight the composition-allergenic properties relationships. With this aim, the
existence of individual donkey’s milk samples lacking single protein components (e.g.
B-LG and 0,;-CN) *° might provide to be useful in explaining the unsolved cases
observed in clinical trials. The good balance of casein and whey proteins may represent
another important factor in determining the hypo-allergenicity of DM proteins. °'
Indeed, the DM protein fraction is particularly rich in whey proteins, representing 35—
50% of the nitrogen fraction, whereas in cow’s milk only 20%. Donkey whey proteins
mainly consist of o-lactalbumin (a-LA), B-lactoglobulins (B-LGs), blood serum
albumin (SA), lactoferrin (LF) and lysozyme (LYS). Only one a-LA genetic variant has
been reported in donkey’s milk, even if an apparent heterogeneity of this component
was observed.* Donkey B-LG consists of two components, the major B-LG I and the
minor B-LG II, each of them showing genetic polymorphism. ***** Two isoforms of
LYS, ** named A and B are reported in donkey’s milk, whereas the previously cDNA
deduced amino acid sequence of donkey’s SA was recently characterized by mass
spectrometry. 37 Notwithstanding the increasing knowledge of DM protein fraction, up
to the present no information is available for the primary structure of LF, one of the
most important glycoproteins, that confers high hygienic qualities to DM *®* and presents
an array of biochemical properties, including immuno-modulation, iron-binding,
antioxidant, antibacterial and antiviral activities. 39

Therefore, a better knowledge of donkey’s milk components, particularly proteins, is a
priority for many researchers. Mass spectrometry-based techniques, which arguably
represent the core tools in proteomic analyses, are widely used to characterize milk
proteins not only in native fresh but also in processed milk.

In the frame of our research line oriented to the characterization of the donkey’s milk

proteins and its genetic polymorphism, in this project it is reported for the first time the



direct sequence determination of the primary structure and the N-glycan composition of
donkey LF by coupling RP-HPLC, ion exchange chromatography (IEC), enzymatic

digestions and mass spectrometric analysis

LACTOFERRIN

Lactoferrin (LF) is a glycosylated globular protein first identified in 1939 in bovine
milk , *° and subsequently separated from human milk. *' Since 1960 LF has attracted
increasing scientific interest due to its high concentration in human breast milk. Human
milk is rich in lactoferrin, with a concentration around 6-8 mg/ml and 2-4 mg/ml, in
colostrum and mature milk, respectively. 42.43. 4445 [ actoferrin concentration in
ruminant milk is 10-100 times lower than in human milk (in the range of 0.02-0.2
mg/mL). *>*” LF is present in the whey protein fraction of human and ruminant milks **
with a net positive charge and pl in the range of 8.0-8.5. ***° Lactoferrin (also called
lactotransferrin), found in the mammalian milk, constitute, with the serotransferrins
present in serum of all vertebrates and with the ovotransferrins characterized in the egg
white of birds, a homogenous family of proteins: the transferrins. Lf is not only
confined to mammalian milks, but is also a component of many external secretions such
as saliva, tears, semen and mucosal secretions 51, and is further an important constituent

of the neutrophilic granules of leucocytes. **

Lactoferrin’s structure

The LF amino acid sequences of nine species, human, bovine, camel, buffalo, sheep,
goat, pig, horse, and mouse are currently known. An appreciable range in the LF pair-
wise sequence identities has been emphasized > and summarized in Table 1. >* Lfs from
cow, buffalo, goat, and sheep share over 90% (green square in the table) sequence
identity, suggesting a group of extremely closely related proteins. However, mouse LF
is the most different from other proteins with its sequence identity in the 63-67% range
(violet square). Next most divergent proteins are human and equine LFs with their
sequence identity in the 69-72% range of (blue square). Finally, pig and camel LFs have
the averaged sequence identities of 71.78% and 74.25%, respectively (see Table 1). All
together these findings suggest that LFs represent a highly conserved family of

proteins.”
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Table 1: Pair-wise sequence identities of the lactoferrin from different species compared by the
“Align” tool of the UniProt database (http://www.uniprot.org/align/)

Human | Camel Comy Buffalo | Choat Sheep Pig Huirse
PO278E [ QOTUMD | P24627 | 077698 | 029477 | OSMIES | PI14632 | 077811
n‘;':jfl MA2 | 6652 | 6384 | 6398 | 6342 | 6356 | 6427 | sl
:fﬂ”j'_":; TIEO | 6944 | 6BT2 | TESE | 7070 | 42 | T4
Camel
.52 7603 | 7557 | 7e2T | 7S | vsm
QTUMD
Cow
v ) : 7.
pragas | 384 | 6944 9633 | w223 | 9153 331 | 7133
Bulfale 1
or7eos | BSOS | 6992 | 7604 M4 | Tile | Ti33
Croat
-
areETY 6342 | 056 | TEET | LD T | T
Shecp & 00 | 7827 | w153 | srze 7189
oy 56 ; i ; : ]
Pig
Pragy | 437 | 042 [ 74ss | 7331 | 7306 | T3
:1‘3?;“ 6dat | 7324 | s | ;| nas | e

LF is the essential iron-binding protein in milk. Crystal structures are available for the

7 .
53,56 Ccow, 5 buffalo, 58 horse, % and camel. ° As shown in

Lfs of five species, 53 human,
Figure 1, LF is a single polypeptide chain, of about 80 kDa, folded into two globular
lobes, referred to N- and C-terminal lobes, 6162 Jinked by a short a-helix, which gives
LF additional flexibility. ®*® Each lobe consist of about 345 residues and contains two
domains, referred to as N1, N2 and C1, C2. The disposition of the two domains in each
lobe forms an interdomain pocket (cleft) in which the iron-binding site is located. 65.66
The iron-binding is accompanied by synergistic binding of carbonate anions.
Furthermore it can bind the Cu®" Zn>*, and Mn*" ions ¢ % but it can also bind
negatively charged molecules, such as DNA, 69heparin, other glycosaminoglycan and
lipopolysaccharides (LPSs). " This variable reactivity corresponds to the several

suggested functions of this protein.
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C1 domain

Figure 1: Schematic diagram of the bovine lactoferrin molecule (PDB code; 1BLF). The N1 and N2
domains are colored in yellow and pink, respectively, white the C1 and C2 domains are
colored in green and blue, respectively. The interconnecting helix betwwen the lobes is
colored in orange. The two iron atoms are shown as red spere.

Lactoferrin’s functions

Lactoferrin (LF) shows an array of biological properties, such as antibacterial, '’

.. .. 72 7
antiviral activity, '*° 3

antioxidant, a modulator of the immune and inflammatory
responses, Ty growth regulator, 7 transcription factor, '’ regulator of the
mitochondrial death signaling pathway, '® and an iron-absorbing agent.

Antimicrobial activity is mainly attributable to the ability of this protein to sequester
with high affinity iron from pathogens, which are using this essential metal, and to
retain the bound iron under acidic conditions. However, it was shown that some of the

antimicrobial characteristics of LF are independent of its iron-binding mechanism 80.81.

82 and are attributed to direct interference of LF with the bacterial cell surface. > %%

LF exerts distinctive antimicrobial activities against a broad range of Gram-positive

86,87, 88 89

bacteria, Gram-negative bacteria, fungi, yeasts, viruses and parasites.
Curiously, LF does not only have profound antimicrobial activity against pathogenic
microbes, but was shown to promote the growth of beneficial bacteria, such as those
belonging to the Lactobacillus and Bifidobacteria genera. *° Furthermore, in vitro
hydrolysis of human and bovine LF with pepsin elucidated that the N-terminus of LF,
designated as lactoferricin H and B, which is distinct from the iron binding region, had
stronger antimicrobial activity than the parental LF against various kinds of both Gram-

positive and Gram—negative bacteria, with the exception of Bifidobacteria. °'***
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Most of the antiviral activities attributed to milk can be ascribed to LF alone. ** The
antiviral activity of LF is exerted by interfering with a cellular target, in the case of
hepatitis B virus (HBV), HS-adapted Sindbis virus, Semliki Forest virus,
cytomegalovirus (CMV), herpes simplex virus-1 (HSV-1), and HSV-2. **92-96-97 1
contrast, in the case of adenovirus, feline herpes virus (FHV-1), hepatitis C virus HCV,
and HIV, the antiviral activity of LF is exerted by interfering directly with viral
particles. °* ' Furthermore, bovine and human LFs are potent inhibitors of human

101, 102103 Harmsen et al. '™

immunodeficiency virus (HIV) infection in vitro.
demonstrated that among many proteins evaluated, LF was the only protein to prevent
HIV-1 replication inside MT4 cells. Both Harmsen et al. and Puddu et al. '® showed
that the mechanism of LF action against HIV involves the interruption by LF of the
adsorption of the virus to its target cells in an early phase of infection. LF can bind to
the GPGRAF domain of the gpl20 glycoprotein of HIV '°. It is possible that the
binding of LF to gp120 is responsible for its antiviral effects against HIV, because the
binding of gpl120 to the CD4 or chemokine receptors on the target cells plays an
important role in the adsorption and entry of HIV into those cells. '*"'%!% LF has also
antiviral activity in vitro against rotavirus,' ' poliovirus111 and Mayaro virus (MAYYV)
112.

Lactoferrin has a unique immunomodulatory action on adaptive cellular functions, on
both T and B lymphocytes and other immune cells, by promoting the maturation of
Tcell precursors into competent helper cells and the differentiation of immature B-cells

into efficient antigenpresenting cells (APCs). 13, 14115

Lactoferrin peptides’s functions

Bioactivities of milk are manly derived from intact proteins and peptides. However, a
variety of bioactivities is exerted only after the digestion of proteins in the
gastrointestinal tract. Protein digestion is initiated in the stomach by pepsin under acidic
pH conditions. Then, the digesta are further hydrolyzed by pancreatic enzymes such as
pepsin, trypsin and chymotrypsin and membrane peptidases resulting in peptides of
various lengths. The size of bioactive sequences generally varies from 2 to around 20
amino acid residues, and some of the peptides are known to have multiple functions. e

Bioactive peptides exert their bioactivities directly in the gastrointestinal lumen or at

13



peripheral organs after being absorbed at the intestinal mucosa. The mechanisms of

intestinal absorption are mainly classified into 3 categories:

v’ The carrier-mediated pathway: the peptides transported into intestinal epithelial
cell are generally hydrolyzed into amino acids by cytoplasmic peptidases, but
certain peptides may resist digestion. Thus, some bioactive di- and tripeptides
may be absorbed via this carrier-mediated pathway and exert their bioactivities
at target organs; '

v’ Transcytosi: some oligopeptides, especially basic and/or hydrophobic
polypeptides, may interact with the epithelial cell membrane surface and be
transported by an intracellular vesicle present in intestinal epithelial cells. ''®

v Paracellular diffusion: larger oligopeptides as well as di- and tripeptides can
pass through the pores between the intestinal epithelial cells by passive

diffusion, ''?- 120 12

This paracellular pathway is non-digestive and is
considered to play an important role in the absorption of bioactive peptides in

intact forms.

The most of the LF activities are exerted before the gastrointestinal release of bioactive
peptides. However, recent studies report as four bovine lactoferrin bioactive peptides,
corresponding to peptides of sequences LIWKL, RPYL, LNNSRAP ' and
LRPVAA '# exerted in vitro inhibitory effects on angiotensin I-converting enzyme
(ACE) activity. Angiotensin I-converting enzyme (ACE) is one of the major regulators
of blood pressure through two different reactions in the renin-angiotensin-aldosterone
system (RAAS). Inhibition of ACE results in a lowering of blood pressure, since ACE
acts as a catalyst in the conversion of the inactive angiotensin I into the powerful
vasoconstrictor angiotensin II. Another peptidic system, the endothelin (ET) system,
also has an increasingly recognized role in blood pressure regulation. In the ET system,
the endothelin-converting enzyme (ECE) cleaves the biologically inactive intermediate
termed big ET-1 to form ET-1 which has powerful vasoconstrictor and pressure
properties. Two bovine lactoferrin bioactive peptides, corresponding to peptides of
sequences GILRPY and REPYFGY, both exerted in vitro inhibitory effects on ECE

activity. '**
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Lactoferrin as a glycoprotein

Lactoferrin (LF) is a glycosylated globular protein. Glycosylation renders the
glycoprotein resistant to digestion and is critical for its biological functions, including

125, 126

pathogen decoy, prebiotic activities and nonspecific innate immune defense

against invading pathogens in the gut by inhibition of the pathogen adhesion and

127, 128

infection , respectively. The glycosilation profile of lactoferrin in human, bovine

and goat has been described. '2% 13- 131132133

3% The human

The presence of glycans on human milk LF (hmLF) is long known.
lactoferrin (hLF, P02788) sequence contains three potential N-glycosilation sites,
located at Asn 156, Asn 497 and Asn 624. All these three sites were found glycosilated
135 even if the third site (Asn 624) is mostly unglycosylated '** '*. For hLF 17 and 19
different compositions were identified in two different investigations. ' ** Because
some of these compositions were identical, a gross total of 26 different compositions
were found (Table 2). Most of the observed glycans are biantennary and triantennary
complex-type structures highly fucosylated, including two neutral non-fucosylated
hybrid/complex glycans, ten neutral fucosylated hybrid/complex glycans, one sialylated
glycans and thirteen sialylated fucosylated glycans were found. Distribution of the N-
glycans in the glycosilation sites was not determined because no glycopeptides were
investigated.

In bovine lactoferrin (bLF, P24627), five of the five potential glycosilation sites at Asn
252, Asn 300, Asn 387, Asn 495 and Asn 564 were found N-glycosilated with 31
diffent compositions (Table 2) diffently distributed in the glycosilation sites (Figure
2).131

|
|
|
|
F458 1
|
|
|
|
MKLF..YELLCL **/NNSR...QEKFGK ““NKSR...QQSGQ " NVT...LIV " NQTG...
FVK “*NDTV..AFLTR -

......

Figure 2: N-Glycans associated with each glycosite site for the bLF glycoprotein.
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The bLF glycopeptides compositions found indicate that most of the glycans are high-
mannose type N-glycans; however, fucosylated complex type are also observed. More
detailed analysis shows that Asn 252, Asn 387 and Asn 495 are the most glycosylated
sites on bLF as they yield the higher number of glycopeptides. Conversely, Asn 564
and Asn 300 were less glycosylated with significantly fewer glycopeptide products. The
glycosilation compositions found include six high mannose glycans, eleven neutral non-
fucosylated hybrid/complex glycans, twelve neutral fucosylated hybrid/complex
glycans, two sialylated glycans and five sialylated fucosylated glycans.

32 different N-glycan compositions were found from the goat lactoferrin '** (Table 2).
To the best of our knowledge, there are no published reports about the actual occupancy
of goat lactoferrin’s glycosylation sites. Prediction studies reveal the presence of five
potential sites (Asn 233, Asn 281, Asn 368, Asn 476 and Asn 545) just like in bovine
lactoferrin. All togheter the N-glycan compositions found in goat lactoferrin reveal that
most of the glycans identified are high-mannose, hybrid and complex type like the
identified N-glycans of bovine milk lactoferrin. Actualy, five high mannose glycans,
nine neutral non-fucosylated hybrid/complex glycans, six neutral fucosylated
hybrid/complex glycans and twelve sialylated glycans, eight out of which with N-
glycolyl neuramin acid (NeuGc), were found. The N-glycolyl neuramin acid (NeuGc),
which is generally not found in humans, was found only in goat lactoferrin. It was not
confirmed in bovine lactoferrin although in a recent study of Nwosu et al. (2012) 138
NeuGc was found as a costituent of the N-glycome in bovine milk (Table 2). Although
N-acetylneuraminic acid (NeuAc) sialylation was observed in human and bovine milk
samples, the NeuGc residue was only observed in bovine milk. To the best of our
knowledge, this Nwous’s study is the first MS based confirmation of NeuGc in milk
protein bound glycans, as well as the first comprehensive N-glycan profile of bovine
milk proteins.

Table 2: N-Glycan compositions of human, bovine and goat the lactoferrin. The last two columns
are about the N-Glycome in human and bovine milk.

N-Glycan I\{{-Gl'i;can Human | Bovine | Goat ﬁ%luy;;rr‘l E(B}Lyvclig
composition ((?2112 Ol)le LF' LF LF’ Milk* Milk?
High Mannose
HexNAc,Hex, 1054.37
HexNAc,Hexs 1216.42 * * * *
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HexNAc,Hexg 1378.48 * * *
HexNAc,Hex, 1540.53 * * *
HexNAc,Hexg 1702.58 * * *
HexNAc,Hexy 1864.63 * * *

Neutral Complex/Hybrid
HexNAc,Hex, 1054.37 *
HexNAc;Hexs 1095.40 *
HexNAc;Hex, 1257.45 *
HexNAc;Hexs 1419.50 * * * *
HexNAc;Hexg 1581.56 * * *
HexNA c;Hex; 1743.61 * *
HexNAc4Hexs 1298.48 * * *
HexNAcsHex, 1460.53 * * * *
HexNAcsHexs 1622.58 #* * * *
HexNAc4Hexg 1784.63 * * *
HexNAcsHexs 1501.56 *
HexNAcsHex, 1663.61 * * *
HexNAcsHexg 1987.71 *
HexNAcsHexs 1704.63 * *
HexNA c;Hexg 271798 *

Neutral Complex/Hybrid

Fucosylated

HexNAc,Hex;Fuc, 1038.38
HexNAc,Hex,Fuc, 1200.43
HexNA c;Hex;Fuc, 1241.45 * *
HexNAc;Hex, Fuc; 1403.51 * *
IHexNAc;Hex, Fuc, 1549.57 *
HexNA c;HexsFuc, 1565.56 * *
HexNAc;HexsFuc, 1711.62
HexNA c;HexgFuc, 1873.67 *
HexNA c ;Hex;Fuc, 1444.53 * * *
HexNA c ;Hex;Fuc, 1590.59 *
HexNAc,Hex,Fuc; 1606.58 * * * * *
HexNAc4Hex Fuc, 1752.64 *
HexNAc,HexsFuc; 1768.64 #* * * * *
HexNAc;HexsFuc, 1914.70 #* * *
HexNAc,HexsFuc; 2060.76 #* * *
HexNA c;Hex¢Fuc, 1930.69 * * *
HexNAc4HexcFuc, 2076.75 * *
HexNAcsHexgFuc; 2222.81 * *
HexNA csHexsFuc, 1647.61
HexNAcsHex;Fuc, 1793.67
HexNAcsHex Fuc, 1809.67 *
HexNAcsHexsFuc, 1971.72
HexNAcsHexFuc, 2133.77 *
HexNAcsHexFuc, 2279.83 **
HexNAcsHexFuc, 2571.95 *
HexNAccHex;Fuc, 1850.69 *
HexNAccHex;Fuc, 1996.75 *
HexNAcsHex;Fucs 2142.81 *
HexNAccHex Fuc, 2012.75
HexNAcsHex,Fuc, 2158.80
HexNAccHexFuc, 248291
HexNAc¢Hex;Fuc, 2498.90 *
HexNAccHex;Fuc; 2791.02 *
HexNAc;Hex;Fuc, 2199.83
HexNAc;Hex;Fucs 2345.89
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Sialylated Complex/Hybrid

HexNAcz;HexsNeuAc, 1710.63 *
HexNA c;HexsNeuGcey 1726.59
HexNAcz;HexsNeuAc, 1872.65 *
HexNA c;HexsNeuGce, 1888.65
IHexNAc;Hex;NeuGce 2050.70
IHexNAc ;Hex;NeuAc, 1589.57 *
HexNAcsHex ;NeuAc, 1751.62 *
IHexNAc;Hex,NeuGce, 1767.62
HexNA c;HexsNeuAc, 1913.68 w *
HexNAcsHexsNeuAc, 2204.77 *
IHexNA c;HexsNeuGe, 1929.67 * *
HexNAc ;HexsNeuGce, 2236.76 *
HexNA csHexsNeuAc;NeuGe, 2220.77 *
HexNAc;HexgNeuAc;NeuGe, 2382.82 *
HexNAcsHex;NeuAc, 1792.65
HexNAcsHex ;NeuAc, 1954.70 *
IHexNAcsHex,NeuGce, 1970.70 *
HexNAcsHexsNeuAc, 2116.76 *
HexNA csHex;NeuAc, 1995.73 *

Sialylated Fucosylated

Complex/Hybrid

HexNA c;Hex Fuc;NeuAc,; 1694.60
HexNA c;HexsFuc;NeuAc,; 2018.71
HexNA c;HexgFuc;NeuAc,; 1856.66 *
HexNA c;HexgFuc;NeuGc, 2034.70 *
HexNAcsHex Fuc;NeuAc,; 1897.68 * *
HexNAc;HexsFuc;NeuAc, 2059.74 #* * B
HexNA c4HexsFuc;NeuGe, 2075.73 * *
HexNA c4HexsFuc;NeuGe, 2382.82 *
HexNA c;HexsFuc,NeuAc, 2205.79 w
HexNAc;HexsFucsNeuAc, 2351.85 *
HexNA c;HexsFuc;NeuAc, 2350.83 w
HexNA csHex Fuc;NeuAc,; 2100.76 *
HexNA csHex Fuc;NeuGc, 2116.76 *
HexNA csHexgFuc;NeuAc,; 242487 *
HexNA csHexgFuc,NeuAc, 2570.93 w
HexNA csHexgFuc;NeuAc,; 2716.98 *
HexNA csHexgFuc,;NeuAc,; 2863.04 *
HexNA cgHexFuc;NeuAc, 2303.84 *
HexNA csHex;Fuc;NeuAc,; 2790.00 *
HexNA cHex;Fuc,NeuAc, 2936.06 *
HexNA cHex;Fuc;NeuAc, 3082.12 *
HexNA cHex;FucyNeuAc, 3228.17 *
HexNAc;Hex;Fuc;NeuGe, 2667.95 *

I*T. Yuetal 2011);'* +M. Barboza et al (2012)";

2*C. C. Nwosu et al (2010);"!
3*A. Le Parc et al (2014);'%
4*C. C. Nwous et al (2012).'®
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From the comparison among human, bovine and goat lactoferrin N-glycans (Table 3),
high mannose N-glycans were confirmed only for bovine and goat lactoferrin.
Moveover, human milk lactoferrin contains only 7,70% of neutral N-glycans. This
value is lower than in bovine milk lactoferrin and goat milk lactoferrin (35,48% and
28,12% of all N-glycans respectively). The majority of the N-glycans in human
lactoferrin ~ shows  sialylated fucosylated complex/hybrid and fucosylated
complex/hybrid structures. Moreover, the total percentage of fucosylation in human
milk lactoferrin (88,50%) is higher than in bovine milk lactoferrin and goat milk
lactoferrin (38,72% and 34,38%) . Also the total percentage of sialylation in human
milk lactoferrin (53,80%) is higher than in bovine milk lactoferrin and goat milk
lactoferrin (6,45% and 37,50%). Furthermore, from the total percentage of sialylation in
goat milk lactoferrin (37,50%), 25% is from sialylated complex/hybrid and sialylated
fucosylated complex/hybrid with N-glycolyl neuramin acid (NeuGc), that, at the
moment, was only found in goat lactoferrin while only 12.50% present N-
acetylneuraminic acid (Neu5Ac) sialylation. Finally, the number of only sialylated N-
glycans of human milk lactoferrin (3,80%) was slightly lower than that on bovine milk
lactoferrin (6,45%) and goat lactoferrin (6.25% with N-acetylneuraminic acid NeuAc

and 15.63% with N-glycolyl neuramin acid (NeuGc) sialylation).

Table 3 : Comparison among human, bovine and goat lactoferrin N-glycans type.

Human Bovine Goat
LF LF LF
N-Glycan N-Glycan Percentage N-Glycan Percentage N-Glycan Percentage
Composition found % found % found %
High Mannose 0 0 6 19,35 5 15,63
Neutral
Complex/Hybrid 2 7,7% 11 35,48 9 28,12
Neutral
Fucosylated 10 38,5% 12 38,72 6 18,75
Complex/Hybrid
Sialylated 1 3.8% 2 6,45 7 21,88
Complex/Hybrid o7 2 [0 [64a5] 0 [ 2] 5 [625]1563
Sialylated 0 0 5 15,63
Fucosylated 13 50% " « " «
Complex/Hybrid 0 0 0 0 2 3 6,25 | 9,38

*Glycans containing N-glycolyl neuramin acid (NeuGc)
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GLYCOSYLATION

Glycosylation is increasingly recognized as a common and biologically significant post-
translational modification (PTM) of proteins. It is estimated that > 50 % of mammalian
proteins are glycosylated. ** Therefore, glycosylation can be considered the most
abundant PTM of proteins.

Protein glycosylation is involved in many biological processes, such as immune
function, cellular division/migration/adhesion, host—pathogen interactions and enzyme
catalysis. 140. 141 Glycosylation is also recognized as an important element of disease
pathophysiology (e.g., cancer, autoimmune, diabetes, Alzheimer’s, hematologic
disorders, and allergies) and numerous investigators and organizations like the Human

142

Disease Glycomics/Proteome Initiative (HGPI) " seek to translate global glycosylation

profiles into diagnostic biomarkers.

Monosaccharides are the basic structural units of glycans

A glycoprotein is a glycoconjugate in which a protein carry an array of monosaccharide
or oligosaccharide units (the glycone), which are generically referred to as “glycans”,
covalently linked to a polypeptide backbone (the aglycone).

An oligosaccharide that is not attached to an aglycone possesses the reducing power of
the aldehyde or ketone group in its terminal monosaccharide unit. This end of a sugar
chain is therefore often called the reducing terminus or reducing end, terms that tend to
be used even when the sugar chain is attached to an aglycone and has thus lost its
reducing power. Correspondingly, the outer end of the chain tends to be called the
nonreducing end.

Although several hundred distinct monosaccharides are known to occur in nature, only a
small number of these are commonly found in animal glycans. They are listed below,

along with their standard abbreviations

v' Pentoses: five-carbon neutral sugars, i.e. D-xylose (Xyl);

v Hexoses: six-carbon neutral sugars, i.e. D-glucose (Glc), D-galactose (Gal), and
D-mannose (Man);

v Hexosamines: hexoses with an amino group at the 2-position, which can be
either free or, more commonly, N-acetylated, i.e. N-acetyl-D-glucosamine
(GlcNAc) and N-acetyl-D-galactosamine (GalNAc);
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v Deoxyhexoses: six-carbon neutral sugars without the hydroxyl group at the 6-
position, i.e. L-fucose (Fuc);

v Uronic acids: hexoses with a negatively charged carboxylate at the 6-position,
1.e. D-glucuronic acid (GlcA) and L-iduronic acid (IdoA);

v' Sialic acids: family of nine-carbon acidic sugars (generic abbreviation Sia), of
which the most common is N-acetylneuraminic acid (NeuSAc, also sometimes
called NeuAc or historically, NANA).

This limited set of monosaccharides dominates the glycobiology of more recently
evolved (so-called “higher”) animals, but several others have been found in “lower”
animals (i.e. tyvelose), bacteria (i.e. keto-deoxyoctulosonic acid, rhamnose, L-
arabinose, and muramic acid), and plants (i.e. arabinose, apiose, and galacturonic acid).
A variety of modifications of glycans enhances their diversity in nature and often serve
to mediate specific biological functions. Thus, the hydroxyl groups of different
monosaccharides can be subject to phosphorylation, sulfation, methylation, O-
acetylation, or fatty acylation. Although amino groups are commonly N-acetylated, they
can be N-sulfated or remain unsubstituted. Carboxyl groups are occasionally subjected
to lactonization to nearby hydroxyl groups or even lactamization to nearby amino
groups.

In Table 4 it is shown a monosaccharide symbol set, modified from the first edition
of Essentials of Glycobiology, '** which has also been adopted by several other groups
interested in presenting databases of structures (i.e. the Consortium for Functional
Glycomics), names and monoisotopic mass for common monosaccharides. Each
monosaccharide class (i.e. hexose) has the same shape, and isomers are differentiated by
color. The same shading/color is used for different monosaccharides of the same
stereochemical designation (i.e. Gal, GalNAc, and GalA). To minimize variations, sialic
acids and uronic acids are in the same shape, and only the major uronic and sialic acid
types are represented. When the type of sialic acid is uncertain, the abbreviation Sia can
be used instead. Only common monosaccharides in vertebrate systems are assigned
specific symbols. All other monosaccharides are represented by an open hexagon or
defined in the figure legend. Unless otherwise indicated, all of these vertebrate
monosaccharides are assumed to be in the D-configuration (except for fucose and
iduronic acid, which are in the L-configuration). All glycosidically linked

monosaccharides are assumed to be in the pyranose form, and all glycosidic linkages
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are assumed to originate from the 1-position (except for the sialic acids, which are

linked from the 2-position).

Table 4: Symbols, names and monoisotopic mass for common monosaccharides, found in
eukaryotic system.The monosaccharide symbol set from Essentials of Glycobiology

O Galactose (Gal) 162.05Da 7% Xylose (Xyl) 132.04 Da
D N-acetvlgalactosamine (GalNAC)  203.08Da . N-acetylneuraminic acid (NeusAc) 29110 Da
E Galactosamine (LalN) 161.07 Da <> N-Glycelylneuraminic acid (Neuste)  307.1D0a

. Glucose (Gle) 162.05Da % 2-Keto-3-deoxynononic acid (Kdn) 250.07 Da
. N-Acetylglucosamine (CleNAC) 203.08Da A Fucose (Fuc) 146.06 Da
u Glucosamine (GICN) 161.0/Da Q Glucoronic acid (GleA) 176.03D4
. Mannose(Man) 162.05Da @ Iduronic acid (1doA) 176.03Da
. N-acetylmannosamine (ManNAc)  203.08 Da q> Galacturonic acid (GalA) 176.03 03
E Mannosamine (ManN) 161.07Da Q Mannuronic acid (ManA) 176.03Da

Most of eukaryotic glycoprotein are produced in the secretory pathway (in the
endoplasmic reticulum (ER) and the Golgi apparatus), whose enzymes are responsible
for the biosynthesis of multiple classes of glycoproteins. Golgi- and ER-resident
glycosyltransferases transfer sugars from nucleotide sugar donors to glycoprotein
substrates as they traffic through the secretory pathway. Glycosyltransferases are
membrane proteins localized at specific subsites within the secretory pathway. The
localization of these enzymes dictates the order in which glycosylation events occur. In
this way, the secretory pathway serves as an assembly line for glycoprotein
biosynthesis. Unlike the production of nucleic acid and peptide polymers, glycan
biosynthesis is not template directed. The nontemplated nature of glycan biosynthesis
results in a key characteristic of glycosylation: heterogeneity. Heterogeneity occurs both
at the level of the occupancy of potential glycosylation sites as well as at the diversity of
structures present at each site. The term “glycoforms” refers to different isoforms of a

protein that vary with respect to the number or structure of attached glycans.

N-glycosilations

There are two major classes of protein glycosylations: N-linked and O-linked.
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N-linked glycans are carbohydrate structures attached to the nitrogen atom of
asparagine. These structures are usually found when the asparagine residue occurs in the
trypeptidic consensus sequence N-X-S/T, where X can be any amino acid but proline.'*’
The synthesis of these glycan structures take place in the Endoplasmic Reticulum (ER)
where an oligosaccharide precursor is assembled, consisting of two residues of N-
Acetylglucosamine (GIcNAc), nine mannose (Man) residues and three glucose (Glc)
residues linked to dolichol phosphate lipid.'** Saccharide residues are then removed and
added in order to achieve a specific, mature glycan structure.

Mature N-linked glycans, which maintain in common only the core structure ( Manal-6
(Manal-3) Manf1-4 GIcNAcB1-4 GlcNAcB1-Asn), can be further divided into three

subclasses (Figure 3):

v Complex tructures
v" High mannose structures

v' Hybrid structures

The complex structures contain one o more elongations from the core structure referred
as antennae originating from the o-linked mannoses. These antennae are usually
composed of N-Acetylglucosamine and galactose, and may be terminated with sialic
acids (commonly N-Acetylneuraminic acid in mammals). The high mannose type is,
instead, composed by the common core structure and a varying number of mannose
residues. In mammals, structures containing 5-9 mannose residues are the most
common, while other organisms as yeast have shown much larger structures. The hybrid
structures have properties of both complex and high mannose types, containing both the
complex antennae branching out from the core-linked Manal-3 and oligomannoses,
branching out from Manal-6. Hybrid structures may also be terminated with sialic
acids.

The core structure might undergo modifications, such as the addition of a fucose to the
innermost NAcetylglucosamine. Such core modifications are usually seen in complex or
hybrid structures. Moreover, several deviations from the common structures have been

observed in many organisms.
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High/aligomannose Complex Hybrid

Figure 3: The three types of N-glycans. The common core structures (Manal-6(Manal-3)Manf1-
4GlcNACcp1-4GlcNAcp1-Asn) are framed in the dashed rectangle. See table 1 for symbols
representing the different monosaccharide components.
From left to right is represented: high/oligomannose; complex and hybrid.
A unit of fucose, represented by the red triangle, is added to some Nglycans.

Furthermore depending on the number of antennae, the structure may be called
monoantennary, biantennary, triantennary etc. The biantennary structures are referred to
G structures, since they were first identified on Immuglobulin G. Depending on the
number of galactoses in the antennae, the structures are called either GO, G1 or G2.
When naming the high mannose structures, the glycan is referred to Mannose proceeded
by the number of mannose residues in the structure, including the core. The hybrid
structures are referred to as the highest number of mannose residues in a high mannose
structure proceeded by the additional monosaccharides.

A residue may be observed in a glycosylated and non-glycosylated form, this is referred
to as macroheterogeneity, or degree of site occupancy. A variety of different glycoforms
may be found to occupy the same glycosylation site of a given protein, which is referred
to as microheterogeneity. In certain diseases, the macro- and microheterogeneity are
affected, producing either over-/underglycosylation, or variances in the observed
glycoforms. Changes in glycosylations have been associated with a certain number of

145, 146, 147, 148
and

diseases, such as breast cancer, ovarian cancer, prostate cancer
rheumatoid arthritis. '* These changes may be used as biomarkers when screening for

these diseases.

O-glycosylations

The other major form of protein glycosylation, O-linked glycosylations, are attached to
hydroxyl group of serine and threonine residues, but also rarely to tyrosine. Instead of
one common core structure, eight different cores have been identified for the O-linked
glycans, all containing a GalNAc residue as the innermost monosaccaride. '*° Since the

work featured in this report is mainly focused on the N-linked glycans, the O-glycans
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will not be discussed in greater detail. However, it will be mentioned that O-linked
glycosylation cores are composed of two-three monosaccharides. The O-linked glycans

are often found in great numbers adjacent to one another.

ANALYSIS OF GLYCOPROTEINS BY MASS SPECTROMETRY

The most commonly employed technique for the analysis of protein glycosylation is
high-performance liquid chromatography (HPLC) coupled to mass spectrometry (MS).
Although recent advances in mass spectrometry have made large-scale identification of
proteins feasible, it is still very challenging to analyze protein glycosylation. This is due
to the fact that glycopeptides often constitute a minor portion of the total peptide
mixture, that signal intensity of glycopeptides is often low compared to nonglycosylated
peptides and that the signal is often suppressed in the presence of other peptides. ! *'>*

For this reason, glycopeptide enrichment and separation is of main importance when

performing glycoproteomic studies.

Sample Enrichment

LC-MS approaches to study protein glycosylation can be categorized as glycoprotein-
or glycopeptide-based analysis. The former begins with enrichment of glycoproteins
followed by protein digestion and LC-MS analysis, while in the latter, glycoproteins are
initially digested and the resulting mixture is enriched at the glycopeptide level.
Moreover, glycosylation-specific preparative strategies are less defined because of high
chemical heterogeneity of glycans derived from diverse monosaccharide building
blocks, anomeric configurations, branching, and elaboration by other chemical moieties
(i.e. acetylation and sulfation). When sample amounts are non-limiting, combining
different techniques in multidimensional formats provide the greatest overall

experimental dynamic range.

Hvydrophilic Interaction Liquid Chromatography (HILIC)

In 1990, Alpert 153 introduced the term HILIC for the normal-phase chromatographic
mode with a polar stationary phase and a less polar mobile phase. However, in contrast

to classical normal-phase chromatography, the mobile phase in HILIC comprises a
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mixture of a water-miscible organic solvent (usually acetonitrile) with a certain amount
of water (45% or less). The popularity of HILIC is related to the opportunity to separate
polar compounds, compatibility of mobile phases based on acetonitrile, and a volatile
pH adjusting reagents, with mass spectrometric detectors and its orthogonality to RP
HPLC. ** !5 The mechanism of HILIC with respect to different stationary phases,

156, 157,158,159 161,162

efficiency, 10" retention and selectivity is still under thorough

1

investigation. '®® However, the diverse nature of available HILIC stationary phases

makes the practical application of a particular stationary phase to a given compound

classes difficult '**

and optimal separation conditions are usually selected based on trial
and error.

HILIC provides a versatile tool for enrichment of glycopeptides before mass
spectrometric analysis, particularly when used for solid phase extraction (SPE), or in
combination with other chromatographic resins or ion-pairing reagents.

In this project HILIC was used as a solid phase extraction method of enrichment for
glycopeptides in order to reduce the complexity of the protein digestes. Poly (2-
hydroxyethyl) aspartarmide, commercially known as PolyHydroxyEthyl A (PolyLC),

was used as stationary phase (Figure 4).

OH
OH

§ Hh‘g
HN
=0 <o
1 | NH
NH NH 3
d n

Poly(2-hydroxyethyl)aspartamide

= PolyHydroxyethyl A

Figure 4: PolyHydroxyEthyl A (PolyLC)

Titanium dioxide (TiO»)

Titanium dioxide (TiO,) was originally proposed for phosphopeptide enrichment from
proteolytic digests 165 can also be used for glycopeptide enrichment.
TiO,-chromatography is highly selectivity for sialylated glycoproteins, as reported by

Larsen et al.. '® The binding-mechanism of TiO, is not precisely understood, but is
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theorized to involve interaction between oxygen-containing groups such as the carboxyl

groups of SAs and TiO, as shown in Figure 5.

Glycan structure

Peptide

Figure 5:Possible binding mechanisms for sialylated glycopeptides to TiO2 through multi dentate
bindings between the O-atoms and Ti-atoms.

TiO; is highly selective for both phosphorylated peptides and sialylated glycopeptides,
and if one wished to enrich solely for glycopeptides, especially if the sample has a high
content of phosphoproteins, it is imperative to dephosphorylate the sample prior to
enrichment. TiO, has successfully been used to enrich for sialylated glycopeptides from
different biological samples of different levels of complexity. '¢7 - 1%%-169-170 Dyifferent
modes of TiO,-chromatography, including the use of an online coated column '’ to
separate alnallytes,172 or by coated magnetic beads, 173 are used. Throughout the present

work, the coated magnetic beads are used.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

The high-performance liquid chromatography, more simply known by the acronym
HPLC, allows to perform separations of complex mixtures, and to determine the
quantitative composition. The principle of separation of the different components
present in a mixture is based on the formation of a pseudo-equilibrium between each
component of the sample to be analyzed, the stationary phase, consisting of porous
regular microparticles, and the liquid mobile phase flowing between the particles of the
stationary phase. The particles of the stationary phase usually have small diameters,
comprised between 3 and 10 wm, which thus confer a high efficiency. The eluent flows
in the column thanks to the pressure that is applied by a pump to the column head. In

this way not only the chromatography is faster, but the process of separation of the
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different components takes place also through a larger number of theoretical plates,
which results in better resolution. The most common and widespread type of liquid
chromatography for the separation of protein and peptide mixtures is the reverse-phase
chromatography (RP-HPLC), which adopts a non-polar stationary phase and a mobile
polar phase. The apolar stationary phase consists of more or less long (C4, C12, C18)
alkyl chains, linked to small spheres of silica. Regarding the mobile phase, in the RP-
HPLC, in general, it is not used a single solvent but a mixture of two or more different
solvents, whose flow rate is regulated by the respective pump. This makes possible to

work in two different chromatographic conditions:

v’ isocratic conditions, where the same mobile phase composition is maintained
from the beginning to the end of the analysis;

v" conditions of gradient elution, in which two o more eluents are mixed in order to
obtain a mobile phase, whose composition and consequently its polarity is

decreasing in time.

Among the solvents used in the RP-HPLC there are water as polar solvent and methanol
or acetonitrile as apolar organic solvents.

When a separation is effected with elution gradient the elution of the components is
carried out starting from a composition of the mobile phase rich in the more polar
solvent and, thereafter, increasing over the time the solvent with non-polar
characteristics. In this way the more polar components of the mixture are eluted first,
and the more apolar ones, which have a greater affinity for the organic eluent, later. The

main components of a HPLC system are (Figure 6):

v" containers for solvents, constituting the mobile phase, with attached a degassing
system,;

v' pumps which generate high pressures to push the mobile phase in the system and
which must give a flow as stable and reproducible as possible to avoid the
background noise. Among the types of pumps, those most commonly employed
are piston pumps, constituted by a small cylindrical chamber which is filled and
empted by the movement of a piston. Such pumps have the ability to generate
high output pressures (> 10000 psi), rapid adaptability to the change of the

gradients in the course of the analysis.
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v" system for the introduction of the sample (sample loop) that allows the injection
in the system of reproducible volumes, even very small (1-10ul), os sample.
This device are equipped with interchangeable loop of variable capacity, usually
from 1uL to 1 mL;

v" column in which the separation of the analytes occurs; the HPLC columns can
have different dimensions and characteristics depending on the type of analyses
to be performed, on the system used, the type of detector and, not least, the
amount of sample available. Thus, for example, the length of the columns can
vary from 10 to 50 cm and the inside diameter from 4 (analytical column) to 10
mm (semipreparative columns), generally packed with particles of diameter
varying from 5 to 10 um. Lower internal diameters (0.0075-2.1 mm, microbore
and narrowbore) chromatographic columns of 3-50 cm in the length packed with
particles of diameter from 3 to 5 um, are generally used in the case of small
quantities of sample available. In the Ultra High Perfomance Liquid
Chromatography (UPLC) the columns are packed with particles of diameter of
1.8-2.0 um. In these types of column the efficiency of the separation increases
together with the high pressure that is required for a reasonable flow rate of the
mobile phase;

v’ detector: the components of a mixture once separated are sent to the detection
system, which generates a signal when the analyte is eluted. Universal and
highly sensitive detectors for the HPLC do not exist and therefore the detection
system used depends on the needs dictated by the nature of the sample. The
detectors most widely used for liquid chromatography are based on the measure
of the absorption of ultraviolet or visible light. For example the detection of
proteins is generally carried out at 220-224 nm. On the other hand a particularly
sensitive and versatile detector is represented by a mass spectrometer with

electrospray ionization, which today is widely used in proteomic studies.
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Figure 6: Main components of a system HPLC.

MASS SPECTROMETRY

Mass spectrometry is an analytical technique based on the ionization of a molecule and
the subsequent separation on the basis of their different mass/charge ratio (m / z) and
detection of the ions produced. At the end the technique allows to obtain the mass
spectrum, a graph representing the relative abundance of the ions according to their m/z
ratio.

A mass spectrometer is basically constituted by four main elements (Figure 7):

v’ the source, in which the ionization of the sample occurs;

v’ the analyzer, where there is a separation of the ions produced in the source
according to their m/z ratio;

v" the detector, where the separated ions are detected;.

v' the vacuum system, whose task is to keep the various parts of the instrument
under vacuum, the presence of which (the pressure is around 10°-10™Torr) is
needed primarily to avoid the collision of the gas phase ions with the

atmospheric gases.
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Figure 7: Block diagram of a mass spectrometer.

The ability to perform analysis to exceptionally high levels of sensitivity combined with
a low error in the mass measurement has made mass spectrometry particularly suited for

the study of protein structure.

Ion sources

From a historical point of view the first sources for ionization of the sample were the
electron impact (EI) and the chemical ionization (CI), which were suitable only for
molecules with low molecular weight and low polarity, which could be transferred
easily in the gas phase. Such sources, in addition to ionize the sample, provoked a more
or less extended fragmentation. Over the years, in order to extend the applicability of
this technique to samples with higher molecular weights and/or higher polarity, new
types of sources (FAB, thermospray etc), have been introduced. However, only in the
late '80, thanks to the introduction of two new methods for desorption ionization, known
as MALDI (Matrix-Assisted Laser Desorption/ Ionization) and ESI (Electrospray
Ionization), mass spectrometry has assumed an important role in the study and
characterization of biomolecules. In particular, the MALDI mass spectrometry is used
for the characterization of relatively simple mixtures of peptides or proteins, while the
Electrospray ionization, which can be coupled with liquid chromatography, can be used

for the study of even very complex protein or peptide mixtures.
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Matrix Assisted Laser Desorption/lonization (MALDI)

The concept of Matrix Assisted Laser Desorption/lonization Mass Spectrometry, or
MALDI-MS was first introduced in 1985 by Hillenkamp and coworkers.'’* Before the
introduction of MALDI, methods such as fast atom bombardment and plasma ionization
were the methods of choice for the analysis of large molecules such as intact proteins.
Tanaka et al. in 1988 '° showed that MALDI-MS proved efficient of analyzing such
molecules such as intact proteins. In MALDI, the analyte is co-crystallized in a matrix,
constituted by a solid organic compound. The matrix/analyte crystal layer, deposited on
a metal plate, is irradiated by a laser pulse, thereby protecting the analyte from
degradation. Upon irradiation, the matrix absorbs energy, which causes both the matrix
molecules and the analytes to disperse into the gas phase. The method of ionization is

176 The choice of the matrix is

not fully understood, however several theories exist.
highly dependent on the nature of the analyte, i.e. some matrices are best suited for
molecules such as peptides, whereas others matrices are best suited for molecules such

as proteins, modified peptides.

Electrospray ionization (ESI)

The electrospray ionization (ESI), is a soft ionization technique, since it does not
produce fragmentation of the sample. This ionization technique has assumed an
important role in the field of mass spectrometry not only for the ability to bring into
phase gas ionized macromolecules of biological origin but also because it is the ideal
interface for the on line coupling with a liquid chromatographic system (RP-HPLC/ESI-
MS). In such cases the components eluted from the chromatographic column are
directly sent to the ESI source and analyzed by mass spectrometer. Electrospray mass
spectrometry (ESI-MS) allows to obtain single- and multiple charged ions which are
thus sent to the analyzer and to the detection system.

The protein solution is introduced into the source through a capillary tube of silica and it
reaches the end of a metal needle. Inside the ionization chamber, between the metallic
tip of the needle and a counter electrode, it is present a strong electric field (3-5 kV) that
disperses the solution emerging from the needle into an aerosol of droplets with a high
charge concentration: the spray. Sometimes, a stream of nitrogen suitably heated,
promotes the desolvation of the droplets of the spray. The generally used solvent is

water mixed with an organic solvent (acetonitrile, methanol, or propanol) and small
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amounts of or an acid (trifluoroacetic acid, acetic acid or formic acid) or a base
(ammonia solution) to facilitate the ionization of the sample and the formation,
respectively, of positive or negative ions.

The mechanism through which the ions are desolvated starting from the charged
droplets of solution has not yet been completely clarified; in this regard several models
have been proposed, including a qualitative model compatible with the mechanisms
proposed by Smith, Fenn and Réllgen.'”” ' In this model, the first step consists in the
formation of micro-droplets whose dimensions are related to their surface tension; the
hot gas stream causes the desolvation of these micro-droplets, tending to bring together
the charged molecules. When the Coulomb repulsion equals the surface tension of the
droplet (Rayleigh limit), this explodes producing smaller droplets (nano-droplets), '’

that are subject to further desolvation (Figure 8).
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Figure 8: ESI source and model of formation of ions.

Only a part of the formed ions, passing through a small orifice, arrives in a pre-chamber
which is located at a pressure of 107'-107 Torr. Subsequently a series of electrostatic
lenses (skimmers) focus the ion beam that reaches the analyzer (lO'6 -107 Torr) where
separation takes place based on the value of the m/z ratio. The formation of multiple

charged ions allows to determine the molecular weight of molecules with high mass
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also working with analyzers that have limited mass range and, therefore, it makes this
ionization method an excellent tool for the analysis of peptides and protein. A typical
ESI spectrum of positive ions consists of a set of peaks, each of which it is generated
from the analyte that has linked a specific number of protons. The mass spectrometer

measures mass/charge ratios (m/z) of each peak of the series obtained by:

M +nH

n

m

where M is the molecular mass of the analyte (eg. a protein), n is the number of
protons, that is, the positive charges, and H is the mass of the proton (1.008 Da).
Consequently, if the value of n for all ions of the series is known, from the mass/charge

ratios measured it is possible to calculate the molecular weight of the sample:
M = n(m-H)
To determine n we consider two consecutive peaks of the series and then we have:

_ M +nH w

m; =
1
n n+

n,

where my is the peak to the lower mass and mj, that to greater mass. By solving this
system of two equations one finds that the n charge of m; is given by:
_m-H
my, —m,
Since, as already said, each peak of a series differs from the next one for a proton, the
"data system" identifies the charge associated with each peak, calculates the molecular
mass from each peak and, finally, the molecular weight of the analyte. The series of
multi-charged protein ions generated in the source is mainly related to the protonation
of basic sites of molecules. In general, in a protein, the number of basic amino acid
residues determines the maximum number of protons that the molecule can take. For
small molecules there is a precise correlation between the number of basic sites present
in the structure and multi-charged ions that are observed in spectrum. As the size
increases, this correlation is not so rigorous, because, depending on the particular
conformations that the molecule can assume, some of the basic sites will be located
inside the protein itself, and accordingly will be protonable with difficulty. This

explains why for protein of high molecular weight, the attack on the basic sites is
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closely related to the conformation that the protein assumes in solution under the
experimental conditions (pH, temperature, presence of denaturing agents).

ESI mass spectrometry constitutes a particularly powerful and versatile detector for the
classic techniques of chromatographic separation such as liquid chromatography
(HPLC). The set of data obtainable using the HPLC/ESI-MS technique consists of a
series of mass spectra that are acquired one after another. The abundance of the various
ions in each spectrum can be added together to obtain the total ion current (TIC), that is,
a chromatogram whose appearance is quite similar to that obtained by a conventional
chromatographic detector. Each chromatographic peak present in TIC represents one or

more eluted compounds, which can be identified by its relative mass spectrum.

Mass analyzers

The ion source can be interfaced with different mass analyzers, the most commonly
used are quadrupole (Q), ion trap (IT), time-of-flight (TOF) and Orbitrap. These mass
analyzers show differences both in principles of operation and performance and can be

used alone or coupled with other analyzers to improve performance (Table 5).

Quadrupole (Q)

A quadrupole mass filter consists of four precisely parallel rods with a hyperbolic or
circular profile, connected in pairs in an angle of 180° thereby able to form a “tube” of
electric fields. The ions fly between the rods and their motions are controlled by direct
current (DC) voltage and radiofrequency (RF) voltage applied on the opposite pairs of
rods. Each opposite pair of rods has same direct current (DC) voltage and superimposed
radio-frequency (RF) potential that generate the electric field. The combination of DC
and RF determines which ions with certain m/z value can pass through the quadrupole
field. Other ions, which do not satisfy the chosen DC and RF values, collapse into the
quadrupole. Changing the DC (U) and RF voltage (V), maintaining constant the 2U/V
ratio, allows the whole MS range to be scanned. Another application of a quadrupole is
ion-focusing, which can be achieved by setting the DC value to 0. In this mode,

quadrupole can be used as collision cells in tandem instruments.
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Quadrupole ion trap(QIT)

A quadrupole ion trap consists of three electrodes, one ring electrode and two electrodes
hyperbolic in shape (end caps). Due to their similarities, an ion trap can be considered
as a three-dimensional variant of a quadrupole mass analyzer. Ions are trapped by DC
and RF voltages applied to the electrodes, and ions with certain m/z values can be
permanently trapped or ejected from the ion trap to the detector. This trap can be used
for multiple step tandem mass spectrometry.

Compared to conventional quadrupole mass analyzer, an ion trap has advantages due to

the possibility of performing MS/MS measurements with a single analyzer.

Linear quadrupole ion trap(LTQO)

The production of quadrupole ion traps requires a high level of quality control due to
the complicated shape of the electrodes. The introduction of a linear ion trap was mainly
aimed at simplifying the production of ion traps. Apart from this, linear ion traps have a
greater ion capacity and faster scan rate. A linear ion trap consists of a quadupole mass
filter and two additional electrodes as end caps. Ions are trapped radially by the same
principle as in a quadrupole, and static electrical potential is applied to the end caps to
trap the ions axially. The frequency of oscillation depends on the m/z value, and certain
RF values bring certain ions into resonance. This excitation can be used for selective ion
ejection, scanning a m/z range or to perform fragmentation by collision with a neutral
gas within the trap. Due to its multipurpose characteristic, linear ion traps are often used
in hybrid tandem mass spectrometers. As mass analyzer, linear ion traps are relatively
fast and sensitive but have low accuracy because the low resolution that can be

achieved.

Time-of-flight (TOF)

Time-of-flight (TOF) analyzer is the mass-analyzer often coupled to MALDI. The TOF
analyzer separates ions after their initial acceleration by an electric field, according to
their velocities when they drift in a field-free region called “a flight tube” between the
source and the detector. Thus, m/z ratios are determined by measuring the time that ions

take to move through the flight tube. The linear TOF analyzer has poor mass resolution,
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because ions of the same m/z ratio but with different kinetic energy reach the detector at
slightly different times. This can be improved by introducing an electrostatic reflector
behind the field-free region opposed to the ion source, which is termed as reflectron.
The reflectron corrects the initial kinetic energy dispersion of the ions leaving the
source with the same m/z ratio. Ions with higher kinetic energy and hence with higher
velocity will penetrate the reflectron more deeply, i.e., will spend more time in the
reflectron, with respect to ions of the same m/z but with lower kinetic energy. Thus, the
slower ions will catch up and reach the detector at the same time as the faster ions of the
same m/z. However, the reflectron increase the mass resolution at the expense of
sensitivity and limited mass range.

Two successive TOF analyzers can be applied, called tandem TOF mass spectrometry
(TOF/TOF MS). In tandem mass spectrometry, the first analyzer selects, isolates a
precursor ion of interest, which is fragmented by collision. The fragment ions produced
are reaccelerated and their mass and intensities determined by the second analyzer. For
this project, a 4800 Plus MALDI TOF/TOF (AB SCIEX, Foster City, CA, USA) mass

spectrometer was used.
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Table 5: Comparison of performance characteristic of commonly used mass spectrometers for proteomics.

resolution

{ppm)

Instrurnart Mass Mass scoumacy  Sensifivity

iz mnge

Seanrate  Dynamic  MSMS
range  capabiity

Main appleal oo

am 1000°
LTQ 2000

TOF 1000020 000

TOF-TOF 10000-20 000

Q-q-TOF 10000-20 000

FTICR 50 000-T750 000

LTO-Orbitap 30 0:00-100 000

100-1000

100-500

100-1000

100-500

10-20% <5°

10-20% <5°

10-20% <5°

<h

Picomole

Famlamols

Allnmaols 1o
femtomole

Famtomolke

Famtomole

Famtomole

Foamtomaoke

50-2000; 200-4000

50-2000; 200-4000

104000

No upper limit

Mo upper limit

Mot s

Faat

Fast

Fast

o fast
Slow

Moderate
to tast

1E3

1E4

1E4

183

4E3

Ms™
Ms™

va*

4

:

ESI; MALDI

ESI: MALD

Protein identification of low comphix
samplas; PTM idantification

High throughput lnmge scale protsn
idantification from complm paptide
mixtires by on-ling LC-MS™

FTM idantification

Quantification in selscive reaction
nuitﬂrlrgmm;m
dataction in precumsos lon and
nautral less scanning modas
Quantification in SAM mods;

FTM dataction in precursor ion

and neutral loss scanning modas
Protein identification from in-gel digestion
of gel separated protein band by
peptide mass fingerprinting

‘Protein identification from in-gel digesfion

of gel separated proten band by paptide
mass fingemrinting or sequence
tagging via CID MSMS

Pmtain identification from complax
paptide mixtums: intact proten analyss:
PTM idarntlication

Top-down proteomics; Hgh mass accuracy
PTM chamclerization

Top-down proteomics. high mass scCuracy
PTM characterization; protein dantification
trom eomplex paplide mdums:
quantification

® With sxtemal calibration,
® With internal calibration.
a2 o 1A

* Fragmentation achlevable by post-source-decay.

# Mass resolition achieved al nomal scan mie; higher resolution achievable al slowar scan rate,




Orbitrap

In 1999 it was introduced to the market the first mass analyzer based on a new physical
principle of ion separation: the separation in an electric field. This analyzer, introduced
by the mathematician Alexander Makarov and called Orbitrap, (Figure 9) is constituted
by an inner electrode (central) and an outer electrode, axially symmetrical, which create
a combined square logarithmic electrostatic potential.

The ions rotate around a center electrode and oscillate with harmonic motion along its

axis (z direction) with a frequency characteristic of their values of m/z (Figure 9).

Figure 9: Ion motion within an Orbitrap analyzer.

As mentioned, within this analyzer, the axial symmetric electrodes create a square

logarithmic U electrostatic potential, which can be calculated through the equation:

D A\ ko2 [T .

Ur.2) = E(z‘f ?) +5(R,) 1an—m] +C
where r and z are the cyclic coordinates, C is a constant, k is the field curvature and Ry,
is the characteristic radius. In this U field, the stable trajectories of the ions are the
combination of a rotational motion around the electrode and of an oscillatory motion
along the axes, which results in a complex spiral. The equations of motion for this mass
analyzer are very complex. From these equations it follows that the mass and the charge

are correlated with the frequency of axial oscillations, expressed in radiant/second:

w =+ (g/m)k
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o is completely independent of the energy and position of the ions, and thus can be used
for analysis of mass (in fact in the expression appears just the ratio g/m). All ions have
then a harmonic oscillatory motion of the same amplitude but of different o frequency.
These frequencies are measured in a non-destructive way by a differential amplifier
which acquires the signals of the current image in the time domain; through the
successive application of Fourier transform the mass spectrum is obtained. For each ion
is produced a wave function; therefore a mixture of ions gives rise to overlapped signals
that can be converted to a mass spectrum thanks to Fourier transform.

The first Orbitrap instrument, LTQ Orbitrap Classic was released in 2005 as a tandem
instrument that also included a linear ion trap for performing collision-induced
dissociation (CAD or CID) fragmentation. Two years later, in 2007, a new instrument,
LTQ Orbitrap XL, was introduced. In this instrument, a modified C-trap allows high
energy collision dissociation (HCD) to be studied. This instrument can also be modified
to perform electron transfer dissociation (ETD). Orbitrap Velos was introduced in 2009
and was the first serious upgrade of Orbitrap. A new S-lens was added that led to a 10-
fold increase in ion transfer efficiency. The quadrupole linear ion trap was replaced with
a dual ion trap to improve ion isolation and increase the speed of MS/MS. Furthermore,
an independent HCD collision cell was added after C-trap to allow rapid ion extraction,
sensitivity and trapping capabilities. In 2011 a combination of a stand-alone Orbitrap
mass spectrometer (‘“Exactive) and a quadrupole mass analyzer was introduced as a new
smaller Orbitap (“Q-exactive). In the same year, a new compact high field Orbitrap
analyzer was realized as a core of Orbitrap Elite. The resolving power of this instrument
together with an enhanced Fourier transform (eFT) algorithm was 4 times better
compared to its predecessors. In 2013, a new instrument, Orbitrap Fusion Tribrid Mass
Spectrometer, was introduced. This instrument combines the best of quadrupole, linear
ion trap and Orbitrap mass analysis in a revolutionary Tribrid architecture. This
instrument presents ultrahigh resolution up to 450,000 FWHM and removes
interferences. Moreover, the precursor selection using a quadrupole mass filter allows
the ion trap and Orbitrap mass analyzers to operate in parallel for excellent sensitivity
and selectivity. Also, multiple dissociation techniques, (CID, HCD, and optional ETD)
with ion trap or Orbitrap detection at any level of MSn maximize flexibility for research
applications and a novel Orbitrap analyzer design and dual-pressure ion trap
configuration provide fast MS/MS scan rates up to 15 Hz with unmatched spectral

quality.
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Figure 10: Connection between the phases that will produce spectra MS and
MS/MS and instrumental components (From Senko et al. 2013).

The data analyzed in thiwork were reordered using a Q-Excative and a Obitrap Velos.

Fragmentation methods

Three principal fragmentation methods are used today in proteomic analysis:

CID: Collision Induced Dissociation (CID) is the most commonly used method of
fragmentation in modern proteomics, producing good fragment coverage when
fragmenting peptides. '* In CID, selected precursor ions are collided with an inert gas;

upon anelastic collision. The initial kinetic energy of the accelerated ion is converted to

41



vibrational energy which, when dispersed across the ion, producing a series of fragment
ions. For the unmodified peptides, CID fragmentation usually occurs at the peptide
bond between the carboxyl group and amino group. The produced fragments are
referred to as y- and b-ions (Figurel1) according to the nomenclature first proposed by
Roepstorff and Fohlman.'®! Glycopeptides, do not behave as non-glycosylated peptides,
with regards to fragmentation. A glycopeptide is composed of a relatively constant
peptide part, and a glycan moiety which may differ rather much, depending on the given
microheterogeneity. When glycopeptides are fragmented using CID or HCD, peptide
fragments are rarely obtained. Since the glycosidic linkages between the
monosaccharide residues are easier broken than peptide bonds, partial degradation of
the glycan moiety is often observed '®* while the peptide is left intact, functioning as a
constant mass tag throughout the spectrum. Two main types of glycopeptide fragment
ions are produced; Y-ions, carrying the reducing end of the glycan, conjugated to a
peptide, and B-ions, which are free single charged glycan fragments, originating from
the non-reducing end, according to the nomenclature first proposed by Domon and
Costello(Figure11). '® The Y-ions provide greater glycostructural details, but B-ions
(henceforth referred to as oxonium ions) can be used to identify glycopeptides from a
complex dataset, and provide an overview of the structural elements. However, the CID
process generates only very limited ions diagnostic of the amino acid sequence of

glycopetides, so that an alternative fragmentation approach is often needed.
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Figure 11: (a) Nomenclature for peptide fragmentation, as proposed in 1984 by Roepstorff and
Fohlmann; (b) Nomenclature for glycopeptide fragmenation, as proposed in 1988 by
Domon and Costello.
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HCD: High-energy Collison Dissociation (HCD) is a fragmentation method which
produces the same y-/b- ions and Y-/B-ions as CID. It can be performed in instruments
equipped with a HCD fragmentation cell and utilizes higher energy than CID. In
contrast to ion trap CID, “one-third” m/z cut-off restriction is absent in HCD, thus the
smaller fragments corresponding to monosaccharide or disaccaride fragment can be
detected. Thus, the oxonium ions m/z 163.06 [Hex+H]", m/z 204.09 [HexNAc+H]", m/z
325.11 [2Hex+H]", m/z 366.14 [HexNAc+Hex+H]*, m/z 292.10 [NeuAc+ H]*, m/z
274.10 [NeuAc-H,O+H]", m/z 657.23 [HexNAc + Hex + Sia + H]", m/z 407.17
[2HexNAc + H]", 308.10 [NeuGc + H]" and 290.10 [NeuGc—H,O+H]" can proven to be
highly sensitive markers for the presence of glycopeptides

In addition, a series of Y-type ions resulting from the sequential neutral losses of
monosaccharides from the glycan moieties of glycopeptides are also displayed in the

HCD MS/MS spectra.

ETD: Electron-transfer dissociation (ETD) is based on the same principle as electron
capture dissociation, ECD, introduced in 1998 by Zubarev. An electron is transferred to
the ionized analyte and this causes the fragmention of the molecole in a non-ergodic
way. The exact mechanism of the electron transfer is still debated, but it is known that
ECD produces mostly backbone fragmentation of the c/z-type, and is a good
compliment to gain more information about a peptide sequence; furthermore, labile
modifications such as glycosylation and phosphorylation are maintained on the peptide.
ECD can be performed in a Fourier transform ion cyclotron resonance (FTICR) mass
spectrometers, but FTICR-instruments are very expensive to run and maintain. Ion trap
instruments are therefore much more common, and ETD has been developed as an
alternative to ECD for these instruments, because the strong electric field used to
manipulate the ions in a trap affects the electrons and they are expelled from the trap. In
ETD, ions in the gas-phase react with radical anion fluoranthene instead of thermal
electrons and the resulting fragmentation patterns are analogous to those produced by
ECD.

For this project, were used: Collision Induced Dissociation (CID) and Higher Energy
Collision Dissociation (HCD).
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BIOINFORMATIC ANALYSIS OF DATA

The fundamental problem that biological research is facing today is to have a
considerable and growing amount of data on gene and protein sequences accumulated
from studies of genomics and proteomics. It is therefore necessary to have adequate
support of programs that can not only store data but also to analyze them in a
reasonably short time, to identify proteins, to compare sequences, to predict secondary
and tertiary structures etc., and construct molecular models.

In this thesis, LC-MS/MS data were processed using Proteome Discoverer, GPMAW

and MassAlI softwares.

Proteome Discoverer vl.4.1.14 (Thermo Scientific).

In order to identify proteins, LC -MS/MS data were processed using Proteome
Discoverer v1.4.1.14 (Thermo Scientific). Data were searched in SwissProt database
using MASCOT algorithm (Matrix Science, London, UK, version 2.5.1).

The software Proteome Discoverer evaluates possible homologies in the databases
based on the information of the mass spectrum generated from peptide maps eliminating
unthinkable manual calculations needed to match precisely the masses of the fragments
of the peptide digestions to those predicted by the digestion conditions. In addition to
the choice of the database there are other parameters that must be set before launching
the search. These parameters make the search more or less restrictive, affecting the
evaluation of the results:

v' taxonomy: if known, this parameter will force the program to compare only to
proteins belonging to indicated taxonomy;

v enzyme digestion: the program will compare theoretical peptides born from
cutting mode selected enzyme;

v missed cleavage: it can be expected that the enzyme goes to encounter errors in
the recognition of cleavage sites; in the program you may indicate the maximum
number of missed cleavage sites;

v' mass of protein: if you can predict what will be the mass of the protein (for
example based on the area of origin of the spot in a two-dimensional gel) can
limit the search to the value of the mass of the intact protein. This will eliminate
any false positives at the risk of losing information that might be true (protein

fragment);
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v' charging the peptide: if you are introducing a peak list from a spectrum, must
indicate if it is a positive or negative mass spectrum;

v/ monoisotopic or average mass: it can be given the mass of a peptide, or the
average of all peaks belonging to the isotopic peptide or the first peak (mass
monoisotopic); this depends on the set during the peak-list allocation;

v' fixed modifications: they are the modifications to which the peptide has been
subjected during the treatment, such as the reduction of disulfide bonds and
subsequent alkylation. The program then will compare the theoretical peptide to
whose mass this modification is applied;

v' variables modifications: you can indicate the changes that you believe the
protein may be subjected. In this category are the post-translational
modifications, such as phosphorylations, oxidation of cysteine and methionine
and the formation of pyroglutamic acid after the cyclization of glutamine or
glutamic acid, in the N-terminal. To indicate any variables changes can lead to
the identification of peptides that otherwise might not be recognized;

v’ tolerance of mass: if the spectrum is well calibrated and is high esolution a
value of 10 ppm should lead to a good identification. Raise tolerance means
increasing the risk of false matches. The results are processed by the algorithm
Mowse71. This algorithm is not limited only to the counting of peptides
resulting from the match but uses empirically derived factors to assign a
statistical weight to each pairing. From this it is obtained the total score.

The score is the absolute probability that the observed event is a random event. The
result is not however reported directly, both because it includes a very wide range of
sizes, and a "high" rating corresponds to a "low" probability, and this can create
problems of ambiguity. The rating is then reported as -10 * LOG,o (P), where P is the
absolute probability. A minimum threshold for defining a significant result is that the
event is significant if it is expected to occur randomly at a frequency less than the 5% (p
<0.05).

Factors to consider when evaluating a result are:

v the score: must be greater than the significance threshold. At least 2 or 3
peptides must be paired;

v the coverage sequence: the program allows you to visualize and quantify the

percentage coverage of the protein. Good coverage exceeds 30%;
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v" the molecular weight: if the mass of the result does not match the estimated (by
position spot for example) this may be due to a false positive or you can make
several considerations. If the resulting mass is higher than the estimated one, the
protein may have been subjected to post-translational modifications; in that case
you have to evaluate whether the increase can be attributed to value of some
modifications, and restart the search to explore possible modification (but not

always detectable in MS).

GPMAW

GPMAW, developed by Lighthouse data, is a bioinformatical tool, used for
interpretation of mass spectrometric data. In this project, the program was used to create
in-silico digests of the target proteins, and thereby determining the properties of the

expected peptides and glycopeptides, both before and after MS analysis.

MassAl

MassAl is a general search engine, developed in-house, by MassAl Bioinformatics

(downloadable from www.massai.dk), for analysing LC-MS/MS dataset, which

identifies glycosilation on intact glycopeptides in several steps. By providing the
program with a database of proteins along with common search parameters, such as
proteases and modifications, the program is able to identify proteins and peptides from a
mascot generic file (mgf). The identification of glycopeptides is based on a flexible
glycan database, and losses of common glycan components on the MS/MS level.

First, MS/MS scans containing peaks from glycan oxonium ions are singled out and
forwarded to next step. Second, selected scans are searched for “anchor” peaks (i.e., the
peptide peaks where the glycan moities are attached), which can determine the peptide
mass. Generally, the glycan fragments dominate the CID and HCD scans. Third, the
peptide mass is calculated from the above anchor peaks, and the molecular weight of
glycan is searched against a database of known glycan mass. Once a pair has been
made, it is fragmented in silico to generate B/Y —type ions, which are then matched
against the observed peaks. In the present work all identified results were manually

validated.
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AIM OF THE WORK

Proteins represent one of the most important milk components from nutritional and
physiological viewpoints. On the other hand, the wide use of cow’s milk in human diet
has shown that a considerable percentage of subjects are allergic to its protein
components. This disorder is commonly known as cow milk protein allergy (CMPA).
Particularly, cow’s milk, used as substitute of breast feeding when mother’s milk is not
available or advisable, represents the main source of allergens in infants. Approximately
2-3% of infants younger than one years of age are allergic to cow’s milk proteins. This
allergy is normally outgrown in the first year of life but 15% of allergic children remain
allergic. The proteins most frequently and most intensively recognized by IgE are the
caseins and B-LG, even if lower abundant (i.e. lactoferrin, IgG and bovine serum
albumin) and trace components appear to be potential allergens.

Taking into account the high incidence of CMPA in infants and considering that breast
feeding is not always possible, indicated or sufficient, alternative supply becomes
indispensable. Therefore, one of the major objectives of the pharmaceutical industries is
the production of milk and milk-based foods (i.e. infant formulae) close to breast milk.
For infants affected of CMPA infant formulas, which are products based on bovine milk
modified by enzymatic and/or thermal treatments, represent the preferred choices in the
treatment. However, it should be considered that allergy in these products is reduced,
but never completely suppressed and adverse reactions have been experienced also with
these preparations.

Many investigations have reported real benefits from using non-bovine milks as
alternative in cases of CMPA. However, allergies to non-bovine milk proteins have also
been documented. On this respect, many clinical trials have shown that equine milk, and
in particular, donkey’s milk (DM) has special nutritional and therapeutic properties, and
may represent a safe and alternative food in CMPA, providing dietary adequacy and
good palatability.

Notwithstanding the increasing knowledge of DM protein fraction, up to the present, no
informations are available for the primary structure and glycan composition of donkey

lactoferrin, one of the most important glycoproteins, that confers high hygienic qualities
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to DM and presents an array of biochemical properties, including immune-modulation,
iron-binding, antioxidant, antibacterial and antiviral activities.

In the frame of our research line oriented to the characterization of the donkey milk
proteins and its genetic polymorphism, in this project it is reported for the first time the
direct characterization of the primary structure and a comprehensive site specific glycan
profile of donkey lactoferrin by coupling RP-HPLC, ion exchange chromatography

(IEC), enzymatic digestions and mass spectrometric analysis.
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MATERIALS AND METHODS

Materials

Acetic acid (AA), formic acid (FA), trifluoracetic acid (TFA), Glycolic acid (GA), a-
cyano-4-hydroxycinnamic acid (CHCA), endoproteinase GluC (Staphylococcus aureus
strain V8), endoproteinase AspN (Pseudomonas fragi), a-chymotrypsin from bovine
pancreas, albumin from chicken egg white, fetuin from fetal bovine serum were, alpha 1
acid glycoprotein were obtained from Sigma-Aldrich (Milan, Italy). Modified porcine
trypsin was purchased from Promega (Madison, WI, USA). Ammonium bicarbonate,
sodium acetate, HPLC grade H,O and acetonitrile (ACN) were provided by Carlo Erba
(Milan, Italy). Dithiothreitol (DTT), iodoacetamide (IA), ammonium acetate, sodium
acetate and sodium chloride were purchased from Fischer-Chemical. N-glicosidase F
(PNGaseF) was purchased from Roche. Micro-Spin regenerated cellulose filters (0.45
um pore size) and nylon membranes (0.22 wm pore size) used for filtration of samples
and IEC-HPLC solvents, respectively were from Alltech (Milan, Italy). IEC-HPLC
solvents were filtrated using Nylon filters (0.22 wm pore size, Alltech, Milan, Italy).
Spectra-Por Float-A-Lyzer dialysis tubes (cut off 3.5-5 kDa) were obtained from
Sigma-Aldrich (Milan, Italy). TiO2 beads were obtained from GL Sciences (Japan).
PolyHYDROXYETHYL A™ was provided by PolyLCinc (Columbia, MD, USA).
POROS Oligo R3 was purchased from Applied Biosystems (Framingham, MA, USA).
GELoader tip were obtained from Eppendorf (Hamburg, Germany). All the materials

used had a high degree of purity and were used without further purification.

Milk sample preparation and lactoferrin purification

The individual milk sample was collected in Eastern Sicily (ASILAT srl farm, Milo,
Catania) from a Ragusano breed donkey. After milking, the sample was immediately
frozen and stored at —20 °C until used. The milk was defatted by centrifugation at 3500
rpm, 4°C for 20 min and the casein fraction precipitated from the skimmed milk at pH
4.3 with sodium acetate/acid acetic buffer and separated from the supernatant (i.e. whey
protein fraction) by centrifugation at 8000 rpm, 4°C for 20 min. The whey protein
fraction was dialyzed against water, freeze-dried and resuspended in CH3;COONH4

50mM, pH 5.5 at the concentration of about 10 mg/mL.
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Isolation of lactoferrin from the whey fraction was performed by an IEC-HPLC analysis
carried out on a Jasco Pu-980 HPLC system equipped with a detector Uv — Jasco
Uvidec-1000-III. Data were acquired with a PC using Borwin Chromatography
software.

In detail, the whey fraction solution (in CH;COONH, 50mM, pH 5.5) was filtered on
Micro-spin filters (Alltech, Milan, Italy) and 500 uL loaded onto a sulfonic column (GE
Healthcare Mini S 4.6/50 PE; 4.6 x 50 mm). Whey proteins were separated at a flow
rate of 0.83 mL/min and room temperature by holding 100% of solvent A
(CH3COONH4 50mM, pH 5.5) for 3 minutes and then with a linear gradient of solvent
B (CH3COONH4 50mM + NaCl 1M, pH 5.5) in A from 0% to 100% in 30 min. Peaks
were detected by their absorption at 280 nm, collected manually, dialyzed against water

and freeze-dried.

Reduction, alkylation, enzymatic digestions and deglycosylation reactions to study
the primary structure

In order to characterized the IEC fraction containing donkey lactoferrin, the
corresponding chromatographic peak eluted at 14 min was dialyzed and then subjected
to reduction, alkylation and enzymatic digestion using different enzymes. In detail, an
aliquot corresponding to 5 pg was dissolved in 100 mM NH4HCOs;, pH 8.3, at a
concentration approximately of 1 ug/uL. DTT (50-fold molar excess over the disulfide
bonds) was added, and the reduction was carried out at 57°C for 15 min in nitrogen
atmosphere. At the end of the reduction reaction, IA was added to the mixture at a
molar IA/DTT ratio of 2:1, and the alkylation was performed at room temperature for
15 min in the dark. The reaction was stopped by cooling in liquid nitrogen. Then, with
the aim to maximize the sequence coverage, reduced and alkylated chromatographic
fraction was separately subjected to enzymatic digestions using modified porcine
trypsin, a-chymotrypsin, endoproteinase GluC and AspN. Each enzyme was dissolved
in 100 mM NH4HCOs;, pH 8.3, added at a molar enzyme/substrate ratio 1:50 and the
solution was incubated at 37°C overnight. The digestion reactions were stopped by
cooling in liquid nitrogen.

Digested mixtures were deglycosylated using PNGase F. Briefly, an aliquot
corresponding tol pg of reduced and alkylated peptides in 50 mM NH4HCO; (pH 8.3)
were added to 1 pL of PNGase F solution and incubated at 37°C overnight. Finally,
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deglycosylated peptide mixtures were dried and resuspended in 5 pL of 0.1% FA prior
to LC/MS analyses.

Enzymatic digestions to study N-glycan composition

With the aim to obtain glycopeptides with a low molecular mass, chromatographic
fraction was reduced, alkylated and enzymatic digested using o-chymotrypsin. The
enzyme was dissolved in 100 mM NHsHCO;, pH 8.3, added at a molar
enzyme/substrate ratio 1:50 and the solution was incubated at 37°C overnight. The

digestion reaction was stopped by cooling in liquid nitrogen.

4-sulfophenyl isothiocyanate (SPITC) derivatization

The reagent solution was prepared by dissolving SPITC in 50 mM NaHCO; (pH 8.3) to
a concentration of 10 ug/uL. The reaction was carried out in a 1.5 mL microcentrifuge
tube by mixing 8 puL of reagent solution with about 40 pmol of tryptic digest. After
incubation at 55 °C for 1h, the reaction was stopped by adding 1 pL of 5% TFA. '* The
mixtures of derivatized tryptic peptides were subjected to a desalting/concentration step
prior to analysis by MALDI MS. In detail, an aliquot of about 15 pmol of derivatized
tryptic mixture was loaded onto a homemade 5 mm nanocolumn packed with POROS
R2 in a constricted GELoader tip. '®* A syringe was used to force liquid through the
column by applying gentle air pressure. The column was washed with 10 uL of 0.1 %
TFA and the bound peptides subsequently eluted directly onto the MALDI target with
0.6 pL of matrix solution (5 pg/uL CHCA in 70% [v/v] ACN and 0.1% [v/v] TFA).

Glycopeptides enrichments

. . 166
TiO; enrichment

The digested mixture containing non-glycosylated peptides and glycopeptides was dried
down and diluited in 100 pL of loading buffer (80% Acetonitrile, 5% TFA and 1 M
Glycolic acid) and added to 0.3 mg TiO,-beads. After stirring, TiO,-beads which
interact selectivity with sialylated glycopeptides, were precipitated by centrifigutation,
helping the selective precipitation of sialylated glycopeptides. The supernatant,
containing only neutral glycopeptides and non-glycosylated peptides peptides, was

removed and stored. The beads were washed first with 50 puL of loading buffer, second
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with 50 pL. of washing buffer 1 (80% Acetonitrile, 1% TFA), third with 50 pL of
washing buffer 2 (10% Acetonitrile, 0.5% TFA). In each step the supernatant was
stored. Then the beads with sialylated glycopeptides were dried and the sialylated
glycopeptides eluted from beads with 50 pL of Elution buffer (60 ul. Ammonia solution
(28%) in 940 pLL H20, pH 11,3.

HILIC enrichment'

A home-made column was done with PolyHydroxyEthyl (PolyLC) 3um as stationary
phase. In brief a D10 pipette tip (Gilson) was plugged with a C18 empore disc in the
bottom and the HILIC material in ACN was then applied on the top. In detail, the
previous supernatant stored from TiO, enrichment, containing only neutral
glycopeptides and non-glycosylated peptides, was dried down, resuspended in 20 ul
of 80% ACN and 2% formic acid FA, loaded in the home-made column, and eluted
with 20 ul 2% FA. The flow-through contained only non glycosylated peptides

whereas the neutral glycopeptides were eluted from the column with 2% FA.

Mass spectrometry analysis to study the primary structure

Mass spectrometry data were acquired on a Hybrid Quadrupole-Orbitrap mass
spectrometer (Q Exactive Plus, Thermo Fisher Scientific, Bremen, Germany). Liquid
chromatography was carried out using a Thermo Scientific Dionex UltiMate 3000 nano
HPLC (Thermo Fisher Scientific). 5 uL of the reconstituted samples (in 0.1% FA) were
loaded onto a home-made p-pre-column (100 pum x 2 cm, 5 pm ReproSil Pur C18).
After washing the trapping column with solvent A (0.1% FA) at a flow rate of 5 uL/min
for 5 min, the solution was switched from the trapping column onto a home-made
reversed phase C18 column (75um x 17 cm, 3um ReproSil Pur C18). Peptides were
separated by elution at a flow rate of 250 nL/min and room temperature with a linear
gradient of solvent B (ACN + 0.1% FA) in A from 1% to 35% in 35 min. Eluting
peptide cations were converted to gas-phase ions by the Thermo Scientific Nanospray
Ion Source using a source voltage of 2.5 kV and introduced into the mass spectrometer
through a heated ion transfer tube (275 °C). Mass spectrometer operated in data
dependent mode acquisition as follows: i) survey scans of peptide precursors from 400
to 1400 m/z, performed at 70K resolution (@ 200 m/z); ii) MS/MS analysis, in the m/z

range of 200-2000, of the twelve most intense ions. Automatic gain control (AGC)
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target for full MS acquisitions was set to 1x10° with a maximum ion injection time of
120 msec. Dynamic exclusion was set to 15 s. Doubly-, triply- and quadruply- charged
ions were fragmented into the HCD collision cell using a normalized collision energy
(NCE) of 30. Subsequent MS/MS were acquired using an AGC target value of 2x10*, a
maximum injection time of 200 ms and a resolution of 17,5 K.

Mass spectrometry data were also acquired on a Thermo Scientific™ LTQ-Orbitrap
Velos Pro mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) combined
with a proxeon Easy-nLC system (Thermo Fisher Scientific, Odense, Denmark). 5 uL
of the reconstituted samples in 0.1% FA were loaded and separated using the same p-
pre-column, reversed phase C18 column, flow rate and gradient described above.
Eluting peptide cations were converted to gas-phase ions by the Thermo Scientific
Nanospray Ion Source, using a source voltage of 2.3 kV and introduced into the mass
spectrometer through a heated ion transfer tube (270 °C). Mass spectrometer operated in
data dependent mode acquisition as follows: 1) survey scans of peptide precursors from
350 to 1800 m/z, performed at 60K resolution (@ 400 m/z); ii) MS/MS analysis, in the
m/z range of 100-2000, of the eight most intense ions. Automatic gain control (AGC)
target for full MS acquisitions was set to 1x10° with a maximum ion injection time of
120 msec. Dynamic exclusion was enabled with repeat count 1 and set to 20s. Only
doubly- triply- and quadruply charged peptide ions were fragmented into the CID
collision cell using normalized collision energy (NCE) of 35. Subsequent MS/MS were
acquired using an AGC target value of 5 x10*, a maximum injection time of 200 ms and
a resolution of 15 K. Mass spectrometers calibration was performed using the Pierce®
LTQ Velos ESI Positive Ion Calibration Solution (Thermo Fisher Scientific). MS data
acquisition was performed using the Xcalibur v. 3.0 software (Thermo Fisher
Scientific).

MALDI MS analyses were acquired using a 4800 Plus MALDI TOF/TOF (AB SCIEX,
Foster City, CA, USA) mass spectrometer operating in reflecton, positive ion mode, and
using an acceleration voltage of 20 kV. Laser intensity and number of laser exposures
were varied to optimize the spectral quality. The mass range was set to 700-5000 Da.
For all MALDI TOF/TOF MS/MS fragmentations, air was used as collision gas. -
lactoglobulin tryptic peptides (m/z 837.48 and 2313.26) were used for external mass
calibration. MS data acquisition and data handling were performed using Data Explorer
(AB SCIEX version 4.6). MALDI MS/MS spectra of derivatized tryptic peptides were

manually interpreted.
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Mass spectrometry analysis to study the N-glycan composition

Mass spectrometry data were acquired on a Hybrid Quadrupole-Orbitrap mass
spectrometer (Q Exactive Plus, Thermo Fisher Scientific, Bremen, Germany). Liquid
chromatography was carried out using a Thermo Scientific Dionex UltiMate 3000 nano
HPLC (Thermo Fisher Scientific). 5 uL of the reconstituted samples (in 0.1% FA) were
loaded onto a home-made p-pre-column (100 um x 2 cm, 5 pm ReproSil Pur C18).
After washing the trapping column with solvent A (0.1% FA) at a flow rate of 5 uL/min
for 5 min, the solution was switched from the trapping column onto a home-made
reversed phase C18 column (75um x 17 cm, 3um ReproSil Pur C18). Peptides were
separated by elution at a flow rate of 250 nL/min and room temperature with a linear
gradient of solvent B (ACN + 0.1% FA) in A from 1% to 35% in 35 min. Eluting
peptide cations were converted to gas-phase ions by the Thermo Scientific Nanospray
Ion Source using a source voltage of 2.5 kV and introduced into the mass spectrometer
through a heated ion transfer tube (275 °C). Mass spectrometer operated in data
dependent mode acquisition as follows: i) survey scans of peptide precursors from 700
to 2000 m/z, performed at 70K resolution (@ 200 m/z); i1) MS/MS analysis, in the m/z
range of 200-2000, of the eight most intense ions. Automatic gain control (AGC) target
for full MS acquisitions was set to 1x10° with a maximum ion injection time of
120 msec. Micro scans were set to 1 for both the MS and MS/MS. Dynamic exclusion
was set to 15s. Peptides of two and higher charges were fragmented into the HCD
collision cell using a normalized collision energy (NCE) of 20. Subsequent MS/MS
were acquired using an AGC target value of 2x10*, a maximum injection time of
100 ms and a resolution of 17,5 K. MS data acquisition was performed using the

Xcalibur v. 3.0 software (Thermo Fisher Scientific).

Primary structure characterization by database searching

LC/MS/MS data were processed by Proteome Discoverer v. 1.4.1.14 (Thermo
Scientific). Data were searched against the “Mammalia” UniProt database (SwissProt
release July 2015, containing 66979 entries) using the Mascot algorithm (Matrix
Science, London, UK, version 2.5.1) and SEQUEST algorithm. Full enzymatic peptides
with a maximum of 3 missed cleavage sites were subjected to bioinformatic search.
Cysteine carbamidomethylation was set as fixed modification, whereas oxidation of

methionine, transformation of N-terminal glutamine and N-terminal glutamic acid
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residue in the pyroglutamic acid form, and deamidation of glutamine and asparagine
residues were included as variable modifications. The precursor mass tolerance
threshold was 10 ppm and the max fragment mass error was set to 0.1 Da (for data
acquired by Q Exactive) and 0.6 Da (for data acquired by Velos Pro). Peptide spectral
matches (PSM) were validated using Target Decoy PSM Validator node based on g-
values at a 1% FDR.

In addition, the General Protein/Mass Analysis for Windows (GPMAW) software

(http://welcome.to/gpmaw) was used for the sequence handling and storage.

N-glycan composotion characterization by database searching

Glycopeptides were identified with a software tool, developed in-house, by MassAl

Bioinformayics,'®’

The identification was performed by a Mascot Generic File (mgf),
providing the program with a database of protein and using a flexible glycan database.
The N-glycans from the library were composed of hexose (Hex), HexNAc, fucose, N-
acetylneuraminic acid (NeuAc) and N-glycolylneuraminic acid (NeuGc). Full
chymotryptic peptides with a maximum of 3 missed cleavage sites were subjected to
bioinformatic search. Cysteine carbamidomethylation was set as fixed modification,
whereas oxidation of methionine and deamidation of glutamine residues were included

as variable modifications. The precursor mass tolerance threshold was 10 ppm and the

max fragment mass error was set to 0.1. All identified results were manually validated.
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RESULTS

PRIMARY STRUCTURE

An aliquot of 500 uL of the dialyzed whey fraction was loaded on an analytical
sulfonic column, in order to isolate donkey lactoferrin. The resulting chromatogram
(Figure 12) shows the presence of four peaks, named F1, F2, F3 and F4, which were
manually collected. The collected fractions were dialyzed, reduced, alkylated,
digested with modified porcine trypsin, and the resulting peptide mixture analyzed
by MALDI MS. MS data revealed that in the chromatographic fraction F1, F2 and F3
eluted B-lactoglobulin, a-lactalbumin and lysozyme, respectively. Instead, most of
the signals present in the MALDI-TOF mass spectrum of the tryptic digest of peak
F4 were identified as arising from the theoretical cleavages of the mare lactoferrin
genomic deduced sequence (UniProtKB Acc. Nr. O77811), indicating that in this
fraction is eluted the homologous donkey lactoferrin, whose sequence is not present

in the database.
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Figure 12: UV profile (A=280 nm) of the IEC run of the whey protein fraction. The lactoferrin was

identified in the chromatographic fraction labelled as F4. Other proteins identified

were: B-lactoglobulin (F1); a-lactalbumin (F2), lysozyme (F3).

In order to characterize the primary structure of donkey lactoferrin, the tryptic peptides

of fraction 4 were deglycosylated using PNGase F to remove N-glycans from

glycosylated asparagines and thus facilitate MS data interpretation. The deglycosylated
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tryptic mixture was investigated by RP-HPLC/nESI-MS/MS on a Q Exactive mass
spectrometer using HCD for peptide molecular ion fragmentation and MS/MS data were
used for database searching. Determination of donkey lactoferrin sequence was
achieved using as reference the sequence of the homologous mare lactoferrin.

The MS/MS spectra of the doubly- or triply-charged molecular ions of the peptides
showed that the sequences of lactoferrin in these two close phylogenetic related species
present a high level of similarity. In fact, most of the tryptic peptides can be interpreted
as arising from the theoretical cleavages of mare lactoferrin sequence, as reported in
Table 6.

In addition to the above described peptides, LC/MS/MS analysis of the lactoferrin
tryptic digest revealed the presence of several signals, which remained unassigned. In
order to characterize the amino acid sequence of the unassigned signals, the
corresponding MS/MS of their doubly- or triply- charged ions were manually
interpreted. This analysis showed that these signals are due to specific donkey tryptic
peptides presenting amino acid point substitutions with respect to the sequence of the
reference mare lactoferrin. In detail, interpretation of the MS/MS spectrum of the
doubly- charged molecular ion at m/z 780.93 (MH" 1560.85, Figure. 13a) allowed to
deduce the sequence GKPQTHYYAVAVVK, which corresponds to the tryptic
fragment T (is5+16) of mare’s lactoferrin, carrying the amino acid substitution Arg—His at
position 91 (Table 6). The MS/MS spectrum of doubly-charged ion at m/z 976.47 (MH"
195193, Figure 13b) is due to a peptide having the sequence
NLLFSDNTECLAELQGK, which corresponds to the tryptic fragment T;¢ of mare
lactoferrin with the amino acid substitution Asn—Ser at position 642 (Table 6).
Analogously, de novo interpretation of the MS/MS spectra of the doubly charged ion at
m/z 1111.55 (MH" 2222.09) and of the triply charged ion at m/z 840.79 (MH" 2520.35)
shown in Figure 13c and 13d, respectively, permitted to deduce the sequences
TTYEQYLGSEYVTAITNLR, and IPSQIDSGLYLGANYLTAL/IQNRL. The two
sequences match with the mare lactoferrin tryptic fragments T;7 and T4 carrying the
amino acid substitutions Ser—Ala at position 668, and Ile/Leu at position 328,
respectively (Table 6). Finally, Figure 13e shows the MS/MS of peptide
TAGWNIPMGLLFNQTGSCK of the doubly charged ion at m/z 1056.50 (MH'
2111.99) matching with the deamidated form of Tsg of mare lactoferrin and carrying the

amino acid Ala—Gly at position 466.
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Figure 13: MS/MS spectra of selected molecular ions in the RP-HPLC/ESI-MS analysis of the
tryptic digest of donkey lattoferrin, demonstrating point substitution with respect to the
mare lactoferrin sequence: (a) doubly charged molecular ion at m/z 780.93 (MH"
1560.85, Arg—His); (b) doubly charged molecular ion at m/z 976.47 (MH* 1951.93,
Asn—Ser); (c¢) doubly charged ion at m/z 1111,55 (MH+ 2222.09, Ser — Ala); (d) triply
charged ion at m/z 840,79 (MH+ 2520.35, Thr — Ile/Leu ); (e) doubly charged ion at m/z
1056.50 (MH+ 2111.99, Ala—Gly). The sequences of the peptides are displayed with the

fragment ions observed in the spectrum

These results are summarized in Table 6, where the tryptic fragments carrying the
substitutions are marked with an asterisk, whereas the amino acid substitutions with
respect to the mare counterpart are underlined, and in Figure 15 where identified
peptides are underlined by a solid line. In summary, MS/MS analysis of the tryptic
digest allowed the characterization of about 91.1% of the sequence of donkey
lactoferrin, giving also clear evidence of five amino acid substitutions with respect to its
mare counterpart. Inspection of Table 6 also evidences that the uncharacterized peptides
were mostly low molecular weight or very hydrophilic peptides, which very likely were
not detected because their molecular masses were below the scanned mass range or

were not recovered because eluting in the void volume of the HLPC column, or both.
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Table 6: Fragment nomenclature, position, calculated monoisotopic and experimentally

measured MH" of tryptic fragments of donkey lactoferrin eluting in the IEC
chromatographic fraction F4 (Figure 12) characterized by HPLC/ESI-MS/MS.

Amino acid sequence of mare lactoferrin (UniProtKB Acc. Nr. O77811) was used as

reference. The modified tryptic fragments of donkey lactoferrin are marked with an

asterisk, whereas the amino acid substitutions with respect to the mare’s

counterpart are underlined. The hypothetical glycosylation sites are reported in

bold.
Calculated Desuse
Fragment Position MH* MH* Reference Sequence (mare’s lactoferrin Acc. Nr. 077811)
ESI-MS/MS (z)
T, 1-3 343.21 - APR
T, 4-4 147.11 - K
T; 5-7 361.22 - SVR
Ty 8-18 1233.59 1233.59 (2) WCTISPAEAAK
Ts 19-21 378.18 - CAK
Te 22-24 450.25 - FQR
T, 25-27 392.20 - NMK
Tg 28-28 147.11 - K
Ty 29-30 274.19 - VR
Tyo 31-38 875.44 875.44 (2) GPSVSCIR
To+10) 29-38 1130.61 1130.61 2) VRGPSVSCIR
Ty 39-39 147.11 - K
Ty, 40-53 1539.75 1539.75 (2) TSSFECIQAIAANK
Tai+12) 39-53 1667.84 1667.84 (2) KTSSFECIQAIAANK
T3 54-73 2089.06 2089.06 (2) ADAVTLDGGLVYEAGLHPYK
T4 74-85 1402.78 1402.78 (2) LRPVAAEVYQTR
Ts 86-91 686.39 - GKPQTR
Tis 92-99 912.52 - YYAVAVVK
Taseie) 86-99 1560.85 1560.85 (2) GKPQTHYYAVAVVK "
Ty, 100-100 147.11 - K
Tig 101-113 1375.73 137573 2) GSGFQLNQLQGVK *
Ta7418) 100-113 1503.83 1503.83 (2) KGSGFQLNQLQGVK *
Tio 114-121 887.42 887.41 (2) SCHTGLGR
Ty 122-147 2906.52 2906.52 (3) SAGWNIPGTLRPYLNWTGPPEPLQK &
Ty 148-164 1800.80 1800.80 (2) AVANFFSASCVPCADGK *
Ty 165-171 950.45 950.45 (2) QYPNLCR*
Ty 172-180 964.44 964.44 (2) LCAGTEADK
Ty 181-197 1958.80 1958.80 (2) CACSSQEPYFGYSGAFK
Tys 198-210 1379.66 1379.67 (2) CLENGAGDVAFVK *
Ty 211-224 1607.72 1607.72 (2) DSTVFENLPDEADR
Ty, 225-226 262.14 - DK
T26+27) 211-226 1850.84 1850.84 (2) DSTVFENLPDEADRDK
Tog 227-236 1280.59 1280.59 (2) YELLCPDNTR
To 237-243 804.46 804.46 (2) KPVDAFK
T 244-249 785.37 - ECHLAR
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T3y 250-258 935.54 935.54 (2) VPSHAVVAR

Ts 259-263 53327 - SVDGR
T 264-269 831.44 - EDLIWR
Tansy — 259-269 1354.69 134569 @)  SVDGREDLIWR
Tsy 270-273 538.35 - LLHR
Tss 274-280 836.39 836.39 (2) AQEEFGR
Ts 281-282 262.16 - NK
Tasezey  274-282 1079.51 1079.51 ) AQEEFGRNK *
T 283-290 927.49 927.49 () SSAFQLFK
T 291-296 675.33 - STPENK
Ts 297-301 635.38 - DLLFK
Tasiao)  291-301 1291.69 1291.69 2) STPENKDLLFK
Tao 302-309 864.46 864.46 (2) DSALGFVR
Ty~ 310-332 2520.35 252034 (3) IPSQIDSGLYLGANYLTA(I/L)QNLR *©
Ta 333-341 917.47 91747 @) ETAAEVAAR
Tus 342-342 175.12 - R
Ty 343-344 304.16 - ER
Tas 345-356 1430.67 1430.67 2) VVWCAVGPEEER
Tas 357-357 147.11 - K
Tusee) ~ 345-357 1558.77 1558.77 2) VVWCAVGPEEERK
Ty 358-359 307.14 - CK
Tus 360-367 991.46 991.46 (2) QWSDVSNR
Tao 368-368 147.11 - K
Tusio)  360-368 1119.55 1119.56 2) QWSDVSNRK
Tso 369-386 1922.96 1922.96 (2) VACASASTTEECIALVLK
Ts; 387-404 1809.90 1809.90 )  GEADALNLDGGFIYVAGK
Ts, 405-416 1327.70 1327.70 ) CGLVPVLAENQK *
Ts; 417-440 2936.30 2936.29 (4) SQNSNAPDCVHRPPEGYLAVAVVR *
Tsy 441-441 147.11 - K
Tss 441-454 1393.66 1393.66 (2) SDADLTWNSLSGK *
Tisass) — 441-454 1521.75 1521.76 ) KSDADLTWNSLSGK *
Tse 455-455 147.11 - K
Ts; 456-463 873.40 873.40 2) SCHTGVGR
Tss' 464-482 2111.99 2111.99 2) TAGWNIPMGLLENQTGSCK %"
Tss' 464-482 2095.99 2096.00 (3) TAGWNIPMGLLFNQTGSCK *#
Tso 483-485 409.21 - FDK
Teo 486-514 3201.37 3201.37 3) FFSQSCAPGADPQSSLCALCVGNNENENK *
Tisore0)  483-514 3591.56 3591.56 (3) FDKFFSQSCAPGADPQSSLCALCVGNNENENK
Tei 515-522 1022.40 - CMPNSEER
Te, 523-531 1097.51 1097.51 2) YYGYTGAFR
Tes 532-536 62031 - CLAEK
Tes 537-544 806.44 806.44 (2) AGDVAFVK
Tes 545-555 1189.61 1189.61 (2) DVTVLQNTDGK *
Tes 556-562 831.40 831.40 2) NSEPWAK *
Ter 563-565 37522 - DLK
Tes 566-578 1595.74 1595.74 (2) QEDFELLCLDGTR
Teres)  563-578 1951.94 1951.94 (3) DLKQEDFELLCLDGTR
Teo 579-591 1467.74 1467.74 (3) KPVAEAESCHLAR

Ts0 592-603 1280.63 1280.63 2) APNHAVVSQSDR *



Ts 604-608 596.35 - AQHLK

Ts 609-609 147.11 - K
Tss 610-628 2076.98 2076.98 (2) VLFLQQDQFGGNGPDCPGK *
Toaers — 609-628 2205.08 2205.08 (2) KVLFLQQDQFGGNGPDCPGK *

To 629-633 714.36 - FCLFK

Tys 634-637 464.24 - SETK

Tss " 638-654 1951.94 1951.94 (2) NLLFSDNTECLAELQGK °
Ty 655-673 2222.10 2222.10 ) TTYEQYLGSEYVTAITNLR
Tos 674-674 175.12 - R

Ts 675-688 1610.77 1610.76 2) CSSPLLEACAFLR

Tso 689-689 90.05 - A

& fragments also found with deamidated asparagine;

b fragment carrying the substitution Arg®' — His compared to the lactoferrin from mare;

328

¢ fragment carrying the substitution Thr*=® — lle/Leu compared to the lactoferrin from mare;

466

d fragment carrying the substitution Ala™ — Gly compared to the lactoferrin from mare;

® fragment carrying the substitution Asn®*? — Ser compared to the lactoferrin from mare;
ffragment carrying the substitution Ser®® — Ala compared to the lactoferrin from mare;
Yasparagine residues found exclusively in deamidated form. These residues, reported in bold, were

tentatively assumed to be the glycosylation sites;

" Met*”! oxidized to methionine sulfoxide .

In order to obtain additional information, a chemical N-terminal derivatization of the
tryptic peptides with SPITC, prior to MALDI-TOF/TOF MS, was performed. The
presence of a positive charge at the C-terminus of arginine-terminated peptides,
simplify the interpretation of the MS/MS spectra, because y-series ions are
predominantly obtained. '** - '® The MALDI-TOF MS and MS/MS analyses of
derivatized tryptic mixture confirmed the results already obtained by the LC/MS/MS
analysis and, in addition, allowed to increase the sequence coverage by characterizing
the amino sequence of the tryptic peptide T34 (LLHR), not identified by the LC/MS/MS
approach. The MS/MS spectrum of the fragment ions of the SPITC derivatized Tsq4
protonated molecular ion (Figure 14) shows exclusively y- type ions. Additionally,
immonium ions of Leu and His residues are found in the low mass range at m/z 86.1
and 110.1, respectively. The increase in molecular mass due the SPITC derivatization

also contributed to the detection of the T34 peptide.
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Figure 14: MS/MS spectrum of the SPITC derivatized tryptic peptide T34, (LLHR) in the tryptic

digest of donkey lactoferrin.

Complementary data were also obtained using different enzymes, such as o-
chymotrypsin, AspN and GluC. Characterization of the resulting enzymatic peptide
mixtures by LC/MS and the MALDI MS allowed increasing the sequence coverage by
the identification of amino acid traits previously uncovered. Selected fragments
identified in the different digestion mixtures and used to improve the sequence coverage

are summarized in Table 7.

Table 7: Position, calculated and measured monoisotopic MH* of selected fragments, used to
increase the coverage of the amino acid sequence, detected in the trypsin, a-
chymotrypsin, GluC and AspN digestion mixtures of donkey lactoferrin eluted in the IEC
chromatographic fraction F4 (Figure 12) and characterized by HPLC/ESI-MS/MS or
MALDI-MS analysis. Amino acids not previously covered by HPLC/ESI-MS/MS of
tryptic digestion are underlined. The sequence of lactoferrin (UniProtKB Acc. Nr.

077811) from mare was taken as reference

Position Calculated Me;[sl}llf e Me;[sl}llf e Reference Sequence
2 .
MH ESI-MS/MS (z) MALDI-MS (UniProtKB Acc. Nr. 077811)
Trypsin
19-28 1310.68 1310.66 CAKFQRNMKK
270-273 538.35 538.33 LLHR?*
629-633 714.36 714.34 FCLFK
o-chymotrypsin
1-8 999.58 999.65 APRKSVRW
9-22 1553.75 1553.74 (2) CTISPAEAAKCAKF*
248-268 2333.25 2333.25 (4) ARVPSHAVVARSVDGREDLIW "
272-278 916.43 916.43 (2) HRAQEEF ¢
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332-347 1899.03 1899.03 (4) RETAAEVAARRERVVW "

347-361 1776.82 1776.95 CAVCPEEERKCKQW
531-542 1336.67 1336.66 (2) RCLAEKAGDVAF ¢

590-607 1957.01 1957.01 (4) ARAPNHAVVSQSDRAQHL®
619-629 1105.47 1105.47 (2) GGNGPDCPGKE" ¢
633-639 819.46 819.46 (2) KSETKNL ¢

633-641 1079.61 1079.61 (2) KSETKNLLE"

673-686 1653.78 1653.78 (3) RRCSSSPLLEACAF ™¢
GluC

522-535 1726.80 1726.80 (2) RYYGYTGAFRCLAE ¢
683-689 804.41 808.41 (2) ACAFLRA®

AspN

240-264 2806.42 2806.42 (5) DAFKECHLARVPSHAVVARSVDGRE ®
602-615 1724.00 1724.00 (3) DRAQHLKKVLFLQQ"

? derivatized with SPITC
b peptide characterized by CID
© peptide characterized by HCD
peptide also found with deamidated asparagine

In summary, the MS/MS analyses allowed to characterize almost completely the
primary structure of donkey lactoferrin. Actually, only a sequence of seven amino acid
of homologous mare lactoferrin remained uncovered (Figure 15).

Some recent studies report six bovine lactoferrin derived peptides, corresponding to the
sequences LIWKL, RPYL, LNNSRAP, '* LRPVAA'* GILRPY and REPYFGY '*as
antihypertensive peptides. The first four were found to exert in vitro inhibitory effects
on angiotensin I-converting enzyme (ACE) activity; the others two were found to exert
in vitro inhibitory effects on endothelin-converting enzyme (ECE) activity. Inhibition of
ACE and inhibition of ECE result in a lower blood pressure. Comparing the bovine
lactoferrin bioactive peptide sequences to donkey lactoferrin sequence, we found that
the sequences RPYL and LRPVAA are also present in donkey lactoferrin at the position
133-136 and 74-79, respectively. In addition, in donkey lactoferrin are present the
sequences LIWRL, GTLRPY and QEPYFGY, at the position 266-270, 130-136, 186-
192, respectively. These sequences are different from bovine lactoferrin bioactive
peptides LIWKL GILRPY and REPYFGY for the substitution of Lys—Arg, Leu—Thr
and Arg—Gln. The best alignment for the bovine lactoferrine peptide LNNSRAP is
with the donkey lactoferrin sequence LDGTRKP at the position 574-580. This
observation allows to consider donkey lactoferrin as a potential source of

antihypertensive peptides as well as bovine lactoferrin. The possible antihypertensive
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activity of donkey lactoferrin peptides LIWKL, GILRPY and REPYFGY, differing for
a point substitution from the corresponding bioactive bovine lactoferrin peptides, needs
to be investigated.

Among the identified peptides, eighteen were detected carrying deamidated Asn.
Indeed, ezymatic PNGase deglycosylation converts glycosylated asparagine residues
into aspartic acid. On the other hand, it is well known that chemical (i.e. non-enzymatic)
deamidation of Asn and Gln residues can occur in vivo or during sample preparation
prior to the PNGase treatment.'®® Chemical deamidation rate can be influenced by
several factors including the protein sequence immediately surrounding the Asn residue.
In particular, it has been demonstrated that the deamidation is more favoured if Asn
residues are preceded by polar residues or followed by small and hydrophilic amino
acids (e.g. glycine and serine), whereas bulky, hydrophobic residues

preceding Asn result in low deamidation rates. o1

N-linked glycosylation in
mammalians occurs via the amide group of asparagine in the consensus tripeptide
sequence Asn-X-Ser/Thr, or much less frequently Asn-X-Cys, where X can be any
amino acid except proline.'”? The primary structure of donkey lactoferrin deduced from
our results (Figure 15) presents three Asn residues in position 137, 281 and 476 that
satisfy the consensus tripeptide sequence Asn-X-Ser/Thr and two Asn in position 168
and 513 that satisfy the consensus tripeptide Asn-X-Cys. Among the five potential sites
of glycosylation, asparagines 137, 281 and 476 were found exclusively in deamidated
form, tryptic peptide T2, containing Asn 168 was 304 detected both with unmodified
and deamidated asparagine, whereas Asn 513 was never observed in deamidated form.
The remaining fifteen asparagines were also detected with unmodified and deamidated
asparagine (Table 6). All together these findings strongly suggest that donkey
lactoferrin presents three N-glycosylation sites located at the positions 137, 281 and
476, like in the mare’s homologous protein, although unambiguous assignment of

glycosylation sites is not possible at this stage and further control experiment providing

direct evidence are required.
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1 APRKSVRWCTISPAEREAAKCAKFORNMKEVRGPSVSCIRKTSSFECIQATAANKADAVTLD

¢1 GGLVYEAGLHPYKLRPVAAEVYQTRGKPOQTHY YAVAVVKKGSGFQLNQLOGVKSCHTGLG

*
121 RSAGWNIPIGTLRPYLNWTGPPEPLOKAVANFFSASCVPCADGRKQYPNLCRLCAGTEADK

181 CACSSQEPYFGYSGAFKCLENGAGDVARVEDSTVFENLPDEADRDKYELLCPDNTREPVD

*
241 AFKECHLARVPSHAVVARSVDGREDLIWRLILHRAQEEFGRNKSSAFQLFKSTPENKDLLF

301 KDSALGFVRIPSQIDSGLYLGANY LTALONLRETAAEVAARRERVVWCAVGPEEERKCEK()

361 WSDVSNREVACASASTTEECTIALVLKGEADALNLDGGE I YVAGKCGLVPVLAENQKSQONS

%
421 NAPDCVHRPPEGYLAVAVVREKSDADLTWNSLSGEKSCHTGVGRTAGWNIPMGLLFN)TGS

481 CKFDKFFSOSCAPGADPOSSLCALCVGNNENENKCMPNSEERYYGYTGAFRCLAEKAGDV

541 AFVEDVTVLONTDGEKNSEPWARDLKOQEDFELLCLDGTREPVAEAESCHLARAPNHAVVS())

601 SDRAQHLKEKVLFILOODOFGGNGPDCPGKFCLFKSETKNLLFSDNTECLAELOGKTTYEQY

66]l LGSEYVTAITNLRRCSSSPLLEACAFLRA

Figure 15: Primary structure of the donkey lactoferrin. The characterized by HPLC/ESI-MSMS of the tryptic digest are underlined by a solid line. Additional traits
identified by complementary enzymatic digestion and MALDI-MS or HPLC/ESI-MSMS analysis are underlined by a dotted line. The five point
substitution with respect to the mare’s counterpart (UniProtKB Acc. Nr. O77811), taken as reference, are reported in bold. The hypothesized N-

glycosylation sitesare marked with an asterisk.
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GLYCAN COMPOSITIONS

An aliquot of 500 uL of the dialyzed whey fraction was loaded on an analytical
sulfonic column and donkey lactoferrin, previously identified (Figure 12) in fraction
F4, was collected. In order to obtain a comprehensive site specific glycosylation
profile of donkey lactoferrin fraction F4 was dialyzed, reduced, alkylated and
digested by a-chymotrypsin. a-chymotrypsin was selected for digestion because it
produces smaller glycopeptides in comparison to trypsin. RP-HPLC/nESI-MS/MS
analysis was selected for glycopeptides analysis. Actually, HPLC coupled to mass
spectrometry is the most commonly employed technique for the analysis of protein
glycosylation. Although recent advances in mass spectrometry have made large-scale
identification of proteins feasible, analysis of protein glycosylation is still very
challenging, because the signals of glycopeptides are often suppressed in the

presence of other peptides.'”"'>

For this reason, glycopeptide enrichments were
performed prior RP-HPLC/nESI-MS/MS analysis. First of all, the a-chymotriptic
mixture, containing non-glycosylated peptides and glycopeptides, was enriched by
TiO,. TiO, has been successfully used to enrich sialylated glycopeptides from
different biological samples of different levels of complexity.167’ 168, 169. 170,
beads interact selectivity with sialylated glycopeptides removing them from the
solution. The supernatant, containing only neutral glycopeptides and non-
glycopeptides, was removed and stored, whereas the beads containing sialylated
glycopeptides were dried and the sialylated glycopeptides eluted from beads. To
enrich neutral glycopeptides, the supernatant, stored from TiO, enrichment, was
subjected to HILIC enrichment. The flow-through contained only non-glycosylated
peptides, whereas the neutral glycopeptides were eluted from the column with 2%
FA.

The enriched mixtures of glycopeptides were investigated by RP-HPLC/nESI-
MS/MS coupled on-line with a hybrid ESI-MS LTQ/Orbitrap mass spectrometer (Q-
Exactive Plus) using HCD fragmentation and MS/MS data were used for database
searching. Several studies employed only MALDI MS spectrometry to characterize
glycans composition. However, an additional complication in the comprehensive
characterization of the N-glycans of animal milk proteins is the presence of N-

glycolineuraminic acid (NeuGc), which is generally not found in human. NeuGc

prevents determination of the composition based exclusively on accurate mass
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because combinations of fucose (Fuc) and NeuGc yeld masses isobaric with
oligosaccharides containing N-acetylneuraminc acid (NeuAc) and hexose (Hex). For
example, the neutral mass 1931.69 Da may correspond to GIcNAc,4:Hexs:NeuAc; but
can also correspond to GlcNAc4:Hexs:Fuci:NeuGce;. To discriminate between the
two compositions tandem MS is required, because MS/MS spectra of glycans or
glycopeptides are charaterized by the presence of carbohydrate-specific oxonium
fragment ions. Diagnostic ions at m/z 308.10 [NeuGc+H]" and 290.10 [NeuGe—
H,0+H]" indicate the presence of NeuGc while ions at m/z 292.10 [NeuAc+H]", m/z
274.10 [NeuAc-H,O+H]" indicate the presence of NeuAc. In addition ions at m/z
163.06 [Hex+H]", 204.09 [HexNAc+H]", 325.11 [2Hex+H]", 366.14
[HexNAc+Hex+H]*, 657.23 [HexNAc+Hex+Sia+H]" and 407.17 [2HexNAc + H]",
are indicative for the presence of glycopeptides. Figure 16b shows the ESI-MS/MS
spectrum of the glycopeptide HexNAcsHexsNeuAc;+GRNKSSAF. The experimental
determined molecular mass of the glycopeptide is 2779.116 Da, which corresponds
to the theoretical one 2779.118, with an error of 0.002 Da (1 ppm). Based on the
determined molecular mass two glycan composition can be candicated for the
GRNKSSAF peptide: GIcNAcs:Hexs:NeuAc;, or GlcNAcs:Hexs:Fuci:NeuGe;.
However, the MS/MS spectrum confirms the GlcNAc4:Hexs:NeuAc; composition
thanks to the presence of the m/z 292.10 [NeuAc+H]" and m/z 274.10 [NeuAc—
H20+H]" ions. On the other hand, in the MS/MS spectrum of the glycopeptide
HexNAcsHexsNeuGc;+GRNKSSAF shown in Figure 16¢, the carbohydrate-specific
oxonium fragment ions at m/z 308.10 [NeuGc+H]" and 290.10 [NeuGc-H,O+H]*

indicate unequivocally the presence of NeuGc;.

The glycopeptide compositions were determined by accurate mass measurements of the

parent ions and from the MS/MS spectra, using an in-house developed software tool,

(MassAl Bioinformayics, MassAlat http://massai.dk/index.html). This software helps

to identify glycopeptides (Figure 16a) from a Mascot Generic File (mgf), using a

flexible glycan database. All results were manually checked in order to validate the

accurate mass of the potential glycopeptides and the compatibility of the fragment ions

observed in the MS/MS spectra.
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(a) MassAl identification of the glycopeptide HexNAc HexsNeuAc;+GRNKSSAF; (b)
MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHexsNeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-
chymotryptic digest of donkey lattoferrin. The experimental determined molecular mass
of the glycopeptide is 2779,116 Da, which corresponds to the theoretical one 2779,118,
with an error of 0.002 Da (1 ppm); (c) MS/MS spectrum of triply charged molecular
ions of the glycopeptide HexNAcsHex;NeuGe;+GRNKSSAF. The experimental
determined molecular mass of the glycopeptide is 2795,113, which corresponds to the
theoretical one 2795,111, with an error of 0.002 Da (1 ppm).
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N-linked glycosylation in mammalian occurs via the amide group of asparagine in the

consensus tripeptide sequence Asn-X-Ser/Thr, or, much less frequently, Asn-X-Cys,

where X can be any amino acid except proline. '°* The primary structure of donkey

lactoferrin presents three Asn residues in position 137, 281 and 476 that satisfy the

consensus tripeptide sequence Asn-X-Ser/Thr and two Asn in position 168 and 513 that

satisfy the consensus tripeptide Asn-X-Cys. Among the five potential sites of

glycosylation, only Asn in position 137, 281 and 476 were found in glycosilated form.

In this study 44 glycopeptides were identified, as reported in Table 8.

Table 8: N-Glycopeptides identified in donkey lactoferrin.

Site 137
B N -G!ycan Peptide Molecular Mass Mass Error
N-Glycan Composition residue I e

(-H20) Theor. Exp. ppm Da
HexNAcsHexs 1622.58 | LNWTGPPEPLQKAVANF | 3503.561 3503.578 0.017
HexNAc Hex;NeuAc, 1913.68 LNW 2344.894 2344.889 0.005
HexNAcsHex, 1663.61 | LNWTGPPEPLQKAVANFF | 3691.655 3691.646 0.009
HexNAcsHex Fuc;NeuAc, 2100.76 LNW 2531.978 2532.015 15 | 0.037
HexNAcsHexsFuc, 1971.72 | LNWTGPPEPLQKAVANFF | 3999.763 3999.741 6 0.022
HexNAcsHexs 2028.74 | LNWTGPPEPLQKAVANFF | 4056.787 4056.765 0.022

Site 281
» N-G!ycan Peptide Molecular Mass Mass Error
N-Glycan Composition residue e

(-H;0) Theor. Exp. ppm Da
HexNAc,Hex; 1216.42 GRNKSSAF 2081.864 2081.866 1 0.002
HexNAc;Hex; 1095.40 GRNKSSAF 1960.838 1960.805 16 | 0.032
HexNAc;Hex, 1257.40 GRNKSSAF 2122.891 2122.891 0 0.000
HexNAc;Hex,NeuAc,; 1548.545 GRNKSSAF 2413.986 2413.985 0 0.001
HexNAcsHex, 1460.53 GRNKSSAF 2325.970 2325.969 0 0.001
HexNAcsHex NeuAc, 1751.62 GRNKSSAF 2617.065 2617.053 5 0.012
HexNAc Hex;s 1622.58 GRNKSSAF 2488.023 2488.023 0 0.000
HexNAcsHex;NeuAc, 1913.68 GRNKSSAF 2779.118 2779.116 1 0.002
HexNA c Hex;sNeuGe, 1929.67 GRNKSSAF 2795.113 2795.111 1 0.002
HexNAc HexsFuc, 1768.64 GRNKSSAF 2634.081 2634.088 3 0.007
HexNAcsHexsFuc;NeuAc; | 2059.735 GRNKSSAFQLF 3313.387 3313.341 4 0.046
HexNAcsHex; 1501.555 GRNKSSAF 2366.996 2366.995 0 0.001
HexNAcsHex, 1663.61 GRNKSSAF 2529.049 2529.049 0 0.000
HexNAcsHex NeuAc, 1954.70 GRNKSSAF 2820.145 2820.145 0 0.000
HexNAcsHexsFuc, 1971.72 GRNKSSAF 2837.160 2837.126 13 | 0.036
HexNAcsHexg 1987.71 GRNKSSAF 2853.155 2853.161 2 0.006
HexNAcsHexcFuc;NeuAc, | 2424.87 GRNKSSAFQLF 3678.519 3678.529 3 0.010
HexNAcsHex;s 2028.74 GRNKSSAF 2894.181 2894.143 13 | 0.038
HexNAcsHexsFuc, 2174.80 GRNKSSAFQLF 3428.450 3428.465 4 0.015
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HexNAcsHexg 2190.79 GRNKSSAFQLF 3444.445 3444.442 1 0.003
HexNAcsHex;Fuc;NeuAc,; | 2790,00 GRNKSSAFQLF 3655.440 3655.520 23 0.080
Site 476
- N-G!ycan Peptide Molecular Mass Mass Error
N-Glycan Composition residue e
(-H;0) Theor. Exp. ppm Da
HexNAc,Hex; 1216.42 NQTGSCKF 2156.829 2156.827 0 0.002
HexNAc,Hexg 1378.48 NQTGSCKF 2318.882 2318.887 2 0.005
HexNAcs;Hex, 1257.40 NQTGSCKF 2197.856 2197.856 0 0.000
HexNAc;Hex ;NeuAc, 1548.545 NQTGSCKF 2488.951 2488.957 2 0.006
HexNAcsHex, 1460.53 NQTGSCKFDKFF 2938.193 2938.181 5 0.012
HexNAcsHex NeuAc, 1751.62 NQTGSCKFDKFF 3229.288 3229.285 1 0.003
HexNAc Hexs 1622.58 NQTGSCKF 2562.988 2562.987 0 0.001
HexNAcsHexsNeuAc, 1913.68 NQTGSCKF 2854.083 2854.082 0 0.001
HexNAcsHexsFuc;NeuAc; | 2059.735 NQTGSCKF(Q->E) 3001.125 3001.151 9 0.026
HexNAcsHexsNeuAc, 2204.77 NQTGSCKF 3145.178 3145.176 1 0.002
HexNAcsHex, 1663.608 NQTGSCKF 2604.014 2604.034 8 0.020
HexNAcsHex ;NeuAc, 1954.70 NQTGSCKF 2895.110 2895.110 0 0.000
HexNAcsHexsFuc, 1971.72 NQTGSCKF 2912.125 2912.093 11 0.032
HexNAcsHex¢Fuc, 2204.77 NQTGSCKF(Q->E) 3116.188 3116.187 0 0.001
HexNAcsHex; 1704.635 NQTGSCKF 2645.041 2645.062 8 0.021
HexNAcsHexs 2028.74 NQTGSCKF 2969.146 2969.168 7 0.022
HexNAcsHexsFuc, 2178.80 NQTGSCKF 3145.178 3145.176 1 0.002

Detailed analysis of the results summarized in Table 8 show that Asn 281 and Asn 476

are the sites bearing the major number of different glycans compositions in donkey LF.

Actually 21 and 17 glycosylated peptides were found, respectively. Conversely, Asn

137 presents a minor number of glycans compositions (6 glycopeptides). Moreover, five

of the six glycan compositions identified, linked at the Asn in position 137, were found

also linked at Asn in position 281 and 476. 13 glycan compositions were found in

common between Asn in positions 281 and 476, while 12 glycan compositions were

found differently distributed between Asn in position 281 and 476, as reported in Table

0.

Table 9: N-Glycan compositins identified at Asparagine in the positions 137, 281
and 476 in donkey’s lactoferrin.

N e Cmrostom N'G'y(c_"l‘{‘;g)esmue Site 137 Site281 Site 476
HexNA c,Hexs 1216.42 * *
HexNAc,Hexg 1378.48 *
HexNAcsHex, 109540
HexNAcsHex, 1257.40 *
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HexNAc;Hex ;NeuAc; 1548.545

HexNAcsHex, 1460.53

HexNAcsHex;,;NeuAc, 1751.62 * *

N e Cmrostom N'G'y(f:[‘agismue Site 137 Site281 Site 476

HexNA cHexs 1622.58 * * *
HexNA csHexsFuc,; 1768.64 *

HexNA csHexsNeuAc, 1913.68 * * *
HexNA csHexsNeuGey 1929.67 *
HexNAcsHexsFuc;NeuAc; 2059.735 *
HexNAcsHexsNeuAc, 2204.77

HexNAcsHex; 1501.555

HexNAcsHex, 1663.61 * * *
HexNAcsHex,NeuAc, 1954.70 * *
HexNA csHex,Fuc;NeuAc; 2100.76

HexNAcsHexsFuc 1971.72 * * *
HexNAcsHexg 1987.71

HexNAcsHex¢Fuc; 2133.77 *
HexNAcsHexgFuc;NeuAc, 2424.87 *
HexNAcsHex; 1704.635

HexNA csHexs 2028.74 * *

HexNA csHexsFuc; 2174.79 * *
HexNAcsHexg 2190.79 *

HexNA csHex;Fuc;NeuAc; 2790.00 *

All togheter the N-glycan compositions determined in donkey milk lactoferrin revealed
that most of the glycans identified are neutral complex/hybrid. Actually, 10 neutral non-
fucosylated hybrid/complex glycans and 4 neutral fucosylated hybrid/complex glycans
were found. In addition, 2 high mannose glycans, 4 sialylated fucosylated
hybrid/complex glycans and 6 sialylated non-fucosylated glycans, one of which with N-
glycolyl neuramin acid (NeuGc), are present (Table 10).

The results above described allowed for the first time the determination of the most
comprensive glycosylation profile of donkey lactoferrin with 44 glycopeptides
identified involving the asparagine residues located at the positions 137, 281 and 476.
The glycosilation profile of lactoferrin in human, bovine and goat has been
described."?" ** 1% From the comparison of the N-glycans compositions (Table 10 and
11), high mannose N-glycans were found only in bovine, goat and donkey lactoferrin,
whereas this composition is not present in human lactoferrin. The majority of the N-
glycans in donkey lactoferrin are neutral N-glycans (38.45%) (Table 11). This value is
similar to that of bovine lactoferrin and goat lactoferrin (35.48% and 28.12% of all N-

glycans, respectively) while in human lactoferrin is only 7.70%. Also, the total
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percentage of fucosylation in donkey lactoferrin (30.78%) is similar to that of bovine
lactoferrin and goat lactoferrin (38.72% and 34.38%), while is lower than in human
lactoferrin (88.50%). The total percentage of sialylation in donkey lactoferrin (38.46%)
is lower than in human milk lactoferrin (53.80%), similar than goat milk lactoferrin
(37.50%) but higher than in bovine milk lactoferrin (6.45%). Furthermore, the total
percentage of sialylation in goat lactoferrin (37.50%), is due for 25% to sialylated
complex/hybrid and sialylated fucosylated complex/hybrid with N-glycolylneuramin
acid (NeuGc), which is generally not present in humans, while only the 12.50% presents
N-acetylneuraminic acid (NeuAc) sialylation. In contrast, the total percentage of
sialylation in donkey milk lactoferrin (38.46%), is due for 34.62% to sialylated
complex/hybrid and sialylated fucosylated complex/hybrid with N-acetylneuraminic
acid (NeuAc) while only 3.84% contains the N-glycolylneuramin acid (NeuGc). Prior
this study, N-glycolylneuramin acid (NeuGc) was only found in goat lactoferrin and in

bovine milk (table 11).

Table 10: N-Glycan compositions present in human, bovine, goat and donkey
lactoferrin. In the last two columns, N-Glycan compositions present in

human and bovine milk are also reported.

N-Glycan NliSsli)(Ilin Human | Bovine | Goat |Donkey 1}:%‘2;;2?; T:i;ﬁizﬁl:
composition (-H,0) LF! LF? LF? LF? Milk? Milk?
High Mannose
HexNAc,Hex, 1054.37 * *
HexNAc,Hexs 1216.42 * * * *
HexNAc,Hex, 1378.48 * * * *
HexNAc,Hex; 1540.53 * * * *
HexNAc,Hexg 1702.58 * * * *
HexNAc,Hex, 1864.63 * * *
Neutral
Complex/Hybrid
HexNAc,Hex, 1054.37 *
HexNAc;Hex; 1095.40 * *
HexNAc;Hex, 1257.45 *
HexNAc;Hexs 1419.50 * * * *
HexNAc;Hex, 1581.56 * * *
HexNAc;Hex; 1743.61 * *
HexNAc Hex; 1298.48 * * *
HexNAc Hex, 1460.53] * * * *
HexNAc,Hexs 1622.58| ** * * *
HexNAc Hex, 1784.63 * * *
HexNAcsHex; 1501.56 *
HexNAcsHex, 1663.61 * * *
HexNAcsHex, 1987.71 *
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N-

N-Gly ?%n Glycan Humlan Bovigle GoaSt Donksey l:;%‘ztgg‘; T.;(;’sl(y)cv(:?:
composition Residue| LF LF LF LF Milk* Milk*
(-H;0)
Neutral
Complex/Hybrid
HexNAcsHexs 1704.63 * * *
HexNA csHexs 2028.74
HexNAcsHexg 2190.79
HexNA c;Hexg 2717.98 *
Neutral
Fucosylated
Complex/Hybrid
HexNA c,Hex;Fuc, 1038.38
HexNAc,Hex,Fuc, 1200.43
HexNA c;Hex;Fuc; 1241.45| * *
HexNAc;Hex, Fuc; 1403.51] * *
HexNA c;Hex, Fuc, 1549.57 *
HexNA c;HexsFuc, 1565.56 * *
HexNA c;HexsFuc, 1711.62
HexNA c;HexgFuc, 1873.67 *
HexNA c;Hex;Fuc, 1444.53 * * *
HexNA c Hex;Fuc, 1590.59 *
HexNAc,Hex,Fuc; 1606.58| * * * * *
HexNAc4Hex Fuc, 1752.64 *
HexNAc,HexsFuc; 1768.64| ** * * * * *
HexNAc;HexsFuc, 1914.70| ** * *
HexNAcHexsFuc; 2060.76 ** * *
HexNA c;Hex¢Fuc, 1930.69 * * *
HexNAc4HexcFuc, 2076.75 * *
HexNAcsHexgFuc; 2222.81 * *
HexNA csHex;Fuc, 1647.61
HexNAcsHexsFuc, 1793.67
HexNA csHex,Fuc, 1809.67 *
HexNA csHexsFuc, 1971.72
HexNA csHexgFuc; 213377 °
HexNA csHexgFuc, 2279.83| **
HexNA csHexgFuc, 257195 °
HexNA csHex;Fuc, 1850.69 *
HexNA csHex;Fuc, 1996.75 *
IHexNA csHexsFuc; 2142.81 *
HexNA csHex Fuc, 2012.75
HexNAcsHex,Fuc, 2158.80
HexNAccHexsFuc, 2174.79 *
HexNAccHexFuc, 248291 *
HexNAcgHex;Fuc, 2498.90| *
HexNAccHex;Fuc; 2791.02 *
HexNAc;Hex;Fuc, 2199.83
HexNAc;Hex;Fucs 2345.89
Sialylated
Complex/Hybrid
HexNAc;Hex;NeuAc; 1548.55 *
HexNAc;HexsNeuAc; 1710.63 * *
HexNAc;HexsNeuGce; 1726.59
HexNAc;HexcNeuAc; 1872.65 * *
HexNAc;HexNeuGce; 1888.65
HexNAc;Hex;NeuGece 2050.70
HexNAc Hex;NeuAc; 1589.57 * *
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N-

N-Glycan Glycan Humlan Bovigle Goz;t Donkey l:;%‘z:;::‘; TI;GBlﬁi:r:
composition Residue| LF LF LF LF Milk* Milk*
(-H;0)
HexNAcsHex ;NeuAc, 1751.62 * *
HexNAcsHex,NeuGce, 1767.62
HexNA c;HexsNeuAc, 1913.68| ** *
HexNAcsHexsNeuAc, 2204.77 *
HexNAcsHexsNeuGey 1929.67 * *
HexNAc4HexsNeuGec, 2236.76 *
HexNAcsHexsNeuAc;NeuGe, [2220.77 *
HexNAc;HexgNeuAc;NeuGe, |2382.82 *
HexNAcsHex;NeuAc, 1792.65 *
HexNAcsHex ;NeuAc, 1954.70 * *
HexNAcsHex,NeuGce, 1970.70 *
HexNAcsHexsNeuAc, 2116.76 *
HexNAcsHex;NeuAc, 1995.73 *
Sialylated
Fucosylated
Complex/Hybrid
HexNA c;Hex Fuc;NeuAc,; 1694.60
HexNA c;HexsFuc;NeuAc,; 2018.71
HexNA c;HexgFuc;NeuAc,; 1856.66 *
HexNA c;HexgFuc;NeuGc, 2034.70 *
HexNAcsHex Fuc;NeuAc,; 1897.68 * *
HexNAc HexsFuc;NeuAc;  [2059.74| ** * * * *
HexNAc4HexsFuc;NeuGe, 2075.73 * *
HexNAcsHexsFuc,NeuGe, [2382.82 *
HexNAc HexsFuc,NeuAc;  [2205.79| **
HexNAc HexsFuc;NeuAc; [2351.85| °
HexNAc HexsFuc;NeuAc, [2350.83| **
HexNA csHex Fuc;NeuAc, 2100.76 * * *
HexNA csHex Fuc;NeuGc, 2116.76 *
HexNA csHexgFuc;NeuAc,; 2424 87| * *
HexNAcsHex¢Fuc,NeuAc; [2570.93| **
HexNA csHexgFuc;NeuAc, 2716.98| *
HexNA csHexgFuc,NeuAc, 2863.04| *
HexNAcgHex,Fuc;NeuAc; [2303.84| *
HexNA csHex;Fuc;NeuAc,; 2790.00| * *
HexNA csHex;Fuc,NeuAc, 2936.06| *
HexNA csHex;Fuc;NeuAc, 3082.12| *
HexNA csHex;Fuc,NeuAc,; 3228.17| *
HexNAc;Hex;Fuc,NeuGe, |2667.95 *

1*T. Yu et al (2011);'* +M. Barboza et al (2012)'%;

2*C. C. Nwosu et al (2010);"!
3*A. Le Parc et al (2014);'*
4*C. C. Nwous et al (2012).'*
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Table 11 : Comparision of N-Glycan Type linked at human, bovine, goat and donkey lactoferrin.

Human Bovine Goat Donkey
LF LF LF LF
N-Glycan N-Glycan| Percentage (N-Glycan| Percentage |N-Glycan| Percentage |N-Glycan| Percentage
Composition found % found % found % found %
High Mannose 0 0 6 19.35 5 15.63 2 7.70
Neutral
Complex/Hybrid 2 7.70% 11 35.48 9 28.12 10 38.45
Neutral
Fucosylated 10 38.50% 12 38.72 6 18.75 4 15.39
Complex/Hybrid
Sialylated 1 3.30% 2 6.45 7 21,88 6 23.07
Complex/Hybrid U 2To 645 [0 [2]5 [ 62515637 5 | 1 [19.23]3.84
Sialylated 0 0 5 15.63 4 15.39
Fucosylated 13 50.00% . . . .
Complex/Hybrid 010 0 0|23 [625(|938 |4 |0 (1539 O

*Glycans containing N-glycolyl neuramin acid (NeuGc)
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CONCLUSIONS

Summarizing our result, the primary structure of donkey lactoferrin was almost
completely characterized by coupling cationic exchange purification, enzymatic
digestions, derivatization of tryptic digest, and different mass spectrometric platforms.
Our data showed that donkey lactoferrin presents five amino acid point substitutions at
positions 91 (Arg— His), 328 (Thr— Ile/Leu), 466 (Ala— Gly), 642 (Asn— Ser), and
668 (Ser— Ala) with respect to the homologue mare lactoferrin. A sequence of seven
amino acid of the homologue mare lactoferrin remained uncovered. In addition, our
result allowed to know that donkey lactoferrin sequence contains the sequences RPYL
and LRPVAA at the position (133-136) and (74-79), respectively. These sequences,
also present in bovine lactoferrin, are known to be antihypertensive peptides. '** '*In
addition, donkey lactoferrin contains the sequences LIWRL, GTLRPY and QEPYFGY,
at the position (266-270), (130-136), (186-192), respectively. These sequences differ
from bovine lactoferrin antihypertensive peptides LIWKL, GILRPY and REPYFGY'*
for a point substitution of one amino acid. This observation allows to consider donkey
lactoferrin as a potential source of antihypertensive peptides as well as bovine
lactoferrin. The possible antihypertensive activity of donkey lactoferrin peptides
LIWKL, GILRPY and REPYFGY, differing for a point substitution from the
corresponding bioactive bovine lactoferrin peptides, needs to be investigated.

Finally, the data obtained allow the identification of 26 different N-glycans
compositions linked at asparagine residues located at the positions 137, 281 and 476.
All togheter the N-glycan compositions determined revealed that in donkey milk
lactoferrin most of the N-glycans identified are neutral complex/hybrid. Actually, 10
neutral non-fucosylated hybrid/complex glycans and 4 neutral fucosylated
hybrid/complex glycans were found. In addition, 2 high mannose glycans, 4 sialylated
fucosylated hybrid/complex glycans and 6 sialylated non-fucosylated glycans, one of
which with N-glycolyl neuramin acid (NeuGc), are present. The amount of the neutral
N-glycans in donkey lactoferrin (38.45%) is similar to that of bovine lactoferrin and
goat lactoferrin (35.48% and 28,12% of all N-glycans, respectively) while in human
lactoferrin is only 7.70%. Also, the total percentage of fucosylation in donkey

lactoferrin (30.78%) is similar to that of bovine lactoferrin and goat lactoferrin (38.72%
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and 34.38%), while is lower than in human lactoferrin (88.50%). Instead, the total
percentage of sialylation in donkey lactoferrin (38.46%) is lower than in human milk
lactoferrin (53.80%), similar than goat milk lactoferrin (37.50%) but higher than in
bovine milk lactoferrin (6.45%). In addition, the total percentage of sialylation in goat
lactoferrin (37.50%), is due for 25% to sialylated complex/hybrid and sialylated
fucosylated complex/hybrid with N-glycolyl neuramin acid (NeuGc), which is generally
not found in humans, while only the 12.50% presents N-acetylneuraminic acid (NeuAc)
sialylation. In contrast, the total percentage of sialylation in donkey milk lactoferrin
(38.46%), is due for 34.62% to sialylated complex/hybrid and sialylated fucosylated
complex/hybrid with N-acetylneuraminic acid (NeuAc) while only 3.84% contains the
N-glycolyl neuramin acid (NeuGc). The site specific N-glycan compositions elucidated
in this study could enable future investigations on the relationship between

glycosylation pattern and protein’s function.
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FIG.1: Bottom: ESI-MS/MS spectrum of the doubly charged molecular ion of the glycopeptide
HexNAcHexs+ LNWTGPPEPLQKAVANF in the RP-HPLC/ESI-MS/MS analysis of the a-

chymotryptic digest of donkey lattoferrin. The experimental determined molecular mass of the

glycopeptide is 3503,578 Da, which corresponds to the theoretical one 3503,561, with an error of
0.017 Da (5 ppm). Top: MassAl identification.
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FIG. 2: Bottom: MS/MS spectrum of the doubly charged molecular ions of the glycopeptide
HexNAcsHexsNeuAc;+LNW in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of
donkey lattoferrin The experimental determined molecular mass of the glycopeptide is 2344,889
Da, which corresponds to the theoretical one 2344,894, with an error of 0.005 Da (2 ppm). Top:

MassAl identification.
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FIG. 3: Bottom: MS/MS spectrum of the triply charged molecular ions of the glycopeptide
HexNAc;Hex,#LNWTGPPEPLQKAVANFF in the RP-HPLC/ESI-MS/MS analysis of the a-

800 2200

chymotryptic digest of donkey lattoferrin. The experimental determined molecular mass of the
glycopeptide is 3691,646 Da, which corresponds to the theoretical one 3691,655, with an error of
0.009 Da (2 ppm). Top: MassAl identification.
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FIG. 4: Bottom: MS/MS spectrum of the doubly charged molecular ions of the glycopeptide
HexNAcsHex FucNeuAc;+LNW identified in the RP-HPLC/ESI-MS/MS analysis of the a-
chymotryptic digest of donkey lattoferrin. The experimental determined molecular mass of the
glycopeptide is 2532,015 Da, which corresponds to the theoretical one 2531,978, with an error of
0.037 Da (15 ppm). Top: MassAl identification.

82



fuc-Hex 4094

Ox.{Hex-HexNAc)

190.000
180.000
170.000
160.000
150.000
140000 . (HexNAc)
130.000
120,000
110.000
100.000

90.000

80.000

2) fro

h292.1(42]
60.000

50.000
40.000

CooRicay

. (Siaff uc-Fi
Ox|(fuc-H

30.000
20.000
10.000

0

%NAC)

1) from 657.23(+

Ox.hSia-hex-HexNAc)

~Sia-hex-HexNAc from prec.

[Pep+2GlcNac (core 2)24)

Pep+ (core 3)(2+)
PR

Pe
uc-HexNAS
Pept (core 4

Pep(2+)

P
)24

Pep+GlcNac (core 1)(14)

~Sia-hex-HexNAC-hex from prec.

-SifvhexcHexNAc from prec.
Cores)24)
from prec.

1000 1100 1200 1300 1400

-Sia-hex-HexNAc from pre€

P
Pep(2+)

]

p12GlcNac (corg 2
Wﬁﬁ(bg’%‘ﬁ{

1500 1600 1700 1800 1900 2000 2100 220 2300

1116.57 = core 1 (2028.047+203.079) z=+2

Pep+GlcNac|(core

-Sia-hex-HexAc-ex fiom Pt orec.
A ,,

200 300 400

500

600 700 800

T: FTMS +p NSId Full ms2 1334.59@hcd20.00 [110.00-4105.00]

Relative Abundance

366.14
R=14806
1007 ot

90

807 20409
7 R=19806
707 2=

274.09
R=16806

z=1
42414

R=13406
z=1

900 1000 1100 1200 1.300

LNWTGPPEPLQ

1116.57

R=8306

2=2

99.08
=6000
27

114557
R=7104
22

1409.67
R=7306
22

1218.12
R=7406
2=

1380.66
R=7106

1281.63
R=4900

)
’ L

1400 1500 1600 1700 1800 1800 2000 2100 2200

KAVANFF

223313
R=5706
2=1

1673.77
R=6104
2=2

2029.04
R=4200
27

1100

657.23
R=10806
z=1
748.25
R=9100
2=?

1]

951.33
R=8800
z=?

1200 1300 1400 1500 1

1116.57
R=8306
2=2
1218.12
R=7406
2=2

R=730
z=2

1409.67

600 1700 1800 1900 2000 2100 2200 2

2233.13
R=5706

6 z=1

1592.24
R=6604

2=2

h.mnﬂ |

2029.04
R=4200
2=7?

0 " T \‘\
200 400

T
600

800

L MH!

EASALANI {AAARL AAAA AR M
1000 1200 1400
m/z

1600

[BAAALAAAY d A LA M) WA B LA Ll
1800 2000 2200

FIG. 5: Bottom: MS/MS spectrum of the triply charged molecular ions of the glycopeptides
HexNAcsHexsFuci+ LNWTGPPEPLQKAVANFF in the RP-HPLC/ESI-MS/MS analysis of the a-

chymotryptic digest of donkey lactoferrin . The experimental determined molecular mass of the

glycopeptide is 3999.741 Da, which corresponds to the theoretical one 3999.763, with an error of
0.022 Da (6 ppm). Top: MassAl identification.
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molecular ions of the glycopeptide

HexNAcgHexs+LNW in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of donkey

lactoferrin. The experimental determined molecular mass of the glycopeptide is 4056.765 Da, which

corresponds to the theoretical one 4056.787, with an error of 0.022 Da (5 ppm). Top: MassAl

identification.
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FIG. 7: Bottom: MS/MS spectrum of the doubly charged molecular ions of the glycopeptide
HexNAc,Hex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2081.866

Da, which corresponds to the theoretical one: 2081.864, with an error of 0.002 Da (1 ppm). Top:

MassAl identification.
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FIG. 8: Bottom: MS/MS spectrum of the doubly charged molecular ions of the glycopeptide
HexNAc;Hex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of
donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 1960,805
Da, which corresponds to the theoretical one 1960,838, with an error of 0.032 Da (16 ppm). Top:

MassAl identification.
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FIG. 9: Bottom: MS/MS spectrum of the triply charged molecular ions of the glycopeptide
HexNAc;Hex,+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of
donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2122.891
Da, which corresponds to the theoretical one 2122.891, with an error of 0.000 Da (0 ppm). Top:

MassAl identification.
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FIG. 10: Bottom MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAc;Hex,;NeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2413.985 Da, which corresponds to the theoretical one 2413.986, with an error of 0.001 Da (0 ppm).

Top: MassAl identification.
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FIG. 11: Bottom MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcyHex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2325.969

Da, which corresponds to the theoretical one 2325.970, with an error of 0.001 Da (0 ppm). Top:
MassAl identification.
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FIG. 12: Bottom MS/MS spectra of triply charged molecular ions of the glycopeptide
HexNAcsHex;NeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2617.053 Da, which corresponds to the theoretical one 2617.065, with an error of 0.012 Da (5 ppm).

Top: MassAl identification.
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FIG. 13: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcyHex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2488.023

Da, which corresponds to the theoretical one 2488.023, with an error of 0.000 Da (0 ppm). Top:

MassAl identification.
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FIG. 14: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcyHex;NeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2779.116 Da, which corresponds to the theoretical one 2779.118, with an error of 0.002 Da (1 ppm).

Top: MassAl identification.
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FIG. 15: Bottom: MS/MS spectrum of the triply charged molecular ions of the glycopeptide
HexNAcsHex;NeuGe;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic
digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2795.111 Da, which corresponds to the theoretical one 2795.113, with an error of 0.002 Da (1 ppm).

Top: MassAl identification.
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FIG. 16: Bottom: MS/MS spectrum of the triply charged selected molecular ions in the RP-

HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of donkey lactoferrin. The experimental

determined molecular mass of the glycopeptide is 2634.088 Da, which corresponds to the theoretical

one: 2634.081, with an error of 0.007 Da (3 ppm). Top: MassAl identification.
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FIG. 17: Bottom MS/MS spectrum of triply charged molecular ions of the glycopeptide

HexNAc HexsFuc;NeuAc;+GRNKSSAF

in the RP-HPLC/ESI-MS/MS analysis

of the a-

chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the

glycopeptide is 3313.341 Da, which corresponds to the theoretical one 3313.387, with an error of
0.046 Da (14 ppm). Top: MassAl identification.
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FIG. 18: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2366.995

Da, which corresponds to the theoretical one 2366.996, with an error of 0.001 Da (0 ppm). Top:

MassAl identification.
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FIG. 19: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHex;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2529.049

Da, which corresponds to the theoretical one 2529.049, with an error of 0.000 Da (0 ppm). Top:

MassAl identification.
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FIG. 20: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHex;NeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is
2820.145 Da, which corresponds to the theoretical one 2820.145, with an error of 0.000 Da (0 ppm).
Top: MassAl identification.
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21: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide

HexNAcsHexsFuc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2837.126 Da, which corresponds to the theoretical one 2837.160, with an error of 0.036 Da (13

ppm). Top: MassAl identification.
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FIG. 22: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHex+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2853.161

Da, which corresponds to the theoretical one 2853.155, with an error of 0.006 Da (1 ppm). Top:

MassAl identification.
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FIG. 23: Bottom: MS/MS spectrum of quadruply charged molecular ions of the glycopeptide
HexNAcsHexgFuc;NeuAc;+GRNKSSAFQLF in the RP-HPLC/ESI-MS/MS analysis of the a-

chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the

glycopeptide is 3678.529 Da, which corresponds to the theoretical one 3678.519, with an error of ,
0.010 Da (3 ppm). Top: MassAlI identification.
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FIG. 24: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide

HexNAcgHexs+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2894.143

Da, which corresponds to the theoretical one 2894.181, with an error of 0.038 Da (13 ppm). Top:

MassAl identification.
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FIG. 25: Bottom: MS/MS spectra of triply charged molecular ions of the glycopeptide
HexNAcgHexsFuc;+GRNKSSAFQLF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic
digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is
3428.465 Da, which corresponds to the theoretical one 3428.450, with an error of 0.015 Da (4 ppm).
Top: MassAl identification.
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FIG. 26: Bottom:MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAccHexc+GRNKSSAFQLF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

3444,442 Da, which corresponds to the theoretical one 3444.445, with an error of 0.003 Da (1 ppm).

Top: MassAl identification.
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FIG. 27: Bottom: MS/MS spectrum of quadruply molecular ions of the glycopeptide

HexNAcgHex;FucNeuAc;+GRNKSSAF in the RP-HPLC/ESI-MS/MS analysis of the a-
chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the
glycopeptide is 3655.520Da, which corresponds to the theoretical one: 3655.440, with an error of

0.080 Da (23 ppm). Top: MassAl identification.
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FIG. 28: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide
HexNAc,Hexs;+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2156.827

Da, which corresponds to the theoretical one 2156.829, with an error of 0.002 Da (1 ppm). Top:

MassAl identification.
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FIG. 29: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide
HexNAc,Hexc+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of
donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2318.887
Da, which corresponds to the theoretical one 2318.882, with an error of 0.005 Da (2 ppm). Top:

MassAl identification.
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FIG. 30: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide

HexNAc;Hexs+#NQTGSCKEF in

donkey lactoferrin. The experi

the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

mental determined molecular mass of the glycopeptide is 2197.856

Da, which corresponds to the theoretical one 2197.856, with an error of 0.000 Da (0 ppm). Top:

MassAl identification.
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FIG. 31: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide
HexNAc;Hex;NeuAc;+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic
digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is
2488.957 Da, which corresponds to the theoretical one: 2488.951, with an error of 0.006 Da (2 ppm).
Top: MassAl identification.
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FIG. 32: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide

HexNAcsHex;+NQTGSCKFDKFF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic
digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2938.181 Da, which corresponds to the theoretical one 2938.193, with an error of 0.012 Da (5 ppm).

Top: MassAl identification.
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FIG. 33: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide

HexNAcsHexy,NeuAc;+NQTGSCKFDKFF

in the RP-HPLC/ESI-MS/MS

analysis of the a-

chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the

glycopeptide is 3229.285 Da, which corresponds to the theoretical one: 3229.288, with an error of
0.003 Da (1 ppm). Top: MassAl identification.
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FIG. 34: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcHexs+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2562.987

Da, which corresponds to the theoretical one: 2562.988, with an error of 0.001 Da (0 ppm). Top:
MassAl identification.
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FIG. 35: Bottom: MS/MS spectrum of doubly charged molecular ions of the glycopeptide
HexNAcsHexsNeuAc;+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2854.082 Da, which corresponds to the theoretical one 2854.083, with an error of 0.001 Da (0 ppm).

Top: MassAl identification.
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FIG. 36: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHexsFucNeuAc;+NQTGSCKF(Q->E) in the RP-HPLC/ESI-MS/MS analysis of the a-

chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the

glycopeptide is 3001.151 Da, which corresponds to the theoretical one 3001.125, with an error of
0.026 Da (9 ppm). Top: MassAlI identification.

114



24000 O Hew-HenlNAC)
23.000
22000
21.000
20000
19008 (Hexhiac)
18.000
17.000
16.000
15.000
14.000
13.000
12000
11000 Prec (1049.453)3+
10,000
0 Ox.(Sia-hex-HexMNAE)
8.000
7000
- Ox.(Sia)
cop] -MNeuGeH20 Rad (1) from 657.23(+1] preClchiac (eore 1)(14)
41000 Pep+ (Copea)(1
30007 (HexMNAC) Pep+ (core 4)(14)
2000
1.000 |
QUID 30‘0 40‘0 560 SDID 760 BDID 960 1 DIDD 1 1‘00 1.2‘00 1 SIDD 1.4‘00 1 SIDD 1.€UU 1.7‘00 1.8‘00
NQTGSCEF
T: FTMS + p NSId Full ms2 1049.40@hcd20.00 [110.00-3230.00]
366.14
R=14506
1004 z
90
80
70
g 1048.48
S 60 R=8002
° ] =7
2 3| 27409
=< 50| R-16102
F | 657.23
S 40 R=10202
< z=?
o ]
30 1144.49
] R=7000
207 z? 167268 183370
3 515.89 69448 813.28 965.88 R=4500 R=4300
104 R=8000 R=7200 R=6700 R=6200 z=? z=?
1 ‘ z=? z=? z=? z=? " h
07‘ \‘ T I T T ‘ T I T ‘\ I ‘ T T ‘ I I T I T T I T I T T T I T
200 400 600 800 1000 1200 1400 1600 1800
m/z

FIG. 37: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHexsNeuAc,+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is
3145.176 Da, which corresponds to the theoretical one 3145,178, with an error of 0.002 Da (1 ppm).
Top: MassAl identification.
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FIG. 38: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHex,+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2604.034

Da, which corresponds to the theoretical one 2604,014 with an error of 0.020 Da (8 ppm). Top:

MassAl identification.
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FIG. 39: Bottom: MS/MS spectrum of triply charged selected molecular ions of the glycopeptide
HexNAcsHex;NeuAc;+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

2895.110 Da, which corresponds to the theoretical one: 2895.110, with an error of 0.000 Da (0 ppm).

Top: MassAl identification.
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FIG. 40: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcsHexsFuc;+NQTGSCKF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic
digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is
2912.093 Da, which corresponds to the theoretical one: 2912.125, with an error of 0.032 Da (11
ppm). Top: MassAl identification.
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FIG. 41: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide

HexNAcsHexFuc;+NQTGSCKF (Q->E)

in the RP-HPLC/ESI-MS/MS

analysis of the a-

chymotryptic digest of donkey lactoferrin. The experimental determined molecular mass of the

glycopeptide is 3116.187 Da, which corresponds to the theoretical one 3116.188, with an error of
0.001 Da (0 ppm). Top: MassAlI identification.
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FIG. 42: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAccHex;+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of

donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2645.062

Da, which corresponds to the theoretical one 2645.041, with an error of 0.021 Da (8 ppm). Top:

MassAl identification.
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FIG. 43: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAccHexs+NQTGSCKEF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic digest of
donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is 2969.170
Da, which corresponds to the theoretical one 2969.146, with an error of 0.024 Da (8 ppm). Top:

MassAl identification.
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FIG. 44: Bottom: MS/MS spectrum of triply charged molecular ions of the glycopeptide
HexNAcgHexsFuc;+NQTGSCKF in the RP-HPLC/ESI-MS/MS analysis of the a-chymotryptic

digest of donkey lactoferrin. The experimental determined molecular mass of the glycopeptide is

3145.176 Da, which corresponds to the theoretical one 3145.178, with an error of 0.002 Da (1 ppm).

Top: MassAl identification.
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