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ABSTRACT

ABSTRACT

Carbohydrate-binding proteins of non-immunologicalgin —lectins—
have been recognized over the last decades asivdegitayers in
numerous biological processes, ranging from ceéll-cemmunication,
fertilization, pathogen-cell adhesion to metastaSisnsequently, there is
an increasing interest in finding powerful and reined tools to screen
for these molecules and to study their carbohydragractions in detail.
Here, two complementary approaches are describeldai@cterize lectin-
carbohydrate interactions with high sensitivitywlsample consumption,
and without the need for sample labelling: SPR @REDEX-MS. In
SPR, we have developed an approach where the isuganobilized onto
a sensor surface through a tailor-made peptide laddat allows (1) to
capture the lectin, (2) to characterize the int@wacthrough kinetic and
thermodynamic parameters, and (3) to identify titeracted protein by
mass spectrometry. In CREDEX-MS, based on proteolkcision of
protein-carbohydrate complexes and mass spectiomatralysis, the

peptides comforming the carbohydrate binding doraaénidentified.
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RESUMEN

Las lectinas (proteinas de origen no inmune capalesreconocer
azucares) se han revelado en las ultimas décadae participantes
cruciales en multitud de procesos bioldgicos, tateso la comunicacion
célula-célula, la fertilizacion, la adhesion detdqaeno a la célula y la
metastasis, entre muchos otros. Por lo tanto,eexistgran interés en el
desarrollo de técnicas analiticas potentes paraestidio de las
interacciones lectina-carbohidrato. En este trgbap describen dos
aproximaciones complementarias mediante las cuaes pueden
caracterizar las interacciones lectinas-azucargran sensibilidad, poca
utilizacion de muestra y sin la necesitad de ningiancaje. En la técnica
basada en resonancia de plasmén superficial (SER)azlcar es
inmovilizado sobre una superficie a través de udutgpeptidico, lo cual
permite (1) capturar la lectina, (2) caracterizarirgeraccion mediante
parametros cinéticos y termodindmicos y (3) idaaifposteriormente la
proteina mediante espectrometria de masas. Compiariagnente, la
técnica CREDEX-MS, basada en la excision protealitlel complejo
proteina-azucar y posterior analisis por espectidamele masas, nos
permite identificar los péptidos que forman paredbminio de unién al

azUcar.






ABBREVIATIONS

ABBREVIATIONS

ACN acetonitrile

Ahx aminohexanoic acid

Ala (A) alanine

Aoa aminooxyacetic acid

Boc tert-butyloxycarbonyl

CREDEX Carbohydrate-REcognition-Domain-EXcision
DHB dihydroxybenzoic acid

DIC N,N -diisopropylcarbodiimide

DIEA N,N-diisopropylethylamine

DMF dimethylformamide

DVS divinylsulfone

ECA Erythrina cristagalliagglutinin

EDC 1-ethyl-3-(3-diethylaminopropyl)-carbodiimide
Fmoc 9-fluorenylmethyloxycarbonyl

Fuc fucose

Gal galactose

Glc glucose

GalNAc N-acetylD-galactosamine

GIcNAc N-acetylD-glucosamine

Gly (G) glycine

HBS HEPES saline buffer

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethgdaium

Vii



ABBREVIATIONS

HPLC
lac
lacNAc
LTA

Lys (K)
MAA
MALDI-TOF
MS
Neu5Ac
NHS
N[Me]-Aoa
NMR
Phe (F)
pl

RCA

rt

RU
SNA
SPPS
SPR
TFA
UEA-I

WGA

viii

high performance liquid chromatography
lactose
N-acetyllactosamine
Lotus tetragonologbuagglutinin
lysine
Maackia amurensiagglutinin
matrix assisted laser desorption ionigattime of flight
mass spectrometry
N-acetyl-neuraminic acid
N-hydroxysuccinimide
N-methyl-aminooxyacetic acid
nuclear magnetic resonance
phenylalanine
isoelectric point
Ricinus communiagglutinin
room temperature
resonance units
Sambucus nigragglutinin
solid phase peptide synthesis
surface plasmon resonance
trifluoroacetic acid
Ulex europeausgglutinin |

wheat germ agglutinin
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Table of reagents employed in SPPS

Amino acids Abbreviation Structure
Alanine Ala
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INTRODUCTION

1 INTRODUCTION

1.1 The sugar code

Life is possible thanks to the combined action airfmajor classes of
macromolecules (nucleic acids, lipids, proteins eadbohydrates). In this
group of actors, each member plays a specific irolthe scene. Even
though they are composed mainly of carbon, oxydemrogen and
nitrogen, their appearances (structures), and coiesdly their functions,
differ from each other. Whereas linear polymersnatleic acids are
responsible for carrying genetic information betwegnerations, linear
polypeptides (proteins) participate in almost eyengcess of the celg.g.
enzymes that mediate in metabolism, proteins withuctural and
mechanical functions and proteins that mediateasglior cell-organism
communication. However, branched polymers of ligdd carbohydrates
were, until recent years, unfairly and incorredtlated as “second-class
citizens” [1] because their functions were reduttedenerate energg.g.
glucose and glycogen) and be structural compon@ngs cellulose and
chitin). One of the findings that contributed toanling that perception
was the work of Winterburn and Phelps, who caledahe theoretical
information storage capacity of carbohydrates as tthtal number of
possible isomers and concluded that “the signiieanf the glycosyl
residues is to impart a discrete recognition raidhe protein” [2]. Since
then, monosaccharides have been considered asmmwds in their own
right, forming a further code system. In comparisothe other two code
systems (nucleotides and proteins) that have améytgpe of linkage and
two points of elongation (5"and 3" for DNA/RNA, aNd and C-terminus
for proteins), each monosaccharide can generateoaraf3 linkage to any
one of several positions on another monosaccharide chain (four

different groups plus the anomeric hydroxyl posit{igure 1.1).
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N-terminus C-terminus

. .
o N —>HN O— | o
J b

HO. .

OH
i)l R @] f 3 oH f

—» 0—P—0

Figure 1.1 lllustration of the three coding systems and thmirresponding
elongation points (marked by arrows). Nucleotideft)(and amino acids (center)
form linear polymers, whereas monosaccharide (righh be elongated through
four hydroxyl groups at C2, C3, and C6 plus the amomeric hydroxyl positions
(oo andp).

In addition, further modifications can occur by atent attachment of
sulfate, phosphate, acetyl or methyl groups tostigar hydroxyl groups.
Therefore the theoretical ability to form isomerw Pligosaccharides
surpasses by far the information-storing capacity peptides and
nucleotides (for an hexasaccharide, there arexL o potential isomers,
whereas for a hexapeptide and a hexanucleotidauh®er of different

structures are 6.4 x 1@nd 4 x16, respectively [3]).

1.1.1 Monosaccharides

Oligosaccharides are formed by conjugation betweemumber of

smallest and non-hydrolyzable units called mondsaddes. These have
the common molecular formula (GB), n=3-9 and are classified into
different groups, based either on the number obararatoms (triose,
tetraose, pentose, ..., nonose) or on the typeadfoayl group they
contain (aldose or ketose). Three main structueatures are used to
characterize monosaccharides: (1) the D or L cardigon which relates
to the configurational notation (R or S, respedyivef the chiral centre
furthest from the carbonyl group, (2) the anomeanfiguration &- or -)

determined by the relationship (different or idealj respectively),
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between the absolute configurations of the anonmaribon and the chiral
center furthest from the carbonyl groug, C5 in hexoses), and (3) the

ring conformation (either pyranose or furanose).

OH OH
HO S HO S

HO OH HO
OH OH OH
B-pyranose (64 %) a-pyranose (36 %)

OH
Ho OH
HO o)

OH
Aldehyde (<0.03 %)

. / N

OH ° o OH o
OH OH
OH
OH
B-furanose (<0.5 %) a-furanose (<0.5 %)

Figure 1.2 Mutarotation scheme @f-glucose.

Thus, a free monosaccharide in solution may exsta@ equilibrium
between acyclic (carbonyl) and cylic (hemiacete-pyranose and,f-
furanose) structures. The interchange between a@peh cylic forms
underlies the optical phenomenom of mutarotatiortymcal structure
attribute of carbohydrates (Figure 1.2). In genetfad acyclic forms are
only present in trace amounts (<0.03% for glucos@greas the pyranose
ring is the most abundant structure. However, dbffés ratio of anomers
are observed for the common hexoses found in nati4€3]. Moreover,
distinct structural orientations are possible ia timg structures. However,
pyranoses occur predominantly in chair conformati®n(opposed to he

'C, or the envelope conformations), because of eriengetsons.
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Table 1.1Ratio of anomers for the most occuring monosaddéstin mammals.

Monosaccharide a-pyranose B-pyranose
p-glucose 36 64
p-galactose 27 73
D-mannose 67 33
N-acetylp-glucosamine 61 39
N-acetylp-galactosamine 53 a7
N-acetylneuraminic acid <10 >90
L-fucose 30 70

As shown in Figure 1.3, the most common monosaadsrfound in
higher animals are:

Neutral sugars: six-carbon monosaccharides suchglasose
(Glc), galactose (Gal), mannose (Man) and fucose)(For five

carbon sugars like xylose (Xyl) or ribose (Rib).

Amino sugars: hexoses with an amino-group at thep&@tion
such as N-acetylglucosamine (GIcNAc) and N-

acetylgalactosamine (GalNAc).

Sialic acid: nine-carbon acidic sugars; the mostroon one isN-
acetylneuraminic acid (Neu5Ac).

Uronic acids: hexoses with a carboxylic acid at @& position.
Glucuronic acid (GlcA) and iudoronic acid (IdA) segamples of

this group.
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Neutral S 5 S 5 S I } S § m
Sugars on e

D- glucose D- galactose D- mannose D- xylose L fucose
Glc, @ Gal. © Man, @ Xyl Fuc

Amino S 5 S 5
Sugars

N-acetyl- Dﬁlucosamlnel\l -acetyl- D galactosamme
GlcNAc GalNAc

H

oH
He, Hooc,

Acidic : ° oH S 5 S ; 5
Sugars Ho NA -

N-Acetylneyraminic acid D- glucuromc acid L-iduronic acid
NeuSAc, @ GlcA, @ IdoA,

Figure 1.3 Most commonly monosaccharides found in higher ahim
glycoconjugates are represented using chain comlfiwm Corresponding
abbreviation and symbolic representation accordeM®BI and Consortium for
Functional Glycomics in 2004 are depicted for eaimosaccharide.

1.1.2 Glycoconjugates: glycoproteins, proteoglycans and
glycolipids

One particular characteristic of carbohydrates,civhis not present in
other types of biomolecules, is their ability tarfobranched structures.
Every monosaccharide unit has three or four (depgnuh the number of
hydroxyl groups) branching points and therefore plex branched,
structures are formed. Both linear and branchegttsires can be found
either as free-standing entitiege.d polysaccharides), or covalently

attached to non-carbohydrate moieties (proteiipat)l (Figure 1.4).

In the mammalian system, over 80% of all (membrand secretory)
proteins are glycosylated. Depending on the linkbgiwveen the sugar

and the amino acid, the glycan chains are cladsifie

- N-glycans: if ap-GIcNAc moiety is linked to an asparagine
residue. All N-glycans posess a common trimannosg (Man-
al,6-(Maneal,3-)Manf$1,4-GIcNAc$1,4-GIcNAc), to which

different monosaccharides are added conforming tinee
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subtypes of N-glycosylation: high-mannose (with ¥Man4 and
Man4” residues substituted with more Man moietidg)prid
(with the Man4 moiety substituted with a Man aneé tilan4’
substituted with a GIcNAc) or complex (if both mase residues
are substituted with GIcNAc units) (Figure 1.5, Teab.2). On the
GIcNAc residues from hybrid and complex N-glycamarious
outer chains, constructed from a series of cordigqe and
modifications  (fucosylation, sialylation, galacttajon,
glucuronylation, and/or sulfation) of their G&l;4-GIcNAc units,
can be constructed. In addition, further modificas in the
trimannosyl core comprise the addition of @fucosyl residue
linked to the proximal GIcNAc (core-fucose), an@ fRGICNAc
linkage to the3-mannosyl residue (bisecting GIcNAc) (Figure 1.5,
table 1.2). The vast majority of the membrane aadretory
glycoproteins are of the complex-subtype. As ancatibn of the
structural diversity found in N-glycans, nowadale CarbBank

database lists more than 1000 distinct N-glycauctires [9].

N-glycoprotein

_ Proteoglycans

Figure 1.4 Common classes of animal glycoconjugates. The eyotrle used is
depicted in Figure 1.3.
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O-Glycans: In contrast to the pentasaccharide itoié-glycans,

the O-glycosylation cores are structurally simgfrest longer than
a trisaccharide), although the monosaccharide lunkied to the

Ser/Thr residue is more variable.d. GaINAc, GIcNAc, Man,

Gal, Fuc). However, the most common maodification tlie

attachment of a GalNAc residue to serine or thre@mesidues.
Currently, the O-linked glycans are grouped intwege core

subtypes (Figure 1.5, Table 1.3) with the coread. 2as the most
commonly found in mucins and glycoproteins. Furtloerter

modifications, in common with N-glycans, are ategtho internal
cores, generating a wide structural diversity ofcgh epitopes
Table 1.5 and Table 1.6)

N-linked glycans O-linked glycans
o6
o6 s
BAsn DuSer/Thr OFuSerlThr ?aserﬂ'hr
3 3 s
Oligomannose type Tn-antigen Core 1 Core 2
g oSer/Th d uSer/Th
. .g er/Thr oSer/Thr Dg er/Thr
BAsn 3
Hybrid type Core 3 Core 4 Core 5
6 < aSer/Thr
aSer/Thr aSer/Thr 3
Complex type Core 6 Core7 Core 8

Figure 1.5 Structure of N-glycans and O-glycans.

Glycosaminoglycans: Another type of glycosylatioourid in
proteins is the addition of glycosamine glycana s8erine residue.
These linear proteoglycans, usually found in thé&raeellular
matrix, are constituted by a core protein with oore more

covalently attached linear glycosaminoglycan chagmnsisting
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in repeating disaccharide units of an amino sugginér GIcNAc
or GalNAc) and an uronic acid (GIcA and IdoA). Theost
common glycosaminoglycans found in the extracalloatrix are
hyaluronan [GIcNA®1,4-GIcA$1,3], chondroitin/dermatan
[GalNAc1,4-GIcABL-3] , with different levels of sulfation,
heparan sulfate [GIcNAai,4-GIcA{31,4], and keratan sulfate
[Gal$1,4-GIcNA®-1,3], (Figure 1.4, Table 1.4). Several
biological processes, such as proteolysis conimadulation of
angiogenesis during tumor metastasis and the okgaation of
cell growth factors are modulated by sulfated dlmprharides.
Heparin-antithrombin, heparan sulfate-herpes simpieus are
some of the most well-known complexes formed byséhe
interaction partners. The presence of sulfatedoeligcharides in
glycosaminoglycans and on N-glycosylated proteingathogens
(e.g. influenza virus, Trypanosoma cruzi) make them ljike
targets for drugs/vaccines/diagnosis developméad1].

- Glycophospholipids: Other proteins may employ eaty bridge
to be linked to the «cellular membrane via a
glycosylphosphatidylinositol (GPI) moiety. As the aim
biological role of this glycan chain is only thechoring of
protein to the lipid membrane, and it has not biegplicated in
other processes, this class of glycoproteins will be further
discussed in this chapter.

- Glycosphingolipids: The last class of glycoconjegafound in
nature are constituted by glycophingolipid (ofteralled
glycolipid), that is an oligosaccharide usuallyaatted via Glc or
Gal to the terminal primary hydroxyl group of thipid moiety
ceramide. This basic unit can be further extendedhe linear
addition of further monosaccharides (Gal, GlcNAwd &alNAc)
(Figure 1.4, Table 1.4).
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1.1.2.1 Relevant sugar epitopes

As glycosylation is a non-template directed prodbsd depends on the
availability of donor/acceptor substrate and enznmn the migration
rate and on environmental factors, the diversitglgtan chains that can
be generated on a single glycoconjugate is enormblasvever, all

glycoconjugates are formed by an inner core wheh lose modified by

the addition of different outer glycan chains.

Quter chains —{ Antennae —{ Inner core

In N-glycans, the common core region is furthenglted by the addition
of Man or GIcNAc residues in different linkagesX,2, p-1,2, B-1,4, B-

1,6) yielding a wide range of structures rangin@nfr mono- to

pentaantennary (Table 1.2). By contrast, in O-glgcthere are no true
antennae built on the inner core, which is generédrmed by the

attachment of a single GalNAc moiety il- linkage to a serine or
threonine residue. This GalNA<Ser/Thr determinant, known as Tn
antigen, a member of the tumor-associated antigemstitutes a sensitive
and specific biomarker for detection of carcinoraasl may be used as
therapeutic target for cancer treatment [12]. Défe variants of the inner
core involve addition of Gal, GIcNAc or GalNAc ig1,3 andp-1,6

linkage (Table 1.3). The T antigen, or Thomsendereeich antigen, is
represented by the disaccharide @BB-GalNAc. This antigen is used
particularly as determinant of malignant. carcinersace, in contrast to
normal cells, in most tumor cells it lacks outeaichmodifications and is

therefore easily detected by specific antibodi&$.[3.
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Table 1.3Inner core structures found in O-linked glycopnage The distinctive
sugar moiety of each structure is shown in bladkengas the common precursors
are coloured in grey.

Inner core

Name Structure
Antigen Tn GalNAc-Ser/Thr
Antigen T, core 1 GalBaGaINAo—SerI‘I’ hr
core 2 Glcr\g\a(:ggeaINAo-SerlT hr
core 3 GloN AcﬂaGaINAo-SerI'I' hr
O-glycans core 4 g:z::zggGaINAo-SerlT hr
core 5 Gala3GaINA0'8errr hr
core 6 GloNATRS aiNAc-Ser/Thr
core 7 GaNABE o INAC-Ser/Thr

By contrast, glycolipids have as inner core stmeguthe disaccharide
Galf31,4-Glc or its GIcNAc derivative form GIlcNAel,3-Galfi1,4-Glc,

attached to a ceramide moiety (Table 1.4).

Table 1.4Inner core structures in glycoplipids.

Inner core
Name Structure
G, Galp4Glec-ceramide
Glycolipids Type 4 Galp3GalNAc-ceramide
GlcNAcB3Galp4Glec-ceramide
Inner core
Name Structure
Hyaluronan (GIcNAcB4GIcAB3),
Chondroitin/Dermatan (GalNAcB4GIcAB3),
Proteoglycans Heparan (GIcNACAGICABE),
Keratan (Galp4GIcNAc3),

Additional glycan structures at “outer” position$ glycan chains are
recognized specifically by carbohydrate-bindingteims and therefore
known as sugar epitopes, by analogy to the antgeivody system
(Table 1.5). In hybrid- and complex-type N-glycamstminal GIcNAc
residues can be modified, on the one hand, byiaddf a Gal moiety in
B-1,3 orp-1,4 linkage yielding type-1 or type-2 chains, esprely. On
type-2 chains, glycan elongation with pdlyacetyl-lactosamine
structures is described, which can be lineag.({-blood antigen) of1-6

11
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branched€.g.l-blood antigen). An example of the biologicalesnce of
these polyN-acetyl-lactosamine structures lies in the factt ttreese
epitopes are recognized with high affinity by géles which are directly
implicated in cancer metastasis [14]. On the oth&nd, the terminal
GIcNAc residue can be modified by addition of oredNAC residue irf-
1,4 linkage, generating the family pf1,4-linked GalNAc epitopes. This
specific glycosylation is restricted to only a feell types, including the
pituitary glands that synthesize glycoprotein hame®[15]. Additionaly,
the GalNAc moiety can be further transformed by ifications such as
fucosylation, sulfation and sialylation. A potenhtifunction of these
GalNAc-epitopes may be the clearance of glycopmstdrom plasma,
given that the asialoglycoproteinreceptor respdasior such clearance
exhibits high affinity for terminal GalNAc [16]. Bales, the core portions
act more as substrates for subsequent modifica{eees below) than as

real epitopes.

Table 1.50uter core portions found in mammalian glycocoajeg.

Name Structure
Type 1 Galp3GIcNAc
Type 2 GalB4GIcNAC
Type 5 Galp3Gal
p1-6 GlcNAc GleNAcp6Gal
Lineari Galp3/4GIcNAcB3GalpaGlcNACB3Galp4GlcNAG
Blood group li Galp4GIcNACB,
Branched | GaIB4GIcNAcB3%aIb4GIcNAc
Terminal GalNAcB4GIcNAc
GalNAcB4GIcNAC
Fucer
p1-4 GalNAc Sialylated Siaa6GalNAcB4GIcNAc
Sulfated S0,4GalNAcp4GIcNAC

SAIG,, GalNAGB4GaIF4GIoNAC/Glo

Core portions

Fucosylated

In N- and O-linked glycoproteins and glycolipids, vdde range of
structural antigens are built by additional modifions of the core
portions. These outer structural epitopes are ifiledsn Table 1.6. The
three members of the A, B and H blood group faraily elaborated by
sequential action of distinct glycosyltransferasesthe four precursor

structures (type-1, type-2, type-3 and type-4). Hhedeterminant is

12
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characterized by amFuc attached to a termin@-Gal unit in a-1,2
linkage. A and B determinants are formed by subsegmodifications on
the H antigen consisting in attachment of a GalNAdGal residue of-
1,3)-linked to the termingl-Gal unit. The A, B and H antigens were first
found on the surfaces of red cells and on the elwtlof different organs
(e.g.digestive, respiratory, urinary and reproductivépwever, later on,
these epitopes were also found on soluble glycogangs as well.
Antibodies against the ABO antigens that are ngpressed in an
individual's red cells constitute the first immunesponse against
bacterial and fungal organisms which expose simiBO structures.
Additionaly this innate immune response is resgaasior the rejection

associated to blood transfusions [17].

As shown in Table 1.6, the Lewis blood group fanidycomprised by a
structural similar set af-1,3 anda-1,4 fucosylated glycan structures {Le
Le®, Le* and Lé&). The term Lewis refers to the family name of indiials
suffering from blood cell incompatibility that helg to discover this
blood group family. Lewis antigens are derived frdwo precursor
structures: the terminal type-1 Gat3GIcNAc disaccharide in Eeand
Le” epitopes and the terminal type 2 [alGIcNAc disaccharide in Fe
and Lé determinants. Leepitope is characterized by a Fuc moiety
attached to the subterminal GIcNAc in-1,4 linkage. Additional
modifications, such as sialylation and sulfatiorvendeen described for
this epitope. Antigens from this family play keya® in cell recognition
processes, especially in selectin-dependent howfirgmphocytes [18].
On the other hand, Peepitope is characterized by the attachment of a
second Fuc residue ir1,2 linkage to terminal Gal. The Lantigen may
act as a receptor for adhesion of certain micraungs: €.9.Helicobacter
pylori) to host cell [19]. LBand L& epitopes are found on soluble

glycoproteins secreted by different epithel@ag( respiratory, digestive,

13
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urinary, reproductive, etc). Red cell membranes acquire
glycosphingolipids bearing Lewis blood antigens otlgh passive
adsorption. Other members of%and L& determinants are found both in
glycolipids and soluble glycoproteins. AccumulatiohLe® and L€, as
well as Lé antigens has been reported in cancer tissuesestinyy that
these Lewis blood group epitopes may play essentii@s in tumor

metastasis [20].

Another family of tumor-associated antigens is espnted by sialylated
structures in N-glycans, O-glycans and glycolipf@iable 1.6). Diverse
sialyltransferases act on different precursor gueions (type 1-4, type
6) and attach a sialic acid moiety to a terminal @sidue ina-2,3
linkage. 0-2,3 sialic acid linkages may participate in a widmge of
biological processes, such as leukocyte homing, [@akma glycoprotein
turn-over [22] or cell adhesion of a variety of pagens €.g. influenza
virus, Helicobacter pylotj [23,24]. However, the-2,6 linkage is not as
common as the-2,3 linkage.o-2,6 linkages are found both on terminal
and subterminal Gal as well as on internal GalNAmeaty, and can be
further modified bya-2,8 sialylation. Neu5A«2,6-linked structures
participate in similar biological processes asd®3 sialic acid linkages,
such as pathogen cell adhesion and plasma glyeproirn-over [25]. In
addition, as ligands of the I-type lectin familyeth participate in the
Immune response. A more restricted function isiedrout bya-2,8
sialylated structures. They modulate cell-cell ael-matrix interactions

important in neural development [26].

14
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Table 1.60uter chain modifications found in mammalian glyaojugates.

Name Structure
Type 1 Galp3GIcNAC
Type 2 Galp4GlcNAC
Type 5 Galp3Gal
p1-6 GlcNAc GlcNAcB6Gal
Linear i Galp3/4GlcNAcB3Gal p4GIcNACR3Gal p4GIcNAC|
Blood group li Galp4GIcNAc|
Branched | GaIBEGIcNAcﬁg(BBaIMGIcNAc
Terminal GalNAcp4GIcNAC
GalNACB4GIcNAC
Fucee
p1-4 GalNAc Sialylated SiacbGalNACB4GIcNAC
Sulfated S0,4GalNACB4GIcNAC

. GalNACB4GaIPAGIcNAC/GIc
Sd'/Gys S

Core portions

Fucosylated

Galp3(4)GlcNAc/GalNAc
H Fuca2 @

A GalNACo3Galpa(4) CIeNAC/GalNAC
A GalNAca3Galp3(4)GlcNAc/GalNAc
Fuca2

A. B, and H blood group

>

Galp3GalNAca3Galp4GIcNAC
Fuca2 Fuca2

GalNAca3Galp3GalNAca3Galp4GlcNAC
Fuca2 Fuca2

o >

Galo3Galp3(4)GlcNAc/GalNAc
B B Gala3Galp3(4)GIcNAC/GalNAC
Fuca2

Fuca.4

Le’ Gal3GIcNAC

. . N Fuco 4
Le" |Sialyl-Le Siac3GalB3GIcNAC

. Fucad
3 sulfo-Le $0,3Galp3GIcNAC

Le Fuca,4
€ Fuca2Gal3GIcNAC

Lewis Blood group Le* (%%IE;(?’BICNAC

Le*  [3sulfole] SO&%%I?;&?ICNAC

i x Siaa3Galp4GlcNAC
Sialyl Le . Fucﬁu?’

Modifications Bsulfo . 05
sialyl Le* Slau?’(éal é?(’BIcNAc

Fuca2Galp4GleNAc
Le’ “ Fuc%?’

Galad GalpaGle
GalNAcp3GaladGalpaGle
Galad GalpAGIcNACB3Galp4Gle
GalNAca3GalNAco
GalNAca3GalNACh

Galili epitope Gala3Galp4GlcNAC
Siaa3Galp3GIcNAC
Siaa3Galp4GlcNAC
a2-3 Siac3Galp3GalNAco
Siaa3Galp3GalNAch
Siaa3Galp4Ge
Sialylated structures group SiaasGalAGIcNAC
Siac6GalNAC

P Blood group

o|o|e

-

Forssman group

B

Siaaé
Siac3Galp3GalNAc
Siac8Siac3Galp4GIcNAC
Siac8Siac3Galp3GalNACB
HNK-1 S0,3GIcAB3Galp4GIcNAC
S0,4GalNACB4GIcNAC

a2-8

Sulfated structures group Keratan sulfate SOﬁGaSI[CS)AigIcNASc%%aI[34GIcNAc

Heparan sulfate (SO,6GIcNAca4IdoAp4),
Chondroitin sulfate (S0,4/6GalNACBAIdoAR3),
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P blood antigens are found only in membrane-assatiglycolipids on

red cells and other tissues. All of them start ba kactosyl-ceramide
precursor, which is transformed by addition of eital ina-1,4 linkage

(Pk antigen) or GalNAc irg-1,3-linkage (P antigen). However, for P
antigen synthesis, three sequential glycosylatieactions are needed
(Table 1.6). It is reported that the blood grouprfigens act as receptor
for various uropathogenic bacterie.d. Escherichia coli Pseudomonas

aeruginosa and virus €.g.members of the parvovirus family) [27].

Another antigen found in glycolipids is the Forssnaatigen, formed by
addition of GalNAc in ao-1,3 linkage to a terminal GalNAc moiety
(Table 1.6). This epitope, synthesized in manyedéfit mammals, has
been found in tumor but not in normal human ceBecause of its
localization mainly in tight junctions and apicafal membranes, it is
assumed that it may participate in cell-cell adbmesiand other

communication processes [28].

Finally, another antigen not synthesized in humarise Galili epitope. In
non-primate mammals, this epitope is synthesizedalgpecifica-1,3

galactosyltransferase that acts on type-2 precurgmesent in
glycoproteins and glycolipids. Due to their lacksdlili antigens, humans
display high titers of anti-Galili antibodies. Thionstitutes a major
barrier to the use of xenotransplants in humanshadalili antigens of
the transplanted cells cause a hyperacute resgoiraeating in cell lysis
[29]. On the other hand, anti-Galili antibodies @égwvoven quite useful for

diminishing the infection efficacy of some recordninretroviruses [30].
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1.2 Lectins as decipherers of the sugar code

The wealth of biological information encoded by tbemplex glycan
structures found in glycoconjugates requires a tedder capable of
differentiating carbohydrate epitopes acting asgadion determinants in
diverse biological communication processes, such feilization,

microbial infection, immune response and metastasigmng others. This
unusual ability to decode the information contaifmecdcarbohydrates is

present in lectins, a class of proteins discoverethg the last century.

1.2.1 History of lectins

The history of lectinology started in 1888, wheiili8ark described for
the first time the toxicity and agglutination atyilof seed extracts of four
Euphorbiacea plants €.g. Ricinus communjs [31]. Subsequently, a
similar toxic hemagglutinin activity was found inxteacts fromAbrus

precatorius by Helli [32]. Both extracts were employed in 188¥%

Ehrlich to establish the fundamental principles ohmunology

(specificity, immunological memory and transferhafmoral immunology
from a mother to her offspring). Due to the slowogress in the
development of fractionation techniques, the fisslated hemagglutinin
was not described until 1919, when Sumner and Hovgsllated

concanavalin A and reported its crystal structu38].[ In 1936, as a
consequence of the discovery of the carbohydratgenaf the ligand for
Concanavalin Ait was suggested that the agglutinating actimitght be

a conseguence of a reaction between the plantipratel carbohydrates
on the surface of red cells. Although in 1900 i@tk had already
observed different relative hemagglutinating atitgi of various seed
extracts for red blood cells from different speciésvas not until 1940
that the human ABO blood group system was estadidly Boyd and

Renkonen. The differential hemagglutination acyiVily lectins, such as
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Phaseolus limensis Vicia cracca and Lotus tetragonolobys in
combination with further inhibition studies by m@aacharides, provided
new insights into the chemical nature of the AB@ &rwis blood group
antigens. Finally, in 1952, Morgan and Watkins désd three types of
blood cells, depending on the specific lectin thatluces their
agglutination and the monosaccharide that inhiiiésreaction. Whereas
A type red cells were agglutinated Biaseolus limensiand inhibited by
a-GalNAc, B type cells and O type cells were agglatitd byVicia
cracca and Lotus tetragonolobusand inhibited byp-Gal and a-Fuc,
respectively. This ability of plant hemagglutinitts distinguish between
red blood cells led Boyd and Shapleigh in 1954 toppse the name
lectins, from the Latidegerethat means to pick out or choose [34]. In
order to differentiate lectins, which participatexclesively in
communication processes, from other carbohydratdifng proteins such
as antibodies, receptors and enzymes, it was reegess refine the
definition. Thus today, to qualify as a lectin, etein must meet three
requirements: (1) it must be a (glyco)protein ohsmmmune origin, (2)
binding carbohydrates, and (3) not modifying theboaydrates (such as
glycosyltransferases or glycosidases), nor tratisgorthem through
membranes. Three more discoveries, in the 1960s8ght lectins into the
limelight. Nowell found that the lectin oPhaseolus vulgarisand
concanavalin Apromoted lymphocyte proliferation [35]. Other iast
such as wheat germ agglutinin were found to aguitei preferentially
malignant cells. These and similar findings dem@tstl the usefulness of
lectins as investigational tools for different loigical events, particularly

cancer-related processes.

Two main technical improvements facilitated lecitudies. First, the
introduction of affinity chromatography for isolati of lectins by

Goldstein and Agrawal in 1965 increased the nunolbésolated lectins,
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from 1 to more than 500 in 2004 [32]. Aside fronamds, lectins were
found in other sources such as microorganismg. (nfluenza virus
hemagglutinin  [36]) or animals e(g. galactose-specific hepatic
asialoglycoprotein receptor [37]). The isolationdacharacterization in
1974 of this mammalian lectin highlighted the rokeanimal lectins in
biological recognition. Another discovery that hedpto understand
lectins as recognition molecules was the isolabgrSly in 1977 of the
mannose-6-phosphate receptor involved in intralegllarafficking of
lysosomal enzymes [38]. Since then, several anieains have been
isolated predominantly through methods based on thstio
neoglycoconjugates. Apart from their role in ingtualar glycoprotein
transport, lectins have been reported to be ingbiwecell routing, cell-
cell and cell-matrix interactions, especially dgritmmune response.
Particularly interesting is the finding of a rolerflectins in tumor
metastasise(.g. galectins) [39-42]. Finally, a particularly powerinsight
on the structural determinants of lectin-ligand pteres has been
achieved by means of NMR spectroscopy studies lutisp , leading to

detailed molecular characterization of carbohydbateling sites [43].

1.2.2 Classification of lectins

Given that lectins were ubiquitous in nature, thigioal classification
was based on their origire.g, plants, animals and microorganisms).
Among organisms, lectins vary in size, amino acxhposition, metal
requirement, domain organization, subunit number agsembly, as well
as in their three dimensional structure, and in ¢bastitution of their
carbohydrate-recognition sites. It was Makela wind957 suggested that
lectins can be classified in four different classémsed on the
configuration at C-3 and C-4 of the monosacchatidgg best inhibited

cell-agglutination. Thus, lectins that bound Mard &Blc belonged to
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group llI; Gal and GalNAc-biding lectins were cléigsl as group Il

lectins and Fuc-binding lectins were placed in gro[A4].

Recently, it has been found that in general lecthrswv higher affinity for

oligosaccharides (di-, tri- and tetrasaccharidieap tfor monosaccharides
(Ko mM vs uM) and, as the crystal structure of several ischias been
elucidated, a new classification has been createskd on common
structural features [45]. Thus, lectins can be eomntly classified as

follows:

-simple lectins, consisting of a small number dbsits (not more than
four), with molecular weights below 40 kDa. Praalig all known plant

lectins and some members of the galectin familgrgko this group.

-mosaic lectins, composed by several kinds of pralemains, only one
of them with carbohydrate-binding ability. Viralrinagglutinins and some

animal lectins are examples of this type.

-macromolecular lectins, consisting in polymericbsoits helically

arranged and assembled in the forrfimbriae very common in bacteria.

1.2.3 Simple lectins: Plant lectins

Within this class, plant lectins are the largest amost thoroughly studied
family, with more than 900 identified members in0B046]. The best-
characterized family is theeguminosaeTypically, legume lectins consist
of two or four subunits of 25-30 kDa, made up dfimgle polypeptide
chain of about 250 amino acids and with one or tiNdinked
oligosaccharides. They are synthesized in ribos@sgmecursor peptides
of approximately 30 kDa, enter the lumen of the ®i are further
processed through the Golgi apparatus. Several -tostlational
modifications affect the initial peptide precursérto the lumen of the
RE, the N-terminal signal peptide of about 20 toaBfino acids is split
off, and subsequently modified by the attachmerdref or two N-linked
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oligosaccharide to the consensus sequence Asn/X{8g#@7]. Finally,
legume lectins end up mostly in storage vacuolesp(otein bodies),
where they can undergo further proteolysis andspraptidation reactions.
The storage organs of plants (seeds, roots, bodyk,and leaves) are the

richest sources of legume lectins.

Within the family, remarkable sequence homologiesfeund, with about
20 % of invariant amino acids, and close to 20%lamones. Most of the
invariant amino acids constitute the unique carbote binding site per
subunit. Despite this high sequence homology, @garhe family displays
enormous diversity in carbohydrate specificity. Sfie lectins towards
almost every monosaccharide present in mammals &t Man, Fuc,
GIcNAc, GalNAc, Neu5Ac), have been isolated frontunal sources and

characterized. Examples are shown in Table 1.7.

Table 1.7Examples of plant lectins and their carbohydratzHicity.

Monosaccharide Plant lectin source Abreviatipon

Glc/Man Canavalia ensiformis Con A
Erythrina cristagalli ECA

Gal Ricinus communis RCA
Griffonia simplicifolia GSA

GIcNAc Triticum vulgaris WGA
GalNAc Dolichos biflorus DBA
Psophocarpus tetragonolobus PTA

NeuSACc Maackia amurensis MAA
Sambucus nigra SNA
Fuc Lotus tetragonolobus LTA
Ulex europeaus UEA
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Another particular aspect of the legume family ionttast to other
families Gramineaeand Solanaceag is its requirement for a tightly
bound C&" and a transition metal, usually Kin However, it has been
described that in plant lectins, the ions are ricgctly involved in the
interaction but responsible of maintaining subumiegrity and of fixing

residues for ligand binding [48].

Plant lectins appear to have many different, ingurtfunctions [49].

They may act as protection against animal predasoish as lectins from
Ricinus communiand Phaseolus vulgarisyhich are toxic for mammals
in general, oiGalanthus nivaligGNA) lectin and WGA, which are toxic
for insects and fungi, respectively. Aside fromithiele in plant defense,
lectins also participate in beneficial interactionsch as the symbiotic
contact with bacteria from the genR$izobiumthat allows plants to fix
atmospheric nitrogen. In addition to these exteffiumictions, legume
lectins can also act within the plant as seed gtorproteins and
modulators of enzyme activity. The large numbersatcharides with
which legume lectins can interact has led to theitensive use for
analytical purposes in the laboratory. Blood typingell separation,

definition of the glycosylation status of a cellapping of neuronal

pathways, purification and identification of glycmgugates are some of
the most common applications. Several plant leci@scommonly used

in glycobiology research (Table 1.7) [50].

More recently, plant lectins have also been usednédical fields, as
mitogenic agents of immune cells [51], diagnosger#s or due to its
toxicity as antineoplastic drugs [52]. Lectins sashCon A and WGA are
nowadays in clinical trials to combat cancer. Hogrewue to their plant
origin and strong cytotoxic properties, immune oesge and other side-
effects are expected, suggesting that consideedtues will be required

if their useful application as anti-cancer drugwibecome a reality.
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1.2.4 Lectins in other organisms

Although lectins were first found in plants moranh100 years ago, they
are now known to be present throughout nature, fsanteria and viruses
to animals. In the microbial world, both bactersadd viral lectins are
involved in adhesion to epithelial cells of the pieastory and
gastrointestinal tract, as starting point of inf@ctprocesses. Bacterial
adhesins bind preferentially to glycans (B&|4-Glc, Galel,4-Gal)
found in glycolipids, although other adhesins h&een described that
bind specifically to proteoglycans such as hepasalfate [53]. Viral
hemagglutinins, on the other hand, bind mostly tgcans present in
glycoproteins. The best studied example is theuémfta hemagglutinin
which binds to sialic acid-containing glycans, wileu5Ace2,(3,6)-Gal

as the minimal epitope necessary for binding.

More diverse carbohydrate specificities are foiumanimal lectins. These

are classified according to structure in five niaimilies:

- C-type, composed by over 50 members with highlyiabde
carbohydrate specificity and characterized by thrictsC&”
requirement  for  binding. The mammalian hepatic
asialoglycoprotein receptor (Gal/GalNAc-specifit)e mannose
binding protein (Man-specific) and the selectine(NAco2,3-
Galf31,(3,4)[Fucel,(3,4)-GIcNAc]-specific) are some examples
of this family.

- S-type, with fifteen different galectins identified date. All of
them-galactose-specific and appearing to be mainlylireain
metastasic processes.

- P-type, hitherto with a single member, the manr®gdosphate
receptor that participates in targeting lysosonmalyenes to their

subcellular compartments.
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- I-type, consisting of a group of structurally imnoagtobulin-
related proteins. The Singlec family of sialic asmkcific lectins
iIs the unique well-characterized group of I-typetiles that
participate in cell-cell interactions during thenmane response.

- Other lectins such as calnexin and calreticulirt treaticipate in
the correct folding of nascent glycoproteins, adl w&e in their

intracellular trafficking and delivery to the cslirface.
1.3 Carbohydrate-lectin interactions

1.3.1 Structural basis of carbohydrate-lectin interaction

Structural information on carbohydrate-lectin iaigtfons has been mainly
obtained by X-ray crystallography or NMR. Severanplexes have been
elucidated and their common feature is a glycantibip site formed by a
shallow depression on the surface of the protei2.6~sugar residues)
[45,48]. As depicted in Figure 1.6, hydrogen andtaheoordination
bonds in combination with hydrophobic and Van deadl\s interactions
are involved in the recognition event taking platehe primary binding
site. On the monosaccharide side, key hydroxyl gsocan act as both
acceptors and donors of hydrogen bonds, often rneetidy water
molecules. In particular, for lectins that recognieutral hexoses, such as
Glc, Man or Gal, the hydroxyl at the C4 positiorerss to be a decisive
player, as differences in the spatial orientatidnGg (axial in Gal,
equatorial in Glc and Man) cause significant chanigerecognition [54].
Hydrogen bonds are formed between carbohydrateokydgroups and
amine groups or hydroxyl of the lectin. A charaistir bidentate
hydrogen bond is often formed between two adjacmarbohydrate
hydroxyls and the two oxygens of aspartic or glutaatid residues [55]
(Figure 1.6). Although carbohydrates have a higidiar nature, the steric

disposition of hydroxyl groups creates hydrophopmtches that can
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contact with hydrophobic amino acids, such as plaésryine, tyrosine, or
tryptophan, on the protein surface [45]. Moreoveaumerous Van der
Waal’s interactions contribute significantly to d¢limg. Metal ions, such as
Cd" and Mrf* are situated in close proximity to the bindingegit 4 A
apart), but, except for C-type lectins, are notagsvdirectly involved in
the carbohydrate binding. Their function consistpositioning correctly
the amino acid residue interacting with the carliohte [56]. Taking into
account all the forces involved in carbohydratditebinding, the result is
still a relatively weak interaction, with dissodétat constants usually in
the millimolar range for monosaccharides. Highdmdfes towards di-
and trisaccharides (in the micromolar range) aressipte through
secondary binding sites that fit extra monosacdeatriln addition, one or
several hydrophobic binding site other than théalaydrate-binding one
and involving protein-proteinvé. protein-carbohydrate) interactions have
been also reported for lectins [57].

L ;j)h

HN
-

Figure 1.6 Schematic representation of carbohydrate-lectiter@ttions.
Hydrogen bonds between sugar hydroxyl groups athel cains as well as with
backbone amide groups are depicted. Hydrophobgradntions (shaded areas)
occur between a sugar B-face rich in C-H bonds amudnatic residues of the
lectin. Wavy lines depict the rest of the proteackbone.

1.3.2 Glycoside cluster effect
In order to be biologically relevant, carbohydrigetin interactions need

to improve their binding affinity through multivadey. This enhancement
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due to multivalent interaction is called “glycosidester effect” [58] and
invariably involves an increased binding affinitglative to that of the

monomeric ligand.

Figure 1.7 Schematic representation of different mechanisespansible for

glycoside cluster effects: (A) intramolecular bimglibetween a lectin with two
CRDs and a multivalent homogeneous glycan chain; H&erocluster effect

involving a lectin with different CRDs and a mublient heterogeneous glycan
chain; (C) intermolecular binding between sevesiagle CRD lectins and a
multivalent homogeneous glycan; (D) lectin-glycanteraction sterically

occluding a protein-protein interaction which othiesse would destabilize the
original lectin-glycan binding event.

Lunquist and Toone consider three mechanisms foitivalency: (1)
intramolecular or chelate binding, (2) intermolesuhggregative process,
and (3) steric stabilization [59]. An intramoleauldinding event
(“intramolecular” refers to the lectin moiety) inives the clustering of
sugar epitopes from a glycan chain in concert wita clustering of
carbohydrate recognition units (CRD) from a sintgetin (Figure 1.7,
panel A). A variant of this binding pattern is tbe called “heterocluster
effect” [60], whereby mixed-type oligosaccharidese with different
terminal epitopes— are recognized by lectins endowith two binding
sites of different sugar specificity (Figure 1.7angl B); as a result,

binding affinities higher than those of homogenemasjugates with
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identical valency [61] are observed. On the othamdh in lectins with
only one CRD per subunie(g.viral hemagglutinins) the clustering effect
Is necessarily intermolecular [62] (Figure 1.7, gda@). Finally, the steric
stabilization refers to the fact that carbohydiaiteding near the protein
surface may prevent the approach of other macramlags, hence the
contact with other proteins that would disturb tebohydrate-protein

interaction under primary consideration (Figure panel D)

1.3.3 Analytical methods for studying carbohydrate-lectin
interactions: information about specificity, stnu,

kinetics and thermodynamics

There are many different ways to study bindinglg€agns to lectins, each
with its advantages and disadvantages in termsnotuat of sample (both
protein and glycan) needed, purity required, typd apeed of analysis.
These approaches are classified into three catsgdfi) indirect methods
such as inhibition of hemagglutination (HIA) andzgme-linked lectin

assay (ELLA), (2) structural methods such as Xesystallography and
nuclear magnetic resonance (NMR), and (3) othephyisical methods
such as isothermal titration calorimetry (ITC),stat quartz microbalance

(QCM) and surface plasmon resonance (SPR).

Historically, carbohydrate-protein interaction nifies have been
evaluated by HIA. The test is based on the abdlftya soluble hapten to
block the lectin ability of aggregating blood cellthe concentration of
hapten causing 50% inhibition of precipitation akdén as the inhibitory
concentration, Ig. As absolute g values can vary widely among
experiments, HIAs are mainly used to compare biondaffinities of

different soluble ligands, but actual binding atfes are best determined
by other methods [63]. Another technique for deteenrelative binding

affinities of a panel of glycoconjugates, ELLA, iesl on competitive
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binding to a horseradish peroxidase-conjugatedhléettween soluble and
immobilized carbohydrates. Similar to some ELISAnfats, enzyme-
conjugated lectin and soluble ligand are added iwratiter plate wells
coated with a polymeric saccharide and, after ehimgsstep, the amount
of retained lectin is determined spectrophotomallgicand from this the
corresponding 16, is derived. ELLA avoids HIA-associated problems
such as aggregation; however, it has its own desatdges such as non-
specific binding to the microtiter plate, the reguaient for lectin-enzyme
conjugates, and reduced reproducibility ofy@alues due to glycoprotein
microheterogeneity. This latter problem can be deoi by covalent
immobilization of defined glycoconjugates insteddcomplex structural

glycoproteins [64].

To study carbohydrate-lectin interaction at the enolar level, two main
biostructural methods are used: X-ray crystallogyapand NMR.
Originally, carbohydrate-lectin complexes have betucidated by the
former technique, since the often high moleculaigiveof lectins (> 30
kDa) hampers their analysis in solution by NMR.d&shis writing (April
2010), around 200 different crystal carbohydratgihe complexes are
listed in the RCSB Protein Data Bank (PDB). In orte identify the
position and mode of binding of glycans, a resolutif at least 2-2.5 A is
required which is not easy to obtain. Lacking tlti@rbohydrate-binding
sites can be figured out by computer-assisted ratdecmodeling
techniques such as docking [65]. As an alternaiivé&-ray 3D crystal
structure, NMR not only provides structural infotioa but also allows to
determine equilibrium association constants [66]LBy'H NMR titration
experiments where chemical shift variation induckey increasing
amounts of ligand are monitored [67]. As X-ray ¢tajlegraphy, NMR

has the main disadvantage of requiring substaatiunts of highly pure
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sample (both lectin and carbohydrate), often diffido obtain from

natural sources.

Thermodynamic parameters of carbohydrate-lecterautions are usually
determined by means of ITC, QCM and SPR, with tht#tet two
techniques providing also kinetic data. ITC evadgahe change in free
energy resulting from binding of a glycan to a iectMost ITC
instruments work with a continuous power compensatlesign, where
the heat evolved from the binding is determined rbgasuring the
compensating voltage necessary to return theaeés initial temperature.
Control experiments are done in which glycans daed to cells lacking
lectin. ITC provides information on binding condtamnthalpy and
stoichiometry of binding. In practice, ITC poseslgems such as high
sample amount (> 10 mg), plus solubility problemisew low-affinity
interactions are studied, as high lectin conceintiat are needed for
reliable data. Microcalorimetry, a recent improvemestill requires
amounts in the micromolar and milimolar range fectin and ligand,
respectively [68]. These problems notwithstanditig, thermodynamics
of several carbohydrate-lectin interactions hasnbelacidated by means
of ITC [69].

To avoid some of the above limitations associatéd WC, two surface-
based analytical techniques (SPR, QCM) have beeliedp both with
significantly lower sample requirements and witle tdded benefit of
allowing to determine kinetics parameters [70,Bdth techniques are
based on the immobilization of one molecule on Hase whilst the
interacting partner is passed through as a freeecutd. In both
techniques binding is detected in real time by meainthe difference in
mass occurring at the surface upon formation dcdradting complexes;
detection, however, is based on different phygicaiciples. QCM has a

piezoelectric detection mode that measures theudérezy shift resulting
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from the change in mass on the surface. In additbanges in viscosity
are also measured to help analysis. SPR uses malgptenomenon to
detect refractive index changes, which are propoali to the mass
change. In SPR, both association and dissociaats constants can be
determined separately, hitherto the only technithus allows so. In

addition, thermodynamic parameters, such as endsalnd entropies,
can be determined by calculating the temperatugenttence of the
binding constants [72].

1.4 Surface Plasmon resonance (SPR)

In 1983 Liedberget al described the first application of SPR-based
sensors to monitor biomolecular interactions [78though there are
several SPR-based systems, the technology developé&iAcore (GE
Healthcare, United Kingdom) is the most widely u§éd]. The basis of
the SPR-biosensor relies on the functionalizatiba gold surface with
one component of the interaction (called ligand)ereas the other (called
analyte) flows over the surface free in solutiono Tmmobilize
biomolecules, the gold layer is coated with a matficarboxymethylated
dextran that provides a three-dimensional hydraphmhatrix, where
biomolecules can be immobilized covalently by usdlifferent well-
characterized chemistries. SPR-based instrumenésrhade it possible to
obtain kinetic and thermodynamic data for a largenber of protein-
protein, protein-peptide and protein-DNA systems.tlis technique has
been employed in this thesis to study carbohydvatésin interactions, its

principle will be elaborated further.

1.4.1 The SPR principle

When a beam of light passes, at a specific anglecidenceds,, from a
material with a high refractive index.¢. glass p ~ 1.26-1.38) into a

material with a low refractive indexe . aqueous buffer u ~ 1), total
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internal reflection occurs. However, if the surfaxfethe glass is coated
with a thin gold film, the internal reflection iohtotal, and some light
fotons are transferred into the metallic film, éxg its electrons and
generating surface plasmon waves. This phenomenaralied surface
plasmon resonance and, since it entails a loseerfg, it is characterized
by a dip in the intensity of the reflected lighigie 1.8, panel A). As
binding of biomolecules results in an increasehm fefractive index and
Bspr IS Sensitive to changes in refractive index, bigdevents are detected
as a shift in thég, (Figure 1.8, panel B). In SPR-based instrumentl bo
the 05,, and dips are monitored in real time. Therefore,dapicted in
(Figure 1.8, panel C), the result of an interactibetween two
biomolecules can be plotted in a sensorgram as gelsamn 0, in
resonance units or response units (REjime. The binding response in
RU (1 RU is equivalent to a shift iy, of 10* degrees) depends on the
bound analyte and its molecular mass. Empirical stesments have
shown that binding of 1 pg protein to the sensafase leads to a
response of 1 RU. Glycoproteins and lipoproteinsehibbwer specific
refractive index increments, whereas nucleic abage a slightly higher

specific refractive index increment than proteirs][
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Figure 1.8 (A) Schematic representation of the principle e PR technology
with a prism as one medium and a solution of aeaj} as the other. The ligand
(A) is immobilized on the gold surface in contacthattte solution. (B) Analyte-
binding is measured by monitoring changes in thdéasa plasmon resonance
angle Qsp), at which the intensity of reflected light reasha dip. (C) In a
sensorgram, the angle at which the dip is obsepr/ptbttedvstime.

As shown in Figure 1.9, four different phases candistinguished in a
sensorgram:

1) Baseline phase, when only buffer flows across

2) Association phase, when the analyte-containangpde is in contact
with the sensor and binding occurs

3) Dissociation phase, when only buffer flows asraad dissociation of
the bound analyte occurs

4) Regeneration phase, when a solution is injectddch breaks the
specific binding between ligand and analyte, andhle surface ready for
the next interaction experiment.
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Suitable analysis of the data displayed by a sensor, during
association and dissociation steps, provides gadimé information on
active concentration of molecule in a sample, dsageon the affinity and
kinetics of the interaction.

==
: l ot

Regeneration
—

%’bn

E | Response

Time (s)

Figure 1.9 A representative sensorgram showing the four sté@s interaction

experiment. In the baseline phase, only buffer diaaeross. In the association
phase, the analyte in running buffer is flown othex surface. In the dissociation
phase, the running buffer alone is passed ovesulface. Finally, a regeneration
step is applied to recover the initial surface befmnning a new cycle. Whereas
the shape of the curve gives information abouttidgeethe height of the curve

quantifies the binding capacity. Reproduced from Website of BIAcore AB at
www.biacore.com.

1.4.2 Principal  applications:  kinetics, affinity, and

thermodynamics

The best known benefit of direct detection using $the determination
of kinetics of biomolecular interactions. In thepoaysimple 1:1 interaction
between the analyte (A) and the immobilized ligéBYlis described by:

k.
K

A+ B AB

As it is considered that the reaction follows aygkefirst order kinetics,
the formation of the complex as a function of tioem be expressed by
equation 1.1 where the association rate constargxiressed in Ms'

units, describes the rate of complex formatioe, the number of AB
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complexes formed per second in a 1 M solution ofad B. The
dissociation rate constang, lexpressed in‘sunits, describes the stability

of the complexi.e. the fraction of complexes that decays per second.
d[AB]/dt = k, [A] [B] — kq [AB] (1.1)

Typically, duplicates of a two-fold dilution serie$ analyte concentration
ranging from 8*k, to 0.25*K; are injected onto surfaces with different
immobilization levels and at different flow ratésnally, the experimental
data are fitted to different pre-programmed kinetiodels in order to
determine the rate constants of the interaction usyng different
commercial available software packages (BlAevaluation, CLAMP99,
Scrubber).

Additionally, it is very common to describe theesigth of an interaction
by its affinity, which can be expressed as affimibnstant (I£) and is the
ratio of [AB] versus[A] and [B] at equilibrium (equation 1.2), or
alternatively as the dissociation constang)(Kvhich is simply the inverse
of the K, (equation 1.3). Thus, a highyKlescribes an interaction with a
high affinity to associate, whereas a high ieans low stability of the
complex AB. Equilibrium is reached when the ratbthe association and

dissociation reactions are equal.
Ka= [AB]/[A][B] (1.2) Ko = [Al[B] /[AB] (1.3)

In SPR, the affinity constant can be measured tijrdry steady state
binding experiment. Typically, duplicate seriesapfalyte concentrations
varied over 2-3 orders of magnitude between 10t 100*Kp are
injected and the level of binding in equilibriumgRis measured. It is
important to ensure that the analyte injectionschieaquilibrium.
Therefore, an approximate time is calculated byadqo 1.4, when the

analyte concentration is equal to the K
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In steady state (or equilibrium), the affinity ctarst is related to the

concentration and binding level according to theagign 1.5.
Req= (Ka * C* Ry / (1 + Kn* C* n) (1.5)

where n specifies the number of binding sites pafyée molecule. Ry is
the theoretical binding capacity. Thus, the affirsbnstant KK and R
can be calculated by plotting.Ragainst C and fitting it to a kinetic model
using standard BlAevaluation software. Additionallynder saturation
conditions, if it is assumed that all the ligandorgented correctly and
100% active, the stoichometry of the interactiopqan be calculated by

equation 1.6.
n = (Mg/Ma) * (RmatB) (1.6)

where My and M; specify the molecular weight of analyte and ligand
respectively. B is the ligand immobilization leweld R..xthe maximal
response obtained experimentally at saturation itond. Alternatively,
the affinity constant can be calculated directlynfr association ¢k and

dissociation (k) rate constants (equation 1.7 and 1.8).
Ka=kokq (1.7) Ko = ko'ka (1.8)

However, it must be taken into account that intésas with the same
affinity can result from different kinetics. As axample, a K of 10° M
can result either from an interaction with 2 M*s* and k 10%s* or
from another with k10* Ms*and k 10° s*. Thus K, and K, must be

used with care when describing complex formation.

Apart from the affinity and kinetic parameters tlaaiscribe the strength
and speed of an interaction, SPR-based technol®gble to provide
thermodynamic information. The binding free enerdgscribed by
equation 1.9 is experimentally determined accordmdhe Van't Hoff

equation 1.10.
AG® =AH°-TAS® (1.9) AG°=-R*T*In K,y (1.10)
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AH° andAS° parameters can be calculated by measuring $iseaiation
constant over a range of temperatures and fittiegntto a more rigorous

integrated form of the Van't Hoff equation [186].

1.4.3 SPR-MS

SPR-based technology is mainly used to characterizeaction between
two pure biomolecules. However, when analyzing dempbiological
fluids by SPR, a new step where the identity of ®ieR-captured
molecule is unambiguously characterized becomesssacy. As SPR is
non-destructive, bound proteins on the sensor cairizan be further
analyzed via other techniques such as mass spettso(S), which is
one of the most sensitive and specific techniqoeghe identification and
characterization of peptides and proteins. The tfzatt the quantities that
can be bound to the sensor chip are of the sansr ofdnagnituded.g.
100 fmol) as those typically needed for MS analysigjgests that
coupling of these two analytical techniques is jlidsg76]. MALDI-TOF
MS was the first MS format to be coupled with SBBth because of its
high sensitivity and relative tolerance for contaamts such as salts,
detergents and buffer components. Thus, Kretneal [77] detected
femtomole quantities of myotoxin-a by MALDI-TOF M$ter SPR-based
analysis using an anti- myotoxin-a antibody imnhiabd on the sensor
surface. After detection of the binding event, floells were extensively
washed and the sensor chip was taken out from B @strument.
MALDI-TOF MS analysis was performed directly on teensor surface
after application of matrix to each flow cell. Thability to detect
myotoxin-a either in pure form or as component afomplex mixture
(i.e., a snake venom) demonstrated the applicability ¢ tombined
approach for combining the real-time detection béjigs of SPR with
the accurate molecular mass determination of M8ehiomarkers such

as cystatin C and urinary protein 1 have been dfiexhtand identified
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from biological fluids é.g.plasma and urine) by SPR-MS, despite being
present at very low concentrations.g. 3 ug L") [78]. However, this
approach suffers from two main disadvantages, nathelnecessity of an
appropriately configured mass spectrometer ancctisé of the analysis,

as sensor chips were only used for one unique SBRagasurement.

In order to gain more flexibility and sensitivitgpnkseret al. developed
a sandwich microrecovery method to elute affinibg#bd molecules from
the sensor surface in few microliters for subsetiyeanalysis by
MALDI-TOF MS [79]. After cleaning the whole SPR $gm: to remove
any nonspecifically bound proteins, the elutionpsteas carried out
between two air bubbles. These two air bubbles hawemain functions:
(1) detection of the recovery event in the sensongrand (2) allowing the
switch to a volatile elution buffere(g, ammonium bicarbonate). This
approach was tested in a BlAcore X instrument fithtantibody-antigen
and protein-DNA systems, with a detection limittie femtomole range.
It must be taken into account that using this “sé@nld elution” there is
inevitable protein loss during post-elution stelpat tdecreases sensitivity
that can be critical for subsequent MS measuremeaspecially
noticeable when protein concentrations are lovaddition, determination
of the intact molecular mass by MALDI-TOF analyssnot a realistic
method for protein identification, for reasons thatlude not only the
mass resolution of current MALDI-TOF instrumentg biso the fact that
post-translational modifications cause changesénmolecular mass and
thus make identification unreliable [80]. Therefonre order to identify
unequivocally the retained molecule, a further stegt includes protein
identification by peptide mass fingerprint becomesessary. Nelson and
Natsume reported on a method in which a proteoldiestion step is
incorporated. After specific capture of the proteim the first flow cell,

the specific bound molecule can either be digedigda proteolytic
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enzyme that is delivered subsequently to the sdove d¢ell [81] or be
routed into another flow cell, enzymatically activehere digestion occurs
[82]. Both accurate molecular masses of the napvetein and the
proteolytic fragments provide information for thégarous protein

identification.

Recently, as a result from the collaboration betwB&core and Bruker
Daltonics, an SPR-MS functionality for the BIAcd3800 instrument has
been developed in order to automate and increasecdpacity of the
recovery process [83]. The micro-recovery functioperates, as the
manual sandwich elution, by injecting a seriesatimes separated by air
bubbles. Three special commands (MS_INJECT, MS_WAShH
MS_RECOVER) were created in order to minimize thetamination of
the recovered material with components of the muphiuffer, by washing
of the fluidic system after sample injection (MS_\&#) and recovery the
bound analyte in a small volume between injecti@fisair bubbles
(MS_RECOVER) [84]. To elute the specifically bouadalyte in the
smallest possible volume, 2 ul of recovery solutfoplaced over the flow
cells and left in contact with the surface for 3@.sThe solution is then
returned back to the injection needle and depogttter into a vial or
directly on a MALDI target. Throughout the courdesach experiment,
SPR detection is used to monitor and quantify tq@wre and recovery of
the analyte. Figure 1.10 shows a typical microrecpvsensorgram
obtained after the sample injection (A), wash ef flmidic system (B) and
recovery of the bound material (C). In most exammptae experimental
system was based on well characterized, high-gffianalyte-antibody
interactions, or used samples at higher conceotrsthan those of native
biological fluids. For lower affinity interaction®r lower analyte
concentrations, a larger sensor surface is requirbds, a prototype of

Surface Prep Unit (SPU) was designed that increhgseavailable surface
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from 1.2 to 16 mrh[85]. In addition, it has short injections andaeery
channels that minimize losses of sample. Howesl-ttme monitoring
of the binding event is not available on the SRiUthe optimal conditions
for immobilization, binding and elution must beaddished beforehand in
a standard chip. In addition, this current SPR-Mfpraach is low in
throughput (4 analyses on a single sensor surfdae)overcome this
limitation and perform SPR-MS experiments in a Higioughput
manner, an SPR-MS array platform was designed, evibérding on
multiple protein spots was monitored by SPR Imagamg characterized
afterwards by MALDI-TOF analysis on the same aptatform [86].

A. Sample injection B. Wash IFC C. Recovery
Air

A\

Response

Time (s)

Figure 1.10 Example of a sensorgram designed to recover rahtii MS
analysis.

1.4.4 Carbohydrate-lectin interactions studied by SPR

Although SPR-based technology was originally coreeifor the study of
protein-protein interactions, its field of applicet has been extended to
other biomoleculese(g. nucleic acids and carbohydrates) in recent times.
To study carbohydrate-lectin interaction, eithee tarbohydrate or the
protein must be immobilized. Most SPR-based studiesarbohydrate-

lectin interactions reported to date rely on le@tinmobilization. Protein
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immobilization can be carried out either covalenitisough amine or thiol
groups, or indirectly through capturing systeragy (biotin-streptavidin)
(Figure 1.11, panel A,B,C). Generally, the non-¢entiimmobilization
(e.g.biotinylated lectins on streptavidin-activatedfaoes) is preferred in
front of classical covalent chemistry because ieatess a more
homogenous surface and preserves ligand nativetstey although the

coupling of biotin to the protein is a random prExEB7].

However, with immobilized lectins, only large glycatructures €.g.
labeled oligomannose-type N-glycans with MW 1358][&etrasialylated
tetraantenary complex type N-glycan with MW 385%][8or whole
glycoproteins €.g. fetuin with MW 48400)) have been successfully
monitored by SPR. It has been reported that th&ityff constants
calculated were in good agreement with those obthiby classical
methods [89]. However detection of mone:¢(. galactose with MW 180)
or disaccharide g(g. lactose with MW 342) interactions requires high
ligand immobilization levels that are both diffitub obtain and may
cause mass transport limitations in kinetics mesments. The alternative
approach, direct sugar immobilization, requiresnuically demanding
and not universally successful procedures. BlAchas established a
method to immobilize oxidized glycoproteins througldehyde coupling
chemistry (Figure 1.11, panel D). Reaction occpangneously between
the aldehyde group in the carbohydrate unit angdaazide group on the
chip surface [90]. As the increase in signal depeod the one hand, on
the amount of immobilized ligand but on the othandh also on its MW
and three-dimensional structure, this protocol imaguited only for high-
molecular polysaccharides [91] but not for smatjaas (mono- di- and

trisaccharides).
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Figure 1.11 (A,B) The amine (-NH) and thiol (-SH) coupling chemistries for
immobilizing covalently proteins to a carboxymetit@d dextran coated surface
are well established procedures. (C) Streptaviditisb capture is a typical
capturing approach to immobilize non-covalently tpnes. (D) For
immobilization of glycoproteins, the aldehyde coogl chemistry is an
alternative.

Very high densities of immobilized oligosaccharidase required to
monitor properly the immobilization process, andsi are often difficult
to achieve, because large amounts of sugar areededd order to
circumvent this problem, most SPR studies of caybadte-lectin
interactions have been done on immobilized glyctgims [92,93] or

further processed glycopeptides [94]. Unfortunatejlycoproteins are
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found in nature not as pure entities, but as arbgémeous array of
glycosylated forms [95], and therefore purifyingge amounts of well-
defined glycoproteins from natural sources remainsearly impossible
task. For that reason, chemical synthesis of glycpmates is an
attractive alternative. Carbohydrates can be catgdyto different kinds
of molecules, ranging from whole proteins such @®dn serum albumin
[96], biotin [97-99], lipids [100], and peptides J1,102]. The non-
glycosidic part improves the sugar immobilizatiamd adisposition onto
the surface. Protein and peptide derivatives armdhilized largely

through classical amine coupling chemistry. As smdw Figure 1.11
(panel A), the first step is to activate the cagpogthyl groups withN-

hydroxysuccinimide (NHS), creating a highly reaetisuccinimide ester
which reacts with primary amines on peptides amdgims (usually lysine
side chains). After immobilization, the remainingigated carboxymethyl
groups are blocked by injecting a high concentratid ethanolamine.
However, it must be taken into account that thisinemcoupling is

relatively indiscriminate, and the protein will beoupled randomly
through every lysine present on protein generatinfeterogeneously
surface. In order to avoid this heterogeneity oe $urface, synthetic
glycoconjugates represent a good alternative. \We hecently reviewed
in depth the current developments in glycoconjugsyathesis. This

review is included in this dissertation as Appendix

1.4.5 Glycoprobe synthesis via chemoselective ligation

A number of coupling methods (see Appendix 1) hasen developed to
link carbohydrate to platforms in order to facii@aimmobilization.

Reductive amination was one of the first methodbdamplemented in
the preparation of glycoconjugates (Figure 1.12¢ep@d). Under suitable
conditions glycans with a free reducing end cardealently attached to

protein amine groups (usually lysine side chainsinfng an iminium ion
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that can be reduced to an amine. However, this tignihas been limited
to sugars that are readily available in large gtiaat(mg), as the reaction
is slow and inefficient. Typically, large excesse$ sugar (300
equivalents), high concentrations (60 mM) and losaction times (> 24
h) are usually employed in this condensation reactiln addition,
reductive amination confers an open, acyclic stmecto the reducing
(carbonyl) end of the glycan, rendering it differdnom the natural
counterpart, a fact that may have consequences oecognition [103]. A
new approach for glycoconjugate synthesis takesmradges of recent
developments ikhemospecific ligatiofiL04], a term that includes a series
of methodologies (thioether, oxime, hydrazoeie,) originally developed
to obtain large-size peptides or even proteinstiigtly chemical methods
[105],[106]. Other chemistries that can be simjlalassified as ligation
processes and have been applied to glycoconjugalgson long-
established organic reactions, notably the Huisg&r8-dipolar
cycloaddition of azides and alkynes (Figure 1.Ehegh B), also known by
its shorthand name of “click chemistry”. In thisriedy of ligation, the
required derivatization of the glycan componentegitas an azide or an
alkyne, plus the need for (toxic) Cu(l) catalysisymimit applicability
[107]. Other electrophile-nucleophile pairs cande¢ectively coupled in
the presence of other reactive components and ftnereused in
chemoselective ligations. They are classified itwo broad categories:
(1) reaction of thiol groups with a variety of el@philes, and (2) reaction
of carbonyl groups (ketones or aldehydes) withrgtnoucleophiles [108].
For the first type, a variety of electrophiles che used under mild
conditions, provided that competing thiol groups apt present (Figure
1.12, panel C). A further, serious limitation oftlbh@pproaches is that, if
the glycan is available in limited amounts (as ftero the case), the
necessary derivatization steps may be unfeasiblepproach (2), most

synthetic glycopeptides are created through coradiems of the
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unmodified (electrophilic) carbonyl of the anomecerbon with a strong
non-natural nucleophile group e.§. hydrazide, hydroxylamine,
thisemicarbazide) previously built into the pepticieain [109]. In these
reactions, the so-called alpha effect renders tiieogen atom of

hydroxylamines, hydrazides and thiosemicarbazidss basic but more
nucleophilic than that of a primary amine and thizors the

condensation. Under mildly acidic conditions (pHb.8) these highly
reactive nucleophiles are unprotonated while offzgentially competing
amino, guanidine or imidazole groups are protonated therefore non

nucleophilic [104].

Among the chemoselective ligations of type (2) abhosonjugation of
unmodified carbohydrates with hydroxylamines hasnbeidely used for
the synthesis of glycoconjugates. In contrast thucdve amination, in
oxime-linked glycopeptides the attached sugar atréducing end is in
equilibrium between closed and open ring forms [{E@Qure 1.12, panel
D). To overcome this limitation and drive the etpribm exclusively
towards the closed ring form, Peet al. proposed the use of-
methylhydroxylamine instead of regular hydroxylamjiand succeeded in
retaining the linked sugar in cylic pyranose forigure 1.12, panel E).
These authors argue that N,O-substituted hydroxyin@s react with
reducing sugars to form intermediate oxy-imminiupeces which then
undergo ring closure with the 5-OH with high diastselectivity, with
the neoglycopeptide thus formed resembling moreetjoa native N-
linked glycopeptide [111-113]. Another approach rt@intaining the
cyclic form of the attached sugar is through colsdéon of unmodified
carbohydrates with a hydrazide group (Figure 1lpapnel F). NMR
analysis of hydrazine-linked glycoconjugates showed theB-anomeric
products were generated predominantly [114]. Howewtbe lower

stability at low pH and the presencesyhandanti isomers in hydrazine-
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glycoconjugates. (A) Reductive amination. (B) Heisd.,3 dipolar cicloaddition.
(C) Example of thiol-based chemoselective ligati@E,F) Carbonyl-based
chemoselective ligation with an (D) aminooxy, (Emethyl-aminooxy and (F)
hydrazide group.

linked conjugates still limit the broad utilizatioof these procedures
[115]. Chemoselective ligations with aminooxy ordhazide groups
usually proceed with modest reaction rates (bl M™-s%). In order to
accelerate them, high concentrations (mM), elevatdperatures or

nucleophilic catalystse(g, aniline) have been used. [116-118].

In our group, the oxime ligation was explored tonthgsize a
neoglycoconjugate that serves as proper glycopradend in SPR

interaction studies [119]. For this approach, atidepsequence with
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specific properties was designed. The aminooxy tfanality was

incorporated at the N-terminus for the chemoselecligation with the

sugar. As a result of the reaction between the @omy group and the
reducing sugar group, an oxime bond is formed rthaihtains the closed
ring structure of the reducing end of the sugar poment in equilibrium
with the open form. The peptide moiety of the ngogtonjugate is large
enough (MW > 700) to provide a substantial massieodment effect on
the refractive index near the dextran surface coetpto that of a simple

sugar epitope,thereby facilitating the monitorifighe immobilization.

1.5 Mass spectrometry

Mass spectrometry, in particular electrospray iatian MS (ESI-MS),

has been recently used by protein chemists to stedgovalent protein
interactions, because the mild ionization proceldswa detection of
intact, weakly bound, complexes without causingauolar fragmentation
[120]. Although ESI-MS does not provide high-resimo structural data
in the same sense as NMR or X-ray crystallograpmevertheless allows
obtaining stoichometric information of the compfexm less material and
in a shorter time. The fact that the MW of the cterpcan be directly
measured allows determining its stoichiometry. $a&veprotein

interactions such as protein-cofactor [121], enzgulestrate [122] and
protein-DNA [123], have been studied by ESI-MS. Bhady by Tuongpt

al. is one of the few where binding of heparin andtlardmbin Il is

described by ESI-MS [124]. This approach has iremégears received
renewed impetus by the introduction of improvedrinsentation that has

been applied to the study of complex supramole@riéities [125].
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1.5.1 Structural information by limited proteolysis coegl

with mass spectrometry

Recently, a number of MS-based approaches havefdrepnsed as tools
to map the interacting domains of sugar-lectin dexgs. Though not
providing the level of structural detail of NMR aeray crystallography,
these MS-based approaches, originally developedaffiigen-antibody
interactions, have the advantages of high sersitivapid analysis time
and low sample consumption. The technique, whicinbioes limited
proteolysis and MS, is based on the principle fhahation of antigen-
antibody complex shields some amino acids, pagitythose in regions
involved in interaction, from protease attack amastdecreases the extent
of proteolytic cleavage of the antigenhel epitope excision approach
[126] involves (1) antibody immobilization, (2) afity binding of the
antigen followed by limited proteolytic digestiohtbhe immune complex,
(3) elution, and mass spectrometric analysis o&ffirity-bound peptides
(Figure 1.13 panel A). Immobilization of the antibody can kaereed out
either covalently onN-hydroxysuccinimide activated [127] or CNBr
activated [128] Sepharose beads or by capturindy \ait secondary
immobilized antibody and subsequently cross-linkihg9]. Nonspecific
binding can be avoided by using amino modified pgisene beads
instead of standard Sepharose [130]. As antibodglibg protects the
epitope from the digestion, it can be subsequegiilyed in essentially
unaltered form and analyzed by MS. Both linear J1&1d discontinuous
[132,133] epitopes have been successfully chaiaeteby means of this
epitope excision approach. Consecutive enzymatictians on the bound
epitope can be performed to further fine-tune thitope mapping process
[134]. In a variation of this approach, called ep#& extraction, the
antigen is first subjected to enzymatic digestiand then the digested

fragments are captured by binding to the antibddgure 1.13 panel B)
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[132,135]. Moreover both approaches have beenechout successfully
in solution [136,137]. However, these approachesethaon limited
proteolysis coupled with mass spectrometry are lhigependent on the

availability of protease-specific cleavage sitethimithe antigen.

1.5.2 Carbohydrate-Recognition-Domain-EXcision-MS
(CREDEX-MS)

The epitope excision/extraction techniques desdriladove can be
extended to carbohydrate-protein interactions [13#8] contrast to
antigen-antibody, in carbohydrate-protein intexatdionly one interacting
partner, the lectin, can be proteolytically digdsteo in this case the
carbohydrate moiety (epitope) is immobilized on dwand lectin is
passed through in solution. Several chemistriese Haeen described to
immobilize covalently the sugar to surfaces (see4}).[139]. Among
them, immobilization on divinylsulfone-activated pbarose is the
preferred one for short sugar epitopes, becausgpiears to maintain the
glycan unit next to the divinylsulfone group mainily its naturally
occurring closed-ring form (without excluding partequilibrium with the
open one), while non-anomeric sugar hydroxyl groaps randomly
linked to the divinylsulfone-activated surface [14The applicability of
this CREDEX-MS method was demonstrated by the detation of the
CRD of galectin-1 and galectin-3, twigalactose specific lectins that

play key roles during cancer metastasis [141].
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2 OBJECTIVES

There is a growing awareness of the biological igwe of

carbohydrates on cell surfaces and circulatinggamef on account of their
role in cellular communication and cell-pathogeoognition. Howewer,

only a number of these interactions have been ddtmd and their
interacting partners characterized. For this reaffoere is considerable
interest in devising powerful analytical toos tadst these molecular
recognition events in detail. SPR is one of the baged techniques for
the study of carbohydrate-protein interactions, tués sensitivity, low

sample consumption and real-time monitoring.

The work described in this thesis builds on presiawrk in our group,

where a glycopeptide probe (Aoa-peptide-amide) wasigned for

displaying carbohydrate epitopes on SPR sensomlacesf From this
starting point, the present work has been develapedder to extend the
application field of this initial apporach to othsugars relevant in

biological processes. Thus, the following main obyes were set:
1. Optimization of the original peptide scaffold tosene a broad

application and an efficient synthesis.

2. Application of the system to a number of key glyegitopes,

complementing the analysis with mass spectrometric

identification of the bound material.
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These objectives have been further elaboratedlas/o
- Optimization of Aoa-peptide synthesis and conjioya to different

mono-, di- and trisaccharides.

- Structural characterization of glycoprobes digiplg GIcNAc and Glc
by NMR and MS, with the aim of evaluating conforroatl aspects of

the aglycon-bound monosaccharide.

- SPR-based kinetic, affinity and thermodynamiadis of interactions

between well-known legume lectins and differentssugpitopes.
- Interfacing SPR with MS for lectin capture an@ccetrization.

- Characterization of lectin carbohydrate recognitdomains (CRD) by

limited proteolysis and MS (CREDEX-MS)

52



RESULTS

3 RESULTS

3.1 Glycoprobe synthesis

In a previous work of our group [119] a short peet{Aoca-GFAKKG-
amide) was developed as an efficient tool for imiimbg carbohydrate
epitopes on the sensor surface. The usefulnessi®fapproach was
demonstrated in the analysis of a well-known lestigar interaction,
namely wheat germ agglutinin and chitopentaoseh Wiits original work
as a starting point, the first goal of this sectizas to critically assess and
modify the experimental design in order to imprdke presentation of
smaller epitopes. Starting from the original seqeenGFAKKG-amide —
first the Aoa coupling during SPPS was investigated

3.1.1 Boc-aminooxyacetic acid couplihg

As previously described, oxime chemistry is onghaf most successful
approaches to synthesize glycopeptides. Generléy,oxime bond is
formed between the carbonyl group constitutivelgsent at the reducing
end of all monosaccharides and an aminooxy grotfdaced in a
peptide sequence. The aminooxy group hai<aof 4.6 that makes it
suitable for conjugation under mild acidic condisowhere other primary
amino groups in the peptide are protonated anckfitver excluded from
the reaction. Despite the fact that this chemosiegietigation has proven
to be very efficient for synthesis of neoglycopdes, it has as main

drawback the over-acylation of the NH-O nitrogemimiyt Aoa coupling,

L work reported in Jiménez-Castells, C.; de la TdBr&.; Gutiérrez-Gallego R.;
Andreu, D. (2007) Optimized synthesis of aminooepfides as glycoprobe
precursors for surface-based sugar-protein interacstudies.Bioorg. Med.
Chem. Lett.17,5155-5158.
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leading to undesired byproducts and increased dgdaeity in the crude
sample [142]. Different protection groups, suclalidoxycarbonyl [143],
t-butoxycarbonyl (Boc) [144] or trityl [145], hay®een tested to overcome
this problem. However, none of these protectingigsois able to prevent
completely the overacylation reaction under stashdamoc-tBu SPPS
conditions. Even with the bis-protected Béma-OH derivative, the
crude sample does not yield a simple product exaephe end of the
peptide chain, because of its instability under Emmeprotection
conditions [146]. Alternative protection scheme@gssubstituents such
as phtaloyl [147] or 1l-ethoxyethylidene [148] tmask completely the
nucleophilicity of the nitrogen atom have been ddstunder different
coupling conditions and shown to completely prexbaiN-overacylation
side reaction. However, at present only Boc-Aoa-Bbig,-Aoa-OH and
Fmoc-Aoa-OH derivatives are commercially availgi9] and so it was
decided to focus our efforts into them, particyladn the former
derivative. Different coupling conditions for BomA-OH were therefore
tested with a view to minimize the overacylatiodesreaction. With the
original platform (GFAKKG-amide) chosen as substyaBoc-Aoa-OH
was coupled manually using different coupling agergaction times and
stoichiometries (Figure 3.1, Table 3.1). Priortte &cylation, an aliquot of
the peptide-resin was cleaved to ensure the sequems correctly
assembly (>95% by HPLC).

The first coupling chemistry to be evaluated wassaton using uronium
salts €.9.HBTU), commonly used in automated peptide syniegsidue
to its reduced reaction time (45 ming methods such as carbodiimides
(60 min) or preformed active esters (>3 h). HBTUdmé&d couplings
require base to ensure a fully deprotonateainino group on the growing
peptide chain and, equally important, to deprotenia¢ carboxyl group of

the amino acid for its reaction with the uroniunit.sA tertiary amine,
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usually DIEA, is used for these purposes, and addethe reaction
mixture in two-fold excess over the protected anaowml. Thus, Boc-Aoa-
OH was coupled using 3 equivalents of protectednamacid, 3
equivalents of HBTU and 6 equivalents of DIEA dgri45 min. As the
ninhydrin test after the first coupling was pogtiva second coupling was
performed with half number of equivalents. Afteretltoupling, the
peptide-resin was cleaved under standard condi{@®% TFA) and the
resulting product analyzed by HPLC and MS. Simitarearlier reports
[143], this first Aoa coupling method generated camplex mixture of
products, as depicted in Figure 3.1, panel A(i).pkbducts were isolated
for identification by MALDI-TOF MS. Peak “a”, witta mass of 678.4
Da, was assigned to the Aoa-peptide/2679.8); peak “b”, with mass
605.4 Da, was attributed to the starting hexapepgB&AKKG-amide ifn/z
606.5). Peaks “c’"ni/z 752.8) and “d” in/z 825.7) were respectively
assigned to the di- and tri-acylated byproductealy, peak “e” with a
mass of 703.4 Da was assigned to\aterminal tetramethylguanidinium
byproduct (n/z704.7) [150]. Other peake.g.“f") in the chromatogram

were assumed to be higher-order oligomers.

In view of the difficulties encountered in the HBThediated coupling of
Aoa, it was decided to test a somewhat less enamwimpling agent,
namely the very conventiond,N-diisopropylcarbodiimide (DIC). In a
first experiment using 10 equivalents of both Bawa’OH and DIC for
60 min (Figure 3.1, panel A(ii)), only three difémt products were
obtained after cleavage and identified as Aoa-GF&K#mide (n/z

679.8), the over-acylated peptida/z 752.6) and the starting GFAKKG-
amide (n/z606.7), with a substantial improvement in the ¢/ief Aoa-

peptide over the HBTU method, 93%s. 45% (Table 3.1). The
overacylation is assumed to be largely a solutias ¢pposed to solid

phase) process [143], with the overacylated spduédsg subsequently
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transferred onto the JN-bearing peptide-resin. For that reason, a new
coupling condition was tested with a minimal tinfercubation (10 min).

In this case, 97% of the crude mixture was theetafga-peptide, and the
remainder 3% corresponded to the over-acylatediqeeffTable 3.1,
Figure 3.1, panel A(iii)).

Table 3.1 Acylation of GFAKKG-resin with Boc-Aoa-OH using ftérent
coupling conditions

Entry Boc-Aoa-OH Coupling agenDIEA Tim Products
(equiv) (equiv) (equiv (min a b ¢ d-f
[ 3+1,5 HBTU (3+15) 6 40 45 4 22 29
i 10 DIC (10) - 60 93 2 5 -
ii 8 DIC (8) - 10 97 0 3 -

The same coupling conditions were tested also inNaterminally
elongated version with atamino hexanoic acid spacer of the GFKKG-
amide peptide substrate (Ahx-GFAKKG-amide) (Figurd, panel B,
Table 3.2). In both examples, the best results wehéeved with 8 eq of
protected Boc-Aoa-OH and DIC and a shorter readtioa (10 min).

Table 3.2 Acylation of Ahx-GFAKKG-resin with Boc-Aoa-OH usindifferent
coupling conditions

Entry Boc-Aoa-OH Coupling agenDIEA Time Products
(equiv) (equiv) (equiv. (min) a b c¢ d-f
[ 3+1,5 HBTU (3+1,5) 6 40 63 17 7 13
ii 10 DIC (10) - 60 80 16 4 -
iii 8 DIC (8) - 10 94
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Figure 3.1 HPLC analysis of different conditions for Aoa-GFKK-amide
[entries A(i-iii) and Aoa-Ahx-GFAKKG-amide [entrie8(i-iii)] synthesis. (i)
Boc-Aoa-OH/HBTU/DIEA (3:3:6 equiv), 40min; (ii) BeAoa-OH/DIC (10:10
equiv), 60 min; (iii) Boc-Aoa-OH/DIC (8:8 equiv) 0iin. Peak assignments: a:
target Aoa-peptides; b: starting peptide; c: diated peptide; d: triacylated
peptide; e:N-terminal guanidine byproduct (uronium capping);ofigomeric

impurities.

A further complication reported for the synthedishoa peptides [142] is

that, during purification, several impurities a@med due to the high

reactivity of the aminooxy group with carbonyl cooopds, even if
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present at trace levels such as acetone impuritigee ACN used in
HPLC eluents. Moreover, degradation of the aminogxgup to the
corresponding hydroxyl compound by acid hydrolysi®videnced by a
mass difference of -15 Da (loss of NH) in the MALDDF MS analysis
[151]. Therefore, after HPLC purification, quiclolyhilization removal of
the (volatile) species posing these risks is prallyi mandatory. A
simpler alternative, considering that the optimiz@dIC coupling)

procedure described above provides the Aoa peptide excellent level
of purity (97%) is simply to do away with any HPIgDrification and use
the product directly obtained from the cleavagectiea, without any
additional workup. As shown in Figure 3.2, the cbesiective ligation
(see Section 3.2) with sugars can be carried dta quccessfully with the

non-purified peptide thus obtained.
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Figure 3.2 A. HPLC analysis after conjugation of Aoa-GFAKKG-am
(prepared as indicated above and used withoutipatiiin) and lactose during 48
h. Arrow shows the elution position of the startipgptide. B. MALDI-TOF
analysis of the purified glycopeptide (lactose-A62BKG-amide). Equivalent
mass spectra (m/z 1003, [M+Hind m/z 1025, [M+N4&) were observed for all
three peaks (1-3), suggesting structural isomerg (syn/anti oximes,o/p
anomers) at the lactose-Aoa linkage.
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3.1.2 The need for Ao&l-methylation

Several glycopeptides have been synthesized taklugntage of the high
reactivity of the aminooxy group towards the aldddnyunction in the
acyclic (open) form of the sugar. In this chemodtdle ligation, the
reducing sugar unit attached directly to the peptl reported to be in
equilibrium between the cyclic and the open forr®2lL This fact is not
adequately taken into account in carbohydratereictieraction studies
using oxime-linked glycoprobes [153] where biomalac interaction
parameters are referred to the native (ring) fourh dhould be instead
attributed to the mixture. Given our interest iyogiprobes that display
small sugar epitope®.. mono- to trisaccharide) for lectin recognition, a
well-defined (native-likej.e., ring) conformation of the sugar unit linked
to the peptide is of crucial importance. Thus, brst objective in this
direction was to structurally characterize the jakplinked

monosaccharide.

To this end, we conducted monodimensiotial NMR experiments to
quantify the relative monosaccharide populatiosgn(and anti open
forms, a andf cyclic ring form) in the oxime-linked glycoprobasing
GIcNAc-Aoa-peptide-amide as model. Assignments wel@e by
reference to literature data [154] and chemicdit giedictions using the
ChemDraw software (version 8, CambridgeSoft, Cadga; USA).
Figure 3.3 shows part of the experimentdl NMR spectrum and the
corresponding data obtained. Three regions of fectaum were of
particular interest. In the aromatic regi@n6(40-8.00 ppm), the signals at
8 7.62 £J,,5.86) and 6.86 ¢J,,7.32) were attributed to the imino proton
of the anti and syn isomers of the oxime bond in the open form [155]
(Figure 3.3, panel A). The group of signals betwierse two down-field
doublets § 7.20-7.40 ppm) was assigned to the five protonghef
aromatic ring of the Phe residue. In the anomexigon ¢ 4.2-5.5 ppm),
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the doublets ad 5.18 ppm {12 3.42) ands 4.36 ppm ., 9.77) were
assigned to the andp anomeric protons of the closed ring conformation,
respectively (Figure 3.3, panel B). Anomeric coafagions are assigned
from the two measured coupling constant betweeramtllH2 protons. In
pyranose ring structures such as GIcNAc, theonfiguration is
represented by the axial configuration of both Htl &2 protons. The
180° dihedral angle formed between these two psoi®mesponsible for
the large coupling constant (7-9 Hz) observed. H@rein the o-
configuration, the protons are equatorial-axiatotated, and therefore the
dihedral angle (60°) and the corresponding coupdimigstant are smaller
(2-4 Hz). In the aliphatic region, the two singlat$ 2.03 and 2.00 were
assigned to the methyl protons of tkeacetyl group in position 2 of the
GIcNAc sugar (Figure 3.3, panel C). The co-existeattwo signals for
the N-acetyl group confirmed that both the open andedaing forms of

the sugar exist and provided a complementary mefmsantification.
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Figure 3.31D 1H NMR spectrum (500 MHz) of GIcNAc-Aoa-pepticecorded
in D,O at 25 °C. Panels A, B and C are enlarged aredheofull spectrum
corresponded to the aromatic, anomeric and aliphegjions, respectively.
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In order to quantify the relative population otkanonosaccharide form
(o, B, syn anti) in the equilibrium, signals assignable to eactcegs were
integrated. The five aromatic protons of the Predriee were taken as

reference for peak integration.

Table 3.3 1D 1H NMR chemical shifts (500 MHz, at 25 °C) oftmost
relevant exchangeable protons for GIcNAc-Aoa-pepiidD,0O.

Chemical | Coupling
Exchangeable Signal
Residue shift constant
proton integration
6. ppm) | (daz Hz)

GIcNAc Hl a0 7.62 5.86 0.45
H1gyn 6.86 7.32 0.25
H1, 5.18 3.42 0.06
Hlg 4.36 9.77 0.24
CH; (open) 2.00 - 2
CH; (closed) 2.03 - 1
Phe H2-6 7.24-7.33 - 5.00

As shown in Figure 3.3 and Table 3.3, the peakgy@esd to the four
possible situations of Hk, B anomers in the ring form, panej 8/n anti
isomers in the open form, panel A) were integrased the relative
populations determined as 6:24:25:45, respectivdlgus, the total
fraction of open forms was 70% whereas the remgi@0%6 corresponded
to the closed ring form. This ratio was confirmedthe integration of the
acetyl peaks at 2.01 (closed) and 2.00 (open). In sum, the oxime-based
chemoselective ligation using Aoa as nucleophikldg a glycopeptide
adduct in which the pyranose form of the sugarésent only at ~ 30%,
and of this 30%, an 80% of the the ring is in fheonfiguration. This

analysis suggests that, for interaction studiesirdsdhown carbohydrate-
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binding entities employing relatively short (morto-trisaccharide) sugar
epitopes, the oxime-based chemistry possible doesffiord sufficient
representation of active, native-like structures,im the oxime-linked
glycoprobe at least four different species cog@sti, syn o, ), of which
the two most abundant oneanfi, syn) are essentially non-native, and
hence their presence and potential interaction afi@gt the interpretation

of results.

It has been reported [111,113] that the cyclic foomthe sugar is
maintained when the primary hydroxylamino groupNHD-) of Aoa is
replaced by a secondary hydroxylamine [HNEEB-] function. This
substitution precludes the possibility of an opeime form. In order to
corroborate this point, th&l-methylated derivative of the glycoprobe
GIcNAc-N[Me]-Aoa-GFKKG was prepared and analyzed by NMR.

Figure 3.4 shows a comparison of NMR spectra oh lBlcNAc-Aoa-
peptide and GIcNAN[Me]-Aoa-peptide. Important differences are
observed in the aromatic and aliphatic region. Bews in panel B, the
signals previously assigned to the imino protothefoxime group in both
syn and anti open forms have disappeared, and only the signals
corresponding to the aromatic protons of the Pls&lue are observed.
The same occurs for the signals of H2 and H3 indpen form (not
highlighted in Figure 3.4). In the aliphatic aréze two singlets assigned
to the methyl protons of the-acetyl group of GIcNAc-Aoa-GFKKG are
converted into one singlet in the spectrum of tHeN&c-N[Me]-Aoa-
peptide. This confirms that a secondary amine ie #minooxy
functionality ensures that the conjugated monosaad® remains in a

closed ring form, essential for binding to carbalaye-binding proteins.

62



RESULTS

HN

A B. =«
: 0 . Me
He H tide =====open forms HO Q)
HO» .o/ﬁrPEPI e 3 Ho. N.O,\rpepnde === open forms
HN,

open

Yo [ NG

NAd|

losed

1.anti

L L

T T T
760 740 7.0 700 680 T e TE T IB TN 5@ TR T

Figure 3.4 Comparison of enlarged areas of the “‘HDNMR spectrum of both
GIcNAc-Aoa-peptide (A) and GIcNAB{Me]-Aoa-peptide (B).

In order to determine the proportion of each isorpegsent in the
GIcNAc-N[Me]-Aoa-peptide, the doublets corresponding todhandf-
anomeric protons were assigned by comparison omida shift and
coupling constant with the non-methylated versibime signals aé 5.17
ppm €J,,3.72) ands 4.26 ppm {J,,9.92) were assigned to the andp-
anomeric protons of the closing ring conformatiowl #heir relative ratio
was determined as 0.1:0.9, respectively. Thusptbst abundant anomer
in the GIcNAcN[Me]-Aoa-peptide is thep-form. Likewise, NMR
analysis of the GI&N[Me]-Aoa-peptide indicated thg-form as the
predominant anomer (~ 90%). In carbohydrate-leatteractions, the
anomeric configuration of the sugar at the reducemgl is of crucial
significance, as many lectins are able to discrat@nbetween anomers
(e.g. galectins binds t@-Gal but not toa-Gal) [156]. Also, Cheret al.

described that the anomeric configuration of glyggogate depends on
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the nature of the monosaccharide [157]. Our glypade platform thus

becomes an excellent tool to expl@r&IcNAc andB-Glc specific lectin.

Another way to confirm the ring closure of the sugait linked to the
N[Me]-Aoa-peptide, requiring less material and puaafion efforts, is
based on differential derivatization with subseduanalysis by mass
spectrometry Both glycopeptides have in common bys side chains
that can be acetylated, but depending on whetleesdlar unit is in open
or closed form, the number of hydroxyl groups ala# for acetylation is
different, namely six or five for the open and edsring forms,

respectively.

Figure 3.5, panel A shows the MALDI-TOF mass sedf GIcNAc-
Aoa-peptide and its peracetylated product. Two pebclusters can be
observed in the second spectrum and readily asbignihe peracetylated
versions of the glycopeptides with both open andsedl forms of
GIcNAc. A rough estimation of the peak areas of hbapecies
corroborated the NMR findingse., 25% in the closed form and 75% in

the open form.

In contrast, Figure 3.5, panel B shows a much smgpectrum for the
peracetylated derivative of GIcNAdMe]-Aoa-peptide as the peaks
correspond to the closed form of GIcNAc only. Aseatly indicated, the
advantage of using this technique relative to NMRhit it requires less
amount of sample (ngs ug). However, no information can be obtained

about the anomeric configuration or the ring forinthe sugar unit.
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Figure 3.5 MALDI-TOF MS spectra of glycopeptides (front tracand their
peracetylated equivalents (back trace). Panel ANGt-Aoa-peptide. Panel B.

GIcNAc-N[Me]-Aoa-peptide

3.2 Chemoselective ligation via oxime chemistry

In our previous work [119], the glycoprobe was &gsized by

chemoselective

ligation between

the Aoa-peptidedamiand

the

pentasaccharide (GIcNAc)Several reaction conditions were tested and

the best results were obtained utilizing approxetyatequimolar

conditions and high concentrations of both sugdr@eptide (25 mM and
20 mM, respectively, in 0.1M NaOAc pH 4.6 at 37f8€ 72 h). In the
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preceding section we have established that conpugts anN[Me]-Aoa-
peptide preserves the sugar epitope in cyclic foks.our focus is on
well-defined glycoprobes displaying small (mono- tosaccharide)

epitopes, the choice of tiNfMe]-Aoa-peptide is of utmost importance.

3.2.1 Conjugation of mono-, di- and trisaccharides with
N[Me]-Aoa-peptide

Crystal structures of carbohydrate-lectin complelage elucidated that
the carbohydrate recognition domain is located $halow depression on
the protein surface [45,48]. This pocket accommeslaigosaccharides
of different size ranging from mono- to trisacchas, frequently showing
increasing affinity with size. Thus, lectins ar@ahle of recognizing even
monosaccharides, the smallest and non-hydrolyzables of glycan
chains, although with affinity in the mM range.this section we discuss
the preparation and applicability bf{Me]-Aoa-peptide platforms of this
kind.

Monosaccharides Glycoprobes exposing some of the most commonly
occurring six-carbon monosaccharides, including, Gfian, Gal, Fuc,
GIcNAc, GalNAc plus the nine-carbon, biologicallgry relevant sialic
acid were prepared by oxime ligation. Conjugatimese performed at pH
3.5 and 37 °C. Given the frequent chromatograpmdasity between the
startingN[Me]-Aoa-peptide and its glycoderivatives, a higelg of the
ligation reaction was desirable not omgr sebut especially to facilitate
HPLC purification. Fortunately, monosaccharides eveot a limiting
factor of the reaction, and a large excess of dapth@tes could be used to
react with the N[Me]-Aoa-peptide. Although glycosylation occurred
generally to > 60% vyields, different rates for wais monosaccharides
were observed. The highest yield was obtained v@#l (~ 80%),

probably because from the thrBehexoses tested (Gal, Glc, Man), it is
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the one with the highest aldehyde population iutgmh [158]. Reaction
yields decreased considerably for hexoses with dxydrat C2 in axial
position such as Man (~ 64%). The deactivatingceffef an N-acetyl
group at the carbon next to the reducing uret GalNAc (65%) has been
described [159]. For sialic acid, on the other hahd conjugation with
N[Me]-Aoa-peptide regrettably did not result in asypreciable product,
even with excess of sugar and long incubation t{ope to 144 h). In
contrast, the conjugation of sialic acid to the -negthylated Aoa-peptide
did take place, albeit with lower yields relativedther monosaccharides
(15% vs ca. 100%), probably due to the higher reactivityldehyde (in
the tested hexoseg$.the ketone group at C2 of sialic acid.

Disaccharides A quick glance to the glycan structures in biatady
glycoconjugates reveals that the monosaccharideslertly attached to
proteins and lipids are most often Glc, GIcNAc, KB&at. With this in
mind, glycopeptides displaying disaccharides withex of those three
units at the reducing end were prepared by oxingatin. Unlike
monosaccharides, pure disaccharides are costlhegooint that using
excess of carbohydrate.¢g. 200 mM) can become onerous. Therefore,
new reaction conditions improving conjugation ygehad to be found. In

a first attempt, N-[Me]-Aoa-peptide and the disaccharidé¢-acetyl-
lactosamine (Gapl,4-GIcNAc) were conjugated under the same reaction
conditions of the non-methylated Aoa-peptide. Noethylated Aoa-
peptide-amide was also reacted with the disacohagda control. After
72 h, the reaction was almost quantitative (87%)tli@ non-methylated
peptide but extremely slow (4%) for the[Me]-Aoa-peptide. This can be
explained by the lower nucleophilicity of a seconyd@lative to a primary
aminooxy group, an effect already observed in tlo®jugation to
monosaccharides, notably sialic acid (see abovanetteless, for

monosaccharides the more sluggish reactivity of\t#ide]-Aoa-peptide
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was counterbalanced by the excess of sugar usethamepact on yields
was less evident. For some disaccharides, as medtiabove, excess of
sugar was not an option and other parameters kriovaffect ligation
rates (pH, stoichometry, reaction time) [144].hadé screened in order
to improve yields. Another parameter, namely additiof organic
cosolvent to the conjugation reaction, was not@ngal to avoid potential
side-reactions (see 3.1.1.) with contaminants ptee organic solvent
(e.g. acetone, formaldehyde). Temperature was neithstedeas a
parameter, but kept at physiological values (37. @)njugations were
done with N-[Me]-Aoa-peptide-amide and included as disacclesrd-
acetyl-lactosamine (G#l1,4-GIcNAc), lactoN-biose (Galfl,3-GIcNAc),
galactoN-biose (Galpl,3-GalNAc), and lactose (GAL,4-Glc). The pH
dependence was first studied, as both oxime foamaainhd mutarotation
equilibrium are pH-dependent. It is known that ogifoarmation occurs at
acidic pH, with a maximum between pH 3.5 and 5 [1&8D, various pH
values in the 3 to 5 range were tested, withouhgimgy the stoichiometry
and reaction time. After 72 h an aliquot of eachditon was analyzed by
HPLC and all peaks were isolated for charactenmaby MALDI-TOF
MS. The yields for each conjugation condition wesstimated by

integration of HPLC peaks and are shown in Table 3.

Given the K, 4.6 of Aoa, one could expect that the optimum tfo
reaction was a pH fairly above 4.6. As shown inl&&h4, however, the
optimal pH found experimentally is much lower, ardu3.5. This can be
interpreted by considering another factor involirethe reaction, namely
the rate of mutarrotation, which determines thatre¢ populations of
open and ring forms in solution, and which is knaarbe minimal at pH
4.6 [161] but to increase at lower (and higher) pHhe present case, this
latter factor would appear to predominate over theent of Aoa

ionization. In addition, the nature of the mono$aeitle at the reducing
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end also played an important role on the conjugayields (Table 3.4).
Thus, for N-acetyl-hexosamines, those with a teain@cNAc unit, (Gal-
B1,4-GIlcNAc and Gapl,3-GIlcNAc) had yields in the 39-41% range,
while for Gal$1,3-GalNAc a considerably better yield (64%) wasnio.
On the other hand, the disaccharide lacking thee2aanido group at the
terminal glycan unitj.e., Galf1,4-Glc, was the one obtained in higher
yields (~75%) (in this case with an optimum pH aB,4not 3.5),
evidencing (as already mentioned above in thisia®cthe deactivating
effect of the acetamido group.

Table 3.4Optimization of ligation conditions. All ligationsere carried out at 37

°C in 0.1 M NaOAc for 72 h at 20 mM and 25 mM faeptide \[Me]-Aoa-Ahx-
GFAKKG) and disaccharides, respectively

pH
Conjugates 5 46 4 35 3
Galf1,4-GIcNAc - 5 21| 41| 32
Gal$1,3-GIlcNAc | - 8 | 20| 39| 15
Gal{$31,3-GalNAc - 37| 51| 64| 49
Galf31,4-Glc 68 89| 75 71 -

% Estimated of by integration of HPLC peaks at 220n

The effect of stoichiometry at pH 3.5 was nextddsand shown to be
inconsequential. Thus, reducing the concentratfoN-fMe]-Aoa-peptide

from 20 mM to 12 mM (25 mM disaccharide) did novéany significant

effect on the yields.

Table 3.5 shows the results ®-[Me]-Aoa-peptide conjugation to
disaccharides containing eith@lcNAc or Man as the non terminal glycan
unit. Although these data were obtained with aedéht peptide platform
N[Me]-Aoa-GFKKG) than those of Table 3.4N[Me]-Aoa-Ahx-

GFAKKG), they are equally illustrative of the sububstituent effects

encountered in this type of reactions. Thus, mamsels (with an axial
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hydroxyl at C2) react significantly more poorly thihioses with terminal
GIcNAc, and within this latter group the naturetloé¢ non-reducing sugar
unit (compare Fuc with Gal, Table 3.5) is also guietermining. Finally,
the type of glycosidic linkage between both glyeanits also influences
the outcome of the conjugations, as shown by tmergdly better yields
observed fof1,6 overpl,4 orpl,3-linked disaccharides in Table 3.5. All
these data point to a complex array of electronit steric effects at play
in this type of reactiondlustrate clearly the effect of ad-acetyl group in
the 2-position of reducing unit on the ligation gtan, interfering
negatively on the coupling yield between the andeneentre and the
N[Me]-Aoa group. With respect to the C2 a more niegaeffect is
observed in conjugations witt-mannosides that differ from the other
hexoses (Gal, Glc) in the position axial of the foyyl group at C2. As
shown in Table 3.5, for mannobioses, only a 15%ield is obtained,
whereas forN-acetyl-disaccharides, the yield increased to ~3Q%).
Remarkably is the fact that the presence of Ahxcepdetween the
aminooxy group and the rest of the peptide improsedjugation yield
(Table 3.4, Table 3.5).

Moreover, as depicted in Table 3.5, different neégt was observed
depending of the subsequent non-reducing sugar.ekample, under
same conditions (pH 3.5, stoichiometry and inculvatime, higher yields
were obtained with Ggl1,6-GIcNAc than with the other twh-acetyl-
glucosamine-containing disaccharides (38820-21%) . The same effect
1,6 > 1,3 ~ 1,4, is observed when Gal is substtuigh a Fuc. Similar
yields were observed for Fud-3-GIcNAc and Fue:l,4-GlcNAc (7-
8%). By contrast, almost 4-times more was obtaifed Fucal,6-
GIcNACc (26%). Nevertheless, this effect of the gisiclic linkage was not

observed for mannobioses. (15-16 %).
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Table 3.5 Effect of the glycosidic linkage on the conjugatigield. All ligation
were carried out at 37 °C in 0.1 M NaOAc pH 3.22atmM and 25 mM for
peptide N[Me]-Aoa-GFKKG) and disaccharides, respectively.

Conjugate

Gal{31,4-GIcNAc 20
Gal{$31,3-GIcNAc 21
Gal{$31,6-GIcNAc 33
Fucul,3-GIcNAc 7
Fucul,4-GIcNAc 8
Fucul,6-GIcNAc 26

Man-ul,2-Man 11

Man-a1,3-Man 16

Man-a1,6-Man 15

% Estimated of by integration of HPLC peaks at 220n

Furthermore, long incubation timesg.>72 h, are usually needed to form
oximes. In order to increase the reaction ratethns shorten the reaction
time, Dirksenet al. studied the effect of aniline as catalyst for oxim
formation. Aniline was first shown to improve up 460-fold the oxime
rate formation between two unprotected peptides][1However, for
reducing sugars, it showed lower catalytic efficierthan for strictly
open-chain aldehydes, because the kinetics ofahetion with reducing
sugars is also influenced by their mutarotationiléyium (see above).
Even so, Thygesseet al obtained up to 2-3 fold increase in conversion
levels for the reaction of a non-methylated Aoatjolep with various
monosaccharides in the presence of aniline [16BUsT with the same
goal of decreasing reaction time, reactions witliecent disaccharides
and theN-[Me]-Aoa-peptide were performed in the presencd@ mM

aniline. The effect was evaluated by comparing exifimrmation in the
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presence and the absence of catalyst. As depict@dhle 3.6, after 24 h
incubation the reaction time decreases from 72 24tb for conjugations.

Longer incubation times did not show any improvenielyield.

Table 3.6Effect of aniline on the conjugation yield. Algktions were carried out
at 25°C in 0.1M NaOAc pH 4.6 at 20 mM and 25 mM foeptide and
disaccharide, respectively. After 24 h an aliquoeach condition was analyzed
by HPLC and isolated peaks were characterized by MATOF MS.

+ aniline
Galf31,3-GIcNAc 1 7
Galf31,3-GalNAc 6 27
Man-o1,3-Man 4 13

% Estimated of by integration of HPLC peaks at 220n

Another way to improve the reaction rate is usirfggher excess of one
of the reactants. Given its accessibility, tigMe]-peptide and not the
carbohydrate is the best choice in this respecpréctice, however, the
attachment of mono, di- and trisaccharides to #q@ige caused a change
in the resulting hydrophobicities that complicatéeéir separation from
the unreacted peptide. The obvious solutian, making unreacted Aoa-
peptide more hydrophobic, was attempted in two whysally, capping
of the aminooxy group by reaction with carbonylsw@ed by incubating
the conjugation mixture for 1 h with excess of anetor formaldehyde at
room temperature [119]. Neither of the two optiomas successful in
capping theN[Me]-Aoa-peptide, confirming the lack of reactivityf
N[Me]-aminooxy groups with ordinary aldehydes andokes [163].
Next, N-ethylmaleimide, an alkylating agent described igblis reactive
with N-alkylaminooxy-containing peptides was tested [18#lded at 100
mM concentration to the conjugation mixture andulvetted for 20 h at 37
°C, it caused almost complete conversion (89%)ntdl-@thylmaleimido

derivative well resolved by HPLC from the glycopdps. Interestingly,
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the reaction was also totally chemoselective watiyard to (the Lys side

chains of) the glycoconjugate.

Trisaccharides- As model trisaccharides, disaccharides with an- end
capping sialic acid residue were conjugated NgMe]-Aoa-peptide.
Commercially available compounds of this type idea-2,3- anda-2,6-
sialyl lactosamine, as well as a mixture w®,(3,6)-sialyl lactoses. A
particular concern with these sialylated sugathas they are fairly acid-
labile and thus could suffer from desialylation idgrconjugation to the
peptide module. Thus, it was necessary to evathatapplicability of the
above-mentioned conjugation, which took place aiapH, to this kind
of sugars. Fortunately, the misgivings proved tabearranted, since all
three trisaccharides were readily conjugated tb bot unmethylated and
the methylated versions of the Aoa-peptide in ggiettls (74% and 28%,

respectively).

In summary, reaction conditions for conjugatior\pfle]-Aoa-peptide to
mono- , di- and acid-labile trisaccharides werealdighed. For
monosaccharides, good yield®(64-80%) were obtained using excess of
carbohydrate (200 mM). By contrast, for disacchesjdthe conjugation
yield could be improved by acidifying the reactionixture to pH 3.5,
except for lactose whose optimum pH was 4.6. Asl&rnative to pH
reduction, addition of aniline was also succesfutéducing the reaction
time from 72 h to 24 h. Finally, trisaccharides sveoupled toN[Me]-
peptide in trouble-free way by the standard prooedAll glycopeptides

synthesized and characterized are listed in Se6ti®n

3.2.2 Stability of glycopeptides

When evaluating by HPLC and MS the purity of glyoogigates oiN-
[Me]-Aoa-peptide and different carbohydrates thegrevfound to be
unstable to the pH 2 conditions of the HPLC solh@rstems. Thus, after
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a few hours in HPLC solutions the glycopeptides ament acid-

catalyzed hydrolysis to the non-conjugatédMe]-Aoa-peptide (Figure
3.6). Gudmundsdottir studied oxime-based glycoagames under acidic
conditions and established that acid-catalyzed dlyslis is accelerated
below pH 6.0 [115]. Therefore, in our case it wagided to neutralize
HPLC solutions to pH 6 immediately after purificatj then liophilize.

This precaution proved effective not only for tyaiglycoconjugates but
also for preventing desialylation of the acid-labikialyl-containing

glycoprobes discussed above.
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Figure 3.6 HPLC chromatogram corresponding to purified INidde]-Aoa-
glycopeptides. After 12 h in HPLC solution, withautneutralization step (panel
A), and with neutralization step (panel B). Peakotresponds to glycopeptide
and peak 2 to the[Me]-Aoa-peptide.

The long-term stability of Iyophilized G&lt,4-GlcN[Me]-Aoa-peptide
and Galpl,4-Glc-Aoa-peptide was also tested by HPLC afteredr
storage and shown to be substantially preserveth less than 5%

deglycosylation and no other byproducts identifieigure 3.7).
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Figure 3.7 Long-term stability study of liophylizeN[Me]-Aoa glycopeptidei(e.
Gal$1,4-GlcN[Me]-Aoa peptide).

3.3 Application in SPR

In previous work [119], the glycopeptide GlcNA&oa-GFAKKG was
immobilized onto the SPR sensor surface for intevacstudies between
the pentasaccharide GlcNA@nd the lectin WGA. The kinetic data
obtained by SPR were comparable to those obtaigeother methods,
and therefore the proof of principle of this altime approach to study
carbohydrate-lectin interactions was establishég: GFAKKG sequence
used to immobilize sugar epitopes onto the sensdace was designed
with several criteria in mind: (1) Two mandatory iam acids, the N-
terminal Aoa for chemoselective sugar ligation amd Lys residues near
the C-terminus to ensure both proper guiding tortbgatively charged
sensor surface and efficient covalent (peptide pdpidding to the
activated carboxyl group on the SPR chip surfaceewequired. (2) In
addition, an aromatic Phe residue was includeddease hydrophobicity
and facilitate purification by HPLC and quantificat by UV-
spectrophotometry, while (3) Gly and Ala residuesevadded to provide
flexibility and distance between the dextran swfaand the glycan

epitope.
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3.3.1 Aglycon features: Peptide length

As our interest was focused on presenting sugaopgs (mono-, di- and
trisaccharides) smaller than the chitopentaose nsedr previous work, a
preliminary study was conducted on the length ef pleptide module in
the glycoprobe and its effect on sugar recognibgriectins. Thus, three
glycoprobes with lactose as sugar epitope and rdiffepeptide lengths
were tested: (1) the standard prototyipe,(Aoa-GFAKKG-amide), (2) an
elongated (Aoa-GAGAGFAKKG-amide) and (3) a sho(fsva-GFKKG-
amide) version. On attachment to a Biacore CM5 ,ciipmobilization
levels of 330, 1250 and 240 RU were respectivelpiokd, which could
also be expressed as 0.34, 1.0 and 0.26 pmol obbitimed glycoprobe
per mni, respectively;

In order to evaluate the binding response of eaththe above
glycoprobes, twd3-galactose specific lectins froarythrina cristagalli

(ECA) andRicinus communiéRCA) were flown across the surface.

! We questioned if the manufacturer's suggestedvatprice of 1 RU= 1 pg of
immobilized analyte, devised for globular proteings indeed applicable to the
present case, where the ligand is a short glycapepfo clarify this point,
specific refractive indexes for each peptide weatidated from amino acid
compositions by the Lorenz and Lorents equatiorb[186] and indeed found
rather similar to the above value. Thus, 0.981 RU#$g equivalences were
calculated for both standard GFAKKG and shorter @K and 0.977 RU= 1 pg
for longer GAGAGFAKKG.
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Figure 3.8 Sensorgrams of the interaction of ECA (panel AJ RCA (panel B)
with the immobilized glycopeptides (blue trace: ABAGAGFAKKG-amide;

green trace: Aoa-GFKKG-amide; red trace: Aoa-GFAKK@ide; all conjugated
with lactose)

As depicted in Figure 3.8, for both lectins the hagt response was
observed for the channel containing lactose-Aoa-kEkKamide. Despite
the similar immobilization levels.€. ~ 0.3 pmol mrif) of both surfaces,
an almost three-fold increase in absolute bindegponse of ECA was
observed for the shortest glycoprobe in comparisonthe standard
version. The same difference was found when thaigffconstants from
both surfaces were determineelq, for ECA, 3.3 uM and 1.2 pM,
respectively). For the elongated version, in catirmo binding was
detected. As this could be due not only to thedapeptide size but also
to steric hindrance, which on surfaces with higmmbilization level €.g.

1 pmol mnY) may also play an important role, no valid conidos could
be drawn and the surface subsequently been usesfesience for non-

specific binding events in further kinetic studies.

In summary, a peptide longer than GFAKKG was notesary for
efficient display of disaccharides on the sensofase. In contrast, at
least for ECA and RCA, the one-residue shorter apgptide Aoa-
GFKKG-amide provided significantly better recogmiti than standard
Aoa-GFAKKG-amide. These results emphasize the itapoe of the
aglycon feature, in the sense that slight changg®ptide sequence (one
Ala residue) can dramatically affect binding resgemand consequently

affinity constants. As the glycoprobe providing tighest binding
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responses, the shorter Aoa-GFKKG-amide peptide ties version
employed in further experiments.

Additionally, in order to ensure that lectins wdxieading specifically to
the sugar and that the peptide module did not reawe effect in the
binding event, competition experiments were dorté Wwoth lectins (ECA
and RCA) at a fixed concentration in the presenceingreasing
concentration of peptide (Aoa-GFKKG-amide) in smiot As shown in
Figure 3.9, no decrease in binding response wasreodxd, indicating that

the immobilized peptide module could be a goodresfee surface.
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Figure 3.9 Sensorgrams of ECA interaction (250 nM) with imifiabd lactose-
Aoa-GFKKG-amide in presence of increasing peptidacentrations (0, 250,
500, 1000 nM).

3.3.2 N-methylatedvs nonN-methylated probes

As shown in 3.1.2, remarkable differences (1082@30%) in the relative

abundance of the native-like ring form of the peéptproximal glycan are
observed betweei-methylated and nomN-methylated versions of the
glycoprobe. An obvious next step was to evaluate ithpact of this

situation in the recognition of small sugar epi®ie. disaccharides) by
lectins.

For this purpose, both peptide modules (with antthaut N-methylation)
were conjugated with the same lacNAc disaccharide Gal{1,4-

GIcNAc) and immobilized onto a CM5 sensor chip undgentical
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coupling chemistries providing similar immobilizai levels (~ 150 RU)
enabling accurate comparison. Then three lecti@®\(ERCA and WGA)
with different carbohydrate requirements (mono-d@accharide) were
passed at 250 nM. Unglycosylatiemethylated peptide was immobilized
as reference surface to correct for matrix effacts non-specific binding.
As shown in Figure 3.10 clearly different responsas the two

glycoprobes were observed for each lectin.

For ECA, (Figure 3.10, panel A), a lectin descriltednteract strongly
with lacNAc and requiring the entire disaccharideai ring closed Gal-
B1,4 configuration for binding [167], fairly low antklatively strong
responses was respectively observed for the nohytattd (red trace)
and methylated (green trace) glycopeptides. Measemés just before
dissociation showed the latter probe (fully closed structure) to have
approximately three-fold higher absolute resporadaes ( ~ 460 RWs~
180 RU). Equally important, and in contrast to [weg reports [168], the
methyl group at the exo-anomeric center does rietfere with binding.
In an attempt to achieve similar response levalbéth probes, a higher
immobilization level of approximately 400 RU.€., threefold) for the
non-methylated probe was tested. However, undeethenditions ECA
binding at 250 nM was completely abolished. Evibtlerdt these surface
densities, steric hindrance seriously hampers igiriy. It seems safe to
assume that for other oxime-linked platforms, samgffects will play a
role and, therefore, validation of the surface waitstandardized lectin will

be of utmost importance to accurately interpretlinig results.
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Figure 3.10 SPR sensorgrams of the binding of different lecf{A. ECA; B.
RCA; C. WGA) at 250 nM to lacNAc-glycoprobes. lacttAoa-peptide: red
trace and lacNAMN[Me]-Aoa-peptide: green trace)
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Binding of the other lactosamine-binding lectin, RCto both
glycoprobes is depicted in Figure 3.10, panel BisTlectin has a
described specificity for terminal galactose [16Blt its binding is
enhanced when the monosaccharide is engaged pe&tgtructurei fe.
Gal$1,4-GIcNAc). In our system, RCA displayed signifitdinding to
the non-methylated glycopeptides (~ 1100 RU) butetizeless of lower
magnitude than the methylated variant, with respdesgels again around
three-fold higher (> 3000 RU absolute binding).

As a final test, WGA was passed across the su(fégere 3.10, panel C).
WGA reportedly binds specifically to GIcNAc, predetially when
terminally exposed [169]. However, on the basisttef sensorgram in
Figure 3.10 (panel C), this lectin appears capabbdso recognizing non-
terminal {.e., internal GIcNACc) residues in its carbohydratading site
[L70]. The differences between non-methylated (zeioding) and
methylated (tight interaction) are quite remarkabhl¢his particular case.
The absolute lack of recognition for the non-medtsdl variant is
puzzling, as ~ 30% of the structure is expectdaetin closed ring form at
a given time. The only plausible explanation istthle dynamic
equilibrium between ring and open sugar forms i@ tion-methylated
glycopeptide renders the interaction so unstalbd¢ mlo binding can be
observed. This observation is of extreme importamben this or other
similar glycoprobes displaying non-nativiee(, open sugar) epitopes are
applied for screening purposes, as zero-bindinddctead to a false

interpretation.

The different binding responses betwed&imethylated and non-
methylated Aoa glycopeptides were further corroteala by the
association and dissociation constants derivedh®ithree lectins (ECA,
RCA and WGA). As depicted on Table 3.7, in all #hreases higher

association and lower dissociation constants wedstimed for the
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methylated glycoprobe, strongly suggesting that ¢kestence of four
different @yn and anti open forms, plusa and B anomers) glycan
structures on the non-methylated glycoprobe nog orfluences absolute
binding but also the equilibrium. For ECA, the Iacthat requires the
closed ring Gapl,4 configuration, a remarkable (again) three-falgher
affinity constant (K) was determined for the methylated glycoprobe over
its non-methylated variant. In contrast, for RC# thifferences in affinity

were not so evident.

Table 3.7 Affinity (K ») and dissociation (§) constants of lectins (ECA, RCA,
WGA) to lacNAc-Aoa-peptide and lacNAgfMe]-Aoa-peptide.

Lectin Immobilized ligand K (M™) Kp (M)
ECA lacNAc-Aoa-peptide 1.93x fo| 5.19x10
lacNAc-N[Me]-Aoa-peptide | 5.85x 10| 1.71 x 10
RCA lacNAc-Aoa-peptide 475x10| 2.11x1C
lacNAc-N[Me]-Aoa-peptide | 5.29x 10| 1.89 x 1C°
WGA lacNAc-Aoa-peptide - -

lacNAc-N[Me]-Aoa-peptide | 2.31x 10| 4.33x 10

3.3.3 Affinity and kinetic studies of carbohydrate-lectin

interactions: legume lectins as a proof of prireipl

With the peptiddN[Me]-Aoa-GFKKG-amide chosen as the best option for
native-like display of small carbohydrate epitotshe sensor surface,
the next phase of our study focused on naturalbgothg (mammalian)

carbohydrates and on the lectins to those sug#s. uni

A first concern in this regard was efficient ligaimmobilization (Figure
3.11). For this purpose, a pre-concentration oflitfend (in our case, the
glycopeptides probe) close to the activated surfacecessary. A 10-50
ng mitligand concentration in 10 mM NaOAc pH 4.0 is recoemded
for proteins [171]. At this pH (slightly below thsoelectric point of the

82



RESULTS

protein), the ligand is sufficiently charged to bencentrated on the
surface, but still preserves uncharged amine graapsble of binding

covalently to the activated NHS-esters (Figure B.11

OH o]
I EDC/NHS 1

N
|

(I3=O — c=0 —_— c=0
] |

U e e e e e B B B B B B B A B BN R Gav N BNy SN SN Suv Suv auv Suv maw aw i

Figure 3.11 Scheme of amine coupling chemistry of ligands He textran
surface.

In a first attempt, glycopeptide immobilization wdene at pH 4.0.
Although the immobilization level achieved was gieble (~ 100 RU,

equivalent to ~ 98 pg and thus ~ 0.08 pmols), wikectin was

subsequently passed over the surface no signifiading was observed
(Figure 3.12, red trace). In the next attempt, andsidering that the
theoretical isoelectric point of the glycopeptides~ 10, significantly

higher than a “standard” protein, a pH 6.0 buffeswsed, and binding to
the corresponding lectin could be appreciated (€igi12, green trace),
corroborating the appropriateness of the genesatddce.

RU 140

90

40 —pH4
—pH 6

_691 00 -50 0 50 100, 150 200 250 300 350
Time s

Figure 3.12 SPR sensorgram of the binding of SNA at 1 pM tao&i,6-lac-
glycoprobes immobilized at pH 6 (gree trace) quta#4 (red trace).
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A plausible explanation for the unproductive glymmge immobilization
(i.e., lack of lectin interaction) at pH 4 may be thatthis pH, with its two
Lys side chains positively charged, the glycoprisb&rongly cationic and
its electrostatic interaction with the carboxyldextran matrix is equally
strong, driving the peptide “deep down” into thetmnxa close to the gold
surface, where surface accessibility is suboptiatontrast, at pH 6, the
electrostatic attraction would be less strong dmeddisplay of the sugar
epitope would be more confined to the dextran serfdence favoring
lectin recognition. For further experiments, NaOpE 6.0 was thus

chosen as recommended buffer for immobilization.

An equally important goal of immobilization chenmistis obtaining
similar levels at all four flowcells to ensure appriate comparison
between different sugar epitopes. For this pur@wsaccurate estimation
of glycopeptide concentration is of utmost impocenTo this end, small
glycopeptide amounts.¢. 100-200 pg) were quantified by UV at 258 nm

(Amax Of @ Phe residue, [172]) in a nanodrop system.efperimental
extinction coefficient ofe=0.1438 mM' cmi' for the non-conjugated

N[Me]-Aoa-GFKKG-amide peptide was in this way obtdnand used for

UV quantitation of all glycoprobes before immokbstion.

MonosaccharidesOnce a cyclic structure for the peptide-linkegicgin
was ensured by conjugation to tNBVe]-Aoa-peptide, the next step was
to test whether the glycoprobe, exposing a miniswajar epitope, was
sufficient to distinguish between lectins with difént primary
specificities. As a proof of principle, the Qd|Me]-Aoa-peptide was
tested with RCA and ECA. As depicted in Figure 34iading could be

observed, although with the intrinsically low affinthat characterizes
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monosaccharide-driven interactions. The modest Imanetheless
analytically useful response of this Gal-displaysugface is worth noting,
as well as the possibility (not explored in thisrigoof extending the
principle to sensor chips with the most common nsacoharides as a
first step in screening for new lectins.
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Figure 3.13 SPR reponse for the binding pfgalactose specific lectins (green
trace: RCA and red trace: ECA) to QéiMe]-Aoa-glycoprobe.

Disaccharides A further step in characterizing the carbohydrate
specificity of lectins by our SPR platform was as® chip where three
disaccharides only differing in the glycosidic lade between the first and
second monosaccharide units were compared. Thysppgptides with
N-acetyl-lactosamine (G@i1,4-GIcNAc, type Il glycans), lacth-biose
(Gal$1,3-GIcNAc, type | glycans) andpl,6 galactosyN-acetyl
glucosamine (Gapl,6-GIcNAc) conjugated to th&l[Me]-Aoa-peptide
were immobilized. In addition, a glycoprobe witlttlase (GaBl,4-Glc)
was also tested, to evaluate the importance ofNfezetyl group at
position C2. For reference surface, and givendhlidgectins have a certain
degree of promiscuity towards other glycosidic teg#j a non-glycan
ligand such as unconjugateN[Me]-Aoa-peptide was preferred as
universal probe. Immobilization levels of ~ 500 Rbd ~ 120 RU were

obtained for reference and glycoprobes, respegtivBeveral lectins
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extensively studied in terms of carbohydrate bigdinch as WGA, ECA
and RCA were flown at different concentrations otlee sensor chip

surfaces.

ECA and RCA are described to interact more strongtyn Gal$1,4-
GIcNAc than with otherN-acetyl-disaccharides [167]. However, the
nature of the glycosidic linkage and of the proXim@onosaccharide
turned out to be of decisive importance. As depliateFigure 3.14, panel
A, for ECA a strong preference to Gil;4-GIcNAc was clearly seen,
along with 9-fold lower binding to G4l1,4-Glc, revealing a crucial role
for the N-acetyl group at position C2. Moreover, by compgrithe
structures of the threld-acetyl-disaccharides a more accurate analysis of
the role of non-terminal sugar hydroxyl groups iwed in the interaction
was possible. Thus, binding was dramatically redifoep1,3 (21%) and
B1,6 (5%) when compared §i,4 linkage (100%). For the two former
disaccharides, whose C3 and C6 hydroxyls partieifratthe glycosidic
bond and are thus unavailable for ECA interactibis, dramatic decrease
in binding response would indirectly suggest avathe function for both
hydroxyls in the binding to ECA. In summary, frolretSPR sensorgrams
it can be confirmed that thi-acetyl group, and to a lesser degree the
hydroxyls at C3 and C6, participate in sugar-ECAogmition, in good
agreement with structural data showing the O3,0&, Qua. atoms to be

involved in the interaction [173].

The recognition pattern for RCA was similar to tbAECA (Figure 3.14,
panel B), although the participation of the C3 &1l hydroxyls of the
proximal sugar seemed not to be as determinantraBGA, suggesting
that in this case the interacting entities are texdgrincipally in the Gal

residue. Also, th&l-acetyl-group at C2 appears to be less relevant tha
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Figure 3.14 SPR sensorgrams of three legume lectins on diff@galactosides
exposing glycoprobes. Glycoprobes displaying [Ea#-GIlcNAc, Galpl,3-
GIcNAc, Gal$1,6-GIcNAc and Gapl,4-Glc were coupled to the sensor surface
with similar immobilization levels. The sensorgrasf®own corresponded to the
differential curves after substracting the refeeer@hannel with the peptide
without sugar epitope immobilized.
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for ECA, since binding decreased when GhM4-Glc instead of Gdid,4-
GIcNAc was employed, but to a lesser extent thaseoiked for ECA.
Therefore, comparing the binding response obseivedach of the three
glycoprobes, the O and N atoms of the peptide-tirdkggar can be ranked

as 06 > N2 O3 in terms of binding importance.

Like ECA and RCA, WGA interacts preferentially witdal$l,4-
GIcNAc, but also binds to G#it,6-GIcNAc (Figure 3.14, panel C),
underlying its ability to recognize internal GIcNAEhe fact that neither
Gal$1,3-GIcNAc nor GaB1,4-Glc are recognized by WGA corroborates
the requirements for aN-acetyl function at C2 and an hydroxyl at C3,
this latter feature hitherto unreported for WGA.this case, the order of
importance between atoms of the proximal glycaN&s~ O3 > 06
(Figure 3.14, panel C).

Gal-p1,4- GICNAC Gal-p1,4- GIC
Gal-p1,3-GIcNAc Gal-p1,6-GIcNAc
6 Ho®H
Tl =
HO o)
0
& ;S CH,
NHAc 4 HoH N%
NHAC
"

Figure 3.15 Schematic representation of sugar epitopes imnaahilion the
sensor surface. Hydroxyl anbl-acetyl groups that may participate in the
interaction are indicated by circles.
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While simple visual inspection of the sensorgrartiews a qualitative
assessment of the relevance for interaction of égdnoxyl andN-acetyl
group of the peptide-linked glycan, a more complgtentitative analysis
is also possible by monitoring both the associasind dissociation events
and their kinetic rate constants, (k) plus the derived affinity constant
(Ka) (Table 3.8).

Table 3.8Kinetic rate constants and the derived affinity stant (K,) of lectins
(ECA, RCA, WGA) to different glycoprobes exposingrrinal p-galactosyl-
disaccharides.

Lectin Disaccharide X Ky Ka
Galf1,4-GlcNAc | 4.7x16 | 53x10° | 89x16
ECA Gal$1,4-Glcc 35x10| 58x10° | 6.0x 10
Gal$1,3-GIcNAc | 2.3x18 | 3.2x10° | 7.2x16
Gal{31,6-GIcNAc - - -
Galf1,4-GIcNAc | 9.0x16 | 1.3x10 | 6.9x10d
RCAL Gal$1,4-Glc 1.7x10 | 3.8x10° | 45x10
Gal$1,3-GlcNAc | 7.5x16 | 3.6x10° | 2.1x10
Gal$1,6-GIlcNAc | 2.4x16 | 454x10 | 53x10
Galf1,4-GlcNAc | 1.4x16 | 6,6x10" | 2.1x 10
WGA Gal‘B1,4'GIC - - -
Gal{$31,3-GIcNAc - - -
Galf1,6-GIcNAc | 1.8x16 | 24x10° | 7.5x16

Another group of disaccharidese. mannobioses, and their interaction
with Con A has been studied as well- Glycoprobesectly displaying
mannobioses that only differ in their glycosidickage were immobilized
on a sensor chip, with 903 RU, 341 RU and 344 Rigl&obtained for
Man-al,2-Man, Manel,3-Man and Manxl,6-Man, respectively. Since
an exactly equal amount of glycoproleeg(60 pl, 1 g L' in NaOAc pH6)
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was injected onto the three surfaces (see Sect®8)3the high value for
Man-ul,2-ManN[Me]-Aoa-GFKKG could only be due to a sensor
surface of particularly high susbtitution levelsuéiing in anomalously
high activation levels (470 RUs 200 RU). Even so, the Mart,2-Man
surface turned out to be appropiate for interactioth the mannose-
specific lectin Con A, to be detected. Given theoréed ability of Con A
to bind carboxymethylated dextran surfaces [l74ptmction of the
signal from the reference cell (non-conjugatdidie]-Aoa-peptide, see
Section 3.3.2) was of crucial importance to asghesglycan-specific
binding of Con A.

Con A, a relatively complex lectin, at pH > 7 igyanized as a tetramer
with two CRDs per dimer situated on opposite faufethe protein (Figure
3.16).
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Figure 3.16 Biological assembly of Con A (PDB 3D4K) in complexith
mannose.generated with VMD software. [175].

In order to evaluate differences in Con A affinitgtween mannobioses,
sensorgrams of different Con A concentrations weoerded and kinetic
constants determined by simultaneously fittingekperimental curves to
a bivalent kinetic model (Figure 3.17). This result the first and second
binding events being separately described by twe skrate constants
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(Table 3.9). The unconventional unitse( RU") used to describe the
second association event make comparison with aotsstlerived from
other methodse(g. ITC) difficult, an only the affinity constants fdhe
first event, K (Kar =ka/kgq1) can be compared. For this event, higher
affinity Man-a1,3-Man (Ky; =5.9 x 16 M™) over Man-u1,6-Man (K =

2.2 x 16 M) was found in agreement with previous ITC dats[1The
third mannobiose, Mani,2-Man, had a lower K than the other two,
possibly due to mass transport problems commonufecas with high

immobilization levels.

Comparison of SPR- and ITC derived affinity valdi@sthe first binding
event is noteworthy. For the disaccharides - M&/8-Man and Man-
ol,6-Man, Con A K; values obtained with the first method (~6)19re
two orders of magnitude higher than with the secend) [176]. One
possible explanation for these high SPR valuegikgen mind the two-
CRDs-per-dimer model of Con A, is that although Hiealent binding
model used in SPR only allows to derive standaitivatues for K, (see
above), the appareng;kused for iK; determination is also influenced by
the second event. If this contribution is not faetbin, a lower )¢, and

consequently a higherJKresults.

Table 3.9 Kinetic constants of ConA to the three differenarmobioses-
containing glycoprobes determined by SPR

Ligand ki(M's?) | k() | ka2(RU'SY) | K2 (s?)

Man-l,2-Man | 2.07x1b | 458 x 1¢ 154x10 | 2.83x 17

Man-a1,3-Man | 5.01x1b | 8.50 x 10° 1.46 x 10 | 3.97x 10

Manl,6-Man | 2.44x1b | 1.07x10¢ | 9.81x1¢F | 6.08x 10
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Figure 3.17 Binding of ConA to immobilized mannobioses at fiddferent
concentrations (5, 10, 20, 40 and 80 nM). Fittingves using a bivalent model
are shown in discontinuous black lines. Below eaeh of sensorgrams, the
corresponding plot of residuals, indicating thefatiénce between experimental
and fitted data is shown.
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A last group of disaccharides to be analyzed witih S8PR platform
included those with terminal Fuc units (Fut:3-GIcNAc, Fucel,4-
GIcNAc and Fuml,6-GIcNAc). The latter structure is a potential
fucosylation core of N-glycans, and the former t@ve partial epitopes of
Lewis X and Lewis A structures, respectively. Imntiabtion levels of 73
(~ 0.08 pmol), 236 (~ 0.25 pmol) and 116 RU (~ Qpidol) for theal,2,
al,3 andal,6-linked glycopeptides were respectively obtaimed the
resulting surfaces were tested against two FucHspéctins fromLotus
tetragonolobugLTA) and Ulex europeaugUEA) (Figure 3.18, panel A
and C). In order to test the specificity of theenaiction, a competition
experiment with solubleMe-Fuc andhMe-Man was carried out. For both
lectins, the sensorgrams demonstrated that thénigimdsponse decreased
with increasing amounts ofMe-Fuc, but not ottMe-Man (Figure 3.18,
panel B and D). Carbohydrate affinity for LTA haseln described to be
strongly specific for the blood group H determinfffical,2-Gal) [177]
and Lé trisaccharide ife. Gal$1,4[Fucel,3]GIcNAc) [178]. In larger
fucosylated oligosaccharides, the position andittkage become critical
[179]. On our sensor chip no clear binding was olese to any of the
fucosylated glycoprobes, confirming the weak bigdieported previously
for structures carrying Fuel,(3,4)-linked to GIcNAc [88]. Therefore, we
tentatively conclude that LTA needs the entir€* ltesaccharide for

binding to be clearly observed.
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Figure 3.18Binding sensorgrams of two fuc-binding lectins:(ATA; C.: UEA)
at five different concentrations from 125 nM to Muto Fucel,4-GlcNAc—
glycoprobe (A, B) and Fuai,6-GlcNAc—glycoprobe (C, D). Competition
experiments with increasing concentrationslde-Fuc (B) anciMe-Man (D).

Trisaccharides A protein that reportedly requires three intagga units
for binding is the sialic acid-specific lectin frodaackia amurensis
(MAA) [180]. Sialic acids are generally found atthon-reducing end of
a glycan and therefore are of the utmost importdiacerelevant cell
communication processes [181]. A sensor chip wapgred with the
trisaccharides Sia2,3- and Siax2,6-lacNAc, representative of the two
existing linkage types in adult mammalian glycopias. As a reference
surface, in this setting a lactose-displaying pr@ibstead of the hitherto
used unglycosylated peptide) was employed. Thestglycoprobes were
attached to the sensor surface with similar imnidtion levels: 80 RU (
~ 82 pg ~ 0.06 pmol) for the2,3-linked glycoprobe, and 56 RU ( ~ 57 pg
~ 0.04 pmols) for the twa2,6-linked glycopeptide. After immobilization,
two sialyl-specific lectins, fromMaackia amurensis(MAA) and
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Sambucus nigraSNA), were flown over the surfaces. The different
binding responses observed for the two lectins weperfect agreement
with their reported carbohydrate specificity. Thwbereas SNA showed a
marked preference for the Si2;6-lacNAc isomer, MAA recognized only
the Siaa2,3-lacNAc-containing glycoprobe (Figure 3.19).

LA MAA ~u; B. SNA
60 300
20 100
.20 -10
-50 30 110 190 270 350 -50 30 110 190 270 350
Time s Time s

Figure 3.19 Binding sensorgrams showing the different carbodgdspecificity
of both lectins (A: MAA; B: SNA) to their specifisugar epitopes (Sia2,3-
lacNAc and Siax2,6-lacNAc in red and green trace, respectively)

For kinetic analysis, several concentrations in2b@ nM to 1.9 uM range
for MAA and in the 74 to 563 nM range for SNA wéngected. A buffer
injection without lectin was used as an internahdard and subtracted
from the binding results for each flow before asayNo mass-transport
limiting effects were observed, as similar afinitynstants were derived
from experiments at either 10 pl rifior 40 pl mift flowrates. A 1:1
Langmuir binding model was chosen for sensorgréatimdi (Figure 3.20,
Table 3.10) because, although both lectins arelehvain this kind of
assay only one binding site is actually involve®][8As expected for
interactions involving trisaccharides, the equilion constants K
obtained were in the range of®40" M. For MAA, the apparent affinity
constants determined by our approach was 9.12 MT0This constant is
of the same magnitude as that reported previo&ly, [but one order
lower than other constants determined using compkoglycoproteins

[182], in both cases by SPR. The higher affinityieoglycoproteins can
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easily be explained by their multivalent naturer BOIA, value of 6.27 x
10° M was calculated for K consistent with previously reported 16.7
x 16° M™[89].

Table 3.10Kinetic constants of MAA and SNA to their speci§i@lic-containing
glycoprobes determined by SPR.

glycoprobe k(M*s?) ka (%) Ka(M™)
MAA | Sia-a2,3-lacNAc| 5.55x1d | 6.08x 10 | 9.12x 16
SNA | Siae2,6-lacNAc| 1.02x1b | 1.63x10 | 6.27x16
RU A MAA 250nM-1.9uM -0nM 40ulmin 1replicate
250 nM
375 nM
562.5nM
- 843.75nM
- 1.266pM
- 1.898pM
h -200 -100 [e] 100_I_ime 200 300 400 E;OO
RU B SNA 74,10nM-562nM -OnM 10ulmin
74,10nM
111,1nM
166,7nM
- 250,1nM
- 375 1nM
= 562,7nM
200 250 300 350

100 150

50 0 50
8 Time s

50 100 150

Time s

Figure 3.20 SPR sensorgrams of two Sia-specific lectins at difkerent
concentrations. Binding of MAA to Sia2,3-lacNAc glycoprobe (panel A) and
SNA to Siae2,6-lacNAc glycoprobe (panel B). Fitted curves ardicated as
discontinuous black trace. The corresponding pfotesiduals is shown below
each set of sensorgrams.
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3.3.4 Determination of thermodynamic parameters by SPR

SPR allows evaluating in real time the effect ahperature and thus
deriving thermodynamical parameters for the intioac (see section
1.4.2). In order to explore the performance of analytical platform in
this regard, rate constants for the ECA-@BM-GICNAC interaction were
determined at different temperatures from 10 to °25with 2.5 °C
intervals . An overlay plot shows how temperatuffecs the binding
profiles (Figure 3.21): both association and digg@m rate increase with

temperature.

50 R 14 19 28 B 50 2 14 196 i 360
H Time 8

50 1 4 196 218 0 6 2 14 196 278 360
Time § Time s

Figure 3.21 Effect of temperature on ECA binding to @GRI4GIcNAC
glycoprobe. Sensorgrams obtained for five condetiatof ECA (from 100 to
700 nM) at five different temperatures are showheaAch temperature, colored
lines represent experimental data and black lirkes lbcal fitting to a 1:1
Langmuir model.

At each temperature, the association and dissooiasite constants were
determined by locally fitting the five ECA conceations during the same
association and dissociation periods. As shownigurgé 3.21 and Table
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3.11, ECA underwent approximately 5- and 10-folccreases in
association and dissociation rates with temperatespectively, which in
turn caused a 2-fold decrease in the K

Table 3.11Kinetic data derived by locally fitting of the SPs&nsorgrams at

seven temperatures. The values of rate contants gadculated by the mean of
the five concentrations measured by duplicate.

T/°C| ky/ M*s'x10* | kg/ ' x 10° | Ko/ M™* x 10° | Chi?

10 0.59 0.68 8.68 0.98
12.5 0.78 1.12 6.96 0.21
15 0.99 1.75 5.66 0.08
17.5 1.18 2.41 4.90 0.08
20 1.46 3.50 4.17 0.3(
225 1.68 5.34 3.15 0.52
25 2.82 7.13 3.96 0.76

The equilibrium association constants were usedetermine Van't Hoff
enthalpies by plotting In (K vs 1/T. As shown in Figure 3.22 panel A,
the plot was fitted to a straight line and the afgi was calculated using

the non-integrated form of the van’t Hoff equatfeq. 3.1):
In Ka = - AH°/RT +AS°/R (3.1)

where R = 8.314 J'Kmol™. TheAH value was derived from the slope of
the line.
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Figure 3.22Van't Hoff (A) and Eyring (B) analysis of ECA bimg) to Galg1,4-
GlIcNAc-glycoprobe: ¢ , association; , dissdoiat

In addition, the possibility of monitoring indepaendly the temperature
effect on the association and dissociation phas#iews analyzing
thermodynamic parameters using the Eyring equ#éqn3.2),

In (KIT) = -AH/RT + -AS/R + In (K'/h) (3.2)

where Kk is the appropriate rate constant (assoniati dissociation), and
k and h are the Boltzmann (k= 1.38 x %@ K%) and the Planck
constants (h= 6.63 x T0J s), respectively.

Figure 3.22, panel B, shows the overlay of Eyrifmjgrepresented by In
(k/T) vs 1/T. Both plots could be fitted to a linear modt®l association
and dissociation, respectively. As depicted on @&abBll2, AH values
derived from Van't Hoff (-41.9 kJ md) and from Eyring analyses (-42.3
kJ moi') were in agreement to the value of -45.6 kJ oéported by
Guptaet al. by means of ITC [183].

In both technologies (SPR and ITC), the entroploerdés calculated from
the Gibbs free energy equation (eq. 3.3) as recordete[186)].

AGP=AH°® -TAS® =-R TIn K, (3.3)
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Table 3.12Binding constants and thermodynamic parameterE@A-Gal{$1,4-
GIcNAc interactions determined using SPR , ITC BivdR

SPR ITcsd | NMRIes]
Van't Hoff Eyring
Ka/M?* 39x16 | 40x16 | 1.1x1d 6 x 1¢
AH / kJ mol* -41.9 -42.3 -45.6 -54.5
AS / J mof K* -14.2 -15.7 -75.3 -102

The equilibrium association constants derived fRR experimentse(g.
Ka = 3.9 x 16 M at 25 °C) are two orders of magnitude higher tihan
binding constant reported by ITC for free lacNAG (K 1.1 x 1d M™ at
27 °C). These differences between surface- andi@olbased methods
have been already observed for other carbohydeatel interactions
[100,187], probably because the lectin multivalemeyaddition to the
relatively high sugar immobilization level may irase the apparent
affinity through secondary interactions. Theseeattdhces in equilibrium
association constants plus little differencesAH derived from both
methods are responsible from the high differenoethé corresponding
entropic values (-15s-75 J mof K). Even though for small molecule
inhibitor-enzyme interactions the affinity and thnedynamic constants
derived from both methods (SPR and ITC) were sinfif®], with our
SPR-based approach, where the sugar is immobiliaely, equivalent

enthalpy values were obtained.

3.3.5 Lectin affinity capture and characterization by SHR

Although the primary application of the SPR-basedhhology is to
characterize biomolecular interactions through divect monitoring of
binding and the determination of kinetic parametegsently SPR-based

instruments have been also used to capture integagtroteins from
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complex mixtures for subsequent identification bypssy spectrometry.
Basically, in a standard ligand-capture experimegugrformed in a
BlAcore 3000 instrument, after injecting the analghto the glycoprobe-
immobilized surface, the flow cell and the fluidisystem are
automatically washed with a MS-compatible buffex.g( 25 mM

NH;HCG;) in order to clean the system and avoid carry-@femreacted
protein material to the recovered elution. There taptured lectin is
specifically eluted through a recovery functionmeal MS recover. This
command results in the collection of bound leatitvéry small volume (2
ul), separated by air bubbles to avoid sample siffu or cross-
contamination and returning the captured proteitoraatically into a
specific vial or even a MALDI target. Meanwhile thg the capturing
experiment, the SPR signal is used to monitor andntify both the

capture and recovery of the bound interacting jgartn

In order to test the capacity of our SPR-basedfglat to capture
carbohydrate-binding proteins for subsequent ifieation by mass
spectrometry, three legume lectins with differerdlenular weights and
different affinities were passed over their specifiycopeptide platform.
In order to capture the highest amount of carbaditgdbinding protein on
a single surface, the surface that displayed thbdst affinity (.e. Gal-

B1,4-GIcNAc) was selected to perform the captureeerpent. The
glycoprobe immobilization was carried out as démdiin Section 6.9.1
and an immobilization level of 165 RU was obtainegljivalent to 165 pg
or 0.17 pmol of the glycoprobe immobilized. As wdther sensor chips,
the non-glycosylated peptide platform was immobiizas reference

surface, albeit that this material is not collected

The smallest lectin WGA, a dimer with a moleculagigiht of 34 kDa,
was injected at 500 nM during 3 min. After washihg flow cells and the
fluidic system with running buffer and 25 mM NHCO;, a 400 RU
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binding response, corresponding to 12 fmol bounterad, was observed.
For the next step (lectin elution and MS analysith concomitant
surface regeneration), an appropriate recoverytiealuwas required that
(1) was compatible with MS-analysis, (2) was aldeetute the bound
protein in a small volume. As the solutions usadtfar to regenerate the
surface €.g 10 pl of 10 mM lac, or 10 pl of 0.5 M GIcNACc) diebt fulfil
either requirement, a solution with a lower concatidn of a sugar with
higher affinity {.e. GICNAc,) was chosen. Upon 30s-incubation with 2 ul
of 10 mM GIcNAg, the bound lectin was completely eluted from the
surface. The 2 pl-sample was next concentratecabywm centrifugation
and dissolved in 0.5 ul of matrix solution for MALIDOF analysis. The
recovered material.€. 12 fmol) was sufficient to visualise the molecular
weight of the lectin by MALDI-TOF MS. Figure 3.2B8anel A shows the
capture sensorgram and the corresponding MALDI-TM3-spectrum of
the recovered material for WGA. A more exhaustiliaracterization was
prevented by the distinctive complexity of WGA stiwre (170 residues
and 16 disulfide bonds), which made proteolytic edigon of the

recovered WGA impossible without further work-up.

A lectin of higher molecular weight, RCA, a 120 k@Detramer, was
passed at 80 nM over the same immobilized glycopsasface for 3 min,
and the bound lectin (3800 RU = 3800 pg = 32 frmal}p recovered with
2 pl of 10 mM lacNAc. As with WGA, the retained fiec could be
subsequently characterized by MALDI-TOF MS, althlowye to its high
molecular weight, signal intensity was much loweart for WGA (Figure
3.23, panel B).
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Figure 3.23 SPR sensorgrams of three recovery experiments laoAc-
glycoprobe and MALDI-TOF MS spectra of the proteéicovered. A.: a solution
of WGA 500 nM were injected and the captured matevas recovered with 2 pl
of GIcNAc,; B.: RCA at 80 nM was passed on the surface aaddbovery was
done with 2 pl lacNAc. C. ECA at 1 uM was passed #dre capture material
eluted with 2 pl lacNAc.

The capture of a third lectin, ECA, a 55 kDa dimems the least
successful. As with WGA and RCA, ECA was injectedero the

glycosylated surface for 3 min. However, as itsaoggation rate is larger

than the other two lectins, ECA was injected athhigconcentration (1
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MM vs 80 nM). After washing, the surface-captured matefivas

determined as 790 RU (790 pg, 14 fmol). Althoudicigitly eluted with

2 pl of 10 mM lacNAc, it was difficult to recoveufficient material for

unambiguous MALDI-TOF MS analysis. One partial $ol to the

problem, considering the high dissociation ratetto§ lectin, was to
perform the experiment at a lower temperature. dddeat 10 °C, both
association and dissociation rates were diminisfdata not shown).
However, the slower dissociation required highagaswconcentration for
the elution step, and this in turn complicated ole#on of the released
lectin by MALDI-TOF MS.

In summary, a successful combination of SPR and MIALOF analysis
to characterize sugar-lectin interactions appesgely dependent on the
dissociation rate constant of the complex and timézation capacity of
the lectin. Thus, for WGA both a low dissociatiater (6.6 x 10 s*) and

a small molecular weight (34 kDa) facilitate captuand MS
identification. In contrast, the high dissociati@te constant of ECA (5.3
x 10° s made recovery and subsequent analysis more ozatgd

especially at room temperature.
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Figure 3.24 A. MALDI-TOF MS spectrum of the protein mixture rd@ining
BSA, RNase Bpl-acid glycoprotein and WGA in equimolar conceritrag. B.
SPR sensorgram showing the corresponding recovepgrienent over the
lacNAc-immobilized glycoprobe. C and D. MALDI-TOF $4spectrum of the
material eluted from the immobilized glycoprobefaoe (panel C) and from the
immobilizedN[Me]-Aoa-peptide reference surface (panel D).

Finally, in order to evaluate the efficiency of osystem for capturing
carbohydrate-binding proteins in the presence loéroproteins, a mixture
containing BSA and glycoproteins such as RNAse af-acid

glycoprotein in equimolar concentrations was pregailo this mixture,
the lectin WGA was added and the solution passext the reference
(N[Me]-Aoa-peptide ) and the glycosylated (lacNNfMe]-Aoa-peptide)
surfaces, After four consecutive injection and kecimg cycles, the
sample was concentrated and dissolved in 1 pl oLMATOF matrix

solution. As seen in Figure 3.24, WGA is efficigntlaptured from the
protein mixture and distinctly recovered for MS ntlication in the

presence of other glycoproteins in the mixture.
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3.4 Identification of carbohydrate recognition domain (CRD)
by CREDEX-MS

As mentioned in 1.3.3 although X-ray crystallograpnd NMR are
primarily used for structural studies of carbohyesctin complexes, the
sample amounts required in these technigues arealm@ys easy to
obtain. For scarce sample situations, the CREDEXddfoach (Section
1.5.2) based on limited proteolysis and mass sp@etiry, can become a
viable alternative for elucidating carbohydratetitednteractions [138].
For instance, the CRDs of both galectin-1 and gl have recently
been successfully delimited by CREDEX-MS [141]. this instance,
lactose was immobilized on Sepharose and bothiercend extraction
experiments were carried out. The affinity-boungtjukes, eluted and
identified by MS, were in perfect agreement witk tirystal structure for

galectin-3 in complex with lacNAc [188].

In order to test the complementarity of CREDEX-MBhwthe SPR-based
glycoprobe approach for other carbohydrate-bingngteins, ECA was
chosen. Several primary sequences, apparentl\ctiefjepoint mutations,
have been described for this 55 kDa protein, a@s/a dimmer [189], As
many other legume lectins, ECA is N-glycosylatedpath Asnl17 and
Asn 113 [190]. From its crystal structure in conxphath lactose, residues
Leu86, Ala88, Asp89, Tyrl06, Glyl07, Phel31l, AsnlB&218 and

GIn219 can be identified as directly interactinghwthe sugar moiety
(Figure 3.25) [191].
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Figure 3.25 Ribbon representation of the crystal structuréEGfA in complex
with lactose (PDB 1GZ9). On the right, the carbalayel recognition domain is
enlarged. Key residues in the interaction are egid in different colours: weaker
hydrogen bonds (red), strong hydrogen bond netwgr&en) and hydrophobic
interactions (blue). Lactose is shown in purplell§band sticks representation).
This figure was generated with VMD OpenGL Displagrsion 1.8.3).

In this type of interactions, the CRD is generatigde up of amino acid
residues close in space though not necessarilgguence. Thus, optimal
digestion conditions to achieve highest sequengerage are mandatory.
Such conditions were established in solution digast of ECA with
common proteolytic enzymes (trypsin, chymotrypsind aglu-C). As
shown in Figure 3.26, trypsin (1:20 w:w enzyme-EQ@X,°C overnight)
afforded a good sequence coverage (86%).

Before the excision experiment, the sugar epitopep®,4-GIcNAC was
immobilized onto divinylsulfonyl-functionalized Skarose (DVS-S)
[140]. This immobilization chemistry was chosen dgse of its
expediency, although it is known to cause randombateydrate
immobilization [139] as it targets any possible toyd/l function. In the
excision experiment, ECA was incubated with théN\kac-DVS-S during
24 h, the column was washed until no protein waseoked by MALDI-
TOF MS, then the lectin-sugar complex was digest#l trypsin at 37 °C
overnight (Figure 3.27, panel A).
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Figure 3.26 Primary sequence of ECA (Svensson 2002) and MALOF MS
spectrum corresponding to trypsin digestion in ofu No peaks attributable to
the two N-glycosylated Asn species (see previogg)peould be detected.

Again the column was washed until no peptides wabserved by
MALDI-TOF (Figure 3.27, panel B). Finally, the balipeptides were
eluted with ACN: HO 2:1 TFA 0.1% and identified by MALDI-TOF MS
(Figure 3.27, panel C; Table 3.13 Peptides idetifin the elution
fraction of excision experiment carried out witlypsin. Amino acid
residues that participate directly in carbohydfettin interactions are
highlighted.) Peptides identified in the elutionadtion of excision
experiment carried out with trypsin. Amino acidide®s that participate

directly in carbohydrate-lectin interactions arghighted

In Figure 3.28, the peptides identified in the tielu fraction are
highlighted within the crystal structure of the qaex [192]. Five out of
eight peptides [74-99], [83-94], [100-116], [1173]15and [202-220]
(highlighted in green) correlate directly with ses from the X-ray data
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described as interacting. In addition, three offegtides [37-50], [51-73],
and [74-84] (highlighted in red) were observedhia &lution fraction.
Table 3.13 Peptides identified in the elution fraction of Ekon experiment

carried out with trypsin. Amino acid residues thaarticipate directly in
carbohydrate-lectin interactions are highlighted.

Peptide Sequence MY | M/Zound
[37-50] | | NONGVPAWDSTGR 1546.71| 1546.70
[51-73] | TLYTKPVHI VDMITGTVASFETR 2654.33| 2654.33
[74-84] | SFSI EQPYTR 1374.67| 1374.66
[83-94] | TRPLPADGGLVFF 1332.73| 1332.73
[74-99] | FSFSI EQPYTRPLPADGLVFFMGPTK | 2945.49| 2945.49
[100-116] | SKPAQGYGYL GVFNNSK 1829.92| 1829.90
[117-151] | CONSYQILAVEFDTESNPVDPPQVPH | 3999 95| 3999.91
| G DVNSI R
[202-220] | QVLPEWDVGL SGATGAGR 1983.03| 1983.00

As can be seen in Figure 3.28, panel B, thesealashot directly related
to the CRD, but could correspond to peptide-peptitieraction with the
peptide [202-220], that do interact with the glycan

109



RESULTS

4475.0 202-220"
A' [1983‘02 ]
[37-50]
1546.70
[74-84]'
137{1.68
[83-94]:
1 [155-171]
R 1670.99
66 | [83-99]"; [75-94] [51-73]
H 1846.96 | 228417 2654.33
sl ,.l b L ]
1000 1640 2280 \ass (miz) 2920 3560 4200
1.3x10° B
e,
1000 1640 2280 pass (mrz) 2920 3560 4200
202-220]'
1.3x10° C [ 1983.00 :
[74-99]
945.49
[100-116]
+ 1829.90
sy ) wsea
L 2415 [51.73)
[83-94]F oo oo [132-151] 265038 [125-151] 117-1517
I 1332.73| [317"5452]0 26112 L P [ ]
. sl L W N . — ) BB
1000 1640 2280 pass (miz) 2920 3560 4200

Figure 3.27 MALDI-TOF MS spectra of the different fractions tife excision
experiment. A. On-column digestion. B. Supernat@tér washing. C. Elution
fraction. Peptides identified in the elution fractiare coloured in green (sugar-
peptide interaction) and red (peptide-peptide adton).
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Figure 3.28 Ribbon representation of the ECA-lacNAc complex. Peptides
identified in the elution fraction are indicated gmeen (carbohydrate-peptide
interaction) and in red (peptide-peptide interagtid. Peptides [37-50], [51-73]
and [74-84] (in red) are situated closely to thptjge [202-220] (in green). This
figure was generated by VMD OpenGL Display (versios 3).

In order to discard the non-specific peptides abthia shorter true-
binding peptides, an excision experiment was pevéor in which, after
trypsin digestion, another digestion with chymosigpwas carried out
with washing steps after each digestion. Figured 3sBow the mass
spectra corresponding to the different fractionithvthe two consecutive
digestions, the longest peptide [202-220] was dagesinto shorter
peptides, thereby hampering potential (and prelictstronger) peptide-
peptide interactions As a result, non-specific jokgst (.e. [33-50], [51-

73], [74-84]) were absent from the elution fractievhereas the specific
ones ([74-99], [117-151] and, to lesser extent2{2@0]) were preserved
(Figure 3.29 panel E ). From this example it cacdrecluded that, at least
for excision experiments yielding long peptidesydeam proteolysis can

provide better results than single enzyme digestion
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Figure 3.29 MALDI-TOF MS spectra corresponding to differentidtions of

excision experiment with two enzyme digestions bail. A. First on column
digestion with trypsin. B. Supernatant after waghi€. Second on column
digestion with chymotrypsin. D. Supernatant aftashing. E. Elution fraction.
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4 DISCUSSION

This thesis focuses mainly on a novel approach uoygooup to study
carbohydrate-lectin interactions by SPR. After theof-of-principle
[119], our main goal has been to extend the metlbggoto relevant
sugars, thus establishing SPR as a viable alteendor monitoring

carbohydrate-lectin interactions.

Among the tools used to study the mechanism ofetlr@eractions, HIA
and ELLA (see Section 1.3.3), very useful in thalyeastages of
lectinology to determine carbohydrate affinities93], have been
gradually supplanted by techniques such as miagsrwhich allow to
determine carbohydrate specificity in a more shdagward manner
[194]. Although microarrays possess such desirfddtures as nanoscale
and high throughput screening, the need to labdeadt one of the
interacting partners substantially reduces theipeap For in-depth
probing the structural details of carbohydrateitedénteractions, NMR
and X-ray crystallography are the undisputed tempies of choice
[195,196]. While highly informative, they are algpite demanding in
terms of the amounts (in the mg range) and pustyuired. Lower
amounts but still highly pure materials are recpii® characterize
thermodynamically the interaction by ITC [69]. Timbormation obtained
by these techniques usually refers to free, redgtismall, glycans (mono-
, di- at most trisaccharides) interacting with #-fength protein or its
truncated version. Some of these situations arkeratinlike native
scenarios, where a lectin interacts with glycanat thre part of

glycoproteins or glycoplipids, usually present ighhdensities.

In recent years, SPR has emerged as a very suigableique for studying
biomolecular interactions. In comparison to otremhhiques, in SPR one
of the interacting entities is immobilized onto wface and the other is

flown across. Interactions are monitored directvith no need for
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labelling, and in real time, altogether renderinge ttechnique
straightforward, fast, and very sensitive. Furthemn it allows
determining kinetic rate constants, not easily ioleth by other
techniques, with the exception of the similar QCMsknsor [197]. In
addition, the use of a flexible hydrophilic polymesuch as
carboxymethylated dextran as surface provides a&ettlimensional
scaffold that may mimic the extracellular matri®@g§l. On the down side,
the matrix also enhances phenomena such as masspdralimited
binding, causing low diffusion rates from bulk don to surface-

immobilized ligand, a problem particularly importdar large analytes.

Although initially designed for protein-protein @ractions, a large
number of other biomolecular interactionise.( peptide-protein [199],
DNA-protein [200], lipid-protein [201] and sugargtein [202] have been
also reported. Carbohydrate-protein interactionlissiby SPR have been
addressed in several ways. The initial choice waminobilize the lectin
moiety, for two obvious reasons: (1) immobilizatiohemistry already
well-established for proteins (2) immobilizing tleger molecule avoids
potential mass transport problems [89]. While #yiproach has allowed
reliable monitoring of numerous binding events, Hrealytes used as
soluble ligands are complex glycans [87] or glyodgins [203], and the
affinities thus determined refer therefore to theire glycoconjugate.
Therefore, the primary carbohydrate specificity tbe lectin cannot
strictly be extrapolated from these experiments. abidition, in the
immobilized lectin mode, small (< 500 Da) carbolatds are difficult to
quantify because of their low MW and refractive ard The alternate
mode, sugar immobilization, has been addresseévaral ways. Direct
carbohydrate attachment via aldehyde chemistrys(plesin all reducing
sugars) has proven successful only with large polyisarides [204].

Sugar epitopes have also been immobilized as gbmtafes derived from
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proteolysis of native glycoproteins [94]. Howeveéhe macro- and
microheterogenity found in glycoproteins often nmkanequivocal
interpretation of the results a complex task. Adtapproach, relying on
well-characterized synthetic glyconjugates, is @vesal ways the best
manner to prepare sensor surfaces of preciselynatefglycosylation.
Thus, sugar epitopes have been immobilized onttralexnatrices using
non-natural derivatives [205], as well as fluoresd206,207] and biotin
groups [97,98,208]. In lieu of three-dimensionaktdens, other authors
have chosen glycoconjugate self-assembled-monalagfeat resemble
biological lipid membranes [100,209,210]. In alkse approaches, the
immobilization process is well addressed and a lgenous surface is
prepared. However, the use of non-native structuwretose proximity to
the glycan may arguably affect the interaction. rAported elsewhere,
although lectins and other carbohydrate-bindingtging are highly
specific to their sugar epitopes, the aglycon,ipaldrly its conformation,
may play an important role as well [211]. In ourpsgach, the
carbohydrate moiety is attached to the dextranix#irough a peptide
module. In this way, the sugar epitope is immobdizn a well-defined
manner and since the aglycon is a peptide, it ogorinciple be readily

adapted if a sequential or conformational featereds to be reproduced.

In our original prototype [119], the peptide seqeerwas designed to
fulfil specific requirements. Thus, the two Lys ickges near the C-
terminus and the Phe residue were introduced tairolat well-oriented
immobilization and facilitate UV-quantification, sectively. In view of
the limited sources of well-defined, pure carbolayds, a simple,
straightforward synthetic route to the neoglycou® was desirable.
Chemoselective approaches have proven extremefuylusethis regard
[104]. From the different strategies available,yoalfew do not require

previous derivatization of the sugar [113]. Thusg, ehose conjugation of
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unmodified carbohydrates with hydroxylamine-funoabzed peptides,

which target specifically the single aldehyde graughe glycan chain.

In order to validate this SPR-based approach adtamative and robust
technique to study carbohydrate-lectin interactiohe different steps
required to create an appropriate glycosylatedasarfwere carefully
studied. First, the synthesis of the peptide pfaifavas optimized to
achieve a high purity product, minimizing reactiome and without the
requirement of HPLC purification [212]. Next, wecfesed on the sugar
epitope. In oxime-linked glycopeptides, it is assedmthat the non-
terminal sugar unit (linked to peptide) is founddquilibrium between

open and closed ring forms [153]. However, in margraction studies,
particularly those based on microarrays [153] orotpleactive

glycoprobes [213], and involving both short anddasligosaccharides,
this equilibrium is usually ignored. As a resuliamy literature reports, in
fact, describes the result of a mixture of intdod. This is particularly
serious when small sugar epitopes are the targd¢atih recognition,

since lectins bind only to native-like (ring) sudgarms, not to open acylic
conformers. In this context, we used NMR structarallysis to determine
the relative abundance of each oxime-linked form stmowed that, when
ligation involves a primary hydroxylamine-functidizad peptide, only

30% of the resulting glycopeptide has the sugaralasest to the peptide
in cyclic form, and of this 30% of ring form 20%d&B80% are iro- and

B-anomeric configuration, respectively. This poop@sure of ring forms
prompted a modification of the original platformtivihe goal of native-

like display small sugar epitopes.

To improve the representation of the ring-closeunfin the sample and,
at the same time, minimize changes in the peptiadopm, the primary
(H2N-O-) was replaced by a secondary hydroxylamino (ENg)-O-]

group, which prevents the formation of the opermaxiform [112]. This
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hypothesis was confirmed by differential derivaiima and subsequent
analysis by MS of the reaction products (See Se@i.2). This protocol
allows determining the ratio of lineas+ing peptide-linked sugar, and is
fast, easy, and generally applicable to all corjogaproducts. It was
additionally corroborated by NMR analysis, whichosled that theB-
anomer is predominant (> 90%) in the conjugate®sirgg GIcNAc and
Glc. Therefore, at least for these two monosacdhayithe modification
of secondary [HN(CEJ-O-] instead of primary (bN-O-) hydroxylamino
function in the peptide module is the preferred waexpose the sugar
epitopes in the native-likB-configuration. The importance of ensuring
ring closure in interaction studies was demondirdig comparing the
relative binding response of different lectins tatbglycoprobesN[Me]-
Aoa vs Aoa) by means of SPR (See Section 3.3.2) [214]aAgneral
rule, similar NMR analysis of glycopeptides expa@sinother
monosaccharides would be recommended to subswm@@urate read-

out of lectin-carbohydrate interaction studies.

Once theN[Me]-Aoa-peptide was established as an efficieatfpim for
exposing small sugar epitopes with the peptideiprak sugar unit in
native-like ring form, conjugations to a broadenge of mono- and
oligosaccharides were explored in order to optintize step prior to
immobilization onto the sensor chip. First of dle N[Me]-peptide was
conjugated to the most commonly-occurring monosaiides found in
mammalian organisms (Glc, Man, Gal, Fuc, GIcNAc,INd&, and
Neu5Ac). Conjugation reactions were carried ouhgi®xcess of sugar,
taking advantage of the fact that, in these cakesmonosaccharide was
not a limiting factor. Although good yields (> 60%re obtained for all
monosacharides, clear differences in reaction ratge observed between
monosaccharides. Similar differences have beerrteapby other authors

for Aoa-containing peptides [162,215] andN[Me]-Aoa-peptides
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[112,216]. As all reactions were carried out unsienilar conditions of
temperature, and peptide-to-sugar stoichometnyh tiie monosacharide
as the sole variation, significant differences lesw conjugation yields
(from 60% to 80%) could be attributed exclusivatythe nature of the
carbohydrate. Under these conditions, three facdemm to affect the
conjugation rate with th&l[Me]-Aoa- peptide: (1) the abundance of the
reactive acylic form in solution, (2) the positiohthe hydroxyl group at
C2, and (3) the presence of a 2-acetamido substiateC2. Remarkably,
the presence of a ketone instead of an aldehydapgi® less frequent
feature in mammalian carbohydrates but relevarmtigent in sialic acids,
appears to be decisive. For this monosaccharidpratuct was observed
even with excess of sugar and long incubation tifBe® Section 3.2.1).
This lack of reactivity has been also observecha donjugation to other

ketoses such as fructose [217].

Subsequently, glycoprobes displaying a wide ranfedisaccharides,
including Galf1,4-Glc andN-acetyl-containing disaccharides such as
Galf1,(3,4)-GIcNAc, and Gapl,3-GalNAc were synthesized (See
Section 3.2.1) In this part of our work, efforts revedirected to find
appropriate reaction conditions to improve yielgisen that in this case
the amount of carbohydrate was a limiting factos. éxpected, lower
yields were observed for conjugations with mannsésoandN-acetyl-
containing disaccharides in comparison to non-d&ely sugars,
corroborating the results obtained previously witbnosaccharides and
those already reported for other glycoconjugatel?][1 The negative
effect observed in both cases could be partialfgedfby acidifying the
reaction mixture, thus accelerating the mutarotatioequilibrium and
consequently increasing the relative amount of treacmpen aldehyde
form. For these sugars, optimum pH values of 3 46 forN-acetyl-

disaccharides and non-acetylated sugars, respgctiveould be

118



DISCUSSION

established. Additionally, the preparation of a evidrange of
glycopeptides, different only in their glycosidimKages and/or the
terminal sugar unit, under the same reaction cmmdif allowed
evaluating the effect of these differences in tbejegation rate. Thus,
within each set of disaccharides.e( Gal$1,(3,4,6)-GIcNAc, Fuc-
al,(3,4,6)-GIcNAc and Mawd,(2,3,6)-Man), higher reactivities were
observed for disaccharides with the glycosidicdigé in 1,6 compared to
1,3 and 1,4 for those with non-terminal GIcNAc. Hawer, for
mannobiosesi.€. Man-ul,(2,3,6)-Man) no differences between linkages
were observed, probably due to stronger negatifectebf the axial
disposition of the hydroxyl at C2. Complementaryctarrying out the
conjugation at an optimum pH, the addition of agamic catalyst such as
aniline was evaluated with the aim of reducing bation time. Other
authors have shown a significant improvement indyigrom 62% to
100% in 3 h) for conjugations involving non-metttglh Aoa-containing
peptides and monosaccharides [162]. However, ircase and employing
the less reactive secondary amhi#le]-Aoa-peptides, the effect was not
that significant. Even so, a slight improvemenoifr6 to 27% for Gal-
B1,3GalNAc) was observed after 24 h incubation, ilegavopen
speculation on the addition of other catalystsféother improvements in

conjugation yields.

Another major problem when synthesizing glycopeggtids related to
HPLC purification, as the little change in hydroploproperties between
glycopeptides and non-reacted peptides renderatligficult separation,
particularly in conjugations with low yields€. < 20%). Several attempts
were undertaken to increase the hydrophobic cherasft non-reacted
peptide and consequently increase its retentioe tenfacilitate HPLC
purification. However, addition of ordinary aldel®gd and ketone

scavenger agents such as formaldehyde and aceles@jbed before as

119



DISCUSSION

beneficial [163], in our hands did not provide dedi results. In a
subsequent attempt, however, a well-known alkytatiagent, N-
ethylmaleimide [218], was successful in enablingitdse separation
between glycopeptides and nonreacted peptides. didliti@nal aspect
related to purification, namely the presence aflbroacetic) acid in
typical HPLC eluents causing rapid degradation loé N[Me]-Aoa-
peptides during lyophilization steps, was also aedgsked. We showed that
immediate neutralization of the solution containthg glycoprobe to pH
5 is mandatory to preserve the product’s integkigally, the suitability
of the established conjugation conditions was te$te the most acid-
labile sugars, namely those containing termindicsiacid units. These
trissaccharides were successfully conjugated tiNfiie]-Aoa-peptide at
mildly acidic pH, purified and characterized by MBL-TOF MS, similar
to other glycoconjugates. Aditionally, their lorgyih stability was tested
and shown to be more than acceptable (> 95% ofypafier two years)

provided they are stored in lyophilized form.

Although several glycoconjugates have been syrtbdsusingN[Me]-
Aoa peptide versions as mimics of natural glycogirst [111,219], only
few of them have been used as probes for interatiodies, and not
always with conclusive results. Thus, whereas auons between
mannose- antl-acetyllactosamineN[Me]derivatives and lectins such as
ConA and RCA have been successfully detected usimgoarrays
[157,220], others laboratories, also employing pacrays, failed to
detect interactions with the methylated glycopraistng carbohydrate-
specific antibodies, suggesting that the methylgrim close proximity to
a recognition motif could interfere with the intetian [221]. Having
synthesized and characterized a broad collection different

glycopeptides, we were able to immobilize severainm, di- and
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trisaccharide-displaying probes onto the sensdaseirand to monitor by

SPR their interaction with relevant lectins.

One crucial aspect of the immobilization processvesth mentioning,

even if its underlying mechanistic reasons havebeen fully understood.
When two surfaces immobilized with the same prolea different pHs
were compared, only the surface prepared at a psecio the pl of the
ligand turned out to be functional, while the otkarface did not display
any interaction whatsoever. From this finding itlldas that

immobilization at low pH (4 instead of 6) rendenrunctional surface
deposits. Presumably, the small size of our glygogrin comparison to
whole proteins, in combination with the high elestatic attraction
caused by the low pH, facilitates an excessive faii@en of the

glycoprobe into the dextran matrix that makes thanjugate less

accessible for lectin binding.

The appropriateness of our approach for exposimgessibly and in
native-like form a minimal monosaccharide epitopaswsuccessfully
tested with a glycoprobe displaying Gal. Althougticfly speaking this
experiment must be considered as only a proofiokjple for
monosaccharides, it can be plausibly argued thaapproach can be used
as a first step to screen new lectins and charaetaheir primary

carbohydrate specificity (See Section 3.3.3).

As mentioned before (Section 1.4.4), SPR-basedaictien studies have
been used to determine kinetic and affinity cortstari different lectins
for their specific carbohydrate ligands. Our apptoavas similarly
evaluated in this sense and kinetic studies wer®peed with a variety
of sugar epitopes and their specific lectins. Tagoally, in order to avoid
mass transport effects, a maximal 100 RU of totellye response is
desirable [171]. However, in our approach, wherather small molecule

iIs immobilized onto the sensor surface and a maechel molecule is
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passed as analyte, such low immobilization levedsvatually impossible
to monitor with the currently available SPR instentation.
Consequently, the larger the glycoprobe, the easisrto monitor the
immobilization process. Accordingly, for glycoprabexposing larger
sugar epitopes.é. trisaccharides), lower immobilization levels colnd
used and more accurate kinetic constants couldebeed. In contrast, for
disaccharide-exposing glycoprobes, even though résponse was in
accordance to the carbohydrate specificity desdribe each lectin, mass

transport effects could significantly affect thaddic evaluation.

During the course of this thesis, other applicatiohthe SPR technology
not yet exploited for carbohydrate-lectin interan8 were evaluated.
First, a detailed analysis and ranking of the daydeate hydroxyls that
may participate in the interaction was performeg, domparing the
binding response of specific lectins to disaccheidiiffering only in
glycosidic linkage. In this way, in the interactiofi lacNAc with ECA,
the O3, N2, 06 and (a. atoms were shown to play relevant roles, in good

agreement with previously reported X-ray data [173]

Secondly, the effect of the temperature on the alaptrate-lectin
interaction was evaluated and used to extract thdymamic parameters
of the interaction. Similar experiments have besgently performed with
other type of interactions, generally involving $ihmaolecules [70], but
only little information is available for carbohydiealectin interactions,
apart from those derived by ITC [69]. As a représtive example, the
ECA-lacNAc interaction was monitored at differeatmperatures and its
thermodynamic parameters determined from the \oft equation. The
enthalpy value obtained by SPR was similar to teported previously by
ITC [222] and within the range of enthalpies ddsedi for lectins and
disaccharides [223]. In contrast, significant diéfeces in entropic data

derived from SPR and ITC were observed, which nedigct differences
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in the way the interaction studies are performeuus] whereas in ITC
interaction occurs in a solution where all molesudge totally free, in
SPR the surface immobilization of one reactant nesyrict its rotational
freedom and diffusional properties, consequentlytersg the

thermodynamics. The fact that SPR-derived thermanya parameters
were only fully comparable to ITC-derived valuesr fmteractions

involving small analytes leads us to conclude tthe discrepancies

encountered in our studies may be due to masgpwérisnitations.

Thirdly, we have applied our approach in order &ptare lectins for

subsequent MS characterization. While this appticatof the SPR

technology has been tested for other interactianh as antigen-antibody
[79], in this thesis we have tested for weaker raxtBons such as
carbohydrate-lectin. Unfortunately, the succesteatin capture and MS
characterization seems to depend highly from thiecadar weight of the

lectin and the dissociation rate of the complexerkEgo, we have been
able to show that careful temperature control fasaueak interactions
with high dissociation rates which in turn facilégaligand capture (See
Section 3.3.5).

A thorough study of the carbohydrate-lectin intéitat mechanism must
ideally include determination of the CRD of thetiecAlthough for solid-

phase based studies limited proteolysis has prdvidduable insights in
different fields [224], for this purpose our SPRséd approach is limited.
Particularly, the presence of crucial lysine resglin the peptide platform
makes this determination impractical when employp@teases that
target these residues. Thus, in order to cover limgation, the CRD

determination was performed by CREDEX-MS. Similar the SPR

approach, the sugar is immobilized to a hydrophsdigar matrix and after
incubation with lectin, the complex is digestedhnat proteolytic enzyme.

This technique has been succesfully used to dater@RD of galectins
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[141]. In this thesis, the technique was tested thm complex ECA-
lacNAc. As the X-ray crystal structure of this cdenwpis already known
[225], the results obtained by CREDEX-MS could loenpared directly
with those obtained by X-ray crystallography (Seecttdn 3.4).. In
contrast to the good results obtained with only atep of trypsin
digestion for the complex galectin-lactose, the eexpents with ECA
were not so straightforward and a second digesitas necessary to
shorten peptides and avoid peptide-peptide intersthat could give to
incorrect interpretations. From these studies itabee clear that the
interactions based on carbohydrates are weak buabldu as two
consecutive digestion could be performed, includimdermediate

washing.etc. without complete loss of all interacted peptides.

Taken together, SPR and CREDEX-MS could be usedtudy the
mechanism of carbohydrate-lectin in detail. Theliappon of our SPR-
based approach has been tested here with a wige cdrsugar epitopes
and their specific lectins. In this thesis, speeatiéntion was put in the
preparation of well-defined glycopeptide probest thapose the sugar
epitope in their native-like structure. Howeverrh are still many other
sugar epitopes to be exploreeld. Galili epitope, A/B/H blood group,
etc.) in order to cover completely the sugar e@togpertoire found in
mammalian organisms. Thus, this work representdep $urther to
establish our SPR-approach as a serious alternappeoach to study
carbohydrate-lectin interactions. Aditionally, CREK-MS allows
covering the potential limitations of our SPR-agmio , making this
combination a perfect duet to perform a detailedstof carbohydrate-

lectin interactions.
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5 CONCLUSIONS
The research conducted in the course of this daldoesis has resulted in
the scientific publications included in Appendixh€l main conclusions

from these papers, as well as from still unpublistessults, are:

1. Carbodiimide-based Boc-Aoa coupling and short reactimes
enhance yields in the synthesis of aminooxy-coirtgipeptides.
Using this optimized procedure it is not even nsapsto purify

the Aoa-peptide prior to chemoselective sugaritigat

2. Sugar ligation to Aoa-peptides leads to structuiesse equilibria
between ring and open sugar forms is different froative
monosaccharides. Therefore, methylation of the pegtide is
required to ensure a ring structure in the peptideed sugar.
Glycoprobes exposing only cyclic forms of sugartemes f.e.

GIcNAc, Glc) are predominantly found flaconfiguration.

3. The requirement for a closed ring structure ofptbptide-attached
monosaccharide in the lectin binding event dictabggimal
ligation conditions. For larges(g. pentasaccharide) glycans, the
standard conditions (pH 4.6) defined for Aoa aretable.
However, where the ring form of the peptide-linleedyar must be
preserved, the Aoa-peptide should be replaced éiX[tMe]-Aoa
variant. This modification is slightly detrimentafl the aminooxy

reactivity.

4. The conjugation oN[Me]-Aoa-peptides to sugars containing an
N-acetyl group at C2 requires a lower pH (3.5) ieorto
enhance the mutarotational exchange rate. Thissptdrinpatible
with even the most acid-labile sugar.(sialic acid). Below pH

3, hydrolysis of the oxime linkage and other pdssikide
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reactions call for low pH avoidance during postibgsis

manipulation €.9.HPLC work-up, SPR regeneratiaic).

. The protocols established in this work are of gahapplication

for preparing a broad range of glycoprobes thatsfhciently and
reproducibly be immobilized for carbohydrate birgistudies. In
particular, the methodology allows differences itycgsidic
linkage to be fully resolved employing lectin amtaiin the nM

to UM range.

For optimal display of glycoprobes on SPR sensarfasas,
immobilization should be performed at pH 6. Immidaitions at
lower pH cause embedding of the glycoprobe withim dextran

matrix and poor lectin recognition.

The application of our SPR-based approach fomibdynamic
analysis resulted in enthalpy values comparabtbdse obtained
by ITC. However, significant differences were olbeer in

entropic values, probably due to mass transpoitdtians.

The SPR-based approach is fully compatible witmigf capture
of lectins and subsequent characterization by MALDIF MS.
The specific capture of lectins in the presence abler
glycoproteins makes our methodology applicable goli-down

assays.

CREDEX-MS, a novel approach to evaluate carbohgdratding
proteins, is fully complementary to the SPR-bassaaprobe
method. The main advantage of CREDEX-MS is itsitgbtb
define the CRD by limited proteolysis.
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6 MATERIAL AND METHODS

6.1 Materials

Fmoc (N*“(9-fluorenylmethyloxycarbonyl)) protected aminoidsc were
purchased from Senn Chemichals (Dielsdorf, Switzet). Boc fert-
butyloxycarbonyl)-protected aminooxyacetic acid ¢B%a), Bis-Boc-
protected aminooxyacetic acid (Be&oa) and Rink amide MBHA resin
were from Novabiochem (Laufelfingen, SwitzerlandBoc-methyl-
aminooxyacetic acid DCHA was from NeoMPS (Strasbprance). 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hifxarophosphate
(HBTU) was obtained from Iris Biotech (Marktredwit@ermany)N,N™-
dissopropylcarbodiimide (DIC) and acetic anhydrigere from Fluka
(Madrid, Spain).N,N-diisopropylethylamine (DIEA) was from Merck
Biosciences (Darmstadt, Germany), and triisoproleyle was from
Sigma-Aldrich (Madrid, Spain). HPLC-grade acetal@t(ACN), N,N-
dimethylformamide (DMF), trifluoroacetic acid (TFAJiethyl ether, and
pyridine were from SDS (Peypin, France).

Monosaccharides (Gal, Glc, Man, Fuc, GIcNAc, GalN#d aMe-Man)
and lactose (Gd1,4-Glc) were purchased from Sigma-Aldrich (Madrid,
Spain). Other carbohydrates (GH¥l{(3,4,6)-GIcNAc, Gapl,3-GalNAc,
GIcNAc-1,4-GIcNAc, Manel,(2,3,6)-Man, Siax2,3-Galf1,4-GIcNAc
and Siae2,6-Galf1,4-GlcNAc) employed in this work for glycopeptide
synthesis were from Dextra (Reading, United KingdloBisaccharides
with terminal Fuc (Fuexl,(3,4,6)-GIcNAc) were obtained from Toronto
Research Chemicals (Toronto, Canada) ahke-Fuc was from Iris
Biotech GmbH (Marktredwitz, Germany).

Lectins from Triticum vulgaris (WGA), Erythrina cristagalli (ECA),
Maackia amurensis (MAA), Sambucus nigra (SNA), Canavalia

ensiformis(Con A), Lotus tetragonolobugLTA) and Ulex europaeus
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(UEA) were purchased from Sigma-Aldrich (Madrid,a8p. Lectin from

Ricinus communig/as from Vector laboratories (Burlingame, USA).

Aniline andN-ethylmaleimide were from Sigma-Aldrich (Madrid, ).
2,5-dihydrobenzoic acid (DHB) and-cyano-4-hydroxycinnamic acid
(CHCA) were obtained from Sigma-Aldrich (Madrid, &p). Sinapinic

acid was from Fluka (Madrid, Spain).

CMS5 sensor chips, 1-ethyl-3-(3-diethylaminopropsdybodiimide (EDC),
N-hydroxysuccimide (NHS), ethanolamine hydrochlorigde 8.5, and
HBS-P (0.01 M HEPES pH 7.4; 0.15 M NaCl; 0.005% s#vfactant P20)
buffer were from Biacore (GE Healthcare, Uppsalae&en)

Sepharose-4B and divinylsulfone was purchased f@igma-Aldrich
(Madrid, Spain). Microcolumn and 35-um pore sizéefs were from

MoBiTec (Goettingen, Germany).

Sequencing-grade modified porcine trypsin was filnomega (Madison
USA). Sequencing grade chymotrypsin, and Gluc-Cewatained from
Roche Diagnostics GmbH (Penzberg, Germany).

Poros 20 R2 was obtained from Applied BioSystenastér City, USA)

6.2 Peptide synthesis

Peptide subtrates GFAKKG-amide, Ahx-GFAKKG-amide,
GAGAGFAKKG-amide and GFKKG-amide were synthesizgdHAmoc-
based solid phase synthesis on a Rink MBHA resifO(@hmol ¢ using
Fmoc chemistry at a 0.1 mmol scale in an AppliedsBstems 430A

automated synthesizer.

6.2.1 Boc-Aoa-OH coupling

Boc-aminooxyacetic acid (Boc-Aoa-OH) was couplednualy under
different conditions. (i): Boc-Aoa-OH/HBTU/DIEA (3:6 equiv), 40
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min; (ii): Boc-Aoa-OH/DIC (10:10 equiv), 60 minjijiBoc-Aoa-OH/DIC
(8:8 equiv), 10 min; (all incubations were perfoda rt).

6.2.2 Boc,-Aoa-OH coupling

Boc,-Aoa-OH was coupled manually using 3 equivalentthefprotected
amino acid and 3 equiv of DIC in DCM for 60 min @t A double
coupling was carried out with half number of eqlewas (1.5 equiv) to

ensure a high purity (> 95%) in the peptide crude.

6.2.3 BocN[Me]-Aoa-OH coupling

Prior to coupling, BodN[Me]-Aoa-OH/DCHA was converted to the free
acid by acid extraction. A total of 700 mg of BNfMe]-Aoa-OH/DCHA
were dissolved in 45 ml of 0.2 M HCI, mixed withued| volume of ethyl
acetate and strongly shaken. The organic phasainowg BocN[Me]-
Aoa-OH was recovered from three consecutive extnast The ethyl
acetate was evaporated and the residue weighe®Q~mgj). Coupling
with Boc-N[Me]-Aoa-OH was performed with HBTU (3 equiv eachihd
DIEA (6 equiv) in DMF for 45 min.

6.2.4 Peptide cleavage and work-up

All peptides were fully deprotected and cleavedrifrine resin with TFA-
water-triisopropylsilane (95:2.5:2.5, v/v, 90 mint). Peptides were
isolated by precipitation with cold diethyl ethenda separated by

centrifugation, solubilized in water and lyophilize

The products were analyzed by analytical HPLC (Bhemex Luna €
column; 0-30% B for Aoa-GFAKKG-amide and Aoa-GFKK(®&ide and
0-40% B for Aoa-Ahx-GFAKKG-amide and Aoa-GAGAGFAKKG
amide. All peptides were characterized by MALDI-T®IS).
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Table 6.1 Sequences and molecular weight of all Aoa-comainpeptides
synthesized in this work.

Peptides Peptide sequence IMAEL | [M+H] " e
1 Aoa-GFAKKG-amide 679.39 679.77
2 Aoa-Ahx-GFAKKG-amide 792.47 792.90
2 N[Me]-Aoa-Ahx-GFAKKG-amide 806.53 806.64
3 Aoa-GAGAGFAKKG-amide 935.51 935.54
4 Aoa-GFKKG-amide 608.35 608.36
4 N[Me]-Aoa-GFKKG-amide 622.37 622.10

6.3 Chemoselective ligation of carbohydrates

6.3.1 Conjugation

monosaccharides

between N[Me]-Aoa-peptide and

Conjugation betweed” and monosaccharides (Gal, Glc, Man, GIcNAc,
GalNAc, Fuc, and Sia) were performed in 0.1 M Na@&E£3.6 at 20 mM
and 200 mM respectively for 144 h at 37 °C. Glyqujoes were purified
by semi-preparative HPLC (Sphereclongs €olumn; 10-20% B (See

HPLC conditions) and pure glycopeptides were charaed by MALDI-
TOF MS (Table 6.2).

6.3.2 Conjugation between aminooxy-peptides and lactose

Ligation between Aoa-peptided, (3 and4) and lactose (Gdi1,4-Glc)
were carried out at 20 mM and 200 mM respectivel§.i. M NaOAc pH

4.6 at 37 °C for 48 h. Before purification, theess of nonreacted Aoa-

peptide was capped by addition of acetone (17 to the reaction

mixture.
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longer peptides (See HPLC conditions), lyophilized characterized by
MALDI-TOF MS (Table 6.2).

6.3.3 Conjugation  between  Aoa-peptide and other

oligosaccharides

Gal$1,4-GIcNAc was reacted with at 25 mM and 20 mM respectively
in 0.1 M NaOAc pH 4.6 at 37 °C. After 72 h, the agipeptide was

purified by semi-preparative HPLC (Sphereclong &élumn; 10-20% B

(See HPLC conditions) and pure glycopeptides wdédraracterized by

MALDI-TOF MS (Table 6.2).

6.3.4 Conjugation between N[Me]-Aoa-peptide  and
oligosaccharides

- Disaccharides (Gd1,4-Glc, Galpl,(3,4)-GIcNAc and Gapl,3-
GalNAc, were conjugated ® at 25 mM and 20 mM, respectively, in 0.1
M NaOAc buffer for 72 h at 37 °C. Different pH vaki(5.0; 4.6; 4.0; 3.5;
3.0) were explored. Two different ratios (25:20 nalid 25:12 mM) for
disaccharides and peptides, respectively, weredest

- Disaccharides (Gdi1,(3,4,6)-GIcNAc, Fual,(3,4,6)-GIcNAc and
Man-1,(2,3,6)-Man) were conjugated & at 25 mM and 20 mM,
respectively in 0.1 M acetate buffer pH 3.5 atG7#dr 72 h.

- Conjugation reactions with peptidé (20 mM) and some disaccharides
(Gal$1,3-GIcNAc, Galpl,3-GalNAc and Manl,3-Man, 25 mM) were
performed either in the absence or presence ahar(t00 mM) in 0.1 M
NaOAc pH 3.5 at 37 °C for 24 h.

- In order to alkylate the excess of nonreaetedN-ethylmaleimide 100

mM was added to the reaction mixture and reacte@d@d.

131



MATERIAL AND METHODS

Table 6.2Glycoprobes synthesized

Glycopeptid: [IM+H]" cac | [M+H]" o
Ga- 4 784.4: 784.3¢
Glc- 47 784.4: 784.3¢
Man- 4’ 784.4: 784.2\
GIcNAc- 4 825.4¢ 825.3¢
GalNAc- 4 825.4¢ 825.51
Fuc- 4 768,4: 768.1¢

Sie-4 913.4: -

GalB1,4-GIcNAc- 2 1171.7 1171.7:
GalB1,3-GIcNAc- 2 1171.7 1171.5¢
GalB1,3-GalNAc- 2 1171.7 1171.1¢
GalB1,4-Glc- 2 1130.7¢ 1130.7:
Ga-p1,4-Glc-1 1003,5( 1003.7¢
Ga-p1,4-Glc-3 1259.6: 1259.8t¢
Ga-p1,4-Glc- 4 932.4¢ 932.8:
Gal-B1,4-Glc- 4 946.4¢ 946.7¢
Gal-B1,4-GIcNAc- 4 973.4¢ 973.8:
GalB1,4-GIcNAc- 4 987.5( 987.8¢
Gal-p1,3-GIcNAc- 4’ 987.5( 987.9¢
Gal-B1,6-GIcNAc- 4 987.5( 987.8¢
Man-o1,2-Man- 4 946.4¢ 946.4:
Man-al,3-Man- 4° 946.4¢ 946.3¢
Man-al,6-Man- 4 946.4¢ 946.6:
Fuc-al,3-GIcNAc- 4 971.5: 971.3¢
Fuc-01,4-GIcNAc- 4 971.5! 971.3¢
Fuc-01,6-GIcNAc- 4 971.5! 971.5¢
Neu5A¢a2,(36)-Galpl,4-GIcNAc- 4 1223.5! 1223.7¢
Neu5Ac-a2,3-Gal-31,4-GIcNAc- 4 1279.6( 1279.1¢
Neu5Aca2,6-Gal-B1,4-GIcNAc- 4 1279.6( 1279.1¢
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All these glycoconjugates were purified by semipregive HPLC
(SphereClone (, 10-20% B). Immediately after purification,
glycopeptide solutions were neutralized with 10 iNM,HCO; to pH ~ 5
and lyophylized. Purified glycopeptides were chaaeed by HPLC and
MALDI-TOF MS (Table 6.2)

6.4 Acetylation of glycopeptides

Glycopeptides GIcNAc-Aoa4 and GIcNAc-4" were acetylated with
acetic anhydride and pyridine (1:1 v/v; 100 equivernight at rt. The
excess of reagents was evaporated in a speed-vaifuge and the
resulting acetylated glycopeptides were charaadrigy MALDI-TOF

mass spectrometry.

- (Ac), [GIcNACc- 4]

m/za) closed form: 1021.8 [M+F]1043.8 [M+Na], 1059.8 [M+K]
b) open form: 1063.8 [M+H]1085.8 [M+Na], 1101.8 [M+K]

- (Ac), [GIcNAC- 4]

m/z1035.6 [M+H], 1057.6 [M+Na], 1073.6 [M+K]

6.5 UV-quantification of glycoprobes

Pure glycoprobes were quantified by UV-spectrosdopyneasuring the
absorbance at 258 nm using a Nanodrop device (Mapddchnologies,
Inc., Wilmington, USA). An operational extinctioroefficient for the

peptide-4” was experimentally obtained (.1438 mM' cri’; | = 1 cm).
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6.6 HPLC

HPLC analysis and purifications were performed gsthe following

systems:

Compact Shimadzu LC-2010A for analytical purposeath va
Phenomenex Lunagd3 pum, 0.46 x 5 cm) for peptides and a
Sphereclone ¢ (5 um, 0.1 x 25 cm) for glycopeptides. Linear
gradients of buffer B (0.036% TFA in ACN) into beff A
(0.045% TFA in HO) were used over 15 min for Phenomenex
Luna column and over 20 min for Sphereclone colaha flow
rate of 1 ml mift.

Shimadzu SCL-10A for semi-preparative purifications
Phenomenex LunagJq10 um, 0.1 x 25 cm) for peptides and
SphereClone ¢ (10 um, 0.1 x 25 cm) for glycopeptides. Linear
gradients of buffer B (0.1% TFA in ACN) into buffér (0.1%
TFA in ACN) over 30 min for Phenomenex Luna colum@md

over 20 min for Sphereclone column at a flow rdté ml min™.

Under each condition the yield was estimated bggrdatiom of analytical
HPLC peaks at 220 nm.

6.7 MALDI-TOF mass spectrometry

Peptides and glycopeptides were dissolved in water mixed with the

corresponding matrix solution (1:1 v/v) and 1 pl tbk mixture was

applied to the MALDI target and allowed to dry abm temperature. For

both synthetic peptide and conjugate analysis lutisn of DHB (10 mg
mi™) in ACN:water:TFA (70:30:0.1 v/viv) was chosen. rFpeptide

mixtures generated after digestion, a saturatedtisol of CHCA in

ACN:water:TFA (70:30:0.1 v/v/v) was used. For pmtenalysis, a
solution of sinapinic acid (10 mg Ml in ACN:water:TFA (70:30:0.1
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viviv) was used. Experiments were carried out drogager-DE" STR
Biospectrometry workstation (Applied Biosystems,steo City, USA),
equipped with a N laser (337 nm). Peptides and glycopeptides were
measured in the reflectron mode and positive fdglaeixcept for sialic
acid containing probes that were measured bothhen gositive and
negative mode. Proteins were measured in the limesle and positive
polarity. External calibration of the spectrometesis performed using
Sequazym®’ Peptide Mass Standard Kit (PerSeptive Biosystarh#he
desired range. Recorded data were processed wita Baploref™

Software (Applied Biosystems, Foster City, USA).

6.8 NMR spectroscopy

NMR experiments were performed on a Varian Inova RY00

spectrometer (Parc Cientific de Barcelona, Barcgl@pain).

For NMR experiments, GIcNAc2", GIcNAc- 4, GIcNAc- 4” and Glc-
peptide 4 were repeatedly exchange ifH,O with intermediate
lyophilizations, and finally dissolved in 500 fH,0. *H 1D and 2D NMR
spectra (COSY: cosygpqf) were recorded at 500 MH252°C. Chemical
shifts ) were expressed in parts per million relative’thO (H,O &

4.754). Spectra were processed using MestRe-C soffvarsion 2.0.0.1,

MestreLab Research, Santiago de Compostela, Spain).

6.9 Surface Plasmon Resonance

All SPR experiments were performed on a BlAcore@B@BE Healthcare,
Uppsala, Sweden) by using CM5 sensor chips and RB®B-01 M
HEPES pH 7.4; 0.15 M NacCl; 0.005% v/v surfactanD)Pds running
buffer, supplemented with Ca@b mM) and MnCj (1 mM).
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6.9.1 Immobilization of glycoprobes

All immobilizations were done at 5 pl minThe carboxyl functionalities
of the CM5 sensor chip were activated by injecanmixture of NHS and
EDC (1:1 v/v; 50 pl). Then, 1 mg rhiglycopeptide solution in 10 mM
NaOAc was injected for approximately 12 min over #ttivated surface.
Two different pH values were tested (pH v pH 6) for the
immobilization process. Afterwards, unreacted geoap the chip surface
were blocked by injection of ethanolamine-HCI (1 M 8.5; 60 ul). The
difference between the resonance units after tHaciactivation and the
final response corresponded to the amount of imiizeki glycopeptide.
(0.981 RU ~ 1 pg glycopeptide nfinsee section 3.3.1 The same
protocol (performed at pH 6) was followed for tmemobilization of all
glycoprobes.

On each chip, a reference surface (preferentiditgt flow cell) was
created with a non-specific probe immobilized (glgonjugate orN-

[Me]-peptide) to subtract the non-specific lectimding to the dextran
surface. Glycoprobes immobilized on each sensop dpilus their

immobilization level) are indicated on Table 6.3.
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Table 6.3Sensor chips prepared during this work.

Sensor Ligand immobilized Amount immobilizec
chin RU pmol mn
lac- 1 33C 0.3¢
! lac- 3 125¢ 0.2€
lac- 4 24C 1
4 81 0.12
2 Gal-B1,4-GIcNAc- 4 132 0.1<
Gal-B1,4-GIlcNAc- 4 16& 0.17
lac- 4 52C 0.57
3 Sie-2,(3,6-lac- 4° 10€ 0.0¢
Sic-a2,(3,6-lac- 4 89 0.07
4 4 45(C 0.74
Ga- 4 87t 1.1
4 50C 0.8z
5 Gal-B1,4-GIcNAc- 4 12C 0.12
Gal-B1,3-GIcNAc- 4 124 0.1<
Gal-B1,6-GIcNAc- 4 14¢€ 0.1t
6 4 81¢ 1.3
GalB1,4-Glc- 4 12¢€ 0.1<
4 271 0.4t
7 Man-a1,2-Man- 4’ 903 0.97
Man-al,3-Man- 4° 341 0.37
Man-al,6-Man- 4 344 0.37
4 271 0.4%
<] Fuc-al,3-GIcNAc- 4 73 0.0¢
Fuc-al,4-GIcNAc- 4 23¢€ 0.2t
Fuc-al,6-GIcNAc- 4 11€ 0.12
lac- 4 27 0.0z
9 Sie-02,3-lacNAc- 4 80 0.0¢
Sie-02,€-lacNAc- 4 56 0.0

& Glycoprobe immobilized at pH 4.0.
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6.9.2 Binding and kinetic experiments

All lectin binding experiments were performed at°®5 The signal of the
reference flow cell was subtracted from the spedifiteraction before

analysis. When necessary a double referencing pied

Regeneration of the sensor surface was accompliblgehjecting the
complementary carbohydrate (10 mM lac, 100 mmMe-Man, 50 mM
aMe-Fuc, 0.5 M GIcNAc) or, alternatively, glycoprotesolutions €.9.
fetuin at 2 mg mt).

All kinetic measurements were carried out by rugnia manually

programmed sequence.

All sensorgrams were analyzed using using the Béhetion 4.1.1

sofware package (GE Healthcare, Uppsala, Sweden).
- Experiments carried out on sensor chip

For binding experiments, each lectin solution (ECAuM) and RCA
(500 nM)) was injected over the three immobilizégcgprobes during 2
min at 10 pl mift After lectin injection, sample solution was re@ddy
running buffer and the dissociation phase was raceut for 3 min. After
each binding cycle, the surface was regenerateqjéstion of 10 pl of 10

mM lac in running buffer.

For kinetic studies, a 30 pl-pulse of ECA was itgec at several
concentrations (62.5, 250, 500, and 1000 nM) overtlhree immobilized
glycopeptides surfaces at 10 pl thinin this case, due to the zero-
response observed for immobilized la®- this channel was used as

reference for non-specific binding events.

For competition experiments with ECA at 250 nM (30 pl) and RCA at
250 nM (30 pl) were injected in presence of indreasoncentrations of
4 (0, 250, 500, and 1000 nM) over the immobilized ¥aat 10 pl min'.
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- Experiments performed on sensor ckip

Each lectin solution (ECA, RCA and WGA) was injettat 250 nM
during 3 min over both immobilized glycoprobes (B&l|4-GlcNAc- 4
and Galpl,4-GlcNAc-peptide4’) and reference flow cell (peptid€).
Surface channels were regenerated by 10 pl-injeatfol0 mM lac (for
ECA and RCA) or 0.5 M GIcNAc (for WGA).

For kinetic experiments, ECA and RCA (at 5, 10, 86d 60 nM) and
WGA (at 3.75, 7.5, 15, and 30 nM) were prepareddidytion of the
original solution with running buffer. Each lectgsolution was injected

over the three channels at 20 and 40 p'min
- Experiments carried out on sensor cBiip

For the immobilization of Sia2,(3,6)-lac-4 glycoprobe, two pH (pH 4
vs pH 6) were tested. Binding of SNA was tested byngection of SNA
at 1 uM during 3 min over both immobilized glycopes and reference
lac-peptide 4 channels, at 10 pl min Surface regeneration was

accomplished by injection of 10 pl of fetuin at g mI™.
- Experiments performed on sensor chip

Each lectin solution (ECA at 500 nM, RCA at 62.5)nMas passed over
immobilized Gal-4" and reference4” flow cells at 10 pl mif.

Regeneration was performed with a 10 ul-pulse ahiMlac.
- Experiments performed on sensor chignd6:

All SPR measurements performed on sensor Slaipd6 were carried out
with a running buffer with lower NaCl concentratittran HBS-P (25 mM
NacCl).

For binding experiments, a 40 pl-pulse of eachriestlution (ECA at 2.5
uM, RCA at 670 nM and WGA at 500 nM) was injectedn the
immobilized GalBl,(3,4,6)-GIcNAc-4" glycoprobes and the referende
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flow cells at 10 ul mifl. The same measurements were performed on the
immobilized Galf1,4-Glc-4" glycoprobe and corresponding referedce

flow cells of sensor chip.

For kinetic studies, several concentrations of dackin were prepared
following a set of 2/3-fold dilutions of the mosbrentrated sample in
running buffer. Thus, concentrations varied fromréd to 2.5 uM for
ECA, from 17 nM to 667 nM for RCA, and from 29 nié 1.11 pM for
WGA. Analyses were performed at 50 pl thirAfter protein injection,
sample solution was replaced by running buffer taeddissociation phase
was monitored for 6 min. Sensor surface was regéegrwith a 50 pl-
injection of 10 mM lac (for ECA and RCA) or 0.5 MdBIAc (for WGA).

Two replicates were performed for each injection.
- Experiments carried out on sensor cfiip

For kinetic experiments, different concentratioresevprepared for Con A
(5, 10, 20, 40, and 80 nM) and passed over theoseurface for 3 min at
10 ul min’. After lectin injection, running buffer flows a@® the surface
and dissociation phase was monitored for 3 min.eRegation of the
sensor surface was accomplished with a 10-ul iojeatf 100 mMaMe-
Man.

- Experiments performed on sensor cBip

All SPR measurements performed on sensor 8igre carried out with
a running buffer with lower NaCl concentration thElBS-P (25 mM
NacCl).

For binding experiments, five concentrations (1250, 500, and 1000
nM; 30 pl) of lectins LTA and UEA-I were injectedver the
functionalized surface for 3 min at 10 pl minThe sensor surface was

regenerated with a 10-pl pulse of 50 mMe-Fuc.
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Competition experiments were performed with 1 pktifesolutions and
increasing concentration of eithe¥e-Fuc oraMe-Man (8, 40, 200, and
1000 pM). The mixture (lectin and monosacchariga} injected for 3
min at 10 pl mift. After each binding, the sensor surface was ragésn:
with 10ul of 50 mMaMe-Fuc.

- Experiments carried out on sensor ciip

For kinetic experiments, several concentration$18fA (from 0.250 to
4.3 pM) and SNA (from 0.05 to 1.3 pM) were preparedunning buffer
following a set of 2/3-fold dilutions of the mosirecentrated sample. Two
replicates of each lectin solution were passed dier glycosylated
surface for 3 min at 40 pl min After the end of sample injection, the
dissociation phase was monitored for 4 min. Aftechebinding cycle, the
glycosylated surface was regenerated with an iojedf fetuin 5 g [* for

1 min.

6.9.3 Thermodynamic experiments

Thermodynamic experiments were performed in th@3.0€ temperature
interval, with 2.5 °C increments. ECA solutionscancentrations from
100 to 700 nM were prepared from a 17.6 uM progtotk in HEPES
buffer. Two replicates of each solution were ingelc{150 pl) over the
functionalized sensor surface at 50 pl Thir\fter lectin injection, the
sample was replaced by running buffer and the diaon phase was
monitored for 6 min. Regeneration of the sensorfaser was

accomplished with 2 consecutive 50-pl injection2%imM lac.

6.9.4 Lectin capture experiments
Recovery experiments were performed on sensorxatd 0 pl mirt.
A solution of each lectin (500 nM WGA, 80 nM RCAydal pM ECA)

was injected for 3 min at 10 ul minBy means of the function MS
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recover, the captured material was eluted in 2fpégeneration solution
(10 mM GIcNAc$1,4-GlcNAc for WGA, and 10 mM G4i1,4-GIcNAc
for ECA and RCA), and concentrated by vacuum clgfaition.

For recovery experiments in the presence of othetems, a mixture was
prepared containing equimolar concentrations of BSNAse B,al-acid
glycoprotein and WGA and passed over both the 8pe@Gal{31,4-
GlcNAc- 4" immobilized glycoprobe and the refereCdlow cells of the
sensor surface at 10 pl rifinThe captured sample was recovered from
four consecutive injection cycles and concentrateg vacuum

centrifugation.

For MALDI-TOF analysis, the sample was dissolved linul matrix
solution and deposited on the MALDI plate.

6.10 CREDEX-MS

Prior the CREDEX-MS experiment, ECA (5 pg) was dtgd in solution
with three different proteolytic enzymes. The fallog incubation

conditions were used:

- Trypsin: 0.25 pg trypsin in 25 mM NHCO; pH 8.5 (1:20

enzyme:substrate ratio) at 37 °C overnight.

-Chymotrypsin: 0.25 pug chymotrypsin in 100 mM THE&, pH 7.8, 10
mM CacCl, (1:20 enzyme:substrate ratio) at 35 °C for 24 h.

-Glu-C: 0.25 pg Glu-C in PBS pH 7.8 (1:20 enzymbssdtate ratio) at 35
oC for 24 h.

Peptide mixtures were desalted by reverse phas®itwtumn (Poros 20
R2). For each sample, a 2 pl column was packedGiboader tip and
equilibrated with 10 pl BO:TFA 0.1%. The sample was dissolved in 20
ul of H,O:TFA 0.1% and loaded onto the column. After slowbssing

the sample through the column, a washing step weenmmed with 10 pl
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of H,O:TFA 0.1%. Finally, the bound material was eluteith 10 pl of
ACN:H,O: TFA (80:20:0.1 v/v/v). For MALDI-TOF MS analysi0.5 pl
of sample was mixed with 0.5 pl of matrix solutiand applied to the
MALDI plate.

For disaccharide immobilization, 5 mg of GHlI4-GIcNAc were
dissolved in 50 pl of 0.5 M {CO;, pH 11 and the solution was incubated
with 50 pg of dry divinylsulfonyl-activated Sephaeo The coupling
reaction was carried out overnight at rt under ioaious shaking (800
rpm). The microcolumn was washed sequentially \slthmM NH,OAC,
pH 4 and 50 mM NEHCGO;, pH 8. Finally, the column was equilibrated
with binding buffer (10 mM HEPES, 25 mM NaCl, 5 m&8haCh and 1
mM MnCl,) and stored at 4 °C.

Before performing the excision experiment, the EBK-GIcNAC-
Sepharose column was tested for binding. 20 ugG# were added onto
the Galfl,4-GlcNAc-Sepharose and incubated in binding loutie 24 h
at 37 °C. Unbound material was removed by extengiashing with
running buffer. Bound lectin was eluted with 60% M®.1% TFA, and
the protein content of each fraction (flow througlash and elution) was
analyzed by 1D-SDS-PAGE electrophoresis.

For the excision experiment, 20 ug of ECA were ddethe GaBl,4-
GIcNAc-Sepharose and incubated for 24 h at 37 9¢hound lectin was
removed by washing with running buffer until norgjcould be detected
by MS. Then, the sugar-lectin complex was firstedigd overnight with
trypsin (1 pug) in 25 mM NEHCGO;, pH 8.5 at 37 °C. After 15 h digestion,
the flowthrough containing digestion products wasnoved and the
column was washed with binding buffer. For the selcdigestion with
chymotrypsin, 1 pg chymotrypsin was incubated whia complex in 100
mM Tris-HCI, 10 mM CaGl, pH 7.8 at 35 °C for 24 h. After washing with
binding buffer, the specific-bound peptides werded with 60 pl of 60%
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ACN, 0.1% TFA, concentrated and lyophilized for MBI-TOF MS
analysis.

Prior to MALDI-TOF analysis, each sample was deshlby means of

micro-column purification (Poros R2).
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